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Abstract

Vitamin Bi2 (cobalamin) is one of the most complex small molecules found in nature.
Uniquely for a vitamin, its biosynthesis is restricted solely to certain prokaryotes, and
humans are dependent on a dietary uptake of this essential nutrient mainly from meat, diary,
eggs and fish sources. Significantly, vitamin B, is absent from plants and hence those on
vegetarian and especially vegan diets are prone to deficiency, which manifests in a range
of neurological and haematological conditions. Vitamin Bi. is required not only for
improved human health, but it is also widely used in livestock farming for improved animal
welfare and in biotechnology. There is thus a strong global demand for vitamin B12, which
is produced commercially through bacterial fermentation from a strain of Pseudomonas
denitrificans. This strain employs the aerobic pathway for cobalamin synthesis and gives
yields of about 200 mg/L of culture. The majority (circa 85%) of cobalamin production is
located in China, where production has been variable which has caused volatile price
fluctuations in recent years. To apply synthetic biology as a tool to enhance vitamin B,
production, researchers have turned to E. coli as a chassis to house the vitamin Bi
biosynthetic pathway for the improved production of the nutrient. Previous work in the
Warren lab has resulted in E. coli strain ED656-3B, that contains the genes of the aerobic
B12 pathway integrated into the genome within two distinct operons, and is able to produce
40 mg/L cobalamin. To enter a competitive market, this yield needs to be increased to
approach 1 g/L. The work described in this thesis involves rational approaches to enhance

cobalamin yields.

The initial E. coli B1- producing strain had the operons under the control of T7 promoters.
The resulting high metabolic cost associated with T7 expression has shown that Bi.
production is shut off by the organism within 9 hours of inducing transcription of the
pathway. Using CRISPR-Cas9 cloning, the two operons were placed under the control of
constitutive promoters of varying strengths in an attempt to alleviate this metabolic stress,
and extend the production period. However, the introduction of a weaker constitutive
promoter in one of the operons resulted in decreased yields of cobalamin. The operon that
was most sensitive to this change encoded genes for the entire pathway, showing a 75%
drop of cobalamin yield after 24 hours when the T7 promoter was changed to a constitutive
promoter. After 48 hours this yield decreases further to 10% when compared to the control
strain. The other operon, which sees no dramatic effect from the change, contains an extra
set of cobaltochelatase. Despite the little effect of the promoter change in this operon, a
build-up of substrate intermediate hydrogeneobyrinic acid a,c- diamide (HBAD) indicates

this point of the pathway is still vital for production improvement.



A further approach towards increased yield was to target genes cobA and cobl, that encoded
rate-limiting enzymes as well as genes SAMS and SAHH, whose products contributed to
the production of substrates for the Bi2 biosynthetic pathway. Investigating the effect of
targeting these points in the pathway was achieved by adding the relevant genes to T7-
promoter based plasmids and transforming them into the host E. coli strain, ED656-3B.
However, all the T7 plasmid-based genes proved detrimental to B, production. The genes
were therefore subsequently placed under the control of a more regulated tet-operator
system. Introducing CobA from Methanosarcina barkeri to the Bi,-producing E. coli strain
in such a format showed a two-fold increase in cobalamin yield, indicating this part of the
pathway to be an interesting target for increased production values. CRISPR-Cas9 cloning
of M. barkeri cobA into the genome of ED656-3B was not successful, but should be
pursued further as a means of improving cobalamin yields of strain ED656-3B.

Finally, the enzyme responsible for inserting cobalt into the centre of B1, was investigated
for cobalamin production improvement, as intermediate build-up of HBAD has shown this
step to be a crucial point in the pathway. The wild-type B. melitensis cobaltochelatase that
is incorporated into the biosynthetic Bi, pathway of ED656-3B was characterised as well
as several mutants that were created. Mutations made in the active site of cobaltochelatase
subunit CobA were chosen based on previous previous research findings in the Warren lab,
indicating residues involved in substrate binding of HBAD. These included R912, H1094,
D1098 and Q1104. Futhermore, residues described in literature to be involved part of cobalt
binding were targeted as one such mutation resulted in a more efficient turnover activity of
magnesium chelatase enzyme, the function and structure of which is closely related to
cobaltochelatase. The corresponding residues in B. melitensis CobN were E593 and D1101.
A change to alanine at positions E593 and R912 resulted in the enzyme as a whole to
become inactive, whereas D1101A, Q1104A, D1098A, and H1094A resulted in a drecrease
in activity by 10, 20, 25, and 50%, respectively.

Of the three main approaches described, the addition of an additional cobA gene from M.
barkeri was found to be the most promising avenue for improving B, production by E.

coli.
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1.1 Introduction

It has been nearly a 100 years since the two American physicians Minot and Murphy took
the first steps in discovering vitamin B1> when they demonstrated the ability to cure the up
till then lethal disease pernicious anaemia with crude liver extract (Minot & Murphy, 1926).
Since then, research into vitamin Bi2 has become a scientific field in its own right, yielding
extraordinary feats in structural biology, organic chemistry as well as biochemistry. For the
purpose of clarity, a note is made here in regards to nomenclature, which can be somewhat
confusing. For reasons further explained in the historical background (Section 1.2), ‘true’
vitamin B, (Bi2) refers to cyano-cobalamin, an unnatural cobalamin form which is the
result of its chemical extraction method. The two biologically active forms of cobalamin in
humans contain adenosyl- and methyl- upper ligands. Throughout this thesis, Bi2 and
cobalamin are used interchangeably and refer to all these cobalamin forms, unless

specifically stated otherwise.

1.2 Historical background

Like so many other ground-breaking scientific discoveries, that of vitamin Bi, has
also arisen serendipitously. George Whipple was the director of the Hooper Foundation for
Medical Research at the University of California. In his study of the role of liver in
haematopoiesis, he was feeding exsanguinated dogs a variety of diets, including what was
meant to have been cooked liver. He noticed that the lab technician was feeding the dogs
raw liver instead, which resulted in a much more dramatic response. This realisation proved
crucial in determining the active liver principle (Whipple & Robscheit-Robbins, 1925).
Based on the results of this study, George Minot and William Murphy, two Boston
physicians, tested the effect of a diet including liver and meats as a treatment for pernicious
anaemia. The results detailing an increase from 1% to 8-15% red blood cells within two
weeks - including a literary review referencing Whipple’s work - was published in their
1926 article in the Journal of the American Medical Association (Minot & Murphy, 1926).
Though cautious of the findings themselves, the results were soon confirmed by many
physicians throughout the world. In 1934, Minot, Murphy and Whipple were awarded the
Nobel prize for physiology and medicine. As a diet of raw liver is hard to take, extracts
were prepared for intramuscular injection which would be the means of treating pernicious
anaemia until the 1950s (Banerjee, 1999). The extraction and purification of the actual
molecule had proved difficult with conventional methods. At the Merck laboratories,
Folkes and his associates introduced alumina column chromatography which they used to

further purify the anti-pernicious anaemia factor. Simultaneously, Lester Smith, who
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worked at the Glaxo Laboratories in the UK, worked on the purification and crystallisation
of the nutrient. Both groups succeeded in isolating the active liver ingredient in 1947,
describing a red crystalline compound which was subsequently named vitamin Bi.. The
findings were reported in the April issue of Science (Rickes et al., 1948) and Nature (E. L.
Smith, 1948) in 1948. This launched research into the structural elucidation of the
compound which proved to be a much greater task than imagined, due to the inherent
complexity of the molecule.

It took the outstanding work of Dorothy Hodgkin and her group to elucidate the
three-dimensional structure of vitamin Bi, for which she was awarded the Nobel prize in
1964. She had met Lester Smith at a biochemical meeting at Oxford, two weeks after his
publication on vitamin Bi. in Nature. He brought his first preparation of the crystalline Bz,
which he asked her to take some X-ray photographs of. This was not his main aim for the
visit, as he wanted to get the refractive indices measured by someone else. It did however
start a collaboration of a small Glaxo group sharing data, including Smith, Hodgkin, and
Alexander Todd in an advisory role (Hodgkin, n.d.-a). She deduced the crystals were
pleochroic which indicated a porphyrin ring structure (Hodgkin, n.d.-b). The knowledge of
a central cobalt ion came two weeks later, and after calculating the electron density maps,
the realisation came about that the corrin ring was not a true porphyrin. The final structure
of Bi2 was published in 1956 (Hodgkin et al., 1955, 1956) (see Figure 1.1).

The biologically active coenzyme adenosylcobalamin (AdoCbl) was first
crystallized by Barker et al. in 1958 (Barker et al., 1958) which led to the elucidation of
the structure by Lenhert and Hodgkin in 1961 (Lenhert & Hodgkin, 1961). In the same
year, it was found that this coenzyme Bi, was the most predominant B1, found in the human
liver (Toohey & Barker, 1961). In 1962, the other analogue of Bi,, methylcobalamin
(MeChbl), was synthesised by Smith and his group to investigate the role of B, in
methionine synthesis (Guest et al., 1962). It was soon discovered that this cofactor was the

dominant form of By, in human serum (Lindstrand & Stahlberg, 1963).

Of course all these discoveries were major contributors to the overall scientific
knowledge as well as important factors in treating the (no longer) pernicious anaemia.
However, when telling the story of vitamin Bi, another magnificent feat which must be
mentioned is the complete chemical synthesis of the molecule in 1973 (Eschenmoser,
1974). The groups of Robert Burns Woodward at Harvard and that of Albert Eschenmoser
at ETH Zirich embarked on this task independently from each other. The ETH group
started their work in December 1959 (Eschenmoser, 2015) with the Harvard group taking

up the task two years later in August 1961. Since the work of the two groups was so
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complementary to each other, the decision was made in 1965 to collaborate on the project
of B12 synthesis. In the end, it took nearly 12 years for more than 100 researchers to achieve
this incredibly complex synthesis which involves about 70 steps. As great as this
achievement was, it was clearly not the way forward for producing the vitamin. The
production history of vitamin Bi, has been solely based on biosynthetic fermentation
processes, using selected micro-organisms. The earliest of these B1»-producing strains was
reported in the early 1980s. Pseudomonas denitrificans SC510, which after a decade of
random mutagenesis and selection was reported to produce 50-100 mg per litre of culture
(Martens et al., 2002).

1.3 Structure

The deep red vitamin By, is often referred to as one of the “pigments of life”’; a family of
modified tetrapyrroles. Two of the most well-known members of this group are heme,
giving blood its red colour and chlorophyll, responsible for the green colour in plants, algae
and some bacteria. Further members include siroheme, coenzyme ra3, heme d1 and the
bilins (Layer et al., 2010). Of all the tetrapyrroles, however, cobalamin is by far the most
complex. This is also reflected by the biosynthesis of the molecule, which is one of the
most complex pathways found in nature. Figure 1.1 shows the relationships between the

various biosynthetic pathways of this family of tetrapyrroles as well as their structures.
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Figure 1.1 Schematic representation of the biosynthetic pathways of the pigments of life. Showing the
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individual pathways chelation steps.
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The structure of B1, (Figure 1.2) can be considered as consisting of three parts; a central
corrin ring, a lower (alpha) ligand and an upper (beta) ligand. The central cobalt ion is
coordinated by the four nitrogen atoms of the four pyrrole rings as well as the upper and
lower ligands. As mentioned above, vitamin Bi, refers to cyanocobalamin, which has an
upper CN-group as a result of the extraction procedure. Another commonly used dietary
supplement form of vitamin By is hydroxocobalamin. In the two biologically active forms
of B1, for humans, however, the upper ligands are actually a methyl group or an adenosyl
group. The central corrin ring differs from its family of porphyrins in that it has lost the C-
20 somewhere in the biosynthesis, causing the structure to have a contracted ring. This
contracted ring structure is thought to be crucial to its function as energy seems stored in
the helical strain of this central corrin ring (Kieninger et al., 2019). The central cobalt ion
is coordinated by the four nitrogen atoms of the four pyrrole rings as well as the lower
ligand. This lower ligand is a nitrogen from 5,6-dimethylbenzimidazole (DMB) in the
cobalamin used by humans. There are many analogues based on variation of this lower
ligand, used throughout the prokaryotic and eukaryotic branches of life (Krautler, 2019;
Krautler et al., 1987; Stupperich et al., 1988, 1990; Stupperich & Kréutler, 1988). Many
bacteria synthesize the cobalamin analogue pseudocobalamin, in which DMB is replaced
for adenine (Barker et al., 1958, 1960). Pseudocobalamin is found in spirulina, bringing
into question the nutritional value of these vitamin supplementation products (Watanabe et
al., 1999).
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1.4 B12 - mediated reactions

The function of vitamin By, has been classified in 3 enzymatic reactions. The
isomerases, which were identified soon after the discovery of cobalamin, the
methyltransferases, not far behind, and lastly the reductive dehalogenases (Banerjee &
Ragsdale, 2003). The mechanism of this last class of Bi,-dependent enzymes remained a
field of study for many years, as they proved difficult to work with. An exciting fourth class
of enzymatic reactions was identified in the form of radical SAM enzymes. Recently, Bi,
was also found to be involved in reactions where it acts neither as a cofactor nor as a
coenzyme, but plays a direct role in the chemical reaction (Bridwell-Rabb & Drennan,
2017).

1.4.1 B12- dependent isomerases

Soon after the identification of vitamin B, its involvement in many metabolic processes
had been reported. The first direct enzymatic involvement in a rearrangement reaction was
described simultaneously with the discovery of the coenzyme form (Barker et al., 1958).
This became the first class of Bi— dependent reactions; isomerases. These enzymes use
adenosylcobalamin as a coenzyme to facilitate complex rearrangement reactions.
Isomerases are the largest group of Bi,- dependent enzymes and are largely involved in
fermentation reactions in bacteria. The unique isomerase which is used by bacteria as well
as humans is methylmalonyl-CoA mutase, which facilitates the interconversion between
methylmalonyl-CoA and succinylCoA. In some organisms, a Bi,-dependent ribonucleotide
reductase plays an important role in DNA replication and repair by catalysing the
conversion of ribonucleotides to deoxyribonucleotides (Banerjee & Ragsdale, 2003). The
functionality of these enzymes rest on the homolytic cleavage of the cobalt-carbon bond of
Ado-Cbl, which results in the formation of a Co(ll) species as well as an adenosyl radical.
This adenosyl radical facilitates a hydrogen abstraction which initiates rearrangement

chemistry (Banerjee, 1997).

1.4.2 Bi2-dependent methyltransferases

The next class of Bio-dependent enzymes is that of the methyltransferases. Questions were
raised in studying methionine synthesis when studies found there were two mechanisms
wherein one was B, dependent. Up till then, the only known biologically active form of
B1, was adenosylcobalamin. The specific methylation reaction was however clearly very

different from any isomerase reaction. This in fact led to the discovery of methylcobalamin
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as a cofactor form of B, and its subsequent function as cofactor to methionine synthase
(Guest et al., 1962).

As the name implies, the reactions catalysed by Bi2-dependent methyltransferases involve
the transfer of a methyl group from methylcobalamin to an acceptor molecule. The most
extensively studied Bai-dependent methyltransferase is methionine synthase from
Escherichia coli (MetH) (Banerjee & Ragsdale, 2003; Matthews et al., 2008). Here,
methylcobalamin transfers its methyl group to homocysteine, yielding methionine. The
cofactor itself regains its methyl group from methyltetrahydrofolate, forming
tetrahydrofolate (Drennan et al., 1994; Fujii & Huennekens, 1974). This interaction with
folate explains why a folate deficiency so closely resembles the symptoms of a Vitamin
B1> deficiency. The mechanism of methionine synthase is dependent on the ability of the
cobalt ion in B, to alternate between Co(lll) and Co(l). As the cobalt ion is reduced to
Co(l), it forms a strong nucleophile which forms methylcobalamin. Occasionally, Co(l)
undergoes oxidative inactivation to Co(ll). Methionine synthase has a separate active site
where reductive reactivation of Co(ll) is facilitated (Drummond et al., 1993). In this step,
AdoMet is the methyl donor. Interestingly, nature has evolved a cobalamin-independent
methyltransferase which is found in many different organisms, including yeast and plants.
However, the selection pressure retains the Biz-dependent enzymes as they have a
significantly higher catalytic activity.

Additional methyltransferases are described for bacteria and archea which play a role in

methanogenesis, CO; fixation and acetogenesis (Ragsdale, 2008).

1.4.3 Reductive dehalogenases

Detailed studies on reductive dehalogenases have proven difficult as they are often
membrane-bound and highly oxygen-sensitive. Recent studies have shone light on the
reaction mechanism of these enzymes as well as the role which B plays in them (Bommer
et al., 2014; Payne et al., 2015). Unique to this class of enzymes, cobalamin assists
reductive dehalogenation by forming a cobalt-halogen bond. Three different types of
reaction and electron transfer mechanisms have been described elsewhere (Bridwell-Rabb
& Drennan, 2017; Fincker & Spormann, 2017). The importance of these enzymes is
highlighted by their ability to neutralise a myriad of common pollutants in soil and water
which are a result from improper handling and disposal of industrially produced

organohalides.
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1.4.4 Radical SAM enzymes

This last, relatively new class of B1,-dependent enzymes is that of the cobalamin-dependent
radical S-adenosylmethionine (SAM) enzymes (Bridwell-Rabb & Drennan, 2017). Radical
SAM enzymes are characterised by their use of an iron-sulfur cluster to reductively cleave
SAM to generate a radical intermediate such as the 5’deoxyadenosyl radical, which
abstracts a hydrogen atom from the substrate to initiate a radical mechanism (Frey et al.,
2008; Holliday et al., 2018; Sofia et al., 2001). These enzymes are involved in different
reactions such as cofactor biosynthesis, enzyme activation, peptide modification, post-
transcriptional and post-translational modifications, metalloprotein cluster formation,
tRNA modification, lipid metabolism, biosynthesis of antibiotics and natural products.
With over 7,000 radical SAM enzymes now annotated as Chl-dependent, these enzymes
have emerged as a superfamily (Bridwell-Rabb et al., 2017). In addition to the AdoMet
radical [4Fe-4S] cluster-binding motif, the members of this superfamily of enzymes have
an additional N-terminal binding domain for cobalamin. As with Ado-Cbl, this [4Fe-4S]

cluster-ligated molecule of AdoMet is used to catalyse the formation of 5’-dAdo.
1.4.5 Non-enzymatic functions

Some non-enzymatic functions which have been described for B, are involved with
transcription and translation regulation of Bi» biosynthesis, transport, or Bio-related
enzymatic reactions. One way Bi. is involved in transcription and translation is via
riboswitches; non-coding regions of mRNA which are able to bind metabolites. This
binding causes conformational changes in the mRNA which affects gene-expression
processes such as transcription termination and translation initiation (Mandal & Breaker,
2004). The btuB gene in Escherichia coli for instance, is responsible for uptake of Ado-Cbl
and it has been known for some time that the coenzyme itself is involved in feedback
inhibition to control the expression of these genes. In their detailed study of riboswitches,
Mandal and Breaker have shown this to be via binding to a 5’UTR riboswitch of btuB
(Mandal & Breaker, 2004). A similar riboswitch regulation mechanism is described for the
cob and pdu genes of Salmonella typhimurium which are involved in the synthesis of
vitamin B2 (Nahvi et al., 2004; Raux et al., 1996).

A more recent exciting mechanism has been described by Jost et al. where B, acts as a
photoreceptor (Jost et al., 2015). The CarH transcription factor makes use of the light-
sensitive cobalt-carbon bond in Ado-Cbl. When bound to Ado-Cbl, CarH forms a tetramer
which represses the transcription of carotenoid biosynthesis. Once the cobalt-carbon bond
is severed after being exposed to light, the tetramer disassembles and leaves the DNA
(Bridwell-Rabb et al., 2017; Jost et al., 2015).
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1.5 Biosynthesis of cobalamin

The requirement for vitamin Bi, is spread amongst a vast number of organisms,
including humans, as cobalamin-dependent enzymes are essential in metabolic processes.
In fact, plants and fungi are the only eukaryotes who seem to have become independent
although it has recently been reported that certain fungi appear to be able to utilise the
nutrient (Orfowska et al., 2021). It is interesting then that the biosynthesis of Bi is
exclusive to certain prokaryotes. This might be explained by the energy cost of the
production of the highly complex molecule, which takes about 30 enzymatic steps (Warren
etal., 2002). There are 2 different pathways to synthetize cobalamin de novo; the “aerobic”
and the “anaerobic” routes (Figure 1.3). There is an additional salvage pathway which
enables certain bacteria to take up an intermediate and finish the biosynthesis of whichever

form of cobalamin they require (Escalante-Semerena, 2007).
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Figure 1.3 Anaerobic (green) and aerobic (red) cobalamin biosynthetic pathways. Cobalamin intermediates
are represented in boxes, colour coded where these pathways are distinct from one another. Enzymes are also

colour coded according to which pathway they are active in.
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1.5.1 Elucidation of B12 biosynthesis

The research into the biosynthesis of vitamin Bi, started with the investigation of
the pathway in the anaerobic Propionibacterium shermanii, as it was a relatively good
producer (Martens et al., 2002). By 1982, all steps from cobyrinic acid to cobalamin had
been elucidated (Friedmann & Cagen, 1970). The steps from 5-aminolevulinic acid (ALA)
to the cobalamin primogenitor uroporphyrinogen Il had also been well described.
Additionally, the first two intermediates of the anaerobic pathway to be isolated were
Factor Il and 111, which were thought to represent oxidised versions of Precorrin-2 and
Precorrin-3 (Uzar et al., 1987). This left a “black box” between Precorrin-3 and cobyrinic
acid in which a number of methylations, amidations, decarboxylations, ring contraction as
well as cobalt insertion needed to take place. It was not until Rhone-Poulenc Rhorer (ROR)
started investigating into the biosynthetic pathway of an aerobic Bi, producer, that light
was shed on these individual steps. They named Pseudomonas denitrificans as their model
organism, however, the strain is more likely to belong to the a-proteobacteria. With
contributions of Battersby and Scott, the complete biosynthetic pathway was elucidated in
the 1990s (Battersby, 1994, 2007; Blanche et al., 1998). This breakthrough was made
possible in part by the application of molecular genetics as well as the isotopic labelling of
precursors. It shifted the attention from the intermediates to the enzymes facilitating the
intermediate reactions. The joint work of the French groups resulted in the isolation of 22
genes involved in the production of cobalamin (Blanche et al., 1989, 1990; Blanche,
Couder, et al., 1991; Debussche et al., 1991, 1992). They were therefore given the prefix

cob and the letter which follows indicates the order in which they are found on the operon.

Subsequently, the functions of the enzymes encoded by the cob genes were
characterised (Blanche et al., 1990; Blanche, Couder, et al., 1991; Blanche, Thibaut, et al.,
1992; Debussche et al., 1992; Thibaut et al., 1992). The oxygen requirement for the
synthesis came as some surprise as many of the intermediates are oxygen sensitive, as well
as the knowledge that many anaerobic organisms shared the ability to produce the vitamin.
It was therefore thought that an alternative, aerobic-independent pathway must also exist.
Not much time passed before these suspicions were confirmed when the biosynthetic genes
of the anaerobic Salmonella enterica and Bacillus megaterium were also isolated and
identified (Raux et al., 1996; Raux, Lanois, Rambach, et al., 1998; Raux, Lanois, Warren,
et al., 1998; Roth et al., 1993). These genes were given the prefix cbi so as to distinguish
them from the genes involved in the anaerobic pathway. However, the genes involved at
the end of the aerobic pathway — from cobinamide to cobalamin — are also named cob,

making the notation somewhat confusing. The main differences between the two pathways
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are the point of cobalt insertion, which happens relatively early in the anaerobic pathway,
whereas this is the last step in the aerobic pathway, before the two converge again at
cobyrinic acid a,c-diamide. The second, as the names imply, is a difference in oxygen-
dependence. The aerobic pathway requires oxygen to facilitate ring contraction, where the
anaerobic pathway is not dependent on molecular oxygen for this step. A more correct
denomination would therefore be oxygen-dependent and oxygen-independent pathway, or
better yet; the late — and early cobalt insertion pathways, respectively.

