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Thesis Abstract

Bacterial microcompartments were initially observed in the 1950s and since that
time, research in the field has focused on the unique properties of their

proteinaceous structures and their role in the bacterial cell.

This thesis investigates the properties of the propanediol utilization (Pdu) and
ethanolamine (Eut) utilization microcompartments and applications of their
components in the cells of Lactobacillus reuteri, and Escherichia coli

predominantly, with additional investigation into Yersinia spp.

The experimental chapters of this thesis initially investigate the application of
bacterial microcompartments as tools for compartmentalizing metabolic
reactions, in particular regarding the uptake of phosphate from extracellular
environment and the retention of polyphosphate intracellularly. This was
observed experimentally through the engineering of recombinant constructs
containing genes encoding microcompartment-directed polyphosphate kinase
enzyme. Bacterial phenotypes conferred by these constructs with respect to
enhanced net uptake of phosphate from the environment were defined, and
potential applications as a clinical therapy addressed in an animal trial, which
utilized the phosphate-uptake constructs which had been created. In the trial,
recombinant bacteria expressing these constructs were successfully delivered in
therapeutic quantities to the target (small intestine) of rats experiencing induced
renal failure, with no adverse effects were observed. However inter-group animal
variation regarding baseline blood mineral content was larger than the expected

therapeutic effect and therefore no therapeutic effect could be demonstrated.




Additionally, novel phenotypic differences conferred by induction of Pdu and
Eut microcompartments and empty recombinant microcompartments on host
cells were identified. These identified an observable phenotypic difference in
buoyant density between strains expressing the Pdu and Eut microcompartments.
Futher investigation into the potential function and phenotypic differences of
strains expressing microcompartments were supported by methodological
developments including the use of imaging instruments such as the FIB-SEM,
and microcompartment extraction from cells. These technical developments
enabled additional observations regarding the characteristics of

microcompartments and provided novel information.
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1.0. Abstract

Bacterial microcompartments (MCPs) offer promise for the future of synthetic
biology and metabolic engineering. The ability to offer increased reaction and
enzymatic efficacy through cellular compartmentalization is common in
eukaryotes, but was presumed non-existent in prokaryotes. However, levels of
compartmentalization offer benefits to natural, and potentially synthetically
engineered bacterial systems. The possible retention of toxic intermediates, or
volatile metabolites are all possible roles discussed for native
microcompartments, which have been identified in many diverse bacterial
genera, including pathogens and commensals, Gram positives and Gram

negatives.

Those genera that produce microcompartments attribute a large number of genes
to their generation and the identification of >50 microcompartments within a
single bacterial cell under electron microscopy indicates an important role in the

limited spatial arrangement of the bacterial cell.

Knowledge of mechanisms by which bacteria gain energy and resources from
microcompartment-mediated metabolism may illustrate potential vulnerabilities
in the processes by which some pathogens multiply in the gut, or alternatively
may indicate potentially biotechnological or clinical applications such as the
ability to accumulate intracellular phosphate within a microcompartment, which

is to be a focus point in the experimental chapters of this thesis.

Phosphate and polyphosphate act within the prokaryotic bacterial cell to regulate
aspects of metabolic and stress responses. Within the human body, phosphate

levels are regulated in parallel with calcium by the parathyroid hormone, and a
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resulting dysfunction in this balance can lead to disruption of the blood and renal
system, resulting in the illness hyperphosphatemia. This accumulation of
phosphate in the blood requires treatment using a variety of interventions
including the use of oral phosphate binders, and dietary control of phosphate
intake.

The potential to apply a microcompartment-mediated uptake system, expressed
in a probiotic host, may offer some alternative options for relieving excess
phosphate and hyperphosphataemia.

Sections 1.1-1.3 will discuss the functionality and characteristics of bacterial
microcompartments, particularly  focusing on the Pdu and Eut
microcompartments. Sections 1.4-1.7 will then discuss the role of phosphate
within bacteria and the human body, and how excess phosphate in the body is

typically treated.
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1.1. Discovery of bacterial microcompartments

Bacterial microcompartments (MCPs) are small proteinaceous structures
originally observed within bacterial cells in the 1950s (Drews & Niklowitz,
1956). They possess a distinct polygonal shape, which triggered their
identification by electron microscopy. This unusual geometric shape caused
MCPs to be initially mistaken for phage capsids (Peters, 1974). However
expanding research into the structures and their properties identified MCPs as

being distinctive novel structures.

Initially observed in the cyanobacterium Phormidium uncinatum in 1956 (Drews
& Niklowitz, 1956) these MCPs were dismissed as being inclusion bodies or
aggregates. After some time, their distinct polygonal shape was identified in
many more bacterial species, primarily cyanobacteria including Nostoc
punctiforme (Yeates et al, 2010) However since the early 1970s,
microcompartments have been identified, through genome sequencing, in
approximately 400 genomes, including diverse genera such as Lactobacillus,

Clostridia, Klebsiella, and Salmonella (Kerfeld et al., 2010).

Due to their distinct proteinaceous composition, it is possible to extract
microcompartments as a distinct fraction from the bacterial cell, originally
through the use of sucrose density gradient centrifugation, which produced the
first extracted MCP from Halothiobacillus neapolitanus in 1973 (Shively et al.,

1973).

On extraction, the unique structure now associated with MCPs could be
identified, distinguishing them from inclusion bodies or other vacuoles. These

polyhedral structures were then denoted as carboxysomes, due to the presence of
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ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) within the MCP

(Shively et al., 1973).

1.1.1. The function of the microcompartment

Due to the wide range of bacteria that produce bacterial MCPs, they appear to
have varying functions, mainly centered on either anabolic (building up) or
catabolic (breaking down) activities. This division into anabolic (typically
carboxysomes) and catabolic (typically metabolosomes) is dependent upon their

cargo enzymes (Aussignargues et al., 2014).

B
Anabolic (Carboxysome) Catabolic (Metabolosome)
HCO, s 0 A
ubstrate R \OH
R)kH alcohol
aldehyde NA(
“Signature"Enzyme
BMC-P

AVA
- 2x 3-PGA ¢
VAV Secondary Products <
BMC-H WY \
BMC-T 3-PGA

Figure 1.1. Schematic illustrating the anabolic and catabolic MCPs (Axen et al., 2014)

For carboxysomes, which are predominantly observed in autotrophs, their role is
primarily anabolic carbon-fixation, particularly in cyanobacteria. Cyanobacteria
are one of the key contributors to the global carbon cycle, where they play roles
in marine and terrestrial ecosystems (Cameron et al., 2013). The carboxysome
plays a key role in the Calvin-Benson-Bassham cycle, where it is a core factor in
the carbon concentrating mechanism (Price ef al, 1992). In the carboxysome,
CO; fixation is enhanced through the encapsulation of key enzymes ribulose 1,5-

bisphosphate carboxylase/oxygenase (RuBisCO), a carbon fixing enzyme, and
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carbonic anhydrase. This shift reduces the reaction with O,, which is a

competitive substrate (Heinhorst et al., 2006).
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PF00936: CcmK1 K2, K3 K4,0P

Figure 1.2. [llustration of the carboxysome microcompartment (Kerfeld et al., 2010)

In contrast, in heterotrophic bacteria, the two most common MCPs are the
propanediol (Pdu) and the ethanolamine (Eut) microcompartments. As
mentioned, these MCPs are more directly focused on catabolic activity -

breaking down substrates within their enclosed shells.

1.1.2. The common structure of the microcompartment

A unifying structural feature of the MCPs is a thin enclosing shell composed
mainly of thousands of small protein subunits, which all belong to a family of
homologous BMC (bacterial microcompartment) shell proteins. The BMC shell
proteins have been identified across many bacteria; originally in the
carboxysome (English et al., 1994) and then subsequently in the pdu operon of

Salmonella (Chen et al, 1994) and also the ethanolamine (eut) operon of
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Salmonella (Stojiljkovic et al., 1995). Currently, 1700 unique BMC-containing
proteins have been identified, in 10 different phyla (Yeates et al., 2011). The
typical length of the commonest BMC domain is approximately 90 amino acids,
with an alpha/beta fold (Kerfeld ez al., 2005). The shell proteins form hexamers
that go on to act as the foundation of the shell (Figure 2.1). The commonest
BMC proteins (hexameric shell subunits) contain a single copy of the Pfam
domain PF00936, and are called BMC-H. Longer shell proteins (BMC-T) are a
fusion of two of the PF00936 domains and form trimers (pseudohexamers).
Another non-homologous Pfam domain PF03319 is associated with a minority of

shell proteins including some that form pentamers (BMC-P) (Axen et al., 2014).

Each hexamer has a two-sided shape, with a prominent bowl-shaped depression
on the side containing the N-termini and C-termini (Yeates et al., 2010). A
narrow pore also exists through the middle of the hexamer, along the six-fold

axis of symmetry (Yeates et al., 2011).

The carboxysome typically assumes an icosahedral shape, which is guided by the
homologous proteins CemL and CsoS4A (PF03319, BMC-P), which form a
small proportion of the overall shell proteins and are present in different
carboxysome types. These are pentamers and are hypothesized to form the
vertices of the MCP shell, resulting in the distinct and recognizable icosahedral
shape (Tanaka et al., 2008), which was identified using EM cryotomography
(Schmid et al., 2006). However in structural assembly studies of Pdu and Eut
MCPs, these pentameric proteins proved more difficult to crystallise. In fact
Salmonella EutN, which is homologous to CcmL, was found to form hexamers

on crystallization (Tanaka et al., 2008). However, charge-based native gel

18




separation shows EutN from E. coli is pentameric in solution, despite this
hexameric crystal structure (Wheatley et al., 2013) and it has been proposed that
these proteins should be called BMV (bacterial microcompartment vertex

proteins).

CcmL/CsoS4 BMC shell proteins

Figure 1.3. Figure illustrating simplified microcompartment shell assembly

(credit: Yeates et al., 2011)

Surprisingly, within the various BMC domain proteins, there is a large degree of
variation regarding confirmation and tomography. Many of the BMC proteins
contain tandem-BMC domains, which have been identified in all MCPs (e.g.
PduT, EutN, PduB) These tandem-BMC domains result in the construct of a
symmetric trimer with pseudo six-fold symmetry (Klein et al., 2009). These
variants have been observed to cause conformational changes which affect the
central pore of the hexamer. In addition, there both single and tandem-domain
BMC can be permuted shell proteins (PduU, EutS, EtuB), which result in the
production of the N-terminus and C-terminus at different spatial locations, and
allow the blocking of the pore by an extended 6-stranded beta barrel tail (Tanaka
et al., 2009).
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To build further on these findings, different tandem-BMC domain proteins can
be arranged in opposite order in the pseudohexamer, including those assembled
from two circularly permuted domains (EutL, EutD) and two canonical BMC
domains (PduT); (Crowley et al., 2010) (Tanaka et al., 2010). Other variations
include enzyme components and co-factors. Recent bioinformatics analysis has
found 23 different types of BMCs encoded in 30 distinct locus subtypes found in
23 bacteria phyla (Axen et al., 2014). The focus of this study will be however
primarily be on the Pdu and Eut MCPs, and their genetics, structure and

metabolic roles are further detailed further in the sections below.
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a-Carboxysome (e.g. Halothiobacillus neapolitanus)

CsoS1A Single-BMC domain hexamer | Major shell component (Tsai et al., 2007)
CsoS1C Single-BMC domain hexamer | Major shell component (Tsai et al., 2009)
CsoS1D Tandem-BMC domain Trimers stack to form a hexamer with D3
(permuted) trimer symmetry; open and closed conformations suggest
gated transport (Klein et al., 2009)
CsoS4A/B Pentamer (non-BMC domain) | Minor shell component; believed to form

icosahedral vertices.

p-Carboxysome (e

.g. Synechocystis PCC6803)

CemK1

Single-BMC domain hexamer

Major shell component (Tanaka et al., 2008)

CcemK2 Single-BMC domain hexamer | Major shell component (Samborska & Kimber,
2012)

CcmK4 Single-BMC domain hexamer | Minor shell component (Kerfeld et al., 2005)

CemL Pentamer (non-BMC domain) | Minor shell component; believed to form

icosahedral vertices.

Pdu Microcompartment (e.g. Salmonella enterica,

Lactobacillus reuteri)

PduA Single-BMC domain hexamer | Major shell component (Pang ef al., 2014)

PduB Tandem-BMC domain trimer | Major shell component, subunit pore rather than
central pore (Pang et al., 2012)

PduT Tandem-BMC domain trimer | Pore likely involved in electron transport or Fe-S
cluster transport (Pang et al., 2011)

PduU Single-BMC domain hexamer | Minor shell component; pore is blocked by 6-

(permuted)

stranded B-barrel in crystal structure (Crowley et
al., 2008)

Eut Microcompartment (e.g. S. enterica & E. coli)

EutK Single-BMC domain fused to | HTH motif with positively charged surface
helix-turn-helix (HTH) suggests role in nucleic acid binding (Tanaka et
domain al., 2009)
EutL Tandem-BMC domain trimer | Pore observed in open and closed conformations;
probable role in gated transport (Sagermann et al.,
2009)
EutM Single-BMC domain hexamer | Major shell component (Tanaka et al., 2009)
EutN Non-BMC domain hexamer Crystallizes as a hexamer despite homology to
pentameric CcmL/CsoS4 family; pentameric
association from gel.
EutS Single-BMC domain Hexamer forms bent structure with C2 symmetry;
(permuted) hexamer possible role in edge formation within shell
(Tanaka et al., 2009)
Other Microcompartments
EtuB Tandem-BMC domain Part of presumptive ethanol utilization
(permuted) trimer microcompartment in Clostridium kluyveri.
PduT homolog Tandem-BMC domain trimer | Part of microcompartment of uncharacterized

function in De
sulfitobacterium halfniense.

Table 1.1. Table illustrating known structures of shell proteins from bacterial
microcompartments (Yeates et al., 2011)
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1.1.3. Why compartmentalize?

In bacteria that produce MCPs, they often dedicate a large amount of genetic
information to its function — Salmonella has 40 genes encoding the Pdu MCP
(Bobik et al., 1999). The BMC domains, which encode for the MCP shell, are
also highly conserved across MCP-associated species. There are benefits for
cellular compartmentalization; enzymes like RuBisCO can have slow reaction
turnover, which could be alleviated by access to a local concentration gradients
of substrates (Eichelmann et al., 2009). Metabolites can also be required to
participate in many competing reactions, which can reduce their availability and

lead to pathway bottlenecks (Xu et al., 2011).

