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ABSTRACT

Naturally occurring anthrax is acquired following contact with animals or animal 
products contaminated with the spores of Bacillus anthracis. Internalisation of 
spores, typically by inhalation, results in a lethal infection due to the expression by 
the vegetative bacilli of a toxin complex and a protective capsule eomposed of poly- 
y-D-glutamic acid (PDGA). As a result of the potential for the malieious 
dissemination of multidrug resistant strains of B. anthracis, novel approaches to the 
treatment of anthrax should be investigated.

Experimental infeetions due to baeterial pathogens expressing a polysaccharide or 
polypeptide capsule can be resolved by administration of depolymerases that 
selectively hydrolyse the external protective layer. As all isolates of B. anthracis 
elaborate a PDGA capsule that is essential for the full expression of pathogenesis, 
anthrax represents an attraetive target for this therapeutic approach. Therefore, three 
potential sources of PDGA depolymerases were investigated: the capD gene product 
produced by B. anthracis, putative depolymerases from anthrax bacteriophages and 
hydrolytic enzymes elaborated by baeteria with the ability to utilise PDGA as the 
sole source of carbon and energy.

Charaeterisation of recombinant CapD, including an accelerated storage stability 
study, revealed that whilst CapD rapidly hydrolyses PDGA, it is markedly unstable. 
Owing to the enzymes labile nature and poor in vivo charaeteristics documented 
elsewhere, it was coneluded that CapD does not support further investigation as a 
therapeutic agent.

The majority of phages which infect capsule-bearing hosts carry capsule 
depolymerases that facilitate interaction with the cell surfaee. Therefore, B. anthracis 
phages were investigated for the identifieation of associated PDGA depolymerases. 
Examination o f seven anthrax bacteriophages, in association with HP A Porton 
Down, established that anthrax bacteriophages do not earry depolymerases.

Soil enrichment culture, using minimal salts medium containing 0.2% PDGA as the 
sole source of carbon and energy, led to the isolation of a mixed culture of two 
Gram-negative rods whieh together elaborated an enzyme that hydrolysed PDGA. 
Depolymerase was isolated from the bacterial cytoplasm by ion-exchange and 
electrophoretic separation combined with 2D gel zymography. Activity was 
attributable to a single protein of approximately 30 kDa which could not be identified 
by LC/MS-MS, suggesting the depolymerase is a novel enzyme with a sequence 
currently not deposited in any searchable database. Characterisation of partially 
purified depolymerase preparations revealed potent hydrolytic activity specific for 
PDGA, with no general proteolytie activity. In marked contrast to CapD, the 
depolymerase was stable in a preliminary aceelerated stability study condueted over 
a 30-day period at 40°C. Its properties suggest that the enzyme warrants further in 
vitro and in vivo investigation as an anti-anthrax therapeutic agent. This study 
represents the first stage in the development of a novel therapeutic for the treatment 
of systemic anthrax infections.
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1.1 The ^^golden age” of antibiotics

The discovery of penicillin in 1928 by Alexander Fleming heralded a new era for 

medicine in the field of antimicrobials. It was Fleming’s fortuitous observation, that 

a mould from the genus Pénicillium inhibited growth of the Gram positive bacterium 

Staphylococcus aureus, which eventually resulted in the isolation of the active 

compound, penicillin.

It was, however, not until the 1940s when the true potential of penicillin was 

realised. Work by Chain, Florey and co-workers (1993) provided detailed protocols 

for the production of penicillin in quantities substantial enough for clinical testing. 

Perhaps more importantly, these collaborators reported on the potency of penicillin 

in the treatment of life threatening streptococcal infections in vivo. It was this 

demonstration of the systemic action of penicillin that led to the subsequent 

implementation of the antibiotic in a clinical setting and begun a revolution in the 

treatment of bacterial infections.

In the two decades that followed the introduction of penicillin as the first major 

chemotherapeutic agent, a drive towards the discovery o f additional antibiotics 

yielded many of the novel classes still in use to this day. table I.l provides a 

chronological list of the clinical introduction of new antibiotic classes. It was this 

period, between 1940 and I960, that is widely regarded as the “golden age” of 

antibiotics.

The medical implementation of these new antibiotics brought with it the capacity to 

treat a wide range of diseases that would have previously proved fatal or debilitating. 

This was highlighted by a marked reduction in mortality rates between 1937-1958 

with deaths from infectious diseases falling by 8.2% year on year (Armstrong et a l, 

1999). By the 1960s there was a wave of optimism that many of the diseases that 

were previously the scourge of mankind were finally controllable.
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Table 1.1: List o f  antib iotics in chronological order o f  clin ica l introduction. Adapted from  

W alsh & W right, 2005 .

Year Class Example

1940 (3-lactams Penicillin

1944 Aminoglycosides Streptom ycin

1947 Phenypropanoids Chloramphenicol

1948 Tetracyclines Doxycycline

1950 Macrolides Clarithromycin

1955 Glycopeptides Vancomycin

1955 Streprogram ins Virginiamycin

1955 Lincosamides Clindamycin

1959 Ansamycins Rifamycin

1962 Quinolones Nalidixic acid

2000 Oxazolidinones Linezolid

2003 Lipopeptides Daptomycin

1.2. The development of bacterial resistance to traditional 
antibiotic chemotherapy: evolution and engineering

Early assessments that improved sanitation and an armoury replete with efficacious 

antibiotics would bring to an end many of the world’s most deadly infectious 

diseases have proved to be somewhat myopic. The inherent nature of bacteria to 

rapidly develop resistance to environmental adversities was realised as early as 1947 

by Alexander Fleming himself. He stated:

'"''The greatest possibility o f  evil in self-medication is the use o f  too small doses so 

that instead o f  clearing up infection, the microbes are educated to resist penicillin 

and a host o f  penicillin-fast organisms is bred out which can be passed to other 

individuals and from  them to others until they reach someone who gets a septicaemia 

or a pneumonia which penicillin cannot save.'"

Empirical evidence to support Fleming’s foresight was available from as early as 

1955, when strains of Shigella dysenteriae were isolated in Japan that had acquired 

resistance to four different antibiotics (Kitamoto et a i, 1956). Evidence for the 

transmission of antibiotic resistance between different strains of bacteria became 

available in 1960 (Akiba et a l,  1960). These cautionary reports, detailing the rapid
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emergence of resistance to antibiotic chemotherapy and the dissemination of 

resistance genes within microbial populations, was only the beginning in a process of 

rapid evolution towards multidrug resistant pathogens. Rather than fulfilling early 

hopes o f eradicating many of the major bacterial afflictions, we are currently faced 

with a situation where mortality due to microbial infections is the second highest 

cause of global mortality (World Health Organisation report, 2004).Furthermore, of 

the 2 million nosocomial-acquired bacterial infections is the U.S. each year, 

approximately 70% of the isolates will be resistant to at least one antibacterial (IDSA 

report, 2004). In the European Union it is estimated that 25,000 patients each year 

die as a result from infections caused by multidrug resistant pathogens 

(ECDC/EMEA report, 2009).

It is hardly surprising, when one considers the survival credentials of microbes, that 

they have rapidly become refractory to many front line therapeutic agents. Bacteria 

are the epitome of Darwinian evolution. With a heritage dating back approximately 

3.5 billion years (Altermann and Kazmierczak, 2003) bacteria have persevered 

through the eons due to their extreme adaptability. The rise o f multidrug resistant 

pathogens is simply another illustration of this fact. The application of antibiotic 

therapy results in intense selective pressure, efficiently selecting for variants with 

advantageous resistance traits. With generation times approaching 30 min, and the 

capacity to transfer resistance determinants to sensitive individuals through genetic 

elements such as plasmids, it becomes apparent how resistant strains quickly 

propagate and diversify.

Bacteria have developed an impressive array of resistance mechanisms in order to 

counteract the action of antibacterials (table 1.2). It is, however, worth remembering 

that antibiotics have been present in the environment long before they were 

“discovered” by humans. Microbial communities containing both antibiotic 

producing and non-producing bacteria are commonplace throughout the soil 

microbiota and it is estimated that p-lactams and P-lactamase enzymes originated 

over 2 billion years ago (Hall et a l,  2004).

23



Table 1.2: Mechanisms of antimicrobial resistance in bacteria.

R esistance m echanism Example

increased efflux o f antibiotic

D ecreased influx of antibiotic

Target m odification  

Target am plification

Biofilm form ation

Enzymatic inactivation of antibiotic

M etabolic bypass

Multidrug efflux pum ps  such as acrE in Escherichia 

coii

Modification of porin pro te ins  by Neisseria 

gonorrhoeae  ieading to  d ec reased  drug up take  and 

resistance to  peniciiiin and  te tracyciine 

Peniciliin binding pro te in  2a in Staphyiococcus 

aureus

Ampiification of ermA  gen e  by Staphyiococcus

aureus conferring macroiide resistance

Biofilms of Pseudomonas aeurginosa  are

notoriously hard to  t re a t ,  o f ten  requiring 1000-foid

higher concen tra t ions  of antibiotic

Production of p - iac tam ases  for th e  inactivation of p-

iactam antibiotics

O verproduction of  d ihydrofo la te  red u c tase  by 

Staphyiococcus aureus to  inhibit action of 

t r im ethoprim

The factors that have contributed towards the global emergence of bacterial antibiotic 

resistance are numerous and complex. Factors include, but are not limited to, the 

extensive use of antibiotics in agriculture, increased incidence of global travel, 

misuse and overuse of antibiotics and the transmission of pathogens previously 

confined to hospitals into the wider community.

This “natural” evolution of bacterial resistance since the beginning of the antibiotic 

era has simply been a survival response by microbes to the production and 

dissemination of millions of metric tonnes of additional therapeutic agents into the 

biosphere, in addition to the large tonnage used for the treatment of human 

populations. In contrast to the intuitive accumulation o f resistance determinants, we 

face the prospect of diseases caused by bacteria that have been genetically 

engineered for antibiotic resistance. As antibiotics are the current front-line defence 

against microbial infections, the genetic manipulation of human pathogens towards 

the production of multidrug resistant organisms would be a logical undertaking for 

those wishing to manufacture biological weapons. Terrorist organisations, rogue 

states and outraged individuals have all shown their willingness to unleash biological
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weapons on the general public. Incidents including the dissemination of Bacillus 

anthracis spores via the U.S. postal system and the numerous attempts by the 

Japanese cult, Aum Shinrikyo, to release biological agents between 1990-1995 

(Cams, 1999) highlight this threat. Furthermore, the scientific proficiency required 

for the creation of multidmg resistant vectors is rudimentary. Simple serial passage 

of pathogens on media containing increasing levels of a chosen antibiotic can select 

for natural resistance (Athamna et a l,  2004; Rafii et a l,  2005; Gestin et a l, 2010) 

and the production of bespoke plasmids harbouring resistance genes is based on 

routine laboratory knowledge.

Proliferation of multidrug resistant biological agents is a very real threat. The Former 

Soviet Union, recognising the potential to engineer resistant bioweapons, knowingly 

contravened the Biological Weapons Convention of 1972 and set up the organisation 

Biopreparat, dedicated to this aim. This biological warfare agency, established in 

1973, is reported to have also focused on improving the survival of weaponised 

agents during dissemination and increasing the virulence of potential biowarfare 

pathogens (Davis, 1999).

The introduction of new antibiotics as a countermeasure to these potential threats 

appears to be non-forthcoming. Since 1970 only two new classes have been 

discovered (Walsh and Wright, 2005). The absence of novel compounds has meant 

that the modification of existing classes of antibiotics has become standard 

procedure. The production of methicillin, via the alteration of penicillin, is an 

example of this. The reasons behind the apparent decline in antibiotic development 

are numerous. Pharmaceutical companies have largely abandoned research and 

development of new compounds due to the associated cost and lack of profitability. 

The requirement to undertake extended clinical trials and onerous demands from 

regulatory bodies prior to approval are additional factors (IDSA report, 2004). Large 

investments in the area of target-based high throughput screening, employed in the 

wake of sequencing the first bacterial genome, have also not brought the success 

hoped for (Payne et a l,  2007). It is currently estimated that to bring a new antibiotic 

to market requires approximately 10 years and an investment of between US $800 

million -  1.7 billion (IDSA report, 2004). Additionally, returns on this investment 

are likely to be nominal, with new drugs being restricted to last-resort use.
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In response, “Big Pharma”, has shifted its research focus towards areas of greater 

profitability. The development of “lifestyle” drugs, often taken for extended periods 

o f time, provides better sources of revenue. To assess the current state of the 

antibiotic development pipeline, the ECDC/EMEA performed a comprehensive 

database search in 2008 to determine the number of antibacterial agents currently in 

clinical development. The results showed only two compounds acting on new targets 

with activity against multi drug resistant bacteria based on actual laboratory data. 

Neither of these however exhibit new mechanisms of action (ECDC/EMEA report, 

2009).

In summary, our current dependence on a declining portfolio of efficacious 

antibiotics leaves us at risk from emerging microbial threats, both incidental and 

intentional. With the stagnation of antibiotic development, alternative treatments for 

serious bacterial infections would be most welcome. The next section of this thesis 

will focus on a number of the most promising emerging therapies.

1.3. Alternative therapeutic approaches to the treatment of 
bacterial infections

In the pre-antibiotic era, several alternative therapies for the treatment of bacterial 

infections were already under investigation. However, with the introduction of 

penicillin in 1940 came a fervid search for additional antibiotics and many promising 

concepts were consigned to history. Perhaps now, with bacteria showing the capacity 

to vitiate the action of many antibiotics, it is time to revisit some of these ideas and 

give greater credence to the development of novel methods of treatment. Potential 

alternative approaches to traditional chemotherapy include: antimicrobial peptides, 

bacteriophage therapy, various bacterial cell wall hydrolases, compounds with the 

capacity to stimulate host immune responses and agents that perturb bacterial 

resistance mechanisms or key virulence determinants.

Eukaryotic antimicrobial peptides (AMPs) are effectors of the innate immune system 

and comprise a diverse range of molecules first identified in 1981 through the 

discovery of cecropins (Steiner et a l, 1981). As an important element of the host
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immune response, these small peptides (1-5 kDa) appear to have evolved as a rapid, 

broad spectrum response to infection. Generally cationic in nature, the bactericidal 

mechanism of action attributed to AMPs involves disruption of anionic cytoplasmic 

bacterial membranes by pore formation and subsequent release of intracellular 

components (Joerger, 2003).

AMPs exhibit a potent antibacterial action against many Gram positive and Gram 

negative organisms (Hancock, 1998) and could be utilised for the treatment of 

infections resulting from multidrug resistant pathogens. With an excess of 700 AMPs 

identified from animal and plant origin (Straus and Hancock, 2006), AMPs present 

an attractive therapeutic alternative to antibiotics. As of 2006, four AMPs had 

reached phase III clinical trials; however, only two showed efficacy, both of which 

were for topical conditions (Hancock and Sahl, 2006).

Although AMPs are auspicious antibacterial agents, they are not without limitations. 

The proteinaceous nature of AMPs leaves them susceptible to degradation by 

proteolytic enzymes, a particular problem should systemic administration be desired. 

It has been suggested that resistance to proteases may be imparted by the addition of 

D- amino acids (Marr et a l,  2006). However, AMPs are already costly to produce 

(approximately $100-400 per gram) and this sum will significantly increase if 

chemical modification of the peptide is employed. Furthermore, there is a dearth of 

knowledge regarding the potential toxicity of the majority of these agents. Several 

studies have shown that many AMPs elicit immunomodulatory effects (Zasloff, 

2002; Bowdish et a l,  2005; Brown and Hancock, 2006), although these may be 

beneficial, such as the suppression of toll-like receptor induced inflammation by host 

defensins, it is noted that high dosage requirements for in vivo activity of AMPs can 

often approach toxic levels (Zasloff, 2002).

Bacteriophages (phages) are obligate intracellular viruses with the capacity to infect 

and lyse bacteria. The name derives from “bacteria” and the Greek word phagein 

meaning “to eat”. Physical destruction of infected bacteria occurs due to viral 

replication and the production of phage encoded bacteriolytic agents (endolysins), 

resulting in “lysis from within”. The capacity o f phages to decimate bacterial 

populations forms the basis o f phage therapy (the implementation of phage to
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remediate bacterial infections). Due to their unique mode of action, phages are well 

suited to the treatment of multidrug resistant pathogens.

Phages were discovered independently by English bacteriologist Frederick Twort in 

1915 (Twort, 1915) and French-Canadian microbiologist Felix d’Herelle in 1917 

whilst working at the Pasteur Institute, Paris (d'Herelle, 1917). Early studies of phage 

therapy for the treatment of human infections predate the clinical introduction of 

antibiotics by approximately 25 years (Bruynoghe and Maisin, 1921). Phage therapy 

was largely forgotten in the Western world as antibiotics became prevalent. 

However, with the inexorable development of antibiotic resistance, phage therapy is 

again receiving attention (Merril et a l, 2003).

Phage specificity for the bacterial host is the consequence of recognition of a specific 

receptor located on the bacterial surface by a protein located on the phage tail; 

protein receptor interactions are a prelude to phage adsorption and delivery of phage 

DNA into the bacterial cytoplasm. The narrow spectrum of bacteriolytic activity has 

the advantage of not disturbing the native microflora of the host in the application of 

phage therapy. However, it may also prove to be a weakness in the feasibility of 

implementing such a strategy. Such a discrete host range, typically at the species or 

strain level, demands accurate identification of the etiological agent of disease before 

effective phage preparations can be administered. This concern may be alleviated 

somewhat by the use of phage “cocktails”, containing several phage strains, active 

against the range of bacteria typically isolated from a particular infection. Successful 

reports of such an approach can be found in the literature (Tanji et a l ,  2005; McVay 

et a l, 2007; Vu et a l, 2010). Indeed, the use of combinational phage therapy may 

have additional benefit, in particular, the suppression of the emergence of resistant 

bacteria as the high selective pressure exerted by lytic phage is known to lead to 

selection of resistant phenotypes (Hancock and Reeves, 1975).

Numerous reports, mostly originating from ex-Soviet states, detail the use of phage 

therapy to treat a variety of bacterial afflictions. These include pleural infections, 

dysentery and wound infections caused by a range of different organisms in patients 

in whom traditional chemotherapy had proved ineffective (see Sulakvelidze 

(Sulakvelidze et a l,  2001) for an excellent summary of these cases). In spite of the
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potential of phage therapy, many of the documented clinical studies do not include 

appropriate controls and no placebos, and the sample sizes are small (typically 50- 

200 patients) compared to those required by clinical governing bodies in the West 

(typically thousands for phase III efficacy testing of a new antibiotic (Norrby, 1990). 

More extensive studies are required before phage therapy can be recognised as a 

viable alternative to antibiotics, and certain concerns will almost certainly need to be 

addressed. For example, the potential for resistance and the difficulty in 

understanding the pharmokinetics of using a “live” lytic phage approach to therapy 

will need to be resolved. Additionally, lytic phages have the propensity to integrate 

into bacterial host genomes by lysogeny, giving rise to the possibility of pathogenic 

gene transfer (Canchaya et a l,  2003).

The use of bioactive phage components as therapeutics in their own right may 

circumvent some of the problems attributable to “live” whole phage therapy. 

Previously mentioned endolysins may be one such option. These phage encoded 

enzymes, produced in the late stage of viral replication, degrade the peptidoglycan of 

the bacterial cell wall and engender the release of phage progeny from within the 

host. Endolysins appear to show an appreciable level of specificity and the hydrolytic 

activity is generally confined to the cell wall of the bacterial species or closely 

related subspecies from which the phage was derived (Fisehetti, 2008). The author 

has suggested that this stringent spectrum of hydrolytic activity may be the result of 

evolutionary adaptation; the binding domain of endolysin targets unique, often 

essential components of the cell wall, ensuring that phage progeny do not become 

trapped inside the host. A reciprocal benefit of this discriminatory targeting method 

is that the development of resistance by the target bacterium will be a particularly 

challenging prospect.

The therapeutic utility of phage endolysins in vivo has recently been established by 

use of a mouse model of pneumonia infection. Small intraperitoneal (i.p.) injections 

of phage endolysin Cpl-1 rescued 100% of symptomatic mice from an otherwise 

fatal (100% of cases) pneumococcal infection (Witzenrath et a l,  2009). Although 

these bacteriolytic agents show great promise, therapeutic applications may be 

restricted by the differences in cell wall composition between Gram positive and 

Gram negative organisms. As previously discussed, the natural substrate for
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endolysins is the polymeric mure in of the bacterial cell wall, “live” phages encode 

membrane perforating holin proteins to facilitate translocation of endolysins across 

the bacterial inner membrane to the peptidoglycan target. This sequence of events 

has evidently evolved to accommodate the modus operandi of phages to cause lysis 

from within. Conversely, in a clinical setting, endolysins are required to effectuate 

“lysis from without”. In this scenario Gram positive organisms are naturally 

susceptible to such an approach, owing to peptidoglycan constituting the outermost 

layer of these organisms. However, the outer bacterial membrane of Gram negative 

bacteria generally confers protection to the underlying peptidoglycan from endolysin 

hydrolysis (Morita et a l,  2001). Furthermore, a number of clinically important Gram 

positive pathogens elaborate protective polymeric capsules in vivo (E.g. S. aureus. 

Streptococcus pneumoniae, B. anthracis). Endolysins may be unable to penetrate 

these extracellular matrices and further work is required to ascertain if this is indeed 

the case.

1.3.1. M odification o f the bacterial phenotype

The therapeutic options discussed in the previous section involve the destruction of 

invading microorganisms by the agent employed as a paradigm for resolution of the 

infection. An alternative approach could involve attenuation of the infectious agent 

by reduction in the expression of key virulence factors. Annulment of key virulence 

determinants may provide the impetus required to shift the outcome of infection in 

favour of the host to the detriment of the pathogen. This “modification of the 

bacterial phenotype” may reduce or even abrogate the emergence of drug resistance 

because the selective pressure applied to the target bacterium is likely to be less than 

that pertaining to uni-faceted destructive approaches (Taylor et a l ,  2002).

Intrinsic and acquired antibiotic resistance mechanisms that operate in numerous key 

pathogens have rendered many conventional antibiotics unusable against multidrug 

resistant strains. Modification of the bacterial phenotype, resulting in restoration of 

the efficacy of these antibacterials, is a long established countermeasure to this 

problem. Recognised successes include the inhibition of two important resistance 

mechanisms, p-lactamases and efflux pumps.
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P-lactamases are important mediators of antibiotic resistance mechanism and are 

elaborated by a variety of pathogenic Gram negative and Gram positive bacteria 

(Bush, 1988). This family of enzymes inactivate p-lactam antibiotics by hydrolysis 

of the four membered P-lactam ring, the integrity of which is essential for 

antibacterial activity. A recent report identified 890 distinct p-lactamases from recent 

bacterial isolates (Bush and Jacoby, 2010). The rapid proliferation and dissemination 

of these resistance markers has posed a major threat to the utility of one of the most 

commonly administered structural classes of antibiotics, the P-lactams.

The emergence of p-lactamases as a major mechanism of drug resistance 

precipitated intense activity within the pharmaceutical industry to develop inhibitors 

of these enzymes. Clavulanic acid was the first p-lactamase inhibitor to enter clinical 

use in combination with a p-lactam antibiotic (Reading and Cole, 1977). Structurally 

related to p-lactams, but exhibiting little antibacterial activity, clavulanic acid 

inhibits p-lactamase activity through irreversible binding to the active site of the 

bacterial enzyme (Drawz and Bonomo, 2010). When used in combination with p- 

lactams, clavulanic acid restores the utility of this class of antibiotics for p-lactamase 

producing isolates (Brown, 1986). This formed the basis for the first P-lactamase 

combination therapy, Augmentin, which combined amoxicillin with clavulanic acid 

and was introduced to the UK market in 1981 (White et a l ,  2004). Augmentin 

continues to be an excellent therapeutic option for the treatment of bacterial 

infections and is one of the most frequently prescribed treatments in the UK (1.9 

million prescriptions in 2009) (NHS prescribing database, accessed Jan 2010). 

Despite the prevalent use of Augmentin, resistant isolates are infrequently 

encountered (Leflon-Guibout et a l, 2000).

Bacterial efflux pumps are responsible for the export of a wide range of toxic 

compounds across the bacterial cell wall into the extracellular environment. Proton 

dependent pumps are found in both Gram positive and Gram negative organisms and 

have the capacity to extrude noxious antagonists such as heavy metals, biocides, 

detergents and antibiotics (Piddock, 2006). The exact biological role they have 

evolved to play within the cell is much debated (Webber and Piddock, 2003). What 

is evident is the important contribution they make to the recalcitrant nature of many 

antibiotic resistant isolates. Efflux pumps can be highly discriminatory in nature, or,
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they may exhibit a broad spectrum of activity in relation to the compounds they 

export. Efflux systems with the capacity to exclude a wide range of structurally 

unrelated antibiotics from the cell are known as multidrug efflux pumps (Nikaido, 

1996). Their broad spectrum of selectivity can supplement the effects of other 

resistance mechanisms within the bacterial cell and complement the products of any 

further resistance genes that may be acquired by such strains; such pumps have, 

therefore, contributed significantly to the rise of multidrug resistant pathogens. 

Furthermore, they are likely to contribute to the intrinsic resistance profiles currently 

found with many Gram negative bacteria (Nikaido, 1996).

The Mex efflux system of Pseudomonas aeruginosa is a well characterised series of 

multidrug efflux pumps with the capacity to diminish the action of chloramphenicol, 

erythromycin, p-lactams, aminoglycosides and fluoroquinolones (Poole, 2005). The 

ability of multidrug efflux pumps to reduce the efficacy of such a range of antibiotics 

means that inhibitors of this resistance mechanism would be most beneficial. Their 

use in combination with previously ineffective antibiotics should restore potency. 

High-throughput screening methods have identified a number of potential efflux 

pump inhibitors with one promising candidate, MC-207,110, exhibiting broad 

spectrum efflux pump inhibitory activity (Lomovskaya and Bostian, 2006). Although 

no efflux pump inhibitors have reached advanced phase clinical trials (Li and 

Nikaido, 2009) efflux pump inhibitors are an exciting prospect for the future.

The polyphenoic compound (-)-epicatechin gal late (ECg), a major constituent of 

green tea (Camellia sinensis), presents another strategy for altering drug resistance 

via manipulation of the bacterial phenotype. The compound has modest intrinsic 

antibacterial activity against methicillin resistant Staphylococcus aureus 

(MRSA)(Anderson et a l, 2005); however, relatively low concentrations (3.0-12.5 

pg/ml) can induce phenotypic changes to cell morphology (Bernal et a l, 2009). 

Associated with these morphological aberrations is a reversion from a p-lactam 

resistant to a sensitive phenotype. Indeed, the presence of ECg reduces the minimum 

inhibitory concentration (MIC) of oxacillin against the MRS A isolates EMRSA-I5 

and EMRSA-16 from 64 pg/ml and 512 pg/ml to <0.5 pg/ml and I pg/ml 

respectively (Stapleton et a l,  2004). The presence of the gal late motif appears to be 

pivotal for this reversion as absence of this moiety results in complete loss of activity
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(Stapleton et a l,  2004). Sensitisation of MRS A strains to P-lactam agents appears to 

be due to the disruption of the penicillin binding complex PBP2/PBP2a, which 

confers resistance to p-lactam antibiotics. Thus, intercalation of ECg into the 

cytoplasmic membrane of MRSA and the subsequent delocalisation of PBP2a from 

the bacterial septum combined with uncoupling of the PBP2/2a complex is the most 

likely process leading to loss of resistance (Bemal et a l, 2010).

1.3.1.1. Compromising bacterial virulence

On the same theme of modifying phenotypic bacterial traits to resolve infections, but 

taking an alternative approach, is the notion that nullifying bacterial virulence factors 

can provide an attractive therapeutic strategy. Colonisation and subsequent infection 

o f a host by pathogenic bacteria is a complex procedure and frequently involves 

bacterial colonisation of a specific niche, sequestration of essential nutrients and 

expression of host-damaging toxins or compounds with immunomodulating capacity. 

For this series of events to proceed, precise timing of the expression of crucial 

pathogenic determinants by the invading microorganism is required. If elaboration of 

these virulence factors could be inhibited, or their integrity eroded, it could tip the 

balance of this complex relationship between pathogen and host in favour of the host. 

This would present host immune defences with an opportunity to overcome the 

infection in a way that should have lower propensity to select for resistance than 

traditional antibiotie chemotherapy. The following section will describe a sample of 

alternative therapy options to antibiotics that can be utilised to disrupt each stage of 

microbial pathogenesis.

The initial step in the pathogenesis of the majority of bacterial infections is the 

formation of an intimate association between the microbe and specific host cells. 

This process is commonly mediated by a group of bacterial proteins known as 

adhesins. These molecules are responsible for recognising and binding to specific 

motifs elaborated on the surface of designated host cells. Adhesins can be located on 

the bacterial surface as individual elements or arranged into structured appendages 

termed pili or fimbriae. Loss of capacity to elaborate adhesins such as fimbriae is 

associated with a marked reduction in virulence of bacterial pathogens, such as
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uropathogenic E. coli (Klemm et a l, 2007), S. typhimurium (van der Velden et a l,

1998) and P. aeruginosa (Comolli et a l,  1999).

The prospect of designing a therapeutic treatment that encompasses selective 

inhibition of bacterial adhesins is an attractive approach that has the potential to 

simultaneously resolve infections and to act as a powerful prophylactic tool through 

the prevention of colonisation by invading pathogens. A number o f important Gram 

negative pathogens, including Bordetella pertussis, Haemophilus influenza, P. 

aeruginosa and E. coli possess type 1 pili (Klemm et a l ,  2010) and present an 

attractive target for this approach. Work by (Svensson et a l ,  2001) detailed the 

design of bicyclic 2-pyridones, small molecules with the capacity to inhibit the 

biogenesis of type 1 pili. These small synthetic compounds bind to chaperone 

proteins inhibiting the chaperone-usher-dependent pathway responsible for pilus 

assembly. The presence of this “pilicide” at a concentration of 3.5 mM was shown to 

reduce adherence to bladder cells by clinical uropathogenic E. coli isolates by 

approximately 90% in vitro (Pinkner et a l, 2006).

For bacteria that do successfully colonise a host, the acquisition of essential nutrients 

and minerals is paramount for survival and continued proliferation. In particular, the 

requirement for iron is crucial for all bacteria (Neilands, 1995). However, levels of 

freely available iron inside a human host are below that required by the vast majority 

of bacteria (Jurado, 1997). Humans have evolved to limit the amount of free iron 

available in vivo as a bacterial defence mechanism (Deighton and Borland, 1993). 

Iron that is not in use for essential purposes, such as the transport of oxygen via 

haemoglobin, is sequestered by the iron binding proteins ferritin, lactoferrin and 

transferrin. To facilitate in the sequestration of this vital mineral, bacteria produce 

iron scavenging molecules, known as siderophores. Inhibiting the bacterial cellular 

machinery responsible for siderophore production would be an attractive therapeutic 

option due to the scarcity of available iron in vivo compounded with its obligatory 

requirement by all known bacterial pathogens (Mietzner and Morse, 1994).

Much work has been undertaken over the past decade to achieve a better 

understanding of the biosynthetic pathway of siderophores (Quadri, 2000; Crosa and 

Walsh, 2002) and these studies have allowed the rational design of small molecules
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for the inhibition of siderophore synthesis. Thus, there have been intensive attempts 

to develop siderophore inhibitors as potential anti-tuberculosis agents. 

Mycobacterium tuberculosis produces an aryl-capped siderophore: mycobactin; an 

essential step in the biosynthesis of this molecule is the addition of the aryl moiety 

which is mediated by aryl acid adénylation enzymes. (Ferreras et a l ,  2005) described 

the design of 5'-0-[N-(salicyl)sulfamoyl]adenosine, a molecule with the capacity to 

inhibit the action of aryl acid adénylation enzymes by acting as a non-hydrolysable 

substrate, effectively blocking the biosynthetic pathway of mycobactin.

More recently, derivatives of this lead molecule have been reported to elicit 

extremely potent anti-tuberculosis activity under iron limiting conditions in vitro. 

The most potent derivative, 2-Ph-Sal-AMS 5, exhibits an MIC of 0.049 pM (Neres et 

a l,  2008). Additionally, a number of other clinically relevant pathogens including 

Yersinia pestis, Klebsiella pneumonia, B. anthracis and Salmonella typhimurium 

utilise aryl acid adénylation enzymes for the biosynthesis of siderophores, indicating 

a potentially large target base for the use of these small inhibitory molecules. In vivo 

inhibition of microbial growth by deprivation of essential minerals may prove to be a 

valid strategy for future drug development. As we develop an understanding of the 

fastidious requirements of bacteria and of the biochemical pathways that underpin 

nutrient sequestration and metabolism, new strategies will undoubtedly evolve to 

ensure abrogation of microbial propagation at sites of infection.

Production of bacterial virulence factors that damage the host is often associated with 

the latter stages of infection, subsequent to successful colonisation and proliferation. 

Expression of such determinants often occurs in a concerted manner once a microbial 

population has reached a specific cell density (Williams et a l ,  2000). Controlling the 

expression of virulence factors in concert with cell density allows a pathogenic 

bacterial population to mount a consolidated attack against a host in a temporal 

manner. This “group effort” can result in a beneficial outcome for the bacterial 

population that is denied to the bacterium acting alone. In many species of 

pathogenic bacteria, this is achieved by the production and detection of extracellular 

molecules, in a form of cell density dependent communication termed quorum 

sensing.
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Quorum sensing has been identified as being significant in the expression of 

pathogenic determinants in P. aeruginosa -  protease expression (Hentzer et a l, 

2003), S. aureus -  biofilm formation (Yarwood and Schlievert, 2003) and Vibrio 

cholerea -  toxin production, biofilm formation and motility (Zhu et a l,  2002) as well 

as many other bacterial pathogens. The inextricable association of quorum sensing 

with expression of virulence factors and the presence of system homologues in both 

Gram positive and Gram negative organisms has led to much interest in deriving 

mechanisms for its inhibition. Naturally derived halogenated furanone compounds 

have been shown to inhibit quorum sensing circuits in Gram negative organisms 

utilizing the quorum sensing molecule N-acylhomoserine lactone (Manefield et a l, 

1999). It would appear this inhibition is due to accelerated turnover of the LuxR 

regulatory protein that is responsible for transcriptional control of quorum sensing 

dependent gene expression (Manefield et a l,  2002). The use of halogenated furanone 

has additionally seen therapeutic success in in vivo models of infection (Wu et a l, 

2004; Defoirdt et a l, 2006). Similar efforts have been made to disrupt quorum 

sensing in Gram positive bacteria, where the use of small peptides to inhibit the agr 

quorum system in staphylococci is a promising area of research (Balaban et a l, 

2003; Scott et a l ,  2003).

Virulence factors, such as proteins induced by quorum sensing, often require export 

out of the bacterial cell to a discrete location to be effective. In the case of Gram 

negative pathogens, many virulence associated proteins are transported via the type 

three secretion system (TTSS). This needle-like appendage facilitates the transport of 

bacterial effector proteins from the cytoplasm of the bacterial cell directly into the 

cytosol of a host cell by acting as a “molecular syringe”. The TTSS has been shown 

to be integral to the pathogenicity of S. typhimurium. Yersinia spp, P. aeruginosa. 

Shigella spp and pathogenic E. coli spp (Galan and Wolf-Watz, 2006). Although the 

virulent cargo delivered by the TTSS is highly divergent between bacterial species, 

the molecular machinery itself, consisting of approximately 20 membrane proteins, is 

highly conserved among all pathogens (Tampakaki et a l ,  2004). This degree of 

homology makes the TTSS an ideal target for therapy. In theory, successful 

inhibition in one bacterial species should translate to inhibition in many others. This 

hypothesis has been validated in broad terms by a recent study showing that small 

molecule inhibitors of the TTSS in Yersinia are effective at stopping the infective
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cycle of the obligate intracellular pathogen Chlamydia pneumoniae. These inhibitory 

compounds, belonging to a class of acylated hydrazones of salicylaldéhydes, 

effectively inhibit Yersinia pseudotuberculosis TTSS induced macrophage cell death 

and in vitro intracellular replication of C. pneumoniae (Bailey et a l,  2007). The dual 

activity exhibited by these compounds suggests that additional inhibitors may be 

identified with broader ranges of activity.

Further examples of virulence factors that have emerged as pathogens have co

evolved in close association with their human hosts over millennia have attracted 

interest as potential targets for chemotherapeutic intervention. The bacterial capsule, 

when present, forms the outermost layer of the cell surface and, as such, is integral to 

bacteria-host interactions. This major virulence factor confers numerous potential 

benefits on bacteria, including protection against desiccation, enhanced adherence to 

host cells and other surfaces, biofilm formation, exclusion of antimicrobial 

substances and modulation and evasion of the host immune system (Roberts, 1996).

Both Gram positive and Gram negative organisms elaborate polymeric capsules 

composed of repeating saccharide, or less commonly, peptide moieties. These 

repeating units are homo- or heteropolymers and may be interspersed with organic 

and inorganic molecules, giving rise to extensive capsular diversity between bacterial 

species (Whitfield and Valvano, 1993). Further steriochemical variations can be 

introduced by the presence of various different glycoside or peptide bonds. Capsular 

material can be associated with the bacterial cell surface in one of two 

conformations. “Genuine” capsules, are often defined as consisting of highly 

organised layers, and are physically attached to the bacterial surface by covalent 

bonding. Conversely, “slime layers” are unorganised extracellular matrices that are 

weakly associated or completely detached from the bacterial cell and are often 

referred to as biofilms.

As the bacterial capsule has been implicated in the mediation of several important 

biological processes, with particular emphasis placed on microbe-host interactions, it 

is unsurprising that a number of clinically important pathogens elaborate these 

structures. Indeed, the significance of capsule expression is such that it is essential 

for virulence in numerous bacterial infections and acapsular strains derived from
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encapsulated parents are generally avirulent. For example, the virulence of S. 

pneumoniae shows a direct correlation with the amount of capsular material 

elaborated (Mac and Kraus, 1950), with capsule negative mutants showing full 

attenuation in murine models of infection (Morona et a l ,  2004). Burkholderia mallei, 

the etiological agent of glanders, is recognised as a potential biological warfare agent 

and is a pathogen that requires the presence of a capsule for expression of virulence. 

Fully virulent B. mallei administered via the i.p route in a hamster model of infection 

has an LD50 of <10 cfu. However, a mutation in the gene cluster coding for B. mallei 

capsule production results in a capsule negative mutant that is avirulent, with an 

LD50 o f ~ 10  ̂cfu (DeShazer et a l , 2001 ).

The prerequisite for capsule elaboration for the progression of pathogenesis is not 

limited to bacterial infections. The eukaryotic yeast. Cryptococcus neoformans, is the 

causative agent of cryptococcosis, an affliction with the capacity to cause fungal 

meningitis; immunocompromised individuals are at particular risk. The presence of 

an extracellular polysaccharide capsule is essential for expression of full virulence by 

this organism in a murine model of infection. Mice infected with acapsular mutants 

of C. neoformans survived the bacterial challenge whereas administration of the 

same dose of wild type C. neoformans resulted in a 100% fatality rate (Chang et a l, 

1996).

These data strongly suggest that selective removal o f the bacterial capsule, in 

scenarios where it has been established as essential for bacterial virulence in vivo, 

should be a highly effective therapeutic approach. Remediation of bacterial 

infections in this discriminatory manner would have the advantage of not disturbing 

the host microflora. Furthermore, clearance of infection will most likely be mediated 

by the host’s immune system rather than by administration of a bactericidal agent, 

conferring two potential benefits. Firstly, pathogens attenuated in this way are likely 

to elaborate a sustained immune response, confer immunological memory to the 

invading microorganism and thus confer resistance to reinfection. Secondly, a lower 

propensity to select for resistance to the therapeutic agent may result due to the 

application of reduced selective pressure, in comparison to conventional antibiotics, 

by the modifying agent.
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1.3.1.2. Capsule depolymerases

Attenuation of the virulence of encapsulated pathogens by selective removal of the 

capsule can be effected by administration of a specific capsule depolymerase. These 

enzymes selectively hydrolyse the bacterial capsule and lead to the removal of these 

virulence determinants and provide an opportunity for removal of the pathogen from 

the site of infection. The potential of this approach was realised as early as 1931 

through the pioneering work of Avery and Dubos (Dubos and Avery, 1931). They 

hypothesised that selective removal of the polysaccharide capsule from the surface of 

the type 111 pneumococcus would alter the outcome of experimental infections. A 

systematic search led to the identification of a hydrolytic enzyme synthesised by a 

bacillus isolated from the cranberry peat bogs of New Jersey. When cultured in 

minimal media containing the capsular polysaccharide as a sole source of carbon the 

bacilli produced a soluble enzyme that specifically hydrolysed the polysaccharide 

capsular material from the Type 111 pneumococcus.

Subsequent experiments, designed to determine the potential o f this capsule 

depolymerase as a therapeutic agent, determined that the enzyme had no inherent 

bacteriostatic or lytic activity in vitro (Avery and Dubos, 1931). However, i.p. 

administration of the enzyme afforded mice protection against one million times the 

lethal dose of the Type III pneumococcus. The therapeutic activity afforded by 

administration of the enzyme was restricted to experimental infections with Type III 

pneumococci, emphasising the specific nature of the depolymerase. Additionally, 

further experiments from the same study elucidated both a prophylactic and curative 

potential for the enzyme mediated capsule hydrolysing approach. When administered 

as a prophylactic up to 43 h prior lethal challenge with the Type III pneumococci, the 

enzyme markedly reduced the degree of mortality in comparison to untreated 

controls. Further treatment 18 h post infection rescued mice from systemic 

pneumococcal infections established by i.p. injection of bacterial doses one hundred 

times that required to elicit a lethal effect in untreated groups. Later experiments 

demonstrated the curative effect of the enzyme against dermal pneumococcal 

infections in rabbits (Goodner et a l,  1932) and resolution of experimental 

pneumonia in primates (Francis et a l,  1934).
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These seminal experiments provided irrefutable evidence of the feasibility of 

utilising a capsule depolymerase to alter the course of an otherwise lethal infection. 

However, as with many other forms of emerging antibacterial therapies, these more 

tailored approaches were largely overlooked with the introduction o f antibiotics with 

a much broader spectrum of activity. The current, unrelenting march towards 

multi drug resistant pathogens has renewed interest in these more bespoke therapies, 

and capsule depolymerases are no exception. Recently, this paradigm has been 

applied to the treatment of neonatal bacterial meningitis (NBM) resulting from E. 

coli K1 septicaemia.