1.5.2 Biosynthesis of 5-aminolevulinic acid

The biosynthesis of all tetrapyrroles all start with 5-aminolevulinic acid (5-ALA),
which is produced via either the C4 pathway, also known as the Shemin pathway, or the C-
5 pathway (Figure 1.4). The lesser used C-4 pathway is found in animals, fungi and certain
classes of bacteria and sees the formation of ALA from succinyl-CoA and glycine. This
reaction is catalysed by ALA synthase (ALAS) [E.C 2.3.1.37)] which was initially isolated
by the groups of Shemin and Neuberger from photosynthetic bacteria and chicken
erythrocytes, respectively (Laver et al., 1958; Shemin & Kikuchi, 1958; Shemin &
Rittenberg, 1945). ALAS requires the cofactor pyroxidal 5’-phosphate (PLP) which is
responsible for activation of glycine (Astner et al., 2005). The enzyme is encoded for by
the hemA gene and has shown to be highly specific for glycine, not accepting any other
amino acids (Ferreira & Gong, 1995). Transcription of ALAS is highly regulated by
negative feedback of the end product of the heme pathway (Fanica-Gaignier & Clement-
Metral, 1973; Hungerer et al., 1995). The C-5 pathway, which is found in the majority of
phototropic organisms including plants, algae and cyanobacteria as well as many other
bacteria — including E. coli, tRNA-bound glutamate is converted to 5-ALA in a series of
enzymatic reactions (Beale, 1990). The first reaction sees the charging of glutamate to
tRNA®" in an ATP and Mg?*- dependent reaction which is catalysed by glutamyl-tRNA
synthetase (GIURS) [E.C 6.1.1.17]. GIuRS is encoded for by the gltX gene, which is how
the enzyme is referred to in Figure 1.3. The resulting glutamyl-tRNA®" is used both for
ALA synthesis as well as protein synthesis (Gamini Kannangara et al., 1988; Randau et al.,
2004). The glutamyl-tRNA complex is subsequently reduced by glutamyl-tRNA reductase
(GIuTR), forming glutamate-1-semialdehyde (GSA). Confusingly, the gene that encodes
GIUTR is also called hemA, the same name as the gene which encodes ALAS in the C4
pathway. For this reason, the HemA’s (as the enzymes are also called) are referred to as
HemAC* and HemAC® in Figure 1.3, based on the pathway which they belong to. Glutamyl-

tRNA reductase appears to be a specific enzyme for its substrate as it has been shown to be
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able to discriminate between glutamyl-tRNA®" complexes from different organisms (Jahn
et al., 1991). Based on modelling studies, it has been suggested that GIUTR physically
interacts with the final enzyme of this pathway; glutamate-lsemialdehyde-2, 1-
aminomutase (GSAM). It has been proposed that the two enzymes form a complex in which
tRNACY and GSAM simultaneously interact with GIUTR (Moser et al., 2001; Rieble &
Beale, 1991). Experimental support of this interaction between the two enzymes has been
provided by studies in E. coli and D. reinhardtii (Lier et al., 2005; Nogaj & Beale, 2005).
GSAM [EC 5.4.38] is an aminotransferase which then catalyses the final step of ALA
synthesis. The transamination of GSA to form 5-ALA happens in the presence of pyridoxal
5’-phosphate (PLP) or pyridoxamine 5'-phosphate (PAP) (Jahn et al., 1992). A nuclear gene
(gsa) encodes this enzyme in higher plants (Grimm, 1990). The corresponding gene in E.
coli, B. subtilis and S. typhimurium is hemL (Elliott et al., 1990; Hansson et al., 1991; llag
etal., 1991).
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Figure 1.4 5-Aminolevulinic acid (5-ALA) synthesis via the C4 (Shemin) and C5 pathways. The
C5 pathway involves 3 enzymatic steps from glutamate to 5-ALA, whereas 5-ALA is the product of

enzymatic condensation of glycine with succinyl-CoA via the C4 pathway.
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1.5.3 Conversion of 5-ALA into uroporphyrinogen Ill and the precorrin-2

branchpoint

The formation uropophyrinogen III (uro’gen III) from 5-ALA follows three enzymatic
reactions shown in Figure 1.5. Condensation of two ALA molecules form porphobilinogen
(PBG), the first pyrrolic biosynthetic intermediate. This step is catalysed by an enzyme
commonly called porphobilinogen synthase (PBGS), but is also known as ALA
dehydratase (Gibson et al., 1955). Four molecules of PBG are then incorporated into the
linear hydroxomethylbilane (HMB) which is catalysed by HMB synthase (HMBS) and
involves deamination of each substrate before forming the polymerized HMB product
(Battersby et al., 1982). Uropophyrinogen I1l synthase (URQS) catalyses the final step in
the synthesis of uro’gen III (Warren & Scott, 1990), which is the last common progenitor
of the tetrapyrroles (E. Raux, Schubert, and Warren 2000). This step not only involves the
cyclization of HMB, but also inverts ring D of the bilane. This is the branch point of the
biosynthetic pathway towards cobalamin, siroheme, coenzyme Fi30 and heme d; and those

resulting in the (bacterio)chlorophylls, hemes and bilins (Figure 1.1).

Methylation of uro’gen III at the C-2 and C-7 positions is catalysed by S-adenosyl-L-
uro’gen III methyl transferase (SUMT) which results in precorrin-2 (Blanche et al., 1989;
Crouzet et al., 1990), the last common intermediate for the synthesis of cobalamin,
siroheme, coenzyme Fs3 and heme d; (A. D. Lawrence et al., 2008). In the organisms that
use the aerobic pathway, the enzyme is also referred to as CobA, based on the gene which

encodes the protein (Figure 1.6).
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Figure 1.5 Biosynthesis of uroporphyrinogen 111 from 5-aminolevulinic acid. Two molecules of
5-ALA are condensed into PBG in a reaction that is catalysed by HMB synthase. This is followed
by deamination of four PBG molecules which are subsequently linked together to form HMB by
HMB synthase. In the final step of uro 'gen Il synthesis, uro 'gen Il catalyses the cyclization of HMB

as well as the inversion of ring D.
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1.5.4 The aerobic Bi2 pathway

Precorrin-2 represents not only the last branchpoint towards the different tetrapyrrole-
derived macrocycles, but it also represents the point at which the ‘aerobic’ and ‘anaerobic’
pathways for cobalamin diverge. The separate pathway of uro’gen III towards cobalamin
via the aerobic route is represented in Figure 1.6. The first committed step towards
cobalamin biosynthesis is catalysed by Cobl, the methyltransferase that is responsible for
methylating the tetrapyrrole ring at the C-20 position to generate precorrin-3A (Thibaut et
al., 1990). Next is a step that spring-loads the macrocycle in preparation for the ring-
contraction, and is catalysed by CobG or CobZ, two orthologous proteins, depending on
the organism. This reaction involves the insertion of a hydroxyl group at position C-20 of
precorrin-3A, and the formation of a y-lactone ring between C-1 and the acetate group of
ring A in a reaction that is aided by iron-sulfur clusters on the enzymes (Leeper et al., 2012;
Schroeder et al., 2009). The resulting precorrin-3B is now ready for ring-contraction, a
process that is facilitated by CobJ, a bifunctional enzyme that additionally catalyzes the C-
17 methylation, generating precorrin-4 (Debussche et al., 1993). Methyltransferases CobM
and CobF are responsible for the methylations at positions C-11 and C-1, respectively,
forming precorrin-6A. This second methylation step is preceded by the removal of the
acetyl group at C-1 by CobF (Debussche et al., 1993). Precorrin-6B results from a reduction
of the double bond between C-18 and C-19 in a reaction catalysed by CobK and is
facilitated by the cofactor NADPH (Blanche, Thibaut, et al., 1992; Kiuchi et al., 1992).
Precorrin-8 synthesis involves two methylations at positions C-5 and C-15 as well as the
decarboxylation of the acetate side chain of ring C. All these reactions are catalysed by one

multifunctional enzyme; CobL (Blanche, Famechon, et al., 1992).

CobH then catalyses the final enzymatic step which finalises the corrin macrocycle. This
involves the migration of the methyl group at C-11 to the C-12 position (Thibaut et al.,
1992). At this point the molecule is no longer a precorrin and is called hydrogenobyrinic
acid (HBA) and the change in conjugation of the macrocycle is visible as an adjustment in
colour from yellow to orange. Following the completion of the corrin ring, the HBA side
chains aand c (C-2 and C-7, respectively), are amidated by CobB (Debussche et al., 1990).
Cobalt insertion results in the formation of cob(Il)yrinic acid a,c-diamide, and represents
the point at which the aerobic and anaerobic pathways rejoin (Leeper et al., 2012). This
chelation is facilitated by CobNST, a large enzyme complex of 590 kDa that is comprised
of three subunits. The largest subunit at 140 kDa is CobN, which contains the active site
where cobalt chelation occurs. The remaining two proteins, CobS and CobT, form a

complex of 450 kDa with each forming a hexameric ring that are stacked upon each other.
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This complex is responsible for ATP hydrolysis which powers the chelation reaction that
takes place in CobN (Debussche et al., 1992).
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1.5.5 The anaerobic pathway

In contrast to the aerobic pathway, cobalt insertion occurs as the second step in the
anaerobic pathway. This results in the generation of many unstable cobalto-complexed
intermediates throughout this route. An oxidation of precorrin-2 precedes this step in an
NAD-dependent reaction mediated by SirC, resulting in the generation of Factor II. The
cobaltochelatase (ChiX or CbiK) subsequently catalyses the cobalt insertion resulting in
cobalt(ll)-Factor Il (Moore & Warren, 2012). The following methylation step at C-20 is
catalysed by CbilL, resulting in cobalt(l1)-Factor I11. ChiL has sequence similarity to Cobl
in the aerobic pathway, however, its function differs significantly in that it does not
methylate precorrin-2, recognizing only the cobalt-complexed Factor Il (Frank et al., 2007).
The next enzyme in this pathway is the multifunctional CbiH which catalyses the
methylation at C-17 as well as the formation of a &-lactone ring as part of the ring
contraction step. The sequence mechanism is not fully understood yet as ChiH seems to be
able to catalyse the ring contraction with cobalt(I1)-precorrin I11 as well as cobalt(l1)-Factor
I11. This step also includes a reduction, forming cobalt(ll)-precorrin-4. When the reduction
takes place is uncertain. This is in part due to the product being hard to isolate and very
unstable, readily converting back to cobalt(ll)-Factor-IV (Leeper et al., 2012; Moore &
Warren, 2012). Cobalt(I)-precorrin-4 is methylated at the C-11 position by CbiF, creating
cobalt(I1)-precorrin-5A, before the lactone ring is removed by ChiG, resulting in cobalt(l1)-
precorrin-5B. From here up to cobyrinic acid, a “black box” existed for many years, in
which the order of intermediates was based on educated guesses, until 2013, when the final
mysteries of B1, biosynthesis were elucidated. Moore et al. confirmed the methylation of
cobalt(I1)-precorrin-5B at the C-1 position by ChiD, resulting in cobalt(ll)-precorrin-6A
and the subsequent cobalt(I)-precorrin-6B formation by the NADH-assisted reduction of
ring D. It goes on to describe the decarboxylation of the C-12 side chain and methylation
at the C-15 position, catalysed by the dual-functional ChiT part of the fusion protein CbiET,
resulting in cobalt(11)-precorrin-7. Cobalt(I1)-precorrin-8 is formed after a methylation at
C-5 by the ChiE moiety. ChiC catalyses the transfer of the C-11 methyl group to the C-12
position which finalises the synthesis of the macrocyle, generating cob(ll)yrinic acid
(Moore et al., 2013). The two pathways merge again after cob(Il)yrinic acid is amidated on
side chains a and c by CbiA (Fresquet et al., 2004).
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1.5.6 Final part of the B12 pathway: Cobyrinic acid to Adenosylcobalamin
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Figure 1.7 Steps from cobyrinic acid a,c diamide to adenosylcobalamin in the vitamin B12

pathway. Enzymes catalysing the steps of the aerobic and anaerobic pathways are shown in blue
and green, respectively.
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From the point where the aerobic and anaerobic pathways merge the molecule undergoes
further amidations as well as the lower and upper ligand attachments to form the final
product; cobalamin (Figure 1.7). Firstly, however, the central cobalt ion that up to this point
was Co(ll) is reduced to the Co(l) state. The enzyme responsible for this NADPH-
dependent reaction has been identified as CobR in the aerobic pathway (Blanche, Maton,
et al., 1992; A. D. Lawrence et al., 2008). A similar reaction is mediated by flavodoxin
(FIdA) in the anaerobic pathway. This reduction is an energetically unfavourable reaction
creating cob(l)yrinic acid a,c-diamide, a very strong nucleophile, priming the molecule for
the attachment of the upper ligand to the cobalt ion. This reaction, in which an adenosyl
group is transferred from ATP, is facilitated by the adenosyltransferase CobO in the aerobic
B1, producer Pseudomonas denitrificans (Debussche et al., 1991). The adenosyltransferase
found in the anaerobic Salmonella typhimurium was called CobA (Suh & Escalante-
Semerena, 1993) - not to be confused with the methyltransferase CobA found at the
beginning of the aerobic pathway. In S. enterica the reduction of the cobalt is mediated
either by flavodoxin or by reduced flavin when the substrate is bound to CobA, where the
square planar binding of the substrate helps reduce the redox potential of the cobalt-corrin
complex. In this way, CobA facilitates the reduction as well as the subsequent
adenosylation reaction (Stich et al., 2005). Adenosylcob(l1)yrinic acid a,c-diamide is then
amidated on the b, d, and e propionic side chains as well as the acetic acid side chain g,
resulting in adenosylcobyric acid (Blanche, Couder, et al., 1991). All four amidations are
catalysed by a single enzyme; cobyrinic acid synthase which is encoded by cobQ in the
aerobic pathway (Crouzet et al., 1991) and cbiP in the anaerobic pathway (Raux, Lanois,
Rambach, et al., 1998). The next step, in which an aminopropanol phosphate group is
attached to side chain f of adenosylcobyric acid, is the first in the construction towards the
lower ligand that is characteristic of vitamin B> as it provides the linker to the lower base.
This aminopropanol phosphate group is derived from threonine in two enzymatic steps
(Friedmann & Cagen, 1970). CobD in P. denitrificans and CbiB in S. enterica were
identified as the enzymes responsible for the incorporation of the aminopropanol moiety,
forming adenosylcobinamide (Blanche et al., 1995; Zayas & Escalante-Semerena, 2007).
A guanosyl monophosphate group (GMP) is added to this linker to form adenosyl-GDP-
cobinamide. This GTP-dependent step is catalysed by CobP in the aerobic P. denitrificans
(Blanche, Debussche, et al., 1991) and CobU in the anaerobic S. enterica (O’Toole &

Escalante-Semerena, 1995).

In the next step, this GDP group is exchanged for a-ribazole which contains the
characteristic base 5,6-dimethylbenzimidazole (DMB) that provides the lower axial ligand

to the central cobalt ion. There is a great variety in cobamide lower ligand bases, but the
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only one which is relevant to humans is the DMB group that is found in vitamin B,
(Johnson & Escalante-Semerena, 1992). DMB can be synthetized via various biosynthetic
routes. In aerobic conditions, the single-step oxidation of flavin mononucleotide (FMN)
catalysed by BluB results in DMB (Gray & Escalante-Semerena, 2007). In the anaerobic
Eubacterium limosum, DMB is constructed from 5’-aminoimidazole ribotide in five
enzymatic steps (Hazra et al., 2015). DMB is then incorporated into a-ribazole by the
nicotinate mononucleotide (NaMN):DMB phosphoribosyltransferase (PRTase), which, as
the name implies, transfers the ribosyl-5’-phosphate moiety from NaMN to DMB. These
enzymes were identified as CobU in the aerobic P. denitrificans (Cameron et al., 1991) and
CobT in S. enterica (Trzebiatowski et al., 1994). The exchange of the GDP moiety for a-
ribazole, forming adenosylcobalamin 5’-phosphate is catalysed by CobV (Cameron et al.,
1991) and CobS (Maggio-Hall et al., n.d.) in the aerobic and anaerobic pathways,
respectively. Finally, adenosylcobalamin is completed by the removal of the 5’-phosphate
group. The timing of this step has been debated as both CobV and CobT recognise a-
ribazole as well as o-ribazole-5’-phosphate as substrates. Higher cellular levels of a-
ribazole were found within P. denitrificans than a-ribazole-5’-phosphate, which indicated
the prior to be the true physiological substrate for CobV (Crouzetetal., 1991). In S. enterica
however, a-ribazole 5’-phosphate appears to be a true intermediate and CobC has been
identified as a phosphatase which recognises adenosylcobalamin 5’-phosphate as a

substrate (Zayas & Escalante-Semerena, 2007).

Historically, organisms using the oxygen-dependent pathway are the main producers used
for industrial cobalamin production as they are generally easier and cheaper to work with.
Of these, Pseudomonas denitrificans is reported to be the highest producer. Microbes that
use the anaerobic pathway are still interesting from a production point of view depending

on their growth preferences and resource availability.
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1.6 Biotechnological applications

Whilst there are many applications of vitamin B2, the most important sectors of the vitamin
B1, market are those of the feed industry as well as supplementation and pharmaceutical
industry. In this section, these individual market branches will be explored and described

more fully.

1.6.1 Pharmaceutical

As previously mentioned, vitamin Bi> was initially linked to the devastating disease
pernicious anaemia, which had an ultimately fatal result. It was believed to be the result of
nutritional deficiency, but it has since been recognised that an autoimmune disease which
attacks the parietal cells in the stomach can also give rise to the condition (Doniach et al.,
1963; Taylor et al., 1962). Since the most common form of pernicious anaemia in
developed countries was caused by this autoimmune disorder, pernicious anaemia is now

referred to as an autoimmune disorder, which is somewhat misleading.

Absorption of the nutrient starts with the release of food-bound B1, from proteins by gastric
acid, before being bound to R protein haptocorrin (sometimes referred to as transcobalamin
I). This protein is secreted by the salivary glands as well as the gastric mucosa, protecting
the vitamin from degradation by the acidic environment in the stomach (R. H. Allen et al.,
1978). Further down the digestive tract in the small intestines, haptocorrin is degraded by
pancreatic proteases, releasing the B, to bind with intrinsic factor (IF). As a complex,
IF/B12 binds to specific receptors found in the final section of the small intestine, causing
internalisation of the complex into enterocytes. From here, B, enters the bloodstream
where it is bound to the plasma binding proteins haptocorrin and transcobalamin Il (TCII).
While haptocorrin binds approximately 80% of all B1, carried in the blood, it is TCII that
delivers B2 to the tissues through specific receptors for TCII (Medicine, 1998).

Some patients suffer from an autoimmune disease that attacks intrisic factor (IF), thereby
causing decreased vitamin Bi, uptake (Toh et al., 1997). This disorder is called pernicious
anaemia but should more accurately be called autoimmune metaplastic atrophic gastritis;
the reason for this is that pernicious anaemia is a symptom resulting from autoimmune
metaplastic atrophic gastritis. Nowadays, a multitude of causes are recognised for vitamin
B1» deficiency. In higher-income countries, these include autoimmune metaplastic atrophic
gastritis, as well as a vegetarian (or vegan) diet, gastrointestinal surgeries and certain
medication. In lower-income countries Bi2 deficiency is largely a result of lower intake of

the nutrient, or gastrointestinal infections (Green et al., 2017).

36



On a cellular level, the depletion of Bi results in a lack of cofactor MeCbl and coenzyme
AdoCbl. As MeCbl is involved in methylating homocysteine, the upshot is reduced
methionine synthesis and a build-up of its precursor, homocysteine (Hcy). A consequence
of a lack of AdoCbl leads to an accumulation of methylmalonic acid (MMA) as it is
involved in the conversion of methylmalonyl-CoA to succinyl-CoA. The neurological
manifestations of vitamin B1, deficiency include neuropathy and demyelination of neurons.
It has also been shown that vitamin B, treatment improves cognitive function and plays a
part in preventing dementia. Haematologically, B1> functions in the synthesis of red blood
cells and prevents megaloblastic anaemia as well as hyperhomocysteinemia (L. H. Allen et
al., 2018). It is important to note that the neurological manifestations can precede
haematological changes, or even occur without any haematological symptoms
(Lindenbaum et al., 1988). Even in patients with clinical pernicious anaemia, 28% do not
have anaemia (Carmel, 2000). This would indicate that the haematological testing which is
used to diagnose vitamin Bi, deficiency is wildly inadequate. An alternative test was
proposed in 2015 which would incorporate data on serum Biz, Bio-binding transporter
protein holo-transcobalamin, and metabolites Hcy and MMA, to form a “combined B>
indicator”, which would give a more comprehensive outcome (Fedosov et al., 2015). The
practicality of such extensive testing as well as the interpretation of it needs more

developing however.

The testing of MMA and Hcy have indicated there is a progression from normalcy to
clinical deficiency which passes through a stage of inadequacy. The cut-off value of Bi;
deficiency is set at 148 pmol/L by the World Health Organisation but numerous studies
suggest “pre-clinical” insufficiency levels below 200 pmol/L are linked to many
undesirable outcomes (A. D. Smith et al., 2018). The identification of subtler degrees of
deficiency adds to the idea that we are only seeing the tip of the iceberg of what might be
attributed to Bi» (pre-clinical) deficiency. In the pharmaceutical industry
hydroxocobalamin (OHCbI) is used rather than cyanocobalamin (CNCbI) due to its higher
uptake and a higher sustained serum level (Vandamme & Revuelta, 2016). For the same
reason, MeCbl and AdoCbl are used in this industry. Another, albeit smaller, application
of By in its hydroxocobalamin form is to treat acute cyanide poisoning. All forms of Bi,
in this industry are of pharmaceutical grade which is the highest purity, and are

administered either intravenously or in pill form.
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1.6.2 Supplementation

Even though vitamin B2 is made by enteric bacteria living in the gut, humans are dependent
food of animal origin for the intake of the nutrient. The lack of vitamin B1, uptake from our
own enteric bacteria is explained by their location as they mainly live in the large intestine,
whereas the Bi-uptake mechanism is located in the terminal ileum of the small intestine
(Stabler & Allen, 2004). The rise in vegetarian and vegan diets has contributed to the
growth of the vitamin supplementation and food fortification subclasses of the vitamin B1,

market.
1.6.3 Animal feedstock

The second major B, market is that of animal feedstock. Nearly a billion heads of cattle
are produced each year, (Cattle/Cow Population Worldwide 2012-2020, n.d.) making up a
global market of 945.7 billion USD (Markets, 2019). Regardless of the rise of
vegetarianism/veganism, the global meat market still grows annually as the global
population increases. Although animals have the ability to absorb B1, which is synthetized
by bacteria in the gut, animal feed fortification is described globally. The effect of vitamin
B, deficiency in cattle is described to result in poor appetite and growth, lacrimation,
muscular weakness, demyelination of peripheral nerves and emaciation of the animals.
How this deficiency is caused is unclear, but it is linked to occur during ‘special
conditions’. This will include age, as the prevalence is greater in young animals (Hogan et
al., 1973; Lassiter et al., 1953), as well as stress such as is experienced during
lambing/calving season (Duplessis et al., 2017). It is likely that a lack of cobalt in animal
diets contributes to a secondary vitamin B, deficiency. Albeit the more expensive
alternative, it makes sense to add Bi. to the feed rather than cobalt, which is toxic in its

pure form.

As is the case with humans, there are subtler degrees of Bi, insufficiency before showing
the aforementioned symptoms. Vitamin nutrition for animals can be aimed solely to prevent
deficiency signs, however, it is suggested to look at feed fortification to optimise the
animals’ health and product quality (McDowell, 2000). As no toxic level of vitamin Bi,
has been detected, fortification of animal feed has been suggested to only have beneficial
effects (Winter & Mushett, 1950).
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1.6.4 Biotech fermentation

The final contributor to the vitamin B2 market is that of biotech fermentation processes.
Here, By, is added to fermentation cultures, as it is an essential media additive for the
metabolism of the production organism. One such process is the biological production of
1,3-propanediol, a component of emerging polymer business and terephthalic acid. The
B1,-dependent glycerol dehydratase is part of the metabolic pathway from glycerol to 1,3-
propanediol, rendering the addition of B, to the fermentation batch a necessity (Dunn-
Coleman et al., 2006; Nakamura & Whited, 2003).

Another process in which B, is widely used, is the production of many pharmaceutics via
cell culture. In the production of monoclonal antibody therapeutics, cyanocobalamin
specifically is a vital media component (Schnellbaecher et al., 2019).

1.7 Market evaluation

The total available market (TAM) for vitamin B, production stands at 280 USD (Vitamin
B12 Market Size Worldwide 2021 Forecast, n.d.) and is reported to have an annual growth
rate of 3.6% (Data,https://www.reportsanddata.com, n.d.). This total market can be split
into the different applications of human consumption, further divided into nutritional food
fortification, vitamin supplementation and direct medical application; animal feedstock; nd
bioprocessing, in which fermentation batches are supplemented by vitamin B, to assist the
production of propane diol and pharmaceuticals. Whilst it is difficult the predict the exact
submarkets’ worth without freely available market reports, the majority of the market is
reported to be occupied by the food grade segment at 63.8%
(Data,https://www.reportsanddata.com, n.d.).
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GLOBALB12 PRODUCTION 2008

Sanofi S.A.
14%

NCPC Victor Co.
20%

Hebei Huarong
Pharmaceutical
Co.