In eukaryotes, this method of metabolic compartmentalisation is not uncommon
— the perixosome is a membrane organelle that contains reactions relating to the
catabolism of hydrogen peroxide (Gehrmann & Elsner, 2011). Bacterial MCPs,
due to their hexameric shell proteins, contain a number of pores postulated to
regulate substrate transport (Klein ez al., 2009). This allows isolation of reaction
intermediates from the rest of the cell, providing high concentrations of

substrates, removing the problem of enyzmes such as RuBisCo.

Compared to the cytoplasm as a whole, quantification calculations indicate that
there is a significant concentration effects which apply to enzyme kinetics within
the MCP. A bacterial MCP is approximately 1000™ the volume of a bacterial cell
(a typical E. coli cell is approximately 1um?®), (Vendeville ez al., 2011). Utilising
Avogadro’s number (6.02 x 10) and calculating 1 litre = 1.0 x 10" pm’, this

indicates that in the cytoplasm, a single enzyme molecular represents an enzyme
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concentration of approximately 10° M (nanomolar), whilst the same molecule

within the MCP actually is equivalent to micromolar concentration.

In addition, based on stochastic modeling, classical Michaelis-Menten kinetic
calculations likely underestimated the rates of catalyzed reactions occurring
within the MCP (Conrado et al, 2007), (Grima, 2009). This information
indicates that the fundamental effects of molecular crowding prompt the process

of compartmentalization within the MCP.

This is also research indicating that the presence of MCPs within a cell is
associated with spatial organisation. Carboxysomes align themselves along the
main axis of the cell, with the cytoskeletal component ParA required for this
correct alignment to occur (Cornejo et al., 2014). This connection is still not
fully elucidated, but may provide information that could aid the design of novel

synthetic structures (Chen & Silver, 2012).

There is also evidence for a contribution of the Pdu and Eut microcompartments
to the mitigation of potentially toxic aldehyde intermediates (Penrod & Roth,
2006), (Sampson & Bobik, 2008). The relevant studies for each

microcompartment are included under their individual sections.
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intermediates; (3) reducing toxicity; and (4) reducing competition. (Credit: Lee et al., 2012; Chen & Silver,

2012).
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1.2. Propanediol utilization (Pdu) Microcompartment

1.2.1. Identification

The propanediol utilization (Pdu) microcompartment was initially identified in
1994, when homologues of carboxysome shell proteins were identified in a gene
cluster associated with the metabolism of 1,2-propanediol in the strain
Salmonella enterica serovar Typhimurium (Chen ef al., 1994). This coenzyme-
B12 dependent metabolism was hypothesized to take place within the
encapsulation of the proteinaceous MCP, thus protecting the cell from the toxic
intermediate, propionaldehyde (Havemann et al., 2002). This demonstrated that
bacterial MCPs were involved in additional metabolic processes beyond CO;
fixation, and heralded the discovery of the Pdu microcompartment in the

presence of 1,2-propanediol.

1.2.2. Genetics
The Pdu operon is approximately 19kbp long, encoding for up to 23 genes with
products related to the metabolism of 1,2-propanediol (Crowley et al., 2010).

The breakdown of this operon can be observed in Table 3.1.

The Pdu microcompartment appears more complex than its related counterpart,
the carboxysome, with more enzymatic capabilities. It contains the key enzymes
for 1,2-propanediol metabolism (Parsons ef al., 2010). The genes encoding 1,2-
propanediol utilization can be identified in a contiguous cluster (pocR, pduF’, and
pduABB’CDEGHJKLMNOPQSTUVWX), which encodes enzymes for the
breakdown of 1,2-propanediol and cobalamin recycling, along with the formation

proteins for the MCP (Bobik et al., 1997).
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‘ No. of genes Genes Encoding Source

7 pdud, pduB, pduB’, Eight shell proteins Frank et al,, 2013
pdud, pduK, pduN, (further details Table
pduU, pduT* 2.1)
7 pduCDE, pduL, Metabolic enzymes Leal et al.,, 2003; Liu et
pduP, pduQ, pdulW al., 2007
4 pduGH, pduO, Cobalamin & Bobik et al., 1997; Cheng
pduS* dehydratase and Bobik, 2010; Johnson
reactivation et al, 2001; Parsons et
al., 2010b
1 pduX Cobalamin synthesis Fan and Bobik, 2008
1 pduF Propanediol diffusion Chen et al., 1994
faciliator
1 pduV MCP/cytoskeleton Parsons et al., 2010a
interaction
1 pduM Structural protein Sinha et al., 2012

Table 1.2. Table indicating the gene breakdown of the Pdu microcompartment (Frank et al.,
2013)

* not present in L. reuteri Pdu MCP (Sriramulu et al., 2008)

1.2.3. Structure

Appearing relatively heterogeneous in size, the Pdu microcompartments have
been observed as being between 120-160 nm in diameter (Havemann et al.,
2003). Their shape, as previously mentioned in Section 2.1.2., is less regular than
that of the icosahedral carboxysome, and tends be appear more polyhedral with
various irregular facets (Kerfeld et al., 2005). The MCP shell is estimated to
contain approximately 4000 protein subunits (Yeates et al, 2008), which
surround an additional <15,000 protein molecules (Cheng et al., 2008). In the
Pdu microcompartment, the first shell protein to be crystalized was PduU

(Crowley et al., 2008).
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Figure 1.5. The Pdu operon, including structural and enzymatic genes. (Crowley et al., 2010)

As mentioned in Section 2.1.2., and Table 2.1., the Pdu MCP shell is formed by
the paralogous structural proteins belonging to BMC Pfam domain PF00936
PduA,B,J,K,T and U, and PduN (Pfam 033190). This involvement of multiple
distinct BMC domains appears to be a highly conserved feature amongst the

MCP family (Beeby et al., 2009).

A distinct feature of the Pdu microcompartment is the presence of two forms of
PduB; PduB and PduB’. The difference between these two forms is a mere 37
amino acids, and occurs due to two translation start sites on the polycistronic
message (Parsons et al., 2008). This produces a slight variance in protein size;
PduB is 28kDa, whilst PduB’ is 24kDa. This can be identified by SDS-PAGE

analysis. The crystal structure relates to the full length PduB (Pang ef al., 2012).

Targeting of a heterologous protein to a microcompartment has been achieved by
fusion with the N-terminal 42 AA of PduV (Parsons et al., 2010). Sequence
alignment suggested the presence of an 18 amino acid extension in the N-
terminal of the propionaldehyde dehydrogenase (PduP) protein only present in
homologues associated with MCP function (BMC proximal) and not homologues
of PduP which were not MCP-associated (Figure 3.2) (Fan et al., 2010). The 18
amino acid sequence, present in the N-terminal of the propionaldehyde
dehydrogenase (PduP) protein, was necessary and sufficient when fused with

fluorescent proteins (e.g. GFP) or other heterologous proteins to localize the
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targeted protein within the Pdu microcompartment ( Fan ef al., 2010). In order to
demonstrate that this PduP peptide is important for encapsulation within the
microcompartment, PduP mutants that lacked these distinct N-terminal amino
acids were engineered. Once purified, these mutant MCPs had far less PduP vs
the wild-type strain. This observation demonstrated that the deletion or removal
of these N-terminal amino acids from PduP impaired its association to the MCP (

Fan et al., 2010).

The structure of the pl8 sequence from PduP (aldehyde dehydrogenase) of
Citrobacter freundii has since been reported (Lawrence et al., 2014), indicating a
well-defined helical conformation along its whole length. Further studies have
also since indicated that these target sequences are not limited to the N-terminus,
with the C-terminal region of an a-carboxysomal protein (CcmN) interacting

with the shell (Kinney et al., 2012), (Field et al., 2015).

Peptides, mostly derived from viruses or prions, are recognized for organelle-
targeting within eukaryotic cells, and protein export target sequences are well
recognized in bacteria, but physiological internal peptide targeting is novel for
bacterial cells. There are more of these specific enzyme targeting sequences
across the MCP systems, with a number of proteins successfully directed into the

MCP using terminal targeting peptides (Lawrence ef al., 2014).
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Figure 1.6. Multiple sequence alignment highlighting the extended N-terminal sequences seen in 4 out of 5
microcompartment-associated aldehyde dehydrogenase PduP and absent in 5 homologues which are not
MCP-associated (Fan et al., 2010)
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Recently, a key structural requirement for three or four conserved residues
exposed on the edges of assembled hexamers for shell assembly has been

demonstrated (Pang et al., 2014), (Sinha et al., 2014).

1.2.4. Metabolism of 1,2-Propanediol

The pdu operon in Salmonella was originally regarded as being unimportant to
the overall metabolic and competitive capacity of the bacteria, despite the fact
that Salmonella maintains approximately 40 genes for the metabolism of
propanediol and biosynthesis of cobalamin B12 (cob genes) (Bobik et al., 1999).
The utilization of 1,2-propanediol did not appear to offer an in vivo competitive
advantage, as it is not readily available in the environment and required the use

of an electron acceptor (Bobik et al., 1997).

The observation that the electron acceptor tetrathionate in the presence of a
functioning tetrathionate reductase operon not only could support the anaerobic
use of 1,2-propanediol as a sole carbon and energy source via the use of
endogenously synthesized B12  but actually lead to increased growth on this
source (Price-Carter et al., 2001), was finally integrated into the enteric
pathogenesis strategies of Salmonella in an in vivo model. This model showed
that the production of tetrathionate, from the reaction of thiosulphate resulting
from anaerobic bacterial metabolism with reactive oxygen species produced by
inflammatory damage to the large intestine, provided the necessary electron
acceptor to allow anaerobic respiration of 1,2-propanediol produced from fucose
catabolism and offered a major growth advantage to Sal/monella over commensal

bacteria (Winter et al., 2010). Microcompartment-mediated metabolism is thus
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an important contributor to the dysbiosis of intestinal infection (Winter &

Baumler, 2013) .

In Salmonella and Lactobacillus reuteri, the Pdu MCP is formed in response to
the presence of 1,2-propanediol, which acts as a transcriptional control. 1,2-
propanediol is a fermentative product of the sugars rhamnose and fucose
(Obradors et al., 1998). Fucose is present in the glycoconjugates of intestinal cell
where it plays a role in host-parasite interactions in the digestive tract (Bry et al.,
1996). As such, 1,2-propanediol is hypothesized to act as a persistent carbon and

energy source for aerobic and anaerobic metabolism in enteric bacteria (Bobik

2006).
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Figure 1.7. Schematic illustrating the metabolic processes of the Pdu MCP. (Kerfeld et al.,

2010)

The Pdu MCP provides an encapsulated space for the initial enzymatic steps for

1,2-propanediol metabolism; 1) 1,2-propanediol is first converted to
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propionaldehyde by the B12 dependant diol dehydratase enzyme and ii) this
toxic intermediate propionaldehyde is further converted to propionyl-CoA, by
the actions of coenzyme-A and NAD'-dependant propionaldehyde

dehydrogenase (Bobik et al., 1997).

There are a number of additional enzymes present in the Pdu MCP which are
involved in 1,2-propanediol metabolism; an NADH-dependent cob(II/III) alamin
reductase, an ATP-dependent adenosyltransferase which triggers the activation
of coenzyme B12 and finally an ATP-dependent diol dehydratase reactivase,
which releases deactivated B12 (Crowley et al., 2010). Because there is no
means of ATP generation within the microcompartment, for these enzymes to
function means that ATP must be able to access the microcompartment interior

from outside.

In L. vreuterii PduCDE contributes to the formation of beta-
hydroxypropionaldehyde (3-HPA) from glycerol co-fermentation, which is the
foundation (through its monomeric and dimeric forms) of the production of the
antimicrobial agent reuterin (Morita ef al., 2008). The L. reuteri Pdu MCP differs
from that of Sa/monella by an association of the L. reuteri PduL enzyme with the
MCEP structure (Sriramulu et al., 2008) and by the absence of PduS and PduT (a

single electron channel) (Pang et al., 2011).

1.2.5. The role of the Pdu microcompartment
Synthesizing the many thousands of proteins required for the formation of the
Pdu MCP is a large energy investment by the cell, therefore its formation is

typically strictly limited to environments containing 1,2-propanediol — a fact
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which has hampered research into its functionality in bacteria such as Sa/monella

(Bobik et al., 1997).

Although much research focuses on the pathogenic association of the presence of
the Pdu MCP, it has also been identified in the commensal probiotic
Lactobacillus reuteri DSM 20016, where it degrades 1,2-propanediol to
propionaldehyde (Sriramulu et al., 2008). The production of aldehydes within
MCPs has lead to hypotheses regarding a potential role in the presence of the
MCP in mitigating aldehyde toxicity. This idea was initially based upon
comparative genomics (Stojilkovic ef al., 1995), as both the 1,2-propanediol and
ethanolamine degradation pathways proceed via aldehyde intermediates. Studies
involving the deletion of the pduA gene indicated that when MCP formation was
prevented, culture growth was halted at high concentrations of 1,2-propanediol,
suggesting that a toxic metabolite (propionaldehyde) was accumulating from the
catabolism of 1,2-propanediol (Havemann et al, 2003). In this study, pdu
mutants  (pduJ, pduK, pduB) also released significant amounts of
propionaldehyde versus the wild-type strain, indicating a potential structural role

for the MCP in the retention of the aldehyde.

In contrast, other studies proposed an alternative role for MCP based on the Eut
microcompartment, suggesting the role of the MCP was to prevent acetaldehyde
loss from the cell, which can occur due its volatile state as a gas (Penrod & Roth,
2006). (Cheng et al., 2011), (Huseby & Roth, 2013). In either case, the
mechanism of retention of small aldehyde molecules within a protein structure is

not fully understood.
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Horizontal transfer of the MCP is possible by cloning (Parsons ef al., 2008), with
the use of an artificial operon, which contains the core structural genes, allowing
the expression of an empty structurally viable MCP (Parsons ef al., 2010). This
key observations forms the basis of experimental chapters Chapter II and III of

this thesis.
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1.3. Ethanolamine utilization (eu?) Microcompartment

1.3.1. The role of ethanolamine

Ethanolamine is an amino alcohol produced in the gastrointestinal tract of
mammals as a product of the degradation of phosphatidyl ethanolamine, which is
present in large quantities in eukaryotic membranes. Due to rapid turnover of
membrane cells in the digestive tract — approx. 25% of enterocytes per day are
released into the gut per day — ethanolamine is present at high levels in the
mammalian gut (Snoeck et al., 2005). Ethanolamine is a valuable source of key
nutrients such as carbon and nitrogen, which may offer a competitive advantage
amongst the many bacteria present in the mammalian gut (Thiennimitr et al.,
2011), particularly some pathogenic bacteria such as enterohaemorrhagic E. coli
(EHEC) (Bertin et al, 2011). For pathogens capable of metabolizing,
ethanolamine, like 1,2-propanediol, can be respired by the cell through the
availability of tetrathionate (as an electron acceptor) (Price-Carter et al., 2001) in
an inflamed gut (Thiennimitr et al., 2011). Expression of the eut operon is
quantitatively greater in enterohaemorrhagic E. coli (EHEC) than commensal E.

coli on exposure to ethanolamine (Bertin ez al., 2011).