NBM is associated with high mortality and morbidity rates (Stoll, 1997) with E. coli 

being identified as the etiological agent in 29-53% of cases (Harvey et a l,  1999). Of 

these isolates, approximately 80-85% (Robbins et a l,  1974) elaborate the K1 

polysaccharide capsule, a homopolymer of a-2,8-linked polysialic acid, indicating 

the importance of the capsule in the pathogenesis o f disease. Infection is thought to 

occur by vertical transmission from mother to new-born during the birthing process, 

with E. coli K1 entering the gastrointestinal tract (GI) of newborn infants via the 

faecal-oral route (Glode et a l,  1977b). Translocation of E. coli K1 across the 

mucosal membrane is a poorly understood process. However, the available evidence 

suggests that the capacity of E. coli K1 to elaborate septicaemia and meningitis by 

this route is strongly age dependent (Glode et a l,  1977b). Proliferation and 

hematogenous spread of the bacteria in the blood compartment results in meningitis 

with entry to the meninges occurring either through the blood-brain barrier at the 

cerebral microvascular endothelium of the arachnoid membrane (Nassif et a l, 2002) 

or at the blood-cerebral spinal fluid barrier of the choroid plexus epithelium 

(Parkkinen et a l ,  1988).

The pathogenesis of E. coli K1 associated meningitis is a complex and multi-faceted 

process. It has been mooted that the E. coli K1 polysaccharide is integral to 

progression o f disease (Kim et a l, 1992). As the vast majority of neuroinvasive 

bacteria elaborate polysaccharide capsules, it is reasonable to hypothesise that the 

presence of these superficial macromolecules may mediate important bacteria-host 

interactions, including bacterial translocation across cellular barriers. In addition to
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their potential role in facilitating bacterial transit from the blood compartment to the 

brain, the E. coli K1 capsule facilitates subversion of the host immune system. The 

K1 polysaccharide capsule, a homopolymer of a-2,8-linked polysialic acid, is 

structurally identical to the polysaccharide that decorates host neural cell adhesion 

molecules during embryonic development (Troy, 1992). This “molecular mimicry” 

o f an almost ubiquitous host polysaccharide results in low antigenicity and 

facilitation of immune evasion (Finne et a l,  1983). Furthermore, it is documented 

that elaboration of the E. coli K1 capsule confers resistance to both humoral and 

cellular immune responses, including complement killing and phagocytosis 

(Pluschke et a l, 1983; Cross et a l,  1984).

Mushtaq and colleagues (Mushtaq et a l,  2004) employed the use of a murine model 

of NBM to determine if the course of lethal E. coli K1 infections could be altered by 

administration o f a capsule depolymerase. An a-2,8-polysialic acid-specific 

hydrolase, endosialidase E (endoE), was purified from the tail spike assemblage of a 

phage that selectively infects E. coli K1 strains (Tomlinson and Taylor, 1985). In 

situ, this enzyme facilitates phage host recognition by selectively binding to its 

polysaccharide substrate prior to hydrolysis of the protective capsule, facilitating cell 

surface docking followed by injection of nucleic acid.

To assess the therapeutic potential of endoE the enzyme was sequenced, cloned and 

expressed as a recombinant protein (Long et a l,  1995; Leggate et a l,  2002). The 

therapeutic effect of recombinant endoE was evaluated by Mushtaq et al in a rat 

model of NBM adapted from Glode and co-workers (Glode et a l,  1977a); the 

method replicates some of the essential features of the disease in human infants. 

NBM was induced by oral administration of E. coli K1 (20 pi, mid-log culture) to 

two-day-old rat pups (P2). Colonisation of the Gl was shown to be positive in 100% 

of animals; with bacteraemia present in 90-100% of animals five days (P7) post oral 

dosing. If left untreated, all pups with blood-borne infection succumbed to the 

infection by P9. However, single daily i.p. injections of endoE, administered one day 

post bacterial introduction and each day thereafter, reduced both bacteraemia and 

mortality by 80-100%. It was concluded that the therapeutic effect was due to endoE- 

mediated “unmasking” of the bacterial cell surface in the blood compartment, 

resulting in enhanced immune recognition and destruction o f bacteria and,
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ultimately, interruption of bacterial transit from the GI tract to the brain (Zelmer et 

a l,  2008). Enhanced macrophage uptake (Mushtaq et a l,  2005) and complement 

killing (Mushtaq et a l,  2004) of endoE treated E. coli K1 supported this conclusion; 

endoE alone had no inherent effect on bacterial viability.

Removal of the E. coli K1 capsule in situ by endoE appears to be an effective 

approach to the prevention and treatment of a potentially lethal infectious disease. 

However, although NBM mortality rates in industrialised countries have reduced 

over recent years (Harvey et a l,  1999), the probability of morbidity following 

successful treatment with traditional antibiotic chemotherapy remains high, with up 

to 30% of survivors exhibiting neurological sequelae (Mittal et a l,  2010). Therefore, 

any therapeutic with the potential to reduce the incidence of adverse sequelae 

following infection would be most beneficial. In bacterial meningitis, much of the 

neurological damage is attributable to the host’s local inflammatory response to the 

invading pathogen, rather than to the pathogen itself (Tauber and Moser, 1999). 

Interestingly, interruption of the hematogenous spread of E. coli K1 from the gut to 

the brain, by endoE treatment, may limit such adverse responses within the central 

nervous system.

Further, Zelmer and co-workers (Zelmer et a l,  2010) reported that experimental E. 

coli K1 infections in rat pups closely replicated much of the local inflammatory 

response seen in human bacterial meningitis. Rat genome microarray analysis 

indicated that bacterial invasion of the neonatal brain was associated with increased 

transcription of approximately 400 genes, many of which are implicated in immune 

and inflammatory responses. Up-regulation of genes encoding proteins involved with 

the regulation o f the inflammatory response to endotoxin release featured 

prominently in this altered pattern of transcription. Administration of endoE 24 h 

post-infection effected a large reduction in the expression of genes associated with 

this damaging inflammatory response. Two days post-infection (24 h post endoE 

administration in treated rats), a mean average (n=3) of only 8 genes were up- 

regulated at least threefold in the brains of rats receiving endoE. In contrast, an 

average of 286 (n=3) genes were up-regulated (>threefold) in the brain tissue of 

untreated infected animals.
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This marked difference in gene modulation can in part be explained by the 

prophylactic properties of endoE. During the course of infection, administration of 

endoE 24 h post bacterial dosing results in greatly reduced bacteraemia. Therefore, 

very few bacteria are likely to survive transit to the central nervous system and then 

impact on rat brain gene expression. Even so, abrogation of infection by this method 

would confer benefits over traditional antibiotic chemotherapy; which is known to 

culminate with the release of endotoxin, eliciting a continuing local inflammatory 

response after sterilisation of the blood and central nervous system (Tauber and 

Moser, 1999). The use of depolymerase to remove the protective E. coli K1 capsule 

has been shown to increase macrophage uptake (Mushtaq et a l,  2005). As this 

phagocytic method of bacterial destruction does not involve lysis, and consequently 

release of inflammatory cell components, the incidence of adverse sequelae could be 

mitigated by use of this therapeutic paradigm.

Thus, the use of a targeted “capsule stripping” approach has been successfully 

implemented as an intervention for the resolution of life threatening infections in 

both pneumococcal and E. coli experimental models of disease. These studies 

provide clear evidence that enzyme mediated removal o f the protective capsule alters 

the outcome of otherwise lethal systemic infections, providing a viable alternative to 

traditional antibiotic chemotherapy. Additionally, it may surpass antibiotic therapy 

in certain areas, including limitation of local inflammatory responses to bacterial 

invasion and a lower capacity for selection of resistant variants.

E. coli K1 and the pneumococcus are examples of two encapsulated bacteria with the 

capacity to cause NBM. In NBM, a limited number of pathogenic species are known 

to cause the disease and this presents a problem for the clinical implementation of 

highly targeted treatments such as the use of selective capsule depolymerases. 

Greater credence to such an approach may be given in situations where a single 

pathogen is the known etiological agent of disease and all isolates elaborate an 

identical, unique capsule that is required for pathogenesis. B. anthracis, a highly 

pathogenic organism and a potential biological warfare agent, meets these criteria 

and is an ideal candidate for pharmacological intervention through capsule 

depolymerisation. It is known that strains of B. anthracis have been engineered in 

order to effect multiple antibiotic resistance (Kim et a l ,  1993; Stepanov et a l, 1996;
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Brook et a l,  2001; Price et a l,  2003); if such bacteria were intentionally 

disseminated, hydrolytic removal of the protective anthrax capsule could circumvent 

such complications, with potency of the therapy remaining undiminished regardless 

the number of antibiotic resistance genes harboured by the engineered strain. The 

next section will focus on B. anthracis and utilisation of a capsule depolymerase for 

the treatment o f anthrax infections considered in some detail.

1.4. Bacillus anthracis

1.4.1. Natural history

B. anthracis, the etiological agent of anthrax, derives its name from the Greek word 

for coal, anthrakis, a reference to the coal-like black lesions produced as a result of 

cutaneous anthrax infections (Inglesby et a l,  1999). Anthrax is a disease of antiquity 

and the causative agent B. anthracis has been studied for decades. There is much 

debate over to whom the accolade of discovery belongs, with several individuals 

making important contributions (see table 1.3 for a chronological overview). What is 

certain is that Robert Koch was the first to isolate the organism, using the aqueous 

humor of an ox eye to grow a pure culture of the bacilli (Koch, 1937). Koch went on 

to show that when reintroduced into an animal as a pure culture, the bacillus elicited 

the symptoms o f anthrax infection. It was these early experiments with B. anthracis 

that formed the basis of Koch’s revolutionary postulates, presented to the scientific 

community in 1890.

Historical documents suggest that outbreaks of anthrax occurred long before Koch 

determined B. anthracis to be the definitive cause of the disease. It has been 

proposed that two of the great plagues that afflicted Egypt in 1491 BC, detailed in 

the Book of Exodus, may have been attributable to anthrax (Witkowski and Parish,

2002). In particular, plague five describes “murrain” of cattle, a highly infectious 

disease that resulted in the death of countless herbivores and swiftly followed by a 

plague of boils and blains, with the clinical manifestations described closely 

resembling that o f cutaneous anthrax infection. This description of events could be 

explained by an outbreak of zoonotic anthrax followed by transmission to humans
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resulting from the collection of hides or skins from the infected carcasses. A more 

contemporary report documents that between 1867 and 1870 an outbreak of anthrax 

in Novgorod, Russia resulted in the death of 528 men in addition to 56,000 horses, 

cattle and sheep (Witkowski and Parish, 2002).

Table 1.3: Landmarks in the d iscovery  o f  B. an thracis. A dapted from W itkow sk i (2002).

Year Scientist O bservation

Eloy

Barthélémy

First person to  prove th e  in fectiousness of an th rax  by injecting

1823 healthy animals with blood from  animals t h a t  had succum bed 

to  th e  disease.

1842
Christian 

Jospeh Fuchs

Observed "granula ted  th read s"  in th e  blood of animals th a t  had 

died of anthrax.

Observed w h a t  he called "chyllus corpuscles" in th e  blood,

1849
Aloys spleen, and carbuncle fluid from  a large n u m b e r  of cows th a t

Pollender had died from an anthrax  ou tb reak . Described th e  morphology 

of th e  bacilli in g rea t  detail from microscopy observations.

1850
Pierre Francois Detec ted  corpuscles he described  as small " threadlike bodies"

Rayer in th e  spleen and blood of an th rax  infected sheep .

1857
Frederich

Brauell

First person to  observe  an th rax  bacilli in th e  blood taken  from a 

live animal. The organism w as incorrectly identified as vibrio.

Published a series of articles d em o n s tra t in g  th a t  an th rax  could

1863
Casimir

Davaine

be tran sm it ted  to  a range of v e r te b ra te s  by inoculation with 

infected blood. He w as th e  first person  to  insist th a t  th e

p resence  of th e  bacilli or "bacterid ia ,"as  he described th e m  was 

essential for transm ission of th e  disease.

Confirmed th a t  6. anthracis w as t h e  definitive cause  of anthrax

1879 Robert Koch by growing pure cultures of th e  organism  and dem onstra t ing  

they  could induce an thrax  infections in healthy animals.

1.4.2. Bacteriology

The soil bacterium B. anthracis belongs to the “group 1 bacilli” which also includes 

B. cereus, B. thuringiensis, B. mycoides, B. pseudomycoides and B. 

weihenstephanesis (Spencer, 2003). It is differentiated from these closely related 

species by sensitivity to phage y (Brown and Cherry, 1955) and the presence of two 

virulence plasmids, pXOl (182 kb) and pX02 (96 kb) (Mock and Fouet, 2001). 

Vegetative cells measure approximately 1 x 5-8 pm, are facultatively anaerobic, and 

stain Gram-positive (Koehler, 2009). It is non-motile and has an optimum growth
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temperature of 37°C (Dai and Koehler, 1997). Nutrient starvation or adverse growth 

conditions, such as those experienced following host death, induce the formation of 

dormant spores that can remain viable in the soil for decades (Manchee et a l,  1994).

1.4.3. Life cycle

Anthrax is primarily a zoonotic disease, with herbivores particularly susceptible 

(Mock and Fouet, 2001); outbreaks can lead to devastating loss of livestock. In 1945 

a zoonotic outbreak of anthrax in Iran led to the death of an estimated 1 million 

sheep (Kohout et a l,  1964). Infection of a susceptible host occurs when dormant 

spores of B. anthracis are ingested or inhaled by a grazing animal. After inhalation or 

ingestion, the spores germinate and revert to a vegetative state. Subsequent 

proliferation and expression of virulence factors results in host death, at which time 

the bacilli sporulate on contact with air (Roth et a l,  1955) and return to the soil from 

the carcass of the infected animal (figure 1.1).

G e rm in a tio n /
multiplication

Sporulation

A
Virulence  

factors Ingestion

soil

spores

Fig. 1.1: L ife -cy c le  o f  B. an th racis. G razing herbivores in gest B. a n th ra c is  spores associated  

with top-so il or grass. Germ ination o f  ingested  spores is fo llo w ed  by proliferation o f  bacilli 

and toxin  production. The host is eventually  overw helm ed  and the d ecay in g  carcass deposits 

spores back to the so il. Adapted from  M ock (2001).
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Poor survival of vegetative bacilli under environmental conditions (Turnbull, 2002; 

Saile and Koehler, 2006) implies that a cycle of “spore -  vegetative bacilli -  spore” 

is the fundamental “lifestyle” of B. anthracis, with little to no existence of vegetative 

bacteria external to a host. Conversely, others argue that a more dynamic lifecycle is 

possible (Van Ness, 1971; Schuch and Fisehetti, 2009), with rounds of replication 

occurring within environmental “incubator zones”.

1,4.4. Clinical manifestations of anthrax infections

Anthrax infections of humans present in three possible ways: cutaneous, 

gastrointestinal and inhalational. Cutaneous infections are by far the most frequently 

encountered form of the disease, comprising 95% of all reported cases (Dixon et a l, 

1999) with an estimated global incidence rate of approximately 2000 cases a year 

(Inglesby et a l,  1999). Cutaneous anthrax arises when B. anthracis spores are 

deposited subcutaneously through a break in the skin, typically gaining entry via an 

abrasion or cut. Deposited spores then germinate in the soft tissue with clinical 

manifestations of disease arising following an incubation period that can range from 

12 h to 19 days (Meselson et a l,  1994; Inglesby et a l,  1999; Spencer, 2003). 

Cutaneous infection presents as a painless papule, present only if a secondary 

infection occurs (Spencer, 2003). Following development of the papule the central 

lesion undergoes necrosis and drying, leaving the characteristic black eschar from 

which the organism’s name is derived. Bacteria normally remain confined to the area 

of infection, although in a small percentage of cases hematogenous spread of the 

organism leads to septicaemia, which vastly increases the chances of fatality 

(Spencer, 2003). If left untreated, the majority of cutaneous anthrax infections are, 

however, self-limiting (Dixon et a l,  1999) and with appropriate antibiotic treatment 

the mortality rate is less than 1% (Spencer, 2003). Cases of cutaneous anthrax are 

well documented throughout history (Witkowski and Parish, 2002) and are often 

associated with occupations involving the handling of animal products.

Gastrointestinal anthrax is relatively rare, with few countries outside Asia and Africa 

reporting cases (Witkowski and Parish, 2002; Spencer, 2003). However, it is highly 

probable that the disease is vastly underreported in rural disease-endemic areas due
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to poor access to diagnostic equipment (Sirisanthana and Brown, 2002). Symptoms 

of disease occur following the consumption of meat contaminated with endospores, 

with an incubation period of 2 to 5 days (LaForce, 1994). Gastrointestinal anthrax 

can be divided into two separate categories: classic or oropharyngeal. Cases of 

classic gastrointestinal anthrax involve transit of spores to the epithelium of the 

gastrointestinal tract where germination occurs. Subsequent ulceration of the bowel 

typically occurs in the region of the ileum or caecum (Nalin et a l ,  1977; Jena, 1980) 

and is accompanied by widespread oedema of the intestines and swelling of local 

lymph nodes (Dutz et a l, 1970). Reported symptoms include severe abdominal 

discomfort, nausea, vomiting, fever and bloody diarrhoea (Beatty et a l, 2003). 

Progression of the disease results in the appearance of ascites and morbidity arises 

due to blood loss, electrolyte imbalance, septicaemia and associated toxaemia (Dixon 

et a l, 1999). Oropharyngeal anthrax occurs following ingestion of contaminated 

meat, affects the upper respiratory tract and is less common than classic cases of 

gastrointestinal anthrax (Dixon et a l, 1999). Symptoms encompass high fever, ulcers 

in the posterior oropharynx, sore throat, dysphagia and regional lymphadenopathy 

(Beatty et a l,  2003). The prognosis for this form of the disease is more favourable 

than that of the classic variety (Dixon et a l,  1999), especially following prompt 

treatment (Sirisanthana et a l, 1984).

Inhalational anthrax was once an occupational hazard of the 1800’s, when 

woolsorters working with imported animal skins were at risk of inhaling attached 

spores, giving rise to “woolsorters’ disease” (Witkowski and Parish, 2002). 

Contemporary reports of naturally occurring inhalational anthrax infections are rare, 

with no cases of naturally occurring inhalational anthrax being reported in the U.S. 

since 1976 (Shafazand et a l,  1999). Interest in inhalational anthrax has been 

rekindled in recent years, due mainly to the dissemination of anthrax spores via the 

U.S. postal system in 2001, which resulted in 11 cases of inhalational anthrax with 

five fatalities (Inglesby et a l, 2002). The mortality rate for inhalational anthrax is 

strikingly high; if left untreated the disease has a mortality rate of >95% (Spencer,

2003) with death occurring approximately 3 days after onset of flu-like symptoms 

(Brookmeyer et a l, 2001). Worryingly, the mortality rate is still approximately 50% 

with aggressive antibiotic therapy and supportive care (Brookmeyer et a l, 2001; 

Inglesby et a l, 2002). Inhalational anthrax is instigated upon inhalation of
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endospores into the lung. The diameter of the spores, measuring 1-2 pm, is an 

optimal size for deposition in the alveolar spaces (Brand et a l,  1999) Experimental 

inhalational anthrax infections, using primate animal models, suggest that the LD50 is 

between 4,000 and 100,000 spores (Druett et a l,  1953; Watson and Keir, 1994; 

Haas, 2002).

1.4.5. Bio-terrorism

Work on developing anthrax as a biological weapon began over 80 years ago and it is 

currently believed that at least 17 nations possess offensive biological weapons 

programmes (Inglesby et a l, 1999). Anthrax is currently listed as a “class A critical 

biological agent” by the Centers for Disease Control and Prevention (CDC). 

Potential biological warfare threats placed within this classification pertain to “agents 

with the greatest potential for adverse public health impact with mass casualties” and 

possess a “moderate to high potential for large scale dissemination” (Rotz et a l,

2002). A theoretical assessment analysis carried out by the U.S. Congressional 

Office of Technology in 1993 estimated that 100 kg of B. anthracis spores released 

over an urban population of 5 million people would result in between 130,000 and 3 

million fatalities, a death toll rivalling that of a Hydrogen bomb (Office of 

Technology Assessment report, 1993).

The Biological Weapons Convention (BWC) of 1972 was set up with the intention 

of preventing the proliferation and stockpiling of biological weapons such as anthrax. 

However, ratification is not mandatory and signees are not subject to any formal 

verification regime to monitor compliance. This lack of any genuine monitoring 

system means that those party states who wish to covertly proliferate biological 

weapons could do so unabated. The U.S.S.R signed the BWC in 1972; seven years 

later an outbreak of systemic anthrax infections occurred in the Russian city of 

Sverdlovsk. The Government of the Soviet Union initially attributed the outbreak to 

consumption of B. anthracis contaminated meat (Brookmeyer et a l,  2001)and it was 

not until 1992, when a team of Western scientists were allowed permission to enter 

the city to investigate the incident, that the truth was finally established. It was 

concluded that the outbreak was due to the accidental release of B. anthracis spores
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from a nearby military instillation (Meselson et a l ,  1994). This event resulted in the 

death o f approximately 100 inhabitants (Brookmeyer et a l,  2001) and provided 

unequivocal proof that the U.S.S.R were continuing to develop biological weapons, 

despite being a signatory of the BWC. Similarly, Iraq signed the BWC in 1972. 

However, throughout the 1980’s Iraq undertook the large-scale production of 

weaponised anthrax for the purpose of filling munitions (Davis, 1999). More recently 

(2001), the dissemination of anthrax spores via the U.S. postal system resulted in 11 

confirmed cases of inhalational anthrax, five of which proved fatal.

Despite the introduction of policies to prevent the production and use of biological 

weapons, it is evident that nations and outraged individuals alike can and will 

disregard such guidelines. It has previously been purported that individuals and 

rogue terrorist groups would be unable to disseminate anthrax spores effectively 

without the backing of a nation state due to the difficulties in weaponising the agent 

and producing aerosols that would be efficiently inhaled into the lungs. This claim 

has been refuted by studies detailing the potential for production o f infective aerosols 

of anthrax spores using commercially available crop sprayers (Levin and Valadares 

de Amorim, 2003). Furthermore, it was estimated that 15% of individuals exposed in 

such a way would receive a lethal dose of B. anthracis spores (Hartley and Peters,

2003).

Thorough planning and preparedness are arguably the two best weapons against 

biological warfare. It appears evident that putting faith in compliance with the BWC 

and assuming that rogue nations or individuals will have not have the capacity to 

develop bioweapons is naïve and the development of novel alternative therapeutics 

for the treatment for anthrax is a wise precaution.

1.4.6. Pathogenesis

Systemic anthrax infections follow the same progression of pathogenesis regardless 

of how infectious material enters the body. Spores are efficiently phagocytosed by 

macrophages (Shafa et a l,  1966; Guidi-Rontani et a l,  1999) (alveolar macrophages 

in inhalational anthrax) and are transported to regional lymph nodes. En-route the
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spores begin to germinate within the phagolysosome of the macrophage (Guidi- 

Rontani et a i,  1999; Dixon et a i, 2000). On release from macrophages, vegetative 

bacilli rapidly elaborate a polypeptide capsule composed of poly-y-D-glutamic acid 

(PDGA) in response to host environmental factors including CO2 concentration 

(Makino et a l, 1988). Genes encoding the enzymes involved in synthesis of this 

protective layer are encoded by the pX02 virulence plasmid (Green et a l ,  1985); the 

fully-formed capsule prevents bacteria from being re-phagocytosed by macrophages 

(Makino et a l,  1989). The capsule also has an important role in immune evasion due 

to poor immunogenicity (Joyce et a l, 2006) and is essential for expression of 

virulence in animal models of inhalational anthrax (Drysdale et a l,  2005b). The 

importance of the PDGA capsule and its pivotal role in pathogenesis will be 

discussed later in this introduction.

Host damage by vegetative bacilli following germination is effected by elaboration 

of a protein exotoxin complex. The larger of the two B. anthracis virulence plasmids, 

pXOl (182 kb), harbours the toxin structural genes cya, pagA and lef, encoding 

oedema factor (EF), protective antigen (PA) and lethal factor (LF) respectively. 

These individual subunits arrange in binary combinations forming either oedema 

toxin or lethal toxin. These toxins are integral to pathogenesis and knockout mutants 

deleted for any single toxin subunit are highly attenuated (Pezard et a l,  1991; Pezard 

et a l,  1993).

Oedema toxin (ET) is an adenylate cyclase composed of PA + EF subunits. In the 

presence o f calcium and calmodium ET catalyses the intracellular production of 

cyclic AMP (cAMP), at the expense of adenosine triphosphate (ATP). This 

accumulation of cAMP leads to changes in host cell membrane permeability and 

results in the high levels of oedema witnessed in systemic anthrax infections. ET 

additionally plays an important role in subversion of the host immune system. 

Production of ET by B. anthracis inhibits macrophage uptake of the vegetative 

bacilli (O'Brien et a l, 1985) whilst additionally interrupting cytokine pathways 

(Hoover et a l,  1994). This disruption of innate immunity is likely to facilitate 

unimpeded replication of the bacteria following germination.
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Lethal toxin (LT), comprised of PA + LF, is a zinc metalloprotease with the capacity 

to rapidly cleave mitogen-activated protein kinase kinases (MAPKK) (Mock and 

Fouet, 2001). MAPKK are integral to host intracellular signalling pathways and the 

action of LT to disrupt these biochemical pathways results in cell damage, including 

impairment of host immune cells. The action of LT results in rapid macrophage 

necrosis in mouse cell lines (Welkos et a l, 1986; Roberts et a l,  1998) and can exert 

the same effect on human macrophages following sensitisation by B. anthracis cell 

wall components (Park et a l,  2002; Kim et a l,  2003). The host immune response is 

further impaired by the capacity of LT to block cytokine responses (Pellizzari et a l, 

1999; Erwin et a l,  2001) and additionally, B and T cell responses by acting on 

dendritic cells (Agrawal et a l, 2003). The importance of MAPKK in a number of 

different cell types means the action of LT is wide ranging. Endothelial cells are 

known to be affected by LT (Moayeri and Leppla, 2004) and the death of these cells 

is likely to contribute to the vascular collapse reported in patients with systemic 

anthrax infections.

The exact contribution made by both toxins immediately preceding host death 

remains to be elucidated on a molecular level. It was initially hypothesised that death 

occurred as a result of toxic shock due to lethal levels o f cytokine induction. This 

assessment may, however, need to be re-evaluated with the discovery that the 

activity of LT inhibits cytokine release. What is known is that eventual host death 

results as a combination of vascular leakage and systemic hypoxia culminating in 

toxic shock-like death (Moayeri et a l,  2003).

1.5. Treating anthrax by removal of the protective poly-y-D- 
glutamic acid capsule

In conjunction with the protein exotoxin complex, the second major virulence factor 

of vegetative B. anthracis bacilli is a protective polypeptide capsule composed of a 

homopolymer of D-glutamic acid linked via the carboxy y amide (Mock and Fouet, 

2001; Koehler, 2002). The smaller of the two B. anthracis virulence plasmids, pX02, 

carries the capsule biosynthetic operon capBCADE and the capsule gene regulators 

acpA and acpB. The proteins encoded by capB, capC, capA and capE mediate
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biosynthesis, transport and export of high-molecular-weight PDGA (>100 kDa) 

(Makino et a i, 2002).

The process of PDGA polymerisation occurs in the bacterial cytoplasm where CapB 

functions as an ATP-dependent ligase and, in association with CapC, synthesises 

high-molecular-weight PDGA from D-glutamic acid monomers (Richter et a i, 

2009). PDGA filaments are then transported across the cytoplasmic membrane by 

CapA and CapE (Ashiuchi et a l,  2001; Ashiuchi et a l ,  2004; Candela and Fouet, 

2005; Candela and Fouet, 2006). CapD, belonging to the y-glutamyltranspeptidase 

family, is found in the bacterial membrane and associated to the peptidoglycan 

(Fouet, 2009). It has been mooted that CapD has a dual function; attachment of 

capsular PDGA filaments to the peptidoglycan of the bacterial cell wall and the 

release of low-molecular-weight PDGA fragments into the surrounding environment 

(Uchida et a l,  1993; Makino et a l,  2002; Candela and Fouet, 2005). In the first 

instance, CapD catalyses a transpeptidation reaction, forming an amide bond 

between PDGA and the side-chain amino group of meso-diaminopimelic acid (m- 

DAP) in the peptidoglycan scaffold; covalently anchoring the capsule to the cell wall 

(Candela and Fouet, 2005; Richter et a l, 2009). Alternatively, when H2O acts as the 

acceptor molecule of the transpeptidation reaction, depolymerisation of the PDGA 

filament occurs and low-molecular-weight fragments are released (Fouet, 2009; 

Richter et a l,  2009). Therefore, depending on the availability of the acceptor 

molecule (m-DAP or H2O) CapD can either effect anchoring of PDGA to the 

bacterial peptidoglycan or act as a depolymerase.

It is thought that CapD mediated release of low-molecular-weight PDGA fragments 

may be pivotal to subversion of the host immune response. It has been hypothesised 

that these diffusible fragments may act as a “molecular decoy” allowing bacilli to 

evade host immune responses (Uchida et a l,  1993; Makino et a l,  2002). 

Additionally, released PDGA fragments have been found to be associated with B. 

anthracis lethal toxin and it has been suggested that formation of these toxin-capsule 

complexes may be of importance to toxin activity (Ezzell et a l, 2009).

As previously described, phagocytosis and germination of B. anthracis spores, 

followed by emergence of vegetative bacilli with the capacity to disseminate and
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proliferate successfully in the host environment are essential prerequisites for the 

establishment of disease. Knowledge of the precise timing of capsule expression and 

how capsule elaboration facilitates these early events will undoubtedly be important 

in the successful implementation of a “capsule stripping” therapy.

During the early stages of B. anthracis infection, macrophages ingest endospores, 

which are then localised within phagolysosomes (Dixon et a l,  2000; Guidi-Rontani, 

2002). B. anthracis-cor\X2ànmg macrophages then traffic to regional lymph nodes. 

Germination of endospores can occur during transit or upon arrival at regional lymph 

nodes (Guidi-Rontani et a l,  1999; Dixon et a l, 2000; Guidi-Rontani, 2002) and is 

triggered by germination factors encoded by the gerX  operon (Guidi-Rontani et a l,

1999). There is much conflicting data regarding the capacity of germinated bacilli to 

replicate within macrophages (Dixon et a l,  2000; Guidi-Rontani et a l ,  2001; Cote et 

a l, 2008). This confusion may result from the use of various different in vivo and in 

vitro models and strains of B. anthracis with varying degrees of pathogenicity.

The consensus appears to be that following germination vegetative bacilli escape the 

phagolysosome and translocate to the macrophage cytosol (Dixon et a l ,  2000; Guidi- 

Rontani, 2002). This process is mediated by the products of chromosomal elements; 

as plasmid deleted strains retain the capacity to enter the cytosol (Dixon et a l, 2000). 

Release of germinated bacilli from macrophages, however, is dependent on the 

activity of the B. anthracis exotoxin complex and requires the presence of the pXOl 

virulence plasmid (Dixon et a l, 2000; Guidi-Rontani, 2002). More specifically, 

mutants deleted for individual virulence genes have been used to establish that this 

process requires active lethal and oedema toxin (Guidi-Rontani, 2002) and the 

presence of their transcriptional activator atxA (Dixon et a l,  2000), all o f which are 

encoded by the pXOl plasmid. Expression of the exotoxin complex has been shown 

to occur shortly after germination (Guidi-Rontani et a l ,  1999) and it is hypothesised 

that the action of these toxins results in a loss of macrophage integrity, effecting the 

release of vegetative bacilli and potentially inhibiting the antibacterial activity of the 

macrophage (Dixon et a l, 2000; Guidi-Rontani et a l ,  2001 ; Banks et a l ,  2005).

Conversely, the capsule does not appear to be important for survival inside 

macrophages as a number of studies have documented germination, survival and
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release of B. anthracis Sterne (pXOl^, pX 02’) inside macrophages (Dixon et a l, 

2000; Guidi-Rontani, 2002; Cote et a l,  2008). Additionally, no capsule expression 

could be visualised within macrophages during a study of germination and survival 

using a B. anthracis (pXOI^, pX02^) strain (Guidi-Rontani, 2002).

Expression of the B. anthracis capsule is known to be under the control of specific 

environmental factors. Transcription of the capsule biosynthetic operon is markedly 

increased by the presence of dissolved CO2 or bicarbonate at levels comparable to 

those found in the human circulatory system (Drysdale et a l,  2005a) (Makino et a l, 

1988; Vietri et a l, 1995). The presence of human serum is also known to strongly 

induce capsule expression (Meynell and Meynell, 1964; Green et a l,  1985). 

Therefore, capsule production would appear to be induced by environmental 

conditions found within the host circulatory system, following release from 

macrophages. In vitro, encapsulated cells have been observed within 30 min of 

germination (Guidi-Rontani, 2002), suggesting that rapid elaboration of capsule 

occurs following emergence of vegetative bacilli from the protective environment of 

the macrophage. Figure 1.2 provides an overview of the early stages of B. anthracis 

pathogenesis.

Rapid assembly and expression at the bacterial surface of the PDGA capsule by B. 

anthracis provides almost immediate protection from the host’s immune system. The 

regular arrangement of repeating D-glutamic acid monomeric units that comprise the 

capsule are weakly immunogenic (Rhie et a l, 2003; Joyce et a l,  2006) and subvert 

the host’s immune surveillance mechanisms. Additionally, the capsule is known to 

confer protection against macrophage destruction (Zwartouw and Smith, 1956; 

Makino et a l, 1989; Scorpio et a l, 2007). The vital role of the pX 02 plasmid in B. 

anthracis pathogenicity has been known for a considerable period of time. In the 

I930’s Max Sterne developed a live vaccine containing B. anthracis spores lacking 

the pX 02 plasmid (Sterne, 1939). The resulting unencapsulated phenotype was 

avirulent and used for successful vaccination of livestock (Personeus et a l, 1956; 

Jackson et a l, 1957).
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Fig. 1.2: Inhaled B. an thracis  endospores are phagocytosed by alveolar macrophages before  

translocation o f  the spores to the phagosome. Germinating spores express LT + ET and 

escape from the phagosome. Loss o f  macrophage viability is concomitant with release o f  the 

nascent bacilli. N e w ly  emerged bacilli rapidly elaborate a protective PDG A capsule, 

allowing unimpeded proliferation in the host circulatory system

More recently, the role of the Cap^ phenotype has been unambiguously established. 

B. anthracis strains carrying both virulence plasmids but also deletions of the 

capBCAD operon were shown to be avirulent in a murine model of inhalational 

anthrax (Drysdale et a i, 2005b). In addition, these non-capsulated strains were 

readily phagocytosed by macrophage cell lines, whereas the fully-virulent wild type 

was resistant to phagocytosis. Both the parent strain and the capBCAD mutant 

initiated germination in the lungs but the capsule negative mutant did not disseminate 

to the spleen.

Together, these data suggest capsule expression occurs immediately or soon after 

release of vegetative B. anthracis from macrophages due to the presence of specific 

environmental triggers that include high CO2 concentrations. Elaboration of the 

protective PDGA capsule prevents bacteria being re-phagocytised, allowing 

protected bacilli to disseminate and propagate unabated throughout the host 

circulatory system before reaching a threshold level at which point host death occurs 

due to a range of deleterious factors. As expression of the capsule is vital to 

pathogenesis, progress of the infection could be interrupted by removal of the anti

phagocytic PDGA capsule from the surface of vegetative cells during the early stages 

of the systemic disease.
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1.6. Prophylaxis and treatment of anthrax infections

Louis Pasteur produced the first attenuated anthrax vaccine in 1881 by culturing B. 

anthracis at an elevated, sub-optimal temperature (Witkowski and Parish, 2002), and 

he demonstrated the efficacy of the vaccine in sheep (Leppla et a l ,  2002). Mass 

vaccination of animals against anthrax began in 1930 with vaccines utilising the B. 

anthracis Sterne strain, a pX 01^pX 02' (toxin positive, capsule negative) attenuated 

mutant. The success of this vaccination program significantly reduced the occurrence 

o f naturally acquired cases of anthrax and underlines the vital role o f the capsule in 

pathogenesis.

The first human vaccine was developed in 1954 and utilised the cell-free filtrate of a 

capsule negative strain of B. anthracis. The protection afforded by this vaccine 

correlated with the amount of antibody produced against the B. anthracis protective 

antigen, a key component of the filtrate (Wright et a l ,  1954). This vaccine was later 

modified to produce the anthrax vaccine adsorbed (AVA) which was licensed for use 

in humans for protection against anthrax infection in 1972 and is currently the only 

anthrax vaccine approved by the U.S. Food and Drug Administration (FDA) for this 

purpose (Leppla et a l,  2002). AVA is reported to be safe, with few side-effects and 

no long-term sequelae (Pittman et a l,  2001). The vaccine has been shown to provide 

considerable protection against anthrax in a number of animal models of infection 

(Ivins et a l ,  1996; Pitt et a l,  1999), including affording protection to primates 

challenged with ordinarily lethal doses of anthrax spores administered by aerosol 

(Fellows et a l ,  2001).

AVA is currently manufactured in the U.S. by Emergent Biosolutions. Production 

capability is modest, with only one facility inside the U.S. (Inglesby et a l,  2002). 

Those receiving the vaccination require five subcutaneous injections administered 

over a period of 18 months followed by a booster injection every year for full 

protection (Gu et a l,  2007). The limited supply o f the vaccine coupled with the 

presumption that any future intentional release of anthrax spores will be covert and 

without prior warning limits the utility of the vaccine in terms of providing 

protection to the general public in the case of an unforeseen attack. Use of the
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vaccine is therefore likely to remain limited to those facing an increased risk of 

contact with anthrax spores, such as military personnel.

Should the general population be exposed to aerosols of anthrax spores, the only 

approved treatment option is antibiotic chemotherapy. Current antibiotic regimens 

for the treatment o f inhalational anthrax are based on a limited number of outbreaks 

in humans and a small number of animal studies. Penicillin, doxycycline and 

ciprofloxacin have all been approved by the FDA (Franz et a l,  1997) for the 

treatment of systemic anthrax infections from indications o f efficacy in animal 

models (Kelly e ta l ,  1992; Friedlander er a/., 1993; Franz gr a/., 1997).

This restricted selection of antibiotics approved for human use may have serious 

implications if antibiotic resistant strains of B. anthracis were to be used in an attack. 

The genome sequence for B. anthracis is available in the public domain (Read et a l, 

2003) and a number of reports have described naturally occurring resistance in B. 

anthracis or presented sufficient technical data to enable miscreants to engineer the 

organism for resistance. Serial passage of the bacillus on media containing low levels 

of various antibiotics can induce resistance to a range of compounds including 

doxycycline (Brook et a l,  2001). Additionally, a study by Kim et a l (1993) 

characterised a strain of B. anthracis resistant to macrolides, lincosamides and 

streptogramins. Resistance was attributable to a single gene locus, ermJ, indicating, 

that multi-drug resistance could be engineered into susceptible strains with minimal 

work. Similarly, Stepanov et a l (1996) described the creation of a plasmid 

harbouring multiple antibiotic resistance genes that when introduced into B. 

anthracis conferred resistance to penicillin, rifampicin, tetracycline, 

chlormaphenicol, macrolides and lyncomycin. Resistance to ciprofloxacin has also 

been documented (Price et a l,  2003).

These reports underline the feasibility of creating multidrug resistant strains of B. 

anthracis using readily available technology. Worryingly, these examples also reveal 

that resistance to all FDA approved antibiotics is conceivable. To counter the 

potential threat of multi-drug resistant strains of B. anthracis, the CDC (MMWR, 

2 0 0 1 ) recommends the use of two or three antibiotics in combination for patients 

with suspected inhalational anthrax. However, in a mass casualty setting, such as
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that following a bioterrorist attack, combination drug therapy may not be possible 

due to the likely depletion of antibiotic stocks (Inglesby et a l,  2002). The U.S. 

Department of Homeland Security recommends that communities should plan for

300,000 people to be exposed to anthrax spores in an aerosolised attack. In such a 

scenario, rapid commencement of effective antibiotic treatment would be critical as a 

delay in administration would markedly reduce chances of survival (Barnes, 1947; 

Lincoln et a l ,  1964).

If a multi-drug resistant strain of B. anthracis were to be used in a large-scale release 

these consensus methods of treatment would be greatly compromised. If the strain 

was engineered for resistance to all three FDA approved antibiotics then efficacious 

treatment would be difficult. Valuable time would be lost in determining the 

antibiotic susceptibility of the causative agent. These risks emphasise that alternative 

therapies are critically needed to enable authorities to cope with a range of potential 

warfare and terrorist incidents. The therapeutic paradigm proposed here, the enzyme- 

mediated removal of the anti-phagocytic capsule, presents an option that would 

circumvent the introduction of antibiotic resistance determinants into the organism.

1.7. Aims

Unless the patient is promptly and effectively treated, inhalational anthrax is a fatal 

disease. The use of anthrax as a biological weapon via dissemination of aerosolised 

B. anthracis endospores is a real and continuing threat. Currently, a limited number 

of approved antibiotics are the only effective countermeasure should such a scenario 

materialise. Numerous examples of B. anthracis antibiotic resistance, both induced 

and engineered, exist throughout the literature. It is not inconceivable that those 

wishing to proliferate B. anthracis as a biological weapon will capitalise on this 

wealth of information by the creation of multidrug resistant strains of B. anthracis, 

effectively nullifying our frontline defence against the pathogen.

Experimental infections due to bacterial pathogens expressing a polysaccharide or 

polypeptide capsule can be resolved by administration of depolymerases that 

selectively hydrolyse the external protective layer. The PDGA polypeptide capsule of

59



B. anthracis is known to be essential for the virulence of the organism in animal 

models of inhalational anthrax (Drysdale et a l,  2005b). The use of a “capsule 

stripping” approach presents an attractive therapeutic option for the treatment of 

systemic anthrax, owing to a mechanism of action that is unaffected by the presence 

of antibiotic resistance determinants.

This study aims to identify a robust capsule depolymerase with the capacity to 

remove the protective polypeptide layer from the cell surface of B. anthracis. Any 

hydrolytic enzyme identified should specifically degrade only the PDGA moiety 

comprising the bacterial capsule and will provide a therapeutic option for the 

treatment of systemic anthrax infections. To achieve this aim, three potential sources 

of capsule depolymerase have been identified:

(i) CapD: The B. anthracis capD gene product is a y-glutamyltranspeptidase with the 

primary function of attachment of PDGA to peptidoglycan (Candela and Fouet,

2005); it also functions as a depolymerase, effecting the release of diffusible PDGA 

fragments (<14 kDa) from the cell surface (Candela and Fouet, 2005). Detachment of 

these low-molecular-weight fragments of PDGA may act to inhibit cellular host 

defences (Makino et a l,  2002) The enzyme is produced as an inactive pro-protein 

(50 kDa) that is cleaved during post-translational modification to produce active 

enzyme consisting of two subunits (35 kDa and 15 kDa) which must remain non- 

covalently linked for retention of activity.