23%

Hebei Yuxing Bio-
engineering Co.
43%

Figure 1.8 Market breakdown of global B12 production in 2008 based on Zhang Yemei China
Chemical market report 20009.

After being major players in the elucidation of the oxygen-dependent pathway of By,
Rhone-Poulenc continued to produce cyanocobalamin. The merge with German chemical
company Hoechst in 1999 formed Aventis and has since become Sanofi-Aventis. To this
day Sanofi-Aventis is the only European producer of cyanocobalamin. At present, the
majority of global B1, production is achieved in China, by Hebei Huarong Pharmaceutical
Co., Ltd, NCPC Victor Co., Ltd, and Hebei Yuxing Bio-Engineering Co.

A market monopoly has become evident with 86% of Bi, production output located in
China. As Aventis tends to focus more on the European market, its product is in a different
price category, giving the Chinese producers some pricing power. Unfortunately, this has
also given rise to major price fluctuations as companies have attempted to outcompete each
other (Figure 1.9).
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Figure 1.9 Bi2 price timeline from April 2001 up to June 2009, based on figures from Zhang

Yemei China Chemical market report 2009.

The dip seen in 2005 correlates with the entrance of Hebei Yuxing Bio-Engineering Co. to
the B12 production market, after which fierce price competition has kept the price of B,
around 2000 USD/Kg, a price which approaches the production costs (Y. Zhang, 2009). In
more recent years, anti-pollution factory closures in China have caused major rises in Bi2
prices, from 2700 USD/kg in July 2017 to 13,000 USD/kg by January 2018. Whilst the
price has since decreased to 4000 USD/kg, this has highlighted to need for stability in the
market. With the increased costs of environment protection, labour, raw material and
energy and power supply, production costs have risen and will likely continue to do so. The
metabolic cost of Bi, production is incredibly high with around 60 ATP per molecule of
B12. The media requirements are therefore higher than that of minimal media used in most
fermentation processes. The high environmental costs are caused by the use of cobalt, a
key component of cobalamin, and cyanide which is used to extract the Bi,. This extensive

chemical extraction procedure itself will take a week, adding to the overall cost.

Strains used in the fermentation of B, conceivably produce around 250 mg per litre of
culture. One batch of fermentation using these current strains will take a week, which, when
using a 100,000 L fermenter will produce 25 kg B, per week. At 50 weeks of production,
1.25 tons of Bi, can be achieved each year. At 43% of the global output of 35 tons, Hebei
Yuxing Bio-Engineering Co produced 15 tons of B, in 2008 (Y. Zhang, 2009). Any

attempt at entering the B1, market will require a drastically lower production cost either in
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the form of cheaper media requirements or the use of a novel producing strain with a

considerably higher yield.

1.8 Production improvements

Current production systems utilise a couple of strains which have been chosen for their
naturally high vitamin Bi2 productivity and relatively rapid growth. Amongst these, the
most commonly used strains are described to be Pseudomonas denitrificans and
Propionibacterium shermanii. Using P. denitrificans has its clear benefits in that it is an
aerobic organism which grows and produces in a cycle of 2-3 days. However, it does not
have GRAS (generally recognised as safe) status.(Martens et al., 2002) P. Shermanii has
this status, but requires a much more complicated growth procedure. As a microaerophilic
organism, it will only produce B1> in high yields under anaerobic conditions. However, the
synthesis of the DMB lower loop requires oxygen. The production is therefore split in two
ways. In the first stage, the organism is grown anaerobically for 3 days to produce the
cobamide intermediate. Afterwards, DMB synthesis is encouraged via gentle aeration to
complete the molecule (Hargrove & Abraham, 1955). Improvements of these natural
producers have been made in numerous ways, with the most common strategy being
random mutagenesis. RPR combined this method along with genetic engineering to
increase the yield of their P. denitrificans by 30%. This was achieved by amplification of
8 genes in the cobF-cobM operon, as well as the cobA and cobE genes via multicopy
plasmids (Blanche et al., 1998). A similar approach has been made by DSM using P.
freundenii (Pel & Hopper, 2010). Multiple studies have been made into additional
production improvements of Bi, by Pseudomonas denitrificans. Approaches which proved
successful were dissolved oxygen control, pH control and continuous betaine feeding
strategies (Li et al., 2012; Li, Liu, Chu, et al., 2008; Li, Liu, Li, et al., 2008).

Whilst being successful in increasing B1> production, the cost of production is unchanged
or even increased by continuous feeding. To that effect, a study in 2015 describes the
growth and Bi, production of P. denitrificans on alternative, cheaper carbon sources such
as beet molasses, maltose syrup and corn steep liquor, all industry by-products (Xia et al.,
2015). Whilst these studies have been relatively successful, the maximum production levels
for these organisms have been approached. An exciting alternative way forward in vitamin
B12 production is the use of alternative organisms. A study from 2014 describes the cloning
of genes required for B1. production into Bacillus megaterium and reaching a yield of 200
pg/L growing on cheap media (Moore et al., 2014). More recently, the attention has turned

to Escherichia coli as a host for the production of valuable chemicals as it has a short
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fermentation cycle and cheap media requirements. Additionally, E. coli is a model
organism which has been studied extensively making it a convenient choice for metabolic
engineering (Rosano & Ceccarelli, 2014). Indeed, E. coli has been used as a host for the
heterologous production of many products, including terpenoids (Martin et al., 2003; C.
Zhang & Hong, 2020), non-natural alcohols (K. Zhang et al., 2008), and biofuels (Fatma
et al., 2018). However, in the era of synthetic biology the benefits of using E. coli cannot
be overlooked. As a well-studied model organism, E. coli is a very convenient choice for
metabolic engineering (Rosano & Ceccarelli, 2014). As such, it has been used as a host for
the heterologous production of multiple products. These range from terpenoids (Martin et
al., 2003; C. Zhang & Hong, 2020) to non-natural alcohols (K. Zhang et al., 2008) and
biofuels (Fatma et al., 2018).

E. coli relies on either the uptake of intact corrinoids or the salvage of incomplete corrinoids
for its B12 production; in the case of the latter E. coli is able to only to reconstruct Bi, when
provided with complex intermediates at or beyond cobinamide (J. G. Lawrence & Roth,
1995). The first use of E. coli to produce cobalamin elucidated the enzymes which made
up the anaerobic pathway of Salmonella typhimurium. The genes of this operon were
introduced on plasmids and de novo synthesis of Bi, was established in E. coli under
anaerobic conditions (Raux et al., 1996). The next major step in metabolic engineering of
E. coli towards cobalamin production comes via research into the elucidation of the aerobic
cobalamin pathway (Deery et al., 2012). Here, the cobalamin pathway up to the
hydrogenobyrinic acid (HBA) intermediate is introduced to E. coli on plasmids. These
plasmids were shared with the group of Zhang at Tianjin Institute of Industrial
Biotechnology. Based on these, strain development resulted in the publication of a
metabolically engineered E. coli strain which had the ability to produce cobalamin de novo
to a yield of 307.00 pg ¢! cdw (Fang et al., 2018a). Only one recombinant E. coli strain
had been reported previously which had the ability of expressing B, biosynthetic genes
from P. denitrificans ATCC 13867 under aerobic and anaerobic conditions (Ko et al.,
2014). The genes were again introduced via plasmids and the yield was estimated to be
0.65 pg g* cdw. In parallel, continued developments in the Warren group has led to an E.
coli strain that has the capacity to produce vitamin B2 to around 40 mg/L of culture. This
strain was named ED656-3B and contains the genes for the aerobic vitamin B, pathway

housed within two artificial operons that had been integrated into the host’s genome.
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1.9 Aim

As mentioned above, previous work towards improved vitamin Bi, production in the
Warren group has led to an E. coli strain which houses the genes of the aerobic Bi;
biosynthetic pathway in the genome which has enabled the organism to produce the
nutrient. In this strain, called ED656-3B, these genes are incorporated into two operons,
called the “A-site”, containing most of the Bi, biosynthetic pathway from Rhodobacter
capsulatus, except cobG, cobC and cobE, which originate from Brucella melitensis, and
the “B-site” (Figure 1.10), which contains a second cobaltochelatase as well as btuR, cobR
and a second cobB from Brucella melitensis. These two synthetic operons are controlled
via T7 promoters. ED656-3B yields 40 mg vitamin By, per litre of culture, however, to
enter a competitive market, 1g/L needs to be approached. This describes the ultimate aim
of the work presented in this thesis.

‘A-site’:
PTTAIG’FJ FMKLHBWNSTQIJDEC'FPUB647VE"

ED656-3B
‘B-site’:
PT7-(708-WNST-btuR-RB)*

Figure 1.10 Schematic representation of cobalamin-producing E. coli strain ED656-3B. The
genes of the Biy biosynthetic pathway are housed in two operons, called the “A-site” and the “B-

site”.
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Improving the cobalamin yields involves three rational approaches, targeting the
production in different ways. Firstly, the high metabolic cost associated with T7 expression
has shown ED656-3B to shut off cobalamin production approximately 9 hours after
induction. Placing the operons under the control of constitutive promoters of weaker,
varying strengths, could alleviate this effect. Furthermore, enzymes within the pathway
present targets for production improvement as they are involved in rate-limiting steps, as
is the case for ALA synthesis by HemA. This also includes CobA and Cobl, the latter of
which also represents the first committed step in the (aerobic) Bi, biosynthetic pathway.
Similarly, genes that encode enzymes involved in the production of substrates for the B1,
biosynthetic pathway present targets for improved yields. These include SAM synthetase
and SAH hydrolase. Lastly, the cobaltochelatase enzyme that is responsible for inserting
cobalt into the centre of cobalamin shows potential for improved catalytic turnover as the
build-up of intermediate HBAD is seen in production cultures, despite the strain containing
two genes encoding for cobaltochelatases. To this end, the enzyme, which in the pathway
originates from Brucella melitensis, will be characterised. This includes the mutations of
several residues that were identified as critical for catalytic turnover in closely related
chelatases (Adams et al., 2020; J.-H. Zhang et al., 2021).
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Chapter 2

Materials and Methods
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2.1 Materials

2.1.1 Chemicals

Most chemicals and antibiotics were purchased from Sigma — Aldrich Ltd. Other materials
used were purchased from manufacturers as follows: tryptone, yeast extract and
bacteriological agar from Oxoid; ampicillin, IPTG and agarose from Melford Laboratories
Ltd; chelating fast flow sepharose, disposable and empty PD10 columns from GE
Healthcare; restriction enzymes from Promega and New England Biolabs, Inc; DNA
extraction QIAprep® Spin Miniprep Kit, QIAquick® Gel Extraction Kit and Ni-NTA Spin
Columns from QIAGEN, PCR Thermofischer, Roche FastStart High Fidelity PCR System

from Roche Diagnostics GmbH.

2.1.2 Bacterial Strains

Bacterial strains were purchased from Novagen, Invitrogen or Promega. All bacterial
strains used in this study can be found in Table 2.1.

Table 2.1: Bacterial strains used in this study. Including genotype and/or genotype and origin

Strain Genotype and/or phenotype Description Reference

Escherichia Coli

DHI10B F- mcrA A(mrr-hsdRMS-mcrBC) Invitrogen
e80lacZAM15 AlacX74 recAl endAl

araD139 A (ara, leu)7697 galU galK A-
rpsL nupG /pMON14272 [ pMONT7124

JM109 endAl, recAl, gyrA96, thi, hsdR17 (ri—, Promega
mi*), relAl, supE44, A( lac-proAB), [F
traD36, proAB, laql'ZAM15].

BL21 (DE3) F- ompT hsdSB (rB-mB-) gal dcm (DE3) Invitrogen
BL21 star F- ompT hsdSB (rB-mB-) gal dcm rnel31 Invitrogen
(DE3) (DE3)

BL21 star ompT hsdSB (rB-mB-) gal dcm Invitrogen

DE3) pLysS
( ) pLys rnel3l (DE3) pLysS (CamR)
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BL21 star ompT hsdSB (rB-mB-) gal dcm pLysS contains Dr Evelyne
DE3) pLysS- chaperone protein Deer
(DE3) pLy re131 (DE3) pLysS (CamR) Dnal perone p y
DNAJ Dnal
ED614 BGECO043 fim (T7P)- contains all the Dr. Evelyne
AIG*JFMKLHBWN STQJDEC*FPUBG64 | genes necessary to | Deery
TVE*AlacZYAQ(T7RNAP) make cobalamin
ED656-3B ED614 with (T7Pro)- Bmei 708- contains all the Dr. Evelyne
cobWNST-btuR-cobR-cobB integrated genes necessary to | Deery
with CRISPR in 5’ of the E. coli cobUST | make cobalamin
to form a longer operon
ED661 E. coli with T7P-AIG*JFMKLH-AIVBQ- | Contains all the | Dr. Evelyne
E*-lacZYA integrated in the fim operon + | genes necessary to | Deery
with the AlacZYAQT7RNAP make HBAD and
HBAH
ED722A E. coli with T7P-AIG*JFMKLHBWN Used for | Dr. Evelyne
STQJDEC*FPUBG647VE™* integrated in cobaltochelatase Deery
the fim operon + with the complementation
AlacZY AQT7RNAP. Deletion of
cobBWNST, insertion of Alv cobB and
Bmei cobR-btuR instead.
RSO1 ED656-3B where T7 is swapped to A2 in | Genes from R. This study
PT7-(708-WNST-btuR-RB)* (‘B-site’ capsulatus, except
promoter) *, which are from
B. Melitensis
RS02 ED656-3B where T7 is swapped to M2 in | Genes from R. This study
PT7-(708-WNST-btuR-RB)* (‘B-site’ capsulatus, except
promoter) *, which are from
B. Melitensis
RSO3 ED656-3B where T7 is swapped to A2 in | Genes from R. This study

Pao-
AIG*JFMKLHBWNSTQJDEC*FPUB64
TVE*

capsulatus, except
* which are from

B. Melitensis
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(‘A-site’ promoter)

RS05 ED656-3B where T7 is swapped to M2 in | Genes from R. This study
Pao- capsulatus, except
AIG*JFMKLHBWNSTQJDEC*FPUBG64 | *, which are from
TVE* B. Melitensis

(‘A-site’ promoter)

RS06_2 ED656-3B where T7 is swapped to A3 in | Genes from R. This study
PT7-(708-WNST-btuR-RB)* (‘B-site’ capsulatus, except
promoter) *, which are from

B. Melitensis

RS07_1 RS004 4 where T7 is swapped to M2 in Genes from R. This study
PT7-(708-WNST-btuR-RB)* (‘B-site’ capsulatus, except
promoter) *, which are from

B. Melitensis

RS08 RS005 where T7 is swapped to A2 in Genes from R. This study
PT7-(708-WNST-btuR-RB)* (‘B-site’ capsulatus, except
promoter) *, which are from

B. Melitensis

RS09_1 RS005 where T7 is swapped to A3 in Genes from R. This study
PT7-(708-WNST-btuR-RB)* (‘B-site’ capsulatus, except
promoter) *, which are from

B. Melitensis

RS10 1 RS001 where T7 is swapped for A3 inin | Genes from R. This study
Paz- capsulatus, except
AIG*JFMKLHBWNSTQJDEC*FPUB64 | *, which are from
TVE* B. Melitensis

(‘A-site’ promoter)
Salmonella typhimurium
AR2680 MS1868 Leu” Sm" chiB metE Used as indicator Raux et al.
strain for 1996
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quantitative

cobinamide assays

AR3612

MS1868 Leu” Sm" cysG metE

Used as indicator
strain for
quantitative cobyric

acid assays

Raux et al.
1996
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2.1.3 Plasmids

All plasmids used in this study can be found in Table 2.2.

Table 2.2: Plasmids. Sp: Streptococcus pyogenes, Bmei: Bruscella Meilitensis (also
denoted with *), Rc: Rhodobacter capsulatus, Mbar: Methanosarcina barkeri, Pd:
Pseudomonas denitrificans, Bt: Bacteroides thetaiotaomicron.

Plasmid Genotype and/or Description Reference
phenotype
pET3a Over-expression vector Novagen

with T7 promoter, AmpR

pET14b Cloning and expression Novagen
vector; N terminal Hiss

tag; T7 promotor; AmpR

pET14b BtuF BIUE. AmDR Dr Evelyne
uF, Am
P Deery

pA2-HmCherry | pET3a where T7 is | Adapted Tet promoter, | Dr. Rokas
swapped for A2, | strong expression levels | Juodeikis

mCherry

pA3-HmCherry | pET3a where T7 is | Adapted Tet promoter, | Dr. Rokas
swapped for A3, | medium expression levels | Juodeikis

mCherry

pM2-HmCherry | pET3a where T7 is | Adapted Tet promoter, | Dr. Rokas

swapped for M2, | low expression levels Juodeikis
mCherry

pCas9 Origin of replication: Expresses the cas9 protein | Sheng Yang
repA101ts, Kan®, A Red | which cleaves the target | Addgene
exo, bet, gam under DNA in CRISPR-Cas9 | plasmid #
araBAD promoter, cloning, Lambda red | 62225

recombinase roteins

gRNA scaffold, P

needed for homologous
tracrRNA, SpCas9

recombination and RNA
under laclg promoter.

structures needed to target
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N20 and guide Cas9

protein.

pTargetF Origin of replication; | Introduces target DNA | Sheng Yang
pMB1, aadAR, sgRNA | during CRISPR-Cas9 | Addgene
containing an  N20 | transformation. plasmid #
sequence to target xxx 62226
replicon  under  trc
promoter.
pTarget-Afe pTargetF with modified | Introduces target DNA | Dr. Evelyne
SgRNA  region  to | during CRISPR-Cas9 | Deery
include Afe restriction | transformation.
site  for easier N20
cloning.
pTarget-N20A pTarget-Afe, cloned | Cloned by PCR Spel and | This study
with N20A  target | Afe into pTarget-Afe
sequence. Afe restriction | Targets the A-site
site is lost. promoter.
pTarget-N20B pTarget-Afe, cloned | Cloned by PCR Spel and | This study
with N20B  target | Afe into pTarget-Afe
sequence. Afe restriction Targets the B-site
site is lost oromoter
pTarget-N20 pTarget-Afe, cloned | Cloned by PCR Spel and | This study
CObA with N20 cobA target | Afe into pTarget-Afe
sequence. Afe restriction | Targets the A-site
site is lost. promoter.
pET3a-Bmei 708 | Bmei 708 Dr. Evelyne
Deery
pET3a-Rc cobA | Rc cobA Dr. Evelyne
Deery
pA2-Bmei 708 A2 promoter, Bmei 708 | Xbal-BamHI fragment of | This study

pET3a-Bmei 708 into
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Xba-BamHI  of
HmCherry

pA2-

pA3-Bmei 708

A3 promoter, Bmei 708

Xbal-BamHI fragment of
pET3a-Bmei 708
Xba-BamHI  of
HmCherry

into
pA3-

This study

pM2-Bmei 708

M2 promoter, Bmei 708

Xbal-BamHI fragment of
pET3a-Bmei 708
Xba-BamHI  of
HmCherry

into
pM2-

This study

pA2-Rc cobA

A2 promoter, Rc cobA

Xbal-BamHI fragment of
PET3a- Rc cobA into Xba-
BamHI of pA2-
HmCherry

This study

pA3-Rc cobA

A3 promoter, Rc cobA

Xbal-BamHI fragment of
pET3a- Rc cobA into Xba-
BamHI of pA3-
HmCherry

This study

pM2-Rc cobA

M2 promoter, Rc cobA

Xbal-BamHI fragment of
PET3a- Rc cobA into Xba-
BamHI of pM2-
HmCherry

This study

pYoe-A2-Bmei
708

5’flanking region, A2

promoter, Bmei 708

Cloned by PCR Bglll and
Sall into pA2-Bmei 708.
CRISPR-cas9
DNA

donor

This study

pYoe-A3-Bmei
708

5’flanking region, A3

promoter, Bmei 708

Cloned by PCR Bglll and
Sall into pA3-Bmei 708.
CRISPR-cas9
DNA

donor

This study
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pYoe-M2-Bmei | 5’flanking region, M2 | Cloned by PCR Bglll and | This study
708 promoter, Bmei 708 Sall into pM2-Bmei 708.

CRISPR-cas9 donor

DNA
pNanC-A2-Rc 5’flanking region, A2 | Cloned by PCR Bglll and | This study
CObA promoter, Rc cobA Sall into pA2-Rc cobA.

CRISPR-cas9 donor

DNA
pNanC-A3-Rc 5’flanking region, A3 | Cloned by PCR Bglll and | This study
CObA promoter, Rc cobA Sall into pA3-Rc cobA.

CRISPR-cas9 donor

DNA
pNanC-M2-Rc 5’flanking region, M2 | Cloned by PCR Bglll and | This study
CObA promoter, Rc cobA Sall into pM2-Rc cobA.

CRISPR-cas9 donor

DNA
pET3a-Mbar Mbar cobA Dr Evelyne
CObA Deery
pET3a-Bmei Bmei cobl Dr Evelyne
cobl Deery
pET14b-Pd Pd cobA®87A Point mutations at bp Dr Evelyne
CObAK1E7A 618/619 from AAA to Deery

GCA , Lysine 187 to

Alanine
pET3a-Pd Pd cobAKe"A Cloned by PCR Ndel and | This study
CObAKIEA Spel into pET3a- Mbar

cobA (Mbar cobA is

removed)
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PET14b-ySAMS | Yeast SAMS yeast SAM synthetase Dr Evelyne
Deery

PET28-hSAMS Human SAMS Formerly called pET28- | Dr Evelyne

hMAT2A, human SAM Deery

synthetase
pET28-rSAH Rat SAHH Rat SAH hydrolase Dr Evelyne

Deery

pET28-hSAMS- | hSAMS, rSAHH Dr Evelyne
rSAHH Deery
PET14b-Rc Rc hemA Dr Evelyne
hemA Deery
PET-Yoe-HisT- | Ptet promoter, tetR, Dr Evelyne
tetR-PtetA AmpR Deery
PET-tetR-Mbar | Ptet promoter, tetR, | Bglll — Spel fragment | This study
CObA Mbar cobA (tetR promoter) cloned

into Bglll — Xbal sites of

pET3a- Mbar cobA
PET-tetR-Bmei Ptet promoter, tetR, Bmei | Bglll — Spel fragment | This study
cobl cobl (tetR promoter) cloned

into Bglll — Xbal sites of

pET3a- Bmei cobl
pPET-tetR-Mbar | Ptet promoter, tetR, | Bglll — Spel fragment | This study
CObA -I* Mbar cobA, Bmei cobl (tetR promoter) cloned

into Bglll — Xbal sites of

pET3a- Mbar cobA-1*
pET-tetR-Pd Ptet promoter, tetR, Pd | Bglll — Spel fragment | This study
CObAKIEA CObAK1EA (tetR promoter) cloned

into Bglll — Xbal sites of
PET3a- Pd cobAK8™A
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PET-tetR-  Pd | Ptet promoter, tetR, Pd | Bglll — Spel fragment | This study
CObAKLETA|* cobAX¥7A Bmei cobl (tetR promoter) cloned
into Bglll — Xbal sites of
PET3a- Pd cobAK8™A|*
PET-tetR-  Rc | Ptet promoter, tetR, Rc | Bglll — Spel fragment | This study
hemA hemA (tetR promoter) cloned
into Bglll — Xbal sites of
pPET14b- Rc hemA
PET-tetR- Ptet promoter, tetR, yeast | Xhol — Xbal fragment | This study
ySAMS SAM synthetase (YSAMS) cloned into Xhol
— Spel sites of pET-Yoe-
HisT-tetR-PtetA
PET-tetR- Ptet promoter, tetR, | Xhol — Xbal fragment | This study
hMAT2A hMAT2A (hMAT2A) cloned into
Xhol — Spel sites of pET-
Yoe-HisT-tetR-PtetA
PET-tetR- rat Ptet promoter, tetR, rat | Xhol — Xbal fragment (rat | This study
SAHH SAH hydrolase SAHH) cloned into Xhol —
Spel sites of pET-Yoe-
HisT-tetR-PtetA
PET-tetR- rat Ptet promoter, tetR, rat | Xhol — Xbal fragment (rat | This study
SAHH-hMAT2A | SAHH-hMAT2A SAHH — hMAT2A) cloned
into Xhol — Spel sites of
PET-Yoe-HisT-tetR-PtetA
pET3a-Rc cobl Rc cobl Dr Evelyne
Deery
pNanC-T7-Mbar | 5’flanking region, Mbar | Sall-Bglll fragment of | This study
CObA CObA pNanC-A3-Rc cobA into
Sall-Bglll  of pET3a-
Mbar cobA
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pNanC-T7-Mbar | 5’flanking region, Mbar | Xbal-Hindlll fragment of | This study
cobA-Rc cobl cobA, Rc cobl pET3a-Rc cobl into Spel-
(3’flanking region) Hindlll of pNanC-T7-

Mbar cobA
pNanC-T7-Pd 5’flanking region, Pd | Sall-Bglll fragment of | This study
CObAKIEA CObAKEA pNanC-T7-Mbar  cobA

into Sall-Bglll of pET3a-

Pd cobAKE7A
pNanC-T7-Pd 5’flanking region, Pd Xbal-EcoRI fragment of | This study
CObAX¥™A _ Rc | cobA¥®"A Rc cobl pET3a-Rc cobl into Spel-
cobl (3’flanking region) EcoRl of pNanC-T7-Pd

CObAK187A
PET14b- Bmei N-terminally his-tagged Dr. Evelyne
cobN Bmei cobN Deery
pET3a- Bmei Bmei cobS, N-terminally Dr. Evelyne
cobSHT his-tagged Bmei cobT Deery
PET14b- Bt BtBtuG2, N-terminally Dr. M.
BtuG2_Nde3 his-tagged Bt BtuG2 Liang
pET14b- Bmei Bmei cobN=>*# Point mutation at bp 1841 | This study
CObN?3%334 from GAG to GCG,

Glutamic acid 593 to

Alanine, template

pET14b- Bmei cobN
PET14b- Bmei Bmei cobN™%%4% Point mutations at bp This study
CObNH1094A 3343/3344 from CAC to

GCC, Histidine 1094 to

Alanine, template

pET14b- Bmei cobN
PET14b- Bmei Bmei cobNP%8% Point mutation at bp 3356 | This study
CObND1089%A from GAC to GCC,

Aspartate 1089 to
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Alanine, template
pET14b- Bmei cobN

pET14b- Bmei Bmei cobN@%4 Point mutation at bp 3362 | This study
CObNQH0%A from GAT to GCT,
Aspartate 1100 to
Alanine, template
pET14b- Bmei cobN
PET-tetR- PtetA- | Ptet promoter, tetR Dr. Evelyne
Bmei cobWNST . Deer
Bmei cobW, cobN, cobS y
and cobT
pET-tetR- PtetA- | Ptet promoter, tetR cobNE** cloned into This study

Bmei
cObWNES3AST

Bmei cobW, cobNE>*3A,
cobS and cobT

BamHI and Stul sites of
partially digested

PET-tetR- PtetA-Bmei
CObWNST
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2.1.4 Primers

The primers used in this study were purchased from Eurofins scientific. A list of all primers

can be found in Table 2.3. Restriction sites are referred to in bold. The corresponding

restriction enzymes are listed in the last column of the table. The underlined nucleotides of

the N20 primers denote the linker, while the highlighted section is the N20 region on the

corresponding genome. In red, point mutations are shown.