In E. coli O157:H7, free ethanolamine has been identified to act as a nitrogen
source, which had been previously observed in Salmonella (Penrod & Roth,
2006), (Stojilkovic et al, 1995). A functional ethanolamine ammonia-lyase
(EAL) is required for nitrogen metabolism, whilst acetaldehyde dehydrogenase,
alcohol dehydrogenase and phosphotransacetylase do not appear to contribute to

the process (Bertin ef al., 2011).
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1.3.2. Identification

The ethanolamine utilization (Eut) microcompartment and its gene cluster were
initially identified in E. coli in 1995 (Stojiljkovic et al., 1995). Its dependence on
the presence of B12 was noted and its association with the presence of genes
encoding a bacterial microcompartment. The eut operon has been identified in a
number of enteric bacterial genera, typically pathogenic. The complete eut
cluster has been identified in a number of E. coli strains; particularly those
associated with mammalian enteric infection e.g. EHEC (enterohaemorragic E.
coli), EPEC (enteropathogenic E. coli) and ETEC (enterotoxigenic E. coli).
However this same gene cluster was also identified in a number of commensal or
K-12 strains including MG1655 (Bertin ef al., 2011), other Enterobacteriaceae
such as Salmonella, and Gram positives such as Listeria (Korbel et al., 2005) and
Enterococcus. Despite the consistent presence of the Eut operon in E. coli,
images of the Eut microcompartment in E. coli are rare (Shively et al., 1998) but

they seem similar to Pdu microcompartments.

1.3.3. Genetics

The arrangement of the eut operon in E. coli is highly similar to the pdu operon.
The eut operon contains a number of BMC domain genes that are identifiable

across MCP-producing bacteria (Section 2.1.2., Table 2.1.).
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‘ No. of genes  Genes Encoding Source

1 EutT Corrinoid adenosyltransferase & cobalamin Kofoid et al., 1999
recycling
1 EutD Phosphotransacetylase Kofoid et al., 1999
1 EutE Aldehyde dehydrogenase Kofoid et al., 1999
1 EutJ Possible chaperone function Kofoid et al., 1999
1 EutG Alcohol dehydrogenase Kofoid et al., 1999
1 FEutH Permease Kofoid et al., 1999
1 Eut4 Ethanolamine ammonia-lyase reactivase Kofoid et al., 1999
2 FEutB, Ethanolamine ammonia lyase Kofoid et al., 1999
EutC
1 EutR Transcription activator Kofoid et al., 1999

Table 1.3. Table indicating the gene breakdown of the eut microcompartment. (Yeates et al.,

2008)

In total, the eut operon contains 17 encoding genes, with a number of these
involved in the transport and metabolism of ethanolamine (Roof & Roth, 1992).
Key genes include eutR, which acts a transcriptional activator for the expression
of the eut operon in response to the presence of ethanolamine (Yeates ef al.,
2008) and the structural genes eutS, eutM, eutN, eutL and eutK, which encode the
formative shell proteins (Kofoid ef al., 1999). Recent studies have indicated an
unexpected importance for eutD with regards to long-term growth on
ethanolamine (Huseby & Roth, 2013). It has also been observed that in strains
with defective MCP shell genes, excess acetaldehyde is released versus the wild-
type, indicating a role for the MCP in acetaldehyde retention (Penrod & Roth,

2006).

1.3.4. Function of the Eut microcompartment
The main role of the Eut microcompartment, like the Pdu microcompartment

(Section 3.1.5.) is a matter of debate; one hypothesis is that its role is in the
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retention of the volatile aldehyde intermediate, which would otherwise be lost
during the gas phase (Penrod & Roth, 2006). This is similar to the retention of
the less volatile aldehyde propionaldehyde in the Pdu microcompartment but the
advantage drawn from it is different. Penrod and Roth suggested that the
mechanism of aldehyde retention may be that all microcompartments sustain an
internal pH lower than that of the exterior cytoplasm. This acid environment may
promote the conversion of aldehydes to less volatile acetals. A primary
advantage of microcompartment enclosure in preventing aldehyde metabolite
loss rather than cytoplasmic toxicity was supported by lack of acetaldehyde

toxicity in mutants unable to form the Eut MCP (Penrod & Roth, 2006).

Other studies have indicated a role of the Eut MCP in the sequestering of toxic
aldehyde (Brinsmade et al., 2005). pol4 (DNA repair polymerase) mutants were
unable to grow on ethanolamine (Rondon et al., 2005). However, the possibility
of increased ethanolamine sensititity in these mutants (at non-toxic levels for the

wild-type) was indicated by a later study (Penrod & Roth, 2006).

The eut operon genes have also been identified in Listeria monocytogenes, where
knockout studies of eutB (required for ethanolamine metabolism) illustrated
intracellular growth of Listeria in mammalian tissue culture is greatly reduced
(Joseph et al, 2005) and the eut operon is strongly induced in infecting Listeria

(Archambaud et al., 2012) .

1.3.5. Metabolism

Ethanolamine is metabolized in the euf microcompartment in two steps; i)
Ethanolamine ammonia-lyase initially requires the co-factor adenosyl cobalamin

which is synthesized in anaerobic conditions, but crucially transported under
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aerobic conditions (Jeter et al., 1984). Once B12 is present, ii) ethanolamine is
then cleaved to produce ammonia plus acetaldehyde, which is further converted
to acetyl-coenzyme A (acetyl Co-A) by oxidoreductase, which is NAD-
dependent. Within Chapter IV, there is further detail concerning ethanolamine

metabolism with respects to its importance and contribution to the cell.
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Figure 1.8. Schematic illustrating the metabolic processes of the eut MCP. (Kerfeld et al., 2010)
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1.4. Phosphorus and Phosphate

Rarely existing as a free chemical, phosphorus (P) is an element that is
predominantly identified within nature as part of the phosphate molecule (POs).
Organic phosphate is typically defined as phosphate associated with a carbon-
based molecular structure, such as animal tissue. In contrast inorganic phosphate
is any available phosphate not associated with organic material, and is the

dominant source within nature.

1.4.1. The phosphorus cycle

The phosphorus cycle typically begins through plant matter assimilating
inorganic phosphorus and converting this to organic phosphorus. Through the
consumption and decomposition of these plants, animals can then obtain this
converted organic phosphorus. Continuing the cycle, as animals excrete waste
and die, their consumed organic phosphorus dissolves into the soil bed or water
table, where bacterial saprophytes reconvert it back to inorganic phosphorus.
This is then once again available for assimilation by plant matter, and the cycle

continues anew (EPA.gov.usa).

he phosphorus cycle

The Phosphorus Cycle

Figure 1.9. Image illustrating the natural cycle of phosphorus (Science Learning Hub, University
of Waikato, 2013)
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Terrestrial phosphorus cycle is predominantly influenced by agricultural
practices, with increasing off-flow accumulation in rivers and soils threaten
eutrophication (Bennett ef a/, 2001). Few minerals bear enough phosphorus in
meaningful quantities. In igneous rock, fluorapatite, which is typically associated
with ferromagnesian minerals, is one of the main phosphorus-bearers, whilst in
sedimentary rock, the majority of phosphorus is present in authigenic (formed in

situ) carbonate-fluorapatite (Fillipelli, 2008).

Within the ocean, authigenic formation of calcium phosphate minerals in
sediments results in a large phosphorus sink. The source for apatite in oceanic
phosphate sediments in some coastal regions is thought to be polyphosphate from
the giant sulphur bacterium Thiomargarita namibiensis (Schulz & Schulz, 2005)
and a significant proportion of apatite in all oceanic sediments may derive from

deposition of polyphosphate-containing diatoms (Diaz et al, 2008),

1.4.2. Polyphosphate in nature

Inorganic polyphosphate (polyP) exists as a linear chain of hundreds of
phosphate residues linked by energy-rich phosphoanhydride bonds, the same as
those found in adeno-tri-phosphate (ATP), which is the molecular energy

currency of cells.

Highly conserved across nature, and stable over a range of temperatures, pH and
oxidants (Rao et al, 2009), polyP is present in bacterial, animal, fungal and plant
cells (Brown & Kornberg, 2004). Within nature, polyP has been identified in
deep oceanic vents and volcanoes, where it has been generated through the

dehydration of orthophosphate or phosphate rock, at elevated temperatures
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(Kornberg, 1995). Orthophosphates are the inorganic forms of phosphate, such
PO4, HPO4 and H,PO,", and the most common form used for fertilizers (Johnson

et al, 2007).

0 0 0
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| |

O- 0" O-

Figure 1.10. [norganic polyphosphate (PolyP). The value of n, the number of POj3 residues, may
vary from 3 to over 1,000. (Rao et al, 2009).

1.4.3. The role of polyP in bacterial cells

PolyP was initially observed as metachromatic granules within the bacterium
Spirillum volutans, which lead to the term “volutin granules” being bequeathed
on these unusual clusters. These clusters could be stained pink using toluidine
blue (Meyer, 1904). Using microscopy, the volutin granules could be correlated
against the presence of polyP, an observation that led to the renaming from
volutin to polyP granules, nearly 50 years after their initial discovery (Wiame,
1937). Typically in prokaryotes, polyP granules are composed of acid-insoluble,
long chain polyP and present in the cytoplasm (Wood & Clark, 1988), (Kulaev &
Vagabov, 1983). In some bacteria cells however, acid-soluble, short chain polyP
can also be identified beyond the cytoplasm, in cellular compartments such as the
periplasm or plasma membrane (Wood & Clark, 1988). In Helicobacter pylori,
polyP granules have been observed in the cell membrane (Achbergerova &
Nahalka, 2011) and in the sporulating prespore of Acetonema longum (Tocheva

etal.,, 2013).
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1.4.3.1. PolyP as an energy source

As previously mentioned, polyP is a rich source of energy. Within the microbial
cell, granules of polyP act as reservoirs for energy and phosphate storage, which
can be degraded to release ATP or phosphate (Achbergerova & Nahalka, 2011).
It has been observed in polyP-deficient cells, that cells compensate for this
energy gap by increasing the flow of energy generating pathways such as the
citric acid cycle and oxidative phosphorylation (Varela et al, 2010). There are a
number of key enzymes involved in this important process of polyP metabolism,
including polyphosphate kinases (PPK), (Kornberg et al, 1956) and

exopolyphosphatases (PPX) (Akiyama et al, 1993).

1.4.3.2. PolyP as a phosphate source

In prokaryotes, polyPs are the dominant regulators of intracellular phosphate.
The amount of polyP within a bacterial cell typically depends on its surrounding
environment, with bacteria associated with wastewater typically exhibiting high
levels of polyP (Kulaev & Kulakovskaya, 2000). However to ensure a standard,
stable level of intracellular phosphate, a polyP reservoir which can be changed to
phosphate via exopolyphosphatases, is essential. PolyP, due to its polymeric
form, is ideal to act as a large-scale phosphate sink within the cell, as its
aggregations have little effect on cellular osmotic pressure (Kulaev et al, 2004).
As phosphorus is a life-limiting factor, this ability to uptake and retain vast
amounts of phosphate in the form of polyP is crucial for cell survival,
particularly in environments where phosphate is limited (Kulaev and Vagabov,

1983).
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1.4.3.3. PolyP as a regulator

Due to important contribution of polyP storage and phosphate metabolism to
cellular function, polyPs contribute to the regulation of enzymatic activities and
gene expression. This influence can be observed in stress conditions and on
adaptation into the stationary-growth phase (Kulaev ef a/, 2004). There is a close
responsive relationship between polyP and the alarmone guanosine 3,5-
bispyrophosphate (ppGpp), a key factor in the bacterial stringent response
(Kulaev et al, 2004). The crucial role that polyP kinase (PPK) plays in cellular
survival under stress and starvation was highlighted by PPK-mutant studies

(Crooke et al, 1994).

PolyP has been observed to have an impactful role in the oxidative stress
response in both prokaryotic and eukaryotic cells (Gray & Jakob, 2015).
Previous studies demonstrated increased stress sensitivity from heat and H,O,
when the polyphosphate kinase gene (PPK) of Escherichia coli was disrupted
(Akiyama et al, 1992), and polyP deficiency was also observed to be associated
with increased sensitivity in Mycobacterium tuberculosis on exposure to
nitrosative stress (Singh et al.,, 2013). Studies on Proteus mirabilis additionally
identified loss of colonization ability, along with a loss of swarming and biofilm

formation where attenuation of the ppk gene had occurred (Peng et al., 2015).

More recently, similar stress sensitivity has been identified in Lactobacillus
spp., where again, disruption of the PPK gene led to diminished growth under
extreme conditions (high salt or low pH) and an increased sensitivity to oxidative

stress (Alcantara et al, 2014).
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1.5. Polyphosphate kinases (PPK)

As previously mentioned, in bacteria, the main enzyme known to be involved in
polyP synthesis is polyphosphate kinase (PPK), which, in an ATP-dependent
reaction, catalyzes the creation of a phosphoanhydride bond between a polyP
chain and orthophosphate (Rao et a/, 2009). Due to this connection with the
utilization of ATP, PPKs are key enzymes within the cell, as they are capable of
alternating the balance of energy and phosphate, from storage to consumption

(Achbergerova & Nahalka, 2011).

2P0 +2H' B PO + H,0

Figure 1.11. Equation illustrating the condensation reaction resulting in the production of polyphosphates.
Equilibrium status is given as the opposite hydrolytic reaction is also possible.

The typical reaction leading to the formation of polyP within the cell essentially
arises from the polymerization of phosphoric acid derivatives. This condensation
reaction is energy consuming (ATP-dependent) and consists of two phosphate

molecules together forming polyphosphate.