(ii) Bacteriophage: Bacterial capsules present a physical barrier to viral infection. 

To circumvent this protective layer, a significant proportion o f phages that infect 

capsule-bearing hosts carry capsule depolymerases to facilitate docking with the 

surface proper (Suthereland et a l,  2004). For example, the E. coli K1 specific 

capsule depolymerase endoE was derived from a phage and used successfully for the 

prevention and treatment of experimental neonatal bacterial meningitis (Mushtaq et 

a l,  2004). Furthermore, all fifteen E. coli K1-specific phages examined to date 

possess a capsule specific endo-neuraminidase depolymerase as part of the tail-spike 

assemblage (Kwiatkowski et a l,  1982; Tomlinson and Taylor, 1985; Fetter and 

Vimr, 1993; Scholl et a l, 2001).
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A number of morphologically different lytic phages are known to infect B. anthracis 

(Brown and Cherry, 1955; Walter and Baker, 2003; Minakhin et a i, 2005; 

Sozhamannan et a i,  2008). The best described of these is phage y. The genome of 

this virus has been sequenced (Schuch and Fischetti, 2006) and lysis of B. anthracis 

by phage y has been used extensively for over 50 years for the rapid identification of 

the pathogen. Phage y is well suited to this diagnostic role; it is highly specific for B. 

anthracis and has the capacity to infect both rough and smooth variants of its host 

(Brown and Cherry, 1955). As B. anthracis produces a formidable PDGA capsule it 

is reasonable to assume that phage y carries an associated depolymerase to hydrolyse 

this external layer. Furthermore, the diverse range of environmental locations from 

which phage can be isolated suggests that any associated hydrolytic enzymes are 

robust enough to remain active across a wide range of temperatures and pH.

(iii) Soil bacteria: The soil microbiota contains a vast array of different 

microorganisms. Estimates o f the number of species of bacteria per gram of soil can 

vary between 2000 and 8.3 million (Cans et a i,  2005; Schloss and Handelsman,

2006). Although a general consensus on the exact number of species per gram of soil 

remains elusive, it is clear that the heterogeneous environment of the soil has resulted 

in abundant diversification of bacterial species, including the capacity to metabolise 

an array of differing carbon sources for the generation of cellular energy.

In order to utilise available carbon containing compounds found within the soil, 

bacteria produce and secrete hydrolytic enzymes to degrade substrates to 

metabolisable fragments (Baumann, 1968; Franklin et a l,  1981; Lai, 1982; Nikodem 

et a l, 2003). Using simple soil enrichment techniques Dubos and Avery exploited 

this trait by isolating a bacilli derived enzyme with the capacity to degrade the 

pneumococcal capsule. Secreted enzymes that enable microorganisms to utilise 

PDGA as a metabolic substrate represent a potential source of a B. anthracis capsule 

depolymerase.

In summary, three distinct potential sources of a capsule depolymerase have been 

identified and will be investigated for the purpose of discovering, identifying and 

characterising enzymes that will permit further in vitro and in vivo development as
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potential therapeutics. These criteria include the capacity to exclusively degrade the 

PDGA substrate, retention of activity under storage and potency at low 

concentrations of enzyme preparation. If all these criteria are fulfilled, attempts will 

be made to purify, identify and express the protein as an active recombinant enzyme.
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CHAPTER TWO

Elaboration, purification and characterisation 

of poly-y-D-glutamic acid
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2.1 Introduction

Poly-y-glutamic acid (PGA) is an unusual polymer and is composed of repeating 

glutamic acid residues linked by y-amide bonds. Anionic in nature, PGA is water 

soluble and consists of either D-glutamate, L-glutamate or both isomers of glutamic 

acid. PGA differs from proteins, which possess a-amino bonds, and is therefore 

resistant to hydrolysis by the large majority of proteases.

The biosynthesis of PGA has been observed in a number of organisms (table 2.1). 

Depending on the organism from which it is synthesised, PGA can be anchored to 

the cell wall or released into to the immediate environment as an extracellular slime 

layer. The PDGA polymer composing the B. anthracis protective capsule was the 

first example of PGA to be identified (Ivanovics and Bruckner, 1937) and is 

covalently linked to the peptidoglycan of the B. anthracis cell wall (Candela and 

Fouet, 2005).

T a b le  2.1: Exam ples o f  PGA producing microorganisms. Adapted from Candela & Fouet  

(2006)

Organism PGA conformation
Bacillus anthracis D
Bacillus licheniformis D and L
Bacillus megaterium D and L
Bacillus pumilus D and L
Bacillus subtilis D and L
Staphylococcus epidermidis D and L
Natrialba aegytiaca L

Identification and characterisation of PDGA depolymerases requires a suitable 

polymer substrate. PDGA can be obtained from culture of B. anthracis, as the 

polypeptide is released into the culture medium upon autoclaving or through eventual 

autolysis of aging cells (Ivanovics and Bruckner, 1937). However, safety risks 

associated with the culture of B. anthracis in volumes sufficient enough to produce 

appreciable amounts of polymer makes this option impractical outside specialised 

laboratories.
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The majority of bacterial species producing PGA synthesise polymeric material 

comprising both D- and L- glutamic acid (table 2.1). To identify enzymes with the 

capacity to specifically degrade y-amide bonds between D-glutamic acid monomers, 

as required for an effective B. anthracis capsule depolymerase, the use of polymers 

containing approximately equimolar concentrations of both enantiomers would be 

problematic. Poly-y-L-glutamic-acid (PGLA)-specific depolymerases have been 

described in the literature (Tanaka et a l, 1993; Weber, 1994) and partial hydrolysis 

o f L-D-poly-y-glutamic acid substrate would result in false positive results.

A series of studies by Troy and co-workers (Troy, 1973a; Troy, 1973b; Gardner and 

Troy, 1979) documented the production of large quantities (-10 g/L) of high- 

molecular-weight PGA via the polymerisation of L-glutamic acid by B. licheniformis 

ATCC 9945A cultured in a chemically defined medium. Moreover, it was observed 

that the polymer was freely released into the growth medium. A subsequent study 

investigating PGA biosynthesis by the same organism showed that the 

stereochemical composition o f the polymer could be altered by varying the 

concentration of divalent cations in the growth medium (Cromwick and Gross, 

1995). In particular, the concentration of Mn^% added to culture media as MnS0 4 , 

had a marked effect on the ratio of D- to L-glutamic acid incorporated into the 

polymer. The final percentage of D-glutamic acid incorporated in the polymer 

correlated with the concentration of available Mn^^ within the growth medium, with 

a higher proportion of D-glutamate found in cultures from bacteria grown under 

higher Mn̂ "̂  concentrations. Cultures of B. licheniformis ATCC 9945A grown in the 

absence of MnS0 4  were found to produce PGA containing approximately equal 

ratios of D- to L-glutamic acid. The ratio of D-glutamic acid incorporated into the 

polymer was found to increase to a maximum of -90%  in the presence of 615 pM 

MnS0 4 .

Culture of B. licheniformis ATCC 9455A in the presence o f an optimal concentration 

of Mn^^ can therefore provide a suitable source of PDGA for the identification and 

characterisation of isomer specific depolymerases. This chapter describes the 

elaboration, purification and analysis of PDGA produced by culture of B. 

licheniformis ATCC 9945A in a chemically defined medium.
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2.2. Materials and methods

2.2.1. Bacterial strain

Bacillus licheniformis ATCC 9945A was obtained from LGC Standards (Middlesex, 

UK).

2.2.2. Strain maintenance and preservation

Numerous reports indicate that B. licheniformis ATCC 9945A converts to a non- 

PGA producing phenotype when repeatedly subcultured on solid media (Thome et 

a l,  1954; Leonard et a l,  1958; Troy, 1973a). To prevent this conversion, aliquots of 

cultures that were established as high PGA producers were frozen and used for 

inoculation in all subsequent experiments.

PGA producing aliquots were created by adaptation of the method described by 

Birrer et al. (1994). Briefly, B. licheniformis ATCC 9945A was grown on nutrient 

agar at 37°C for 16 h. Agar plates were inspected for the presence of smooth, mucoid 

colonies, indicating PGA production. A single mucoid colony was used to inoculate 

100 ml of medium E and the culture incubated with orbital shaking (200 rpm) at 

37°C for 72 h. Production of PGA was accompanied by a noticeable increase in the 

viscosity of the culture medium. Cultures synthesising such large amounts of PGA 

were combined with an equal volume of sterile glycerol as a cryo-protectant and 1 ml 

aliquots were transferred to cryovials. These glycerol stocks were stored at -80°C 

until required for the inoculation of further cultures.

Medium E formulation was prepared according to Leonard et al. (1958): citric acid, 

12 (g/L); glycerol, 80 (g/L); NH4CI, 7 (g/L); MgS0 4 7 H2 0 , 0.5 (g/L); FeCb ôHzO, 

0.04 (g/L); CaCl2‘2 H2 0 , 0.15 (g/L); L-glutamic acid, 20 (g/L); MnS0 4 , 0.1014 (g/L) 

(615 pM). All chemicals were purchased from Fisher (Fisher Scientific Inc., 

Leicestershire, UK). The pH of the medium was adjusted to 7.4 prior to autoclaving 

by the addition of NaOH pellets.
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2.2.3. Production o f PGA

B. licheniformis was cultured in the presenee of 615 pM MnS0 4  for the synthesis of 

PGA containing a high ratio of D-glutamic acid, Cromwick and Gross (1995) 

determined that addition of 615 pM MnS0 4  to the culture medium is optimal for the 

synthesis of PGA ineorporating a maximum ratio of D-glutamie aeid. Shake flask 

cultures were inoeulated by rapidly thawing a cryovial of previously prepared frozen 

eells and transferring 1 ml from the cryovial into 500 ml of medium E in a 2 L 

Erlenmeyer flask. Cultures were incubated with orbital shaking (200 rpm) at 37°C 

for 72 h. Cells were pelleted by centrifugation at 10,000 g  for 1 h at 4°C and the 

supernatant eontaining PGA transferred to a 2 L glass beaker. Polymer was 

precipitated by the addition of 2 volumes of 96% (v/v) ethanol, ehilled to -20°C. The 

mixture was gently agitated and allowed to stand for 2 h at -20°C to ensure 

preeipitation of polymer. PGA precipitated as a semi-solid aggregate that could be 

eolleeted using cell scrapers after deeanting of ethanol.

2.2.4. Purification of PGA

The precipitated polymer was dissolved by addition of 100 ml 2 M Tris-HCl (pH 8.0) 

with stirring overnight at 4°C. To remove low moleeular weight impurities, dissolved 

material was transferred to dialysis tubing with a molecular weight exclusion of 1 2 - 

14 kDa (Medicell International, London, UK) and dialysed at 4°C for at least 16 h 

against 3 changes of 10 mM Tris-HCl (pH 8.0). Dialysed material was lyophilised to 

constant weight (approximately 16 h lyophilisation time) using a Christ ALPHA 1-2 

/ LD plus freeze dryer (Christ, Niedersaehsen, Germany). The lyophilised polymer 

was dissolved in 50 ml of 10 mM Tris-HCl (pH 8.0) and eentrifuged at 10,000 g  for 

1 h at 4°C to remove insoluble material. The supernatant was earefully deeanted and 

bacterial proteins removed by addition of proteinase K (Sigma-Aldrieh, Dorset, UK) 

to give a final concentration of 20 pg/ml. Protein digestion was allowed to proeeed 

for 16 h with shaking (200 rpm) at 37°C. The digested material was centrifuged at

10,000 g  for 1 h at 4°C to remove any insoluble material. The supernatant was 

decanted and nueleic acids removed by the addition of DNase and RNase (both 

Sigma-Aldrich, Dorset, UK), both at a final eoncentration of 30 pg/ml. Digestion
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was allowed to proceed for 1 h at 37°C with shaking (200 rpm). The digest was 

centrifuged at 10,000 g  for 1 h at 4°C and the supernatant decanted. Supernatant was 

transferred to dialysis tubing with a molecular weight exclusion of 12-14 kDa 

(Medicell International, London, UK) and dialysed against 3 changes of de-ionised 

water overnight at 4°C. Dialysed material was lyophilised to constant weight 

(approximately 16 h lyophilisation time) and the dry weight of purified polymer 

recorded.

2.2.5. Determ ination o f stereochem ical com position o f PGA

The ratio of L- to D-glutamic acid in the purified polymer was determined by 

reverse-phase high-performance liquid chromatography (HPLC) using a chiral 

column. Purified high-molecular-weight PGA was hydrolysed to its constitutive 

glutamic acid monomers by dissolving 1 mg of lyophilised polymer in 10 ml of 6  N 

HCl and boiling under reflux for 6  h. The resulting hydrolysate was neutralised by 

adjusting to pH 7 with NaOH pellets and lyophilised to constant weight. The 

lyophilised material was dissolved in 10 ml of HPLC mobile phase (15% v/v HPLC 

grade Methanol, 85% v/v 2 mM CUSO4 dissolved in HPLC grade H2O) and the 

glutamic acid isomers separated using a Chi rex 3126 (D) Phenomenex column (150 

mm X 4.6 mm, internal diameter 5 pm). Isomer separation and analysis was achieved 

with a flow rate of 1 ml/min at a column temperature of 40°C, an injection volume of 

100 pi and a detection wavelength of 254 nm. The HPLC system used was an 

Agilent 1260 Infinity binary LC system. The ratio of L- to D-glutamic acid was 

determined by the relative peak areas achieved for each isomer using PC/Chrom 

software (H&A Scientific, North Carolina, USA). Concentrations of L- and D- 

glutamic acid were determined using a standard curve generated from L- and D- 

glutamic acid standards over a range of concentrations. Reagent grade glutamic acid 

was purchased from Sigma-Aldrich, Dorset, UK.
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2.3. Results

2.3.1. Yield o f PGA

B. licheniformis ATCC 9945A was grown in 500 ml batches of medium E containing 

615 |iM MnS0 4  for the production of PGA containing the optimal ratio of D- 

glutamic acid. An increase in the viscosity of the culture media could be observed 

over the 72 h culture period, indicating successful synthesis of high molecular weight 

polymer. Following extensive purification, polymer was lyophilised to constant 

weight. Lyophilisation facilitated stable storage of PGA at room temperature and 

accurate and reliable determination of polymer yield.

Reproducibility of polymer yield was determined by randomly selecting four 

cryovials of B. licheniformis ATCC 9945A and inoculating individual Erlenmeyer 

flasks containing 500 ml medium E. Purification of synthesised polymer was 

undertaken as described in materials and methods and the dry weight of polymer 

produced by each culture recorded (table 2 .2 ).

T a b le  2.2; M ean yie ld  o f  PGA achieved.

Organism Culture Culture Polymer yield Mean yield

Number Volume (ml) (mg) (mg)

1 489

B. licheniformis 2 522
500 512.75

ATCC 9945A 3 538

4 502

The weight of purified polymer achieved was approximately 0.5 g per 500 ml 

culture. During the course of this work, periodical measurements of polymer yield 

were recorded to ensure that long-term storage of B. licheniformis had no detrimental 

effect on polymer production. These measurements revealed that polymer yield was 

not adversely affected by storage, as dry weight values were consistently in the 

region of 0.5 g (± 0.2 g).
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2.3.2. Stereochemical composition of PGA

The isomeric content of PGA synthesised by B. licheniformis ATCC 9945A grown in 

the presence of 615 pM MnS0 4  was determined as the mean ratio of L-/D-glutamic 

acid incorporated into the purified polymer following culture (table 2.3). Results 

were obtained by hydrolysis of 1 mg of purified polymer obtained from four replicate 

cultures, followed by separation of the constituent glutamic acid monomers by 

reverse phase HPLC (2 x 100 pi injections per sample).

T ab le  2.3: Amounts o f  glutamic acid recovered follow ing hydrolysis o f  PGA (1 mg) and the 

ratio o f  L-/D-glutamic acid monomers comprising the polymer.

Sample 
(2x100 pi 

injections)

Mean L-Glu Mean D- 
acid peak Glu acid 
area peak area

Mean 
am ount of 
L-Glu acid 
(mg)

Mean 
am ount of 
D-Glu acid 
(mg)

Mean % of 
L-Glu acid

M ean % of 
D-Glu acid

Final m ean % L- Final m ean % D 
Glutamic acid Glutamic acid

1 215.350 2903.2 0.054 0.448 6.91 93.09

2 223.550 2963.8 0.056 0.457 7.01 92.99
7  Q Q 92.62

3 249.950 2863.3 0.060 0.442 8.03 91.97
/  . J O

4 228.900 2797.9 0.056 0.433 7.57 92.43

Culture of B. licheniformis ATCC 9945A in the presence of 615 pM MnS0 4  resulted 

in the production of PGA composed of approximately 93% D-glutamic acid. The 

mean amount of glutamic acid recovered following hydrolysis of 1 mg PGA was

0.501±0.0096 mg (n=4) indicating a loss of glutamic acid during the reflux process.

Excellent separation of glutamic acid isomers was achieved by reverse phase HPLC 

(figure 2.1). The individual peaks for each isomer were well defined with only 

minimal peak overlap.
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Fig. 2.1: Separation o f  glutamic acids by HPLC. Isomers were resolved as two distinct peaks 

by the method employed and the polymer was found to consist o f  approximately 93% D-  

glutamic acid by comparison o f  the relative peak areas.

2.4. Discussion

B. licheniformis ATCC 9945A produces a high-molecular-weight polymer of PGA 

consisting of both L- and D-glutamic acid. The stereochemical composition of this 

extracellular polymer can be altered by incorporation of high concentrations of 

MnS0 4  to a defined culture medium (Cromwick and Gross, 1995). Production of 

polymer containing a high ratio of D-glutamic acid was achieved by the addition of 

MnS0 4  at a concentration of 615 pM to medium E broth and subsequent culture of 

B. licheniformis ATCC 9945A for 72 h. Polymer shed into the culture medium was 

isolated by precipitation, and purified by removal of contaminating bacterial proteins 

and nucleic acids.

The method used for the production and purification of PGA by B. licheniformis 

resulted in highly reproducible yields of polymer. Growth of four replicate cultures, 

inoculated on separate days, yielded a mean polymer weight of 512.75±21.6 mg per 

500 ml culture. The time-consuming nature of the procedure meant that, typically, 

one batch of polymer was purified every two weeks. Culture of B. licheniformis 

ATCC 9945A required three days cultivation and the elaborate purification
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p rocedu re  in c lu d ed  n u m er o u s  steps requiring in e x c e s s  o f  16 h (table.  2 .4 ) .  T h is  

p ro c e s s  eo u ld  not be ex p ed ited  by in creas in g  the cu lture v o lu m e ,  d ue  to physica l  

lim ita t ion s  at s p e c i f i c  p urification  step s  resu lting  in ex p er im en ta l  bott le  n ecks.

T ab le  2.4: Workflow for production and purification o f  PGA

T a s k T i m e  r e q u ir e d  E x p e r i m e n t  d a y

C u l t u r e  o f  
B. licheniformis 
P r e c ip i t a t e  
p o ly m e r

D is s o l v e  p o l y m e r

D ia ly s e  p o ly m e r

L y o p h i l i s e  
p o l y m e r  
D ig e s t  b a c t e r ia l  
p r o t e in s  
D ig e s t  n u c le ic  
a c id s

D ia ly s e  p o l y m e r

L y o p h i l i s e  
p u r i f i e d  p o l y m e r

72  h 

1 h 

1 6 h  

1 6 h  

1 6 h  

16 h 

1 h 

16 h 

16 h

B e g in  d ay  1 
F in ish  d ay  3

D a y  3

B e g in  d a y  3 
F in ish  d ay  4  
B e g in  d ay  4  
F in ish  d ay  5 
B e g in  d a y  5 
F in ish  d a y  6 
B e g in  d ay  6 
Finish  d ay  7

D a y  7

B e g in  day  7 
Finish  d ay  8 
B e g in  d ay  8 
F in ish  d ay  9

Purif ied  p o ly m e r  c o m p rise d  ap p r o x im a te ly  93%  D -g lu ta m ic  acid  as d eterm in ed  by  

reverse  phase  H P L C . T h is  is in acc o rd a n c e  w ith  that o f  C r o m w ic k  and G r o ss  ( 1 9 9 5 )  

w h o  found that B. lic h e n ifo rm is  A T C C  9 9 4 5 A  cultured  in m ed iu m  E with  the 

addit ion  o f  6 1 5  p M  M nSO a resulted  in the sy n th e s is  o f  P G A  c o m p o s e d  o f  

a p p r o x im a te ly  90 %  D -g lu ta m ic  acid. T h e s e  authors n o ted  that cu lture o f  this strain in 

m e d iu m  E w ith o u t  addit ion  o f  M n S 04  resu lted  in the p rod uction  o f  P G A  con ta in in g  

a p p r o x im a te ly  50%  D -g lu ta m ic  acid.

C urrently ,  it is unc lear  h o w  Mn"^ con centration  m o d u la tes  the iso m er ic  con ten t  o f  

P G A . It has b een  su g g e s te d  that P G A  p o ly m e r isa t io n  is under the control o f  tw o  

d ist inct  e n z y m e  s y s t e m s ,  o n e  for the incorporation  o f  L -g lu ta m ic  acid ,  the other for 

D -g lu ta m ic  acid  and that the p resen ce  o f  Mn"^ either inhibits  the form er sy s tem  or 

u p -regu la tes  the latter (Leon ard  e t  a l., 1958).  A lter n a t iv e ly ,  it has been  m o o te d  that 

MiC^ con cen tra t ion  m ay  exert  an e f fec t  on the b io c h e m ic a l  p a th w a y s  con tro l l in g  the
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biosynthesis of either L- or D-glutamic acid monomers prior to their polymerisation 

(Cromwick and Gross, 1995).

In summary, culture of B. licheniformis ATCC 945 5A in the presence of an optimum 

concentration of Mn^% determined by Cromwick & Gross, provides a suitable source 

of high-molecular-weight PGA comprising almost exclusively of D-glutamic acid 

(-93%). Therefore, polymer produced from the culture of B. licheniformis ATCC 

9945A and used in subsequent experiments will be referred to as PDGA.
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CHAPTER THREE

Investigation of CapD as a potential anthrax therapeutic

74



3.1 Introduction

capD (formerly annotated as dep) is the fourth gene of the B. anthracis capsule 

biosynthetic operon (figure. 3.1). All bacteria known to elaborate a PGA capsule 

harbour a similar PGA synthesis operon containing homologous capsule genes to 

those identified in B. anthracis. PGA producing bacteria identified to date include 

several members of the bacillus genus and Staphylococcus epiderimidis (Birrer et al., 

1994; Ashiuchi et al., 2003a; Kocianova et a l, 2005; Candela and Fouet, 2006) 

(figure 3.1.)

B. anthracis

B. subtlHs

B. licheniform is

S. epidermidis

capB capC

pgsB pgsC

ywsC ywtA

capB capC

Fig. 3.1: Schematic o f  poly-y-glutamic acid biosynthetic opérons identified in PGA  

producing bacteria. H om ologous genes are represented by matching colours; PGA  

depolymerases are coloured in red. Adapted from Candela (2005).

B. anthracis is a unique member of this group as it produces a homopolymer of 

gamma linked D-glutamic acid, whereas other PGA producing bacteria synthesise 

polymeric material containing both L- and D- isomers of glutamic acid. Moreover, 

the PDGA polymer produced by B. anthracis is covalently linked to the 

peptidoglycan of the bacterial cell wall (Candela and Fouet, 2005), forming a true 

capsule, whilst polymers produced by B. subtilis and B. licheniformis are loosely 

associated with the bacteria or are secreted into the growth medium.

The B. anthracis capsule genes; capB capC and capA have been established as 

mediating biosynthesis and transport of the capsule (Koehler, 2002). The function of 

the capE gene product is more ambiguous. It has been suggested that the primary
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role of CapE is to interact functionally with CapA and that CapA has a structural 

protein-interaction role that is important for synthesis of the polymer. (Candela et a i, 

2005). Although the definitive role of CapE remains to be elucidated, what is known 

is that its presence is essential for capsule production (Candela et a i,  2005).

The B. anthracis capD gene was first described by Uchida and co-workers (1993) 

and designated dep. The gene was noted for having significant sequence similarity to 

the y-glutamyltranspeptidase (GGT) family of enzymes and purified CapD protein 

was shown to depolymerise B. anthracis PDGA in an in vitro system. These authors 

postulated that CapD controls the molecular weight of PGA filaments produce by B. 

anthracis., as plasmids harbouring the capBCA genes in addition to capD produced a 

PDGA polymer of considerably lower molecular weight than vectors containing 

capBCA only. More recently, the CapD homologues PgsS and YwtD have also been 

shown to possess PGA hydrolytic activity (Ashiuchi et al., 2003b; Suzuki and 

Tahara, 2003).

When expressed by B. anthracis the CapD protein is translated as a single inactive 50 

kDa pro-protein. Enzyme activity is dependent on cleavage of the pro-protein via 

post-translational modification. Retention of hydrolytic activity is dependent on a 

non-covalent but close association between the two subunits (35 kDa and 15 kDa) 

generated by this cleavage event (Candela and Fouet, 2005). The primary role of 

CapD has recently been unambiguously established: the protein is associated with the 

B. anthracis cell membrane where it catalyses the transfer of PGA filaments, 

anchoring the polymer to peptidoglycan in the formation of the B. anthracis capsule. 

However, GGTs such as CapD can transfer glutamic acid to a nucleophile acceptor 

other than peptidoglycan, the most common being H2O (Keillor et a l,  2005). When 

H2O is utilised as an acceptor, CapD effectively depolymerises PDGA polymers and 

thus has a dual role as a capsule anchoring protein and as a PDGA depolymerase.

The hydrolytic activity of CapD has been suggested to aid B. anthracis immune 

evasion by releasing diffusible PDGA filaments from the cell wall that may act as 

“decoy” molecules (Uchida et a l, 1993). Further in vitro investigation of the 

depolymerase activity of CapD has shown that when expressed as a recombinant
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protein it effectively degrades high-molecular-weight PDGA in a time dependent 

manner (Candela and Fouet, 2005).

The PDGA hydrolytic activity of CapD suggests that the enzyme could serve as a 

capsule-stripping therapeutic for use in the treatment of anthrax infections. This 

chapter describes an investigation of the depolymerase activity of CapD with a view 

to the determination of the suitability of the enzyme as a potential anti-anthrax 

therapeutic agent.

3.2 Materials and methods

3.2.1 Bacterial strains and plasmids

For expression of recombinant FIis6-tagged CapD, Escherichia coli M l 5 was used as 

a host for the pREP4 expression plasmid (Qiagen, West Sussex, UK) containing the 

capD open reading frame. The resulting expression plasmid, pQEDEPl was a gift 

from Agnès Fouet (Institut Pasteur, Paris, France). For plasmid propagation, the E. 

coli M l5 host was cultured on Luria-Bertani (LB) agar containing ampicillin (100 

pg/ml) at 37°C.

3.2.2 Expression and purification of CapD

E. coli Ml 5 harbouring the pQEDPEPl plasmid was cultured in 10 ml of LB broth 

containing ampicillin (100 pg/ml) at 37°C in a shaking incubator (200 rpm) for 16 h. 

The overnight culture was then inoculated 250 ml of LB broth with ampicillin (100 

pg/ml) at a dilution of 1 : 1 0 0  into and incubated with orbital shaking ( 2 0 0  rpm) at 

37°C until an optical density (ODeoo) of 0.5 was reached. OD was determined using a 

Perkin Elmer Lambda 25 spectrophotometer. At ODeoo =0.5, expression was induced 

by addition of isopropyl P-D-l-thiogalactopyronoside (IPTG) (Sigma-Aldrich, 

Dorset, UK) to a final concentration of I mM. The culture was returned to the 

shaking incubator and growth was continued at 37°C for a further 4 h at which point
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the culture was removed from the incubator and left at room temperature for 16 h to 

aid correct folding of the recombinant protein.

Cells were pelleted by centrifugation at 5,000 g  for 20 min at 4°C and the 

supernatant discarded. The bacterial pellet was resuspended in 10 ml of phosphate 

buffered saline (PBS) and the cells were lysed on ice by 6  x 30 s bursts of sonication 

at an amplitude of 15 pm using an exponential probe (Soniprep 150, MSE, London, 

UK). Cell debris was pelleted by centrifugation at 6,000 g  for 20 min at 4°C and the 

supernatant containing recombinant CapD was passed through a syringe driven filter 

with a pore size o f 0.22 pm (Millipore, Hertfordshire, UK) to remove any remaining 

whole cells.

Hisô-tagged recombinant CapD was purified from the cleared lysate by immobilised 

metal affinity chromatography (IMAC) using a Proteus IMAC midi spin column kit 

(Generon, Berkshire, UK). All centrifugation steps were performed at room 

temperature. Firstly, a Proteus spin column was equilibrated using 10 ml of PBS by 

centrifugation at 500 g  for 3 min. The eluant was discarded and recombinant CapD 

was bound to the resin by pipetting the cleared bacterial lysate ( 1 0  ml) into the spin 

column and centrifuging at 100 g  for 30 min. Weakly bound proteins were removed 

by washing the column with 10 ml wash buffer (50 mM PBS pH 7.4, 300 mM NaCl, 

10 mM imidazole) followed by centrifugation at 500 g  for 3 min. The washing 

procedure was repeated two more times (three washes in total) to ensure all unbound 

protein was removed from the column. Bound CapD was eluted from the column by 

applying 5 ml of elution buffer (50 mM PBS pH 7.4, 300 mM NaCl, 300 mM 

imidazole) followed by centrifugation at 500 g  for 3 min.

Imidazole was removed from the purified protein by rapid buffer exchange using a 

Vivaspin 20 ultrafiltration column (Sartorius, Surrey, UK). Eluted CapD (5 ml) was 

transferred to a Vivaspin 20 ml ultrafiltration device and concentrated approximately 

30-fold by centrifugation at 5,000 g  at room temperature until the desired volume 

was achieved. The concentrated protein was adjusted to 5 ml with PBS, diluting 

residual imidazole to a negligible concentration.
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Protein concentration was determined using the protein assay based on the Bradford 

method, according manufacturer’s instructions. Briefly, Bradford reagent (Bio-Rad, 

Hertfordshire, UK) was diluted 1:5 in water and bovine serum albumin (BSA) 

standards prepared at concentrations of up to 1 mg/ml. Each standard and sample 

solution ( 2 0  pi) was added to 1 ml of diluted dye reagent and mixed by inversion. 

The reaction was incubated for 5 min at room temperature and absorbance at 595 nm. 

The concentration of the purified protein was determined using the BSA standard 

curve.

3.2.3 O ne-dim ensional gel electrophoresis

Purified CapD was analysed by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) performed with a 10% (w/v) acrylamide / bis- 

acrylamide gel matrix. CapD (5 pg) was adjusted to a volume of 10 pi with PBS and 

combined with an equal volume of 2X Laemmli sample buffer (4% w/v SDS, 20% 

v/v glycerol, 10% v/v 2-mercaptoethanol, 0.004% w/v bromphenol blue and 0.125 M 

Tris HCl, pH approx. 6 .8 ) followed by protein dénaturation at 95°C for 5 min. 

Denatured sample was loaded onto the gel and separated by electrophoresis at 150 V 

until the bromophenol blue dye reached the bottom of the gel. Proteins were 

visualised by staining with Novexin Instant Blue Coomassie based dye (Generon, 

Berkshire, UK). Gels were scanned using a Molecular Imager FX and analysed using 

PDQuest One software (Bio-Rad, Hertfordshire, UK)

3.2.4 PDGA degradation as analysed by SDS-PAG E

Capacity of CapD to degrade PDGA produced by B. licheniformis (-93% D- 

glutamic acid) was analysed by incubation of recombinant enzyme with PDGA over 

a period of 16 h at 37°C. Each 20 pi reaction mixture contained 3.5 pg of CapD, 8  

pg of PDGA and PBS to volume. Reactions were terminated by heating at 95°C for 

10 min and samples then stored at -20°C prior to analysis. PDGA degradation 

products were analysed by SDS-PAGE as described in Section 3.2.3 by combining 

10 pi of reaction mixture with 10 pi of 2X Lammli sample buffer. Visualisation of
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degradation products was achieved by staining gels with methylene blue (0 .2 % w/v 

methylene blue, 0.01% w/v KOH, 22% v/v absolute ethanol) for 15 min with gentle 

agitation. Gels were destained in 30% v/v ethanol (15 min) 30% v/v ethanol (15 min) 

followed by several changes of distilled water until the background was removed.

3.2.5 Accelerated storage stability study

Stability of CapD during storage was determined by performing an accelerated 

storage stability study in accordance with guidelines set by the International 

Conference on Harmonisation of Technical Requirements for Registration of 

Pharmaceuticals for Human Use (ICH) for active substances and pharmaceutical 

products.

To analyse stability on storage, aliquots of freshly isolated, sterile CapD (35 pg total 

protein) were adjusted to a final volume of 50 pi with sterile PBS in a sterile 1.5 ml 

microcentrifuge tube and sealed with Parafilm (Pechiney Plastic Packaging 

Company, Illinois, USA). Microcentrifuge tubes containing CapD were maintained 

at 40°C (B&T Unitemp Incubator) over a period of 48 h to simulate long-term 

storage. The temperature of the incubator was periodically checked to ensure it did 

not fluctuate by more than 2°C. Samples were removed at designated times and loss 

o f activity was determined by the capacity of CapD to reduce the molecular weight 

of PDGA, as measured by viscometry. On withdrawal from the incubator, aliquots of 

CapD were rapidly combined with 400 pg of PDGA in 1 ml of PBS and reactions 

allowed to proceed for 1 h at 37°C in a static incubator. Reactions were terminated 

by heating at 95°C for 10 min and samples stored at -20°C prior to viscometeric 

analysis.

Viscosity of PDGA following incubation with stored CapD was determined using an 

Anton Paar falling ball micro viscometer (Anton Paar, Styria, Austria). Frozen 

samples were thawed at room temperature and transferred to a glass viscometry 

capillary (1.6 mm diameter) containing a solid steel ball. Viscosity was determined 

by the time taken for the ball to fall 25 cm through the sample at an angle of 35°C to
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the horizontal;  each  d eterm in ation  w a s  perform ed  four t im es  ( t im e  m easu rem en ts  

w e r e  au tom ated) .

3.3 Results

3.3.1 Purification of CapD

in d u ct ion  and e x p r e s s io n  o f  recom b inan t C a p D  protein w a s  a c h ie v e d  fo l lo w in g  a 

p rotoco l p rov id ed  by A g n e s  Fouet  (Institut Pasteur, Paris). H is6-tagged  protein w as  

purified  to near h o m o g e n e i ty  in a s in g le  step by IM A C  and the t w o  su b u n its  co u ld  be  

v isu a l is e d  as p ro n o u n ce d  bands by S D S -P A G E .  T h e  large su bu nit  ap pears  as a band 

a p p r o x im a te ly  35  k D a  in s iz e  w ith  the sm aller  subunit b e in g  a p p r o x im a te ly  15 kDa  

( f igu re  3 .2 ) .  T h e s e  f in d in gs  are in accord ance  w ith  th ose  o f  C a n d ela  e t  a l. (2 0 0 5 ) .  

T h e p r e sen ce  o f  the tw o  su bunits  con llrm s that the protein w a s  e x p r e s s e d  in dim eric  

form and that the in act ive  pro-protein w a s  c le a v e d  d uring  post-translational  

m o d if ic a t io n  to y ie ld  the ca ta ly t ica lly  ac t ive  form  o f  the en zy m e .

A B
M W  C a pD  T im e  (h )

(kD a)

2 5 0  $   ̂ M W  0 0 .5  1 2 3 4 5 16 -ve
i  (k u a )

1 0 0 -

50 -

2 5 0 -

1 0 0 -

50 -

25

2 5 -

Fig. 3.2: (A) SD S-PA G E  analysis o f  His^-tagged recombinant CapD purified by IM.AC 

under non-denaturing conditions. Both subunits remained associated and were co-purified  

(subunits identified by arrows). (B) CapD rapidly hydrolyses PDGA from B. licheniform is. 

PDGA from B. licheniform is  was incubated without enzym e (-ve) for 16 h or in the presence 

o f  CapD for the indicated time period at 37°C. The resulting degradation products were 

loaded onto a 10% v/v acrylamide / bis-acrylamide gel and separated by SDS-PAGE  

followed by staining with methylene blue.
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3.3.2 Capacity o f CapD to hydrolyse PDGA from B, licheniformis

The susceptibility of PDGA produced by B. licheniformis (-93%  D-glutamic) to 

undergo hydrolysis when incubated with CapD was assessed over a period of 48 h. 

The results showed that CapD rapidly degrades PDGA on co-incubation with the 

substrate at 37°C. Intact PDGA has a high-molecular-weight and when loaded onto a 

polyacrylamide gel for electrophoresis can be visualised as a dark band remaining 

near the top of the gel when stained with methylene blue. Degradation of PDGA by 

CapD results in a reduction of molecular weight such that the hydrolysed material 

migrates further vertically through the gel. Partial hydrolysis of PDGA can be 

visualised after 0.5 h. After 16 h, PDGA can no longer be detected by SDS-PAGE, 

suggesting hydrolysis to glutamic acid monomers or oligomers (figure 3.2).

3.3.3 Stability o f CapD on storage

Loss of hydrolytic activity during storage of CapD was determined by performing an 

accelerated storage stability study. In accordance with ICH guidelines for such 

studies, CapD was maintained at 40°C and loss of hydrolytic activity was observed 

as an inability to reduce the molecular weight of PDGA as determined by viscometry 

(figure3.3).

As shown in figure 3.3, CapD is extremely labile, rapidly losing activity following 

incubation at 40°C. This loss of activity is observed as an inability to reduce the 

molecular weight of PDGA and thus viscosity, resulting in increased ball running 

times. A marked decrease in activity is evident by 8  h. A total loss of activity is 

observed following maintenance of CapD at 40°C for 24h, with run times 

comparable to the negative control.
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Fig. 3.3: Stability o f  recombinant CapD. Aliquots o f  CapD were maintained at 40°C over a 

period o f  48 h; immediately followed by incubation with PDGA (400 pg/ml) for I h at 37°C.  

Ball run time (s) fo llowing incubation was obtained using an Anton-Paar A M V n viscometer; 

the time taken for the ball to fall 25 cm at an angle o f  35° to the horizontal was determined. 

Error bars represent ±1 SD  (n=4).

3 .4  D iscu ssio n

R apid  degrad ation  o f  P D G A  d erived  from B. anthracis by C a p D  h y d r o ly s is  has been  

d escr ib ed  in a n u m b er  o f  p u b lica t ion s  (U c h id a  et a i ,  1993; C a n d ela  and Fouet,  2 0 0 5 ;  

S c o r p io  et a i ,  2 0 0 7 ) .  T o  d eterm in e  i f  P D G A  p rod u ced  by  B. licheniformis cultured  

in an op tim u m  con cen tra t ion  o f  M nSO a is degrad ed  in a s im ilar  fa sh ion ,  C a p D  w as  

e x p r e s se d  as a re com b in an t  protein and purified  to near h o m o g e n e i ty  by IM A C .  

In cubation  o f  C a p D  w ith  P D G A  from B. licheniformis ( - 9 3 %  D -g lu ta m ic  ac id)  

resu lted  in rapid h y d r o ly s is  o f  the p o ly m e r  (f igu re .  3 .2 ) ,  in d ica t in g  that P D G A  

d er ived  from B. licheniformis can be u ti l ised  as a su itab le  substrate for the 

id en tif ica t ion  o f  e n z y m e s  w ith  the cap ac ity  to h y d r o ly se  y a m id e  b o n d s  b e tw e e n  D -  

g lu ta m ic  acid  m o ie t ie s .

R e c e n t ly  p u b lish ed  s tud ies  by S corp io  et al. ( 2 0 0 7  &  2 0 0 8 )  h ave  in vest iga ted  the 

e f fe c t  o f  C a p D  on  the in vitro and in vivo properties o f  B. anthracis. T h e y  determ in ed

83



in vitro that CapD removed the capsule from the surface of the vegetative bacilli. 

Furthermore, exposure of the encapsulated bacilli to CapD-sensitised the bacteria to 

phagocytosis by murine macrophages and facilitated their intracellular killing by 

human neutrophils. This effect was characterised by a >99% decrease in viability of 

CapD-treated bacilli compared to fully encapsulated bacteria following exposure to 

neutrophils in vitro.

In vivo investigation of the therapeutic potential of CapD determined that concurrent

i.p administration of CapD with vegetative bacilli o f B. anthracis Ames (pXOl^, 

pX02^) conferred significant protection in a mouse model of infection(Scorpio et a l, 

2008). Co-injection of CapD (4 pg) with 500 cfu of fully virulent bacilli resulted in a 

100% survival rate. In contrast, mice not receiving CapD treatment succumbed to 

infection by 22 h post challenge (n=8).

Conversely, CapD provided no statistically significant protection when administered 

following B. anthracis Ames spore challenge. Mice infected by the i.p. route with 

either 2,400 or 560 spores and treated with CapD (400 pg administered both by i.v. 

and i.p) 30 h post challenge showed no significant increase in mean survival time or 

survival rate compared to a placebo treated control group, despite the vast increase in 

amount of CapD administered compared that required for protection against 

vegetative bacilli.

The poor efficacy of CapD following B. anthracis spore challenge could compromise 

the potential therapeutic implementation of the enzyme. Scorpio et a l  (2008) 

propose that lack of CapD protection against spore challenge is due to the poor 

pharmacokinetic profile of the enzyme. Preliminary profiling of the enzyme revealed 

significant loss of depolymerase activity after a 5 h incubation of CapD in the 

presence of mouse serum in vitro and a total absence of CapD activity in mouse 

serum extracted 3 h after i.v. administration of the enzyme (200 pg) (Scorpio et a i, 

2008).

As naturally occurring systemic anthrax infections are acquired following contact 

with the spore form of the organism, followed by associated transport of spores to 

regional lymph nodes before release of vegetative bacilli, (LaForce, 1994; Dixon et
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a l,  1999; Mock and Fouet, 2001) any enzyme-mediated capsule stripping approach 

to therapy requires a robust depolymerase with good in vitro and in vivo stability. For 

an enzyme based therapy to be effective for the treatment of systemic anthrax 

infections, the depolymerase will need to be widely distributed through the 

cireulatory system in an aetive form, so that it can rapidly remove the eapsule from 

emerging baeilli before the host is overwhelmed.