Table 2.3 List of primers used in this study

Primer name Sequence Restriction
site

Sal-nanC CATGTCGACCGTCCATTGATCATCAAG Sall

Bglll-nanC GACAGATCTTACGCTTATTGATGACGC Bglll

Site A — F check CAGGACAGTTTTACGTAG

Sal-yoe2 CATGTCGACACTCTAATGGCCAGAGTGATG Sall

Bglll-yoe CATAGATCTGGCATACAAACTGGACGTATTG Bolll

Yoe-check CCGGTTAATTGCTGATAC

Primer Yoe-Avr CATCCTAGGTTTATCACACTCAGAGC Avrll

Pd cobA fw primer CAGCCATATGATCGACGACC

PdCobA-Spel CATACTAGTTTATGCCGGGTTCCTG Spel

CObA rev GAAAGATCGTCGAACAGC

Primer N20-A 1F

CTAGTTCACTATAGGGAGACCACAAGTTTTAGA

Primer N20-A 1R

TCTAAAACTTGTGGTCTCCCTATAGTGAA

Primer N20-B 2F

CTAGTGAGCAACGTTCTTCAGCAGGGTTTTAGA

Primer N20-B 2R

TCTAAAACCCTGCTGAAGAACGTTGCTCA

Primer N20—cobA 1F:

CTAGTGTTCGACGATCTTTCCGCCGGTTTTAGA

Primer N20—cobA 1R:

TCTAAAACCGGCGGAAAGATCGTCGAACA

BmeiN_AmpTAA_
Rev

GATTAAGCATTGGTAACGTAACGCGTGATCAGA
AG

Bmei N3

GAACGGTGGAAGTGTTGC
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BmeiN-mut-Nde

CATCATATGAAGCCTCGGGCGTC

Ndel

T7T

GCTAGTTATTGCTCAGCGG

BmeiCobN_H554A_F

GACCATATGGGCAAGGCTGGCAATCTGGAATGG
CTG

BmeiCobN_E593A_F

GAACGATCCGGGCGCGGGCACGCAG

BmeiCobN_E593A R

CTGCGTGCCCGCGCCCGGATCGTTC

BmeiCobN_H1094A_
F

GGATAATCGCGAAGCCGACCTTCTCGACAG

BmeiCobN_H1094A
R

CTGTCGAGAAGGTCGGCTTCGCGATTATCC

BmeiCobN_D1098A _
F

GACCTTCTCGCCAGTGATGACTATTAC

BmeiCobN_D1098A_
R

GTAATAGTCATCACTGGCGAGAAGGTC

BmeiCobN_D1100A_
F

CTCGACAGTGCTGACTATTACC

BmeiCobN_D1100A_
R

GGTAATAGTCAGCACTGTCGAG

BmeiCobN_Q1104A_ | GTGATGACTATTATGCATTCGAGGGCGGC Nsil
F
BmeiCobN_Q1104A_ | GCCGCCCTCGAATGCATAATAGTCATCAC Nsil

R

MSB — cobA STOP

AGGATCCAAAACTAGTTAAAAGTCAACTCCTGT
CCG
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2.1.5 Media and solutions for bacterial work

Luria-Bertani (LB) broth: Tryptone 10¢g
Yeast extract 50
NaCl 50

The media was made up to 1 L with distilled H.O and autoclaved.

Luria-Bertani (LB) broth + agar:

15 g of bacteriological agar was added to 1 L of LB broth before autoclaving.

Super Optimal broth and Catabolite repression (SOC):

Tryptone 29
Yeast Extract 05¢g
1M NaCl 1mL

2M Mg?* stock (see below) 1mL
20 % (w/v) glucose 1mL
1M KCI 0.25 mL

The media was made up to 1 L with distilled H.O and autoclaved.

2YTNN media: Tryptone 16 ¢
Yeast extract 10g
NaCl 59
Na;HPO4 10.99¢
NaH2PO4 2.71¢g
NH.CI 1g

This was made up to 1 L with distilled H-O and autoclaved.

10X M9 salts: Na;HPO4 60 g
KH.PO, 309
NH.CI 10 g
NaCl 59

This was made up to 1 L with distilled H.O and autoclaved.

YE-M9-G media: 10X M9 salts 100 mL
50% glycerol 10 mL
0.1 M CacCl 1mL
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1 M MgSO. 2mL
25.03 mg/mL CoCl 2mL
1 mM MnCl; 6H,0 50 pL

The above additives were added to YE solution which was prepared separately by adding

10 g yeast extract to 885 dH,O and autoclaved separately.

YE-M9-GG fermentation media:

This media was prepared as described above to which 0.2% glucose was added.

Minimal media: 10x M9 salts 100 mL
20% glucose 10 mL
1 M MgSO:. 2 mL
0.1 M CaCl; 1mL
dH.0 877 mL

All solutions were made up separately and autoclaved before being mixed. For minimal
media agar plates to re-streak AR3612 on, 10 mL 5 mg/mL L-cysteine was added as well
as 10 mL 5 mg/mL Methionine and 15g bacterial agar before autoclaving. In preparing
plates for AR2680, L-cysteine is not added. For the bioassay plates, the same preparation
is upheld, with the exception of methionine, which is left out.

20% glucose solution:

20 g of D-glucose was made up to 200 mL with dH,O and then autoclaved.

1M MgSO, solution:

24.07 g of MgSO, was made up to 200 mL with dH.O and then autoclaved.

0.1M CaCl, solution:

2.22 g of CaCl, was made up to 200 mL with dH»O and then autoclaved.

0.9% NaCl solution:

0.18 g NaCl was made up to 20 mL and filter sterilised using a 0.2 um syringe filter.

1M IPTG solution:

4.76 g of IPTG were dissolved in 10 mL dH20, filter sterilised using a 0.2 um syringe
filter, aliquoted into 400 pL and stored at -20°C.

CaCly/glycerol solution for preparing competent cells:
CaCl, 01M
Glycerol 10% (wi/v)
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This was made up to 100 mL with dH-0, autoclaved and stored in the fridge.

TB solution (Inoue et al., 1990):

Pipes 10 mM
CaClz-H:0 12 mM
KCI 20 mM
MnCl;-H:0 55mM

All components were made up to solution with dH,O except MnCl,-H,0. The pH was
adjusted to 6.8 with 2M KOH, after which the MnCl,-H,O was added. The solution was

filter sterilised using a 0.2 um syringe filter and stored at 4°C.

L-Arabinose:

3 g of L-arabinose was made up to 20 mL with dH»O and filter sterilised using a 0.2 um
syringe filter. The solution was stored at -20°C.

Antibiotics:

Table 2.4 Antibiotics used in this study.

Antibiotic Stock concentration Final concentration

Ampicillin 100 mg/mL in 50% dH.O, 50% | 100 pg/mL
Ethanol

Chloramphenicol | 34 mg/mL in Ethanol 34 pg/mL

Kanamycin 25 mg/mL in dH,0 100 pg/mL

Spectinomycin 50 mg/mL in dH,O 50 pg/mL

All antibiotics were filter sterilised using a 0.2 um syringe filter, aliquoted into 400 pL and
stored at -20°C.
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2.1.6 Media and solutions for DNA work

TE buffer:

5x DNA loading buffer:

2x Ligase buffer:

Tris-HCI, pH 8.0
EDTA, pH 8.0

Bromophenol blue (w/v)
Glycerol (v/v)
TE buffer (v/v)

Tris-HCI pH7.8
MgCI2

DTT

ATP

PEG 8000 (v/v)

Bioline 1kb molecular size hyperladder:

SIZE (bp)
— 10037

——1500/1517

— 1000
800
—— 600

— 400

ng/BAND

100
80
60

40

20

Figure 2.1 5 pL Hyperladder I
applied to 1% agarose gel

10 mM
1mM

0.25%
50 %
50 %

60 mM
20 mM
20 mM
2 mM
10 %
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2.1.7 Media and solutions for protein work

. Solutions for His-bind column

Charge buffer:

Binding buffer A:

Wash buffer A.l:

Wash buffer A.1l:

Elution buffer A:

Binding buffer B:

Wash buffer B:

Elution buffer B:

Strip buffer:

All buffers were made up by weighing out the individual components, making them up to

~100 mL less than the final volume with MilliQ water before adjusting the pH. After this,

NiSO4

Tris-HCI, pH 7.5
NaCl

Tris-HCI, pH 7.5
NaCl,

Imidazole

Tris-HCI, pH 7.5
NaCl

Imidazole

Tris-HCI, pH 7.5
NaCl

Imidazole

HEPES, pH 7.5
NaCl

Imidazole

HEPES, pH 7.5
NaCl,

Imidazole

HEPES, pH 7.5
NaCl

Imidazole

Tris-HCI, pH 8.0
EDTA
NaCl

100 mM

20 mM
100 mM

20 mM
500 mM
50 mM

20 mM
500 mM
100 mM

20 mM
500 mM
400 mM

20 mM
500 mM
10 mM

20 mM
500 mM
60 mM

20 mM
500 mM
400 mM

20 mM
100 mM
0.5M



the buffers were made up to the final volume and filtered using a 0.20 uM nylon Millipore

filter.
o Solutions for desalting steps
Dialysis buffer Tris- HCL, pH 7.5
NaCl
PD10 desalting buffer HEPES, pH 7.5
NaCl
o Solutions for Sodium Dodecyl Sulfate polyacrylamide gel
(SDS-PAGE):
10x Running buffer: Tri-HCI
Glycine

1x Running buffer:

Made up to 1 L with dH-0.

2x Laemmli sample buffer:

Made up to 20 mL with dH.O.

Coomassie blue stain:

Made up to 500 mL with dH,O.

10x running buffer

10% (w/v) SDS

0.5M Tris-HCI, pH 6.8

Glycerol
SDS 10% (w/v)

B-mercaptoethanol

20 mM

100 mM

20 mM

100 mM

electrophoresis

30 g/L

144 g/L

100 mL
10 mL

2.5mL
2 mL
4 mL
1mL

Bromophenol Blue 0.08% (w/v) 0.5 mL

Trichloroacetic acid 100%

Coomassie blue R250

SDS 10% (wi/v)
Tris-HCI
Glycine

250 mL
0.6g
0.1g
0.25g
0.15¢
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Table 2.5: SDS PAGE gel compositions

SDS Gel

Running gels 10% 12.5% | Stacking gel 5%
dH,0 4.7 mL 34mL | dH0O 3.4 mL
30% Acrylamide 5mL 6.3 mL | 30% Acrylamide 1.5mL
1.5M Tris-HCI,pH 8.8 | 3.8 mL 3.8mL | 0.5M Tris-HCI, pH 6.8 | 1.9 mL
10% SDS 1.5mL 1.5mL | 10% SDS 750 pL
10% APS 150 pL 150 uL | 10% APS 75 pL
TEMED 10 pL 10 pL TEMED 10 pL

NEB Broad Range prestained Protein Standard (P7706):

kDa
190 —

135 — 10-2095 Tris-glycine

SDS-PAGE Gel
100 —

I5—
58 —
46 —

Suggested Load:
5l

32—

25

22
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o Solutions for gel filtration column (size exclusion)

Sample buffer:

HEPES, pH 7.5

NaCl

20 mM

100 mM

Table 2.6. Contents of molecular weight standards solution for gel filtration.

Protein Approximate molecular weight (Da) Concentration
Albumin, bovine serum 66,000 10 mg mL-1
Alcohol dehydrogenase, 15,0000 5mg mL-1
yeast

B-amylase, sweet potato 200,000 4 mg mL-1
Apoferritin, horse spleen 443,000 10 mg mL-1
Thyroglobulin, bovine 669,000 8 mg mL-1
Blue dextran 2,000,000 2 mg mL-1

2.1.8 Media and solutions for HBAD work

o Solutions for Tris-acetate EDTA gel

Table 2.7. TAE gel composition

TAE gel, 30% acrylamide/bisacrylamide

50X TAE buffer 200 pL
dH20 3.1mL
30% acrylamide/bisacrylamide 6.6 mL
APS 100 pL
TEMED 5L

Enzyme assays were measured using a FLUOstar omega microplate reader by BMG.

labtech.
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2.2 Microbiological methods

2.2.1 Sterilisation of reagents

Unless stated otherwise, all media and buffers were sterilised at 121°C and 1 bar pressure
for 15 minutes in an autoclave. Temperature sensitive reagents were filter sterilised (0.2

pm diameter pore size).

2.2.2 Liquid cultures

Liquid cultures were prepared by inoculating 5 mL of LB with a single colony from an agar
plate. Cultures were then incubated overnight at ~150 rpm and 37°C, unless stated

otherwise.

2.2.3 Storage of bacteria

For long-term storage of bacteria, glycerol stocks were prepared. Sterile glycerol was added
to overnight liquid cultures, to a final concentration of 15% (v/v) before storage at -80°C.

2.2.4 Plate cultures

Plate cultures were prepared either by streaking out a glycerol stock or via transformation
of competent cells with a plasmid of interest (Section 2.2.6). Plates were then incubated

overnight at 37°C, unless stated otherwise.

2.2.5 Preparation of competent E. coli cells

A 100 mL of LB was inoculated 1:100 with liquid starter culture and was incubated at 37°C
at 180 rpm until an ODeqo value of 0.4 was reached. The cells were then chilled on ice for
30 minutes and centrifuged at 2,700 x g for 10 minutes at 4°C. The pellets were gently
resuspended in 20 mL ice cold CaCl./glycerol solution and incubated on ice for 15 minutes.
Cells were collected again by centrifugation and re-suspended in 2 mL of ice cold
CaCly/glycerol solution. 50 pL aliquots were flash frozen in dry ice before being stored at
-80°C.

2.2.6 Transformation of E. coli competent cells

For plasmid amplification, 10 ul competent cells was defrosted on ice for 10 min before
adding 0.5 pl plasmid DNA to 10 pl cells. For transformation of ligation mixture (Section
2.3.6), 5 pl plasmid was mixed with 50 pl competent cells. The mixture was then incubated
on ice for 15 minutes and heat-shocked at 42°C for 1 minute before rapid transfer to ice
and incubation for 2 minutes. After the addition of 200 pl SOC media, the cells were

incubated at 37°C for 30-60 min to allow antibiotic resistance expression. The mixture was
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then spread on a LB agar plate containing the required antibiotics and incubated overnight

at 37°C, unless stated otherwise.

2.2.7 Recombinant protein overproduction in E. coli:

BL21 Star (DE3) or BL21 Star (DE3) pLysS E. coli competent cells were transformed with
a vector containing the gene(s) of interest. A 5 or 10 mL LB starter culture containing the
appropriate antibiotics was inoculated with a single colony and incubated overnight at
37°C. 1 L of LB containing ampicillin (and chloramphenicol for pLysS strain) was
inoculated from the starter culture, grown at 37°C and shaken at ~160 rpm until the culture
reached an ODsoo ~ 0.6. Protein production was induced by adding 400 uM IPTG, after
which expression was left at 19°C overnight. For IMAC, the cells were harvested by
centrifugation at 4000 rpm for 20 min at 4°C. The pellet was re-suspended in 25 mL of
binding buffer (Section 2.1.7.1) and either directly used for protein purification (Section
2.4.1) or stored at -80°C.

2.2.8 Preparation of ultracompetent E. coli cells for CRISPR-Cas9

ED656-3B was transformed with plasmid pCas9 as described in Section 2.2.6, with the
exception of the grown temperature. All cells containing pCas9 were grown at 28°C to
accommodate the temperature-sensitive origin of replication. From this plate culture, a 5
mL LB starter culture was prepared containing 25 mg/L kanamycin. 10 mL of LB
containing kanamycin was inoculated with 100 L starter culture and grown for 1.45 hours
whilst shaken at 150 rpm before inducing expression of Lambda red recombinase genes
with 100 uL 1M L-Arabinose. The cells were then grown further until an ODeqo 0f 0.4-0.6
was reached. At this point the culture was incubated in ice water slurry for 15 min before
the cells were harvested by centrifugation at 3000 rpm for 10 min at 4°C. Cells were then
washed with 5 mL ice cold TB and incubated on ice for 25 min. The centrifugation step
was repeated as described above and cells were resuspended in 1 mL of ice cold TB. 100
pL of 100% glycerol was added to a final concentration 20% and the cells were aliquotted
in 80 pL. These were flash frozen and stored at -80°C.

2.2.9 Lysis of cells by sonication

Harvested cells were lysed by sonication using a Sonics Vibracell Ultrasonic processor
equipped with a Jencons solid titanium alloy probe in 30 sec bursts with 30 sec breaks
repeated 6 times at 55% maximum amplitude. The sonicated cells were centrifuged at
18,000 rpm for 20 min at 4°C to remove cell debris. The soluble cell extract (supernatant)
was then purified by IMAC (Section 2.4.1).
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2.2.10 Bacterial production of cobalamin in 250 mL shake flasks

All bacterial growth for cobalamin production took place at 28°C to accommaodate for the
majority of the pathway’s genes originating from Rhodobacter capsulatus, the optimal
growth temperature of which is 28°C. Plate cultures were made from glycerol stocks of
cobalamin-producing strains as described in Section 2.2.4. From these plates, liquid pre-
cultures were made as described in Section 2.2.2. Plastic 250 mL Erlenmeyer flasks,
containing 25 mL of YE-M9-G media (Section 2.1.7), were inoculated with 2.5 mL pre-
culture, grown at 28°C and shaken at ~160 rpm for 6 hours before inducing T7 promoters
with 400 UM IPTG. Expression was continued at 28°C under constant shaking at ~160 rpm.
Samples were taken for analyses after 24 hours and 48 hours.

2.2.11 Bacterial production of HBAD

E. coli strain ED661 contains the B1» pathway up to intermediate hydrogenobyrinic acid
a,c-diamide (HBAD), as well as enzymes assisting in further amidations of the central
corrin ring. To produce HBAD, liquid cultures were made as described in Section 2.2.2
which were used to inoculate 1L of 2YTNN media 1:100. The cultures were incubated at
28°C, shaking at 160 rpm until an ODego of 0.6 was reached. HBAD production was
induced by adding 0.4 mM IPTG. The cultures were placed 18°C overnight at constant
shaking ~160 rpm. Cells were harvested via centrifugation at 4000 rpm for 20’ at 4°C
leaving a distinctly pink pellet (Fig 2.2.1). Supernatant was collected for potential HBAH

purification.

Figure 2.2 Pellet and supernatant of HBAD-producing strain ED661
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2.2.12 Bacterial production of cobalamin in fermenter.

For fermentation tests, Infors minifors 2 fermenters were used, connected to an Eve system.
A pre-culture of vitamin Bi.-producing strains was made as described in Section 2.2.2,
which was grown at 28°C. This was used to inoculate 500 mL YE-M9-GG media (Section
2.1.5) 1:100. The pH was stabilised at 7.0 using 25% sulphuric acid and 25% ammonia
base solutions. The O2 level was set to 100%. 0.5 mL of polypropylene glycol was added
during inoculation as anti-foam. Those cultures containing T7 promoters were induced by
adding 0.4 mM IPTG 6 hours after inoculation.

2.2.13 Preparation of Salmonella bioassay plates

B2 yields of cultures were determined using Salmonella typhimurium AR3612 or AR2680
bioassay plates. The strains were streaked out from glycerol stocks (Section 2.2.4) and
subsequently re-streaked on minimal media plates containing L-cysteine and methionine
for AR612. For re-streaking AR 2680, the plates only contained methionine. This re-
streaking was done so a film of bacterial growth would cover the entire plate. These plates
were incubated at 38°C overnight. The cultured layer was scraped off and collected ina 1.5
mL Eppendorf tube. The methionine was removed by adding 0.9% sterile NaCl solution to
the cells and spinning this down at 6000 rpm for 2 min. The supernatant was removed and
this wash step was repeated 3 times. The bioassay plates were prepared as minimal media
plates, to which the Salmonella was added when the media had cooled down to 40°C. Plates

were stored at 4°C for 7 days max.
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2.3 Molecular biology methods

2.3.1 DNA extraction via Miniprep

A QIlAprep® Miniprep Kit (Qiagen) was used for the purification of plasmid DNA as

described in the handbook using the microcentrifuge protocol.

2.3.2 DNA digest

Plasmid or PCR product DNA was digested using the relevant restriction enzymes at 10 U

uL?, in the optimal buffer from Promega or New England Biolabs. Reactions were

incubated at the temperature required by the restriction enzyme for 0.3 — 1 hour. Restricted

fragments were separated according to length via gel electrophoresis (Section 2.3.3).

Table 2.8 Typical DNA pipetting scheme

Component Double digest
Restriction enzyme 1 0.5 puL
Restriction enzyme 2 0.5puL

10x buffer 1uL
Plasmid/PCR DNA 5uL

MilliQ H0 3puL

Partial digests were used to extract bands which were otherwise unable to be retrieved from

a full digest. A typical pipetting scheme is show below.

Table 2.9: Pipetting scheme partial digest

Units
Component 1.2 1 0.5 0.25 0.1
Plasmid DNA (uL) 10 10 10 10 10
10 X Cutsmart Buffer (uL) | 2 2 2 2 2
0.2U puL*Enzyme 1 (uL) | 6 5 25 1.25 0.5
10 U uLtEnzyme 2 (uL) |1 1 1 1 1
MilliQ (uL) 1 2 4.5 5.75 6.5
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2.3.3 PCR reaction

All PCR reactions were performed in an Eppendorf Mastercycler 5341 PCR machine using
the FastStart High Fidelity PCR System (Roche). The basic PCR reaction and the cycles

used are outlined below:

Table 2.10 PCR reaction mix.