This forward reaction can continually repeat, with an additional phosphate
added at each step. The reaction is reversible, with a hydrolytic reverse reaction,
but predominantly the reaction favors polyP synthesis (Rao et al, 2009). This
reaction is catalyzed by what was originally perceived as the only PPK, but when
PPK knockout studies in Pseudomonas spp., still displayed up to 20% of polyP
levels, the novel PPK2 was identified, leading to the reclassification of the
“original” PPK as PPK1. (Ishige et al, 2002).
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1.5.1. Polyphosphate kinase 1 (PPK1)

PPK1 (EC 2.7.4.1) was the first PPK identified, and is the key catalyzer of the
polymerization of the terminal phosphate of ATP into a polyP chain (Kornberg et
al, 1956). Across the majority of species, prokaryotic and eukaryotic, PPKs have
been identified (Achbergerova & Nahalka, 2011), although no definitive proof
has demonstrated their presence in mammalian cells (Pavlov et al., 2010). In
particular, PPK1 and its homologues have been identified in >100 species, across
pathogens like Klebsiella pneumoniae sp pneumoniae and probiotics like
Lactobacillus delbrueckii (Rao et al, 2009). This makes PPK1 the most highly

conserved enzyme involved in polyP metabolism.
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Rickettsia conorii

Vibrio cholerae

Microbulbifer degradans

Rickettsia prowazekii

Xanthomonas axonopodis

Mycobacterium marinum

Saccharomyces cerevisiae

Xanthomonas campestris

Mycobacterium ulcerans

Schizosaccharomyces pombe

Neisseria gonorrhoeae

Staphylococcus aureus

Nitrosomonas europaea

Streptococcus pneumoniae

PPK?2 only

Nodularia spumigena

Streptococcus pyogenes

Corynebacterium glutamicum(2)

Oenococcus oeni

Sulfolobus solfataricus

MagnetococcusMC-1 (2) Porphyromonas gingivalis Sulfolobus tokodaii
Plectonema boryanum Propionibacterium Thermoanaerobacter
shermanii tengcongensis
Rhodocyclus tenuis Thermoplasma acidophilum
Salmonella Dublin Thermoplasma volcanium
Serratia marcescens Thermotoga maritima
Shigella flexneri Treponema pallidum

Streptomyces griseus

Ureaplasma urealyticum

Streptomyces lividans

Thermobifida fusca

Table 1.4. Table indicating PPK1 and PPK2 homologues among microorganisms (credit: Zhang et al,

2002)

Structurally, PPK1 a homotetramer, formed from 80kDa monomers, which inter-

lock together as a dimer. Within a highly conserved structural tunnel, the
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enzymatic active site is located and is likely the accommodation site for freshly

synthesized polyP (Zhu et al, 2005).

This tunnel is a crucial feature in the functionality of PPKI1, where it
accommodates ATP and highly conserved, charged residues. These residues
interact with polyP during polyP chain elongation (Zhu et al/, 2005). Purified
recombinant PPK catalyses the elongation of polyP, resulting in termination of
polyP synthesis when the chain reaches approximately 750 phosphate groups

(Kumble et al, 1996).

Figure 1.12. Crystal structure of E. coli PPK1 dimer. Each monomer of ppkl contains amino terminal
domain (N) (red), the “head” domain (H) (yellow) and two carboxyterminal domains (CI and C2) (blue and
green). (Achbergerova & Nahalka, 2011)

1.5.2. Polyphosphate kinase 2 (PPK2)

However, PPK1 is not the only universal polyP-associated enzyme. PPK2 is a
polyphosphate-dependent ATP/GTP regenerating enzyme, which was first
identified in Pseudomonas aeruginosa (Zhang et al, 2002). This novel PPK2 was
initially identified whilst observing PPKI1-null Pseudomonas mutants, which
retained polyP granulations despite the enzyme knockout. In contrast to PPK1,

which is completely ATP-dependent, PPK2 can utilize both ATP and GTP to
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synthesis polyP (Ishige et al, 2002). However, PPK1-deficient cells have been
observed to lack functionality in abilities such as quorum sensing and virulence
(Rashid & Kornberg, 2000). Structurally, PPK2 is diverse depending on its state
and role. On isolation from the cell, it appears as a 44kDa protein, however this
differs in vivo depending on polyP (Ishige et al, 2002). In Pseudomonas
aeruginosa, two l-domain (dimeric) and one 2-domain (tetrameric) PPK2
proteins are produced, the latter probably resulting from a gene duplication
(Nocek et al, 2008). One domain PPK2 catalyzes ATP and GTP synthesis from
the respective nucleoside diphosphates and polyP, while the 2-domain PPK2
catalyzes ADP and GDP synthesis from nucleoside monophosphates and polyp
(Nocek et al, 2008). A. phosphatis widely associated with enhanced biological
phosphorus removal (EBPR) systems, contains multiple ppk2 paralogues in a
representative metagenome, leading to a suggestion that the metabolism of polyP
by PPK2 is important for its survival in such a system (Martin et a/, 2006). A
recent study (Motomura et a/, 2014) (Fig 3.5) has identified a new subfamily of
PPK2, which is phylogenetically distinct from the 1-domain and 2-domain
PPK2. This subfamily appears to catalyse both nucleoside monophosphate and

nucleoside diphosphate phosphorylation.
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Figure 1.13. P. aeruginosa PPK2 contains two monomers. Each monomer contains two domains coloured
in yellow and green connected by a flexible linker coloured in red (Achbergerova & Nahalka, 2011).
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Figure 1.14. Unrooted phylogenetic tree of PPK2, generated by ClustalW and GeneDoc programs using
amino acid sequences of 17 characterized and 192 putative PPK2 homologs ((Motomura et al, 2014)

NTP + polyP, <> NDP + polyPp,;
NDP : ADP > GDP > UDP > CDP

Figure 1.15. PPK1 and its phosphorylation efficacy, where ADP is preferentially used to all others

(Achbergerova & Nahalka, 2011)

NTP + polyP, <> NDP + polyPp.,
NDP : GDP, ADP

Figure 1.16.. PPK?2 and its phosphorylation efficacy, where both GDP and ADP can be utilized.

(Achbergerova & Nahalka, 2011)

1.5.3 Exopolyphosphatases (PPX)

As previously mentioned, polyP synthesis typically occurs in the forward
condensation reaction as PPKI1 catalyzes this reaction. However the reverse
hydrolytic reaction can be carried out by a specific enzymatic class, the
exopolyphosphatases (EC 3.6.1.11), which split phosphate from the ends of poly-

P chains (Akiyama et al, 1993). So far, two types of these enzymes have been
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classified; those encoded by the ppx gene, and those guanosine pentaphosphate
(pppGpp) phosphohydrolase (GppA; EC 3.6.1.40). These two classes produce
enzymes which are sequentially related, but with differing actions. PPX typically
splits long-chain polyP, whilst GppaA is also involved in the hydrolysis of
(p)ppGpp, which are alarming compounds involved in the trigger of the stringent

response (Potrykus & Cashel, 2008).
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1.6. Polyphosphate metabolism

1.6.1. Metabolism in bacteria

As previously mentioned, polyP is strongly associated with the stress and
stringent response in a number of microorganisms, due to its direct linkage with
numerous physiological processes such as mobility and virulence (Rashid &
Kornberg, 2000). These subsequent studies have broadened the interpretation and
importance of polyP beyond the role of a phosphate and energy storage
molecule. However, no one mechanism illustrates how polyP influences such

various cellular processes and response.

Within the bacteria cell, polyP has many biologically advantageous properties.
Due to its polymer structure, it is an osmotically neutral form of phosphorus and
can also readily form complexes with cellular components such as nucleic acids
or proteins, influencing their biological activities (Kulakovskaya et a/, 2012). In
E. coli, polyP can form a complex with the ATP-dependant Lon protease, leading
to the degradation of free ribosomal proteins (Kuroda, 2006), whilst polyP-RNA
complexes have been isolated from many different organisms (Kulaev et al,

2004).
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Figure 1.17. Uptake of phosphate and intracellular polyP metabolism (Hirota et al. 2010)

51




Within the cell, the production of polyP can be manipulated through the
introduction of additional copies of the ppk gene and inducing these recombinant
inserts (Smolke, 2010). Previous studies analyzing over-expression of PPK1
have demonstrated increased polyP:AMP phosphotransferase (PAP) activity
(Ishige & Noguchi, 2000), and also the observance of an accumulation of
adenylate kinase and phosphatases, and inclusion bodies (Nahalka et al, 2006).
This highlights the ability to manipulate and influence the intracellular

metabolism of polyP within the bacterial cell.

1.6.2. Metabolism in humans

Within humans and mammalian cells, polyP also plays an identifiable role.
Previous studies have recognized polyP as being an influential regulator of blood
homeostasis (Morrissey et al, 2012). PolyP can be identified within granules in
platelets, where their function has been well elucidated (Mueller et al, 2009).
Within platelets, the role of polyP is part of the response to endothelial damage.
Platelets are alerted to the site of damage, where secreted granules of polyP aid

in the blood coagulation process.

The body relies heavily on access to phosphorus via polyphosphate, as
phosphorus to essential to develop and maintain bones and teeth, in parallel with
calcium. Approx. 85% of phosphorus is stored within the bones and teeth
(Cupisti et al, 2013). This relationship with calcium is also clinically important,
as calcium and phosphate work conversely; as phosphate levels increase in the
blood, calcium levels fall. This balance is overseen by the parathyroid hormone

(PTH), but this relationship can be disrupted due to illness.
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1.7. Hyperphosphatemia

The distribution of electrolytes and minerals within the body is a delicate
balance. An excess or depletion of one can have an enormous effect on the body,
and can indicate more serious health issues. Hyperphosphatemia is the excess
accumulation of phosphate within the body. In the kidneys, the majority of
inorganic phosphorus is ultra-filterable at the glomerulus, with approximately 7g
of phosphorus filtered daily. Reabsorption occurs in the renal tubules, with the
remainder excess excreted in urine (Knox et al, 2006). Under normal conditions,
parathyroid hormone (PTH) influences phosphate balance by preventing the
kidneys from re-absorbing excess phosphate, directing its excretion into urine. It
acts as a mediator of phosphate excretion per nephron, regulating phosphate ion
loss in urine. Serum PTH level, which is central to calcium homeostasis, also
plays a key role in phosphate homeostasis. When renal function declines, and
chronic kidney disease (CKD) develops, phosphate retention levels increase and
lead to a dysfunction of the phosphate-calcium-PTH balance (Peacock, 2010).
Hyperphosphatemia is therefore indicative of renal disruption or failure, as the

kidneys fail to excrete phosphate into urine.

1.7.1. Association with renal failure and cardiovascular disease

In chronic kidney disease, hyperphosphatemia is associated with decreased
serum calcium levels and vascular calcification; this is referred to as mineral and
bone disorder associated with chronic kidney disease (CKD-MBD) (Guo ef al,
2013). Observation of patients suffering from end-stage renal disease (ESRD)
also indicate the population are highly vulnerable to infection due to their
immunocompromised state, which can be observed by a notable decrease in the

53




killing capacity of neutrophils (Anding, 2003). Therefore, despite the fact that
hyperphosphatemia is a consequential condition of ESRD, it requires its own
intensive treatment to alleviate its effects — typically in the form of oral

phosphate binders (Guo et al, 2013).

Cardiovascular morbidity and mortality is also clinically associated with
hyperphosphatemia, particularly in patients undergoing dialysis treatment
(Kendrick & Chonchol, 2011). According to literature, the leading cause of death
in patients with chronic kidney disease (CKD) is in fact cardiovascular disease,
with the progression of vascular calcification acting as a key impact factor
(Andrade & Ignaszewski, 2008), (McCabe et al, 2013). Adiponectin (ADPN), a
secretory protein from the adipose tissue, can be observed in the serum of ESRD
patients at high levels, and is associated with a number of cardiovascular risk

factors including heightened HDL cholesterol levels (Zoccali et al, 2002).

1.7.2. Prevention and Therapies

Control and prevention of hyperphosphatemia is difficult, particularly if patients
are involved in dialysis treatment, with previous data observing increased
mortality in patients in patients suffering from ESRD and receiving dialysis
(Block & Port, 2000). This is likely due to inadequate phosphate removal
through conventional dialysis treatment, which often displays a consequential
post-dialysis rebound from mobilization of intracellular phosphate (Coladonato,
2005). Typical treatment options therefore consist of optimal dialysis removal,
methodical use of oral phosphate binders, and dietary control of phosphorus

intake all in unison (Cupisti et al, 2013).
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1.7.2.1. Phosphorus absorption

Guidelines issued by the Food and Nutrition Board of the Institute of Medicine (a
division of the National Academies of Sciences, Engineering, and Medicine,
USA) have indicated a recommended dietary allowance of 700 mg/d of
phosphorus in healthy adults. In pregnant women, this allowance increases to
<1250 mg/d (Food & Nutrition Board, 1997). Within the body, phosphorus is
primarily removed by two systems; the gastrointestinal tract (150mg/day) and via
urine excretion (800mg/day) (Hruska et al, 2008). In a healthy individual, after
the body ingests phosphorus, phosphatonins such as PTH trigger phosphaturia
(phosphate excretion in urine) to regulate the body’s phosphorus balance

(Isakova et al, 2009).

As previously mentioned, his process becomes dysfunctional with a decrease in
renal function, with decreased glomerular filteration of phosphorus and
attempted compensation with decreased tubular reabsorption (Gonzélez-Parra et

al,2012)

1.7.2.2. Polyphosphate absorption

In mammals, absorption of polyP occurs in the small intestine, where it is
degraded to orthophosphate by the alkaline phosphatase of the intestinal wall
(Lorenz & Schroder, 2001). Intestinal absorption proceeds via a co-transport
system for active sodium/phosphate co-transporters. This gastrointestinal
interaction provides an opportunity for phosphate intake control via dietary
restrictions and oral medication. The main factors governing the rate of

phosphate absorption via the small intestine include 1) the amount of phosphorus
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in the diet, i1) its bioavailability and iii) the presence of natural or pharmacologic

phosphorus binders (Noori ef al, 2010).

Inorganic phosphate is obtained by the body mainly through the ingestion of
food, particularly processed food, with estimations that up to 50% of our dietary
phosphorus intake is from phosphorus-containing food additives, which are
rarely quantified on food labels (Winger et a/, 2012). In addition, polyphosphate
is often used as a preservative additive (E452). This is due to its high buffering
capacity, helping to maintain optimal pH and its polyanion status, which are all
beneficial technological properties. (Kulakovskaya et al, 2012). Phosphate is also
naturally present abundantly in food in the form of phospholipids and
phosphoproteins (Massey, 2003). This consistent presence in food makes the

avoidance or restriction of phosphate very difficult for patient management.

However in dialysis patients with ESRD, the largest complication regarding
control of dietary polyP intake is the correlation between phosphate and protein
intake. Dietary protein is a major source of phosphorus and phosphate (Boaz &
Smetana, 1996), however recent literature has indicated that dietary restriction of
phosphate intake can have a negative effect on protein intake as a result, leading
to potentially increased mortality (Shinaberger et al/, 2008). Therefore dietary

control is not alone sufficient in the majority of cases.