The labile nature of CapD both in vitro and in vivo deseribed by Seorpio and 

colleagues (2008) was eonfirmed in the entrent study by performing an accelerated 

storage stability study of the enzyme. Following ICH guidelines, CapD enzyme 

prepared in PBS was maintained at 40°C so as to aeeelerate a simulated period of 

storage. CapD enzyme maintained in such a way was found to rapidly lose eapacity 

to degrade PDGA as measured by viseometry. Indeed, hydrolytie activity could no 

longer be detected after a 24 h ineubation of freshly prepared enzyme. Furthermore, 

it was observed that the rate of CapD-mediated hydrolysis was markedly redueed on 

storage of reeombinant enzyme preparations at 4°C for even relatively short periods 

of time throughout this study (results not reported).

Implementation of an enzyme mediated eapsule-stripping approaeh for the treatment 

o f systemic anthrax infections requires a depolymerase with the eapaeity to retain 

activity both in human serum and at human body temperature (37°C). Studies 

eoncluded to date by both Seorpio et al, (2008) and those described here suggest that 

CapD is highly unstable under these conditions.

The structural configuration pertaining to GGT enzymes may offer some explanation 

for the instability of CapD. Both prokaryotic and eukaryotic organisms synthesise 

GGTs as a single inactive polypeptide that is eleaved during post-translational 

modifleation to produce a large and small subunit (Hashimoto et a l ,  1995). In 

referenee to CapD these two subunits are non-eovalently linked and must remain 

associated for retention of depolymerase aetivity (Candela and Fouet, 2005). Loss of 

physical and functional association between the two subunits provides a plausible 

explanation for the labile nature of CapD.
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The stability profile and in vivo characteristics of CapD do not support its use as a 

therapeutic agent. However, the studies undertaken by Scorpio et a l (2007 & 2008) 

do highlight the potential of a capsule stripping approach in the treatment of anthrax. 

Scorpio and colleagues established that CapD is able to provide significant protection 

when administered concurrently with vegetative bacilli. Moreover, CapD mediated in 

vitro removal of the protective B. anthracis PDGA capsule resulted in efficient 

macrophage and neutrophil destruction of the vegetative bacilli. Therefore, future 

identification of enzymes should focus on depolymerases that are sufficiently robust 

to support further in vitro and in vivo characterisation.
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CHAPTER FOUR

B, an//ima5-specific bacteriophages as a potential source of

PDGA depolymerases
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4.1 Introduction

Phages have been described previously in Chapter One. Like all obligate intracellular 

parasites, phages must gain entry to host cells in order to reproduce. When present, 

the bacterial capsule is known to provide a physical barrier to viral infection by 

excluding phage from interacting with specific cell surface-associated binding 

receptors (Wilkinson and Holmes, 1979; Ohshima et a l, 1988; Scholl et a l, 2005). 

To facilitate docking with the cell surface proper, numerous phages encode and 

express specific hydrolytic enzymes to facilitate removal of this bacterial outer-most 

layer (figure 4.1 ; table 4.1 ).

Phage

Tail spike
associated
depoiymerase

receptor

Capsule
Tail spike associated 
depoiymerase recognises 
capsule substrate during 
initial phase of interaction

Hydrolysis of capsule by 
associated depoiymerase 
allows the phage to bind 
with the specific ceil wail 
associated receptor________

Injection of phage DNA on 
binding with the specific 
receptor results in viral 
propagation and subsequent 
bacterial lysis______________

F ig . 4.1: Sequence o f  events for the infection o f  encapsulated bacteria by depoiym erase  

bearing phages.

T a b le  4.1: Exam ples o f  phage derived depolym erases

Bacterial host Capsule material Depoiym erase Source
Pseudomonas
aeruginosa

Escherichia coli K1 

Klebsiella K19

Bacillus subtillis

Alginic acid 
(Polysaccharide) 
Polysialic acid 
(Polysaccharide) 
Glycan
(Polysaccharide) 
Poly-y-glutamic acid 
(polypeptide)

Alginate lyase 
(Phage PT-6) 
Endosialidase 
(Coliphage E) 
Glycanase 
(Phage (j)19) 
PGA hydrolase 
(4)NIT1)

(Glonti e t al.)

(Tomlinson and 
Taylor, 1985) 
(Beurret and 
Joseleau, 1986) 
(Kimura and Itoh, 
2003)

The use of phage derived depolymerases for the treatment of life threatening 

experimental infections due to capsule bearing pathogens has been described



previously (Mushtaq et a l,  2004). The ubiquitous nature of phages necessitates that 

phage associated capsule hydrolysing enzymes must be robust in nature, since 

infection of an encapsulated bacterial host requires the retention of depoiymerase 

activity over a wide range of sometimes deleterious environmental conditions. The 

resilient nature of phage-derived hydrolases may, therefore, translate to better in vivo 

pharmacokinetic and pharmacodynamics profiles than those ordinarily observed for 

protein therapeutics. Indeed, one of the main obstacles to the effective 

implementation of enzyme mediated therapeutics is a poor pharmacokinetic profile 

in vivo (Sherwood et a l,  1977). Phages may therefore provide an attractive source of 

robust capsule depolymerases.

Successful administration of the phage-associated depoiymerase endosialidase E in 

the prevention and cure of neonatal bacterial meningitis provides evidence that viral 

depolymerases can display potent in vivo activity (Mushtaq et a l,  2004). In addition, 

the promising pharmacokinetic profile of the phage encoded endolysin Cpl-1, used in 

the treatment of experimental systemic S. pneumoniae infections (Loeffler et a l, 

2003), provides further evidence of the therapeutic potential of phage derived 

enzymes. Indeed, Cpl-1 was found to be stable in excess of six months at a 

temperature of 4°C and for approximately three weeks when stored at 37°C. 

Moreover, intravenous half-life, determined by injection and subsequent periodic 

bleeding to measure serum concentration of the enzyme, was found to be 20.5 min, a 

value comparable to other enzyme-mediated therapeutics currently approved for 

systemic use, such as streptokinase (Brucato and Pizzo, 1990).

A number of morphologically distinct phages have been described that are able to 

infect various PGA-producing members of the bacillus genus, including B. 

licheniformis and B. subtilis (Huang and Marmur, 1970; Hemphill and Whiteley, 

1975; Doskocil et a l,  1978; Klepikova et a l, 1978). O f particular interest are phages 

which infect B. subtilis Natto, a strain which produces large quantities of 

extracellular PGA. B. subtilis Natto is routinely used as a starter culture for the 

production of the fermented soybean food product Natto. Although largely unknown 

outside of its country of origin, Natto is consumed in large quantities in Japan. 

Consisting of fermented soybeans, it has a viscous texture owing to the large 

quantities of PGA polymer produced by B. subtilis during the fermentation process.
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Indeed, quality of the product is linked with the quantity of PGA produced by the 

organism (Nagai and Itoh, 1997). Periodically a loss in viscosity is observed during 

industrial production that has been attributed to PGA hydrolysis associated with 

phage contamination (Kimura and Itoh, 2003). A study by Kimura & Itoh (2003) 

identified loss of PGA integrity as the direct result o f the enzymatic action of the 

bacteriophage-encoded PGA depoiymerase PghP. In total, nine bacteriophages have 

been isolated from independent Natto preparations that had exhibited a loss in 

product viscosity; all these phages were found to possess PghP activity (Kimura and 

Itoh, 2003).

It has been mooted that the production of PghP by phages infecting polypeptide 

producing strains of B. subtilis is an evolutionary adaptation to facilitate infection, 

much in the same way that phages infecting polysaccharide capsule-bearing hosts 

possess sugar hydrolases (Bayer et a i, 1979; Saxelin et a l,  1979; Rieger-Hug and 

Stirm, 1981; Kwiatkowski et a i, 1982; Cescutti and Paoletti, 1994; Long et a l, 

1995). This hypothesis is supported by evidence that phage BS5, which does not 

encode PghP but can infect unencapsulated B. subtilis, loses the capacity to infect its 

host when capsule expression is induced (Kimura and Itoh, 2003).

Although the detailed nature of the substrate specificity of PghP remains to be 

elucidated, Kimura & Itoh (2003) suggested that the enzyme is non-discriminatory in 

terms of PGA stereochemistry, hydrolysing the y-amide linkages of both L- and D- 

glutamic acid in PGA. If correct, the enzyme would be a prime candidate for use in 

degrading the homopolymeric PDGA capsule of B. anthracis. However, PghP has 

been shown to have minimal hydrolytic activity on incubation with PDGA isolated 

from B. anthracis (Scorpio et a l, 2007). In contrast to the repeating units of D- 

glutamic acid which constitute the homopolymeric capsule of B. anthracis, B. 

subtilis produces an extracellular slime-layer that consists of approximately 

equimolar concentrations of L- and D- glutamic acid (Ashiuchi et a l, 2003a; Kimura 

et a l, 2004). It is, therefore, highly probable that PghP hydrolase is highly adapted to 

the stereochemistry of PGA synthesised by B. subtilis, resulting in low affinity for 

the capsular material of B. anthracis.
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The formidable PDGA capsule of B. anthracis is likely to perturb phage infection in 

the same manner as the extracellular slime-layer of B. subtilis', however, a number of 

morphologically different phages are known to infect B. anthracis (Brown and 

Cherry, 1955; Walter and Baker, 2003; Minakhin et a l ,  2005; Sozhamannan et a l, 

2008). Perhaps the best characterised of these lytic phages is phage y. Due to its 

discriminatory nature, phage y has been used as a diagnostic tool for the 

identification of B. anthracis for periods in excess of 50 years (Brown et a l, 1958).

The provenance of phage y can be traced to phage W, which was isolated from an
s

atypical Bacillus cereus strain designated strain W, (McCloy, 1951). Phage W was 

found to lyse all 171 strains of B. anthracis examined and only 2 out of 54 strains of 

B. cereus. The lytic phage, however, failed to infect and destroy the smooth 

(encapsulated) phenotype of B. anthracis. In an attempt to improve the diagnostic 

characteristics of phage W, Brown & Cherry (1955) described the isolation of a 

variant form of phage W which they named phage y. This variant phage was isolated 

by infecting B. cereus W with phage W at 37°C followed by heating the culture to 

70°C for 10 min. The culture was allowed to cool to 37°C and incubation was 

continued at this temperature for 24 h. The resulting phage y was then separated from 

bacteria by filtration of the culture broth. Phage y was found to mediate lysis in all 41 

strains of B. anthracis and in none of the 89 strains of B. cereus tested (Brown and 

Cherry, 1955). Furthermore, all B. anthracis strains examined in the study were 

found to be sensitive to lysis by phage y when cultured under conditions conducive 

to capsule expression.

To inject its DNA into B. anthracis, phage y must first bind with its cell surface- 

associated receptor GamR (Davison et a l, 2005). When present, the extensive 

capsule of B. anthracis is likely to represent a formidable barrier to such an intimate 

interaction, in the manner of other bacterial capsules, both polysaccharide and 

polypeptide, that have been documented to perturb phage infection. As phage y has 

been reported as infecting both rough (unencapsulated) and smooth (encapsulated) 

phenotypes of B. anthracis, it is conceivable that phage y possesses a capsule 

depoiymerase to degrade this superficial extracellular layer, facilitating binding to 

GamR. Moreover, owing to the specific nature of phage y lysis, any associated
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depoiymerase is likely to be highly adapted for hydrolysis the PDGA capsule of B. 

anthracis.

B. anthracis specific phages, therefore, present a potential source of a robust capsule 

depoiymerase. The aim of this chapter is to determine if B. anthracis phages possess 

associated PDGA hydrolytic enzymes. Attention will focus primarily on phage y, 

owing to its documented capacity to lyse the encapsulated phenotype of B. anthracis. 

Additionally, phage y is well characterised and its genome is in the public domain 

(Pouts et a l,  2006).

4.2 Materials and methods

4.2.1 Bacteriophages and bacterial host strains

Due to the inherent safety issues of handling category 3 pathogenic organisms, such 

as B. anthracis, phages were propagated on appropriate B. cereus surrogate host 

strains, as indicated in table 4.2.

T a b le  4 .2: List o f  bacteriophages and their surrogate h osts used  for propagation

Phage Source Bacterial Host Source Culture Media
Felix d'Herelle Reference B. cereus ATCC LGC Standards

Brain heart 
infusion (BHI)Y Centre for Bacterial Viruses 

(Quebec, Canada)
4342 (Middlesex, UK)

Fah Georgia Eliava Institute for B. cereus VKM- Prof. David Ellar
Bacteriophage, Microbiology B771 (Cambridge LB

IM & Virology (Tbiisi, Georgia) University, UK)
F3 Dr. Romuald
F7
F9

F12

Polish Military Research 
Centre (Pulawy, Poland)

8. cereus 
10872

Gryko
Polish Military 
Research Centre 
(Pulawy, Poland)

Tryptone soy

4.2.2 Propagation o f bacteriophages

To ensure that the method of phage propagation did not affect results, two methods 

were used in parallel for the propagation of phages.
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4.2.2.1 Propagation by semi-solid agar method

Appropriate culture media for the surrogate bacterial host was used as indicated in 

table 4.2. Selection of medium was based on instructions from the donor or from the 

company supplying the bacterial host strain for the production of good phage titres.

For propagation of phages, the appropriate bacterial host was streaked onto solid 

medium and incubated for 16 h at 37°C. Plates were inspected for purity and a single 

isolated individual colony was used to inoculate 10 ml o f liquid medium. Cultures 

were incubated with orbital shaking (200 rpm) for 16 h at 37°C. The overnight 

culture was inoculated into 50 ml of fresh liquid medium at a dilution of 1:100 and 

incubated with orbital shaking (200 rpm) at 37°C until an ODeoo of 0.5 was reached. 

The phage stock to be propagated was serially diluted 10-fold in sterile PBS (10'' to 

10’̂ ) and 100 pi of each dilution was added to 100 pi of bacterial culture in a sterile 

7 ml bijou bottle. The suspension was agitated gently and left at room temperature 

for 10 min to allow phage to adsorb to the surface of the bacteria. Warm (50 °C) 

semi-solid agar (3ml; 0.7% w/v bacteriological agar) was added to each suspension 

and the contents o f each bottle gently mixed before being immediately poured onto 

the centre of a solid agar plate (90 mm petri dish) and the plate gently tilted to ensure 

even distribution. This procedure was repeated for all phage dilutions and plates were 

incubated without inversion at 37°C for 16 h. To achieve a sufficient concentration 

of phage particles, only plates exhibiting semi-confluent plaque formation were 

selected for phage harvesting. The optimum dilution for the propagation of each 

phage was determined empirically and was used in all experiments.

Phage particles were harvested by adding 5 ml of sterile SM buffer (100 mM NaCl, 8 

mM MgS04'7H20, 50 mM Tris-HCl pH 7.5) to each plate exhibiting semi-confluent 

plaque formation. Plates were gently shaken on an orbital shaker for 16 h at 4°C to 

allow phage particles to diffuse into the buffer. Phages were collected by tilting the 

plates and aspirating the buffer with a serological pipette. The aspirated buffer was 

washed over the plate several times to maximise the recovery of phage particles 

before transferring the buffer to a centrifuge tube. Any remaining semi-solid agar 

was removed from the agar plate by gentle ablation with a cell scraper and collected 

into the same centrifuge tube as the buffer. The culture material was homogenised by
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vigorous vortexing and the majority of cellular material and debris was removed by 

centrifugation at 11,000 g  for 10 min at 4°C. The supernatant containing phage 

particles was carefully decanted and passed through a 0.22 pm filter to ensure 

sterility. The resulting phage suspension was stored at 4°C.

4.2.2.2 Propagation by liquid culture method

The appropriate bacterial host strain was streaked onto solid media and incubated for 

16 h at 37°C. Plates were inspected for purity and an isolated individual colony was 

used to inoculate 10 ml of appropriate liquid medium. Cultures were incubated with 

orbital shaking (200 rpm) for 16 h at 37°C. The overnight culture was inoculated 10 

ml of fresh liquid medium at a dilution of 1:100 into and incubated at 37°C in a 

shaking incubator (200 rpm) until an OD^oo of 0.5 was reached. Host strains were 

infected by the addition of 10  ̂ plaque forming units (pfu) of phage stock to be 

propagated and the culture left to stand at room temperature for 10 min to allow 

phage to adsorb to host cells. The culture was returned to the shaking incubator (200 

rpm) for 16 h at 37°C to allow propagation to proceed. Cell debris was removed by 

centrifugation at 11,000 g  for 10 min at 4°C. The supernatant containing phage 

particles was carefully decanted and passed through a 0.22 pm filter to ensure 

sterility. The resulting bacteriophage suspension was stored at 4°C.

4.2.3 Determ ination o f bacteriophage titre

The appropriate bacterial host strain was streaked onto solid media and incubated for 

16 h at 37°C. Plates were inspected for purity and an isolated individual colony was 

used to inoculate 10 ml of appropriate liquid medium. The culture was placed in a 

shaking incubator (200 rpm) for 16 h at 37°C. The overnight culture was inoculated 

at a dilution of 1:100 into 50 ml of fresh liquid medium and cultured at 37°C in a 

shaking incubator (200 rpm) until an ODeoo of 0.5 was reached. The phage stock to 

be titred was serially diluted 10-fold in sterile PBS (10'' to 10'*^) and 100 pi of each 

dilution was added to 100 pi of bacterial culture in a sterile 7 ml bijou bottle. The 

mixture was agitated gently and left at room temperature for 10 min to allow phage
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to adsorb to the surface of the bacteria. Warm (50 °C) semi-solid agar (3ml; 0.7% 

w/v bacteriological agar) was added to each mixture and the contents of each bottle 

gently mixed before being immediately poured onto the centre of a solid agar plate 

(90 mm petri dish) and the plate gently tilted to ensure even distribution. This 

procedure was repeated for all phage dilutions and plates were incubated without 

inversion at 37°C for 16 h. The total number of plaques was counted at a dilution 

which yielded 30 to 300 plaques and the final pfu/ml calculated.

4.2.4 Search o f bacteriophage genomes for putative depolym erases

To identify putative depolymerases encoded within B. anthracis phage genomes, 

protein alignment searches were performed using the basic local alignment search 

tool (BLAST) located at the National Center for Biotechnology Information (NCBI) 

website. The genomes of phage y, accession number: NC 007458 and phage Fah, 

accession number: NC_007814 were searched for regions of similarity to known 

PGA depoiymerase enzymes PghP, 01 number: 264685649 (origin: B. subtilis 

bacteriophage N ITl) and CapD, 01 number: 47552402 (origin: B. anthracis) using 

the blastp program.

4.2.5 Screening o f bacteriophage stocks for depoiym erase activity

The capacity of phage to degrade PDOA was analysed by SDS-PAOE and 

viscometry.

4.2.5.1 SDS-PAGE analysis of PDGA degradation

The capacity of phages to degrade PDOA was analysed by incubation of phage 

particles with PDOA over a period of 16 h at 37°C; degradation products were 

analysed by SDS-PAOE. Each 200 pi reaction mixture contained 1x10^ pfu of phage 

stock diluted in sterile PBS to a final volume of 160 pi and 80 pg of PDOA in a 

volume of 40 pi. To serve as a positive control, CapD (35 pg) was mixed with 

PDOA (80 pg) and adjusted to a final volume of 200 pi with PBS. The mixture was
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incubated at 37°C for 16 h. PDGA (80 jag) adjusted to 200 |l i 1 with sterile PBS was 

incubated at 37°C for 16 h as a negative control. Reactions were terminated by 

heating at 95°C for 10 min and the products stored at -20°C prior to analysis. PDGA 

degradation products were analysed by SDS-PAGE as described in Chapter Three by 

combining 10 pi of reaction mixture with 10 pi of double strength Laemmli sample 

buffer. Polymer degradation products were visualised by staining with methylene 

blue (0.2% w/v methylene blue, 0.01% w/v KOH, 22% v/v absolute ethanol) for 15 

min with gentle agitation. Gels were destained in 30% v/v ethanol (15 min) 30% v/v 

ethanol (15 min) followed by several changes of distilled water until the background 

was removed.

4.2.5.2 Analysis of PDGA degradation by viscometry

For the detection of PDGA hydrolysis by viscometry, phage particles were incubated 

with PDGA over a period of 16 h at 37°C and polymer degradation was determined 

by measuring the reduction in sample viscosity. Each 1 ml reaction mixture 

contained 1x10^ pfu of phage stock diluted in sterile PBS, 400 pg of PDGA and PBS 

to volume. To serve as a positive control, CapD (35 pg) was mixed with PDGA (400 

pg), the volume was adjusted to 1 ml with PBS and the sample incubated at 37°C. 

PDGA (400 pg) was solubilised in 1 ml of sterile PBS and incubated at 37°C to serve 

as a negative control. Reactions were terminated by heating at 95°C for 10 min and 

stored at -20°C until analysis. Viscosity of PDGA following incubation with phage 

particles was determined using an Anton Paar falling ball micro viscometer (Anton 

Paar AG, Styria, Austria). Frozen samples were thawed at room temperature and 

transferred to a glass viscometry capillary (1.6 mm diameter) containing a solid steel 

ball. Viscosity was determined by measuring the time taken for the ball to fall a 

distance of 25 cm through the sample at an angle of 35°C to the horizontal; each 

experiment was repeated four times and time measurements were automatically 

determined by the device.
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4.2.6 Bacteriophage y lysis o f encapsulated B, anthracis

The susceptibility of encapsulated B. anthracis to phage y lysis was assessed by 

plaque assay. All experiments were kindly carried out by Angela Sweed at the Centre 

for Emergency Preparedness and Response, Health Protection Agency (HPA), Porton 

Down, UK.

4.2.6.1 Bacteriophage y and B, anthracis strains

Phage y, stock designation (SOP), was obtained from the Felix d ’Herelle Reference 

Centre for Bacterial Viruses (Laval, Quebec, Canada). Phage y, stock designation 

(CDC), was kindly provided by the Centre for Emergency Preparedness and 

Response, HPA, Porton Down, UK and was originally obtained from the Centers for 

Disease Control and Prevention, Atlanta, Georgia, USA. B. anthracis Vollum 

(p X O l\ pX02^) and B. anthracis Sterne (pXOl^, pX02 ) were both provided by the 

Centre for Emergency Preparedness and Response.

4.2.6.2 Bacteriophage y lysis assay

Isolated colonies of B. anthracis were obtained by streaking on blood agar plates 

(Oxoid, Cambridgeshire, UK) followed by incubation at 37°C for 16 h. Isolated 

colonies were inoculated into 10 ml of BHI broth (Oxoid, Cambridgeshire, UK) and 

incubated with shaking at 37°C to mid-logarithmic phase. Aliquots (100 pi) were 

transferred to either nutrient agar (Oxoid, Cambridgeshire, UK) containing 0.5% w/v 

sodium bicarbonate for the induction of B. anthracis capsule expression or blood 

agar plates for culture under non-capsule expressing conditions. The culture was 

spread over the surface of the agar using a disposable spreader to create a bacterial 

lawn and the fluid allowed to soak into the agar. Aliquots (10 pi) of phage y (approx. 

concentration 1x10^ pfu/ml) were dropped onto the bacterial lawn and the fluid 

allowed to soak into the agar. Plates were incubated at 37°C for 16 h and examined 

for the presence o f phage plaques (zones of clearing within the bacterial lawn).
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4.3 Results

4.3.1 Search o f bacteriophage genomes for putative depolymerases

Phages y and Fah are the only B. anthracis-s^Qcxfic phages that have been sequenced 

to date; these genome sequences have been deposited in a publicly searchable 

database. Derived amino acid sequences of proteins from both phages were 

compared with the amino acid sequences of PghP, a PGA depoiymerase derived 

from phage NITl infecting B. subtilis, and CapD, a B. anthracis gene product with 

the primary role of covalently anchoring PGA to the cell wall which has an ancillary 

functionary as a PDGA depolymerise, in order to identify putative depolymerases 

encoded within these genomes. However, no regions o f significant similarity could 

be detected between the phage proteomes and the depoiymerase enzymes using the 

blastp comparison tool at the NCBI website.

4.3.2 Capacity o f B, anthracis bacteriophages to degrade PDGA

4.3.2.1 SDS-PAGE analysis

In total, seven B. anthracis phages were examined for depoiymerase activity. The B. 

subtilis phage N IT l, which carries the known PGA depoiymerase PghP, was 

included in the study to serve as a positive control. The capacity o f phages to degrade 

PDGA was analysed by incubation of phage particles (IxIO^ pfu) with PDGA over a 

period of 16 h at 37°C; polymer degradation products were examined by SDS-PAGE 

(figure 4.2).

SDS-PAGE analysis of PDGA following incubation with phage preparations 

revealed no evidence of B. anthracis phage mediated PDGA hydrolysis at any time 

point. Experiments were repeated three times for each phage stock. No depoiymerase 

activity was observed in all experiments undertaken and the method of phage 

propagation did not influence the result obtained. In comparison, the B. subtilis 

phage NITl was found to readily hydrolyse PDGA over the 16 h incubation period.
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Fig. 4.2: Degradation o f  PDGA by B. anthracis  phages. A liquots o f  phage stock (1x10^ pfu) 

were incubated in with PDGA for various periods o f  tim e at 37°C and PDG A degradation 

products analysed by SD S-PA G E . phage y (A); phage Fah (B); phage IM (C); phage F3 (D); 

phage F7 (F); phage F9 (F); phage F12 (G); phage N IT l (FI). Fanes: incubation time (h) (1, 

2, 3, 4, 16); positive control: CapD (+ve); N egative control: PDGA, no phage (-ve).
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4.3.2.2 Analysis by viscometry

T h e ca p a c ity  o f  p h a g e  y to d egrad e P D G A  w a s a lso  ex a m in ed  by v isc o m e try . W ith  

th is tech n iq u e , P D G A  h y d r o ly s is  m a n ife s ts  as a red u ction  in p o ly m e r  v is c o s ity . A s  

v isc o m e tr y  p ro v id es  q u an tita tive  data, it has the ca p a c ity  to d e tec t  m ore su b tle  lo sse s  

in p o ly m e r  in tegrity  w h ich  m ay be su b jec tiv e  w h en  a n a ly sed  b y  q u a lita tiv e  m eth od s  

su ch  as S D S -P A G E  a n a ly s is .

For the d etec tio n  o f  p h a g e  y m ed ia ted  P D G A  h y d r o ly s is , p h a g e  a liq u o ts  ( I x 10^ pfu) 

p rop agated  by the liq u id  cu lture m eth od  w ere  in cu b ated  w ith  P D G A  at 3 7 °C  for 

v a rio u s tim e p er io d s (0 -1 6  h) and d ep o ly m e ra se  a c tiv ity  ev a lu a ted  b y  v isc o m e try  

(H gure 4 .3 ) . R apid lo ss  o f  p o ly m e r  v isc o s ity  w a s o b ser v ed  for the p o s it iv e  con tro l 

(C a p D  + P D G A ). H o w ev e r , in cu b ation  o f  p h age y w ith  P D G A  re v ea led  no lo ss  o f  

p o ly m e r  v isc o s ity . In deed , p o ly m e r  v is c o s ity  rem ain ed  co m p a ra b le  to that o f  the  

n eg a tiv e  con tro l th rou gh ou t the tim e co u rse  o f  the ex p er im en t.
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Fig. 4 .3: Capacity o f  phage y to degrade PDGA as determined by viscometry. PDGA was 

incubated with Phage y (■ ) .  CapD served as a positive control (A), and PDGA, with no 

phage, as a negative control ( ♦ )  at 37°C. Polymer degradation produces a reduction in 

sample viscosity. Ball run time (s) following incubation was obtained using an Anton-Paar 

AMVn viscometer; the time taken for the ball to fall 25 cm at an angle o f  35° to the 

horizontal was determined. Error bars represent ±1 SD (n=4).
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4.3.3 Susceptibility o f encapsulated B, anthracis to lysis by phage y

The capacity of phage y to infect and lyse smooth (encapsulated) variants of B. 

anthracis was documented by Brown & Cherry in 1955. To confirm the results of 

Brown & Cherry, susceptibility of encapsulated B. anthracis to lysis by phage y was 

determined using two independently sourced phage stocks.

When cultured under conditions which do not promote PDGA capsule expression, B. 

anthracis Vollum (toxin positive, capsule positive) was found to be sensitive to lysis 

by phage y. However, when cultured on medium containing sodium bicarbonate for 

the promotion of capsule expression, the same strain was resistant to phage lysis 

(table 4.3; figure 4.4).

Table 4.3: S usceptib ility  o f  encapsulated B. an th rac is  to ly sis  by phage y. B. an thracis  

V ollum  (p X O C , pX02^^ and B. an th rac is  Sterne (p X O C , p X 0 2 ')  w ere exam ined  for 

sensitiv ity  to ly sis  by phage y w hen cultured under con d itions a llow in g  expression  o f  capsule  

(bicarbonate agar) and under conditions that do not a llow  cap su le exp ression  (b lood  agar). 

L ysis is indicated by a p ositive sym bol.

Phage Y stock

SOP CDC
Vollum 

(Blood agar) + +

Vollum

(Bicarbonate agar)
- -

Sterne 

(Blood agar) + +

Sterne

(Bicarbonate agar) + +

To ensure this result was related to capsule expression, B. anthracis Sterne (toxin 

positive, capsule negative) was examined for sensitivity to phage y under the same 

conditions. B. anthracis Sterne was found to be susceptible to lysis by phage y under 

all conditions tested (table 4.3; figure 4.4), indicating that capsule expression is 

directly involved in preventing infection and lysis by phage y. The source of phage y 

stock was found to have no influence on results.
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B

F ig . 4 .4: Susceptibility o f  encapsulated B. an thracis  to lysis by phage y (C D C ). Phage y was 

unable to infect and lyse B. an thracis  Vollum  (A ) when grown under capsule promoting  

conditions. B. an thracis  Sterne (B ), a capsule negative strain, w as susceptible to lysis by 

phage y when challenged with an equal pfu under the same conditions (area o f  lysis indicated  

by arrow).

4.4 Discussion

Bacterial capsules are known to act as a barrier to phage infection due to their 

capacity to prevent the interaction of phage and bacterial cell-associated receptors 

(Wilkinson and Holmes, 1979; Ohshima et a l, 1988; Scholl et a l, 2005).When 

present, the formidable PDGA capsule of B. anthracis is likely to perturb phage 

binding to the cell associated phage receptor GamR in much the same manner. 

However, Brown & Cherry (1955) described the capacity of phage y to infect and 

lyse smooth (encapsulated) variants of B. anthracis', this observation suggests that 

phage y has evolved a method for penetrating the polymeric capsule of B. anthracis.

Generally, phage with the capacity to infect capsule- bearing hosts gain access to the 

surfaces underlying the capsule by hydrolysis of this outermost layer through the 

action of tail spike-associated capsule depolymerases (Bayer et a l, 1979; Saxelin et 

a l, 1979; Rieger-Hug and Stirm, 1981; Kwiatkowski et a l, 1982; Cescutti and 

Paoletti, 1994; Long et a l, 1995). It was anticipated that B. anthracis phages would 

possess hydrolytic capsule stripping enzymes to facilitate infection in the same way
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as other phages that infect PGA expressing members o f the Bacillus genus do, for 

example, NITl (Kimura and Itoh, 2003).

It was, therefore, unexpected that a panel of seven B. anthracis phages were found to 

be devoid of depolymerase activity. This result is unlikely to be due to the titre of the 

phage preparations tested as the B. subtilis phage NITl effectively degraded PDGA 

at an identical pfu. Although NITl does possess depolymerase activity, its associated 

depolymerase PghP has been shown to have minimal hydrolytic activity against 

PDGA isolated from B. anthracis (Scorpio et a i,  2007). Therefore, NITl and its 

associated depolymerase were not investigated further.

In particular, phage y was expected to possess an associated hydrolytic enzyme 

owing to its capacity to infect the encapsulated form of B. anthracis (Brown and 

Cherry, 1955). These results, therefore, raise the question as to how B. anthracis 

phage and phage y in particular infect the encapsulated phenotype of B. anthracis.

In this study, I was unable to reproduce the results of Brown & Cherry and I found 

that B. anthracis cells grown under conditions which promote capsule expression 

were not susceptible to lysis by phage y. Recent studies have revealed that stocks of 

phage y sourced from different laboratories are not genetically identical even though 

they are morphologically indistinguishable (Pouts et a i, 2006; Schuch and Fischetti, 

2006).

Genomic analysis of phage Wp (the dominant form of the parental strain from which 

phage y was originally isolated) and four different isolates of phage y (y  ̂", y", y^, y^) 

revealed that the lytic phage y evolved from the temperate phage Wp by virtue of 

deletion o f the Wp lysogeny module which was absent in all four isolates of phage y 

examined (Schuch and Fischetti, 2006).

More interestingly, a number of genetic loci were identified which exhibited 

variability between the four isolates of phage y. Of particular interest is a variable 

region located in open reading frame (ORF) 14, which encodes a phage y tail fibre. 

Phage tail fibres mediate recognition and binding of cell associated receptors and 

therefore mutations can affect host recognition. Schuch and colleagues identified 69
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missense mutations (24 amino acid change) in ORF 14 of " when the genome was 

compared to that of phage Wp. The resulting protein was found to be more basic in 

nature with an isoelectric point (pi) of 6.66 compared to a pi of 7.74 for the 

equivalent protein from Wp. Schuch and colleagues suggest that this change in pi 

results in a protein that can more efficiently penetrate the anionic capsule of B. 

anthracis. Importantly, the remaining three phage y isolates examined (y^, y^, y^) 

possessed only a single amino acid change at ORF 14 in comparison to the 24 amino 

acid mutation observed for y  ̂ Moreover, the same three isolates were found to 

possess an identical set of mutations located at ORF 15 (also a tail fibre protein). 

These mutations were found to account for an 818 base pair difference to the 

sequence for the same gene in strain y*̂

Although not discussed by Schuch and colleagues, these results suggest that different 

isolates of phage y may have different infectivity profiles with respect to their 

capacity to infect encapsulated phenotypes of B. anthracis. For example, isolates y^, 

y^, y^ lack the 24 amino acid missense mutation thought to be of importance for 

capsule penetration. The results presented here, that encapsulated B. anthracis is 

resistant to lysis by two independently sourced stocks of phage y, offers some 

credence to the hypothesis that only a discrete subset of isolates can penetrate the B. 

anthracis capsule.

Ideally, it would have been desirable to determine the sensitivity of encapsulated B. 

anthracis to phage y lysis using a larger panel of phage isolates and work to this end 

is still on-going in our laboratory. If phages are identified that can lyse encapsulated 

phenotypes, amplification and sequencing of their tail fibre open reading frames 

should indicate if mutations in this variable region are important for capsule 

penetration.

It has been suggested that phage therapy could be implemented for the treatment of 

human anthrax infections (Cowles and Hale, 1931; Inal, 2003; Walter, 2003). 

However, the findings presented here, that B. anthracis is resistant to lysis by two, 

and possibly more, isolates of phage y have important repercussions for such a 

strategy. B. anthracis capsule is rapidly elaborated in vivo by bacilli following 

germination of inhaled spores within macrophages (Guidi-Rontani, 2002) and
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vegetative bacilli would therefore be protected against phage mediated lysis due to 

the presence of a fully-formed PDGA external layer.

Currently, the majority of characterised phage-associated depolymerases belong to 

phages infecting bacterial hosts that synthesise capsule in a constitutive manner. The 

constant presence of this barrier to infection would, therefore, necessitate the 

presence of a phage associated depolymerase. However, B. anthracis capsule 

expression is temporal and is tightly regulated by environmental conditions including 

serum and the presence of dissolved CO2 or bicarbonate at levels comparable to 

those found in the human circulatory system (Drysdale et a l,  2005a) (Makino et a l, 

1988; Vietri et a l, 1995). As the natural reservoir for B. anthracis is soil and capsule 

expression may not occur outside the infected animal or human, it is likely that B. 

anthracis-STpQCxfxc phages do not require depolymerases in order to lyse the host. 

Indeed, Schuch and colleagues have presented evidence that reservoirs of vegetative 

bacilli can persist in the environment for appreciable amounts of time (up to 6 

months) and phage infection and lysogeny play an important role in the 

environmental lifecycle oïB . anthracis (Schuch and Fischetti, 2009).

In summary, a panel of seven B. anthracis specific phages, including phage y, were 

found to be devoid of PDGA depolymerase activity. Encapsulated B. anthracis was 

found to be resistant to lysis by phage y, an observation which contradicts that of 

Brown & Cherry (1955). I hypothesise that B. anthracis specific phage strains do not 

require associated depolymerases, owing to the absence o f B. anthracis capsule 

expression in the soil, the natural site of phage infection.
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CHAPTER FIVE

Isolation of PDGA-metaboIising bacteria from soil
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5.1 Introduction

Bacteria which populate the heterogeneous environment of the soil occupy a wide 

range of ecological niches. These environmental microcosms can vary significantly 

from each other with respect to temperature, pH, exposure to ultra-violet (U.V.) 

radiation and availability of nutrients. It is, therefore, no surprise that a large number 

o f highly adapted, distinct bacterial species can be isolated from within a relatively 

small area of soil. Estimates suggest that the number o f species o f bacteria per gram 

of soil is between 2,000 and 8.3 million (Gans et a l ,  2005; Schloss and Handelsman, 

2006; Roesch et a l,  2007). Successful bacterial populations must, therefore, out- 

compete their microbial neighbours for precious commodities such as carbon, which 

is often the nutrient most limiting to bacterial growth in the soil (Habte and 

Alexander, 1975; Alden et a l,  2001; Koch et a l, 2001). To facilitate survival under 

carbon limiting conditions, many soil bacteria degrade and metabolise a range of 

diverse carbon containing compounds as sources of energy (Baumann, 1968; 

Franklin et a l, 1981).This extensive metabolism is not limited to natural organic 

compounds but also includes synthetic and xenobiotic compounds including various 

hydrocarbons and herbicides (Lai, 1982; van der Meer et a l, 1992; Timmis et a l, 

1994; Nikodem et a l,  2003).

The initial step in the degradation of carbonaceous eompounds is often the 

production of bacterial hydrolytic enzymes which degrade recalcitrant molecules into 

metabolisable fragments, as utilised by Dubos and Avery in their search for a 

depolymerase to degrade the type 111 pneumococcal capsule. Using simple soil 

enrichment techniques they were able to isolate a bacillus from the cranberry bogs of 

New Jersey which metabolised the pneumococcal capsule as the sole source of 

carbon and energy through production of an intracellular hydrolytic enzyme (Dubos 

and Avery, 1931).

The capacity of soil bacteria to degrade both xenobiotic compounds and organic 

carbon sources indicates that bacterial hydrolytie enzymes able to degrade a wide 

range of different carbon-containing structures are broadly distributed amongst 

bacteria populating this environment. The PGA capsule elaborated by various 

members of the bacillus genus has been recognised not only to be important in the
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pathogenesis of B. anthracis (Drysdale et a l,  2005b) but also to act as a potential 

source of glutamate under conditions of carbon and nitrogen starvation (Kimura et 

a l,  2004). For example, B. subtilis which expresses a PGA capsule containing both 

L- and D-glutamic acid, secretes a PGA hydrolytic enzyme into the culture medium 

exclusively on entering stationary phase (Xu and Strauch, 1996). Hydrolysis of PGA 

by this y-glutamyltransferase may provide B. subtilis with a source metabolisable 

carbon and nitrogen in times of nutrient starvation. Indeed, when nitrogen supply is 

limited, y-glutamyltransferase-deficient mutants enter sporulation more readily than 

wild-type cells (Kimura et a l,  2004).

Bacterial capsules consisting of PGA represent a potential source of carbon for 

organisms possessing PGA hydrolytic enzymes. In addition to the y- 

glutamyItransferase of B. subtilis, that degrades capsular material consisting of both 

D- and L-glutamic acid, PGA depolymerases that selectively degrade polymers of L- 

glutamic acid have also been described (Volcani and Margalith, 1957; Tanaka et a l, 

1993). Tanaka and co-workers successfully isolated a poly-y-L-gluatmic acid 

(PLGA) endohydrolase of fungal origin by the selective screening of soil samples. In 

a similar fashion, Volcani & Margalith were able to identify a new species of 

Flavobacterium with the capacity to degrade PLGA by use of simple soil enrichment 

techniques.

The existence of soil dwelling bacteria which produce highly discriminatory 

enzymes for the degradation of PLGA suggests that similar depolymerases that 

selectively hydrolyse its stereochemical counterpart, PDGA, may also be present 

within the soil microbiota. This chapter describes the use of soil enrichment culture 

as a tool to isolate bacteria with the capacity to degrade PDGA as the sole source of 

carbon and energy.

5.2 Materials and methods

Isolation of PDGA metabolising bacteria was performed with assistance from Mr 

Piotr Celejewski-Marciniak.
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5.2.1 Soil sampling

Soil samples were obtained from rural Sussex and central London (Brunswick 

Square) during the month of February. Samples were collected from a depth of 

approximately 1-10 cm. Soil was stored at 4°C to retain biological activity.

5.2.2 Enrichm ent medium

For the enrichment of bacteria with the capacity to metabolise PDGA as the sole 

source of carbon and energy, a minimal salts medium (MSM) supplemented with 

PDGA was used. MSM formulation: K2HP0 4 , 4 . 3  g/L; KFI2PO4 , 3.4 g/L; (NH4)2S0 4 , 

2.0 g/L; MgCl2'6H20, 0.34 g/L; CaCl2 2H20, 0.026 g/L; PDGA, 0.2% w/v. All 

chemicals were purchased from Fisher (Fisher Scientific Inc, Leicestershire, UK).

5.2.3 Enrichm ent culture

Aliquots o f soil (0.5 g) from each location were placed into 250 ml Erlenmeyer 

flasks containing 100 ml of MSM. Inoculated cultures were incubated with orbital 

shaking (120 rpm) at 28°C for 48 h. Aliquots from each culture (100 pi) were then 

diluted 1:100 in fresh MSM broth and returned to the shaking incubator for a further 

48 h at 28°C. In total, cultures were passaged seven times in fresh media to ensure all 

nutrients introduced by the initial soil sample were removed by dilution and bacteria 

were forced to metabolise PDGA.

5.2.4 Analysis o f PDGA metabolism

Microbial metabolism of PDGA added to culture media was analysed by SDS-PAGE 

and viscometry as described previously (Chapter Three and Chapter Four 

respectively). Briefly, 1 ml aliquots of MSM medium were withdrawn from each 

culture every 24 h. Bacteria were pelleted by centrifugation at 10,000 g  for 5 min at 

4°C and the supernatant passed through a 0.22 pm filter to ensure sterility. The cell
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free culture medium was heated at 95°C for 10 min to stop any enzymatic activity 

and the samples stored at -20°C until prior to analysis..