Component puL

MilliQ H0 325-345
10x FSHF buffer 5

DMSO 0-2
5mM dNTPs 2

10 uM 5’ forward primer 2

10 uM 3’ reverse primer 2

DNA template 1

Taq polymerase (5 U uL?) 0.5

2.3.4 Gel electrophoresis

DNA fragments were separated by DNA gel electrophoresis. 1 % agarose gels were
prepared in 1x TAE buffer with the addition of ethidium bromide to a final concentration
of 0.5 ug mL™. Ethidium bromide allows visualisation of the DNA as it binds between the
base pairs and then upon exposure to UV radiation re-emits at a wavelength that can is
visible ona UV transilluminator. DNA samples containing 20 % (v/v) DNA loading buffer
(Section 2.1.6) were loaded into the wells of the agarose gel and electrophoresis was carried
out at 80 V for approximately 50 min using a SubCell GT electrophoresis tank (BioRad)
connected to a Power PAC 300 power supply (BioRad).

2.3.5 Gel extraction

DNA bands of interest were excised from an agarose gel using a scalpel blade. Subsequent
gel extraction was carried out using a QIAquick® Gel Extraction Kit (Qiagen) using the

microcentrifuge protocol in the handbook.
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2.3.6 Ligation of DNA

Vectors and inserts were digested with the relevant restriction enzymes as described in
Section 2.3.2 and extracted from the gel (Section 2.3.4). DNA fragments were ligated into
vectors at room temperature for 2 hours or at 4 °C overnight. Reaction components are
listed in Table 2.3.3.

Table 2.11 Ligation pipetting scheme

Component Volume ( pL)
Insert 25

vector 15

10x T4 DNA ligase buffer (Promega) 1

milliQ H-0 4.5

T4 DNA Ligase (3 U puL*, Promega) 0.5

2.4 Biochemical methods

2.4.1 Protein purification

o Immobilised metal ion affinity chromatography

Columns containing approximately 5mL of Chelating Sepharose Fast Flow Resin (GE
Healthcare) were washed with dH>O and subsequently charged with NiSO, (charge buffer).
Following equilibration with binding buffer, the soluble fraction of cell extract was applied
to the column. ®His-tagged protein bind to the Ni?*. Binding buffer followed by wash
buffers 1 and 11 were applied to the column to remove unbound protein. The ®His-tagged
protein was eluted in 2 mL fractions with buffer containing imidazole. The column was re-
generated with strip buffer and washed with dH,O. Buffer compositions can be found in
Section 2.1.7.

o Desalting column PD10

Eluted protein was desalted by buffer exchange into imidazole-free buffer using pre-
packed, disposable PD-10 columns (GE Healthcare). The column, containing Sephadex
G25 resin, was equilibrated with 25 mL of imidazole-free buffer followed by application
of 2.5 mL of eluted protein. The protein was then eluted with 3.5 mL of imidazole-free
buffer.
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2.4.2 Bradford protein assay

Rough Bradford assays were done to determine which fractions held protein (and would
subsequently loaded onto an SDS PAGE gel). This was done by mixing 15 pL of MilliQ
with 5 uL bradford reagent and starting the reaction with 2 uL of fraction sample. Bradford
reagent contains coomassie brilliant blue G-250 which is undergoes a colour change from

red/brown to blue upon binding to protein’s carboxyl groups.

2.4.3 A280 protein concentration estimation

Protein concentrations were determined by measuring absorbance at 280 nm in a cuvette
with a path length of 1 cm. Blanks were set using 1 mL of buffer. The molar extinction
coefficient (¢) was calculated using the EXPASY protparam bioinformatics tool (Gasteiger

et al., 2005). Protein concentrations were calculated using the Beer Lambert law;
A= egxcx*l
where A is absorbance, c is the concentration (M) and | is the path length in cm.

2.4.4 SDS PAGE

Proteins were separated according to their mass using SDS-PAGE. Gels were prepared
with a 15% running gel and a 5% stacking gel. Samples were denatured by the 1:1 addition
of Laemmli sample buffer (Section 2.1.7) and boiling for 10 minutes. 5 - 10 pL of denatured
sample was loaded into each well and 7 L of molecular mass marker (NEB P7706) run on
each gel to estimate the relative molecular mass of the proteins of interest. Electrophoresis
was run at a constant voltage of 200 V using an Atto Dual Mini-Slab system and an Atto
Mini Power electrophoresis power supply. Gels were stained using Coomassie blue stain
(Section 2.1.7) and de-stained with dH-0.

2.4.5 HBAD purification

All HBAD purification steps were done in the dark as it is susceptible to light-induced

degradation.

. BtuG-IMAC column

BtuG is a B12-binding protein which has shown to be promiscuous to cobalamin derivatives.
This property was exploited in this method by executing the binding and wash steps of
BtuG-containing cell lysate on Ni?*-Speharose columns and subsequently loading the
soluble fractions of lysed ED661 cultures (Section 2.2.11). Binding buffer and Wash
buffers I and Il were applied to wash away unbound protein and impurities before eluting
the BtuG-bound HBAD off the column with imidazole.
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o Buffer exchange via dialysis

The BtuG-HBAD was dialysed against 3 L of Dialysis buffer (Section 2.1.7.2) under
constant stirring for 1 hour. The dialysis bag was then transferred to another 3 L of Dialysis
buffer which was left stirring overnight at 4°C.

. Release of HBAD by heat treatment
To release HBAD from BtuG, the solution was boiled for 15 min (Figure 2.3). The
precipitated BtuG was then spun down at 4000 rpm for 20 min at °C and the soluble
fractions was collected for further purification.

Figure 2.3 HBAD-BtuG precipitate. Heat treatment of the mixture by boiling for 15 minutes

caused the protein to release HBAD.

o Separation of multi-amidated Bi-intermediates

As mentioned in Section 2.2.11, strain ED661 has the ability to produce all of HBA to
HBAH, and those in between. To separate the various amidated forms and purify the
desired HBAD, the sample was loaded onto a Diethylaminoethyl sepharose (DEAE)
(Sigma Aldrich) column. The anion exchange column bound the negatively charged HBA-

H intermediates at pH 7.5 which were eluted separately by increasing the salt concentration.

o Concentration of fractions by reverse phase chromatography

The eluted fractions of Section 2.4.5.4 were adjusted to pH 4.5 with glacial acetic acid
before being applied to 25-40 uM LiChroprep reverse-phase C18 columns (Merck). After
all sample was applied, the HBA-intermediates were eluted with 2 mL with 100% MeOH
which is subsequently evaporated Spin-vac (MiVac DUO concentration, Genevac).
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o TAE gel

Tris-Acetate gels were used for the purpose of separating B1, intermediates based on their
number of amidated groups as the EDTA in the buffer sequested divalend cations. The gels
were prepared with 20% acrylamide/bisacrylamide. The samples loaded onto the gel were
made up out of 20 pL sample and 5 uL 50% glycerol. Electrophoresis was run at a constant
voltage of 200 V using an Atto Dual Mini-Slab system and an Atto Mini Power
electrophoresis power supply. Samples were visualised by placing the gel on a UV

transilluminator.

o HPLC-MS analysis of HBAD sample

Samples were separated on an Agilent 1100 series HPLC coupled to a micrOTOF-Q Il
(Bruker) mass spectrophotometer using an Ace 5 AQ column (2.1 x 150 mm; Advanced
Chromatography Technologies) maintained at 30°C and with a flow rate of 0.2 mL/min.
The mobile phase consisted of 0.1% TFA in water (solvent A) and acetonitrile (solvent B).
The initial conditions were set at 100% of solvent A. The concentration of solvent B was
increased with a linear gradient to 100% over 50 min and back to the initial conditions at
60 min. The mass spectrometer was operated in the positive electrospray mode.

2.4.6 Enzymatic cobalt chelation of HBAD
All Enzymatic reactions were followed in a BMG labtech Omega plate reader.

Mass spectra were collected using a Finigan MAT 95s LCQ classic electrospray mass
spectrometer. Additional spectra were collected using a Bruker micro QtoF Il with

electrospray ionisation.
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Chapter 3

Changing promoters in a
vitamin Bis-producing strain
of E. coli to enhance B,

production
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3.1 Introduction

B2 production has historically been dependent on bacterial strains that had been selected
due to naturally high levels of the nutrient, strains that have contained either the native
aerobic or anaerobic pathway. Although strains such as Pseudomonas denitrificans and
Propionibacterium shermanii are able to produce relatively high vitamin Bi2 levels they are
tempered by complex growth conditions (Martens et al., 2002). Production improvements
to commercial strains have mostly relied on rounds of mutagenesis and genetic engineering
(Blanche et al., 1998; Pel & Hopper, 2010). Additional production improvements have been
studied through dissolved oxygen control (Li et al., 2012), pH control (Li, Liu, Chu, et al.,
2008) and continuous betaine feeding strategies (Li, Liu, Li, et al., 2008). Whilst these
approaches have been relatively successful, the maximum production levels for these
organisms appears to have been reached and, therefore, more recently attention has steered
towards production via alternative organisms. One such study described the cloning of
genes required for B1, production into Bacillus megaterium whereby a yield of 200 pg/L
was achieved by growing on cheap media (Moore et al., 2014). However, in the era of
synthetic biology the benefits of using E. coli cannot be overlooked. As a well-studied
model organism, E. coli is a very convenient choice for metabolic engineering (Rosano &
Ceccarelli, 2014). As such, it has been used as a host for the heterologous production of
multiple products. These range from terpenoids (Martin et al., 2003; C. Zhang & Hong,
2020) to non-natural alcohols (K. Zhang et al., 2008) and biofuels (Fatma et al., 2018).

Previous work in the Warren group has led to an E. coli strain that has the capacity to
produce vitamin B, to around 40 mg/L of culture. This strain was named ED656-3B and
contains the genes for the aerobic vitamin Bi2 pathway housed within two artificial operons
that had been integrated into the host’s genome. The two engineered operons within the E.
coli genome are referred to as the “A” and “B” sites; the ‘A-site’ contains all the genes
needed to produce adenosylcobalamin, whereas the ‘B-site’ contains an extra set of genes

encoding the cobaltochelatase enzyme (Fig 3.1.1).
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Figure 3.1 Cobalamin biosynthetic pathway operons in ED656-3B. Top: 'A-site’ operon,
containing all genes required to produce cobalamin. Bottom: ‘B-site’ operon, containing an

extra set of cobaltochelatase genes.

The two operons are controlled by the T7 promoter, a powerful promoter that initiates high-
level expression (Tabor, 1990), which, once induced, limits the lifespan of the cell (Bentley
et al., 1990). Whilst this promoter system clearly induces a good level of Bi, production,
further B1» production could be achieved by moving towards a weaker constitutive
promoter system. Such a constitute promoter would allow for continuous Bi. production
over a longer period of time. The benefit of a promoter library to find the optimal growth
and product formation phenotypes has been previously investigated (Alper et al., 2005). In
this study, the multifaceted characterisation of promoter strength was coupled with an
investigation into the expression levels of specific genes and the effect on the phenotype in
E. coli. An optimum is achieved in terms of growth and yield, after which an increase of
promoter strength decreases the desired phenotype. This effect was shown to be remedied
by increasing expression levels of downstream genes as a way to minimise toxic
intermediate build-up. As the A-site operon of ED656-3B contains > 20 genes,
upregulating each under a different promoter is not feasible. However, an attempt at
phenotype optimisation can be made by placing the entire operon under the control of
promoters of various strengths. Additionally, different combinations of promoter strengths
in the A- and B-site operon might also have an effect on the amount of cobalamin

production.
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3.1.1 Project aim

The work presented in this chapter aims to place the cobalamin pathway in strain ED656-
3B under constitutive promoters of varying strengths to find a phenotypical optimum
represented in growth, cell lifespan and cobalamin yield.
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3.2 Choosing constitutive promoters

To enable a range of expression levels of the two main recombinant cobalamin biosynthetic
operons in E. coli, promoters were sought representing potentially strong, medium and
weak initiators of transcription. The research reported by Alper et al. describes a promoter
library that was used to assess gene expression levels and their effect on growth and product
formation. Several promoters from this library were available in the lab. From these,
promoters A2 and A3 are considered strong and medium promoters based on the relative
mRNA when compared to their parent promoter, LTetO1. Their expression levels were
also measured via GFP fluorescence (Alper et al., 2005). A third promoter, M2 (also
available in the lab), was selected to represent a weak promoter, rounding out the selection
of promoter strength representation. The ‘weak’ M2 promoter was selected from a
promoters catalogue that had been reported as a part of an igem project and had similarly
been  quantified through the production of a  fluorescent  protein

(Promoters/Catalog/Anderson - Parts.lgem.Org, n.d.).

T7 promoter

+1
T7 A site TCTAGTAAAT TAATACGACTCACTATA G GG AGACCACAACGGTTTCCCTCTAGA
T7 B site CTAGGAAAAT TAATACGACTCACTATA G GG AATTTTAACTTTACT--—-CTAGA

Constitutive promoters

tet operator -35 interspacer -10 +1
pA2 ACCTCGAGTCCCTATCAGTGATAGAGAT TGACAT CCCTATCAGTGATAGGGA TACTGA GCACATCAGCAGGA
pA3 GCCTCGGGTCCCTATCAATGGTAGAGAT TGACAT CCCCATCAGTGGTGGAGA TACTGA GCACATCAGCAGGA
pM2 GTATGCCAGATCT GC---TAGCTATCT

Figure 3.2 Promoter sequences of T7 (purple), A2 (blue), A3 (red) and M2 (orange). Conserved
bases are highlighted in grey.
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3.3 CRISPR-Cas9 cloning

The method of CRISPR-Cas9 cloning that is utilised here relies on two plasmids to provide
the component parts of the complete editing mechanism to the strain. This mechanism
utilises single guide DNA (sgRNA), which recognises a targeted sequence on the genome
and guides the Cas9 endonuclease to the site for double-stranded cleavage. Donor DNA is
integrated into the genome via homologous recombination. Figure 3.3 shows a schematic

representation of this system.

sgRNA

tracrRNA

|
!
T I

Non-Homologous Homology-directed
End Joining repair

Figure 3.3 Schematic representation of CRISPR-Cas9-mediated DNA cleavage and
subsequent repair. The sgRNA is made up of the genome-specific CRISPR RNA (crRNA) (green)
and transactivating CRISPR RNA (tracrRNA) (purple) which enables the Cas9 enzyme (blue form)
to recognise and cleave the target DNA next to the protospacer adjacent motif (PAM) (red). DNA

repair follows via non-homologous end joining or homology-directed repair.
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Genome editing in E. coli is initiated by transforming the desired strain with pCas9 (Jiang
etal., 2015) (Figure 3.4), a plasmid that enables the cell to express the Cas9 endonuclease
under its native promoter. The plasmid also allows the expression of the lambda red
recombinase genes upon induction with L-Arabinose. The overexpression of the
recombinase genes, prior to the introduction of the target- and donor DNA in the ‘CRISPR
transformation’, is vital to editing success. Transformed cells are selected for pCas9 via
kanamycin resistance and are grown at 30 °C to accommodate the temperature-sensitive
origin of replication, which is subsequently employed to help remove the plasmid after
successful selection of a desired mutant. To complete the removal of plasmids, pCas
contains an sgRNA sequence which, when induced by IPTG, targets the replicon of
pTarget-Afe.

. RNA scaffold
A tL3 terminator
\\ lac operator

trc promoter

laclg promoter

Gam|.

Shine-Dalgarnc sequence -
araBAD promoterl-_—~

——{pSC101 ori
pCas9
12,545 bp
tracrRNA

Figure 3.4 pCas9 plasmid. Containing the Cas9 gene from S. pyogenes with its native promote and
Lambda red recombinase genes (exo, bet, gam) under the control of the araB promoter inducible by
L-arabinose. Origin of replication: repA101, temperature sensitive for self-curing. Kanamycin
resistant. SQRNA containing an N20 sequence to target pMB1 replicon under the trc promoter
inducible by IPTG.
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For the work described in this chapter, genome editing was performed on ED656-3B, the
E. coli strain containing genes of the cobalamin pathway on two biosynthetic operons.
When ED656-3B was transformed with pCas9 and induced with arabinose, it was provided
with the target DNA as well as the donor DNA for homologous repair. The target DNA
was introduced via pTarget-N20 (Figure 3.5). This plasmid contains the sgRNA which
directs the Cas9 enzyme to the relevant promoter region in one of the two recombinant
cobalamin-biosynthetic operons. Within the plasmid the constitutive promoter J23119
initiates transcription of the sgRNA. The plasmid also contains the SmR gene, which
encodes an aminoglycoside adenylyltransferase that provides resistance to both
spectinomycin and streptomycin (Murphy, 1985). Finally, an N20 sequence on the plasmid
is the target for sgRNA transcribed on pCas. After a successful CRISPR clone is identified,
this strain can be rid of pTarget by inducing the transcription of this sgRNA on pCas with
IPTG.

tracrRNA
N20

J23119(Spel) promoter

pTarget-N20
2118 bp

Figure 3.5 pTarget-N20. Containing the sgRNA to guide the Cas9 endonuclease toward the
target DNA in the genome. Spectinomycin and streptomycin resistant via SmR gene. Origin of
replication: pMBI. Also contains an N20 which is targeted by pCas9 when induced with IPTG, to

remove the plasmid.
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The second DNA requirement for the CRISPR-transformation is the donor DNA. This is
restricted from plasmids and inserted as linearized DNA, flanked by 5’ and 3’ regions to
enable homologous recombination with the genomic DNA. With these components the cell
has all the tools to perform the CRISPR-Cas9 cut and subsequent desired genomic change
(Figure 3.3). A full schematic representation of this process is outlined in Figure 3.6. After
the CRISPR process colonies are selected for with kanamycin and spectinomycin
resistance, and tested via PCR and subsequent sequencing to ensure the correct
modification has been introduced. IPTG induction of the sgRNA on pCas ensured removal
of the pTarget-N20 plasmid which was confirmed by spectinomycin sensitivity assays. The
pCas plasmid is removed after heat-induced destruction of the temperature sensitive ori by
growing the strains at 42°C for 6 h. The removal of pCas was confirmed via kanamycin

sensitivity.
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Figure 3.6 Process of introducing CRISPR into ED656-3B. Cell is transformed with pCas9.
Overexpression of Lambda red recombinase genes is induced by adding L-Arabinose. CRISPR
transformation follows with pTarget-N20, introducing the sgRNA so Cas9 is directed to the N20
target sequence on the genomic DNA, as well as donor DNA which enables the lambda red system

to perform homologous recombination.
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3.3.1 Cloning the target DNA

As described above, pTarget-N20 contains the full sgRNA and is generated by cloning the
N20 sequence (the crRNA of the sgRNA) into pTarget-Afe which only contains the
tracrRNA of the sgRNA. To target the new DNA components to the correct region of the
ED656-3B genome, an N20 was selected inside - or close to - the T7 promoter. This was
done using software from chopchop.cbu.uib.no/#. For the A-site, an N20 was selected
inside of the promoter sequence. The selected B-site N20 was located 24 bp upstream from
the T7 promoter (Figure 3.7).

N20-A (ranking 1)

His terminator
| )
[T7 prometer (pro)) RES)
Yo Bmei708 S ow o
|
N20-B (ranking 2)

Figure 3.7: N20 target sequences in promoter region A-site (top) and B-site (bottom) in the
genomic DNA of ED656-3B.

To synthesize the target inserts, forward and reverse primers were designed that contained
the N20 sequences, flanked by linkers that matched the restricted ends of the Spel and Afel
sites. These primers were self-annealed using a PCR block of 95°C for 2 minutes, followed
by a slow ramp down to 4°C. This formed the N20 segment which was subsequently cloned
into the pTarget-Afe vector using the restriction enzymes Spel and Afel (Figure 3.8). The
resulting pTarget-N20-A contained the full sgRNA to lead Cas9 to cleave the T7 promoter
in the A-site.
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A-site

N20—-PAM: ATTAATACGACTCACTATAGGGAGACCACAACGGTTTC

T7 promoter in bold

N20
N20-A
CTAGTTCACTATAGGGAGACCACAAGTTTTAGA
AAGTGATATCCCTCTGGAGTTCAAAATCT
Spel Afel
| |
—TAATA GCTAGAAATAGCAA—
—ATTATGATCA CGATCTTTATCGTT—

tracrRNA-|

(1967) Afel
(1955) Spel . .

J23119(Spel) promoter,

| pTarget-Afe 3 |
\ 2097 bp |

Figure 3.8. Cloning schematic of pTarget-N20-A plasmid. Promoter region of ED656-3B
including the N20-PAM is shown (‘A-site’). Primers were designed to hold the N20 target
sequence flanked by linkers. N20 insert was synthesized by self-annealing forward and reverse N20
primers and cloned into pTarget-Afe by restriction with Spel and Afel (‘N20’).
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The same method was followed to clone the B-site N20 into pTarget-Afe, as shown

below in Figure 3.9.

B-site

N20-PAM:
CCCGCCTGCTGRAAGAACGTTGCTCTGAGTGTGATAAACCTAGGAAAATTAATACGACTCACTATAGG

GGGCGGACGACTTCTTGCAACGAGACTCACACTATTTGGATCCTTTTAATTATGCTGAGTGATATCC

T7 promoter in bold

N20
N20-B
CTAGTGAGCAACGTTCTTCAGCAGGGTTTTAGA
ACTCGTTGCAAGAAGTCGTCCCAAAATCT
Spel Afel
I I
—TAATA GCTAGAAATAGCAA—
—ATTATGATCA CGATCTTTATCGTT—

‘tracrRNA-|

(1967) Afel
(1955) Spel

N b
123119(Spel) promoter >V I

L

| pTarget-Afe El |
L 2097 bp '

Figure 3.9 Cloning schematic of pTarget-N20-B plasmid. Promoter region of ED656-3B where
the T7 promoter is indicated in bold, the N20-PAM is seen on the — strand (‘B-site’). Primers
were designed to hold the N20 target sequence flanked by linkers. Insert was synthesized by self-
annealing forward and reverse N20 primers and cloned into pTarget-Afe by restriction with Spel
and Afel (‘N20°).
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3.3.2 Cloning the donor DNA

For homologous repair to take place after CRISPR-Cas9 cleavage, donor DNA was added
that contained the desired change in DNA sequence. Additionally, the sequences contained
3> and 5’ flanking regions that matched the genomic DNA, enabling homologous
recombination. Here, the introduced DNA included the three constitutive promoters A2,
A3 and M2 - representing high, medium and low expression levels, respectively. Plasmids
containing these promoters were cloned to include the flanking regions. The 3” flanking
regions were digested from plasmids pA2-HmCherry, pA3-HmCherry and pM2-HmCherry
available in the lab. The 5’flanking regions were obtained via PCR, by amplification of the
genomic DNA of ED656-3B.