1.7.2.3. Phosphate binders
Regarding the use of phosphate binders, as dialysis and dietary is rarely
sufficient; there is a large reliance upon the use of medicinal intervention. The

most frequently used phosphate binders can be arranged into three property-
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based classifications: 1) aluminium-based binders, ii) calcium-based binders and

ii1) aluminum and calcium-free binders (Cupisti et al, 2013), (Table 5.1).

In previous years, aluminium-based binders were a popular choice for the
treatment of hyperphosphataemia, however more recently they have fallen out of
favour due to concerns regarding their long-term usage (LTU). Longitudinal
studies have linked LTU of aluminum-based phosphate binders with aluminum

accumulation causing induced osteomalacia (KDIGO, 2009).

Calcium-based binders have also been a popular choice since the 1980s, and
appear well tolerated across the majority of patient groups. Degree of dosage is
once again an aspect of concern however, due to the sensitivity of PTH to the
calcium-phosphate balance. A positive increase toward calcium can lead to
hypercalcemia causing vascular calcification, which can in turn lead in increased

cardiovascular disease (McCabe et al, 2013).

An improvement from the traditional failings of calcium-based binders is
lanthanum carbonate, a novel non-calcium, non-aluminum binder. Literature
studies have identified lanthanum carbonate as beneficial in reducing the risk of
vascular calcification and reducing serum phosphate levels (Neven et al, 2009).
Sevalamer is an ion exchange resin made in Waterford (Genzyme, now Sanofi)
with worldwide sales of over 800 million euro per annum. It is also used in
therapy of hyperphosphataemia (ref) However the requirement for oral
medication increases pill burden on patients and adds to an increased medication
load (Chiu et al, 2009). Therefore treatment of hyperphosphatemia remains a

multi-disciplinary approach between clinician, dietician and the patient.
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Table 1.5. Table indicating the advantages and disadvantages of the three major phosphate binders

(credit : Cupisti et al, 2013
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Chapter 11

A study of polyphosphate kinases and phosphate

uptake in Lactobacillus and E. coli.
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2.0. Abstract

Phosphate granules, or volutin granules have been observed in lactobacilli since
the 1950s. Phosphate is an essential ion for bacterial cells, and polyphosphate is a
means of storing phosphate residues as a polymer connected by high-energy
phosphoanhydride bonds such as that in ATP (Brown & Kornberg, 2004).
Cellular metabolism depends on the appropriate concentration of intracellular
inorganic phosphate (Pi) (Dick ef al, 2011) in response to the presence of
pyrophosphate (PPi) and can also be influenced by molecules produced during
synthesis of cellular polymers such as DNA or RNA (Chen et al, 1990).
Through various mechanisms, it can be taken up from the surrounding
environment or culture media, and utilized in the cell as orthophosphate (Henry
& Cosson, 2013). Orthophosphates are the inorganic forms of phosphate, such
PO4, HPO4 and H,PO,", and the most common form used for fertilizers (Johnson

et al., 2007).

In lactobacilli, the reactive process from phosphate to polyphosphate is a highly
dynamic process. This process has been observed to fluctuate greatly during cell
cycle, and it has been hypothesized that phosphate metabolism is intrinsically
linked to the stress response of the cell. This is particularly noteworthy during
the transition stages from cell starvation to glycolysis (Alcantara et al., 2014),

(Levering et al., 2012),

This chapter describes manipulation of phosphate uptake and polyphosphate
accumulation by Lactobacillus reuteri DSM20016, a commensal of the
mammalian gut, by cloning and expression of recombinant polyphosphate

kinase genes (ppkl) from E. coli and L. reuteri. In addition, the effect of adding a
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microcompartment targeting sequence to ppkl from L. reuteri was assessed.
Cloning steps towards expressing an empty recombinant microcompartment

from L. reuteri genes are described.

For this study two host strains were used; Lactobacillus reuteri DSM 20016 and
Escherichia coli BL21. The wild-type characteristics of the strains were noted,
and compared against recombinant constructs utilizing the polyphosphate kinase
1 gene (ppkl). Recombinant constructs were analyzed for polyphosphate
formation and phosphate uptake against backgrounds of rich media, minimal

media, and single sugar sources.

Incubation in media known to induce the Pdu microcompartment operon
increased polyphosphate formation in L. reuteri. Recombinant ppk expression
enhanced polyphosphate formation and phosphate uptake in both L. reuteri and
E. coli. Recombinant E. coli ppk was functional when expressed in L. reuteri
and was achieved more phosphate uptake than expression of the recombinant L.

reuteri ppk.
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2.1. Introduction

Phosphate, or phosphorus is one of the fundamental elements essential to the
survival and propagation of the prokaryotic cell (Brown & Kornberg, 2004). The
mechanisms of phosphate uptake and the transition into polyphosphate have not
been directly studied in many bacterial species. This study particularly focused

on the strains Lactobacillus reuteri DSM 20016, and Escherichia coli BL21.

L. reuteri is a Gram-positive, facultative anaerobic bacterium, typically
associated with gut fermentation of mammals, particularly cattle (Kullen &
Klaenhammer, 2000) It has a GRAS (Generally Regarded As Safe) status, and
has displayed probiotic effects in the gastrointestinal tract. It has a naturally
occurring bacterial microcompartment (MCP), which is produced in response to
the presence of 1,2-propanediol (Pdu microcompartment) (Sriramulu et al.,

2007).

L. reuteri also produces the antimicrobial substance reuterin by using the Pdu
microcompartment for metabolism of glycerol (Rodriguez et al, 2003),
(Sriramulu et al., 2007) (Santos et al, 2011). Reuterin is a compound that
consists of a variety of hydrated, non-hydrated, and dimeric forms of 3-
hydroxypropionaldehyde (3-HPA) (Stevens et al, 2011). Its antimicrobial
activity is due to a number of beneficial attributes; it is water-soluble, active
across a wide range of pH values and resistant to proteolytic and lipolytic
enzymes (Schaefer et al., 2010). Originally identified in the 1950s, the first
patent for its usage as an antimicrobial compound was filed in the 1980s

(Dobrogosz & Lindgren, 1988). It has been identified to induce oxidative stress

85




within cells, where the aldehyde interacts with thiol groups of small molecules,

leading to inhibition of bacterial growth (Schaefer et al., 2010).

An association between the presence of bacterial MCP and polyphosphate
accumulation was suggested (Iancu et al., 2010) on observation of the fact that
carboxysomes (carbon-fixing microcompartments) cluster near polyphosphate

granulations within Halothiobacillus neapolitanus cells.

The bacterial microcompartment is a unique structural organelle that has been
identified in 400 genera of bacteria, via genome sequencing (Kerfeld et al.,
2010). Bacterial microcompartments are small proteinaceous structures
originally observed within bacterial cells in the 1950s (Drews & Niklowitz,
1956). They possess a distinct polygonal shape, which triggered their
identification by electron microscopy. Initially observed in the cyanobacterium
Phormidium uncinatum in 1956 (Drews & Niklowitz, 1956), their distinct
polygonal shape has been identified in many more bacterial species, primarily
cyanobacteria including Nostoc punctiforme (Yeates et al., 2010). However since
the early 1970s, they have been studied in approximately 20% of all bacterial
genera, including diverse genera such as Klebsiella, Lactobacillus and

Salmonella (Kerfeld et al., 2010).

It is known that E. coli, a bacterium which does not normally accumulate
polyphosphate, can do so if the native polyphosphate kinase enzyme is over

expressed (Kato et al., 1993), (Keasling et al., 1998).

During the period of polyphosphate accumulation, orthophosphate is taken up
from the culture medium. However, as the cell cycle progresses polyphosphate is

degraded and phosphate returned to the culture medium. Work in the Prentice
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laboratory has shown that if polyphosphate kinase is targeted to a recombinant
microcompartment, intracellular polyphosphate can be stabilised in E. coli with
prolonged retention of phosphate (Liang et al., 2015). One of the aims of the
thesis was to engineer the same genetic constructs in the GRAS organism L.
reuteri for potential therapeutic applications of enhanced phosphate retention. In
addition, due to the aforementioned association between the presence of the
bacterial MCP and an increased accumulation of polyphosphate in a bacterial
cell, it was hypothesized that the induction of the native microcompartment
within L. reuteri could lead to increased polyphosphate formation and hence
phosphate uptake from an environmental source, versus a lower phosphate

uptake without microcompartment induction.

The planned strategy was to create an empty L. reuteri recombinant
micocompartment from L. reuteri pduABJKNU genes to facilitate expression in
L. reuteri and compare the phenotype of constructs with microcompartment
targeted PPK from E. coli and L. reuteri. Because of issues regarding vector
integrity and difficulties in obtaining an original sequenced vector, the
integration of a recombinant microcompartment in L. reuteri could not be
achieved so this chapter reports progress in constructing an empty
microcompartment from L. reuteri pdu genes and the effects on polyphosphate
formation and phosphate uptake of native microcompartment induction in L.
reuteri and overexpression of recombinant PPK1 from L. reuteri and E. coli in E.
coli. Because the planned in vivo experiment (Chapter III) required lyophilized
bacteria suspended in water for oral administration of fresh daily suspensions,
the effect of prior lyophilisation on these phenotypes was assessed.

Supplementation of sorbitol to cultures before the freeze-drying process has been
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found to increase storage viability (Carvalho et al., 2003) As the immediate
substrate for polyphosphate is ATP (Chapter 1b) optimizing energy generation in
bacterial hosts could also be important and the effect of suspending bacteria in

isotonic solution containing different carbon sources was assessed.

Both E. coli and L. reuteri can use gluconate, through the fermentation by the 6-
phosphogluconate/phosphoketolase (6-PG/PK) pathway. Here it is transported by
an inducible gluconate-PTS, and the resulting 6-phosphogluconate enters the
pathway (Jenkins, 2005). This is unavailable in mammals therefore gluconate
was assessed as a potential additive for animal administration (Jones et al.,
2008), (Jenkins, 2005). Sorbitol was also tested in water.

A previous construct from our collaborators in the University of Kent was also
used; this construct contained the structural genes associated with the Pdu MCP

from Citrobacter freundii (Parsons et al., 2008).

Using shuttle vectors, a number of constructs were made — a recombinant MCP
from Citrobacter, and Lactobacillus, along with a recombinant ppk enzyme from

Lactobacillus reuteri.

In addition, we observed the effect of the pl8 targeting sequence on the
functionality of ppk. The pl8 sequence is an 18-amino acid long sequence
initially identified in the N-terminal of the PduP protein (Fan et al., 2010)

(Chapter 1b).
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2.2. Methods & Materials

In order to observe potential differences in gene expression of ppk in E. coli and
L. reuteri hosts, a number of different constructs were created to observe
phosphate uptake both strains. These constructs were made in collaboration with
Dr. Mingzhi Liang, University College Cork. This work has been accredited
accordingly throughout the thesis. For the majority of constructs, shuttle vectors

were used to enable the constructs to be expressed in both E. coli and L. reuteri

hosts.

2.2.1. Bacterial strains and culture conditions

Bacterial strains used in this study are listed in Table 2.1.

Strain Origin Genotype
Lactobacillus reuteri National Collection of Dairy Pdu+
DSM20016 Organisms, Reading, UK
Lactobacillus DPC, Dairy Products Research n/a
delbrueckii subspecies Centre, Moorepark, Fermoy,
bulgaricus ATCC11842 Co. Cork culture collections.

E. coli MG1655

Dr. Mingzhi Liang, University
College Cork

F- - ilvG- rfb-50 rph-1

E. coli IM109

Dr. Mingzhi Liang, University
College Cork

endAl ginV44 thi-1 relAl gyrA96
recAl mcrB+ A(lac-proAB) el4-
[F'traD36
proAB+ laclg lacZAM15]
hsdR17(rK-mK+)

E. cloni 10G
Electrocompetent cells

Lucigen, Wisconsin, USA

F- mcr4 D(mrr-hsdRMS-mcrBC)
endAl recAl f80dlacZDM15
DlacX74 araD139 D(ara,leu)7697
galU galK rpsL (StrR) nupG [- tonA

E. coli EC1000

J. W. Sanders, Groningen
University, The Netherlands
(Cotter et al, 2001)

F—mcrA A(mrr-hsdRMS-mcrBC)
#80dlacZAM15 AlacX74 recAl
endAl araD139 A(ara, leu)7697
galU galK A— rpsL nupG. repA-

E. coli BL21 (DE3)

Novagen, Merck Biosciences

F ompT gal dem lon hsdSg(rg mg)
MDE3 [lacl lacUV5-T7 gene 1 indl
sam7 nin5])

Table 2.1. Table indicating strains used.
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Escherichia coli was routinely cultured in Luria-Bertani (LB) broth (Merck,
Darmstadt, Germany) at 37°C. Lactobacillus reuteri was routinely cultured in de
Man-Rogosa-Sharpe (MRS) broth (Merck, Darmstadt, Germany) in static
anaerobic conditions at 37°C. For minimal growth conditions, E. coli was
cultured in 1X MOPS minimal media (Neidhardt et al., 1974) supplemented with
K,HPO4 and glucose (Sigma Aldrich), whilst L. reuteri was cultured in Minimal
Lactobacillus Media (Hebert et al., 2004) which was a formation of essential
amino acids supplemented with glucose, sodium acetate, K;HPO, and MgSO4
(Sigma Aldrich). Breakdown of media composition is indicated below section

2.2.2.3. All other chemicals from Sigma Aldrich unless indicated.

2.2.2. Preparation of lyophilized bacteria

2.2.2.1. E. coli culture preparation

Luria Bertani (LB) broth, 50mL, supplemented with antibiotics was inoculated
with -80°C bacterial stock. Culture was grown overnight at 37°C shaking, and
subcultured into 1L LB broth, supplemented with antibiotics. Culture was grown
until OD 600nm 0.4-0.6. Culture was then spun down by centrifugation using
Beckman Coulter JA10 rotor, at a speed of 7000xg. Supernatant was removed
and pellets were washed twice with Ringers buffer solution, to clean the pellet
and remove excess media residue. Pellets were then inoculated into 1X MOPS
minimal media (7able 2.6) supplemented with antibiotics and IPTG to induce
present genes. At OD 600nm 1.0, cells were spun down by centrifugation and
washed twice again with Ringers solution. These pellets were then frozen for 1

hour minimum at -80°C and lyophilized for 8-12 hours.
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2.2.2.2. Lactobacillus culture preparation

MRS broth, 5S0mL (7Table 3.3) supplemented with antibiotics, was inoculated
with -80°C bacterial stock. Culture was grown anaerobically overnight at 37°C
shaking, and subcultured into 1L MRS broth, supplemented with antibiotics.
Culture was grown until OD 600nm 0.4-0.6. Culture was spun down by
centrifugation using Beckman Coulter JAIO rotor, at a speed of 7000xg.
Supernatant was removed and pellets were washed twice with Ringers buffer
solution, to clean the pellet and remove excess media residue. Pellets were
inoculated into Minimal Lactobacillus Media (Table 2.7). At OD 600nm 1.0,
cells were spun down by centrifugation and washed twice again with Ringers
solution. These pellets were frozen for 1 hour minimum at -80°C and lyophilized

for 8-12 hours.