5.2.5 Isolation o f PDGA- metabolising bacteria

Cultures obtained following soil enrichment were serially diluted in PBS and 100 pi 

aliquots o f each dilution were spread onto MSM solidified with 1% agarose (Bio- 

Rad, Hertfordshire, UK) and LB agar plates. Plates were incubated at 28°C for 72 h.

5.2.6 M orphology o f PDGA m etabolising bacteria

Colony morphologies for PDGA metabolising bacteria isolated by soil enrichment 

were recorded as they appeared on MSM medium solidified with 1% agarose 

following growth at 28°C for 72 h. Cell morphology for each isolate was examined 

by microscopy (Carl Zeiss Axiostar plus microscope) of Gram-stained cells prepared 

from single isolated colonies following 48 h growth on LB agar at 28°C.

5.2.7 Growth kinetics

Growth curves for each PDGA degrading culture were recorded following 

inoculation of 10 ml of MSM with an isolated colony or colonies representing 

bacterial consortia. Inoculated cultures were incubated with orbital shaking (120 

rpm) at 28°C for 16 h. Overnight cultures were used to inoculate 50 ml of fresh 

MSM at a dilution of 1:100 and incubated with orbital shaking(120 rpm) at 28°C. 

Cell density was measured by withdrawing 1 ml samples every 8 h and measuring 

the ODôoo for a total of 72 h.

5.2.8 Long-term preservation o f soil isolates

Aliquots (SOOpl) of cultures grown for 72 h at 28°C in MSM broth were combined 

with 500 pi of sterile 20% v/v glycerol in a cryotube. Tubes were stored at -80°C.
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5.2.9 Electron microscopy

Scanning electron microscopy (SEM) was performed by Mr. David McCarthy at The 

School of Pharmacy, University of London.

Colonies isolated following soil enrichment culture were used to inoculate 10 ml of 

LB broth and incubated with orbital shaking (120 rpm) at 28°C for 48 h. Cells were 

recovered by centrifugation at 3,000 g  for 10 min, washed twice with 50 ml of PBS 

and fixed in 1 ml of 1.5% v/v glutaraldehyde for 2 h at room temperature. The pellet 

was then washed once with 1 ml of 70% v/v ethanol and twice with the same volume 

of 100% v/v ethanol. Air-dried, gold-coated preparations were examined using a FBI 

XL30 scanning electron microscope.

5.2.10 Isolate identification by 16S rRNA gene sequencing

5.2.10.1 Extraction of genomic DNA

For 16S rRNA identification of selected isolates, bacterial genomic DNA was 

purified using a Qiagen Mini Genomic-tip 20/G (Qiagen Ltd., West Sussex, UK). 

Firstly, the isolate to be identified was streaked onto LB agar plates and incubated at 

28°C for 48 h. An isolated colony was used to inoculate 5 ml of LB broth and the 

culture incubated with orbital shaking (120 rpm) at 28°C for 48 h. Bacteria were 

pelleted by centrifugation at 5,000 g  for 10 min and the supernatant discarded. The 

pellet was resuspended in 1 ml of Qiagen genomic buffer B1 (50 mM Tris-HCl pH 

8.0, 50 mM EDTA pH 8.0, 0.5% v/v tween-20, 0.5% v/v triton-XlOO, RNAse A 200 

pg/ml) to which 20 pi of lysozyme (100 mg/ml) and 45 pi of proteinase K (20 

mg/ml) were added and the sample was incubated at 37°C for 30 min. Following 

incubation, 0.35 ml of Qiagen genomic buffer B2 (3 M guanidine-hydrochloride, 

20% v/v Tween-20) was added to the sample and the lysate thoroughly mixed by 

vortexing. The sample was incubated at 50°C for 30 min to allow for 

deproteinisation of bacterial DNA. During the incubation step, a Qiagen Genomic-tip 

20/G was equilibrated with 2 ml of Qiagen genomic buffer QBT (750 mM NaCl, 50 

mM 3-(N-morpholino) propanesulfonic acid (MOPS) pH 7.0, 15% v/v isopropanol, 

0.15% v/v triton X-100). The sample was transferred to the equilibrated Genomic-
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tip and allowed to enter the resin by gravity flow. The Genomic-tip was washed with 

3 X 1 ml aliquots of Qiagen genomic buffer QC (1.0 M NaCl, 50 mM MOPS pH 7.0, 

15% v/v isopropanol). To elute bacterial genomic DNA, 2 X 1 ml aliquots of Qiagen 

genomic buffer QF (1.25 M NaCl, 50 mM Tris-HCl pH 8.5, 15% v/v isopropanol) 

were applied to the Genomic-tip and the eluted DNA collected in a 15 ml Falcon 

centrifuge tube. The eluted DNA was precipitated by the addition of 1.4 ml of 

isopropanol and the sample mixed by inverting the tube several times. Precipitated 

DNA was pelleted by centrifugation at 5,000 g  for 20 min at 4°C and the supernatant 

carefully aspirated. The bacterial pellet was washed with 1 ml o f 70% v/v ethanol 

(previously cooled to -20°C) with gentle vortexing. The genomic DNA was collected 

by centrifugation at 5,000 g  for 20 min at 4°C and the supernatant carefully 

aspirated. The pellet was allowed to air-dry at room temperature for approximately 

10 min and resuspended in 100 pi of nuclease-free water.

5.2.10.2 Amplification of 16S rRNA genes

Amplification of 16S rRNA genes was performed by John Heeney at The National 

Collection of Plant Pathogenic Bacteria.

Genomic DNA (40 ng) extracted from each bacterial isolate was used as a template 

for the amplification of the 16S rRNA gene. The universal 16S rRNA primers 27F 

(5’-AGA GTT TGA TCC TGG CTC AG-3’) and 1492R (5’-GGT TAG CTT GTT 

ACG ACT T-3’) were used to amplify the 16S rRNA genes. PCR was performed 

with the following cycle conditions:

95°C for 5 min (1 cycle)

95°C for 1 min, 55°C for 30 s, 72°C for 2 min; (35 cycles)

72°C for 10 min (1 cycle)

PCR products were run on 1% w/v agarose gels and DNA bands excised. DNA was 

extracted from the bands using a gel extraction kit (Qiagen) and sequenced by the 

commercial company Eurofms MWG Operon (Oberbayem, Germany). Isolates were 

tentatively identified by comparison of partially sequenced 16S rRNA genes with
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previously deposited accessions in the non-redundant nucleotide database at the 

NCBI website using the nucleotide BLAST tool.

5.2.11 Fluorescein assay

Production of fluorescein on King agar B by Isolate 1 was confirmed this organism 

as a member of the group of fluorescent pseudomonads. King agar B formulation; 

peptone, 20 g/L; K2HPO4 , 1.5 g/L; MgS0 4 , 1.5 g/L; bacteriological agar, 10 g/L. 

Isolate 1 was streaked for single colonies on King agar B and incubated at 28°C for 

48 h. Plates were inspected for the presence of the yellow-green pigment fluorescein 

under both daylight and U.V. (366 nm). Photographs of pigment production were 

taken using a Canon Ixus 70 digital camera.

5.3 Results

5.3.1 Isolation o f PDG A-m etabolising bacteria

Bacteria with the capacity to degrade PDGA as a sole source of carbon and energy 

were isolated using simple soil enrichment techniques. Soil samples obtained from 

two geographically distinct locations were used as starter material to inoculate 

medium containing PDGA as the sole source of carbon. At 48 h, aliquots of actively 

growing cultures were used to inoculate fresh media. This process of serial dilution 

was continued through several passages to remove exogenous nutrients introduced 

by the original soil sample. Samples from both geographical sites yielded cultures 

and PDGA-metabolising bacteria were isolated by spread plating on MSM medium. 

A number of morphologically distinct bacteria were isolated from all five cultures 

(table 5.1). Bacteria isolated included both Gram positive and Gram negative rods 

and cocci. Apart from culture 4, all cultures were found to contain homogenous 

bacterial populations. Culture 4 was found to be a consortium, containing two 

morphologically distinct colony types. When plated on solidified MSM media these 

two isolates were found only to grow in close proximity to each other, suggesting a 

strong mutualistic relationship. Attempts to inoculate fresh MSM media with 

individual colonies of either isolate resulted in no observable growth. Growth would
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only proceed when inoculation of both colony types occurred concomitantly. 

However, both isolates grew as pure cultures in LB medium. For this reason, aliquots 

(500 pi) of actively growing culture were combined with an equal volume of sterile 

glycerol and stored at -80°C. Frozen stocks were then thawed and used for the 

inoculation of all subsequent cultures at a dilution of 1:100.
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Table 5.1: Bacteria isolated from soil samples by enrichment with PDGA.

Culture Excavation Site Isolates Colony morphology on MSM agar Gram stain

Translucent, large colonies (>5 mm wide).

2 Rural Sussex 2 Undulating margins with a "swarming" style of Gram positive, short, fat rods. Often appearing in
growth making individual colonies hard to 
distinguish.

pairs.

Translucent, circular, well defined colonies.
2 Rural Sussex 1 Individual colonies Approx. 2-3 mm wide. 

Smooth, glossy appearance to colonies.
Gram positive coccoid rods.

3
Brunswick
Square

1
Flat, wide, poorly defined colonies which 
swarm across an agar plate. Relatively opaque. Gram positive rods often appearing in pairs.

Iso la te  1: Translucent colonies, 3-5 mm in Iso la te  1: Gram negative rods. Mostly occurring in
diameter. Circular and glossy in appearance. pairs.

4 Brunswick
Square

2
Always appearing in close association with 
isolate 2.

Iso la te  2: Very small circular colonies approx. 1 
mm in diameter. Dry In appearance and always 
appearing in close association with isolate 1.

Iso la te  2: Gram negative rods.

5 Brunswick
Square

1
Well isolated translucent colonies, approx. 1-2 
mm in diameter and circular in appearance. Gram positive cocci.
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5.3.2 Growth Kinetics

Growth curves for each PDGA-degrading culture were determined by periodically 

measuring the ODôoofor a total of 72 h (figure 5.1).
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Fig. 5.1: Growth curves for cultures isolated by soil  enrichment. Culture 1 (A); Culture 2 

(B); Culture 3 (C); Culture 4 (D); Culture 5 (E). Error bars represent ±1 S D  (n=3).
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ODôoo readings  for each  culture w ere  recorded p e r io d ic a l ly  to d eter m in e  grow th  rate 

in M S M  broth co n ta in in g  P D G A  as the so le  sou rce  o f  carbon . G row th  cu rves  p lotted  

from  th e se  read ings  rev ea led  that culture 4  p o s s e s s e d  a m ore  rapid gen eration  t im e  

co m p a re d  to other iso lates .  T h e  m ajority o f  cu ltures g r e w  e x tr e m e ly  s lo w ly ,  cultures  

2 (B ) ,  3 (C )  and 5 (E )  fa iled  to e x c e e d  an O D ô o o o f  0.1 at the t im e  o f  the final OD^oo 

reading . H o w e v e r ,  the cell  d en s ity  o f  culture 4  ( D )  w a s  sign it'icantly  h igher at 72  h 

w ith  an O D ôoo read ing  o f  0 .5 7 .  O w in g  tothe potentia l h igh  y ie ld  o f  protein  a c h ie v a b le  

in a short (72  h) culture t im e , culture 4 w a s  ch o se n  for further in vest iga t ion .  From  

this po int forward, culture 4  w ill  be referred to as the m ix e d  culture.

5.3.3 Kinetics of PDGA metabolism

T h e  m eta b o li sm  o f  P D G A  incorporated  into M S M  as the s o le  so u rc e  o f  carbon and  

en er g y  w a s  d eterm in ed  by m easu r in g  degradation  o f  the p o ly m e r  d uring  grow th  o f  

the m ix ed  culture. S a m p le s  o f  culture m ed ia  w e r e  r e m o v e d  ev e ry  2 4  h and 

degrad ation  o f  P D G A  w a s  m easu red  by both v is c o m e tr y  ( f ig u re  5 .2 )  and S D S - P A G E  

( f igu re  5 .3).
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Fig. 5.2: Analysis o f  PDGA metabolism by the mixed bacterial culture as measured by 

viscometry. Flasks containing MSM + PDGA (negative control) ( ♦ ) ;  MSM + PDGA + 

culture 4 (■ ) ;  or MSM only (positive control) ( A )  were incubated at 28°C and samples 

analysed every 24 h. Error bars represent ±1 SD (n=4).
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A n a ly s is  o f  P D G A  m eta b o l i sm  by  v is c o m e tr y  rev ea led  that p o ly m e r  degradation  

c o u ld  be o b ser v ed  after 2 4  h culture t im e  as a drop in m e d iu m  v i s c o s i t y  and that at 

4 8  h the m ix e d  cu lture had e f f e c t iv e ly  reduced  the v i s c o s i t y  o f  the m ed iu m  to a level  

co m p a ra b le  to the p o s i t iv e  control ( M S M  broth w ith o u t  P D G A ) ,  su g g e s t in g  co m p le te  

m eta b o l i sm  o f  the p o lym er .  T h is  result w a s  c o n f irm ed  by  S D S - P A G E  an a lys is  

( f ig u re  5 .3 ) .  P D G A  ad ded  to the culture m ed iu m  c o u ld  not b e  d etec ted  by  S D S -  

P A G E  a n a ly s is  a lter 4 8  h o f  culture.

Culture time (h)
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2 5 0 —  ” 
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Fig. 5.3: Analysis o f  PDGA degradation by the mixed bacterial culture as analysed by SDS- 

PAGE. PDGA could not be detected in the culture medium after growth o f  the mixed 

culture for 48 h. Negative control (-ve) consisted o f  sterile MSM + PDGA incubated at 28°C 

for 72 h.

5.3.4 Electron microscopy

T h e  tw o  m o r p h o lo g ic a l ly  d ist inct  c o lo n y  ty p e s  o b se r v e d  in the m ix e d  bacterial 

culture w e r e  iso la ted  on LB agar and cultured separate ly  in LB broth. C ultures w ere  

prepared for S E M  and elec tron  m icrograp hs taken u s in g  a PEI X L 3 0  sc a n n in g  

elec tron  m ic r o sc o p e .
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F igu re  5.4: Scanning electron microscopy images o f  isolates from the mixed bacterial 

culture. Isolate 1 (A) and isolate 2 (B) were cultured in LB both and imaged by SEM.  

Isolate 2 has a possible storage granule located at the pole o f  the cell.

5.3.5 Identification of isolates by 16S rRNA sequencing

Amplification and sequence analysis of 168 rRNA genes was used to tentatively 

identify the two morphologically distinct bacteria that comprised the mixed bacterial 

culture. Comparison of the amplified gene sequences with previously deposited 

accessions in the Genbank database at the NCBI website was performed using the 

online BLAST tool. Comparative sequence analysis of isolate 1 revealed significant
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16S rRNA homology with several members of the fluorescent pseudomonad group 

(table 5.2). Comparative alignment of the I6S rRNA gene sequence of isolate 2 with 

all accessions in the Genbank database revealed significant homology with several 

species of the Piisi/limonas genus, a member of the Alcaligenaeeae family (table 

5.3).

T ab le  5.2: Results o f  comparative I6S rRNA gene sequence analysis for isolate 1. The top 

10 BLAST hits are shown.

Rank Accession Description Bit score % identity
1 EU930816.1 Pseudomonas extremaustralis  strain PF 1520 99
2 EU086550.1 Bacterium THCL4 1520 99
3 HQ591430.1 Pseudomonas fluorescens  strain BND79A 1519 99
4 HQ613833.1 Pseudomonas meridiana 1519 99
5 EU086570.1 Bacterium TLCL3 1519 99
6 EU086551.1 Bacterium THCL5 1519 99
7 HQ591436.1 Pseudom onas sp. PKG89 1515 99
8 HQ591435.1 Pseudom onas sp. KVS86 1515 99
9 HQ613835.1 Pseudom onas sp. BND-BHI4 1515 99

10 HQ613834.1 Pseudom onas sp. BND-BHI3 1515 99

T ab le  5.3: Results o f  comparative I6S rRNA gene sequence analysis for isolate 2. The top 

10 BL A ST hits are shown.

Rank Accession Description Bit
score

% identity

1 AY695828.1 Pusillimonas noertem annii 1736 99
2 EU167985.1 Pusillimonas sp. 22-41 1720 99
3 EU167972.1 Pusillimonas sp. 21-13 1720 99
4 EU167971.1 Pusillimonas sp. 21-11 1720 99
5 EF095770.1 Alcaligenes sp. PPH 1605 99
6 DQ346490.1 Uncultured com post bacterium clone I B l l 1604 99
7 DQ346505.1 Uncultured com post  bacterium clone 2B21 1598 99
8 JF025152.1 Uncultured bacterium clone n cd 2 1 0 f0 9 c l 1596 99
9 HM 267175.1 Uncultured com post  bacterium clone 1B16 1596 99
10 DQ346448.1 Uncultured bacterium 1596 99

5.3.6 Fluorescein production

Isolate I was confirmed as a member of the fluorescent pseudomonads sensu stricto, 

by production of the fluorescent pigment fluorescein. King agar B was used to
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promote secretion of the fluorescent siderophore and its presence was visualised 

under ultraviolet light (figure 5.5)

Fig. 5.5: Fluorescein production o f  isolate 1 on King agar B. The ye l low  fluorescent pigment 

can be seen in abundant amounts in the top-right quadrant o f  the plate.

5.4 Discussion

The use of soil enrichment for the isolation of bacteria with specific metabolic traits 

has been utilised extensively throughout the history of microbiology and was 

pioneered by the work of Beijerinck and Winogradsky in the late 19‘̂  century 

(Zavarzin, 2006). In the current study, the use of a medium containing PDGA as the 

sole source of carbon was implemented for the creation of conditions favourable for 

the growth of a small sub-set of organisms with the capacity to utilise the polymer, or 

the products of its decomposition, as a source of energy.

The frequency with which bacteria metabolising a specific substrate are isolated from 

the environment can be increased by sourcing soil samples from areas previously 

exposed to, or naturally abundant in, the substrate of interest. Pre-exposure to a 

carbon source allows existing microbial populations time to direct their metabolic 

processes towards degradation of the compound. However, PGA is an unusual 

polypeptide, synthesised by only a limited number of bacteria, one archaea and one 

eukaryote (Candela and Fouet, 2006). Furthermore, homopolymeric PDGA is even 

rarer, synthesised only by B. anthracis under specific environmental triggers 

encountered in vivo (Drysdale et a i, 2005a) (Meynell and Meynell, 1964; Green et
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a l,  1985; Makino et a l, 1988; Vietri et a l, 1995). Therefore, owing to the difficulty 

in identifying environmental locations previously exposed to PDGA, random sites 

were selected for sampling.

The soil sampling locations selected for this study represented both urban 

(Brunswick Square, London) and rural sites (Sussex countryside). Interestingly, a 

number of morphologically distinct bacteria were successfully isolated from both 

locations, suggesting microbes with the capacity to degrade PGA are abundant 

throughout the soil. This finding is in agreement with the work of Oppermann and 

colleagues (1998) who concluded that PGA-degrading microorganisms are 

widespread in nature following their isolation of twelve distinct bacterial strains from 

a range of environmental habitats with the capacity to degrade PGA as a sole source 

of carbon.

Growth kinetics for enrichment cultures were determined by measuring the ODeoo 

during growth at 28°C. An incubation temperature of 28°C was chosen to support 

the growth of a wide range of soil dwelling mesophilic organisms and is used in 

numerous soil enrichment protocols (Marinucci and Barth a, 1979; Steffan et a l, 

1997; Bellinaso Mde et a l,  2003; Batista et a l, 2006). Slow growth kinetics were 

observed for four of the five PDGA metabolising cultures (culture numbers 1, 2, 3, 

5). Additionally, only culture 4, the mixed bacterial culture, reached an appreciable 

cell density after incubation for 72 h. Since the purification of any PDGA degrading 

enzyme of microbial origin is likely to require a substantial amount of cellular 

material, growth characteristics are an important factor to consider when selecting 

isolates for further investigation.

Previous studies indicate that culture times for bacteria grown on the sole carbon 

source can be improved by repeated sub-culture of the organism in the presence of 

the metabolisable substrate (Dubos and Avery, 1931; Grant, 1967; Nortemann et a l, 

1986). In the current study, each bacterial culture was passaged seven times in fresh 

MSM medium before growth kinetics were determined. Indeed, continued sub

culture and optimisation of growth conditions, including temperature and PDGA 

concentration, may have resulted in a shortened bacterial generation time. However, 

the production and purification of PDGA in the quantity required to perform such
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additional experiments is an onerous procedure, requiring a substantial amount of 

time. For this reason and owing to an already favourable growth profile, culture 4, 

the mixed culture, was chosen for further characterisation.

Numerous studies investigating the microbial degradation of polymers or high- 

molecular-weight carbon compounds report that the process is frequently 

accomplished by bacterial communities working in concert (Dwyer and Tiedje, 1983; 

Hou et a l,  1986; Kawai and Yamanaka, 1986; Juhasz et a l,  2000; Kanaly and 

Harayama, 2000). In such scenarios, two or more bacterial species may develop 

symbiotic relationships which benefit both parties, allowing utilisation of carbon 

sources which are non-metabolisable by any single bacterial species. The 

identification of a mixed bacterial population from enrichment culture four is, 

therefore, unsurprising.

Failure to culture either bacterium in isolation on MSM medium suggests that 

metabolism of PDGA by the mixed culture involves a strong mutualistic relationship. 

Inability of either isolate to grow independently can be explained by one of two 

scenarios. In the first scenario, degradation of PDGA to metabolisable fragments 

occurs in a sequential manner that requires the participation of both isolates. In this 

scenario, steric hindrance prevents the immediate hydrolysis of the PDGA backbone. 

Removal of a PDGA functional group by one isolate results in elimination of the 

steric hindrance and allows an enzyme elaborated by its consortium counterpart to 

ultimately hydrolyse the PDGA backbone to metabolisable fragments, supporting the 

growth of both organisms (Figure. 5.6 A). Indeed, the sequential degradation of 

carbon compounds by microbial consortia is well described in the literature 

(Horowitz et a l, 1975; Nakazawa et a l, 1975; Zhang and Wiegel, 1990; Rajaguru et 

a l,  2000).

In the second scenario, PDGA is hydrolysed to metabolisable fragments by a single 

enzyme, elaborated by one member of the mixed population. Metabolism of the 

resulting fragments, however, results in the production of a metabolic by-product 

toxic to the growth of the enzyme elaborating strain. The toxic by-product is 

remediated or metabolised by the second isolate, resulting in continued growth of 

both isolates and thus, continued enzyme production. (Figure. 5.6 B). Remediation of
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toxic metabolic by-products by microbial consortia is documented in the literature. 

For example, Nortemann and colleagues (1986) described a mutualistic relationship 

between two strains of Pseudomonas spp. isolated from the river Elbe which 

degraded the xenobiotic compound 6-aminonapthalene-2-sulfonic acid (6A2NS). 

Degradation of 6A2NS to the intermediate compound 5-aminosalicylate (5AS) was 

effected by the action of an enzyme produced by Pseudomonas strain BN6, however, 

this resulted in the production of a black polymer which greatly retarded the growth 

of the organism. Production of this growth inhibiting compound could, however, be 

prevented by complete degradation of the intermediate compound 5AS by a second 

Pseudomonas strain, BN9.

Moreover, Kato and co-workers (2004) have reported that effective cellulose 

degradation by a cellulolytic species of Clostridium requires the presence of 

additional bacterial species that do not actively degrade cellulose. The non- 

cellulolytic members of the mixed bacterial culture were, however, shown to provide 

an essential contribution to cellulose degradation via the sequestration of cellulose 

metabolites, which otherwise inhibit cellulase synthesis. Furthermore, non- 

cel lulolytic isolates were found to maintain culture pH at a level optimal for the 

growth of the cellulolytic strain (Kato et a i,  2004).

The determination of the growth dynamics and interdependence of the mutualistic 

relationship between the components of the mixed bacterial culture is beyond the 

scope of this study and was not investigated further.
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Fig. 5.6: Possible scenarios by which PDGA is metabolised by a mixed bacterial population.

(A) PDGA hydrolysis is dependent on the action of two enzymes, each produced by an 

individual member of the consortium. (B) PDGA hydrolysis and metabolism by the first 

bacterial isolate results in the production of a toxic by-product which is remediated or 

metabolised by the second isolate, allowing continued growth of both organisms.
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Identification of the two isolates by 16S rRNA sequence analysis as a fluorescent 

Pseudomonad and a member of the Pusillimonas genus is not surprising, considering 

the frequency with which both are isolated from the soil (Gamble et a l,  1977; Cho 

and Tiedje, 2000; Janssen, 2006; Lee et a l, 2010; Park et a l ,  2010; Srinivasan et a l, 

2010). Moreover, members of the genus Pseudomonas are known to be metabolically 

versatile (Omston, 1971; Nelson et a l,  2002; Vodovar et a l,  2006), utilising a wide- 

range of carbon sources including many xenobiotic compounds (Prijambada et a l, 

1995; Beltrametti et a l, 1997; Zorn et a l, 2004). Additionally, strains of 

Pseudomonas with the capacity to metabolise PGA as sole source of carbon have 

been reported in the literature (Oppermann et a l, 1998).

A search of the available literature reveals sparse information on the genus 

Pusillimonas due to its recognition as a new taxon as recently as 2005 (Stolz et a l, 

2005). Only a small number of articles regarding the genus have been published, of 

which nearly all describe its isolation from various environmental locations (Cho and 

Tiedje, 2000; Lee et a l, 2010; Park et a l, 2010; Srinivasan et a l,  2010). Stolz and 

colleagues briefly describe some characteristics of the type strain BN9, which was 

isolated from a mixed bacterial culture with the capacity to degrade the aromatic 

amine 6A2NS. Cells are described as Gram negative rods, 1-1.5 pm in length and 

0.5-0.8 pm in diameter. Colony morphology is circular with complete margins and 

growth is observed at 30, 37 and 42°C. These observations are in accordance with 

those described in this study for the isolate identified as a member of the 

Pusillimonas genus.

The rate at which PDGA was metabolised by the mixed bacterial culture was 

determined by both viscometry and visualisation of polymer degradation products by 

SDS-PAGE. A loss of culture medium viscosity, and hence reduction in PDGA 

molecular weight, was observable after growth of the mixed culture for 24 h. 

Following growth of the mixed bacterial population for 48 h, the viscosity of the 

culture medium was comparable to that of the negative control, suggesting complete 

degradation of high-molecular-weight polymer to its D-glutamic acid monomers. 

This result was confirmed by absence of high-molecular-weight PDGA and indeed 

low-molecular-weight PDGA degradation products in the culture medium as 

determined by SDS-PAGE analysis after growth of the mixed culture for 48 h.
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Additionally, depletion of PDGA coincided with entry of the bacterial population 

into stationary phase at approximately 48 h.

The results presented in this chapter establish that a mixed bacterial population can 

utilise PDGA as the sole source of carbon and energy for growth. Therefore, the 

work described in the following chapters will focus on the purification, identification 

and cloning of the depolymerase associated with this mixed bacterial culture.
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CHAPTER SIX

Subcellular location of depolymerase: partial purification 

by column chromatography
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6.1 Introduction

The purification of a target protein from a complex mixture of proteins is a 

challenging undertaking. If the target protein has been previously characterised, then 

information such as subcellular location, function, molecular weight and pi can be 

used for the design of a purification strategy. However, if the target protein is 

uncharacterised or little information regarding its characteristics is available, a 

generic purification protocol can be employed that is optimised as additional 

characteristics of the target protein are determined during subsequent purification 

steps. Generic purification strategies commonly encompass three main principles: 

capture, intermediate purification and polishing (Nfor et a l ,  2008).

During the capture stage, the objectives are to isolate, concentrate, and stabilise the 

target protein to conserve potency and activity. The primary focus of intermediate 

purification is the removal of bulk impurities, including nucleic acids, proteases and 

other non-target proteins. If the capture step is efficient, the intermediate purification 

stage is often omitted in favour of one or more polishing steps. During polishing, the 

remaining impurities are removed and the target protein purified to high 

homogeneity.

Chromatography techniques commonly associated with the capture stage are affinity 

chromatography (AC) and ion-exchange chromatography (IEC). Where feasible, AC 

is generally the first technique employed in a purification protocol, owing to the high 

degree of purification which is frequently achieved in a single step. AC separates 

proteins on the basis of a reversible interaction between a target protein and a 

specific ligand attached to an immobilised resin packed into a chromatography 

column. This interaction can be biospecific; for example, an enzyme binding a 

substrate or non-biospecific, such as His6-tagged proteins that bind metal ions, as in 

IMAC. Non-target proteins which do not bind the ligand are washed from the 

chromatography column and the target protein is subsequently eluted in a purified, 

concentrated form, either by the use of a competitive ligand or by a change in 

conditions which promote the desorption of the target protein.
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If AC is unsuccessful, or a suitable ligand is not available, then lEC is commonly 

used at the capture stage. lEC separates proteins based on differences in net surface 

charge. This technique exploits the reversible interaction between a charged protein 

and an oppositely charged chromatography resin. Proteins bind to the resin as they 

are loaded onto a column at low ionic strength and are therefore concentrated at the 

same time. The conditions are then altered so that bound substances are desorbed 

differentially. Elution of proteins is usually performed by the use of a gradient of an 

increasing concentration of NaCl.

The intermediate and polishing steps are more commonly associated with the use of 

size exclusion chromatography (SEC). SEC separates molecules based on differences 

in molecular size. SEC is a non-binding method, meaning that the sample is diluted 

during separation. However, a high degree of resolution can be achieved using SEC, 

making this technique particularly well suited at the polishing stage. The number of 

chromatography steps included in a protocol depends on purity requirements and the 

intended use of the protein to be isolated. Additional steps often increase purity but 

require longer purification time, which can be detrimental to activity.

The purpose of this part of the study is to determine the cellular localisation of 

depolymerase and to further purify the enzyme by the removal of bulk impurities.

6.2 Materials and methods

6.2.1 Bacterial strains

Glycerol stocks containing 1 ml aliquots of mixed bacterial culture, prepared as 

described in Chapter Five, were used to inoculate MSM medium at a dilution of 

1:100.

6.2.2 Localisation o f depolym erase activity

Overnight cultures were prepared by rapidly thawing a cryovial containing 1 ml of 

the mixed culture and inoculating 10 ml of MSM broth at a dilution of 1:100.
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Inoculated cultures were incubated with orbital shaking (120 rpm) at 28°C for 16 h. 

Overnight cultures were then inoculated into 500 ml o f MSM broth at a dilution of 

1:100 and incubated with orbital shaking (120 rpm) at 28°C until an ODeoo of 0.5 

was reached. Cells were pelleted by centrifugation at 10,000 g  for 30 min at 4°C and 

the supernatant containing extracellular proteins was passed through a Nalgene 

filtration unit (0.22 pm pore size) to remove remaining whole cells. The remaining 

cell pellet was stored at 4°C prior to further fractionation.

To precipitate extracellular proteins, ammonium sulphate was added to the filtered 

culture medium to 80% saturation at 4°C whilst stirring. The mixture was then 

incubated at 4°C for 1 h. Precipitated proteins were collected by centrifugation at

12.000 g  for 30 min at 4°C and the supernatant discarded. The protein pellet was 

resuspended in 1 ml of 20 mM acetate buffer (pH 5.5) and transferred to a slide-a- 

lyzer dialysis cassette with a molecular weight exclusion of 3.5 kDa (Thermo 

Scientific, Illinois, USA) and dialysed overnight at 4°C against three changes of 20 

mM acetate buffer (pH 5.5). Insoluble material was pelleted by centrifugation at

10.000 g  for 30 min at 4°C and the supernatant containing soluble extracellular 

proteins stored at 4°C.

The stored cell pellet was then separated into perisplasmic, membrane and 

cytoplasmic fractions. Firstly, periplasmic proteins were extracted by osmotic shock 

by resuspending the cell pellet in 40 ml of osmotic shock buffer (50mM Tris-HCl pH 

8, 20% w/v sucrose, 5mM EDTA) and incubating on ice for 30 min. Cells were then 

pelleted by centrifugation at 10,000 g  for 30 min at 4°C and the supernatant 

discarded. Periplasmic proteins were released by resuspending the cell pellet in 40 ml 

of 5 mM MgCl] chilled to 4°C and incubating on ice for 15 min. Cells were then 

collected by centrifugation at 10,000 g  for 10 min at 4°C and the cell pellet stored at 

4°C for separation of membrane and cytoplasmic proteins.

Periplasmic proteins in the supernatant were then concentrated approximately 30- 

fold and submitted to a buffer exchange with PBS at 4°C by centrifugation (5,000 g) 

on a polyethersulfone membrane (3 kDa molecular weight exclusion) in a Vivaspin 

20 ultrafiltration column (Sartorius, Surrey, UK). Concentrated protein was stored at 

4°C.
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To separate the membrane fraction from cytoplasmic protein, the cell pellet (minus 

perisplamic proteins) was resuspended in 10 ml of sterile distilled water and cells 

disrupted by sonication on ice (4 x 30 s bursts at an amplitude of 15 pm using an 

exponential probe). Cell debris was removed by centrifugation at 13,000 g  for 10 min 

at 4°C and the supernatant passed through a syringe driven filter (0.22 pm pore size) 

to remove any remaining whole cells. Membrane proteins were pelleted by 

ultracentrifugation at 130,000 g  for 1 h at 4°C. The supernatant (10 ml), containing 

cytoplasmic proteins, was aspirated, passed through a syringe driven filter (0.22 pm 

pore size) and stored at 4°C. The pellet containing membrane proteins was washed 

with 10 ml PBS and the proteins collected by ultracentrifugation at 130,000 g  for 1 h 

at 4°C. The supernatant was discarded and the membrane proteins solubilised in 2 ml 

solution of 10 mM Tris-HCl (pH 7) / 2% v/v Triton X-100. Solubilised proteins were 

stored at 4°C.

The protein concentration of each fraction was determined using the protein assay 

based on the Bradford method described in chapter three. Depolymerase activity of 

each fraction was determined by incubation with PDGA and visualisation of polymer 

degradation products by SDS-PAGE. Reaction mixtures (20 pi) contained 8 pg of 

PDGA, 0.5 pg of fractionated protein and PBS to volume. Reactions were incubated 

at 37°C for 16 h and terminated by heating at 95°C for 10 min. PDGA degradation 

products were examined by SDS-PAGE, as described in Chapter Three.

6.2.3 Affinity chromatography

For the capture of depolymerase, PDGA was coupled to epoxy-activated Sepharose 

resin to act as a ligand for AC. Firstly, resin was prepared by weighing 1 g of epoxy

activated sepharose 6B (GE Healthcare, Buckinghamshire, UK) and suspending the 

resin in 5 ml of sterile distilled water. The suspended resin was transferred to a 

sintered glass filter and washed by the gradual addition of 200 ml of sterile distilled 

water. PDGA (100 mg) was then dissolved in 5 ml of PBS and added to the washed 

resin in a polypropylene centrifuge tube.
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PDGA was coupled to the resin by overnight incubation at room temperature with 

gentle agitation. PDGA-coupled resin was collected by centrifugation at 12,000 g  for 

20 min at 4°C and the supernatant discarded. The resin was washed with 50 ml of 

PBS to remove any unbound material and collected by centrifugation at 12,000 g  for 

20 min at 4°C. The supernatant was discarded. Any remaining unreacted sites on the 

resin were capped by the addition of 5 ml of 1 M ethanolamine. The resin was 

incubated overnight at room temperature and recovered by centrifugation at 12,000 g  

for 20 min at 4°C. The resin was then equilibrated by three wash cycles of alternating 

pH using 5 ml aliquots of 0.1 M acetate buffer (pH 4.0) and 0.1 M Tris-HCl (pH

8.0). The resin was recovered between wash steps by centrifugation at 12,000 g  for 

20 min at 4°C. The final wash step was performed using 5ml of PBS. Resin slurry in 

PBS was transferred to a capped PD-10 disposable chromatography column (GE 

Healthcare, Buckinghamshire, UK) and the remainder of the column volume filled 

with PBS. The column was then transferred to a cold-room maintained at 4°C for the 

duration of the chromatography procedure.

Once the resin had settled and equilibrated to ambient temperature, the column was 

uncapped and PBS allowed to elute from the column by gravity feed until the 

meniscus of the buffer was approximately I mm above the resin bed. The column 

was then capped to stop buffer flow. At this point, 10 mg of cytoplasmic protein was 

pipetted onto the top of the resin bed. The column cap was removed and the sample 

allowed to enter the resin bed by gravity feed, at which point the cap was replaced. 

The column was left to stand for 15 min to allow depolymerase enzyme time to bind 

to the PDGA ligand.

To remove unbound proteins from the resin, 10 ml of PBS was added to the column 

and the column cap removed. The eluant was collected for later analysis and column 

flow stopped when the meniscus of the PBS was approximately 1 mm above the 

resin bed. Bound depolymerase was eluted from the column using 5 ml of elution 

buffer (0.1 M glycine-HCI, pH 3.0). Elution buffer was added to the column and the 

resin incubated at room temperature for 5 min. The column cap was removed and the 

eluant was collected and rapidly combined with 5 ml Tris-HCl (pH 8.0) to neutralise 

the buffer. Eluted proteins were transferred to a Vivaspin 20 ml ultrafiltration device
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(3 kDa molecular weight exclusion) and concentrated approximately 30-fold by 

centrifugation at 5,000 g  (4°C) until the desired volume was achieved.

The protein concentration of each collected fraction was determined using the protein 

assay based on the Bradford method described in Chapter Three. Depolymerase 

activity of each fraction was determined by incubation with PDGA and visualisation 

o f polymer degradation products by SDS-PAGE. Reaction mixtures (20 pi) 

contained 8 pg of PDGA, 0.5 pg of eluted protein and PBS to volume. Reactions 

were incubated at 37°C for 16 h and terminated by heating at 95°C for 10 min. 

PDGA degradation products were examined by SDS-PAGE.

6.2.4 Ion-exchange chrom atography

Cytoplasmic proteins, isolated as described earlier in this chapter, were further 

fractioned based on net surface charge by lEC. Firstly, 10 ml of cytoplasmic protein 

was concentrated approximately 30-fold and submitted to buffer exchange with I EC 

binding buffer (20 mM Tris-HCl, pH 9.0) at 4°C by centrifugation (5,000 g) on a 

polyethersulfone membrane (3 kDa molecular weight exclusion) in a Vivaspin 20 

ultrafiltration column. Protein concentration was determined using the protein assay 

based on the Bradford method and adjusted to 2 mg/ml with binding buffer.

A 1ml Hi-Trap Q XL column (GE Healthcare, Buckinghamshire, UK) was attached 

to an AKTAprime^ fast protein liquid chromatography (FPLC) system (GE 

Healthcare, Buckinghamshire, UK) and equilibrated at a flow rate of 1 ml/min with 5 

column volumes of binding buffer, followed by 5 column volumes of elution buffer 

(1 M NaCl, Tris-HCl pH 9.0) and finally, 10 column volumes of binding buffer. 

Concentrated cytoplasmic protein (10 mg) in lEC binding buffer was bound to the 

equilibrated column using an injection volume of 5 ml and a flow rate of 1 ml/min.

Bound proteins were eluted with a 20 ml linear gradient of NaCl ranging from 0 to 1 

M in Tris-HCl (pH 9.0) at a flow rate of 1 ml/min. The gradient was then held at a 

NaCl concentration of 1 M for 17 ml to ensure all bound proteins were eluted. 

Fractions (1 ml) were collected in 1.5 ml Eppendorf tubes over the duration of the
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NaCl gradient and the elution profile was monitored by absorption at 280 nm. 

Isolated I ml fractions were concentrated approximately 10-fold and subjected to 

buffer exchange with PBS at 4°C by centrifugation (5,000 g) on a polyethersulfone 

membrane (3 kDa molecular weight exclusion) using Vivaspin 6 ultrafiltration 

columns. The protein concentration of the isolated fractions was determined using 

the protein assay based on the Bradford method. Concentrated fractions were 

examined for depolymerase activity by incubation with PDGA and analysis of 

polymer degradation products by SDS-PAGE. Reaction mixtures (20 pi) contained 8 

pg of PDGA, 0.5 pg of protein and PBS to volume. Reactions were incubated at 

37°C for 16 h and terminated by heating at 95°C for 10 min. PDGA degradation 

products were examined by SDS-PAGE.

Fractions exhibiting depolymerase activity were pooled and concentrated 

approximately 30-fold at 4°C by centrifugation (5,000 g) on a polyethersulfone 

membrane (3 kDa molecular weight exclusion) in a Vivaspin 6 ultrafiltration 

column. The protein concentration of the pooled material was determined using the 

protein assay based on the Bradford method. The protein profile of the pooled 

sample was analysed by SDS-PAGE using 10 pg of protein. Electrophoresed 

proteins were visualised by staining with Instant Blue.

6.2.5 Size-exclusion chromatography

Pooled active fractions were further separated by SEC using a Superdex 200 5/150 

GL column with bed volume of 3 ml (GE Healthcare, Buckinghamshire, UK). The 

column was attached to an AKTAprime^ FPLC system and equilibrated with two 

column volumes of eluent buffer (PBS) at a flow rate o f 0.3 ml/min. Pooled active 

protein (1 mg) from lEC was injected onto the column in a volume of 100 pi and the 

column eluted at a flow rate of 0.3 ml/min. Fractions (200 pi) of eluant were 

collected in 1.5 ml Eppendorf tubes and the elution profile monitored by absorption 

at 280 nm.

Individual 200 pi fractions were concentrated approximately 2-fold by centrifugation 

(5,000 g) on a polyethersulfone membrane (3 kDa molecular weight exclusion) at
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4 °C  u s in g  V iv a sp in  2 ultrafiltration c o lu m n s .  C on cen tra ted  fractions  w e r e  ex a m in ed  

for d e p o ly m e r a se  a ct iv i ty  by incubation  w ith  P D G A  and a n a ly s is  o f  p o ly m e r  

d egradation  products  by  S D S - P A G E .  R eaction  m ix tu res  (2 0  p i)  con ta in ed  8 p g  o f  

P D G A , 10 pi o f  e lu a te  from  each  iso lated  fraction and P B S  to v o lu m e .  R eac tion s  

w e r e  incubated  at 3 7 ° C  for 16 h and term inated  b y  h ea t in g  at 9 5 ° C  for 10 min.  

P D G A  degrad ation  products  w er e  a n a lysed  by  S D S - P A G E .

6.3 Results

6.3.1 Subcellular location of depolymerase activity

S u b ce l lu lar  fractionation  o f  the m ix ed  bacterial culture w a s  a c h ie v e d  u s in g  a range o f  

tech n iq u es .  T h e  a m ou n t  o f  protein present in each  fraction w a s  d eterm in ed  by  the  

Bradford m eth o d  (tab le  6 .1 )  and the protein prof ile  for each  fraction w a s  v isu a lised  

by S D S - P A G E  ( f ig u re  6 .1 ) .  It w a s  found that no ex trace l lu lar  protein  cou ld  be  

recovered  from the cu lture m ed iu m  by a m m o n iu m  su lph ate  prec ip itation .