3.3.2.1 A-site recovery DNA

Promoter vectors pA2-HmCherry, pA3-HmCherry and pM2-HmCherry were digested
using Xbal and BamHI to remove HmCherry. The corresponding 3’flanking region was
digested from plasmid pET3a-RcCobA using the same enzymes, and subsequently ligated
to form p[promoter]-RcCobA. The 5’ flanking region was amplified via colony PCR using
primers Sal-nanC and Bglll-nanC. The template for this reaction was strain ED656-3B.
Donor DNA plasmids were completed by inserting the PCR products into the promoter-3’
flanking region vectors using the restriction enzymes Sall and Bglll followed by ligation.
Figure 3.10 shows a schematic representation of the cloning process of pNanC-A2-
RcCobA, the donor DNA containing the A2 constitutive promoter. The same process was
followed for the other promoters, resulting in pNanC-A3-RcCobA and pNanC-M2-
RcCobA.
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pNanC-A2-RcCobA
5908 bp

INSERT [Replace
FRAGMENT [sal1 (5171) — BglII (0)

BgITT
sall, Xbal

BamHI

pA2-RcCobA
5453 bp
INSERT Replace Insert
FRAGMENT |xbal (168) — BamHI (989) Xbal (4048) — BamHI (4829)

Xbal BamHI

BamHI
Xbal ——

pET3a-Rc CobA
pA2-HmCherry 5343 bp
5493 bp

Insert
Sall (4) — BgIII (741)

Sall Bglll
His terminator

nanC PCR product
749 bp

Amplify 88 .. 821 using:

PCR|sal-nanc
BglII-nanC

88 821

a4 D>
nanC | cobs | cobl
His terminator RBS

656-3B nanC-T7-cobAI (A-site promoter)
2492 bp

Figure 3.10 Schematic representation of the cloning process of donor DNA plasmid pNanC-

A2-RcCobA. pA2-HmCherry was adapted to replace mCherry with the 3 flanking region, Rc CObA,
restricted from pET3a-Rc cobA with Xbal and BamHI forming pA2-RcCobA. The 5 flanking region

was synthesized via colony PCR using primers Sal-nanC and Blgll-nanC with ED656-B acting as

template. The PCR product was ligated into pA2-Rc cobA after restriction with Sall and Bglll,

forming final donor DNA plasmid pNanC-A2-RcCobA.
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3.3.2.2 B-site recovery DNA

For the cloning of the B-site donor DNA, the same procedure was followed as described in
Section 3.3.2.1. The promoter vectors were digested with Xbal and BamHI to allow
extraction of the corresponding 3’ flanking region from plasmid pET3a-Bmei708. The
resulting plasmids were called pA2-Bmei708, pA3-Bmei708 and pM2-Bmei708. Using
ED656-3B as template, the 5 flanking region was amplified via colony PCR using the
primers Sall-Yoe2 and Bglll-Yoe. Donor DNA plasmids were completed by inserting the
PCR products into the p[promoter]-Bmei708 vectors using the Sall and Bglll restriction
enzymes followed by ligation. The cloning of pYoe-A2-Bmei708 is schematically
represented in Figure 3.11. The other donor plasmids — pYoe-A3-Bmei708 and pYoe-M2-

Bmei708 — were constructed in the same fashion.
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pYoe-A2-Bmei708

6154 bp
INSERT Replace Insert
|FRAGMENT |sal1 (5533) — BgIII (0) Sall (4) — BglII (625)
BglIT
Sall Xbal

Sall BgIIT
BamHI
Yoe PCR product
£33 bp
pA2-Bmei708
S815 bp
Amplify 71 .. 685 using:
INSERT Replace Insert PCR

Sal-yoe2

FRAGMENT |Xbal (168) — BamHI (989) Xbal (4048) — BamHI (5191) BgITI-yoe

Xbal BamHI

~BamHI
71 less

| Bmei708
YoeG Brnei cobWw

Xbal

656-3B yoeHG-T7pro-... (B-site promoter)
3028 bp

pET3a-Bmei708

pA2-HmCherry 5705 bp

5493 bp

Figure 3.11 Schematic representation of the cloning process of donor DNA plasmid pYoe-A2-
Bmei708. pA2-HmCherry was adapted to replace mCherry with the 3 flanking region, Bmei708,
restricted from pET3a-Bmei708 with Xbal and BamHI forming pA2-Bmei708. The 5 flanking region
was synthesized via colony PCR using primers Sal-yoe2 and Blgll-yoe with ED656-B acting as
template. The PCR product was ligated into pA2-Bmei708 after restriction with Sall and Bglll,
forming final donor DNA plasmid pYoe-A2-Bmei708.
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3.3.3 CRISPR transformation

ED656-3B (pCas) cells were prepared as described in Section 2.2.10 and transformed with
the respective donor- and target DNA. The replacement of the T7 promoter by a
constitutive one was tested in the resulting colonies via colony PCR. The forward primers
were designed to bind upstream from the 5° flanking region to confirm the location of the
PCR product. For the A-site, primers Site-A-F-check and cobA rev were used. Primers
Yoe-check and Bmei708 rev were used to check the B-site constructs. ED656-3B was
included as a control. The expected lengths of the PCR products are listed in Table 3.1. The
resulting PCR products of the A and B site are seen in Figure 3.12 and Figure 3.13,
respectively.

Table 3.1 Expected PCR product sizes of ED656-3B and all CRISPR-ed strains.

A-site B-site
Strain Promoter Exp. Band size (bp) | Promoter Exp. Band size (bp)
EDG656-3B | T7 1076 T7 889
RSO1 T7 1076 A2 940
RS02 T7 1076 M2 815
RSO3 A2 1124 T7 889
RS05 M2 1000 T7 889
RS06_2 T7 1076 A3 939
RS07_1 A2 1124 M2 815
RS08 M2 1000 A2 940
RS09_1 M2 1000 A3 939
RS10_1 A3 1025 A2 940
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Figure 3.12. 1% Agarose gel of PCR products of A-site promoter region. A colony PCR using
primers Site-A-F-check and cobA rev was performed on all strains resulting the CRISPR-Cas9
transformation. The strains are denoted above the figure including which promoter was expected in
brackets. ED656-3B was included as control for the T7 promoter. RS01, RS02 and RS06_2 show
bands of equal size to that observed with ED656-3B (~1076 bp), indicating a T7 promoter in the A-
site of these strains. Lanes of RS03, RS07_1 and RS10_1 show higher bands (~1124 bp) indicating
either the A2 or the A3 promoter. Lanes RS05, RS08 and RS09 show bands around 1000 bp
consistent with these strains containing the M2 promoter.

Figure 3.12 shows the A-site promoter region PCR products are at a similar height when
ED656-3B, RS01, RS02 and RS06_2 are used as template DNA, indicating these all
contain a T7 promoter. The PCR product bands obtained when RS05, RS08 and RS09 DNA
was used as template are observed to run lower, around 1000 bp, consistent with these
strains containing an M2 promoter in this site as this is smaller. The bands which ran higher
—as seen for RS03, RS07_1 and RS10_1 — point toward a successful change of T7 promoter

to either the A2 or the A3 promoter, as these have run at a 1 bp difference.
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Figure 3.13. 1% Agarose gel of PCR products of B-site promoter region. A colony PCR using
primers Yoe-check and Bmei708 was performed on all strains resulting from the CRISPR-Cas9
transformation. The strains are denoted above the figure including which promoter was expected in
brackets. ED656-3B was included as a control for the T7 promoter. RS03 and RS05 show bands at
equal heights as that of ED656-3B (~889 bp), indicating a T7 promoter in the B-site of these strains.
Lanes of RS01, RS06_2 and RS08-RS10_1 show higher bands (~940 bp) indicating the presence of
either the A2 or the A3 promoter. Lanes RS02 and RS07_1 showed bands around 815 bp consistent
with these strains containing the M2 promoter.

The results of the colony PCR of the B-site promoter region are shown in Figure 3.13. The
bands derived from strains ED656-3B, RS03 and RSO05 all ran with a similar size of ~889,
indicating that the T7 promoter had been retained in this site. The bands observed with
strains RS01, RS06_2 and RS08 - RS10_1 migrated with a larger size, which again points
towards a successful change of T7 promoter to either the A2 or the A3 promoter. The bands
derived from strains RS02 and RS07_1 ran with a lower size at ~815, consistent with a

successful change from T7 to the M2 promoter.
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3.3.4 Sequence alignments

The PCR results indicated that all desired sites had been changed from the original T7
promoter to one of the constitutive ones. To confirm the correct changes, the strains were
sequenced using primers cobA_rev and Bmei708_rev for the A- and the B-site,
respectively. The resulting sequences were aligned with the sequence from the original
strain ED656-3B, to determine if the T7 promoter has been changed. Figure 3.14 shows
these alignments for the A-site of ED656-3B whereas Figure 3.15 shows the B-site
alignments. In these figures the promoters are colour-coded; purple for T7, blue for A2, red
for A3 and orange for M2.

(T7 promoter (pro)] (RBS)

ED656-3B<

RS01 <3 e

RS02 < e

RS03 4

RS05 <

RS06_2 < ————— — T7
RS07_1 < o e
RS08 < —

RS09 < m— A3
RS10_1 - —

 vess

[

Figure 3.14: A-site sequence alignment. All strains were sequenced and aligned with ED656-3B.
ED656-3B was included as a control. Strains are listed to the left of the sequence arrows. Promoters

are colour-coded purple for T7, blue for A2, red for A3, and orange for M2.
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Figure 3.15 B-site sequence alignment. All strains were sequenced and aligned with the original
strain in SnapGene. ED656-3B was included as a control. Strains are listed to the left of the
sequence arrows. Promoters are colour-coded purple for T7, blue for A2, red for A3, and orange
for M2.

Based on the alignments, the engineering of nine strains have been confirmed. These strains
are listed in Table 3.2.

Table 3.2 Promoter combinations in the various E. coli strains as confirmed by sequencing.

Strain A-site promoter B-site promoter
RSO1 T7 A2
RS02 T7 M2
RS03 A2 T7
RS05 M2 T7
RS06_2 T7 A3
RS07_1 A2 M2
RS08 M2 A2
RS09_1 M2 A3
RS10 1 A3 A2
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3.4 Cobalamin production tests

To investigate the effect of the alternative promoters on the phenotype of the engineered E.
coli strains, the cells were cultured in shake flasks containing YE-M9-G media (Section
2.1.5). This media was previously optimised to grow ED656-3B. Some media components
have been shown to have metal binding properties (Ramamoorthy & Kushner, 1975), and
in previous optimization studies addition of tryptone has been detrimental to Bi
production, presumably by binding cobalt. Tryptone is therefore excluded from the media

used herein.

Figure 3.16 shows a schematic representation of the process of growing the cultures and
the analyses done to characterise the strains’ phenotypes. This multifaceted characterisation
includes monitoring the cell growth, measured via the optical density at 600 nm, and the
determination of cobalamin production, measured via bioassay plates (Raux et al., 1996).
The bioassay plates contain Salmonella typhimurium strain AR3612 (metE", cysG") or
AR2680 (metE", cbiB’). Wild-type S. typhimurium is able to synthesize cobalamin via the
anaerobic pathway. The cysG- mutation in AR3612 blocks the beginning of the cobalamin
pathway between uroporphyrinogen Il and precorrin-2. The rest of the pathway remains
functional when intermediates are scavenged. As Salmonella is unable to absorb
intermediate prior to adenosylcobyric acid, AR3612 is able to grow on the intermediates
between adenosylcobyric acid to adenosylcobalamin (Bi2). The cysG™ mutation in also
leaves this strain unable to synthesize cysteine as the strain cannot produce siroheme, the
prosthetic group associated with sulphite reductase, and hence cysteine is supplemented in
the media. In the case of AR2680, the chiB™ mutation causes a block later in the cobalamin
pathway, which means that the first intermediate detected by this strain is cobinamide. The
metE- mutation disables the cobalamin-independent methionine synthase, thereby making
the strain dependent upon the presence of MetH, the cobalamin-dependent methionine
synthase. Consequently, the strain is dependent on the presence of exogenous cobalamin

for its survival.

Additionally, expression from the A-site was analysed using p-gal assays and SDS-PAGE,
whereas the B-site expression was monitored by western blot. The A-site operon ends with
a laczZ gene, enabling quantification of expression levels in this site. Visualization via
western blot of the B-site CobN enzyme was made possible due to the presence of a hexa-
histidine tag. These analyses were performed at 24 hours and 48 hours after inoculation, to

test for endurance differences between the stronger and weaker promoters.
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Figure 3.16. Schematic representation of multifaceted strain analysis. Bi2-producing strains
were cultured on YE-M9-G media and growth and cobalamin production were measured after 24 h
and 48 h. A- and B-site protein expression was measured by a combination of B-gal assay, SDS

PAGE and western blot.
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3.4.1 Cell growth

The cell growth — and lifespan — of the engineered strains were monitored by measuring
the optical density spectrophotometrically at 600 nm at 24 h and 48 h post inoculation
(Figure 3.17). The engineered strains were cultured on M9-YE-G media in flasks which
were shaken to enhance oxygenation. The cultures were grown at 28 °C to accommodate
the genes of the biosynthetic B1» pathway which originate from Rhodobacter capsulatus.
After 6 hours, expression under the T7 promoters was induced by adding IPTG. To test the
differences in cell growth, a mixed analysis of variance was conducted in open source
statistical software JASP, with cell growth (ODsy) as a dependent variable, time (24h vs

48h) as repeated measure, and strain as the ‘between subject’ - variable. No significant

have no effect on cell growth.

interaction effect between strain and time was found, indicating the change in promoters
24 hours
m 48 hours

DO O

RO PO ORI AN ,
SRS U A SN A AN AN <

10

9

ODgo
o [l N w BN (2] [e2] ~ [ee]
2>
=
I ————

<
%

Strains

Figure 3.17 Optical cell density of cobalamin-producing cultures at 24 and 48 h post
inoculation. Strains were grown in duplicate on YE-M9-G media and the T7 promoters were
induced with 0.4 mM IPTG 6 h after inoculation. Promoters controlling the A- and B-site are
indicated in brackets, at position 1 and 2, respectively. Error bars indicate the SD of the values from

the biological duplicates.
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The pellets of the harvested cultures after 48 hours are seen below in Figure 3.18. There
was a clear colour difference between the cultures that contained a T7 promoter in their A-
site, and those where the A-site promoter was changed to a constitutive one. This is visible
as a slight pink colouration in the pellets of the A-site T7 cultures, whereas the remaining
strains had a deeper brown colour. This change in colour could be explained by a difference

in cobalamin-concentration, or the accumulation of one of the intermediates of the pathway.

ED656-3B RSO1 RS02 RS06_2
T7-T7 T7-A2 T7-M2 T7-A3

RS07_1 RS08 RS09 1 RS10 1
A2-M2 M2-A2 M2-A3 A3-A2

Figure 3.18 Cell pellets of Bi2 - producing cultures, harvested after 48 hours. The strains were
cultured in 25 mL YE-M9-G media in 250 mL shake flasks, at 28°C. Promoters in the A-and B-site

are denoted underneath each strain, respectively.
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3.4.2 Cobalamin production

The cobalamin yield of the engineered strains was determined by way of bioassay plates.
The cultures were harvested by centrifugation to allow the media to be separated from the
cells. The cell pellets were resuspended in buffer and lysed by boiling. Supernatant samples
were applied directly onto Salmonella bioassay plates which were cultured at 37° C
overnight. Cell-extracted samples were diluted to fall within the range of the standard
curve, which was generated from the application of known amounts of cobalamin to the
bioassay plate. The resulting diameters of the growth patches were measured and values
were converted to concentration using a standard curve derived from a standard plate
(Figure 3.19). The control plate is essential as the results will vary day to day depending
on the age and state of dehydration of the plates.
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Figure 3.19. Salmonella bioassay standard plate (left) and derived standard curve (right). 10
pL of 1 nM, 10 nM, 100 nM and 1000 nM B3> standard solutions were dropped on an M9 minimal
media agar plate with S. typhimurium AR2680. Diameters of resulting patches were measured and
plotted to give a standard curve.
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Figure 3.20. Cobalamin production of engineered strains, cultured on YE-M9-G media. Yield
measured in duplicate at 24 h and 48 h after inoculation via Salmonella bioassay plates. Error bars

indicate the SD of the values from the biological duplicates.
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Strains ED656-3B, RS01, and RS06_2 produced very similar levels of cobalamin. RS02
produced intermediary level of Bi,, somewhat lower than the top producers but
significantly higher than the poorest producers. It is notable that any strain in which the A-
site T7 promoter was changed to a constitutive one the cobalamin production was observed
to be very low. To test the differences, a mixed analysis of variance was conducted in open
source statistical software JASP, with [cobalamin] (uM) as a dependent variable, time (24
h vs 48 h) as repeated measure, and strain as the ‘between subject’ - variable. A significant
interaction effect between strain and time was found; F = 6.850, p = 0.003, which warranted
for further inspection of post-hoc comparisons. Post-hoc comparisons (with Bonferroni
correction) showed that at 24 hours none of the strains significantly differed from the
original ED656-3B strain, however, at 48 hours, all but RS01, RS06_2 showed a significant
decrease of cobalamin production when compared to ED656-3B. All p values were < 0.001.

The size of the error bars must be mentioned here. There is an exponential relationship
between the size of the growth circle and the concentration of cobalamin that is added.
Consequently, a small difference in the measurement of the growth circle correlates with a
large change in concentration. The diameter of the growth circles is visualised in Figure
3.21. These diameters are measured manually and are therefore prone to human
error/inaccuracy. The errors are largest after 48 hours. This difference in results may be
explained by the strains’ variance in T7 ‘shut-off” time point. High expression under a T7
promoter causes high levels of metabolic stress. E. coli is known to mutate to end T7-
controlled expression to avoid cell death (Rosano & Ceccarelli, 2014). This theory is
strengthened by the fact that the largest errors are seen in strains in which the T7 promoters
control the A-site — where it causes the highest metabolic strain. It is evident this method
of establishing a true cobalamin concentration is flawed, however for the purposes of

comparative production yields between the different engineered strains, it is sufficient.
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Figure 3.21 Salmonella AR2680 bioassay plates with Bi2-producting strain samples after 48 h

of inoculation. Engineered Bi2-producing strains were cultured for 48 hours, cells lysed by boiling
and samples dropped on the plates. Incubation at 37° C revealed growth circles relative to the

production of cobalamin of these strains.

3.4.3 A-site analysis

The initial characterisation focused on cell growth and B, production. This section zooms
in on the expression levels displayed in the A-site as a result of the change in promoter

controlling the A-site operon.

3.3.2.3 SDS-PAGE

Characterisation of protein expression patterns was performed via SDS PAGE. Culture
samples of the 24 h and 48 h time points were OD corrected and lysed by boiling before
being run on a 10% denaturing gel. The protein bands were visualised with coomassie blue
stain. During the loading of the 24-hour gel, high viscosity - indicating a high concentration
of DNA — complicated the loading process. This resulted in some streaking on the gel
image. Incubating the 48-hour time point samples with benzonase relieved this issue, as is
seen in the difference of band clarity between the gels in Figure 3.22 and Figure 3.23.

The gels show a difference in expression levels between those strains whose A-sites are
under the control of a T7 promoter and those with a constitutive promoter. This difference
in band pattern is visualised as thicker bands around 80-85 kDa, 44 kDa and 30 kDa as seen
in lanes 2, 3, 4 and 7. The 30 kDa band — denoted with the red number 3 in the gel — likely
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represents the methylases of the B, aerobic pathway which are all around this size and
therefore indistinguishable from one another on a gel (Schubert et al., 2003). The 44 kDa
protein (humber 2) may be CobG, the oxidoreductase that catalyses the ring contraction
step in the aerobic pathway (Debussche et al., 1993). Another candidate is CobB, at 45
kDa, the enzyme that is responsible amidating hydrogenobyrinic acid and the a and c side
chains (Debussche et al., 1990). At 51 kDa, CobQ is another possible candidate for this
band, representing cobyrinic acid synthase, which catalyzes the amidations of side-chains
b, d, e and g at the final stage of the aerobic pathway (Leeper et al., 2012). The band at 80
kDa (number 1) cannot be identified as one of the B1,- pathway enzymes. This band may
represent an E. coli stress response protein such as GroEL. Though described as a heat-
shock protein, the expression has been shown to be essential to E. coli even at temperatures
as low as 17° C (Fayet et al., 1989). These experiments were duplicated with the same

results.

Figure 3.22 10% SDS PAGE gel of B12- producing strain cultures after 24 h. Strains are denoted
above with the promoters controlling that strain’s A-and B-site in brackets in the first and second
position, resp. Culture samples were OD corrected and heated to 95°C in 1:1 SDS sample buffer.
Protein bands were visualized with coomassie blue stain. Red numbers indicate areas of expression

differences between different lanes.
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Figure 3.23 10% SDS PAGE gel of B12- producing strain cultures after 48 h. Strains are denoted
above with the promoters controlling that strain’s A-and B-site in brackets. Samples were OD-
corrected and treated with benzonase to combat DNA aggregation. Culture samples were heated to
95°C in 1:1 SDS sample buffer. Protein bands were visualized with coomassie blue stain. Red

numbers indicate areas of expression differences between different lanes.
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3.3.2.4 p-galactosidase assays

The A-site operon contains a lacZ gene at the end of the operon. This allows an opportunity
for a quantitative measurement of expression levels of the operon. lacZ encodes pB-
galactosidase, an enzyme that cleaves lactose, a disaccharide, into glucose and galactose.
When using the synthetic substrate o-nitrophenyl-p-galactoside, the cleavage releases the
chromogenic nitrophenol as well as galactose. The product formation can therefore be
followed spectrophotometrically and will be directly in line with the amount of -
galactosidase being expressed, allowing differences in expression levels of the A-site

between the different strains to be determined.

The assay samples were taken from cell cultures at 24 h and 48 h after inoculation of the
B1,-producing strains, as described in Section 3.4.1. B-galactosidase assays were executed
via an adapted Miller protocol (X. Zhang & Bremer, 1995). Centrifugation of the reaction
mix before measuring the Asx allowed for a discard of the Asso cell debris factor of the
original equation. The Miller units were calculated using Equation 1, where v represents
the volume of culture added in mL and t the reaction time in minutes. The absorbance at
420 measures the amount of product formation of o-nitrophenol as the substrate, o -

nitrophenyl-B- D — galactopyranoside (ONPG), is cleaved by B-galactosidase.

Equation 1

A420

Miller Units = 1000 * ——
Agoo ¥V * t

Figure 3.24 shows the expression levels varied most after 24 hours, where a distinct
difference is seen between those strains which still contain a T7 promoter and those which
were changed to constitutive promoters. ED656-3B, RS01, RS02 and RS06 2
demonstrated the highest expression levels at the A-site. To test the differences observed,
a mixed analysis of variance was, with -gal activity (Miller Units) as a dependent variable,
time (24h vs 48h) as repeated measure, and strain as the ‘between subject’ - variable. A
significant interaction effect between strain and time was found; F = 10.331, p <0.001,
which warranted further inspection. Post-hoc comparisons (with Bonferroni correction)
showed that at 24 hours, all but strains RS01, RS02 and RS06_2 showed a significantly
lower B-gal activity than the original strain, ED656-3B (p < 0.001). After 48 hours,

however, no significant difference in activity was measured between the strains.
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Figure 3.24 B galactosidase activity measured in the A-site operon of the engineered Biz-
producting strains. Samples were taken at 24 h and 48 h after inoculation of cultures. Levels of O-
nitrophenyl were measured at 420 nm, indicating activity of f-galactosidase. Measurements done
as biological duplicates, with error bars indicating the SD of the two values. The A-site expression
of those operons still under the control of a T7 promoter seem to have the highest $-gal activity after
24 hours, as seen by strains ED656-3B, RS01 RS02 and RS06_2. After 48 hours, no significant

difference was measured between all strains.
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3.4.4 B-site analysis

The B-site residing Bmei CobN protein (139 kDa) contains an N-terminal hexahistidine
tag. This enabled the visualization of protein expression levels via western blot using an
anti-his tag antibody. Samples were OD-corrected and run on SDS PAGE as described in
Section 3.4.3 before being transferred to a nitrocellulose membrane. Incubation with the
primary antibody, mouse a-His 19G, was followed with the secondary rabbit a-mouse 1gG
antibody — peroxidase conjugate. Bmei ®"SCobN was visualised by incubation with 5-
bromo-4-chloro-3-indolyl phosphate. The resulting western blots are seen in Figure 3.25
(24 h) and Figure 3.26(48 h).
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Figure 3.25. Western Blot of Bi2- producing strain cultures after 24 h. Culture samples 24 h
after inoculation were normalised to ODggo 1.0 and cells were lysed via boiling 1:1 in SDS PAGE
sample buffer. A 10% SDS PAGE gel was run on SDS PAGE and proteins were transferred to
nitrocellulose membrane. Hexahis-tagged Bmei cobN (139 kDa) in the B-site was visualised via
incubation with primary mouse a-his 1gG, subsequent a- mouse 1gG-AP and chromogenic BCIP

substrate.
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Figure 3.26. Western Blot of Bi2- producing strain cultures after 24 h. Culture samples were
taken 48 h after inoculation and normalised to ODego 1.0. Sample viscosity was relieved via
benzonase incubation before lysing the cells via boiling 1:1 in SDS PAGE sample buffer. A 10%
SDS PAGE gel was run and proteins were transferred to nitrocellulose membrane. Hexa-His-tagged
Bmei CobN (139 kDa) in the B-site was visualised via incubation with primary mouse a-his 1gG,

subsequent a- mouse IgG-AP and chromogenic BCIP substrate.

The band patterns are similar after 24 h to that seen on the western blot of the 48-h samples,
indicating no more CobN has been expressed after 24 hours. One exception to this seems
to be RS03, where the band is more distinct after 48 hours than is seen on the 24-hour
western blot. Overall, however, the constitutive promoters do not seem to have elongated

this expression time frame.

There does seem to be a slight difference in expression strength between some of the
strains, however. ED656-3B, RS01 and RS06_2 have stronger bands than the other strains,
indicating higher expression of the B-site CobN. This site is under the constitutive A2
promoter in RS01 which is the strongest of the constitutive promoters, but weaker than the
T7 promoter. Even more unexpected is this result in RS06_2, which contains the weakest

constitutive promoter in its B-site; A3.