Post-lyophilisation, the bacterial pellets were kept at 4°C, until use.

2.2.2.3. Media Composition

‘ Material Quantity
Tryptone from casein 10g/L
Sodium chloride 10g/L
Granulated Yeast Extract 5g/L
Deionized Water 1L

Table 2.2. Recipe for Luria Broth (LB) for the growth of E. coli

‘ Material Quantity
MRS broth 55g/L
Deionized Water 1L

Table 2.3. Recipe for de Man-Rogosa-Sharpe (MRS) for the growth of lactobacilli
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Material Quantity

Bacto-peptone Sg/L
Lab-Lemco 4g/L
Granulated Yeast Extract 2g/L
Tween 80 0.5mL/L
K,HPO, lg/L
NaH,P0O,.H,0 3g/L
CH;COONa 0.6g/L
MgS0,.7H,0 0.3g/L
MnSO4.H,0 0.04g/L
* Supplemented with 40mM 1,2-propanediol and 200nM B12 to
induce the pdu microcompartment

Table 2.4. Recipe for MRS-Modified (MRS-MOD) for the growth of L. reuteri

Material Quantity

MOPS 83.72¢g/L
Tricine 7.17g/L
0.01M FeSO4.H20 10mL/L
1.9M NH,CI, 50mL/L
0.276M K,SO4 10mL/L
0.02M CaClL-2H,0 0.25mL/L
2.5M MgCL, 2.1mL/L
5M NaCl 20mL/L
Micronutrient stock 0.2mL/L

Table 2.5 Recipe for 10X MOPS minimal media.

Material Quantity

10X MOPS 50mL/L
Glucose 10g/L

1M K,HPO, 10mL/L
Thiamine Sul/L

Table 2.6. Recipe for 1X MOPS minimal media.
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‘ Material Quantity

Glucose 10g/L
Sodium acetate 5g/L
K;HPO, 3g/L

MgSO,4.7H,0 0.2g/L
L-Alanine 0.10g/L
L-Arginine 0.10g/L
L-Aspartic Acid 0.20g/L
L-Cysteine 0.20g/L
L-Glutamic Acid 0.20g/L
L-Histadine 0.10g/L
L-Isoleucine 0.10g/L
L-Leucine 0.10g/L
L-Lysine 0.10g/L
L-Methionine 0.10g/L
L-Phenylalanine 0.10g/L
L-Serine 0.10g/L
L-Tryptophan 0.10g/L
L-Tyrosine 0.10g/L
L-Valine 0.001g/L
Nicotinic acid 0.001g/L
Pantothetic acid 0.001g/L
Pyridoxal 0.002g/L
Riboflavin 0.001g/L
Cyanocobalamin 0.001g/L
Adenine 0.01g/L
Guanine 0.01g/L

Table 2.7. Recipe for Minimal Lactobacillus Medium (MLM) for the growth of lactobacilli.

Different carbon compounds were assessed for effect on viable counts when used
in aqueous isotonic solution to re-suspend lyophilized constructs. Phosphate
uptake from added phosphate was determined to identify which would aid most
in sustained viability of the lyophilized culture over the necessary extended time

period. Sorbitol (a sugar alcohol) and sodium gluconate (an organic acid) were
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the chosen carbon sources, utilized at a concentration of 2% (Zhan et al., 2011),
(Santivarangkna et al., 2006) and supplemented with 15, 10 or SmM phosphate.
ImL samples were then taken at hourly intervals and tested with

molybdovandate as previously described.

‘ Compound Concentration of solution Reference
Sorbitol 20g in 1L (2%) Carvalho et al., 2003
(MW 182.17)
Sodium Gluconate 20g in 1L (2%) Jones et al., 2008
(MW 196.16) 8gin 1L (0.8%)

Table 2.8: Table illustrating the chosen carbon sources.
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2.2.3. Molecular Methods

Polymerase Chain Reaction

|

Digestion with restriction enzymes

!

Gel extraction and purification

!

Ligation of insert and vector

!

“ Transformation into competent

E. coli cells

|

Growth on selective media; pick
transformants

!

“ DNA Sequencing of inserts

N

-

Figure 2.1. Flow chart indicating the cloning process utilized for the development of the

constructs in this study.

2.2.2.2 Vectors
As previously mentioned, in order to allow direct expression of the inserted
genes in both E. coli and Lactobacillus reuteri, a number of shuttle vectors were

studied (Table 2.9) in particular pNZ44, which is a vector in the well-known
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pNZ series of lactobacilli vectors (Kok, 1991). pNZ44 was created in University
College Cork (McGrath ef al., 2001) from the backbone of the pNZ8048 vector,
replacing the inducible nisin promoter with the constitutive p44 promoter from
Lactococcus lactis (van der Vossen et al., 1987). For E. coli-based cloning, the

pET23 vector was also used for cloning purposes. For integration, the pORI280

vector was utilized.

Size Antibiotic selection  Replicon Original reference
Type
pNZ44 3.394kb Chloroamphenicol pNZ8048 McGrath et al., 2001
10mg/mL
pET23 3.666kb  Ampicillin 100mg/mL pBR322 Studier and Moffatt, 1986
pORI280  5.263kb Erythromycin pWVO01 Leenhouts ef al, 1998
200mg/mL
pEX-A 2.450bp  Ampicillin 100mg/mL pUCI18 n/a
Table 2.9. Table indicating vector information.
. Bglll - BstYl (1}
(3361) BfuAl - BspMI 22)
(3279) Stul BsrGl (172)
(3230) BsaBl E'm .r239)
(3107) Bmrl Mscl (241)
Btgl - Ncol (247)
(2968) Xmnl PfIMI (248)
Pstl (260)
Sphl (266)
Acc651 - Banl (268)
Kpnl (272)
Spel (274)
Xbal (280)
Eco53kl (288)
Banll - BsiHKAI - Bsp12861 - Sacl (290)
HindlIll (292)
Afllll (368)
> BsaAl - Pmll (369)
piisaa 2 EcoNI (462)
3394 bp E-:— ‘g :r\:‘acl_‘:liso?B[Is;;acRﬂ - Tlil - Xhol (622)
v b Acul - Eco57MI (647)
= BspQl - Sapl (666)
Mmel (868)
(2361) Hincll .
(2359) Sall Afel (975)
(2356) PshAl

(2030) Bsu3eél

BciVI (1444)
(1834) BspHI
(1819) Ndel

Figure 2.2. Vector map for pnZ44 (credit: Dr. Lorraine Draper, University College Cork)
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EcoR I(192)
NgoA IV(asas) BamH l(1se)
Drd Izazs) Nhe li231)
Dra lilaaza)

BsaH I(2818)

Sca l(2767)
Pvu ll(s73)
Pvu l(ze51)

To111 K133
Bst1107 1(1159)

Bgl h2201)

Al lll{=388)

Ahd k2281) BspLU11 I(7388)

Figure 2.3. Vector map for pET-23a (credit: Novagen, Merck Biosciences)

4820,Hindlll ¢
4714, Kpnl, :
4714 Asp718:

3939 4562,5all,
XbalX — "
Xmalll
Notlp =
Bgll,
»EcoRV
BamHI| -
Ndel
Aatll
o Sall
Miul
- Pstl
X HindIll
Asul
EcoRl
o SacH
Xmal
- Smalp -
» Kpnd
xAspT18
Styl
NcolpK ~
Sphl
+Clal
Bgilllx /
A0 2866,Sall

_Sac1,748

pORI280
5263 bps

3187 Xmnl’

Figure 2.4. Vector map for pORI280 (credit: Dr. Lorraine Draper, University College Cork)
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2.2.3.2. Primer design & PCR Conditions

All primers utilized in this study were designed by the author (unless specifically
indicated otherwise) and produced by MWG Eurofins. Primers mostly adhered to
a maximum length of 30bp, and a melting temperature of between 57°C and

70°C, unless specific requirements challenged this.

PCR reactions were performed using a pre-prepared program as indicated in
Table 2.11. All reactions utilized the Fermentas Phusion High-Fidelity DNA
polymerase (#M0530S). Phusion has 5°-3° polymerase activity and a 3’-5’
exonuclease activity, and generates blunt-ended products. The reason for the use
of a high-fidelity enzyme was to alleviate the frequency of amplification errors

during the reaction.

Step Temperature Duration ‘
Denaturation
1 95.0°C 2 minutes
2 95.0°C 30 seconds
Annealing
3 62°C 30 seconds
4 72°C 2 minutes 30 seconds**

Return to Step 2 and repeat cycle 29

times
Extension
5 72°C 10 minutes
Storage
6 4°C Infinity loop

**For amplification of L. reuteri ppk, time is extended to 3 minutes

Table 2.10. PCR program for amplification of E. coli and L. reuteri DSM20016 ppk gene.
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‘ Reagent Quantity Final Concentration
Polymerase Buffer 10uL 5X
dNTP 2.5uL 200uM per ANTP
Primers MWG) 1 1uM per primer
Genomic template 1 pL <250ng
Phusion DNA Polymerase 1 pL 1X
Deionised water 33.5uL -

Table 2.11. PCR reaction mix.
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Primer name

Sequence 5-3°

Restriction

Sites

Predicated
Amplicon Size

KMCI1A (L. reuteri ppk 5’- GGC CCATGG ATG TAT AAG Ncol 2.2kb
Forward) GAG TTT TAT AAG -3’
KMCI1B (L. reuteri ppk 5’-GCC AAGCTT TCA AGA AAG HindIII 2.2kb
Reverse) TTA GAT CGA CGG-3°
KMC2A (E. coli ppk 5’-GCC CCATGG Ncol 2.0kb
Forward) ATGGGTCAGGAAAAGC-3’
KMC2B (E. coli ppk 5’-GCC AAGCTT HindIII 2.0kb
Reverse) TTATTCAGGTTGTTCGA-3’
KMC34 5'-TGA CTG GAT CCT AAG TTC BamHI 1.3kb
(BamHIL.pORI28 TTT GGA ATA CTT CAA ACC-3'
Forward)
KMC3B 5'-TGA CTG AAT TCG TTC AAG EcoRI 1.3kb
(EcorRIL.pORI28 AAG CAT TTG AGC GTC-3'
Reverse)
KMC3C 5'-TGA CTA AGC TTG TTC AAG HindIII 1.3kb
(HindIIL.pORI28 AAG CAT TTG AGC GTC-3'
Reverse)
KMC4A (Sacl.p44 5'-GCC GAG CTC GGG CAT GCG Sacl 2.6kb
Forward) TTA GTT GAA GAA-3'
KMC4B (Sphl. ABJKNU 5'-GCC GCA TGC TAT GTT CGT Sphl 2.6kb
Reverse) GTA ATT TCA-3'
KMC4C (Sphl.LRppk 5'-GCC GCA TGC TTA CTC ATC Sphl 2.2kb
Reverse) CTT TCG CTC-3'
KMC5A (Citrobacter 5'-GAT GCA TGC ATG CAA CAA Sphl 2.2kb
pdu-Sphl Forward) GAA GCG TTA G-3'
KMCS5B (Citrobacter 5'-GAA GAG CTC TTA TGT CCG Sacl 2.2kb
pdu-Sacl Reverse) GGT GAT GGG-3'
139Pr1 5’-TG ACT GGA TCC TAA GTT BamHI 1.3kb
(100231IntegForward) CTT TGG AAT ACT TCA AAC C-3°
139Pr2 5’-TG ACT GAATTC GTT CAA EcoRI 1.3kb
(10023IntegReverse) GAA GCA TTT GAG CGT C-3” *
KMc6C 5’-TG ACT AAGCTT GTT CAA HindIII 1.3kb
(10023IntegReverse) GAA GCA TTT GAG CGT C-3’
KMCV1 (pNZ44 5’-ATG AAT CGT GAT GTG TGA n/a 3.3kb
Forward) GG-3'
KMCV2 (pNZ44 5’-TCA ACT AAC GGG GCA GGT n/a 3.3kb
Reverse) TAG TG-3'
P18 sequence (L. 5’-A TGC AGA TTA ATG ATA TTG n/a 110bp
reuteri) AAA GTG CTG TAC GCA AAATTC
TTG CCG AAG AAC TA- 3’
(purchased double G ¢
stranded)
P18 sequence (E. coli) 5’-ATG AAC ACT TCA GAA CTT n/a 110bp
hased doubl. GAA ACC CTT ATT CGT AAC ATT
(purchased double TTG AGT GAG CAA CTT GCC-3’
stranded)

Table 2.12. Table indicating primers used during this study. All produced by MWG Eurofins.
Restriction sites shown in bold
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2.2.3.3. DNA Modification Protocols

Extraction of the whole genomic DNA of both L. reuteri and E. coli was
achieved using the Wizard Genomic DNA Purification Kit (Promega, Madison,
USA) with protocol followed as per manual provided for Gram positive/Gram
negative bacteria. This kit utilizes a series of lytic enzymes, protein precipitation
and isopropanol to elucidate high quality DNA from the bacterial cell. ImL of
overnight (approximately stationary phase) culture was pelleted for extraction.
Following this procedure, the isolated genomic DNA was stored in the -20°C
freezer for future use in PCR. Confirmation of gene size was obtained using gel
electrophoresis. Sequenced plasmids were extracted and purified using a plasmid
purification kit (Fermentas GeneJet Plasmid Extraction kit #12703194). This kit
utilizes lytic enzymes, RNAase and silica-based membranes for centrifugation
purification. ImL of culture is pellet for plasmid extraction purposes. Digested
PCR products were extracted from agarose gels, and purified using using a PCR
purification kit (Fermentas GenelJet PCR Purification kit #12790091). This
purification kit utilizes silica-membrane-based purification to remove any traces

of agarose or other debris from PCR products.