Tab le  6.1: Fractionation o f  proteins from the mixed bacterial culture grown in MSM broth 

(500 ml). Positive activity is defined as the capacity o f  a 0.5 pg  sample to degrade 8 pg o f  

PDGA by 16 h at 37°C.

Protein  Fraction Total p rotein  (m g) A ctivity

Extracellular 0 -

Crude cell ex tract 2 9 .2 +

C y to p la sm ic 1 6 .8 +

P er ip lasm ic 2 .5 5 -

M e m b r a n e 7 .2 -

T o  lo c a l is e  d e p o ly m e r a s e  act iv ity ,  sa m p le s  from  each  fraction w er e  incu bated  with  

P D G A  and p o ly m e r  degradation  products  w er e  v isu a l i s e d  by  S D S - P A G E  (figu re

6 .1).  D e p o ly m e r a s e  act iv i ty  w a s  found  to be lo c a l ise d  to the c y t o p la s m ic  fraction.
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Fig. 6.1: (A) Subcellular fractionation o f  the mixed bacterial culture. Proteins were separated 

into three distinct fractions and the protein profile for each fraction visualised by SDS-  

PAGE. Lanes: eytoplasmic fraction (C); periplasmic fraction (P); membrane fraetion (M).

(B) Depolymerase aetivity o f  subeellular fractions. Protein (0.5 pg) from each fraction was  

incubated in the presence o f  PDGA for 16 h at 37°C and polymer degradation products were 

analysed by SDS-PACjE. Lanes; cytoplasmic fraction (C); periplasmic fraction (P); 

membrane fraction (M) positive control o f  CapD (+ve); negative control o f  PDGA -  no 

enzym e (-ve).

6.3.2 Affinity chromatography

For the capture o f  d e p o ly m e r a se ,  P D G A  w a s  c o u p le d  to e p o x y -a e t iv a te d  sep h arose  

resin  to act as a ligan d  for A C . C y to p la sm ic  protein c o n ta in in g  a c t iv e  d ep o ly m e r a se  

w a s load ed  on to  the a f f in ity  c o lu m n  and unbound p rote in s  e lu ted  b y  a w a sh  step. 

B o u n d  prote in s  w e r e  then e lu ted  by  d isrupting  the su b s tr a te -e n z y m e  c o m p le x  v ia  a 

c h a n g e  in b uffer  pH. Eluate from each  step w a s  c o l le c te d  and tested  f'or 

d e p o ly m e r a se  a ct iv i ty  ( f igu re  6 .2 ) .  D e p o ly m e r a se  a c t iv i ty  w a s  foun d  to be a ssoc ia ted  

w ith  both the f lo w -th ro u g h  (u n bou nd  protein) and the w a sh  step. H o w e v e r ,  

s e le c t iv e ly  boun d  material r e m o v e d  during the final e lu t ion  s h o w e d  n o  d ep o ly m e r a se  

aet iv ity .  Proteins e lu ted  during  each  ch rom atograp h ic  s tep  w ere  c o l le c te d  and  

a n a ly sed  b y  S D S - P A G E  (f igu re  6 .2 ) .  A b s e n c e  o f  p ro m in en t  protein  bands on  

v isu a lisa t io n  o f  material c o l le c te d  during the final e lu t ion  ( lan e  E), c o u p le d  w ith  lack
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o f  d e p o ly m e r a s e  act iv ity ,  in d icates  the P D G A  ligand  fa iled  to capture any proteins  

w ith  d e p o ly m e r a se  activ ity .

A  B
^  . M W  FT W  E , „  , M W  FT W  E +ve -ve

(kUa)

250 

100

50

2 5 - # »  25.

Fig. 6.2: (A) Protein pro 111 es o f  isolated fractions collected during affinity chromatography.  

Proteins eluted during each chromatography step were collected and visualised by SDS-  

PAGE. Lanes: (low-through (FT); wash (W) and E, elution. (B) Depolymerase activity o f  

isolated (factions collected during al'finity chromatography. Protein (0.5 pg) eluted during 

each chromatography step was incubated in the presence o f  PDGA for 16 h at 37°C and 

polymer degradation products were examined by SDS-PAG E. Lanes: fiow-through (FT); 

wash (W); final eluate (E) positive control o f  CapD (+ve); negative control o f  PDGA -  no 

enzym e (-ve).

6.3.3 Ion-exchange chromatography

C y to p la s m ic  protein  c o n ta in in g  act ive  d e p o ly m e r a se  w a s  iso la ted  as d escr ib ed  in 

m ateria ls  and m e th o d s  and su bjected  to io n -e x c h a n g e  ch ro m a to g ra p h y  on a Q  

S ep h a r o se  co lu m n .  A  typica l ch rom atogram  is s h o w n  in f igure  6 .3 .  B o u n d  proteins  

e lu ted  w ith  a grad ient  o f  N a C l  w e r e  (bund to e lu te  as four d ist inct  p eak s  ( P I -4 ) .  

Iso lated  fractions (I m l)  w e r e  c o l le c te d ,  co n cen tra ted  and e x a m in e d  for 

d e p o ly m e r a se  a ct iv i ty  by incubation  w ith  P D G A  (f ig u re  6 .4 ) .

Fractions 7 -9 ,  w h ic h  e lu ted  under protein peak  I ( P I ) ,  w e r e  foun d  to con ta in  potent  

d e p o ly m e r a se  act iv ity .  T h e  a c t iv e  fractions w e r e  p o o le d ,  con cen tra ted  and the  

p roteins present a n a ly sed  by S D S - P A G E  (figure 6 .5 ) .  V isu a l isa t io n  o f  the protein
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profile for the pooled, concentrated sample revealed approximately ten prominent 

bands. Pooled samples isolated by I EC routinely contained approximately 1 mg of 

protein.
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Fig. 6.3: Anion-exchange chromatography o f  cytoplasmic proteins on a HiTrap Q column: Cytoplasmic protein (10 mg) was applied to the column and bound 

proteins eluted with a linear gradient o f  0-1 M NaCl. Fractions (1 ml) were collected in Eppendorf tubes using a fraction collector. Fraction numbers are 

indicated below  the chromatogram in red. Four distinct protein peaks were visualised ( P I -4). Isolated fractions were concentrated and tested for depolymerase  

activity by incubation with PDGA.
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Fig. 6.4: Depolymerase activity o f  concentrated fractions separated by anion-exchange chromatography; Protein (0.5 pg) from isolated fractions was  

incubated in the presence o f  PDG A for 16 h at 37°C and polymer degradation products analysed SDS-PAGE. Lanes: isolated fractions (1-28); positive control 

o f  CapD (+ve); negative control o f  PDGA -  no enzym e (-ve)
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Fig. 6.5: Protein p ro f ile  o f  p o o led  ac t iv e  fractions. F ractions 7-9, p o s s e s s in g  potent  

d e p o ly m e r a se  act iv i ty ,  w er e  p o o led ,  con centrated  and a n a ly sed  b y  S D S -P A G E .  

Lanes: p o o le d  fractions  (P).

6.3.4 Size-exclusion chromatography

P o o le d ,  con cen tra ted  material from I EC w a s  su b jec ted  to S E C  on a S u p erd ex  2 0 0  

5 /1 5 0  G L  c o lu m n .  T h e  resu lting  ch rom atogram  is sh o w n  in figure 6 .6 .  Fractionated  

protein  w a s  found  to e lu te  as three d ist inct  peak s ( P I - 3 ) .  E luted fractions ( 2 0 0  p i)  

w e r e  c o l le c te d ,  con cen tra ted  and e x a m in e d  for d e p o ly m e r a s e  a ct iv i ty  by  incubation  

with  P D G A  (F igu re  6 .7 ) .  Isolated fractions s h o w e d  n o  d isce rn a b le  e n zy m a t ic  

activ ity ,  in d icat ing  the ac t iv e  protein co u ld  not be r e so lv e d  further b y  s iz e  e x c lu s io n  

ch rom atograp hy .
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Fig. 6 .6: S ize-exclusion chromatography o f  pooled active fractions on a Superdex 200 5/150 GL column; Pooled material (1 mg protein) was applied to the 

column and eluted with PBS. Fractions (200 pi) were collected in Eppendorf tubes using a fraction collector. Fraction numbers are indicated in red. Three 

distinct protein peaks were visualised ( P I -3). Isolated fractions were concentrated and tested for depolymerase activity by incubation with PDGA.
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Fig. 6.7: : Depolymerase activity o f  concentrated fractions isolated by size-exclusion chromatography: Protein (0.5 pg) from each fraction was incubated in 

the presence o f  PDGA for 16 h at 37°C and polymer degradation products analysed by SDS-PAGE. Lanes: isolated fractions (1-14); positive control; CapD  

(+ve); Negative control; PDGA -  no enzym e (-ve)
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6.4 Discussion

Bacterial enzymes responsible for the degradation of molecules too large to cross the 

Gram negative outer membrane are ordinarily located at the cell surface with their 

catalytic domain exposed to the extracellular milieu or are secreted into the 

immediate environment (Pugsley et a l,  1990). PDGA, with a molecular weight of up 

to 1000 kDa (Poo et a l,  2010), is a molecule that is unlikely to be transported across 

the bacterial membrane in its native form. Therefore, it was surprising to find that 

depolymerase activity was confined to a preparation of cytoplasmic protein; from 

this subcellular location it is difficult to conceive how the enzyme can interact with 

its PDGA substrate.

To define the process by which an intracellular enzyme degrades an extracellular 

substrate is somewhat beyond the scope of this study and therefore it was not 

investigated further. However, one plausible explanation is that the depolymerase is a 

promiscuous enzyme. Enzyme promiscuity is defined as the capacity of an enzyme to 

catalyse reactions other than that for which it has evolved (Khersonsky et a l, 2006). 

This property is often linked to enzyme conformational diversity, i.e. conformational 

changes allow the same enzyme to accommodate more than one substrate. Indeed, 

enzymes with broad substrate specificity are well documented (Aharoni et a l, 2005; 

Kunzler et a l, 2005; Kaminaga et a l, 2006; Tremblay et a l,  2006). Moreover, it has 

been mooted that every enzyme may exhibit some degree of promiscuity 

(Khersonsky and Tawfik, 2010). Therefore, the intracellular depolymerase may have 

evolved to catalyse a completely unrelated reaction within the bacterial cytoplasm 

and catalysis of PDGA may be serendipitous.

One plausible explanation for how the cytoplasmic depolymerase hydrolyses 

extracellular PDGA is that the enzyme is released into the culture medium on 

autolysis of ageing cells. Alternatively, one member of the mixed bacterial culture 

may produce a bactericidal product which effects lysis of the depolymerase- 

producing strain. Indeed, antibiotic production by strains of fluorescent 

pseudomonads is well documented (Sarniguet et a l,  1995; Bangera and Thomashow, 

1999; Haas and Keel, 2003; Bergsma-Vlami et a l, 2005).
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The large number of proteins present within the bacterial cytoplasm means that the 

purification of a single target protein is technically challenging. For example, the 

cytoplasm of the Gram-negative organism E. coli contains approximately 2000 

proteins (Janson and Ryden, 1998). In the present study, it is conceivable that 

approximately 4,000 proteins are present in cytoplasmic preparations as two Gram 

negative bacteria are present.

When isolating a target protein from a large number of contaminating proteins, AC is 

an especially powerful tool owing to the highly discriminatory nature of ligand -  

protein binding. For example, a protein of interest can be purified to near 

homogeneity, often in a single chromatographic step. In the current study, PDGA 

was bound to epoxy-activated Sepharose 6B chromatography resin by coupling of 

amino and hydroxyl groups as a ligand for the capture of depolymerase enzymes. 

However, this proved to be unsuccessful.

Failure to capture depolymerase enzyme may be attributable to inefficient coupling 

of the ligand to the chromatography resin. This may be as a result of the extremely 

high molecular weight of PDGA. Alternatively, the PDGA ligand may have been 

rapidly degraded by the depolymerase, resulting in a loss of binding capacity. To 

help mitigate this problem, all chromatography steps were performed at 4°C. Ideally, 

a non-degradable PDGA analogue would have been used as a ligand; however, one 

was not available.

Removal of bulk impurities from the cytoplasmic fraction was, however, achieved by 

ion-exchange chromatography. Ion-exchange chromatography separates proteins 

based on net surface charge. When an anion-exchange resin is used, as in this study, 

proteins with a net negative charge bind to the positively charged resin within the 

column. As protein charge is dependent on the pH of the surrounding environment, 

adjustment of buffer pH can be used to alter the binding profile of protein present in 

a buffered sample.

Ordinarily, the selection of the pH of the binding buffer and eluent is based on the pi 

of the target protein, pi is defined as the pH at which a protein has no net charge. 

When pH is greater than pi, a protein will carry a net negative charge. Conversely,
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when pH is lower than pi, a protein will carry a net positive charge. This biological 

property can be exploited to aid the separation of proteins. For example, a protein 

with a low pi can be isolated using anion-exchange resin by maintaining a pH just 

above the pi of the target protein. In this way, the bulk of contaminating proteins, 

having pi values above the pH of the eluent, will not bind to the positively charged 

resin while the protein of interest is captured and concentrated.

In the present study, the pi of the target protein is unknown. Therefore, a high buffer 

pH (pH 9.0) was selected in order to bind as many proteins as possible to the 

positively charged resin. Bound proteins were then desorbed using a linear gradient 

of NaCl (chloride ions compete for binding to the immobilised resin). The amount of 

cytoplasmic protein loaded to the column was limited to a total of 10 mg. During 

optimisation of the protocol, it was found that samples containing in excess of 10 mg 

total protein overloaded the binding capacity of the column. This resulted in the loss 

of large amounts of unbound protein. An example chromatogram showing the result 

of column overloading is shown in figure 6.8.

Active fractions isolated by lEC were found to elute under the first protein peak of 

the chromatogram. When pooled and concentrated, the active sample was found to 

contain approximately ten prominent protein bands, indicating the bulk of non-target 

proteins had been successfully removed. However, depolymerase activity could not 

be further resolved by the use of size-exclusion chromatography. This is probably 

due to dilution of the sample during elution from the column. Sample dilution is a 

common problem associated with size-exelusion chromatography and can be 

mitigated by the application of a highly concentrated sample. However, in the 

present study, protein fractions isolated by ion-exchange chromatography routinely 

resulted in pooled samples containing as little as 1 mg of active protein. Ideally, it 

would have been desirable to scale-up the purification process. However, this would 

have required a large increase in the volume of culture medium and thus the amount 

of PDGA required.

As described in the discussion of Chapter Two, production and purification of PDGA 

is a laborious procedure. For example, one month is required to produce enough 

polymer (1 g) for 500 ml of MSM. Therefore, it was deemed that scale-up was not
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feasible in the time frame of this study. Additionally, other chromatography 

techniques, such as zymography, have the potential to identify active proteins within 

a partially purified preparation without the requirement to scale-up the purification 

process.

In summary, depolymerase activity was found to be localised to a cytoplasmic 

protein preparation isolated from a PDGA-metabolising mixed bacterial culture. 

Active depolymerase could not be selectively purified from cytoplasmic preparations 

using PDGA as a ligand in AC. However, partially purified, active preparations were 

obtained by lEC.
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Fig 6.8: Example of column overloading during anion-exchange chromatography of cytoplasmic proteins on a HiTrap Q column. In this experiment, 20 mg of 

cytoplasmic was applied to the column. A large peak of unbound protein (indicated by the arrow) can be seen eluting from the column before fraction 

collection began.

149



CHAPTER SEVEN

Characterisation of partially purified depolymerase

preparations

150



7.1 Introduction

As indicated in Chapter One, the ultimate goal of this work is the identification of a 

capsule depolymerase with characteristics which permit further in vitro and in vivo 

development as a potential anti-anthrax therapeutic. Determinants such as stability, 

potency and specificity are important factors which govern the success of a potential 

therapeutic. This chapter focuses on determining key characteristics of the 

depolymerase using partially purified enzyme preparations extracted from the mixed 

bacterial culture.

7.2 Materials and methods

7.2.1 Effect o f carbon source on depolym erase synthesis

To determine if depolymerase synthesis is under the control of carbon catabolite 

repression, PDGA-metabolising mixed bacterial cultures were grown under both 

carbon-limiting and nutrient-rich conditions.

Overnight cultures were prepared by rapidly thawing a cryovial containing 1 ml of 

mixed bacterial culture and inoculating 10 ml of MSM broth or LB broth containing 

0.2% w/v PDG A at a dilution of 1:100. Inoculated cultures were incubated with 

orbital shaking (120 rpm) at 28°C for 16 h. Overnight cultures were then inoculated 

into either 500 ml of MSM broth or 500 ml of LB broth containing 0.2% w/v PDGA 

at a dilution of 1:100 and incubated with orbital shaking (120 rpm) at 37°C until an 

ODôoo of 0.5 was reached. Cells were pelleted by centrifugation at 10,000 g  for 30 

min at 4°C and the supernatant discarded. Cell pellets were resuspended in 20 ml of 

PBS and cells were disrupted by sonication on ice (4 x 30 s bursts at amplitude of 15 

pm using an exponential probe). Cell debris was removed by centrifugation at 13,000 

g  for 10 min at 4°C and the supernatant passed through a syringe driven filter (0.22 

pm pore size) to remove remaining whole cells. Protein concentration of the filtered 

lysates was determined by the Bradford method described in Chapter Three.
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Depolymerase activity of each lysate was determined by incubation with PDGA and 

analysis of polymer degradation products by SDS-PAGE. Reaction mixtures (20 pi) 

contained 8 pg of PDGA, filtered cell lysate (0.5, 2.5, 5 pg) and PBS to volume. 

Reactions were incubated at 37°C for 16 h and terminated by heating at 95°C for 10 

min. PDGA degradation products were examined by SDS-PAGE, as described in 

Chapter Three.

7.2.2 Assays for non-specific proteolytic activity

To determine that depolymerase activity was not due to the action of a non-specific 

protease, two separate assays were used.

7.2.2.1 H ydrolysis o f proteins

Degradation of proteins (other than the PDGA capsule) was examined using partially 

purified depolymerase preparations isolated by I EC as described in Chapter Six. 

Aliquots o f freshly isolated enzyme preparation (5 pg) were incubated at 37°C for 16 

h in order to analyse non-specific degradation of contaminating bacterial proteins. 

The protein profile of the incubated sample was visualised by SDS-PAGE analysis as 

described in Chapter Three and compared to the profile of an identical aliquot stored 

at -20°C. Non-specific protease activity was interpreted as a loss in the resolution of 

protein bands or the disappearance of bands after incubation.

1 2 2 .2  Effect o f protease inhibitors on depolym erase activity

Aliquots of partially purified depolymerase preparation (0.5 pg) were adjusted to a 

volume of 9 pi with PBS and combined with 1 pi o f 10 X Complete Protease 

Inhibitor Cocktail (Roche, Basel, Switzerland). The sample was incubated at 37°C 

for 1 h to inhibit protease activity as to the manufactures instructions. Depolymerase 

activity following protease inhibitor treatment was determined by incubation of the 

sample with 8 pg of PDGA (10 pi) at 37°C for 16 h. PDGA degradation products 

were examined by SDS-PAGE.
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7.2.3 Enzym e kinetics

Enzyme kinetics were determined by incubation of PDGA with partially purified 

depolymerase preparations over various time periods (0-16 h) and analysis of 

polymer degradation products by SDS-PAGE. Reaction mixtures (20 pi) contained 

PDGA (8 pg), partially purified depolymerase preparation (0.5 pg) and PBS volume. 

Reactions were incubated at 37°C for up to 16 h and terminated by heating at 95°C 

for 10 min. Polymer degradation products were examined by SDS-PAGE.

7.2.4 Enzym e stability

Stability of partially purified depolymerase preparations was determined by 

performing an accelerated storage stability study. To act as a comparison, the 

stability of CapD was analysed under the same conditions.

Aliquots of freshly isolated CapD or partially purified depolymerase (35 pg total 

protein) were adjusted to a final volume of 50 pi with sterile PBS in 1.5 ml 

microcentrifuge tubes and sealed with Parafilm (Pechiney Plastic Packaging 

Company, Illinois, USA). Microcentrifuge tubes were maintained at 40°C over a 

period of 30 days to simulate long-term storage. The temperature of the incubator 

was periodically checked to ensure it did not fluctuate by more than ± 2°C. Samples 

were removed at designated times and loss of activity was determined by the 

capacity o f the sample to reduce the molecular weight of PDGA, as measured by 

viscometry.

On removal from simulated storage, enzyme aliquots were rapidly combined with 

400 pg of PDGA in 1 ml of PBS and reactions allowed to proceed for 1 h at 37°C. 

Reactions were terminated by heating at 95°C for 10 min and samples stored at - 

20°C prior to viscometeric analysis.

Viscosity of PDGA following incubation with stored enzyme preparations was 

determined using an Anton Paar falling ball microviscometer (Anton Paar, Graz, 

Austria). Frozen samples were thawed at room temperature and transferred to a glass
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v is c o m e tr y  cap il lary  ( 1 . 6  m m  d iam eter)  c o n ta in in g  a so lid  stee l  ball. V is c o s i t y  was  

d eterm in ed  by  the t im e  taken for the ball to fall 25  cm  through the s a m p le  at an angle  

o f  3 5 ° C  to the horizontal;  each  d eterm ination  w as  perform ed  four t im es  (tim e  

m e a su re m e n ts  w e r e  au tom ated) .

7.3 Results

7.3.1 Carbon catabolite repression of depolymerase synthesis

T h e  e f f e c t  o f  a v a i la b le  carbon source on d e p o ly m e r a se  sy n th e s is  w a s  in v est ig a ted  by  

grow th  o f  the m ix e d  culture under c a r b o n - l im it in g  and nutrient-rich  conditions.  

M ix e d  cu ltures w e r e  g r o w n  in either M S M  broth con ta in in g  P D G A  as  a so le  source  

o f  carbon or LB broth c o n ta in in g  P D G A , tryp ton e  and yeast  extract.  C rude lysates  

prepared from  each  cu lture w e r e  then e x a m in e d  for a ssoc ia ted  d e p o ly m e r a s e  aetiv ity  

(llgLire 7.1 ).

1 0 0 —  -

5 0  —

( k D a )  M W  0 . 5  2 , 5  5 . 0  + v e  - v e  ( ^ D a )  M W  0 . 5  2 . 5  _5.0_ + v e _____ ; v e

2 5 0 —  .

100  —

5 0  —  i

25 2 5

Fig. 7.1: The effect o f  carbon source on depolymerase synthesis. Lysates prepared from 

cultures grown in MSM broth containing PDGA as a sole source o f  carbon (A ) or LB broth 

supplemented with PDGA (B); were examined for depolymerase activity by incubation with 

PDGA at 37°C for 16 h and polymer degradation products examined by SDS-PAG E . Lanes: 

mixed culture lysate (0.5, 2.5, 5.0 pg); positive control: CapD (+ve); negative control: 

PDGA -  no enzym e (-ve).

154



L ysates  prepared from cu ltures grow n  in M S M  broth w ere  fou n d  to p o s s e s s  potent  

d e p o ly m e r a se  aet iv i ty  w h e r e a s  those  prepared from  cultures g r o w n  in LB broth  

su p p lem e n ted  w ith  0 .2%  w /v  P D G A  w er e  fo u n d  to be d ev o id  o f  e n z y m a t ic  activity.  

Indeed, potent d e p o ly m e r a s e  aet iv ity  w a s  o b se r v e d  in a liquots  o f  ly sa te  from  M S M  

broth cu ltures c o n ta in in g  as little as 0 .5  p g  o f  protein  w h ereas  a l iq u o ts  from LB  

cultures co n ta in in g  up to ten t im es  as m uch  total protein e x h ib ited  no  en zym atic  

act iv ity .  T h erefore ,  d e p o ly m e r a se  ex p re ss io n  is s tro n g ly  d o w n -r e g u la te d  or n on 

ex is te n t  w h e n  the m ix e d  bacterial culture is g ro w n  in the p r e s e n c e  o f  a more  

co n v en t io n a l  carbon  source.

7.3.2 Hydrolysis of proteins

D e p o ly m e r a s e  s p e e i t l e i ty  w a s  d eterm ined  b y  c a p a c ity  to h y d r o ly s e  proteins as 

e x a m in e d  by  S D S - P A G E .  A liq u o ts  o f  partia lly  purified  d e p o ly m e r a se  preparation  

c o n ta in in g  proteins w e r e  incubated  at 3 7 °C  for 16 h and the protein  p rofile  o f  the 

sa m p le  e x a m in e d  for protein  degradation ( f ig u re  7 .2 ) .

(kDa) MW 1 2

250  —

100  —

5 0 —

25 —

Fig. 7.2: Depolymerase specificity as examined by SDS-PA G E. Aliquots (5 pg) o f  partially 

purified depolymerase were stored at -20°C (lane 1 ) or incubated at 37°C for 16 h (lane 2) 

and examined by SDS-PAG E . An identical protein profile for the two samples suggests an 

absence o f  protein hydrolysis.
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A s  sh o w n  in f igure 7 .2 ,  there w a s  no o b se r v a b le  d if fer en ce  in the protein  p rofile  o f  

sa m p le s  in cubated  at 3 7 ° C  for 16 h com p ared  to th o se  stored at - 2 0 ° C ,  su g g es t in g  

that partially p urified  d e p o ly m e r a se  preparations d o  not p o s s e s s  n o n -sp e c i f ic  

p roteo ly t ic  activ ity .

7.3.3 The effect of protease inhibitors on depolymerase activity

T o  con f irm  that d e p o ly m e r a s e  act iv ity  is not d u e  to the act ion  o f  a n o n -sp e c i f ic  

p rotease ,  partially  purified  e n z y m e  preparations w e r e  treated w ith  a cockta il  o f  

p rotease  inhibitors and e x a m in e d  for cap ac ity  to  d egrad e  P D G A  ( f ig u re  7 .3 ) .

(KDa)

25 0  —  

1 0 0 —  .

50 —  I

25  —

Fig. 7.3: Effect o f  protease inhibitor treatment on depolymerase activity. Partially purified 

depolymerase preparations (0.5 pg) were treated with a cocktail o f  protease inhibitors and 

incubated with PDGA at 37°C for 16 h. Capacity to degrade PDGA after protease inhibitor 

treatment was determined by analysis o f  polymer degradation products by SDS-PAGE.  

Lanes: depolymerase prior to treatment (P-); depolymerase after protease inhibitor treatment 

(P+); positive control: CapD (+ve); negative control: PDGA -  no enzym e (-ve).
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A s  sh o w n  in f igure 7 .3 ,  treatm ent o f  d e p o ly m e r a s e  preparation w ith  a eoekta il  o f  

protease  inhibitors e f f e c t iv e  against  serine,  c y s te in e ,  and m e ta l lo p r o te a se s  had no  

e f fe c t  on the ca p a c i ty  o f  the e n z y m e  preparation to h y d r o ly se  P D G A .  T h is  result 

p ro v id es  f'urther support that d ep o ly m e ra se  a e t iv i ty  is not due to the act ion  o f  a n on 

sp e c i f i c  protease .

7.3.4 Enzyme kinetics

H y d r o ly s is  o f  P D G A  on in cubation  with partia lly  purified  d e p o ly m e r a se  preparations  

w a s  d eterm in ed  o v e r  a period  o f  16 h and e x a m in e d  b y  S D S - P A G E  (figu re  7.4).  

A n a ly s is  by  S D S - P A G E  can n ot  determ in e  e n z y m e  k inetics  se n su  s t r ic to  as it does  

not p rov id e  quantita t ive  data. N ev e r th e le s s ,  it d o e s  prov id e  a usefu l in s igh t  into the 

rate o f  P D G A  h y d r o ly s is  w h e n  incubated  w ith  a sp e c i f i c  am ount o f  protein .

Tim e (h)

(kDa) MW 

250 —  t '" '

50 —  0 ^

w

16 e -ve

I f

25- Ü

Fig 7.4: Hydrolysis o f  PDGA by partially purified depolymerase preparations over a period 

o f  16 h. PDGA was incubated alone (-ve) for 16 h or in the presence o f  partially purified 

depolymerase for the indicated time period at 37°C. Polymer degradation products were 

loaded on to a polyacrylamide gel and the rate o f  PDGA hydrolysis examined by SDS- 

PAGE.

S D S - P A G E  a n a ly s is  o f  p o ly m e r  d egrad ation  prod ucts  revea led  an ob servable  

reduction  in P D G A  m o lec u la r  w e ig h t  after I h. A t  16 h, P D G A  c o u ld  no  lon ger  be
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v isu a lis ed  by S D S - P A G E ,  in d icat ing  c o m p le te  h y d r o ly s is  to g lu tam ic  acid  

m o n o m e r s  or o l ig o m e r s .

7.3.5 Enzyme stability

D e p o ly m e r a s e  stab il ity  w a s  d eterm in ed  by p er fo r m in g  an acce lera ted  storage  

stability  stud y  in a cc o rd a n c e  w ith  ICH g u id e l in es .  Partially  pur if ied  d ep o ly m e r a se  

preparations w e r e  m ainta in ed  at 4 0 ° C  and loss  o f  h y d r o ly t ic  a c t iv i ty  w a s  o b ser v ed  as  

an inability  to red u ce  the m o lec u la r  w e ig h t  o f  P D G A  as d eterm in ed  by  v isc o m e try  

( figure 7 .5).

29  -1 

28  -  

27  -

.5 26  4h-

1 . 4
24  -  

23  -  

22
3 7

S to r a g e  T im e  (d)

15 30

Fig. 7.5: Depolymerase stability. Aliquots of; CapD ( ■ ) ,  partially purified depolymerase 

(A) and PDGA ( ♦ )  were maintained at 40°C over a period o f  30 d. At a pre-determined 

time point enzym e preparations were withdrawn, combined with PDGA (400  pg/ml) for 1 h 

at 37°C and examined by viscometry. Ball run time (s) was obtained using an Anton-Paar 

AMVn viscometer; the time taken for the ball to fall 25 cm at an angle o f  35° to the 

horizontal was determined. Error bars represent ±1 SD (n=4).

58



Over the course of the study (30 d), partially purified depolymerase preparations 

were found to be far more stable than aliquots of CapD. Indeed, CapD was found to 

be largely inactive after 24 h, whereas depolymerase preparations isolated from the 

mixed bacterial culture remained active for up to 30 d.

7.4 Discussion

In order for an enzyme to be considered for development as therapeutic agent, it is 

essential that its properties are well understood. Depolymerase preparations analysed 

in this chapter were heterogenous solutions containing contaminating proteins and 

this should be considered when interpreting data. Nevertheless, the analysis of 

partially purified enzyme preparations can provide a useful insight into important 

characteristics of the depolymerase. The aim of this discussion is, therefore, to draw 

some tentative conclusions regarding the properties o f the enzyme.

Numerous bacteria can metabolise a range of carbon sources for growth. Carbon 

containing compounds can either be metabolised concomitantly or in a sequential 

manner if a specific carbon source is more easily obtainable and preferential for 

microbial growth (Gorke and Stulke, 2008). The capacity to utilise a preferential 

carbon source over other available carbonaceous compounds is termed carbon 

catabolite repression (Magasanik, 1961) and plays an important role in bacterial 

competition for nutrients. When applicable, carbon catabolite repression regulates the 

expression of proteins required for the metabolism of a specific carbon source, such 

as hydrolytic enzymes. Ordinarily, this is manifested as a down-regulation in the 

expression of proteins involved in the metabolism of a secondary carbon source 

when in the presence of a preferred substrate and it is estimated that approximately 

5-10% of all bacterial genes are amenable to carbon catabolite repression (Moreno et 

a l,  2001; Yoshida et a l, 2001; Blencke et a l,  2003; Liu et a l,  2005).

In the present study, growth of the mixed bacterial culture in the presence of a 

conventional carbon source (tryptone) supplemented with PDGA resulted in a strong 

down-regulation of depolymerase synthesis. Indeed, depolymerase activity could not 

be detected in lysates isolated from cells cultured in LB supplemented with PDGA.
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This suggests that depolymerase synthesis is under the control of carbon catabolite 

repression and that more conventional carbon sources, for example tryptone, are 

preferentially metabolised over PDGA. This result is not unexpected; since tryptone 

provides a rich source of nitrogen and amino acids, its metabolism is likely to be 

preferred for microbial growth in comparison to hydrolysis of PDGA. This result is 

likely to be reproducible if repeated with other conventional carbon sources such as 

glucose, sucrose, glycerol etc. Therefore, optimum yield of depolymerase is likely to 

be achieved by growth of the mixed bacterial culture in MSM broth containing 

PDGA as a sole source of carbon.

Treatment of anthrax infections by enzyme mediated removal of the B. anthracis 

capsule in vivo demands that any administered enzyme is safe for human use. 

Enzyme specificity is, therefore, an important determinant of the success of such a 

treatment.

PDGA is a polypeptide composed of repeating D-glutamic acid monomers joined by 

a peptide bond between the amino group on the a-carbon of one glutamic acid 

molecule and the carboxyl group on the y carbon of the adjacent glutamic acid 

(Hsieh et a l, 2005). This y-glutamyl bond is resistant to cleavage by the majority of 

proteases (Hanigan and Ricketts, 1993) and therefore enzymes hydrolysing PDGA 

are unlikely to be non-specific proteases. The enzyme considered in this study 

conforms to this pattern. Inability of purified depolymerase preparations to hydrolyse 

proteins other than PDGA suggests that depolymerase activity is not due to non

specific protease activity. Furthermore, treatment of enzyme preparations with a 

cocktail of protease inhibitors effective against serine, cysteine, and metalloproteases 

was found to have no effect on hydrolytic aetivity. This result suggests that 

depolymerase activity is due a distinct catalytic mechanism which is not related to 

any of the major classes of proteases. Indeed, other characterised enzymes which 

hydrolyse PGA have been reported as being highly specific for the hydrolysis of y 

glutamyl bonds (Ashiuchi et a l,  2003a; Kimura and Itoh, 2003; Kimura et a l, 2004; 

Candela and Fouet, 2005).

Microbial enzymes generally have poor pharmokinetic profiles in humans (Sherwood 

et a l,  1977) and it is important, therefore, that the depolymerase is sufficiently robust
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to withstand conditions in vivo. Previously, I found the PDGA hydrolytic enzyme 

CapD to be extremely unstable upon storage and was considered unsuitable for 

development as an antibacterial therapeutic. In this chapter, partially purified 

depolymerase preparations were found to retain activity for up to 30 days, far 

exceeding the biological stability of CapD.

In summary, partially purified depolymerase preparations were found to be potent, 

specific and stable; these characteristics permit further in vitro and in vivo 

development of the enzyme as an anti-anthrax therapeutic.
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CHAPTER EIGHT

Identification of enzymatically active proteins by 

ID-zymography and cloning of putative depolymerases
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8.1 Introduction

Zymography, first described by Huessen & Dowdle (1980), is an electrophoretic 

technique based on SDS-PAGE that includes a substrate embedded in the 

polyacrylamide gel, for the detection of enzyme activity. The technique has been 

used extensively for the detection and characterisation of matrix metalloproteases by 

copolymerisation of a protein substrate with a polyacrylamide gel (Galis et a l, 1995; 

Oliver et a l,  1997; Feitosa et a l,  1998; Hattori et a l ,  2002; Kurschat et a l,  2002). 

Therefore, polyacrylamide gels copolymerised with PDGA may be used to facilitate 

the detection o f depolymerase enzymes from partially purified active fractions.

Zymography offers several benefits which render it a particularly useful tool for the 

detection of enzymatically active proteins. Firstly, proteins are resolved by their 

molecular weight during electrophoresis, aiding the characterisation and separation 

of active enzymes. Secondly, more than one enzyme showing activity towards a 

specific substrate can be detected on a single gel. Lastly, active proteins can be 

excised from the gel and identified in a database using data derived from liquid 

chromatography-tandem mass spectrometry (LC/MS-MS) analysis of peptide 

fragments.

The first stage of the zymography process is the preparation of the polyacrylamide 

gel. An appropriate substrate is included in the standard polyacrylamide gel solution 

so that on polymerisation it is incorporated into the gel matrix. Since the substrate is 

trapped within the pores of the gel, it does not migrate during electrophoresis. The 

sample is then prepared in SDS buffer without the addition of a reducing agent and 

without boiling. This ensures that proteins have the capacity to re-nature following 

electrophoresis. The sample is then loaded in duplicate onto the same gel and 

electrophoresed.

Following electrophoresis, the gel is bisected vertically between sample lanes to 

produce two identical gel halves. The first half of the gel is analysed by zymography 

whilst the second is stained for the visualisation of all proteins present within the 

electrophoresed sample. To develop the zymogram, SDS is removed from the gel 

using a non-ionic detergent, allowing the protein to refold in situ. The gel is then
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incubated in an appropriate buffer at a temperature conducive for enzymatic activity. 

Active proteins will then digest the gel-embedded substrate in zones approximating 

their electrophoresed position within the gel. Areas of hydrolysis can be visualised as 

zones of clearing on a coloured background by staining the incorporated substrate.

The developed zymogram is then aligned next to the gel-half stained for protein 

visualisation. Using the zymogram as a guide, protein bands correlating to areas of 

enzymatic activity on the zymogram are excised for identification by LC/MS-MS. 

Bands are not directly excised from the zymogram due to the fact that no “fixation” 

takes places during zymography. Fixation is the process by which proteins are 

denatured and precipitated within the gel matrix. Absence of the fixing step in 

zymography ensures proteins refold correctly and retain activity. However, without 

fixation, proteins diffuse from the gel resulting in a loss of material for LC-MS/MS 

analysis. The zymography process in diagrammatic form is shown in figure 8.1.

(1 ) Duplicate samples loaded

(2) Samples electrophoresed 
through gel containing 
appropriate substrate

(3) Gel is bisected vertically 
between sample lanes

(4) One gel half is developed 
as a zymogram, the second 
stained for visualisation of 
proteins. The two halves are 
aligned and protein bands 
corresponding to areas of 
enzymatic activity are excised 
for LC/MS-MS analysis

Zymogram Protein profile

Fig. 8.1: Identification of enzymatically active proteins by zymography
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For the identification of proteins, excised bands are subjected to in-gel tryptic 

digestion and the resulting peptides are extracted and analysed by LC/MS-MS. 

Extracted peptides are separated by liquid chromatography before analysis by 

tandem mass-spectrometry. Spectral data generated for each peptide is then used to 

identify the protein by means of a database search. For example, the Mascot search 

engine (Matrix Science) uses MS data for rapid protein identification from primary 

sequence databases. These databases contain predicted amino acid sequences for 

organisms which have had their genomes sequenced. If a given protein is present in 

the sequence database, it can be identified by peptide matching. Putative 

depolymerases identified in this manner can be cloned into a suitable expression 

vector and produced as recombinant proteins for determination of enzymatic activity.

This chapter describes the use of ID- zymography and LC/MS-MS for the 

identification of putative depolymerases and their subsequent cloning and expression 

as recombinant enzymes.

8.2 Materials and methods

8.2.1 ID-zym ography

Enzyme preparations containing partially purified active depolymerase were 

obtained by I EC as described in Chapter Six and analysed by ID-zymography. Gels 

for zymography were created in the same manner as those for SDS-PAGE. PDGA 

was copolymerised with the gel mix at a final concentration of 0.05% w/v. Samples 

for analysis contained 5 pg of total protein, were adjusted to a volume of 10 pi with 

PBS and then combined with an equal volume of zymogram sample buffer (63 mM 

Tris-HCl, 10% v/v glycerol, 2% w/v SDS, 0.0025% w/v bromophenol blue). 

Samples were incubated at room temperature for 10 min before loading onto 

opposite halves of the zymogram gel and electrophoresed at 125 V until the 

bromophenol blue dye reached the bottom of the gel.

After electrophoresis, the gel was bisected into two identical halves. The first half 

was stained with Instant Blue (a Coomassie-based dye) for the visualisation of
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proteins as described in Chapter Three. The opposite half was incubated in Bio-Rad 

Zymogram Renaturation Buffer (2.5% v/v Triton X-100) for 30 minutes at room 

temperature with gentle agitation. The buffer was decanted and the gel equilibrated 

in Bio-Rad Zymogram Development Buffer (50 mM Tris base, 40 mM HCl, 200 mM 

NaCl, 5mM CaCb, 0.02% w/v Brij 35) at room temperature for 30 minutes with 

gentle agitation. A final incubation was performed in fresh Bio-Rad Zymogram 

Development Buffer at 37°C for 16 h. The gel was washed with distilled water, 

stained with methylene blue (0.2% w/v methylene blue, 0.01% w/v KOH, 22% v/v 

absolute ethanol) for 15 min and then destained in 30% v/v ethanol (15 min) 50% v/v 

ethanol (15 min) followed by several changes of distilled water until areas of 

depolymerase activity, identified as clear bands against a dark background, were 

visible. The zymogram was aligned next to the gel half stained for protein 

visualisation and areas of depolymerase activity were used as a guide for the excision 

of correlating proteins bands. Proteins present with the excised band were identified 

by LC/MS-MS after extraction of trypsin digested peptides.

8.2.2 In-gel tryptic digestion of protein bands

Peptides for LC/MS-MS analysis were extracted from excised gel bands following 

in-gel tryptic digestion. To reduce keratin contamination, all buffers used were 

filtered (0.45 pm pore size) and gloves worn at all times.

Excised bands were cut into fragments approximately 1 mm^ using a disposable 

scalpel and the material transferred to 1.5 ml Eppendorf tubes. Gel fragments were 

destained in 200 pi of destaining solution (50mM ammonium bicarbonate, 50% v/v 

ethanol) by vortexing for 30 min. The supernatant was aspirated and the destaining 

procedure repeated until the gel fragments were clear. When destaining was 

complete, 200 pi of 100% v/v acetonitrile (ACN) was added to each tube and the 

fragments vortexed for 10 min. The supernatant was aspirated and proteins reduced 

by the addition of 100 pi of 10 mM dithiothreitol (DTT) to each tube. Tubes were 

incubated at room temperature for 30 min, the DTT aspirated, 100 pi of 100% v/v 

ACN added to each tube and the samples vortexed for 5 min. ACN was aspirated and 

protein alkylated by the addition of 100 pi of 55 mM iodoacetamide. Samples were
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incubated in the dark at room temperature for 1 h. Iodoacetamide was aspirated and 

100 pi of 50 mM ammonium bicarbonate was added to each tube. Samples were 

vortexed for 10 min, ammonium bicarbonate was aspirated and fresh 50 mM 

ammonium bicarbonate (100 pi) added to each tube. Samples were vortexed for 10 

min and the ammonium bicarbonate aspirated. To dehydrate the gel fragments, 100 

pi of ACN was added to each sample and the tubes vortexed for 10 min. ACN was 

aspirated and the process was repeated until the gel fragments in each tube were 

white and hard in appearance.