114



3.4.5 Pathway flow analysis

Previous work has indicated a build-up of the intermediate hydrogenobyrinic acid a,c-
diamide (HBAD) in ED656-3B. One of the main reasons of varying the promoter strength
in the A- and B site operons was to enhance pathway flow, thereby relieving this
constriction effect within the pathway. The samples were grown as described in Section
3.4, and were tested for HBAD build-up. Harvested cells were resuspended in buffer and
lysed by boiling. The spectra were then taken of the soluble fraction of lysed cell extract
samples (Figure 3.27).

The spectra reveal a distinct difference in those strains which contain an A-site T7 promoter
and those that harbour an A-site operon controlled under a constitutive promoter. Those
with constitutive promoters show a higher overall absorbance between 300 and 495 nm
whereas the A-site T7-strains show an overall lower absorbance in this area, with a more
distinct peak around 400 nm. This peak is consistent with porphyrins. However, the data
does not show a clear spectrum for HBAD, which would be visible with peaks at 328, 495

and 522 nm. This is likely due to the presence of many impurities within the crude sample.
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Figure 3.27 Spectra of soluble fraction of lysed Bi-producing strain cultures after 48 h.
Example of HBAD spectrum included. B1o-producing strains were cultured and cells were harvested
and lysed by boiling in buffer. Spectra were taken of the soluble fraction. The absorbance spectrum

of purified HBAD is given in frame.
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3.4.6 Fermentation cultures

Whilst shake flask cultures give a good indication of whether any one strain has developed
the ability of producing a relatively higher yield of cobalamin, there are limits to this way
of culturing. One such limitation on the cells life span and productivity is pH. During time-
course experiments, the pH of the cultures is seen to decrease from 7.0 to 6.0 after 23 hours,
and further plummets to 5.0 - 5.5 after 31 hours. This decrease is explained by the build-up
of metabolites. Furthermore, the aeration is limited in flasks, even when shaking.
Industrially, strains would be cultured in fermenters, where both factors would be
regulated. A higher ODsoo can be obtained, and production can be sustained for a longer
period of time. It was therefore interesting to see whether this method of culturing makes
a difference in the yield between ED656-3B and strains with alternative promoters. The
set-up allowed for 3 strains to be cultured simultaneously. RS03 (A2-T7) was chosen to
represent medium-strong constitutive expression on the A-site and T7-controlled
expression of the B-site. RS08 was included to represent a strain where both sites were
altered to constitutive promoters; the weaker M2 in the A-site and stronger A2 in the B-

site. ED656-3B was included for comparative purposes.

The media used for fermentation culturing was YE-M9-GG, differing from the shake flask
media by having added glucose. Whilst T7 promoter systems are known to be ‘leaky’, this
addition ensures the T7 promoters are not expressing whilst the cultures obtain a higher
cell density before being induced. The cultures were prepared as described in Section 2.2.11
where the pH was maintained at 7.0 and oxygen levels were maximised. The ODggo Was

taken periodically over the time span of 70 hours.

117



60

50
. -----
40 ..'. .......................
()
8
o 30 ® @ ED656-3B (T7-T7)
o
RS3 (A2-T7)
x 4 RS8 (M2-A2
20 g ( )
10
¢
0
0 10 20 30 40 50 60 70

Time (hrs)

Figure 3.28 Cell density of cobalamin-producing cultures ED656-3B (blue), RS03 (orange) and
RS08 (grey) over 70 hours of fermenter culturing. Strains were grown on YE-M9-GG media, T7

promoters were induced with 0.4mM IPTG 6 h after inoculation.

As seen in Figure 3.28, the strains all grew similarly to one another in the controlled
conditions of the fermenters. ED656-3B came out at a slightly lower cell density, showing
slower growth from the first time point after induction (at 22.5 h), to a higher reduction in
ODso - indicating cell death - at 70 h.
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Figure 3.29 Cobalamin production of strains ED656-3B (blue), RS03 (orange) and RS08 (grey)
over 70 hours of fermenter culturing. Strains were grown on YE-M9-GG media, T7 promoters
were induced with 0.4mM IPTG 6 h after inoculation. B1, yields were measured via Salmonella

bioassay plates.

The cobalamin yield was measured via bioassay plates as described in Section 3.4.2. The
strains containing constitutive promoters showed a continuous increase in yield, even after
3 days, but do not come close to approaching that of ED656-3B. The weaker constitutive
promoters found in RS03 (A2-T7) and RS08 (M2-A2) do not produce enough of the
enzymes found in the A-site operon, which could explain this effect. Adding glucose
ensures the T7 promoters are shut off and therefore, the culture is able to obtain a healthier
state before inducing production.
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3.5 Discussion

The successful engineering of 9 B1.-producing E. coli strains has been described. Adapted
from ED656-3B, the resulting strains varied in the promoters controlling either the A —or
B - site, or both. Constitutive promoters A2, A3, and M2 were chosen to represent high,
medium and weak expression levels, respectively, to investigate the effect of expression

levels on the phenotype as pertains to overall cell health, yield, and intermediate build-up.

The biggest impact on cobalamin yield is shown to be the A-site promoter. When the T7
promoter was changed to any of the constitutive promoters tested here, B1, production is
lowered to ~25% after 24 hours, and dropping further to ~10% after 48 hours. The protein
expression in this site is higher under a T7 promoter as is reflected in Figure 3.22 and Figure
3.23, where overexpression of several A-site proteins is seen in strains ED6563B (T7-T7),
RSO1 (T7-A2), RS02 (T7-M2) and RS-6_2 (T7-A2). Higher protein expression in the A-
site of these strains is also reflected by the B-galactosidase assays, indicating higher
amounts of mRNA being produced. As with the cobalamin yield, the B-galactosidase
activity after 24 hours drops with 75% when the A-site activity controlled under a
constitutive promoter when compared to T7-expression. After 48 hours however, this
difference is levelled out, indicating the T7 promoter was shut off between these time-
points. That the difference in B levels still increases in this timeframe indicates the
proteins of the pathway are still present and active whilst the B-galactosidase is not. Whilst
this could reflect a difference in half-life between the proteins, it is more likely explained
by degradation of the relevant mRNA. As the lacZ gene resides at the very end of the
operon, it stands to reason this section of the mRNA would be degraded before the section
which holds the B, pathway transcript. This question could be further explored by RT-
gPCR experiments, allowing for insight into the relative mMRNA levels of the different
strains at various time points. Additionally, this method would allow for insight into the
stability of the transcripts when designed with primers at the beginning, middle as well as
the end of the operon. This could shed light on potential additional bottlenecks within the

pathway. With this in mind, mass spectrometry could complement this data.
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The B-site expression is reflected in the expression of the cobaltochelatase from Bruscella
melitensis, which is visualised on western blot. The trend shown in Figure 3.25 andFigure
3.26 does not reflect the difference in promoter strength as is seen in the A-site. The most
pronounced bands are seen in stains ED656-3B (T7-T7), RS01 (T7-A2) and RS06_2 (T7-
A3). Whilst ED656-3B does contain a T7 promoter in its B-site, the others do not. The
results reflect a correlation between the T7 promoter in the A-site and the B-site expression
more so than the promoter strength of the B-site. It may be that a feedback system exists,
allowing enhancement of the expression of the B-site cobaltochelatase when high A-site
expression has resulted in intermediate build-up.

One aim of the approach of weaker promoters was increased cell health as result of reduced
metabolic strain. Whilst a change is seen in reduced protein expression - indicating less
metabolic strain - as a result of weaker, constitutive promoters in the A-site, only a slight
positive effect on phenotype was observed. The cell density of strains containing
constitutive promoters in the A-site was generally lower than that observed with the T7
promoter. It is very likely that the strain which is put on the cell’s metabolism from the
point of inoculation as a result of constitutive promoters outweighs any positive impact the

promoter strength might when compared to the T7 system.

The method used to quantify the cobalamin yield of the engineered strains was determined
by use of Salmonella bioassay plates. This method relies on a specific Salmonella strain’s
inability to produce cobalamin due to cysG or cbhiB mutations and is therefore dependent
on the uptake of cobalamin or its intermediates from cobyric acid or cobinamide -
depending on the mutant strain — to cobalamin (Raux et al., 1996). Although quick and
useful, the method leaves room for some human error during preparation as well as
analysis. Live Salmonella is added to the agar before being poured out to the plates. Whilst
a control plate containing standard solutions is applied to account for daily changes in the
plates, related to age and state of dehydration of the plates, there may well be discrepancies
between each individual plates caused by difference in agar volume. This would affect
Salmonella concentration, differences in oxygen exposure, all able to cause variances in
results. Additionally, the manual measuring of the growth circle diameters allows room for
human error. A recent paper by Young et al. describes an automated analysis of growth
areas, circumventing this issue (Young et al., 2021). Alternatively, liquid culture assays
have been described which are measured via optical density (Bunbury et al., 2022). The
agar plate method therefore provides only an estimate of the B, concentrations, but for the

purpose of comparative yields between the various strains, the method suffices.
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Figure 3.24 shows the same trend in expression level differences between the strains at 24
hours. A higher expression is seen in strains ED656-3B (T7-T7), RS01 (T7-A2), RS02 (T7-
M2), and RS06_2 (T7-A3) when compared to the other strains at this time point. After 48
hours, however this no significant difference is observed anymore. This could be explained
by the T7 promoter system having turned off and activity reducing to that of remaining
enzymes. It must be noted that the Miller units measured for all samples are quite low when
compared to the range generally described in the literature for a standard p-galactosidase
assay. In his book, ‘Experiments in Molecular Genetics’, Dr. Miller explains that 1 Miller
Unit represents uninduced E. coli (low B-Gal production) and that a fully induced culture
will be represented by approximately 1000 units (Miller, 1972). This would put the activity
of the strains in the range of uninduced cultures. Since the data shows a clear trend
supporting the differences between the T7-controlled expression levels and the constitutive
ones, these results cannot be disregarded. Literature often describes p-galactosidase assay
of plasmid-located expression systems, one contributing factor of lower values can be the
location of the lacZ gene in the genomic DNA. A high-copy plasmid will allow for much
higher expression that that of a single gene on the genomic DNA. A high-copy number
expression vector would generally not exceed 20-50. Factoring this in, the data would be
more in range of the Miller Units expected. Another contributing factor of the low values
could be the age of the samples. As multiple analyses were performed on samples from the
same cultures, time prevented them to be done simultaneously. Freezing of the samples

could have had an effect on the activity measured.

The data presented shows higher expression levels in the A-site of ED656-3B, RS01, RS02
and RS06_2 when compared to the others, a result in line with the promoter strengths
described (Alper et al., 2005; Promoters/Catalog/Anderson - Parts.lgem.Org, n.d.). A
distinct difference between the various constitutive promoter strengths is not represented
by the data. The B-site expression was not quantified to any high degree of accuracy as the
western blots were not clear enough for densitometry analysis. There seems to be some
difference in expression levels between ED656-3B, RS01, RS06_2 and the rest — the three
mentioned strains showing a slightly thicker band on these blots. This might indicate higher
expression levels of the B-site in comparison with the other strains. This would be
surprising as strains RS01 and RS06_2 contain a weaker, constitutive promoter in this site,
whereas the B-site operon of RS03 and RSO05 are controlled by the stronger T7 promoter.
This leads to the expectation that the differences as seen in Figure 3.25 and Figure 3.26 are
not significant. True promoter strength is measured not only by expression levels, but also
by investigating the relationship between mRNA synthesis and protein expression.

Additionally, there is the stability — and therefore turnover — of transcripts and proteins to
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be considered. The conclusions drawn in this chapter are based on a simplified system
which assumes all mMRNA products of the same operon are equally stable. The machinery
of expression then is equal in all strains, regardless of the promoter which controls
translation. Expression should therefore represent translational differences between the
strains’ operons. All MRNA products of the same operon being equal — and equally stable
— is a big assumption to make, however. and would have done with backing up via gPCR
data. Primers were designed in preparation to investigate this experimentally, however,

lack of time prevented the execution.
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Chapter 4

Identifying alternative targets
for improving vitamin Bi»
production in an E. coli

strain.
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4.1 Introduction

Rhodobacter capsulatus has the ability to produce cobalamin when grown in aerobic as
well as anaerobic conditions, although the genes of the biosynthetic operon bear more
homology to the aerobic pathway (McGoldrick et al., 2002). Strain ED656-3B is a modified
E. coli where the B1, biosynthetic genes are integrated into its genome. This strain is able
to produce a respectable 40 mg/L of Bi2, however, to make the strain commercially viable

production levels closer to 1 g/L need to be approached.

Looking at the cobalamin biosynthetic pathway, there are a number of steps that present
possible targets for cobalamin production improvement of strain ED656-3B. One approach
would be to help the provision of specific cellular resources that are explicit to the B,
pathway. Increased levels of substrates could push the reaction equilibria towards products
and so increase the final By, yield. The first committed precursor in the tetrapyrrole
pathway is 5-aminolevulinic acid (ALA), which can be produced via one of two ways; the
C4 pathway, and the C5 pathway. In the C4 pathway, also known as the Shemin pathway,
ALA is produced by the enzymatic condensation of glycine with succinyl-CoA (Shemin et
al., 1956). This route is mainly utilised by animals, fungi and a-proteobacteria (Leeper et
al., 2012) and is catalysed by ALA synthase (ALAS), also denoted as HemA from its
involvement in heme synthesis. Plants and many bacteria - including E. coli - instead make
use of the C5 pathway which biosynthesizes ALA from glutamic acid (Beale, 1990; O’Neill
et al., 1989). This conversion requires 3 steps which are catalysed by glutamyl-tRNA
synthetase (GIuRS), glutamyl-tRNA reductase (GIuTR) and glutamate-1-semialdehyde-
2,1-aminomutase (GSAM). Confusingly, GIUTR is also referred to as HemA. For this
reason, the HemAs are here referred to according to the pathway in which they belong;
HemA®* and HemA®® (Figure 1.5.2). E. coli produces 5-ALA via the C5 pathway, and as
it is deemed a rate limiting step for tetrapyrrole biosynthesis (Lascelles, 1978), several
attempts at increasing ALA levels have been made by overexpression of these genes. As
there are three steps to this pathway, including a dependence on cofactor tRNA®"Y, the C4
ALAS from R. sphaeroides has been introduced by way of metabolic engineering for
increased ALA production in E. coli resulting in a 5-fold increase in yield (Werf & Zeikus,
1996).

The first committed step to direct intermediates along the cobalamin pathway is the
conversion of uroporphyrinogen Il to precorrin-2. This step separates the cobalamin
pathway from the biosynthetic pathways leading to (bacterio-)chlorophyll and heme, and

is facilitated by the enzyme called S-Adenosyl- L-methionine-dependent

125



uroporphyrinogen-111 C- methyltransferase (SUMT). This enzyme, also denoted as CobA,
catalyses two methylations of the tetrapyrrole ring at positions C2 and C7 (Sattler et al.,
1995; Vévodova et al., 2004). The CobA enzyme was first isolated from Pseudomonas
denitrificans and was found to be kinetically inefficient with a turnover number of only 38
hL. It shows inhibition not only by one of its products, S-adenosyl-homocysteine (SAH),
but also by its substrate, uroporphyrinogen 111 (Crouzet et al., 1990). This high level of
inhibition implies a regulatory role for the enzyme, controlling the metabolic fluxes through
the pathways that branch off at this point. In E. coli, the reaction catalysed by CobA is also
the final enzymatic step before the biosynthetic pathway towards cobalamin branches off
from that of siroheme. From here, another methyltransferase, Cobl, is responsible for
adding the methyl group at the C20 position (Thibaut et al., 1990). Improving the activity
of these first two committed steps could encourage more flow into the cobalamin pathway
—and away from the other pathways for which uroporphyrinogen Il1 is also a precursor.

Another possible target for production improvement is the availability of S-adenosyl-
methionine (SAM) as this provides the source for the 8 methyl groups that are added to the
tetrapyrrole macrocycle along the cobalamin pathway. SAM is a major metabolic product
of the methionine biosynthetic pathway as well as a key component in the regulation of the
methionine pathway (Figure 4.1). SAM synthesis can be considered the rate limiting step
and is catalysed by S-adenolsyl-L-methionine synthase (SAMS) (Markham & Pajares,
2009), also referred to as methionine adenosyltransferase (MAT), and MetK — derived from

the gene which encodes the enzyme: metK.
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Figure 4.1 Methionine recovery pathway. The X stands for any substrate which is recognised -
and can be methylated - by methyltransferases. Within the cobalamin pathways SAM_derived methyl
groups are added to precorrin-n intermediates, where the n refers to the number of methyl groups
that have been added to the framework. SAMS is the S-adenosyl methionine synthase enzyme, also
denoted as MetK. MetH and MetE are methionine synthases which are cobalamin-dependent and
independent, respectively. BHMT is the betaine — homocysteine methyltransferase which catalyses
the methylation of homocysteine to methionine using betain instead of the more commonly used CH3-
Hsfolate (Matthews et al., 2008).

Additionally, S-adenosylhomocysteine hydrolase (SAHH) is an enzyme that is also worth
looking at when attempting to increase the amount of available SAM. SAHH hydrolyzes
S-adenosylhomocysteine (SAH) to homocysteine and adenosine, a reaction that is
reversible and favours SAH synthesis. Promoting the hydrolysis of SAH would encourage
flow into the methionine recovery pathway, thereby increasing SAM availability. SAH is

a known powerful inhibitor of many of the cobalamin biosynthetic methyltransferases.

Additional copies of these target genes on the genome of ED656-3B could result in a
beneficial effect on the yield reached by our cobalamin-producing strain. To avoid
recombination, however, these genes cannot be sourced from E. coli. The genes were

therefore selected from alternative organisms.
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The work described in this chapter investigates whether overproduction of some of the key
enzymes outlined in Figure 4.2 results in any improvement in cobalamin production . This
was approached by employing plasmids containing the genes of these enzymes from
various sources under the control of a T7 promoter. The effect of (over-)expression of the
enzymes on Bi, production was monitored in order to identify a significant change. This
was followed by placing the genes under the control of a more regulated tet-operator
system. Whilst still a medium-copy number plasmid, this system is much more tightly
regulated, as expression levels correspond to the amount of inducing agent tetracyclin. This
allows investigation of conditions that more closely resemble genomic expression levels

and monitoring of the B1> production under these conditions.

4.1.1 Project aim

The work presented in this chapter aims to increase the yield of Bi,-producing E. coli strain
ED656-3B by testing several possible targets within — or feeding into — the B12 biosynthetic
pathway.
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4.2 Introducing target genes to ED656-3B

To investigate the proposed enzymes mentioned in Section 4.1 as possible production
improvement targets, genes for these enzymes were sourced from various genomic DNAs

available in the lab.

The choice of genes was subject to availability as well as rational design. All genes selected
were available on vectors in the lab. The HemA which is used by strain ED656-3B is its
inherent HemAC® enzyme, facilitating ALA synthesis via the C5 pathway. To increase ALA
levels, HemA®* was selected from Rhodobacter capsulatus with the aim of adding this to
ED656-3B, thereby enabling the strain to synthetize ALA via both pathways. The cobA
alternatives that were selected for the cobalamin-producing strain originated from
Methanosarcina barkeri (Mbar) as well as Pseudomonas denitrificans (Pd). In protein
expression studies of the cobalamin pathway, it was found that expression of CobA from
Rhodobacter capsulatus was extremely low (Delobel, 2008). Mbar CobA has been reported
to be highly overexpressed (Schroeder et al., 2009) and was therefore included in these
studies. Mbar Cobl was selected for the same reason. As previously mentioned, Pd CobA
is subject to substrate as well as product inhibition. The Pd CobA used in this study was
mutated at position 187 to replace a Lysine for an Alanine by a previous researcher in the
Warren lab. This mutation cured the enzyme of all substrate inhibition (based on
unpublished work done in the Warren lab), and Pd CobAK!®7A was therefore included in
these production improvement studies. The cobl gene that was selected for the strain
stemmed from Brucella melitensis. Furthermore, to improve the Bi, pathway by providing
higher concentrations of key components feeding into the pathway, human as well as yeast

SAM synthetases were selected, as well as SAH hydrolase from rat.

It was initially decided to study the effect of overexpression of these genes from plasmids
in ED656-3B. If a positive effect was observed, the selected gene would then be subjected
to CRISPR-Cas9 cloning to integrate it into the genome. ED656-3B was therefore
transformed with the plasmids containing the genes of interest (Table 4.1) as described in
Section 2.2.6. Vectors pET3a and pET14b were selected for by ampicillin resistance,
whereas pET28 was selected on the basis of kanamycin resistance. With plasmids pET28-
hSAMS, pET28-ratSAHH, pET-ratSAHH - hSAMS and pET14b-ySAMS, the
transformation of ED656-3B was successful, however, with pET14b-Rc hemA and pET14b
— Pd cobA*'®"A the incubation temperature needed to be lowered to 28°C to yield colonies
containing the plasmid. Colonies of ED656-3B containing the pET3a -Mbar cobA were not

obtained. This could be explained by the high expression level of the enzyme encoded by
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the gene, even when the presence of 0.2% glucose lowers the basal transcription of the lac
promoter controlling the T7TRNA polymerase, as indicated by previous gene expression
profiles done in the Warren lab. Such a high level of CobA proved detrimental to cell health

as is evident by the lack of growth.

Table 4.1. List of plasmids to be introduced to ED656-3B containing genes of interest for

potential B12 production improvement.

Plasmid Gene(s) of interest

pET3a — Bmei cobl cobl from Brucella melitensis

pET3a— Rc HemA hemA® from Rhodobacter capsulatus

PET14b — Pd cobA*8™ cobA*8™ from Pseudomonas denitrificans

PET14b — ySAMS SAM synthetase from yeast

pET28 — rat SAHH SAH hydrolase from rat

PET28 — hSAMS Human SAM synthetase, originally denoted as
MAT2A

PET28 — rat SAHH - hSAMS SAH hydrolase from rat and human SAM synthetase
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4.2.1 Cell growth

The growth of ED656-3B, containing the plasmids listed in Table 4.1 — as well as empty
vectors — was monitored by measuring the optical density spectrophotometrically at 600
nm over the course of 30 hours. The cultures were grown in triplicate on M9-YE-G media
in flasks, which were shaken to enhance oxygenation. Incubation temperatures were set to
28°C to accommodate the R. capsulatus genes of the Bi, biosynthetic pathway. After 6
hours, expression from the T7 promoters was induced by adding IPTG. The results,
outlined in Figure 4.3, show that most of the expressed proteins have no significant
difference on cell growth. The exception to this observation was with pET14b-Pd
cobAX*¥" 'indicating again that the overexpression of CobA can be toxic for the cells. This
is similar to what was seen with the expression of the Mbar CobA, which also appears to
be toxic to the cells as expression levels are much higher for the latter enzyme. Expression
of Rc HemA and rat SAHH seem to cause a longer lag phase, but the OD values are caught

up after 12 and 24 hours, respectively.
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Figure 4.3 Growth of ED656-3B with plasmids carrying genes of interest. Cultures were grown

in triplicate on M9-YE-G media. Empty vectors were included as controls. Optical density was

measured spectrophotometrically at 600 nm over the course of 30 hours from the moment of

inoculation. Error bars indicate the SD of the values from the biological replicates.