2.2.3.4. Electrophoresis

For this study, 0.48g of powdered agarose was added to 60mL of 10x TAE
buffer to create a 0.8% gel, which offers the best resolution of DNA fragments
<10kb. This solution was mixed with approximately 1uL of ethidium bromide
(Sigma Aldrich E1510) and allowed to set in a loading tray. 3-5uL of DNA

sample was added, with 4uL of marker dye to facilitate loading. A 1kb DNA
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ladder (N3232S New England Biolabs) was also added to the gel as a standard

DNA size marker. Samples are run for 20 minutes at 100mV.

2.2.3.5. PCR

L. reuteri ppkl was amplified from L. reuteri genomic DNA using primers
KMCI1A and KMCI1B. The E. coli ppk gene was amplified from E. coli MG1655
by PCR with primers KMC2A and KMC2B (PCR protocol Table 2.12, primers

Table 2.12).

Following confirmation of gene size, the ppk gene amplicons and pnZ44 vector
were digested and single bands excised from agarose. pNZ44 is a Lactobacillus-
E. coli shuttle vector (obtained from Dr. Lorraine Draper, UCC) and uses a
constitutive p44 promoter and has chloramphenicol resistance (Cm 10mg/mL);
(Table 2.9). The ppk genes and the pNZ44 vector were digested respectively
using 1uL. Ncol (Fermentas FastDigest #FD0574) and 1uL HindIIl (Fermentas

FastDigest #FD0504), along with 4puL of buffer reagent and 30uL of sample

Following this purification step, the ppk gene and the pNZ44 vector were ligated
together, to create a new genetic construct. The ligation reaction was carried out
in PCR tubes, which are placed in a thermocycler on a specially calibrated
ligation programme. 4uL of T4 ligase (Invitrogen #15224-017) is added to the
reaction mixture, along with 10uL of the insert DNA and SuL of the vector

DNA.

The resulting ligate was electroporated in E.cloni 10G electrocompetent cells
(#60107-1 Lucigen, Wisconsin, USA). After plating on chloramphenicol
selective agar, colonies were sequenced to confirm presence of L. reuteri ppk-

PNZ44. DNA sequencing was obtained by the Value Read service, MWG-
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Eurofins. This sequencing service utilizes provided primers to confirm the

presence of genes of interest, along with a BLAST analysis.

The resulting plasmid was then further transformed into L. reuteri DSM20016

using a specific protocol provided by Prof. J.P. van Pijkeren (section 2.2.3.9.).

2.2.3.6. p18 targeting sequence

To observe the potential effect of the p18 targeting sequence with the E. coli ppk-
PNZ44 and L. reuteri ppk-pNZ44, a new construct was made with suitable
restriction sites (MWG Eurofins). This double stranded DNA construct, or
synthetic gene, consisted of an Ncol site, followed by 54 bases encoding the 18
amino acid sequence of the p18 linker, ending in a Ps¢/ site (Figure 3.5) To allow
ligation with both E. coli ppk and L. reuteri ppk, a BamHI site followed the Pstl.
This allowed observation of the effect of the linker on both the E. coli ppk and

also the L. reuteri ppk.

Plasmid Map
5' Restriction Site:  Ncol
3' Restriction Site:  EcoRl|

Gene insert

C|on|ng: via Type IIS restriction enzymes
Socl () Hindlll (19)
Kpnl (2432) Ham HI (20) MCS of pEX'A
Nl (2423) EeoRI(6) Sequencing primers and Not |
pEX-For lac Promot: restriction sites underlined

XRe ' GaAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGETGTTGGCGEETGTCGEGEE

TGECTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGGg
taccGAGCTCYCYYeCgeAAGL oo 4 1o art PCCTYCIYCCYCAAGCTT
g9a tccGAATTCCTGTGTGAAAT TGT TATCCGC TCACAAT TCCACACAACATA

CRAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGA

Seal (1732) \pUC Ori
Gene Insert (p18 synthetic gene)

Amp(R) CCA TGG ACA TGC AGA TTA ATG ATA TTG AAA GTG CTG TAC GCA
AAA TTC TTG CCG AAG AAC TAC TGC AGC AGT CCG GAT CCA AGT
CCG CAR AGG AAT TC

Amino Acid
Met QINDIESAVRKILAEEL

Figure 2.5. Plasmid map for the synthetic p18 linker gene, obtained from MWG Eurofins. The

construct was initially provided on the pEX-A vector.

103




2.2.3.7. Microcompartment genes

The Citrobacter propanediol microcompartment (Pdu MCP) consists of a 22 kb
operon, which contains a number of shell genes. These shell genes encode for the
assembly of the proteins required to form the functional MCP shell. Previous
subcloning has shown that the minimal gene set required for empty shell

assembly is pduA, pduB, pduJ, pduK, pduN and pduU (Parsons et al., 2010).

> pdud D> pduB D> pdu] D> pduk D> pdul D> pdul )

Figure 2.6. Map indicating the minimal genes required for empty microcompartment synthesis.

Because it was planned to use E. coli and Lactobacillus hosts for operons
encoding for this minimal shell assembly, two different cloning approaches were
used to provide recombinant microcompartment operons of Gram positive and
Gram negative origin suitable for co-expression with targeted PPK. Approach 1
involved the use of two primers; a forward pduAB primer and a reverse pdulU
primer (Table 2.12) applied to the existing recombinant vector assembled using
genes of Citrobacter origin (Parsons et al 2010). Approach 2 involved the
amplifying the individual shell genes from the L. reuteri DSM20016 genome by
PCR. The individual genes were linked on one after another using the “link and
lock” multiple cloning strategy (McGoldrick et al., 2005) which was previously
used by (Parsons et al., 2010) in the cloning of the empty Citrobacter pdu

microcompartment.
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Figure 2.7. Plasmid construction using Link and Lock method. N represents Ndel, S represents
Spel, X represents Xbal and H represents HindlIIl. The compatibility of Spel and Xbal sites,
which when ligated together do not reform a restriction site, means that these sites can be reused

in successive rounds of cloning, allowing additional genes to be added on one after another.
2.2.3.8. Chromosomal Integration

In order to co-express a targeted ppk gene stably along with the key structural
genes required for the MCP assembly in the murine strain L. reuteri 100-23,
chromosomal integration was attempted. In the first instance the chromosomal
integration of the structural genes pdudBJKNU was attempted with the ppk gene

remaining on a plasmid.

A method for the chromosomal integration of Lactobacilli had been previously
established using the temperature sensitive pVE6007 and the pORI280 vector to
induce chromosomal integration (Russell & Klaenhammer, 2001). Internal
fragments of the target genes were amplified by PCR, using specific primers
(Table 2.12) and inserted into pORI28 (an Em' repA-negative derivative of
pWVO01) by directional cloning using E. coli EC1000 (which contains a copy of
the pVWOI repA gene in the chromosome) as the host. The next step would be
the purification of the plasmids and electroporation into L. reuteri 100-23,
containing the temperature sensitive pVE6007 (a Cm" repA-positive derivative of

pWVO01), with 35°C being the optimal temperature for phenotypic expression.
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Lactobacilli carrying both plasmids are propagated overnight at 35°C in the
presence of erythromycin and chloramphenicol. Through selection on
erythromycin plates and an increased temperature of 44°C, transformants are
recovered and propagated successively in MRS minus antibiotic for 90

generations to assess stability of integration.

For constructs, the p44 constitutive promoter was also required, to allow

constitutive expression of the MCP structural genes on integration.

2.2.3.9. Lactobacillus transformation
A protocol for the transformation of L. reuteri was kindly provided by Prof. J.P.

van Pijkeren, of Michigan State University.
Day 1:

SmL MRS was initially prepared in a 15mL tube, and inoculated with L. reuteri
DSM 20016 from glycerol stocks. Inoculate was grown statically and

anaerobically for 16-24hrs at 37°C until stationary phase.
Day 2 :

After overnight growth and stationary phase has been reached, the culture must
be accurately sub-cultured to an OD 600 of 0.1. This can be approximately
calculated via the following e.g. if OD 600 of o/n culture is 1.25 then (4.57/0.1)=
45.7. For a total volume of 40mL MRS, you need to add (40/45.7) = 0.875mL
inoculation. This volume must then be once again verified by spectrophotometer

readings.

After 1.15 hours, OD 600 was measured again. Once an OD 600 of between 0.55

and 0.65 (early exponential phase) was reached, cells must be cooled
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immediately for 5 minutes. Once cooled, cells can be centrifuged in a precooled
centrifuge for Smins at 5000rpm. It is essential to keep the cells on ice at all

times.

Supernatant was removed and cells gently resuspended in 20mL ice-cold buffer
(0.5M sucrose/10%v/v glycerol). Once resuspended, an additional 20mL buffer
was added to reset the volume back to 40mL. Tubes and buffer were again

maintained on ice and centrifugation repeated as above.

Again, supernatant was removed, and cells resuspended in 20mL buffer before a

final centrifugation.

After final centrifugation, supernatant was carefully removed and adequate
buffer added in order to set a total volume 1/50 of initial culture volume e.g.
40mL/50=0.8mL. Cells were resuspended gently, and aliquoted out in 100ul

volumes.

For transformation, approx. lug plasmid DNA was added to one aliquot of cells.
Cells were electroporated at 2500V, 25uF, 400Q2 with anticipated time constants
at approx. 8-10msec. Immediately after electroporation, ImL MRS (room temp)
was added to cells, which were then allowed to recover statically and
anaerobically for 2.5hours at 37° C. After recovery, 100ul undiluted culture was

plated on antibiotic selective MRS in an anaerobic jar for approx. 24-48hours.

2.2.4. Expression & Phenotype of constructs

2.2.2.3. Neisser stain protocol
Neisser stain is a staining process which highlights intracellular polyphosphate

granulations under a bright-field microscope (Machnicka, 2005). The stain
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protocol involves three distinct stains, used in a particular order. Neisser Stain A
consists of 0.1g methylene blue, SmL glacial acetic acid and SmL 96% ethanol to
100mL dH,O. Neisser Stain B consists of 3.3mL of 10% crystal violet
(suspended in 96% ethanol) and 6.7mL 96% ethanol to 100mL dH,O. Neisser

Stain C consists of 33.3mL 1% aqueous chrysodin Y to 100mL dH,O.

The actual stain protocol is based upon using the aforementioned stains to stain
and counterstain polyphosphate. Initially fix a 10uL volume of the culture on a
glass slide. Prepare a solution of 2 parts stain A with 1 part stain B. Apply this
solution to the glass slide for 10-15 seconds. Rinse and dry. Apply stain C for 45
seconds, rinse and dry. Allow the slide to dry, and view under 100x bright field
microscopy. If there is polyphosphate present in the culture, purple

accumulations will be observable within the bacterial cells.

2.2.5 Polyphosphate observations in native lactobacilli

Through the process of observing phosphate uptake and polyphosphate retention
in L. reuteri, it was also possible to observe these processes in other wild-type
lactobacilli, such as Lactobacillus delbrueckii subspecies bulgaricus
ATCC11842. This was achieved using Neisser stain. In particular, for the
observation of wild-type L. reuteri, samples were obtained from both pdu-
induced and un-induced cultures. Induced cultures were grown over a period of 2
days in MRS, with [,2-propanediol and vitamin B2 (cyanocobalamin)
supplemented during growth (7able 3.5) to induce the presence of the Pdu
microcompartment as described (Sriramulu et al., 2008). Un-induced cultures

were grown exclusively in MRS without supplementation.
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2.2.6. Phosphate Assay Test and Conditions

2.2.6.1. Assay Design

In order to identify and quantify the ability of the recombinant constructs to
remove and uptake extracellular phosphate, it was necessary to establish a series
of phosphate assays. The purpose of the phosphate assay was to establish 1) the
ability of the constructs to uptake extracellular phosphate and ii) to identify the
factors that may enhance or retard the ability of the constructs to uptake

phosphate.

2.2.6.2. Assay Preparation

As mentioned, assays were performed with washed cells in Ringers solution
supplemented with a defined amount of K;HPO4. This was necessary because of
the difficulty of measuring phosphate levels in rich media. Strains were grown
initially in either defined media (Luria Bertani Broth for E. coli, MRS for L.
reuteri) or minimal media (Supplemented MOPS media for E. coli, Minimal
Lactobacillus media for L. reuteri). Minimal media was used for initial growth
where possible to restrict the amount of phosphate provided to the culture pre-

assay.

In order to grow the cells to stationary phase, 15mL defined/minimal media,
supplemented with relevant antibiotics, was inoculated with the construct of
interest and incubated overnight at 37°C. The overnight culture was subcultured
in a volume of 500mL defined/minimal media and antibiotics, which was grown
to an OD 600nm of 0.4. This would typically take 4-5 hours to occur, and would

result in the cells being in early exponential stage. Cells were then pelleted by
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ultracentrifugation using the J10 rotor at 7,000G for 5 minutes (Beckman

Coulter).

The pellet was washed twice with Ringers solution to remove excess media
residue, which may affect the phosphate uptake. Following this washing step, the
pellet was resuspended and inoculated into 100mL Ringers solution
supplemented with K,;HPO4. Samples were then obtained every hour for the

initial 6-hour duration for testing.

2.2.6.3. Phosphate Analysis of Samples

2.2.6.2.2. Orthophosphate

Orthophosphate content of the supernatant was determined by pelleting 1mL of
culture, removing the supernatant and testing with molybdovanadate (#2076032,
Hach, Colorado, USA) wusing a spectrophotometer at OD 430nm.
Molybdovanadate is a reagent that binds to orthophosphate in solution, with the
degree of yellow color formation quantitative to the amount of phosphate present
(Fiske & Subbarow, 1925). Results were then plotted against a KH,PO4 standard

curve.

2.2.6.3.2. Polyphosphate

Intracellular polyphosphate of the bacteria was tested by pelleting 4mL culture,
where the pellet was then frozen for 24 hours at -80°C to induce softening and
lysis of the cell membrane. Measurements of intracellular polyP were measured
using the DAPI (4',6-Diamidino-2-phenylindole) fluorescence method
established by the McGrath lab (Kulakova ef al., 2011). Samples were obtained
hourly along side phosphate measurements, and were frozen at -80°C for

minimum 24 hours. DAPI measurements were done by Dr. Mingzhi Liang.
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Briefly, cells were harvested by centrifuging at 5000g for 10 min at 4° C. After
washing in 50mM HEPES buffer (pH7.5) the cell pellet or microcompartment
fraction was frozen at -80° C followed by defrosting at room temperature. Cell
pellets/microcompartment fractions were resuspended in HEPES buffer at an
appropriate dilution to ensure that the cellular polyP concentration was in the
linear range of the DAPI assay (0-6 mg polyP/mL). Total assay volume was
300uL which included 100 pL of polyP containing samples and 200 pL of DAPI
assay buffer containing 150 mM KCI, 20 mM HEPES-KOH (pH 7.0) and 10 uM
DAPI solution. After a 10 min incubation at room temperature DAPI
fluorescence was measured with a platereader equipped with excitation and
emission filters of 420 nm and 550 nm respectively. A polyphosphate standard
curve was prepared using sodium phosphate glass Type 45 (S4379 Aldrich) and
sodium hexametaphosphate (SX0583). Protein content of the bacterial culture

was tested via Bradford assay (Bradford, 1976).