Residual solvent was removed by drying samples under vacuum for 30 min at 40°C 

using a SpeedVac concentrator (Eppendorf VacuFuge 5301). For in-gel tryptic 

digestion, 150 pi of 50 mM ammonium bicarbonate containing 0.2 pg of sequencing 

grade modified trypsin (Promega, Hampshire, UK) was added to each sample and 

reactions incubated at 37°C for 16 h.

Tryptic digestions were stopped by the addition of 30 pi of a 5 % v/v formic acid / 

50% v/v ACN solution. Samples were vortexed for 20 min and the supernatant 

aspirated to a 0.5 ml microfuge tube. To extract digested peptides, 30 pi of 100% v/v 

ACN was added to tubes containing gel fragments, samples were vortexed for 10 

min and the supernatant containing extracted peptides was pooled in the same 0.5 ml 

Eppendorf tube. This process, of alternating formic acid / ACN washes, was repeated 

twice more and aspirated liquid was pooled in the same 0.5 ml Eppendorf tube. 

Extracted peptides were dehydrated under vacuum for 6 h at 40°C using a SpeedVac 

concentrator and the resulting material stored at -80°C.

8.2.3 Identification of proteins by LC/M S-M S

LC/MS-MS analysis was performed by Dr. Benjamin Thomas at the Sir William 

Dunn Pathology School, Oxford University.

Extracted peptide mixtures were analysed on a Thermo LTQ Orbitrap mass 

spectrometer coupled to a Dionex Ultimate 3000 nano HPLC system. Extracted 

peptides were loaded onto a C l8 pre-column for sample desalting and 1 pi of eluate
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was injected onto a C l8 analytical column (150 mm x 75 pm internal diameter). 

Peptides were eluted from the column using a 40 min solvent gradient and 

automatically transferred to the mass spectrometer via a nanospray device attached to 

the LC outflow.

The Orbitrap mass spectrometer was run at 60,000 resolving power with a "top 5" 

method in which the five strongest precursors were selected for fragmentation and 

the fragments were either analysed in the Orbitrap mass spectrometer (high mass 

accuracy) or the ion-trap mass spectrometer (low mass accuracy). Data files were 

analysed using the Mascot search engine (Matrix Science) for the identification of 

proteins.

8.2.4 Identification o f putative depolym erases

Identified proteins were screened for putative depolymerases using the following 

criteria: molecular weight (approx. 30 kDa), predicted protein function (enzyme 

cleaving peptide bonds or other C-N bonds) and subcellular location (cytoplasmic or 

unknown). Information regarding protein molecular weight and function was 

obtained from the Mascot search engine (Matrix Science). Information on subcellular 

location was obtained from the Pseudomonas Genome Database. Analysis of 

conserved domains was performed by scanning protein sequences against the 

Conserved Domain Database at the NCBI website.

8.2.5 Am plification o f putative depolym erase genes

8.2.5.1 Genomic DNA extraction

Template DNA for the amplification of putative depolymerases was extracted from 

the mixed bacterial culture as described in Chapter Five. The mixed culture was 

grown in MSM broth until an ODôoo of 0.5 was reached and genomic DNA extracted 

using a Qiagen Mini Genomic-tip 20/G.
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8.2.S.2 Primer design and synthesis

Gene sequences for putative depolymerases were obtained from the NCBI database. 

Oligonucleotide primers used for the amplification of each gene were designed using 

the Clone Manager Software Suite (Scientific & Educational Software, North 

Carolina, USA). Primer sequences are shown in table 8.1. Primers were designed to 

contain appropriate restriction sites for the creation of sticky ends for directional 

cloning. Primers were synthesised by MWG Operon (Oberbayem, Germany).

Table 8.1: O ligonucleotide primers were designed  using C lone M anager software.  

Restriction en zym e recognition sequences are underlined. Restriction en zym e (RE). Gene  

I.D. (g i)  is the unique identifier g iven  to every gen e  deposited in the N C B I database.

Gene name / 
Gene I.D. Primer sequence 5’-^3’ R E

P F L U 0869
g i:7816598

Fwd A G C T C C G G C A T A T G T C C T T T G C G G T A A T T C Ndel
Rev T G G C G C T C G A G T A G G G C C T T A A A T T C A T C Xhol

P F L U 3464
g i:7819836

Fwd A G C T C C G G C A T A T G A C T C G T C T C A C C G C G A A A Ndel
Rev T G G C G C T C G A G C T A G G C C A A A T A T T T A T G G A A C C A G Xhol

P F L U 5049  
g i : 7 8 19467

Fwd A G C T C C G A C A T A T G C C A C G T C T A T T T A G C C Ndel
Rev T A A C G C T C G A G T C A G G G T T G G A A C G C G C C G A T A Xhol

8.2.5.3 PCR conditions

PCR reactions (50 pi) contained: Go-Taq Green Master Mix (25 pi) (Promega, 

Hampshire, UK), template DNA isolated from the mixed bacterial culture (100 ng), 

forward primer (10 pM), reverse primer (10 pM) and nuclease free water to volume. 

PCR reactions were performed in a Techne Thermocycler (Bibby Scientific Limited, 

Staffordshire, UK) using cycle conditions described in table 8.2.

Table 8.2: PCR cyc le  conditions for amplification o f  putative depolym erase genes

Step Temp Time Number of cycles
Initial dénaturation 95°C 5 m 1
Dénaturation 95°C 30 s

35Annealing 54°C 30 s
Extension 72°C 1 m 10 s
Final extension 72°C 10 min 1
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Amplification products were examined on a 1% w/v agarose gel by loading 5 pi of 

PCR product directly on to a 1% w/v agarose gel and electrophoresed at 80 V in 

Tris-acetate-EDTA buffer (40 mM Tris-acetate,l mM EDTA, pH 8.0) until the 

yellow dye front reached the bottom of the gel.

S.2.5.4 PCR clean-up

PCR products were cleaned using a Wizard SV Gel and PCR Clean-up Kit 

(Promega, Hampshire, UK). Firstly, an equal volume of Membrane Binding Solution 

(4.5 M guanidine isothiocyanate, 0.5 M potassium acetate pH 5.0) was added to each 

PCR reaction. The prepared PCR product was then transferred to a clean-up kit 

minicolumn assembly (minicolumn and collection tube) and incubated at room 

temperature for 1 min to allow binding to the membrane. The minicolumn assembly 

was centrifuged for 1 min at 16,000 g  at room temperature in an Eppendorf 5417 R 

Microcentrifuge (Eppendorf, Cambridgeshire, UK) and liquid in the collection tube 

was discarded. The membrane was then washed with 700 pi of Wash Solution (10 

mM potassium acetate pH 5.0, 80% v/v ethanol, 16.7 pM EDTA pH 8.0) by 

centrifugation at 16,000 g  for 1 min at room temperature. Liquid in the collection 

tube was discarded and the membrane was re-washed with 500 pi of Wash Solution 

by centrifugation at 16,000 g  for 1 min at room temperature. Liquid in the collection 

tube was discarded and the membrane was dried by centrifugation of the minicolumn 

assembly at 16,000 g  for 5 min at room temperature. The minicolumn was removed 

from the collection tube and transferred to a 1.5 ml Eppendorf tube. Cleaned PCR 

products were eluted from the column by pipetting 50 pi of nuclease-free water to 

the centre of the membrane and the minicolumn incubated at room temperature for 1 

min. The minicolumn was centrifuged at 16,000 g  for 1 min at room temperature and 

eluted DNA collected in the Eppendorf tube. DNA concentration of the eluted PCR 

product was measured on a NanoDrop spectrophotometer (Fisher scientific, 

Leicestershire, UK).
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8.2.6 Cloning of putative depolymerase genes

8.2.6.1 Cloning vector and bacteria! strains

Putative depolymerase genes were eloned into the Ndel and Xhol restriction enzyme 

sites located in the polylinker region of the pET26b(+) expression vector (Merck 

KGaA, Hesse, Germany) for overexpression as recombinant proteins. See figure 8.2 

for a vector map.

E. coli NovaBlue; genotype: ndAl hsdR17 (rKi2~ mKiz ) supE44 thi-1 recAl gyrA96 

relAl lac V'\proA"B^ lacPZEMl5\\TnlO] (Tet^) (Merck KGaA, Hesse, Germany) 

was used as a host for the propagation of pET26b(+) derivatives. E. coli BL21 

(DE3), with the genotype F“ ompT hsdS^ (rs” me”) gal dcm (DE3) (Merck KGaA, 

Darmstadt, Germany) was used for overexpression of recombinant genes.

LacO
KanR

p E T 2 6 b (+

Fig. 8.2: pET26b(+) vector map. Putative depolymerase genes (Dep) were cloned into the 

N del and X hol enzym e restrictions sites. Kanamycin resistance marker (KanR); Lac 

repressor (L ad );  T7 promoter (T7p); Lac operator region (LacO).

171



S.2.6.2 Preparation of competent cells

Competent cells of E. coli strains NovaBlue and BL21 (DE3) were prepared as 

follows: isolated colonies were used to inoculate 10 ml of LB broth and cultures 

were incubated at 37°C with orbital shaking (200 rpm) for 16 h. The overnight 

culture was then inoculated into 50 ml of fresh LB broth at a dilution of 1:100 and 

cultured at 37°C in a shaking incubator (200 rpm) until ODôoo of 0.5 was reached. 

Cells were pelleted by centrifugation at 5,000 g  for 5 min at 4°C and the supernatant 

discarded. The cell pellet was resuspended in 25 ml o f 0.1 M MgCb chilled to 4°C 

and the suspension incubated on ice for 1 h. Cells were then pelleted by 

centrifugation at 5,000 g for 5 min at 4°C and the supernatant discarded. The cell 

pellet was resuspended in 5 ml of 0.1 M CaCl] chilled to 4°C and the suspension 

incubated on ice for 30 min. An equal volume of sterile 20% v/v glycerol was added 

to the cells and the suspension gently inverted. Competent cells were dispensed in 

aliquots of 50 pi and stored at -80°C.

8.2.6.3 Restriction of DNA

Cleaned PCR products were restricted for the creation of sticky ends in 50 pi 

reactions containing: PCR product (2 pg), Ndel restriction enzyme (20 U), Xhol 

restriction enzyme (20 U), lOX NEB Restriction Buffer 4 (50 mM potassium acetate, 

20 mM Tris-acetate, 10 mM magnesium acetate, ImM DTT) (5 pi), lOX BSA (5 pi) 

and nuclease free water to volume. Reactions were incubated at 37°C for 16 h. All 

restriction enzymes and buffers were purchased from New England Biolabs, 

Hertfordshire, UK.

pET26b(+) expression vector was restricted in 100 pi reactions containing: 

pET26b(+) vector (5 pg), Ndel restriction enzyme (50 U), Xhol restriction enzyme 

(50 U), lOX restriction buffer 4 (10  pi), lOX BSA (10 pi) and nuclease free water to 

volume. Reactions were incubated at 37°C for 16 h. All restriction enzymes and 

buffers were purchased from New England Biolabs, Hertfordshire, UK. Restrictions 

were cleaned using the Wizard SV Gel and PCR Clean-up Kit (Promega, Hampshire, 

UK) as described in materials methods (PCR clean-up).
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S.2.6.4 Ligation reactions

Restricted PCR products were ligated into the similarly restricted pET26b(+) vector 

using a 3:1 molar ratio of insert;vector. Ligation reactions (10 pi) contained 

restricted pET26b(+) (50 ng), restricted PCR product, T4 DNA ligase (20 U), lOX 

T4 DNA Ligase Reaction Buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl], 1 mM 

ATP, 10 mM DTT) (1 pi) and nuclease free water to volume. Ligations were 

incubated at 16°C for 16 h. T4 DNA ligase and reaction buffer were purchased from 

New England Biolabs. The resulting expression vectors were named pET0869, 

pET3464 and pET5049 (vector series name / locus tag of putative depolymerase).

S.2.6.5 Transformation of E. co//NovaBlue

Aliquots of competent E. coli NovaBlue cells were thawed on ice for approximately 

10 min and 3 pi of ligation reaction was added to each tube and mixed by gentle 

agitation. Aliquots were incubated on ice for 15 min before and the cells heat- 

shocked at 42°C for 45 s in a Grant water bath (Grant instruments, Cambridgeshire, 

UK). Heat-shocked cells were placed on ice for 1 min before the addition of 500 pi 

of LB broth to each aliquot. Cells were incubated at 37°C for 45 min in a shaking 

incubator (200 rpm) to allow cell recovery and expression of the kanamycin 

resistance marker. For selection of successful transformants, 100 pi of each 

transformation was transferred to LB agar containing kanamycin (50 pg/ml) and 

plated using a plastic spreader. Cells in the remainder o f the transformation were 

pelleted by centrifugation at 5,000 g  for 5 min at room temperature and the 

supernatant discarded. The cell pellet was resuspended in 100 pi of fresh LB broth, 

the cell suspension transferred to LB agar containing kanamycin (50 pg/ml) and 

plated using a plastic spreader. Agar plates were incubated at 37°C for 16 h.

8.2.6.6 Colony PCR of transformants

Kanamycin-resistant transformants were examined by colony PCR as follows: 

isolated colonies o f E. coli BL21 (DE3) were lifted from an agar plate using sterile 

toothpicks and transferred to 20 pi PCR reactions containing Go-Taq Green Master
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Mix (10 1̂ 1), forward primer (10 pM), reverse primer (10 pM) and nuclease free 

water to volume. PCR reactions were performed in a Techne Thermocycler (Bibby 

Scientific Limited, Staffordshire, UK) using the cycle conditions described in table 

8.3.

Table 8.3: PCR cycle conditions for colony PCR

step Temp Time Number of cycles
Initial dénaturation 95°C 15 min 1
Dénaturation 95°C 30 s

25Annealing 54°C 30 s
Extension 72°C 1 min 10 s
Final extension 72°C 10 min 1

To check for successful amplification, 5 pi of PCR product was loaded directly on to 

a 1% w/v agarose gel and electrophoresed at 80 V in Tris-acetate-EDTA buffer (40 

mM Tris-acetate, 1 mM EDTA, pH 8.0) until the dye front reached the bottom of the 

gel.

8.2.6.7 Plasmid propagation and purification

pET0869, pET3464 and pET5049 expression vectors were propagated in E. coli 

NovaBlue and each purified vector was extracted using a QIAprep Miniprep kit 

(Qiagen) Firstly, 10 ml of LB broth supplemented with kanamycin (50 pg/ml) was 

inoculated with an isolated colony containing the vector to be propagated. Cultures 

were incubated at 37°C with orbital shaking (200 rpm) for 16 h and cells were 

pelleted by centrifugation at 5,000 g  for 5 min at 4°C. The pellet was resuspended in 

250 pi of Buffer PI (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 100 pg/ml RNase A) 

and 250 pi of Buffer P2 (200 mM NaOH, 1% w/v SDS) was added to the cell 

suspension which was then mixed thoroughly by inverting the tube 4-6 times. Buffer 

N3 (350 pi) was added to the suspension and the tube inverted a further 4-6 times. 

Material in the tube was pelleted by centrifugation at 18,000 g  for 10 min at room 

temperature and the supernatant applied to a QIAprep spin column by pipetting. The 

column was then centrifuged at 18,000 g  for 1 min and the flow-through discarded. 

The column was washed with 0.75 ml of Buffer PE by centrifuging at 18,000 g for 1
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min at room temperature and the flow-through discarded. The empty spin column 

was centrifuged at 18,000 g  for 1 min at room temperature to remove any residual 

wash buffer. The QIAprep column was transferred to a clean 1.5 ml Eppendorf tube 

and vector DNA eluted by pipetting 50 pi of nuclease free water to the centre of the 

column and incubating at room temperature for 1 min. The column was then 

centrifuged at 18,000 g  for 1 min at room temperature and the concentration of the 

eluted DNA measured on a NanoDrop spectrophotometer. Vector DNA was stored at 

-80°C.

8.2.6.8 Transformation of E. coli BL21 (DE3)

Vectors pET0869, pET3464 and pET5049 containing putative depolymerase genes 

were used to transform E. coli BL21 (DE3) competent cells for the overexpression of 

recombinant proteins. Transformations were performed using 50 ng of purified 

vector DNA following the method described for the transformation of E. coli 

NovaBlue cells.

8,2.7 Expression of recombinant proteins and detection of 
depolym erase activity

An isolated colony of E. coli BL21 (DE3) containing the appropriate expression 

vector was used to inoculate 10 ml of LB broth supplemented with kanamycin (50 

pg/ml) and the culture incubated at 37°C with orbital shaking (200 rpm) for 16 h. 

The overnight culture was then inoculated at a dilution of 1:100 into 50 ml of LB 

broth with kanamycin (100 pg/ml) and cultured at 37°C in a shaking incubator (200 

rpm) until ODeoo of 0.6 was reached. Expression of recombinant protein was then 

induced by the addition of IPTG at a final concentration of 20 pM. The culture was 

returned to the shaking incubator for a further 4 h. Cells were pelleted by 

centrifugation at 5,000 g  for 15 min at 4°C and the supernatant discarded. The cell 

pellet was resuspended in 5 ml of PBS and cells were lysed by sonication on ice (4 x 

30 s bursts at an amplitude of 15 pm using an exponential probe). Cell debris was 

pelleted by centrifugation at 6,000 g for 20 min at 4°C and the supernatant 

containing soluble recombinant protein was passed through a syringe-driven filter

175



w ith  a pore s iz e  o f  0 .2 2  p M  (M il l ip ore ,  H ertfordshire ,  U K )  to r e m o v e  rem aining  

w h o le  ce l ls .  T h e  co n cen tra t ion  o f  so lu b le  protein  w a s  d eterm in ed  u s in g  the protein  

a ssa y  b ased  on the Bradford  m ethod.

R ec o m b in a n t  protein  in the so lu b le  fraction o f  the lysate w a s  e x a m in e d  for 

d e p o ly m e r a se  a ct iv i ty  b y  incubation  w ith  P D G A  and ex a m in a t io n  o f  p o lym er  

d egrad ation  products  b y  S D S -P A G E .  R eac tion  m ixtu res  (20  p i)  co n ta in e d  P D G A  (8  

p g ) ,  E. c o l i  B L 2 I  ( D E 3 )  lysa te  (5 p g)  and P B S  to v o lu m e .  R e a c t io n s  w e r e  incubated  

at 3 7 °C  for 16 h and term in ated  by h eating  at 9 5 ° C  for 10 m in. P D G A  degradation  

p roducts  w er e  e x a m in e d  by  S D S -P A G E .

8.3 Results

8.3.1 ID-zymography

For the v isu a lisa t io n  o f  en z y m a t ic a l ly  a c t iv e  proteins, partia lly  purified  

d e p o ly m e r a se  preparations w er e  an a lysed  by  I D -z y m o g r a p h y  (f igu re  8 .3 ) .

(kOa)

100 — I

D e p C a p D

50

37 -----

Fig. 8.3: Analysis o f  partially purified depolymerase by ID-zymography. Partially purified 

depolymerase (5 pg) was separated by electrophoresis and enzymatically active proteins 

were visualised as clear bands against a dark background following hydrolysis o f
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incorporated PDGA substrate. Lanes: partially purified depolymerase from mixed bacterial 

culture (Dep), positive control (CapD).

Partially  purified  preparation w as separated  by e lec tr o p h o re s is  through a 

p o ly a c r y la m id e  ge l  m atrix con ta in in g  P D G A  under n o n -re d u c in g  c o n d it io n s  and 

en z y m a t ic a l ly  a c t iv e  p roteins identified  f o l lo w in g  renaturation and d ig es t io n  o f  

incorporated  P D G A . A n a ly s i s  o f  partially p urified  preparations b y  ID -z y m o g r a p h y  

revea led  that d e p o ly m e r a s e  act iv i ty  w a s  attributable to a s in g le  p rom in en t  band o f  

a p p r o x im a te ly  3 0  k D a.

B y  running sa m p le s  in parallel and b isec t in g  the ge l  p o s t -e lec tr o p h o re s is ,  o n e  gel-  

h a l f  w a s  a n a ly sed  by  z y m o g r a p h y  and the o ther  sta ined  for v isu a lisa t io n  o f  proteins.  

R ea l ig n m en t  o f  the ge l  h a lv es  then perm itted  correlation  b e tw e e n  areas o f  

d e p o ly m e r a se  act iv i ty  and corresp on d in g  protein  bands ( f g u r e  8 .4 ) .  Protein bands  

c o r re sp o n d in g  to d e p o ly m e r a se  activ ity  w er e  e x c is e d  from the ge l  and proteins  

id en ti l ied  by  L C /M S - M S .

Fig. 8.4: Zymogram alignment. Identical samples were loaded in parallel on the same gel 

and electrophoresed. The gel was bisected, one gel-half  analysed by zymography and the 

other stained for visualisation o f  proteins. The halves were then realigned. The dashed box 

represents the approximate location o f  the gel fragment excised for protein identifieation by 

LC/MS-MS.
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8.3.2 Identifîcation of proteins by LC/M S-M S

In total, more than 30 unique proteins were identified from the excised gel fragment 

by LC/MS-MS (table 8.4). Proteins identified as contaminants (keratin, trypsin) are 

not included in the table. The majority of proteins identified were found to originate 

from P. fluorescens SBW25, suggesting the fluorescent pseudomonad present in the 

mixed bacterial culture shares a high degree of protein homology with this strain.
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Table 8.4: Proteins identified by L C /M S -M S  from an exc ised  gel fragment identified by zym ography. gi number is the G enln fo  Identifier used for the  

retrieval o f  protein sequences from the N C B I  database. Proteins identified as putative depolym erases are shaded grey.

gi num ber Bacterial sp ecies o f origin
Predicted 

m ass (kDa)
Peptides m atched /  

seq u en ce coverage (%)
Protein description /  function

229593361 P. fluorescens  SBW25 13.5 4 /5 4 Conserved hypothetical p rotein  of unknow n function

44888876 P. fluorescens 27.3 4/33 DNA binding response  regula tor

1174662 Rhodococcus erythropolis 54.9 4 /16 EPTC-inducible a ldehyde d ehydrogenase

33592115 Bordetella pertussis 23.2 2 /10 Cysteine syn thase  B

229589329 P. fluorescens  SBW25 30.8 2 /14 Putative glycine be ta ine  binding protein

229593103 P. fluorescens  SBW25 12.4 1/19 Puatative endoribonuclease  L-PSP family protein

229588774 P. fluorescens  SBW25 23.3 2/18 Adenylate kinase

170720477 P. fluorescens  W 619 31.0 1/10 Substra te  binding protein ABC-type glycine be ta ine  t ra n sp o r t  system

229591578 P. fluorescens  SBW25 20.8 1/10 Translation initiation fac tor  IF-3

229592079 P. fluorescens  SBW25 26.4 2/9 Electron tran sfe r  flavoprotein bea t-subun it

77460370 P. fluorescens  PfO-1 28.8 1/6 Putative deoxyribonuclease

209518947 Burkholderia sp. H160 28.3 1/7 T ryptophan syn thase  a lpha subunit

229587620 P. fluorescens  SBW25 14.8 1/9 Osmotically inducible protein  C

144059 B. pertussis 21.3 1/6 Superoxide d ism utase

70733691 P. fluorescens  PfO-1 33.0 1 /8 Amino acid ABC t ra n sp o r te r  /  periplasmic am ino acid binding protein
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gi num ber Bacterial sp ecies of origin
Predicted  

m ass (kDa)
Peptides m atched /  

seq u en ce coverage (%)
Protein description /  function

229588413 P. fluorescens  SBW25 30.5 1/7 Putative am idohydro lase

22950910 P. fluorescens  SBW25 32.2 1/3 Putative carboxym ethy lenebu teno lidase

229592247 P. fluorescens  SBW25 22.0 1/13 Putative superoxide  d ism utase

33592908 B. pertussis 29.4 1/4 Putative exported  protein

70732196 P. fluorescens  Pf-5 33.0 1/4 Amino acid ABC t ra n sp o r te r

229593102 P. fluorescens  SBW25 32.7 1/7 Putative ABC t ra n sp o r te r  su b s tra te  binding exported  protein

229589785 P. fluorescens  SBW25 33.0 1/2 Putative ABC t ra n sp o r te r  su b s tra te  binding exported  protein

229587884 P. fluorescens  SBW25 10.4 1/10 Probable Fê "̂  trafficking protein

229588347 R  fluorescens  SBW25 29.2 1/5 Putative deoxyribonuclease

229592433 P. fluorescens  SBW25 29.5 1/4 M eta lloendopep tidase

164608858 Pseudomonas pu tida 17.8 1/4 Flavin reduc tase
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The majority of the remaining proteins were identified as originating from either 

members of the genus Bordetella or Burkholderia. Both these genera belong to the 

order Burkholderiales, to which Pusillimonas, the second member o f the mixed 

bacterial culture, belongs. Therefore, it is likely that the Pusillimonas strain shares 

protein homology with other members of the order Burkholderiales.

8.3.3 Identification o f putative depolym erases

For the identification of putative depolymerases, proteins identified by LC/MS-MS 

were screened using the following criteria: subcellular location (cytoplasmic or 

unknown), molecular weight (approx. 30 kDa) and predicted protein function 

(enzyme cleaving peptide bonds or other C-N bonds). By applying these criteria, 

three candidate proteins were identified for further investigation.

Candidate 1: Putative amidohydrolase -  PFLU0869

GI number: 229588413 P. fluorescens SBW25 Locus tag: PFLU0869 

The first putative depolymerase is a predicted amidohydrolase originating from P. 

fluorescens SBW25 with a Mw of 30.5 kDa. Its predicted subcellular location is 

cytoplasmic. More specifically, the protein is predicted to be a class 10 nitrilase. 

Enzymes belonging to the nitrilase family cleave C-N bonds during amide 

hydrolysis; the specific substrate for class 10 nitrilases is currently unknown (Pace 

and Brenner, 2001; Brenner, 2002).

Candidate 2: Putative carboxymethylenebutenolidase -  PFLU3464

GI number: 22950910 P. fluorescens SBW25 Locus tag: PFLU3464

The second putative depolymerase is a predicted carboxymethylenebutenolidase 

originating from P. fluorescens SBW25. It has a Mw of 32.2 kDa and its subcellular 

localisation is unknown. Carboxymethylenebutenolidase enzymes ordinarily 

hydrolyse carboxylic ester bonds. However, the amino acid sequence of this protein 

also contains conserved peptidase domains. These include conserved domains
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b e lo n g in g  to the X -P r o  d ip ep t id y l-p ep t id ase  fa m i ly  and Prolyl o l ig o p e p t id a s e  fam ily ,  

s u g g e s t in g  potentia l protease  activ ity .

C a n d i d a t e  3: M e t a l l o e n d o p e p t i d a s e  - P F L U 5 0 4 9

GI num ber: 2 2 9 5 9 2 4 3 3  P. f lu o r e s c e n s  S B W 2 5  L oeu s tag: P F L U 5 0 4 9  

T h e  final putative  d e p o ly m e r a se  is a p red ic ted  m e ta l lo e n d o p e p t id a se  originating  

from  P. f lu o r e s c e n s  S B W 2 5  w ith  a M w  o f  2 9 .5  k D a . Its su b c e l lu la r  loca lisation  is 

l is ted  as u n k n ow n . It is a m em b e r  o f  the p ep t id a se  M 2 3  fam ily .  M e m b e r s  o f  this 

f a m ily  are z in c  m etal lo p ep t id a se s  with a range o f  sp ec if ic it ie s .

8.3.4 Cloning of putative depolymerase genes

Putative  d e p o ly m e r a s e  g e n e s  w e r e  am p li f ied  b y  PGR from g e n o m ic  D N A  extracted  

from the m ix e d  bacterial culture u s ing  o l ig o n u c le o t id e  prim ers a s  d escr ib ed  in 

m ateria ls  and m eth o d s .  Each am plif ied  prod uct  w a s  ex a m in e d  b y  agarose  gel 

e lec tr o p h o re s is  ( f igu re  8 .5 ) .

A B C

(kbp)
3 .0 -

1 .0 ----

0.5 —

F ig .  8 .5 :  Analysis o f  amplified PGR products by agarose gel electrophoresis. Putative 

depolymerase genes were amplified by PGR and the reaction products examined by 

electrophoresis in a 1% w/v agarose gel. PFLU 0869, expected product size 884 bp (.\);  

PFLU3464 (B), expected product size 910 bp; PFLU 5049, expected product size 844 bp (G).
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A m p li f ie d  PC R  p rod ucts  w er e  ligated into the p E T 2 6 b (+ )  ex p re ss io n  v e c to r  to create  

d er iva t ive  e x p r e s s io n  v ec tors  p E T 0 8 6 9 ,  p E T 3 4 6 4  and p E T 5 0 4 9 .  Putative  

d e p o ly m e r a se  g e n e s  w e r e  then o v er ex p re sse d  in the E. c o l i  B L 2 I  ( D E 3 )  h ost  strain 

by addit ion  o f  IPTG to the culture m ed iu m . E x p re ss io n  o f  re co m b in a n t  protein was  

e x a m in e d  by  S D S - P A G E  as sh o w n  in figure 8 .6 .

A
MW Bl AI SF IF

(kDa) #

100  #

#
50-

37-

25 ------#  - , 25-

B c
MW Bl Al SF IF MW Bl

m m -

(kDa) 1 » (kDa) #

100------- #

t
$  "  «.

50— >

' w m # '

3 7 - 4 #  .
m  " " 4 #

F ig .  8 .6 :  Overexpression o f  putative depolymerases. Recombinant proteins PFLU0869 (A); 

PFLU3464 (B); and PFLU5049 (C) were overexpressed in E. co/i  BL2I (DE3) and 

examined by SDS-PAG E . Lanes: crude lysate before IPTG induction (Bl); crude lysate after 

IPTG induction (Al); soluble fraction (SF); insoluble fraction (IF).

A s  sh o w n  in llgu re  8 .6 ,  all three proteins w e r e  strongly  e x p r e s s e d  fo l lo w in g  

induction  w ith  IPTG. V isu a lisa t io n  o f  an in ten se  protein  band circa 3 0  k D a  in all 

crude ly sa tes  p o s t-IP T G  induction  s u g g e s t s  p rote in s  w ere  not truncated  and were  

ex p re sse d  in their m ature form  (P F L U 0 8 6 9  e x p e c t e d  M w  3 0 .5  k D a;  P F L U 3 4 6 4  

e x p e c te d  M w  3 2 .2  k D a; P F L U 5 0 4 9  e x p e c te d  M w  2 9 .5  kDa).  M o r e o v e r ,  a s ign if icant  

proportion o f  r e co m b in a n t  protein from each  ly sa te  w a s  found to be e x p r e s se d  in a 

so lu b le  form , s u g g e s t in g  correct protein fo ld in g .

8.3.5 Depolymerase activity of recombinant proteins

E n zym atic  act iv i ty  o f  p utative  d e p o ly m e r a se s  w a s  d eterm in ed  by  in cu bation  o f  

recom b in an t  protein  in the p resen ce  o f  P D G A  and a n a lys is  o f  p o ly m e r  degradation  

products  b y  S D S - P A G E  (figu re  8.7).
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F ig .  8 .7 :  Depolymerase activity o f  recombinant proteins. Soluble protein (5 pg) from the 

lysate o f  E. co/i  BL2I (DE3) expressing recombinant PFLU0869 ( A ) ,  PFLU 3464 ( B )  or 

PFLU5049 (C) was incubated in the presence o f  PDGA (8 pg) for 16 h at 37°C and 

polynmer degradation products examined by SD S-PA G E . Lanes; lysate before induction 

(Bl); lysate after induction (Al); positive control: CapD (+vc); negative control: PDGA -  no 

enzym e (-ve).

A s  s h o w n  in f igure 8 .7 ,  no  d ep o ly m e r a se  a c t iv i ty  w a s  o b se r v e d  for any  o f  the 

r e com b in an t  proteins.

8.4  D iscu ssio n

Z y m o g r a p h y  is a p o w e rfu l  tool for the id en ti f ica t ion  o f  e n z y m a t ic a l ly  a c t iv e  proteins. 

In this  s tudy, P D G A  w a s  incorporated into a p o ly a c r y la m id e  ge l  m atr ix  for the 

d etec t ion  o f  d e p o ly m e r a se s .  V isu a lisa t ion  o f  a s in g le  e n z y m a t ic a l ly  ac t iv e  band 

p ro v id es  e v id e n c e  that d ep o ly m e r a se  act iv i ty  is  attributable to  an in d iv id u a l protein  

and thus, in turn, to  o n e  iso la te  o f  the m ix e d  bacterial p opulation .

Protein bands that co rresp o n d ed  to a z o n e  o f  d e p o ly m e r a s e  a c t iv i ty  w e r e  e x c i s e d  and  

id en tif ied  by L C /M S - M S .  A lth ou gh  the e x c i s e d  g e l  fragm ent co n ta in e d  o n ly  two  

v is ib le  b ands,  m ore  than 3 0  unique p rote in s  w e r e  identified  b y  L C /M S -M S ,  

h ig h l ig h t in g  the se n s i t iv i ty  o f  the tec h n iq u e .  Indeed , peptide id en ti f ica t ion  by
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LC/MS-MS can be achieved at the sub-femtomole level (McCormack et a l, 1997; 

Gatlin et a l,  1998). However, it also exposes the limited chromatographic resolution 

achieved when separating proteins with similar molecular weights in one dimension. 

For example, a number of non-target “background” proteins are often identified due 

to proteins of approximate molecular weight migrating to the same location during 

electrophoresis.

The vast majority of the proteins identified (80.8%) were found to belong to 

members of the fluorescent pseudomonad group. This result was as expected, since 

LC/MS-MS identification of proteins relies on matching experimentally-derived 

peptide sequences to those currently deposited in searchable databases and no 

genome sequence information is available for members of the Pusillimonas genus. 

Nevertheless, a small minority of proteins belonging to members of the same order to 

which Pusillimonas belongs, the burkholderiales, were identified suggesting a degree 

of protein homology within the order.

Screening of LC/MS-MS identified proteins on the basis of molecular weight, 

subcellular localisation and predicted function led to the identification of three 

candidate depolymerases that were further investigated. The first of these, 

PFLU0869, is a predicted class 10 nitrilase. Members of the nitrilase superfamily are 

classified into 13 different branches (Pace and Brenner, 2001), only one of which 

contains members which hydrolyse nitrile (C=N) substrates. The majority of the 

remaining branches are amidases with varying specificities (Brenner, 2002). 

Enzymes belonging to branch 10 (class 10 enzymes) are termed Nit proteins and 

were originally identified in eurkaryotes as an amino-terminal extension on the 

tumour suppressor protein Fhit (Ohta et a l, 1996; Pekarsky et a l ,  1998). However, 

Nit-related proteins have recently been described in prokaryotes which have no Fhit 

homologue. The substrates for both eukaryotic and prokaryotic Nit proteins are 

unknown (Brenner, 2002).

Protein PFLU3464, a predicted carboxymethylenebutenolidase, belongs to the 

dienelactone hydrolase family of enzymes. Ordinarily, this class of enzymes is 

responsible for the hydrolysis of carboxylic-ester bonds. However, a conserved 

domain analysis of the protein revealed the presence of a S9 Peptidase domain
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(prolyl oligopeptidase) and a S15 Peptidase domain (X-pro dipeptidyl-peptidase). 

Due to the potential capacity of this protein to degrade compounds containing 

peptide bonds and its fulfilment of the screening criteria, it was selected for cloning.

The final candidate, PFLU5049, is a metallopeptidase which belongs to the peptidase 

family M23. Members of this family are Gly-Gly endopeptidases. A conserved 

domain analysis of the protein sequence revealed the presence of a conserved NlpD 

domain. Proteins containing NlpD domains are ordinarily lipoproteins which are 

suspected to be involved in cell wall formation. More specifically, it is hypothesised 

that they may exhibit murein hydrolytic activity (Rudd, 2000). Therefore, NlpD 

proteins are likely to share a similar biological function to NlpC/P60 proteins, which 

are a well characterised family of cell wall hydrolases (Anantharaman and Aravind, 

2003). Interestingly, a poly-y-glutamate depolymerase (PgdS) isolated from B. 

subtilis contains three repeats of the NlpC/P60 domain (Rigden et a l, 2003). 

Therefore, owing to the possibility that NlpD proteins may share some degree of 

substrate specificity with NlpC/P60 proteins, PFLU5049 was selected for cloning.

In this study, the pET expression system was chosen for the overexpression of 

recombinant proteins. All vectors in the pET series express recombinant protein 

under the control of a T7 promoter. Transcription only occurs in the presence of 

bacteriophage T7 RNA polymerase and not prokaryotic polymerase. Therefore, the 

T7 RNA polymerase gene is incorporated into the chromosome of the host 

expression cell {E. coli BL21 (DE3)) and its expression is under control of the lac 

promoter and lac operator. Similarly, the lac repressor is incorporated into the host 

cell chromosome to block undesired transcription of T7 polymerase. Expression of 

the target gene is, therefore, induced by the addition of lactose or a lactose analogue 

(IPTG) to the culture medium. Addition of IPTG results in expression of 

chromosomally located T7 polymerase which, in turn, drives transcription of the 

vector-situated target gene (figure 8.8).

Benefits o f the pET system include tightly regulated expression of target genes and 

the ability to produce vector DNA in the absence of basal level expression of the 

target gene by propagation in T7 polymerase deficient host cells. In this study, the T7 

deficient host E. coli NovaBlue was selected for initial cloning and propagation of
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vec tor  constructs .  E. c o l i  N o v a B lu e  is w e l l  suited as an initial c lo n in g  h ost  o w in g  to  

its h igh  transform ation  e f f ic i e n c y  and recA  /  enclA m u ta tion s  w h ic h  result in high  

y ie ld s  o f  p la sm id  D N A .

IPTG Induction
E. c o l l  R N A  ^
p o f y m w a s B  ^

T 7 R N A
p o iy m a r a s B

T 7 g a n e 1

la c  0
I la c  p r o m o te r

r e p r a s s o r

T 7  R N A  p o ly m a r a s a
T a r g a l g e t »

7 7  p r o m o t e r

l a c l g e t r e

E. coll genom e

HOST CELL
for Expression

F ig .  8 .8 :  IPTG induction o f  recombinant protein expression in the pET system. Taken from 

the Novagen pET handbook.

In this s tudy, the p E T 2 6 b (+ )  vec tor  w a s  se lec te d  for its ca p a c i ty  to e x p re ss  candidate  

proteins w ith  a C -term ina l Hise-tag. A d d it ion  o f  a H ise-tag  to either the C - or N -  

term inus o f  a protein  a l lo w s  rapid purification  o f  the e x p r e s se d  product b y  IM A C .  

H o w e v e r ,  addit ion  o f  H is6-tags can interfere w ith  post-tran scr ip t ion a l protein  fo ld ing ,  

resu lting  in a g g re g a t io n  and lo ss  o f  b io lo g ie a l  act iv ity .  Indeed , in this  study, initial 

ex p re ss io n  o f  P F L U 0 8 6 9  w ith  a C -term inal His6-tag resu lted  in protein  aggregation .  

S u b seq u e n t ly ,  en h a n c ed  so lu b i l i ty  w a s  a c h ie v e d  b y  e x p r e s s io n  o f  can d idate  proteins  

w ithou t  a sso c ia te d  Hisô-tags.

R ec o m b in a n t  proteins w er e  e x a m in e d  for d e p o ly m e r a s e  by  in cu b at in g  BL21 (D E 3 )  

lysate in the p r e sen ce  o f  P D G A . In C hapter S e v e n ,  d e p o ly m e r a s e  act iv i ty  w a s  found
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to be detectable in as little as 0.5 |ig of lysate from the mixed bacterial culture. 

Recombinant proteins overexpressed in the pET system can comprise more than 50% 

of the total cell protein content (Baneyx and Mujacic, 2004) and indeed, in this study, 

all candidate proteins were found to be strongly expressed (figure 8.6). Therefore, 

incubation of host cell lysate in the presence of PDGA provides a simple method for 

the detection of enzymatically-active recombinant proteins without the need for 

further purification.

Assuming that depolymerase activity is attributable to one of the candidate proteins 

cloned in this study, the observed lack of enzymatic activity could be attributable to 

incorrect protein folding. However, erroneous folding of heterologous proteins is 

ordinarily associated with poor protein solubility (Baneyx and Mujacic, 2004) which 

was not observed by SDS-PAGE analysis. Alternatively, lack of activity could be as 

a result of gene mutation following vector ligation and propagation. Since all cloned 

proteins were found to be expressed in good agreement with their predicted 

molecular weights, the possibility of a frame-shift mutation can largely be excluded; 

as such mutations routinely result in proteins of aberrant length. However, point 

mutations cannot be excluded without gene sequencing.

In summary, more than 30 unique proteins were identified by LC/MS-MS, many 

with putative or unknown functions. Depolymerase activity may be attributable to a 

protein which did not fulfil the screening criteria and was therefore overlooked. 

Therefore, subsequent work, described in the following chapter, focused largely on 

improving the chromatographic resolution of the zymogram to reduce the number of 

non-target proteins identified.

188



CHAPTER NINE

IdentiHcation of enzymatically active proteins by 

2D-zymography and cloning of putative depolymerases
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9.1 Introduction

2D-zymography is a powerful electrophoretic technique, based on 20- 

electrophoresis, for the separation of complex protein mixtures and detection of 

enzymatically active proteins. A high degree of chromatographic resolution is 

achieved by 2D-electrophoresis since proteins are separated by their differing 

physical properties in two dimensions: the first dimension uses isoelectric focusing 

(lEF) and separates proteins according to their isoelectric point whilst the second 

dimension separates proteins on the basis of molecular weight using SDS-PAGE. By 

combining these two electrophoretic principles, molecules are more effectively 

separated in comparison to one dimensional electrophoresis due to the low 

probability that any two proteins will have exactly the same isoelectric point and 

molecular weight (Celis and Gromov, 1999). By combining 2D-electrophoresis with 

zymography by incorporation of a substrate into the polyacrylamide gel in the second 

dimension, proteins with enzymatic activity can be effectively resolved and detected.

The first step of 2D-zymography, sample preparation, is of critical importance for the 

effective separation of proteins and detection of enzymatic activity. Ordinarily, 

samples for 2D-electrophoresis are first denatured and reduced using harsh 

conditions, including high concentrations of urea and DTT. Solubilisation and 

dénaturation of proteins in this manner affords optimum resolution during the 2D- 

electrophoretic process. However, 2D-zymography requires that proteins retain the 

capacity to refold to their native state following electrophoresis for the detection of 

enzymatic activity. Therefore, a balance must be struck between protein resolution 

and retention of biological activity.

lEF (the first dimension) separates proteins according to their pi. Proteins are first 

loaded onto a gel containing an immobilised pH gradient and then focused by the 

application of an electrical potential. Proteins migrate through the gel according to 

their net charge and come to rest at a point where their overall charge is neutral. 

Proteins therefore accumulate at a position in the gel corresponding to their pi value. 

Separation in the second dimension by molecular weight and detection of 

enzymatically active proteins occurs as described previously for 1 D-zymography in 

Chapter Eight.
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By concomitantly resolving two identical samples, the resulting gels ean be analysed 

by different methods and eompared. For example, one gel ean be analysed for 

enzymatically active proteins by zymography and the other stained for the 

visualisation of all resolved proteins. Areas of enzymatic activity can then be 

matehed to correlating protein spots which are exeised and identified by LC/MS-MS 

(figure 9.1) as described in Chapter Eight.

This chapter deseribes the use of 2D-zymography and LC/MS-MS for the 

identifieation of putative depolymerases and their cloning and expression as 

recombinant enzymes.
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Fig. 9.1: Identification o f  enzymatically active proteins by 2 D-zymography. Proteins are 

separated in the first dimension according to pi value by lEF (proteins with similar pi values  

are grouped by colour). In the second dimension, proteins are separated according to their 

molecular weight by SDS-PA G E. Enzymatically active proteins are identified by 

zymography and corresponding protein spots excised for LC /M S-M S analysis.
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9.2 Materials and methods

9.2.1 2D-zym ography

9.2.1.1 Sample preparation

Partially purified depolymerase was isolated by I EC as described in Chapter Six. The 

protein concentration of a partially purified depolymerase preparation was adjusted 

to 2 mg/ml with PBS and aliquots containing 20 pg of total protein were combined 

with 105 pi of non-reducing sample buffer (4 M urea, 4% w/v CHAPS, 0.2% v/v 

carrier ampholytes, 0.002% w/v bromophenol blue). Samples were mixed vigorously 

by vortexing and applied immediately to an immobilised pH gradient (IPG) strip for 

lEF.

9.2.1.2 First dimension: Isoelectric focusing (IFF)

9.2.1.2.1 Loading of IPG strips

Protein samples (125 pi) were loaded as a bed along the back of a channel in a 

disposable rehydration tray. IPG strips (Bio-Rad, Hertfordshire, UK) with an 

immobilised pH gradient of 3-10 were carefully placed on top of the sample with the 

gel surface facing down. To prevent evaporation o f the sample, mineral oil (Bio-Rad, 

Hertfordshire, UK) was used to overlay the strips. The rehydration tray was covered 

with a lid and the strips left to absorb the sample overnight at room temperature.

9.2.1.2.2 Isoelectric focusing of IPG strips

Electrode paper wicks were moistened with 8 pi of ultra-pure water and positioned 

on the electrodes of the focusing tray. After rehydration, IPG strips were removed 

from the rehydration tray with a pair of forceps, placed on dry tissue paper with the 

gel side facing up and covered with wet tissue paper for 30 s in order to remove any 

excess mineral oil from the surface of the strip. IPG strips were then positioned on 

the focusing tray with the gel side facing down. Approximately 2 ml of mineral oil 

was layered over the IPG strips, completely covering them to prevent sample
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evaporation during focusing. The tray was positioned in a PROTEAN lEF cell (Bio- 

Rad, Hertfordshire, UK) and the cover closed. Strips were then focused using the 

following conditions:

• Conditioning step: 250 V for 15 min, rapid ramp

• Linear ramp: 250 V to reach 4,000 V for 2 h

• Final focusing: 4,000 V for 10 kVh

• Hold step: 500 V indefinitely

N.B: temperature of the focusing cell was maintained at 20°C 

Maximum current: 50 pA/IPG strip.

Strips were immediately removed from the tray after completion of the focusing step, 

and transferred to dry tissue paper with the gel side facing up. Excess mineral oil was 

removed from the surface of the gel by covering the strips with wet tissue paper for 

30 s. IPG strips were then transferred to a clean disposable tray with the gel side 

facing up and equilibrated for gel electrophoresis.

9.2.1.2.3 Equilibration of IPG strips

Before separation in the second dimension, IPG strips were equilibrated in SDS 

buffer (2% SDS w/v, 0.05 M Tris-HCl pH 8.8, 30% v/v glycerol). IPG strips were 

placed on an equilibration tray with the gel side facing upwards, covered with 2 ml 

of equilibration buffer and gently agitated on an orbital shaker for 15 min; the buffer 

was then decanted.

9.2.1.3 Second dimension: SDS-PAGE

IPG strips were removed from the equilibration tray using forceps and placed into the 

IPG well on a 10% w/v Tris-HCl gel copolymerised with PDGA at a final 

concentration of 0.05% w/v as described in Chapter Eight. Care was taken to ensure 

that air bubbles were not trapped beneath the strip. Agarose overlay solution (0.5% 

w/v agarose, 0.003% w/v bromophenol blue, IX TGS running buffer) was layered 

into the IPG well to secure the IPG strip in place and was allowed to solidify at room
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temperature. Gels were placed in a reservoir filled with TGS running buffer and 

electrophoresed at 125 V until the bromophenol blue dye reached the bottom of the 

gel.

9.2.1.4 Identification of enzymatically active proteins

After electrophoresis, duplicate gels were either stained with Coomassie-based dye 

for the visualisation of protein spots or analysed by zymography. Methods for both 

procedures have been described previously in Chapter Eight. Coomassie-stained gels 

were aligned with zymograms to correlate areas of depolymerase activity with 

individual protein spots. Spots of interest were excised with a disposable scalpel for 

protein identification by LC/MS-MS.

9.2.2 In-gel tryptic digestion o f protein spots

Peptides for LC/MS-MS analysis were extracted from excised protein spots 

following in-gel trypsin digestion as described in Chapter Eight.

9.2.3 Identification o f proteins by LC/M S-M S

Proteins were identified by LC/MS-MS analysis as described in Chapter Eight. 

LC/MS-MS analysis was performed by Dr. Benjamin Thomas at the Sir William 

Dunn Pathology School, Oxford University.

9.2.4 Cloning o f identified proteins

9.2.4.1 Cloning vector and bacterial strains

The pET26b(+) expression vector (Merck KGaA, Darmstadt, Germany) was used in 

all cloning experiments. Amplified genes were cloned into the appropriate restriction 

enzyme sites of the polylinker region. E. coli NovaBlue was used as a host for the
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propagation of pET26b(+) derivatives. E. coli BL21 (DE3) was used for the 

overexpression of recombinant proteins.

9.2.4.2 Genomic DNA extraction

Template DNA for the amplification of genetic material was extracted from the 

mixed bacterial culture as described in Chapter Eight.

9.2.4.3 Primer design and synthesis

Primers were designed using the Clone Manager Software Suite as described in 

Chapter Eight. Primer sequences used for the amplification of identified proteins are 

shown in table 9.1.

Table 9.1: Oligonucleotide primers were designed using Clone Manager software. 

Restriction enzyme recognition sequences are underlined. Restriction enzyme (RE). Gene 

I.D. (gi) relates to the unique identifier prescribed to each gene in the NCBI database.

Gene name / 
Gene I.D. Primer sequence 5’-^3’ RE

PFLU1812 
gi:7817279

Fwd AGCTCCGGCATATGATGAAGATGCGACGACTCTTGGG Ndel
Rev TGGCGCTCGAGTTACTTACCGATCCACTCGGCCACA Xhol

PFLU5729
gi:7821541

Fwd AGCTCCGGCATATGCCGAAAGACCCACGGAGAAT Ndel
Rev TGGCGAAGCTTTCACTCCACCGGATCACTCA Hindin

9.2.4.4 PCR cycle conditions

PFLU1812 and PFLU579 were amplified by PCR as described in Chapter Eight.

9.2.4.5 PCR clean-up

PCR products were cleaned using the Wizard SV Gel and PCR Clean-up system as 

described in Chapter Eight.
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9.2.4.6 Vector construction, expression of recombinant proteins and 
analysis of depolymerase activity

Cleaned PCR products were ligated into the pET26b(+) expression vector following 

restriction with appropriate restriction endonucleases and recombinant protein 

expressed and analysed for depolymerase activity as described previously in Chapter 

Eight.

9.3 Results

9.3.1 2D-zym ography

Analysis of partially purified depolymerase preparations by non-reducing 2D- 

electrophoresis coupled with zymography revealed the presence of a single 

enzymatically active spot of approximately 30 kDa (figure 9.2); this result is in 

agreement with observations made by ID-zymography. The depolymerase has an 

approximate pi value of 9 and is well separated from the majority of proteins within 

the sample which have pi values approximating 5-7.
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MW

( k D a )

2 5 0 -

100 -

Sta in ed  proteins Z ym ogram

37 <1

y -

pl=3 pl=10 pl=3 p l = 1 0

F i g  9 . 2 :  Analysis o f  partially purified depolymerase preparations by 2D-electrophoresis and 2D-zymography. Partially purified depolymerase preparations (20  

pg) were resolved by non-reducing 2D-electrophoresis. Depolymerase activit>' was visualised as a bright spot against a dark background (indicated by white  

arrow) fo llowing hydrolysis o f  incorporated PDGA. The correlating protein spot is indicated on a Coomassie stained gel by a black arrow.
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9.3.2 Identification o f proteins by LC/M S-M S

In total, only two proteins were identified from the excised gel spot by LC/MS-MS 

(table 9.2), indicating significantly better protein resolution was achieved in 

comparison to separation in one dimension. Proteins identified as contaminants 

(keratin, trypsin) are not included in the table. Both proteins identified were found to 

originate from P. fluorescens SBW25.

T a b le  9 .2: Proteins identified by LC/MS-MS from the excised gel spot, gi number is the 

Genlnfo Identifier used for retrieval of the protein sequence from the NCBI database.

gi num ber
Bacterial 
sp ecies of 
origin

Predicted
m ass
(kDa)

Peptides  
m atched /  
seq u en ce  

coverage (%)

Protein description /  
function

229589329 P. fluorescens 

SBW25
30.8 1/16

Putat ive glycine-betaine 

binding protein 

Putat ive ABC t ranspor t
229593102 P. fluorescens 

SBW25
32.9 1/13 protein:  extracellular solute- 

binding protein

Protein 1: Putative glycine-betaine binding protein -  Locus tag: PFLU1812

Glycine-betaine binding proteins play an important role in maintaining cell osmotic 

pressure via regulation of the intracellular concentration of the osmoprotectant solute 

glycine-betaine (Barron et a i,  1987). Although the subcellular localisation of this 

protein is listed as unknown, glycine-betaine binding proteins which have been 

characterised in E. coli are situated in the bacterial periplasm (May et a l, 1986). 

PFLU1812 is basic nature, with a pi of 8.72 and contains no conserved enzymatic 

domains.

Protein 2: Putative ABC transport protein: extracellular solute-binding protein 

-  Locus tag: PFLU5729

ABC transporters are involved in the active transport of various substrates across the 

bacterial membrane at the expense of adenosine triphosphate (ATP). ABC systems 

typically consist of two integral membrane proteins or permeases, two membrane- 

associated proteins which bind and hydrolyse ATP and a periplasmic substrate- 

binding protein (Higgins, 1992). PFLU5729 belongs to the substrate-binding protein
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fam ily .  S u b stra te -b in d in g  proteins are thought to bind so lu tes  in the v ie in i ty  o f  the 

inner m em b ran e  and to a e t iv e ly  transport the  substrate to a e o m p le x  o f  inner 

m em b r a n e  p roteins for eon eentration  into in the c y to p la sm  ( H ig g in s ,  1992).  

P F L U 5 7 2 9  has a pred ic ted  pi o f  7 .66  and co n ta in s  no c o n se rv e d  e n z y m a t ic  d om ains.

9.3.3 Cloning of identified proteins

P F L U I 8 I 2  and P F L U 5 7 2 9  w e r e  am plif ied  by  PCR from  g e n o m ic  D N A  extracted  

trom  the m ix e d  bacterial culture u s in g  o l ig o n u c le o t id e  prim ers as  d escr ib ed  in 

m ateria ls  and m eth o d s .  Each am p lif ied  product w a s  a n a lysed  b y  agarose  gel 

e le c tr o p h o r e s is  ( f igu re  9 .3 ) .

A B

F i g .  9 . 3 :  Analysis o f  amplified PCR products by agarose gel electrophoresis. P F L U I8 I2  ( A )  

and PFLU5729 (B) were amplified by PCR and analysed by electrophoresis in a 1% agarose 

gel. PFLU 1812 expected product size 877 bp; PFL U 5729 expected product size 939 bp.

A m p li f ie d  PC R  p roducts  w er e  ligated into the p E T 2 6 b (+ )  ex p re ss io n  v e c to r  to create 

the d er iva t ive  e x p r e s s io n  v ec tors  p E T I 8 l 2  and p E T 5 7 2 9 .  R e c o m b in a n t  protein was  

o v e r e x p r e s se d  in the E. c o l i  B L 2 I  ( D E 3 )  h ost  strain b y  addit ion  o f  IPTG to the
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culture m ed iu m . E x p re ss io n  o f  recom b inan t  protein  w a s  e x a m in e d  b y  S D S -P A G E  

( f igu re  9 .4 )

MW Bl AI SF IF

(kDa)

100 -

37-

25-

B
MW Bl AI SF IF

(kDa)
1 0 0 -

50-

37-

25-

F ig .  9 . 4 :  Overexpression o f  recombinant proteins. P F L U !812 ( A )  and PFLU5729 ( B )  were 

overexpressed in E. coli BL21 (DE3). Lanes: crude lysate before IPTG induction (Bl); crude 

lysate alter IPTG induction (AI); soluble fraction (SF); insoluble fraction (IF). Arrows 

indicate position o f  recombinant protein.

A s  sh o w n  in f igure  9 .4 ,  both proteins w er e  s tro n g ly  ex p re sse d  f o l lo w in g  induetion  

with  IPTG . V isu a lisa t io n  o f  an intense protein  band eirca 3 0  k D a  in both crude  

ly sa tes  post-1 PTG in du etion  su g g es ts  proteins w e r e  not truneated and w e r e  exp ressed  

in their m ature form s (P F L U  1812  ex p ec ted  M w  3 0 .8  kDa; P F L U 5 7 2 9  e x p e c te d  M w

3 3 .0  k D a) .  A lth o u g h  a s ig n if ica n t  am ount o f  P F L U  1812 w a s  e x p r e s s e d  in a so lu b le  

form, P F L U  5 7 2 9  w a s  found  to be h igh ly  in so lu b le .

9.3.4 Depolymerase activity of recombinant proteins

E n zy m a tie  ae t iv i ty  o f  recom b inan t  proteins w a s  d eterm in ed  by  in eu bation  with  

P D G A  and ex a m in a t io n  o f  p o ly m e r  degrad ation  produets b y  S D S - P A G E  (figure  

9 .5 ) .
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50-
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Fig. 9.5: Dcpolymerase activity o f  recombinant proteins. Soluble protein (5 pg) from the 

lysate o f  E. co li BL2I (DE3) expressing recombinant proteins PFLU 1812 (A) and 

PFLU5729 (B) were incubated in the presence o f  PD G A  (8 pg) for 16 h at 37°C . Polymer 

degradation products were loaded onto an acrylamide gel and examined by SDS-PAGE.  

Lanes: lysate before induction (Bl); lysate after induction (AI); positive control, CapD (-t-ve); 

negative control, PDGA -  no enzym e (-ve).

As shown in figure 9.5, no degradation o f  PD G A  w as observed on incubation with 

either recom binant protein.

9.4 Discussion

In recent years, LC /M S-M S has become the method o f  choice for protein 

identification, provided the expected protein sequence or a h ighly homologous 

sequence is available in a searchable database (B lackstock and Weir, 1999; Perkins 

el a i ,  1999; A ebersold  and Mann, 2003). The technique is sensitive (peptides can be 

detected at sub-fem tom ole  levels) (M cCorm ack el a i ,  1997; Gatlin et a i ,  1998) and 

is compatible with the analysis o f  protein bands or spots following electrophoretic 

separation. O w ing  to the sensitivity o f  the technique, numerous proteins can be 

identified from a heterologous mixture, even w hen present as m inor fractions o f  the
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sample (McCormack et a l, 1997). Therefore, highly resolved protein bands or spots 

are of critical importance for the identification of specific target proteins.

In the previous chapter, LC/MS-MS analysis of peptides extracted from a protein 

band identified by zymography after ID electrophoretic separation (SDS-PAGE) 

resulted in the identification of more than 30 unique proteins. Therefore, in an 

attempt to improve protein resolution, samples were separated in two-dimensions via 

non-reducing 2D electrophoresis. Areas of depolymerase activity were identified by 

zymography and correlating protein spots were analysed by LC/MS-MS. The 

superior resolving power afforded by separation in two-dimensions was found to 

greatly enhance protein separation and subsequently resulted in a large reduction in 

the number of proteins identified from the excised gel fragment.

Appropriate choice of lEF conditions is essential for good resolution of gels in the 

first dimension. IPG strips with different lengths and pH ranges are available and 

these should be selected appropriately for the optimum resolution of target proteins. 

However, in the present study, pi of the target protein was unknown. Therefore, a 

broad pH gradient (pH 3-10) was selected. However, use of such pH gradients can 

result in the clustering of proteins and sub-optimal resolution, a problem that can be 

prevented by selecting longer strips and a narrower pH gradient (Berkelman and 

Stenstedt, 2004).

Analysis of partially purified enzyme preparations by 2D-zymography revealed the 

depolymerase to be basic in nature (approximate pi 9.0). Use o f a more appropriate 

IPG strip, which would better resolve basic proteins, would likely afford better 

separation in future experiments. In addition, proteins could be better separated by 

the use of a larger gel system. For example, IPG strips measuring 7 cm in length and 

SDS-PAGE gels measuring 8.6 x 6.7 cm (W x L) were used for 2D-zymography in 

the current study. However, IPG strips measuring up to 18 cm in length and SDS- 

PAGE gel cassettes measuring 20.0 x 18.3 cm (W x L) are commercially available.

Although scope exists for method optimisation, partially purified depolymerase 

preparations were found to be well resolved using the conditions detailed in this 

study. Subsequent LC/MS-MS analysis of an isolated protein spot, identified by
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zymography, resulted in the identification of two solute-binding proteins, both 

belonging to P. fluor es cens SBW25. Solute-binding proteins play an integral role in 

the transport of molecules across bacterial cytoplasmic membranes and are not 

suspected to be involved in the degradation of protein substrates. Nevertheless, to 

eliminate the possibility that depolymerase activity is attributable to either protein, 

both were cloned, analysed and shown to be devoid of enzymatic activity.

Failure to identify the depolymerase may be due to one of several possibilities. 

Firstly, the amount of protein present within the gel spot may have been too low for 

analysis by LC/MS-MS. However, this unlikely taking into account the sensitivity of 

the technique coupled with the large area of enzymatic activity visualised by 

zymography.

Alternatively, aberrant folding of recombinant protein, resulting in a lack of enzyme 

activity, may have produced a false negative result. Erroneous protein folding often 

results in the production of insoluble aggregates. In the present study, PFLU5729 

was found to be highly insoluble when expressed as a recombinant protein. Since 

PFLU5729 is predicted to be located in the bacterial periplasm, solubility issues were 

likely as a result of its expression in the cytoplasm. Nevertheless, it is highly unlikely 

that depolymerase activity is attributable to PFLU5729 owing to its predicted protein 

function and incorrect subcellular location.

Lastly, there is the strong possibility that the depolymerase is a novel protein which 

cannot be identified by LC/MS-MS analysis. Since protein identification by LC/MS- 

MS relies on matching peptide sequences to those available in a searchable database, 

novel proteins cannot be identified without the availability of a highly homologous 

sequence. To date, no members of the genus Pusillimonas have been subjected to 

genome sequencing and hence identification o f proteins originating from 

Pusillimonas spp. is not possible by LC/MS-MS. Although a number of proteins 

belonging to the fluorescent Pseudomonas sp. were successfully identified, lack of 

Pusillimonas sequence data means that, hypothetically, approximately 50% of 

proteins from the mixed bacterial culture cannot be identified. Therefore, 

identification of the depolymerase by LC/MS-MS is unlikely if the enzyme is 

synthesised by the Pusillimonas sp.
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Although protein identification by LC/MS-MS analysis has many advantages, it is 

limited in its capacity to identify novel proteins. However, other techniques, 

including Edman sequencing, can be used to provide true de novo sequence data. 

Edman sequencing relies on the method of degradation developed by Pehr Edman in 

1949 (Edman, 1949). In this method, the N-terminal amino acid of a protein is 

reacted with phenylisthiocynate to form a phenythiocarbamyl derivate of the protein. 

The terminal amino acid is then cleaved under mildly acidic conditions resulting in 

an intact peptide which is shortened by a single amino acid. The cleaved amino acid 

is converted to a stable phenylthiohydantoin derivative, separated by HPLC, 

compared against amino acid standards and identified by an automated protein 

sequencer. Through repetition of this cyclic process, 20-30 sequential amino acids 

can be sequenced (Gevaert and Vandekerckhove, 2000).

Drawbacks of Edman sequencing include: reduced sensitivity compared to LC/MS- 

MS, the requirement of relatively pure samples, increased cost, longer analysis times 

and the pitfall that N-terminally blocked proteins cannot be sequenced using standard 

conditions. For example, the amount of peptide required for Edman sequencing is 

typically in the low picomole range (Matsudaira, 1987), low compared to the sub- 

femtomole amounts which are required for LC/MS-MS analysis. Nevertheless, many 

of these technical issues can be easily resolved. For example, N-terminally blocked 

proteins can be enzymatically digested with a proteolytic enzyme prior to analysis. 

Subsequent Edman degradation of the resulting peptide fragments can then be used 

to generate internal protein sequence data (Aebersold et a l ,  1987). Additionally, 

Edman sequencing is routinely used for the identification of protein spots isolated by 

2D-electrophoresis (Aebersold et a l, 1987; Hall et a l ,  1993; Haebel et a l, 1995; 

McAtee et a l, 1998). Therefore, de novo sequence data for the depolymerase could 

be generated by combining Edman sequencing with 2D-zymography as described in 

this chapter. In turn, derived peptide sequences can be used to design oligonucleotide 

primers for cloning and expression of the enzyme as a recombinant protein.

In summary, 2D-zymography was found to greatly enhance protein separation and 

resolution, improving the correlation between protein spots and areas of 

depolymerase activity. Failure to identify the protein responsible for depolymerase 

activity by LC/MS-MS strongly suggests the enzyme is a novel protein and is
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elaborated by the Pusillimonas sp. for which no sequence data is available. However, 

Edman sequencing of the identified protein spot could provide true ’‘‘‘de novo'’'' amino 

acid sequence data which can then be used in the design of oligonucleotide primers 

for cloning and expression of the protein.
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CHAPTER TEN

GENERAL DISCUSSION
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The intentional use o f  mierobial pathogens as agents o f  warfare dates back to 

antiquity. Historical reports detail that early biological warfare was w aged by the use 

o f  fomites (objects or substances with the capacity to harbour infectious organisms) 

to intentionally d issem inate pathogenic microbes (table 10.1).

Table 10.1: Early examples o f  biological warfare, adapted from (Frisehkneeht, 2003)

Year Event
1155 Emperor Barbarossa poisons water  wells with human bodies (Tortona, Italy)

Tatar forces catapult  bodies of plague victims over the  city walls of Caffa 
(Crimean peninsula)
Spanish mix wine with blood from leprosy sufferers to sell to their  French 
adversaries (Naples, Italy)
Polish artillery fire spheres filled with saliva from rabid dogs towards  their 
enemies

1763 British distribute blankets from smallpox patients  to  native Americans
Napoleon floods the  plains around Mantua,  Italy to enhance  the  spread of 
malaria
Confederate  army sells clothing from yellow fever and small pox patients to 
Union t roops  during the  American civil war.

1346

1495

1650

1763

1979

1863

The era o f  modern microbiology has, in turn, brought with it a modern age o f  

biological warfare. Ever since Robert Koch developed a m ethod for the isolation and 

culture o f  specific microbes, scientists have been w orking towards bettering our 

understanding o f  microbial pathogenesis. Although this has mostly been for the 

benefit o f  m ankind, for example, the developm ent o f  antibiotics, individuals and 

nations have also been involved in developing and advancing  biological weapons.

Examples o f  the use and developm ent o f  biological weapons from the last century 

are, unfortunately, numerous. Evidence exists that during W orld W ar I Germ any was 

actively involved in the dissemination o f  pathogenic organism s (Robertson and 

Robertson, 1995). It would appear that the majority o f  these attacks were limited in 

nature and directed against livestock. For example, Burkholderia mallei was used by 

G erm an troops to infect horses belonging to the French cavalry (Robertson and 

Robertson, 1995).

By World W ar 11 research devoted to biological w arfare had escalated and biological 

weapons were now targeted against troops and civilians. Between the period o f  1932-
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1945, Japan is known to have established an extensive biological research program. 

Reports suggest that at least 10,000 Japanese prisoners died from experimental 

infections with organisms such as: B. anthracis, Neisseria meningitidis, and Y. pestis 

(Williams and Wallace, 1989; Harris, 1992; Christopher et a l,  1997; Frisehkneeht,

2003). Furthermore, a minimum of 11 Chinese cities were targeted with biological 

weapons by contaminating water supplies and food stocks with pathogens including: 

B. anthracis, V. cholerae. Shigella spp and Salmonella spp (Williams and Wallace, 

1989).

Allied forces were also actively involved in the research of biological weapons 

during the Second World War. Gruinard Island, located off the North-West coast of 

Scotland, was used in 1942 and 1943 to evaluate the use of B. anthracis as a 

biological weapon. Trials were conducted by exploding bombs containing B. 

anthracis spores and distribution was examined by measuring the number of spores 

inhaled by sheep which were tethered downwind of the detonation point (Manchee et 

a l, 1994). The island remained contaminated with viable spores until a 

decontamination effort in 1986.

After World War II, many nations, including the United States, continued their 

research on biological weapons. By the 1960s, the US military had stockpiled an 

arsenal of weaponised pathogens including: B. anthracis, Francisella tularensis. 

Brucella suis, Coxiella burnetti, and Venezuelan equine encephalitis virus 

(Christopher et a l, 1997). In 1970, a consensus panel of consultants from the World 

Health Organisation estimated the number of casualties which would result from a 

biological attack on a major city. They estimated that if 50 kg o f B. anthracis spores 

were released in aerosolised form over a population of 500,000 it would result in

95,000 fatalities with a further 125,000 incapacitated (World Health Organisation 

report, 1970). Figures for other biological agents were equally worrying.

The emerging threat of biological weapons of mass destruction prompted the 

establishment of the Biological Weapons Convention of 1972, a concerted effort by 

the international community to prevent the proliferation and stockpiling of biological 

weapons. However, ratification is not mandatory and signées are not subject to any 

formal verification regime to monitor compliance. As discussed in Chapter One, a
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number of signees have contravened the terms o f the convention by covertly 

researching biological warfare agents for offensive purposes. Additionally, the risk 

posed by non-governmental organisations and individuals should not be discounted, 

especially since monitoring such small groups is notoriously difficult.

The intentional release of B. anthracis has been an omnipresent threat since work 

began on developing anthrax as a biological weapon over 80 years ago (Christopher 

et a l, 1997). Owing to the characteristics of B. anthracis, anthrax has received much 

attention as a potential agent of biological warfare. B. anthracis spores are robust, 

(Manchee et a l ,  1994) readily aerosolised using conventional equipment (Hartley 

and Peters, 2003; Levin and Valadares de Amorim, 2003) and the inhalational form 

of the disease has a particularly high mortality rate (Spencer, 2003). Furthermore, 

spores of B. anthracis can be isolated with high frequency from top soil in a diverse 

range of geographic locations (Van Ness, 1971; Wilkinson and Holmes, 1979; 

Lindeque and Turnbull, 1994; Patra et a l,  1998; Smith et a l ,  2000; Fouet et a l, 

2002; Hugh-Jones and Blackburn, 2009). Obtaining B. anthracis for the development 

of biological weapons would not be too challenging for determined individuals or 

groups.

Recent incidents including the attempted release of B. anthracis spores throughout 

the Tokyo transport system by the Japanese cult Aum Shinrikyo (Carus, 1999) and 

the dissemination of anthrax spores via the U.S. postal service in 2001 highlight the 

fact that we face a real and on-going threat from those who wish to intentionally 

disperse the pathogen. Currently, post-exposure prophylaxis and treatment of 

inhalational anthrax relies on the use of a limited number of FDA approved 

antibiotics. Worryingly, resistance to all FDA approved drugs as well as to other 

antibiotics has been reported in literature (Kim et a l,  1993; Stepanov et a l, 1996; 

Brook et a l , 2001 ; Price et a l , 2003).

The potential for the deliberate dissemination of multi-drug resistant strains of B. 

anthracis means that the development of alternative therapies is a wise precaution 

and a number o f laboratories are working towards this aim. For example, Schuch and 

colleagues (2002) reported the development of a B. anthracis lytic enzyme as a 

potential therapeutic for the treatment of anthrax infections. The bacteriophage
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derived lysin, PlyG, hydrolyses the peptidoglycan of the B. anthracis cell wall, 

effecting bacterial lysis. Administration of PlyG (i.p injection) was found to rescue 

68.4% of mice injected with an otherwise lethal dose (1x10^) of B. cereus RSVFl 

(Schuch et a l,  2002). Although this result highlights the potential of lysins for the 

treatment of anthrax, efficacy of PlyG against fully virulent strains o f B. anthracis in 

vivo has yet to be determined. Additionally, lysins may be unable to penetrate the B. 

anthracis capsule and further work is required to ascertain if this is indeed the case.

The use of antibody therapy, both as a potential prophylactic and as a therapeutic, 

has also received much attention. The focus of this research has been the 

development of monoclonal antibodies (mAb) directed against anthrax protective 

antigen (PA). PA plays a crucial role in the transport of anthrax lethal and oedema 

toxins across host cell membranes. PA forms a heptamer which binds to the surface 

of susceptible host cells which, in turn, binds both anthrax lethal and oedema factors. 

The host cell then endocytoses the toxin complex, leading to its translocation into the 

cytosol. Therefore, mAb directed against anthrax PA have the capacity to neutralise 

the effect of anthrax toxins. Passive protection afforded by administration of anti-PA 

mAb both pre and post-exposure to B. anthracis has been evaluated in a number of 

animal models with varying degrees of success (Cui et a l ,  2005; Hull et a l, 2005; 

Mohamed et a l,  2005; Peterson et a l, 2006; Vitale et a l, 2006). These varying 

efficacies are likely to be a consequence o f the different animal models used and the 

various strains of B. anthracis examined.

B. anthracis pathogenesis is mediated by the elaboration of a PDGA capsule and a 

protein exotoxin complex (Mock and Fouet, 2001; Koehler, 2002). Once germination 

of inhaled spores occurs, vegetative bacilli rapidly synthesise a protective 

polypeptide capsule (Guidi-Rontani, 2002) which allows for unabated bacterial 

propagation. Replicating bacilli then release significant amounts of toxin, resulting in 

host death (Dixon et a l, 1999; Mock and Fouet, 2001). In experimental infections, 

host death has been observed even if sterility of the bloodstream is achieved with 

antibiotics (Brachman, 1980). Therefore, effective, rapid treatment is of critical 

importance. However, a covert bio-terrorist attack utilising multi-drug resistant 

strains of B. anthracis would greatly compromise our current consensus methods of 

treatment.
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The therapeutic paradigm proposed here, the enzyme-mediated removal of the B. 

anthracis anti-phagocytic capsule, presents a treatment option which targets 

vegetative cells at an early stage of the systemic disease and circumvents the threat 

of antibiotic resistant strains owing to its novel mechanism of action. In light of the 

potential of such an approach, I set out to identify a PDGA hydrolysing enzyme with 

characteristics permitting further development as a potential anti-anthrax therapeutic.

The treatment of life-threatening systemic infections by enzyme-mediated removal of 

bacterial protective capsules dates back the seminal work of Avery & Dubos (Avery 

and Dubos, 1931). Although their efforts were largely forgotten with the advent of 

antibiotics, the relentless rise of multi-drug-resistant pathogens means that novel 

therapeutic paradigms, including “capsule stripping”, have seen a resurgence of 

interest. Indeed, the potential of such an approach for the treatment of systemic 

anthrax infections has been recognised by others. Scorpio and colleagues, 

investigating the therapeutic potential of the PDGA hydrolytic enzyme CapD, were 

able to show that depolymerase treated B. anthracis bacilli were subsequently 

amenable to neutrophil and macrophage killing in vitro (Scorpio et a l,  2007). 

However the enzyme was found to perform poorly in vivo and did not provide 

statistically significant protection against spore challenge (Scorpio et a l, 2008). 

Preliminary profiling experiments, conducted as part of the same study, revealed 

CapD to rapidly loose enzymatic activity on incubation with mouse serum. The 

authors attribute the poor in vivo efficacy of CapD to its extreme lability. The labile 

nature of CapD was confirmed in the present work by means of an accelerated 

storage stability study; it was therefore concluded that the stability profile and in vivo 

characteristics of CapD do not support its use as a therapeutic agent.

The use of phages to treat bacterial infections dates back nearly 100 years 

(Bruynoghe & Maisin, 1921) and phage therapy is currently receiving much interest 

(Bruttin and Brussow, 2005; Capparelli et a l,  2007; McVay et a l,  2007; Wall et a l, 

2010). Additionally, phage components are also being examined as potential 

therapeutics (Fischetti et a l, 2006). For example, administration of a phage derived 

capsule depolymerase has been shown to be effective in the prevention and cure of 

experimental neonatal bacterial meningitis caused by the neuropathogenic organism 

E. coli Kl (Mushtaq et a l, 2004).
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Since the majority of phages which infect encapsulated hosts possess capsule 

depolymerases, B. a/i/Zzracw-specific phages were anticipated to be a source of 

PDGA hydrolytic enzymes. Moreover, the encapsulated phenotype of B. anthracis is 

documented as being susceptible to lysis by the diagnostic phage y (Brown and 

Cherry, 1955). However, a panel of seven B. anthracis phages examined in this 

study, including phage y, were found to be devoid o f depolymerase activity. 

Additionally, B. anthracis cells grown under conditions which promote capsule 

expression were found to be resistant to lysis by phage y, an observation that 

contradicts the results of Brown & Cherry.

The results presented in this thesis make an important contribution to the 

characterisation of phage y. Additional experiments will be required to confirm the 

resistance of encapsulated B. anthracis to phage y lysis and such experiments should 

examine a wider panel of phage y stocks, since laboratory stocks have been shown to 

be genetically heterogenous (Schuch and Fischetti, 2006). Furthermore, additional 

strains of B. anthracis will need to be examined to ensure the result is not strain- 

specific. If the result is confirmed, the concept of treating anthrax by phage therapy 

may need to be re-evaluated. Current guidelines for the identification of B. anthracis 

by phage y lysis may also need reviewing; conditions which promote B. anthracis 

capsule synthesis will need to be avoided for correct diagnosis.

In much the same way that Avery & Dubos identified an enzyme of bacterial origin 

with the capacity to degrade the pneumococcal capsule, soil enrichment was 

successful in isolating a mixed bacterial culture containing two bacilli which, when 

cultured together, elaborated a PDGA hydrolysing enzyme. Although beyond the 

scope of the current study, the elucidation of the mechanisms involved in the 

metabolism of PDGA by the mixed bacterial culture could provide useful insights 

into a potentially novel mutualistic relationship.

The use o f zymography to separate and identify enzymatically active proteins from 

partially purified cytoplasmic preparations represents, as far as I know, the first use 

of this technique for the characterisation of PDGA hydrolysing enzymes. 

Cytoplasmic protein preparations were highly resolved by 2D-electrophoresis and

213



depolymerase activity was found to be attributable to a single protein with a 

molecular weight of approximately 30 kDa and a pi of approximately 9.0.

Although LC/MS-MS analysis did not permit the identification of the enzymatically 

active protein, future work should focus on optimising the proteomic techniques 

already employed and explore alternative genomic approaches.

As discussed in Chapter Nine, further analysis by 2D-electrophoresis, involving 

larger two-dimensional gels and optimised conditions, should further improve 

protein resolution. Analysis of highly resolved spots by Edman sequencing could 

then provide de novo sequence data for the identification of novel proteins.

Together with proteomics, a number of genomic approaches to protein identification 

are available and should be given careful consideration. For example, recent 

advances in genome sequencing, including pyrosequencing, means that entire 

bacterial genomes can now be sequenced quickly and relatively cheaply. The advent 

of high-throughput DNA sequencing, such as 454 sequencing, allows approximately 

400-600 megabases of DNA to be sequenced in a single 10 hour run (Voelkerding et 

a l,  2009). The genome of P. fluor es cens SBW25 is approximately 6.7 megabases in 

size (Silby et a l,  2009) and therefore comparatively small in size. Whole-genome 

sequencing of both bacterial isolates would provide the genomic sequence data 

necessary to infer amino acid sequences for all proteins present within both bacterial 

proteomes. Bioinformatics could then be utilised to identify putative depolymerases 

by searching the proteomes for regions of high sequence similarity to known PDGA 

degrading enzymes. Additionally, previously generated LC/MS-MS spectral data 

could be searched against the newly inferred proteomes. In this way, previously 

unidentifiable peptides present within excised spots could be matched to the proteins 

from which they originated, aiding the identification of putative depolymerases.

As an alternative to whole-genome sequencing, the creation of a protein expression 

library would provide a means to screen both bacterial proteomes for a target protein 

(depolymerase) using one of several detection methods. Partial digestion of bacterial 

chromosomal DNA followed by insertion of the resulting nucleic acid fragments into
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a suitable expression veetor would allow for the entire genome of each organism to 

be represented.

Specifically, chromosomal DNA from the mixed bacterial culture could be extracted 

and subjected to a partial digest with a suitable restriction enzyme such as Sau3AI. 

Performing a partial digest ensures that the restriction enzyme will not cut at all of 

the possible recognition sites due to sub-optimal digestion conditions. As several 

copies o f the genome are present in the reaction mixture, this results in a digestion 

containing a number of possible fragment lengths for any specific location on the 

chromosome. This maximises the probability that a resulting DNA fragment will 

contain the gene of interest in its entirety. The digestion mixture can subsequently be 

separated by agarose gel electrophoreses and DNA fragments o f an appropriate 

length excised and purified. The size of the DNA fragments selected for cloning is 

dependent on the expected size of the target gene and the maximum insert size which 

is stable in the expression veetor used to construct the library.

A number of vectors are commercially available for the construction of expression 

libraries and choice of vector is dependent on a number of factors including overall 

genome size and size of insert DNA. Of particular interest is the possibility to use 

bacteriophage X as an expression vector. Bacteriophage have numerous advantages 

as expression vectors including accepting larger DNA inserts compared to the 

majority of plasmids and the possibility to plate a greater number of clones on a 

single plate, meaning that an entire bacterial proteome can be represented in fewer 

clones using fewer plates.

The commercially available X Zap Express Veetor System (Stratagene, California, 

USA) accommodates DNA inserts from 0 to 12 kb in length which can be cloned 

into the lacZ gene of the lambda genome for the expression of encoded products as 

fusion proteins under the control of the lac promoter. Resulting recombinant 

bacteriophage are plated on a lawn of susceptible host bacteria and the expression of 

fusion protein is induced during bacteriophage replication by the presence of IPTG. 

Resulting bacteriophage plaques, each containing expressed protein, can then be 

screened for the presence of a protein of interest using a range of detection methods.
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In relation to the identifieation of PDGA degrading enzymes, protein expression 

libraries created using the X Zap Express Vector System could be screened for 

depolymerase producing clones by the addition of methylene blue-stained PDGA to 

the phage overlay agar. Bacteriophage clones expressing active deplolymerase would 

be identifiable by a zone of clearing against a blue background surrounding positive 

plaques. The zone of clearing being due to hydrolysis of stained PDGA incorporated 

into the overlay agar. Depolymerase producing clones could then be purified by the 

excision of positive plaques and subsequent rounds of enrichment and selection. 

With the aid of the m l3 filamentous helper phage, the insert can be excised and 

characterised as a stable phagemid. Additionally, the phagemid contains a number of 

primer sites for sequencing of the insert containing the depolymerase ORF.

In the present study, partially purified depolymerase preparations were found to be 

potent, specific and stable; therefore, the depolymerase warrants further in vitro and 

in vivo investigation as a putative anti-anthrax therapeutic. Further characterisation of 

the enzyme, using homogenous preparations of purified recombinant depolymerase, 

will be important in determining its pharmaceutical potential. Enzyme stability 

should be examined in murine and human plasma, murine intraperitoneal fluid, urine 

and tissue homogenates. Additionally, pharmacokinetic parameters should be 

established using radiolabelled depolymerase to determine the in vivo fate of the 

enzyme.

Since the primary aim of this work is to prove that enzyme-mediated hydrolysis of 

the B. anthracis protective capsule represents a novel paradigm for the treatment of 

systemic anthrax infections, demonstrating efficacy in an animal model of infection 

will also be of importance. Careful thought should be given to the animal model 

selected since anthrax pathogenicity and the efficacy of various treatments has been 

found to vary widely between different experimental models (Goossens, 2009). 

Moreover, a number of studies have employed animal models in which delivery of B. 

anthracis spores is achieved by i.p., subcutaneous or intramuscular injection. Such 

portals of entry do not mimic the natural route of infection for systemic anthrax 

infections, which occur by inhalation of B. anthracis spores.
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The model of anthrax infection developed by Lyons and colleagues (Lyons et a l,

2004), used by Drysdale and co-workers (2005) to determine that the presence of the 

B. anthracis capsule biosynthesis operon is essential for pathogenesis, is of particular 

interest. In this mouse model of infection, B. anthracis spores are delivered to the 

lung via intratracheal administration. B. anthracis bacilli have been observed to 

disseminate to the spleen and bloodstream, as would occur in human cases of 

infection (Mock and Fouet, 2001). Since this model replicates the natural portal of 

infection and closely mimics the clinical pathogenesis of human anthrax, it should be 

considered most suitable for depolymerase efficacy studies.

The potential for the malicious dissemination of multidrug resistant strains of B. 

anthracis demands that alternative approaches to the treatment of anthrax be 

investigated. This study represents the first stage in the development of a novel 

therapeutic for the treatment of systemic anthrax infections. The identification of a 

potent, specific and stable PDGA hydrolytic enzyme is an important contribution to 

this goal. Future studies, involving the cloning and expression of recombinant 

depolymerase, will allow further in vitro and in vivo investigation of the therapeutic 

potential o f this enzyme.
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