2.2.7. Graphs

All graphs were prepared using Microsoft Excel. Where present, error bars

indicate standard deviations calculated from the use of three biological replicates.
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2.3. Results & Discussion

2.3.1. Molecular results

Name Inserts Final size
pKMC001 E. coli ppk+pNZ44 5.3.kb
pKMC002 L. reuteri ppk + pNZ44 5.5kb
pKMC003 E. coli p18+ppk + pNZ44 5.3kb
pKMC004 L. reuteri pl8+ppk + pNZ44 5.5kb
pKMC005 E. colipl8 + pNZ44 3.3kb
pKMC006 L. reuteri pl8 + pNZ44 3.3kb
pKMCO007 L. reuteri pduABJKNU + pNZ44 6.0kb
pKMC008 P44+xyl4 + pORI280 6.5kb
pKMC009 L. reuteri pduAB + pet23 4.6kb
pKMCO010 L. reuteri pduABJ + pet23 4.9kb
pKMCO011 L. reuteri pduABJK + pet23 5.5kb
pKMC012 L. reuteri pduABJKN + pet23 5.9kb
pKMC013 L. reuteri pduABJKNU + pet23 6.3kb

Table 2.13. Table indicating plasmids created during this study.
The ppkl gene was amplified from E. coli MG1655, by PCR, using primers
KMC2A and KMC2B containing the restriction sites Ncol and HindIlI MWG
Eurofins). The amplicon was the predicted size of approx. 2kb (Fig. 2.8) and

confirmed by sequencing.

-
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Figure 2.8. Gel electrophoresis image indicating E. coli ppk amplicon in Lane 2&3. Lane 1
indicates an unrelated PCR product. The brightest MW in the ladder indicates the 3kb mark.

The ppk gene was amplified from the obtained L. reuteri DSM 20016 genomic

DNA PCR with primers KMCIA and KMCIB (Table 2.12) containing the
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restriction sites Ncol and HindIll.. The amplicon was the predicted size of
approximately 3.2kb via gel electrophoresis (Fig. 2.9) and confirmed by

sequencing.

Ladder

Figure 2.9. Gel electrophoresis image indicating ppk amplicon (L. reuteri) in Lane 1 & 2. The
brightest MW in the ladder indicates the 3kb mark.

Figure 2.10. Gel image indicating empty vectors pNZ8048 (Lane 1) and
pnZ44 (Lane 2) digested with Ncol. The brightest MW in the ladder

The pl8 sequence was designed and produced as a synthetic gene (MWG
Eurofins), (Figure 2.5). It was flanked by additional restriction sites, which

allowed ligation in multiple vectors for multiple fusions.

On excision from the provided pEXa vector, the gene of interest was approx.
100bp. Due to the small size of the L. reuteri pl8 gene construct, gel
visualization was difficult and therefore frequent sequencing was necessary to

ensure its continued presence.
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Ladder 1

Figure 2.11. Gel image illustrating plasmid pKMCO005 pnZ44 (3kb) containing the E. coli p18
linker (100bp) in lane 3 & 4 after restriction digestion (arrow indicated). Lane 1 & 2 illustrate

the pnZ44 vector without the linker.

To produce an empty MCP, the minimum genes required for MCP expression
were amplified and transformed into one vector. PduAB was amplified from the
L. reuteri genome and ligated into the pET23 vector. It was excised from the
vector via Ndel, which allowed inclusion of the ribosome binding site region of
pET34, and a Hindlll site. pduJ was then fused onto the pduAB gene via
Spel/Xball, which have compatible ends, and HindlIIl, creating pduABJ-pET23

(PKMC010).

The compatibility of Spel and Xbal sites, which when ligated together do not
reform a restriction site, means that these sites can be reused in successive
rounds of cloning, allowing additional genes to be added on one after another
(Figure 2.7 for further information), (plasmids pKMC010-013). This resulted in
the creation of pduABJK-pET23 (pKMCO11), pduABJKN-pET23 (pKMCO012)

and pduABJNU-pET23(pKMCO013).
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Once DNA sequencing confirmed the presence of the insert of interest, it was
excised from pET23 and transformed into pNZ44, to allow dual expression in E.

coli and L. reuteri.

MwW

o ws N

0.5

Figure 2.12. Gel image illustrating L. reuteri pdudB pet23 (pKMCO009) (Lane 1) and pduABJ pet
23 (pKMCO010) after restriction digest. These genes were individually added on in pet23 before

final transformation into pNZ44 (below).

MW

Figure 2.13. Gel image illustrating L. reuteri pduABJKNUpNZ44 (pKMCO007) (Lane 2) after

restriction digest with Sphl. E. coli ppk. Lane 1 is an unrelated DNA fragment
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Figure 2.14. Sequencing read out indicating the presence of L. reuteri pduABJKNU in pET23
(pKMCO013). This highlighted sequence is the beginning of the pduAd sequence.

Regarding the use of the integration vector, a method for the chromosomal
integration of Lactobacilli had been previously established using the temperature
sensitive pVE6007 to induce chromosomal integration (Russell & Klaenhammer,
2001). The xylose isomerase gene (xy/4) was chosen as the candidate gene to be
knocked out, allowing our genes of interest to be integrated in its place. This
gene was selected due to previous literature (Walter et al., 2005) identifying this
gene as nonessential to successful colonization of the murine gut by L. reuteri
100-23. Using primers presented in the Walter study (Table 2.12), the xylA gene
was amplified from the L. reuteri 100-23 genome using primers KMC3A and
KMC3B (Table 2.12,) containing the restriction sites BamHI and EcoRI. The
gene was then ligated into the pNZ44 vector and transformed into Ecloni E. coli

10G cells (Lucigen).

MW Ladder

Figure 2.15. Gel image illustrating empty vector pORI280, a band of approximately 5.3kb, in

both lane 1 and 2. Band was digested once with BamHI.
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Figure 2.16. Gel image illustrating xylA amplicon, a band of approximately 1.3kb, in lane 1.
Band was amplified using primers KMCO0S.
The p44-xylA construct was ligated into the suicide vector pORI280 (EmR rep-4
negative derivative of pWVO01) using E. coli EC1000 cells (which contain a copy
of the pVWOI1 repA gene). However after successive unsuccessful attempts to
obtain a clone with the insert, this protocol was abandoned. The pORI280 vector
in our possession did not appear to match the vector map as digestion with the
Sphl restriction sites consistently resulted in an additional cut, indicating the
presence of a second Sp# site in the vector. At this point in the study, difficulties
in obtaining an original sequenced pORI280 vector, which would facilitate the
use of the required restriction sites, prevented further use of the integration

technique and full integration was not achieved.

2.3.2. Neisser stain imaging
In order to observe polyphosphate accumulation and retention in the bacterial
strains (wild-type and recombinant), samples of culture were obtained at various

time points during growth for optimal observation and treated with Neisser stain.
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2.3.2.1. Wild-type Lactobacillus strain imaging

A recent study (Alcantara ef al., 2014) noted polyP accumulation in a number of
different lactobacilli. Lactobacillus delbrueckii  subspecies bulgaricus
ATCC11842 is a milk-adapted lactobacillus, particularly associated with dairy
and yogurt production, whilst L. reuteri is a commensal bacterium typically

associated with the mammalian gut.

Figure 2.17: Image of L. delbrueckii subspecies bulgaricus ATCC11842, grown in
unsupplemented MRS and stained with Neisser stain. Purple granulations indicate the presence
of polyphosphate in the cell. Image taken after 8 hours of growth in MRS.

Large quantities of polyP accumulations can be observed within the bacterial
cells in image 2.17. The observation of an elongated cell shape is also a

distinctive feature associated with intracellular polyP accumulation, and

previously observed by (Alcantara et al., 2013).
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Figure 2.18: Image of L. reuteri DSM20016 (grown in unsupplemented MRS) stained with

Neisser stain. Image taken after 8 hours growth in MRS
i Fe

Figure 2.19: Image of L. reuteri DSM20016 (grown in MRS supplemented with 1,2-propanediol

and B12) stained with Neisser stain. Image taken after 8 hours of growth.
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Figure 2.20: Image of L. reuteri DSM20016 (grown in MRS supplemented with 1,2-propanediol

and B12) stained with Neisser stain. Image taken after 15 hours of growth.

Figure 2.21: Image of L. reuteri DSM20016 (grown in MRS supplemented with 1,2-propanediol

and B12) stained with Neisser stain. Image taken after 30 hours of growth.

In particular, in L. reuteri DSM20016, I observed a correlation between the
induction of the wild-type Pdu microcompartment via the supplementation of
1,2-propanediol and B12, and polyP formation detected by Neisser staining. This
can be observed in the difference between Figures 2.18 and 2.19, 2.20. This
accumulation of polyphosphate can be observed to reverse over time, decreasing

after approximately 30 hours (Figure 2.21).

2.3.2.2. Recombinant strain imaging
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Figure 2.22. E. coli ppk-pNZ44 (pKMC001) expressed in L. reuteri DSM20016. Cultured in MRS

with chloramphenicol. After 9 hours of growth, purple granulations within bacterial cell indicate

presence of polyphosphate granulation

J AA‘ : i w .ﬂ y PO
Figure 2.23. E. coli ppk-pNZ44 (pKMC001) expressed in L. reuteri DSM20016. Cultured in MRS

with chloramphenicol. After 15 hours of growth, purple granulations within bacterial cell

indicate presence of polyphosphate granulation.
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.Figure 2.24. E. coli ppk-pNZ44 (pKMCO001) expressed in L. reuteri DSM20016. Cultured in
MRS with chloramphenicol. After 30 hours of growth, polyphosphate granulations have

decreased.

As observed in the wild-type L. reuteri, dynamic fluctuation of intracellular
polyP can be seen with expression of the recombinant E. coli ppk in L. reuteri
during different periods of growth (Figure 2.22-2.24). However, the effect of

recombinant L. reuteri ppk expression in L. reuteri is much less marked (Fig

2.25).

Figure 2.25. L. reuteri ppk-pNZ44 (pKMCO002) expressed in L. reuteri DSM20016 cultured in
MRS with chloramphenicol for 9 hours. Purple spots within bacterial cell indicate presence of

polyphosphate granulation.
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Polyphosphate levels measured by DAPI fluorescence showed accumulation

followed by loss by the L. reuteri strain expressing E. coli ppk (Figure 2.26).
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Figure 2.26. Whole cell polyP assay wildtype L. reuteri 20016 and L. reuteri 20016 expressing
the recombinant E. coli ppk gene (pKMCO001), grown in MRS. Error bars represent standard

deviation of three independent observations

Therefore, Neisser stain microscopy and both quantitative polyphosphate assays
show the expression of the recombinant E. coli ppk gene in L. reuteri DSM20016
leads to a faster and increased accumulation of polyP in the cell compared with
the wild-type strain, however retention time is ultimately not extended beyond

that of the wild-type.
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2.3.3. Phosphate Assays

2.3.2.2. Phosphate uptake assays; live cultures

All live cultures were grown in MRS, with resuspension in Ringer’s solution.
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Figure 2.27. Phosphate levels in supernatant in Ringers solution supplemented with K;HPO,,
over 18 hour time period. Legend indicates the following constructs : WT wild-type cell ECppk
(E. coli ppk pNZ44, pKMCO001); LRppk (L. reuteri ppk pNZ44, pKMCO002), pi18LRppk (p18
targeting sequence plus L. reuteri ppk pNZ44, pKMC004). All constructs expressed in L. reuteri
DSM 20016. 0.9g of wet bacteria was added to 100mL solution (per group).
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Figure 2.28 . Graph illustrating phosphate uptake in Ringers solution supplemented with
K>HPO, over 17 hour time period. Legend indicates the following constructs i) wild-type cell ii)
cell containing E. coli ppk (pKMCO001) iii) cell containing L. reuteri ppk (pKMC002) and iv) cell
containing the p18 targeting sequence plus L. reuteri ppk (pKMCO004). All constructs expressed

in L. reuteri DSM 20016. 1.0g of wet bacteria was added to 100mL solution (per group).

An initial difficulty of measuring phosphate uptake by live cultures was
establishing a uniform phosphate starting value i.e. a uniform phosphate
concentration in culture from time zero. These difficulties had been observed
when strains were grown and tested in rich media e.g. MRS, therefore to
alleviate these difficulties, strains were pre-grown for a brief period in MRS to
develop initial growth and then assayed in Ringers solution containing an exact

amount of phosphate.

2.3.3.2. Phosphate assays; freeze-dried cultures

These assays were performed using freeze-dried bacterial cultures containing the
recombinant cultures and a wild-type negative control. Original culture for the L.
reuteri was in MLM media and E. coli in MOPS Media. These were chosen to
alleviate the difficulties in using phosphate rich MRS/LB media. The freeze-
dried cultures were resuspended in isotonic sorbitol, glucose or gluconate to
observe the optimal carbon source for viability after resuspension. These carbon
sources were chosen based on previous literature, where the viability of freeze-
dried Lactobacillus cultures was extended over a long-term period through the
usage of these compounds (Carvalho ef al., 2004). The selected carbon source
was then supplemented with K,HPO, as a phosphate source to assess phosphate
uptake properties. Host strains, E. coli and L. reuteri were used for freeze-dried
assays as both strains were considered for in vivo studies. Supernatant phosphate
and cellular polyphosphate was measured over 6 hours (a period corresponding

to the likely duration of orally dosed bacterial presence in the upper
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gastrointestinal tract). Higher levels of phosphate than in the first experiments

were employed, reflecting post-prandial intestinal levels (Moroz et al., 2011)
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Figure 2.29. Graph illustrating phosphate uptake over 5 hour time period in aqueous 2%
sorbitol plus SmM K,HPO,. Legend indicates the following constructs i) wild-type cell ii) cell
containing E. coli ppk (pKMCO001) iii) cell containing L. reuteri ppk (pKMC002) and iv) cell

containing the p18 targeting sequence plus L. reuteri ppk (pKMC004). All constructs 