All cultures

display similar growth curves except for those carrying pET14b and pET14b-Pd cobAK®7A which

show significantly lower cell growth from 12 hours on.
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4.2.2 Cobalamin production

The cobalamin yield of the cultures was determined by way of bioassay plates as previously
described (Section 3.4.2). The cultures were harvested and supernatant was separated from
the cells. The cell pellets were resuspended in buffer and lysed by boiling. Supernatant
samples were applied directly onto Salmonella bioassay plates which were cultured at 37
°C overnight. Cell-extracted samples were diluted to fall within the range of known
standard concentrations of B, that had been applied to the plate. The resulting diameters
of the growth circles were measured and values were converted to concentration using a
standard curve derived from the known concentrations of Bi,. The resulting cobalamin
concentrations were OD corrected as these values differed significantly for some of the
cultures (Figure 4.3). From the results reported in Figure 4.4, it is evident that any
additional gene expression at this level has a negative impact on the Bi2 production of the
strain. ED656-3B with either hSAMS, Bmei cobl, Rc HemA or rSAHH has reduced B
production that represents only around 20% of that observed with the parent strain.
Expression of ySAMS and Pd CobAK®™ resulted in a decrease of over 40 fold.
Interestingly, the strain which contained pET14b-Pd cobAX*¥"* produced some cobalamin
up until the point of induction, but at this stage B12 production is quickly stopped altogether,
which coincides with a restoration of cell growth (Figure 4.3). This points to the cell ‘saving
itself” by reducing the high metabolic stress associated with induction of a T7 promoter.
This is likely caused by mutations that stop the B1, biosynthetic pathway. Expression of Pd

cobAKA is shown to increase this effect.
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Figure 4.4 Cobalamin production of ED656-3B cultures expressing additional genes in the B1z

biosynthetic pathway via multi copy vectors, cultured on YE-M9-G media. Yield measured in

triplicate over the course of 30 hours from the point of inoculation, as calculated via Salmonella

bioassay plates. [B12] values were OD-corrected to account for the significant differences in cell

growth between the cultures. Error bars indicate the SD of the values from the biological replicates.
ED656-3B with and without an empty pET3a vector show the highest Bi, levels, with most other

cultures producing less than half these amounts. Complete lack of Bi2 production is seen for cultures

with expression of Pd CobAX'®7A and yeast SAM synthetase.
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4.2.3 Protein expression profile

Investigating the correlation of the reduced B yield with the overexpression of the
additional genes was done via SDS PAGE. Culture samples were taken at 12 and 24 hours
after inducing the protein expression under the T7 promoter. The expected protein sizes
encoded by the added genes are listed in Table 4.2 In the resulting SDS PAGE gel shown
in Figure 4.5 we see a clear overexpression of Rc HemA (45.7 kDa), Pd CobAK!7A (29,2
kDa) and hSAMS (46.2 kDa). This could account for the reduced B1> yield, as the energy
cost of overexpression of a single gene under a T7 promoter on a multi-copy plasmid is
likely to take away from the biosynthetic pathway itself. This does not seem the obvious
reason for Bmei Cobl (26.4 kDa), yYSAMS (44.5 kDa) or rSAHH (51.4 kDa), as these are
not visibly overexpressed. The drop in cobalamin production in these cases could be
attributed to the enzymes’ activities. Should these enzymes be low in number, but high in
activity, the metabolic cost could similarly be diverted away from the cobalamin

biosynthetic pathway.

Table 4.2 Expected protein sizes of target genes

Protein Size (kDa)
Bmei Cobl 26.4
Rc HemA 45.7

Pd CobAK™A 29.2

Yeast SAMS 445

Human SAMS 46.2

Rat SAHH 54.1
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Figure 4.5 Analysis of ED656-3B culture samples containing various genes on multicopy
plasmids. Protein expression under the T7 promoter was induced after 6 hours. Samples were taken
12 and 24 hours after this point, boiled for 10’in SDS PAGE buffer and loaded on a 12.5% SDS
PAGE gel. Overexpression of Rc HemA is visible at 12 and 24 hours as distinct bands at the expected
size of 45.7 kDa. Pd cobAK187A is visibly overexpressed with bands at the expected size 29.2 kDa
after 12 and 24 hours, as well as the human SAM synthetase; hMAT2A, which is seen at the expected
size of 46.2 kDa.
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4.3 Effect of expression of target genes under a TetR-PtetA
promoter system on B1> production by ED656-3B.

The overexpression of any gene under the control of the T7 promoter from a plasmid
appears to have an adverse effect on Biz biosynthesis in ED656-3B. As previously
mentioned it is likely caused by the metabolic cost that takes away from the cobalamin
biosynthetic pathway. Tighter regulation of the expression levels could remedy this, and
give a better representation of the effects of the selected genes on B, production if these
genes were expressed from the genome. As the T7 promoter system does not allow for tight
regulation, attention was turned to an alternative promoter system; that of the tetracycline
inducible Tet repressor-operator system. Stemming from the resistance mechanism in
gram-negative bacteria, the tetracycline repressor (TetR) controls the expression of
tetracycline-exporter protein, TetA. TetR achieves this by binding to the Tet operators
tetO1 and tetO2, thereby repressing the promoter system Pi:. When tetracycline (Tc, bound
to Mg; [MgTc]") is present, it binds to TetR, causing a conformational change that results
in the dissociation of TetR from tetO, enabling transcription of tetA to occur (Evans &
Mizrahi, 2015). Facilitating nonspecific cation export, high levels of TetA expression can
cause a collapse in membrane potential. The feedback system is therefore very sensitive.
Tetracycline’s bacteriostatic properties arise from its binding to ribosomes, thereby
repressing protein expression (Chopra & Roberts, 2001). The binding constant (Kon/Kofr) Of
TetR to tetO is 10! M2, whereas for Tc, the binding constant to ribosomes is K, ~10° M.
Binding of [MgTc]* to TetR (Ka ~10° M), lowers the association constant of TetR to tetO
by 9 orders of magnitude (Orth et al., 2000).
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4.3.1 Cloning genes under TetR-PtetA

Cloning the aforementioned genes under the control of this TetR-tetO system allows for a
tight regulation of the expression levels reflecting more closely the levels of expression that
would be observed by genome-encoded enzyme production. Additionally, the tight
regulation of expression levels could overcome some of the transformation issues
associated with the Mbar cobA compatibility with ED656-3B. Cloning of the relevant
genes into a TetR-controlled plasmid was achieved by using restriction enzymes to extract
the genes of interests and then re-ligating them in pET-tetR-PtetA; a plasmid containing
the tet promoter as well as the tetR repressor gene. This section (promoter and repressor
gene) was flanked by Bglll and Spel, which was used to digest the operator system before
ligating them into the plasmids containing the genes of interest. In the case of Mbar cobA,
the digested fragment was ligated into the pET3a-Mbar cobA vector, digested with Bgll|
and Spel-complimentary restriction enzyme; Xbal (Figure 4.6). All final plasmids were
checked via restriction digests and subsequent sequencing, and transformation of ED656-
3B was achieved. With gene expression tightly repressed, all transformants yielded

colonies.
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pET3-tetR-Mbar cobA

6165 bp
INSERT Replace Insert
FRAGMENT |Bg|1T (3990) — Xbal (4048) BglII (3475) — Spel (4318)

pET3a-Mbar cobA
5380 bp

pET-tetR-PtetA ED
5540 bp

Figure 4.6 Cloning schematic of Mbar cobA to be expressed by the tetR-Ptet promoter system.
The tetR-Ptet promoter system was extracted from pET-tetR-PtetA by digesting with restriction
enzymes Bglll and Spel. Complementary restriction sites of Xbal and Spel allowed for ligation of

the digested gene into pET3a — Mbar cobA that was digested with Bglll and Xbal.
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4.3.2 Cell growth

Cobalamin production of ED656-3B expressing additional target genes was tested as
described previously, where cultures were grown in M9-YE-G at 28°C in duplicate for 6
hours at which point expression of the Bq,-biosynthetic pathway was induced by adding
IPTG and the expression of genes under control of the tet-promoter was induced by adding
2.5 pg/L tetracycline. The cell growth was measured at 6 and 24 hours after inoculation
and as Figure 4.7 (as well as statistical analysis) shows, there were no major differences
between any of the cultures. The change of the T7 promoter to the more tightly regulated
tetracycline promoter permitted the successful transformation of ED656-3B with all genes,

6 hr
m 24 hr

including Mbar cobA.
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Figure 4.7 Cell density of cobalamin-producing cultures expressing additional target genes, 6
and 12 h after inoculation. Strains were grown in duplicate on YE-M9-G media, T7 and tet
promoters were induced 6 h after inoculation with 0.4mM IPTG and 2.5 mg/L tetracycline,
respectively. ED656-3B with and without an empty pET-tetR-PtetA vector were included as control

samples. Error bars indicate the SD of the values from the replicates.
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4.3.3 Cobalamin production

The cobalamin yield was tested 24 hours post inoculation of the cultures. This was done
via the Salmonella metE™ cysG™ bioassay plates as previously described (Section 3.4.2).
Figure 4.8 shows the cobalamin yield per strain. To test the differences, an analysis of
variance was conducted, with [cobalamin] (uM) as a dependent variable and strain as the
‘between subject’ - variable. A significant main effect of strain was found; F = 109.038, p
< 0.001, which warranted for further inspection of post-hoc comparisons. Post-hoc
comparisons (with Bonferroni correction) showed that introduction of M. barkeri cobA, R.
capsulatus hemA, hSAMS or rSAHH to ED656-3B increased the yield significantly (p <
0.001). The introduction of P. denitrificans cobA*'®"* resulted in a significant decrease in
cobalamin yield (p < 0.001), when compared to the ‘empty’ ED656-3B. This indicated that
the additional expression of CobA from M. barkeri resulted in a two-fold increase of Bi
production when compared to the empty strain, whilst the additional expression of
CobAK®A from P. denitrificans appears to significantly lower the cobalamin vyield.
Expression of HemA from Rhodobacter capsulatus and rat SAH hydrolase resulted in a
30% increase in yield, however, the remaining proteins have not attributed any significant

change in cobalamin production.
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Figure 4.8. Cobalamin production of ED656-3B cultures expressing additional genes in the Bz
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biosynthetic pathway via multicopy vectors, under control of the tetO system, cultured in
duplicate on YE-M9-G media. Yield measured at 24 hours after inoculation, as calculated via

Salmonella bioassay plates. Error bars indicate the SD of the values of the biological replicates.
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4.3.4 Gene expression under TetR-PtetA

Protein expression within the culture samples was analysed after 24 hours via SDS PAGE

(Figure 4.9). The expected protein sizes are listed in Table 4.3. The results indicate

overexpression of yeast SAM synthetase as the lane which contains culture sample ED656-
3B + pET-tetR- ySAM synthetase shows a distinct band around 50 kDa. Whilst this is
slightly higher than the expected size of yeast SAM synthetase (44.5 kDa), it is around the

10% error margin expected of SDS PAGE gels, it seems likely that the overproduced band

represents the protein. None of the remaining proteins that are encoded by the genes on the

PET-TetR-PtetA vectors are visibly overexpressed.

Table 4.3 Expected protein sizes of target genes

Protein Size (kDa)
Mbar CobA 27.2
Pd CobAK8™A 29.2
Bmei Cobl 26.4
Rc HemA 45.7
Yeast SAMS 44.5
Human SAMS 46.2
Rat SAHH 51.1
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Figure 4.9 SDS PAGE analysis of cultures 24 hours after inoculation. ED656-3B, expressing the
enzymes of the B12— biosynthetic pathway, as well as the additional enzymes encoded by genes provided
by vectors (denoted above each lane). Cultures samples were OF corrected and heated to 95 °C in 1:1

SDS sample buffer. Protein bands were visualized with coomassie blue stain.
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4.4 CRISPR - Cas9 cloning

Low level expression of Mbar CobA in ED656-3B resulted in a significant increase in
cobalamin production by the strain. The natural next step was to see if this increased yield
was also achieved when the Mbar cobA gene was placed on the genome of ED656-3B. As
the difference in Mbar cobA versus Rc cobA seems to be expression levels (Delobel, 2008),

the approach taken here was the replacement of Rc cobA in operon A with Mbar cobA.

4.4.1 Cloning the target DNA

As previously described in Section 3.3.1, the target DNA is designed by choosing an N20
sequence at the place of the genome where an insert or change is desired. This sequence is
then cloned into pTarget-Afe, creating pTarget-N20X. Figure 4.10 shows the target N20
sequence in ED656-3B, which was located in the Rc cobA gene in the A-site operon. To
synthesize the target sequence to be inserted into pTarget-Afe, forward and reverse primers
were designed that contained these N20 sequences. The N20 was flanked by linkers that
matched Spel and Afel allowing restriction cloning into pTarget Afe as previously
described in Section 3.3.1.
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T7 promoter| (PAM

His terminator| | | (RBS)

N20 cobA

N20-PAM: GTTCGACGATCTTTCCGCCGGGG

># cobl

N20
N20- cobA
CTAGTGTTCGACGATCTTTCCGCCGGTTTTAGA
ACAAGCTGCTAGAAAGGCGGCCARAATCT
Spel Afel
| |

~TAATA GCTAGAAATAGCAA -
—ATTATGATCA CGATCTTTATCGTT -

ltracrRNA-/

(1967) Afel |
(1955) Spel.

J23119(Spel) promoter

pTarget-Afe
2097 bp

Figure 4.10 Cloning schematic of pTarget-N20 cobA plasmid. A-site operon of ED656-3B where

the N20-PAM is seen inside of the cobA gene. Sequence is shown below. Primers were designed to

hold the N20 sequence flanked by linkers. Insert was synthesized by self-annealing forward and

reverse N20 primers and cloned into pTarget-Afe by restriction with Spel and Afel.
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4.4.2 Cloning the donor DNA

For Rc cobA to be replaced by Mbar cobA, the latter gene needed to be inserted between
3’and 5° flanking regions, matching the genomic DNA. As described in Section 3.3.2, this
allows for homologous recombination repair to take place after CRISPR-Cas9 cleavage.
The 5’ flanking region was digested from plasmid pNanC-A3-Rc cobA (Section 3.3.2.1)
using restriction enzymes Sall and Bglll, and was inserted into pET3a-Mbar cobA,
upstream from the T7 promoter which controls transcription of Mbar cobA. The 3’ flanking
region was then digested from pET3a-Rc cobl using the restriction enzymes Xbal and
HindlIl and inserted into the Spel-Hindlll site of pNanC-T7-Mbar cobA, making use of the
complementary restriction sites of Xbal and Spel. This cloning process resulting in pET-
nanC-Mbar cobA-Rc cobl is represented schematically in Figure 4.11.
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pNanC-MbarCobA-RcCobI
6615 bp
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FRAGMENT Xbal (4048) — HindIII (5318)

Spel (5312) — HindIII (5802)
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pNanC-T7-MbarCobA pET3a-Rc cobl
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FRAGMENT [sall (3708) — BglII (3990) Sall (5171) — BglII (0)

pET3a-Mbar cobA
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pNanC-A3-RcCobA
5908 bp

Figure 4.11 Schematic representation of the cloning process of donor DNA plasmid pNanC-
Mbar cobA-Rc cobl. pET3a-Mbar cobA was adapted to include 3 'flanking region pNanC, digested
from pNanC-A3-RcCobA by Sall and Bglll, forming pNanC-T7-Mbar cobA. The 3 flanking region
was then taken from pET3a-Rc cobl by restriction enzymes Xbal and Hindlll and inserted into the
Spel-Hindlll fragment of pNanC-T7-Mbar cobA, forming pNanC-Mbar cobA-Rc cobl.
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4.4.3 CRISPR transformation

ED656-3B was transformed with pCas and subsequently with pTarget-N20 cobA as well
as the linear donor DNA; Mbar cobA, digested with Sall-Hindlll from pET-nanC-Mbar
cobA-Rc cobl. The transformation plates resulted in >50 colonies. 10 colonies were tested
by colony PCR using primers T7P and MSB-CobA STOP (Figure 4.12). Unfortunately,
none of the colonies tested contained the integrated Mbar cobA gene. Despite more
attempts, it was not possible to achieve this CRISPR integration with the lab time

constraints.

T7 promoter

site A- F- check His terminator RBS MSB-CobA STOPJI:{:]
L nanC_ - Mbar cobA ] cobl

Figure 4.12 Beginning of the Bi2 biosynthetic pathway with the integrated Mbar cobA gene.
Highlighted section indicates the PCR fragment that would be amplified via colony-PCR of
successful CRISPR strain by using primers site A-F-check and MSB-CobA STOP.
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4.5 Discussion

Early B1 biosynthetic pathway genes Rc hemA, Pd cobA*'®"* and Bmei cobl were added to
Bi,-producing E. coli strain ED656-3B via transformation with multicopy plasmids
containing these genes. Additional transformations of ED656-3B provided genes ySAMS,
hSAMS and rSAHH, which encode enzymes involved in steps feeding into the Bi.
biosynthetic pathway. Under the control of the T7 promoter, induction of gene transcription
resulted in overexpression of Rc HemA, Pd CobAK®"A and hSAMS as is seen on the SDS
PAGE gel in Figure 4.5. While the bands of Bmei Cobl and rat SAH hydrolase are not
apparent, the altered growth and Bi2 production of these cultures showed that expression
of these proteins, even to lesser levels, affected the metabolic system of ED656-3B. The
effect of any added protein expression on cell growth is made evident in Figure 4.3. The
growth curve of ED656-3B containing pET14b- Pd cobAX®"* shows a lag after protein
expression is induced at 6 hours ultimately only reaching 50 % of the OD that ED656-3B
reaches at the 24-hour time point. Interestingly, the strain containing pET14b- Pd cobA<!#74
shows the presence of some B at the point of induction, but continued production is not
observed. This coincides with the moment when the growth increases, supporting the idea
that the cells shut off B1> production by mutating either in the pathway or the T7 promoter
in order to survive. The other transformants show a 50 — 75% drop in B1. production. The
Mbar cobA plasmid, which was known to have a huge protein overexpression proved lethal
for the B1, producing E. coli strain. Evidently, the added metabolic strain of overexpressing
proteins from a multi copy vector results in a significant decrease of cobalamin production.
To avoid this effect, and simulate truer conditions to added copies of the target genes on
the genomic DNA, protein expression was placed under the control of a more tightly

regulated tetO operator.

A difference is seen in the ability to transform ED656-3B successfully with pET-TetR-
PtetA — Mbar cobA. CobA from Methanosarcina barkeri on its original pET3a vector
resulted in toxicity for the cell, as was evident from the inability of ED656-3B to be
transformed with this plasmid and form colonies. The expression of Mbar CobA is seen to
result in a doubling of the amount of By, produced by ED656-3B when grown in culture as
can be seen in Figure 4.8. These results also show a 50% increase from cultures containing
the added Rc HemA and rat SAH hydrolase enzymes. The only enzyme which shows a
negative impact on By, production results from expressing Pd CobAX'8A which has a yield
that is ~25% that of the control ED656-3B culture. This difference between Mbar CobA
and Pd CobA is surprising, especially since the K187A mutation of the Pseudomonas

variant removes its substrate inhibition and should therefore allow a higher productivity.
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This, however, could provide the reason of the decrease as a more active enzyme could
also result in a higher metabolic cost, taking away from the pathway as a whole. This is not
reflected in the cell growth, which Figure 4.7 shows is similar for all cultures grown, but

could be again due to the strain mutating to shut off B, production in order to survive.

The natural next steps in this project is to investigate the effect of these target genes when
inserted into the genome. CRISPR-Cas9 to exchange the Rc cobA for Mbar cobA on the
genome of ED656-3B was attempted, but a successful clone has not yet been obtained. The
identified problem lies with the target DNA, which was presented on pTarget-N20 cobA.
With more time in the lab, a different N20 within the Rc cobA would have been selected as
well as an alternative method for CRISPR. The CRISPR protocol which was followed here
introduces the pCas plasmid and subsequently the pTarget-N20 as well as the donor DNA
as a linear digest. This second and double transformation has always been quite inefficient.
A new approach, which was developed after my last attempt, has shown to be more
efficient. In this protocol, the order in which the DNA components are introduced to
ED656-3B, has been modified. The donor DNA is presented to the strain first via
transformation with the donor DNA plasmid giving all bacteria the fragment to integrate
into the genome. Subsequently, transformation with pCas followed by induction provides
the Cas9 endonuclease and lambda red recombinases. Finally, the strain is transformed with
pTarget-N20 to allow for the site-specific cut in the genomic DNA. In this order, the double
transformation without antibiotic pressure is avoided and the integration rate is much

higher.
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Chapter 5

Characterisation of the
cobaltochelatase CobNST
from B. melitensis -
Determination of wild-type

and mutant activity

153



5.1 Introduction

As with iron in heme, nickel in Fa3 or magnesium in chlorophyll, cobalt in cobalamin is
the central atom in a modified tetrapyrrole that is essential for its function. The insertion of
these key metal components often represent the branch point of the different biosynthetic
pathways such as the heme b pathway and the chlorophyll pathway which diverge at
protoporphyrin IX after insertion of magnesium or iron, respectively (Bryant et al., 2020).
In the case of cobalamin, along the extended pathway leading from precursor
uroporphyrinogen Il to vitamin Biz, cobalt insertion is done via one of two ways,
depending on which route is followed. In the oxygen-independent pathway, cobalt insertion
happens early on, before the macrocycle is contracted. This step is catalysed by a class 1l
single-subunit ATP-independent cobaltochelatase. In the oxygen-dependent pathway,
however, it is one of the last steps before the two pathways merge again. In this pathway,
the insertion poses a bigger challenge, as the contracted ring structure leaves less space for
the cobalt ion (Figure 5.1). This technically challenging step is mediated by a class |
heterotrimeric cobaltochelatase in a reaction that requires significant quantities of ATP and
is analogous to the reactions mediated with the insertion of magnesium in chlorophyll
synthesis.

COCH COOH

) CONH, ) CONH,

H,NOC
/—COOH
Rl

CobNST >

H,NOC

W

(j()Zi—
HOOC ; 7" “CH, HOOC R 7 “CH,
HooC - COCH HooC OO0
Hydrogenobyrinic acid a,c-diamide Cobyrinic acid a,c-diamide

(HBAD)

Figure 5.1. Cobalt insertion step in the aerobic biosynthetic pathway of vitamin Ba..
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This class | cobaltochelatase is a large protein complex that is composed of three subunits,
which are termed CobN, CobS and CobT (Debussche et al., 1992). CobN, the largest
subunit at 140 kDa, is believed to be responsible for binding the tetrapyrrole-derived
substrate, hydrogenobyrinic acid a,c-diamide (HBAD), as well as the Co(ll) ion (Leeper et
al., 2012). CobS and CobT are believed to form a complex with a combined mass of 450
kDa. This complex consists of two stacked rings, each made up as a trimer of dimers
(Lundgvist et al., 2009). Sequence analysis has identified characteristic ATP binding
motifs, indicating this complex is involved in ATP hydrolysis which is thought to power
the cobalt chelation in the CobN subunit.

As mentioned above, the class | cobaltochelatase shares similarity with the magnesium
chelatase system in (bacterio)chlorophyll biosynthesis. In contrast to the magnesium
chelatase, the cobaltochelatase has not been studied intensively. The magnesium chelatase
been studied in multiple organisms including Rhodobacter capsulatus (Willows &
Hansson, 2003), Chlorobium vibrioforme, Synechocystis PC6803 (Reid & Hunter, 2002)
and Rhodobacter shpaeroides and therefore provides a good model enzyme. The
magnesium chelatase is also composed of 3 peptides: ChIH/BchH, which at 145 kDa shares
similarity with CobN, and Chll/Bchl and D (40 kDa and 65 kDa) which form the AAA+
like chaperone complex responsible for ATPase activity much like the CobST complex is
for the cobaltochelatase.

Previous research from the Warren group has resulted in co-crystallisation of a CobN
fragment with its substrate, HBAD. This structure reveals the binding pocket and residues
which might be involved in the peptide-molecule interaction. Based on this information,
the group of Neil Hunter designed the corresponding fragment of ChlH from T. elongatus
for their research into magnesium chelatase. Their publication of the active site of
magnesium chelatase found an essential glutamate (E660), which was proposed to be the
key catalytic residue for magnesium insertion (Adams et al., 2020). They also found the
mutation of D1177 to an alanine to improve the catalytic efficiency. Additionally, the
structure of a substrate-free Mycobacterium tuberculosis cobaltochelatase CobN has
recently been reported. Here the authors have proposed a triad of residues involved in
cobalt binding, formed from H522, E561 and D1037, residues that are found within the
interior of CobN (J.-H. Zhang et al., 2021). The E561 residue in Mt CobN corresponds to

E660 found in the ChIH subunit of the magnesium chelatase.
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5.1.1 Project aim

The work presented in this chapter describes the characterisation of the cobaltochelatase
from Brucella melitensis. Based on the research into ChlH and MtCobN (described above),
BmeiCobN was mutated at specific residues to investigate the impact of these amino acids
on the activity of the enzyme with the ultimate aim of improving the turnover rate to

improve vitamin By, production.
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5.2 Production and purification of HBAD

To be able to perform activity assays with the cobaltochelatase enzyme, first its substrate
HBAD needs to be made available. As HBAD is not commercially available, it needs to be
prepared by extraction from a bacterial strain that overproduces this intermediate. In this

section, the production of HBAD and its subsequent purification is described.

E. coli strain ED661, which contains all the genes that encode for the enzymes required for
HBAD production, was kindly provided by Dr. Evelyne Deery and grown as described in
Section 2.2.11. In actual fact, ED661 houses the genes that encode the enzymes for
hydrogenobyric acid, which is the fully amidated form of hydrogenobyrinic acid. For
reasons that are not fully understood, this strain secretes hydrogenobyric acid but retains
HBAD within the cell. Thus by collecting the cells and then lysing them, the extract
contains a good proportion of HBAD, which can then be subsequently purified. The
purification process was optimised to include the use of a recently-reported Bi>-binding
protein called BtuG2. BtuG2 is a surface-exposed lipoprotein that has been shown to be
essential for B1, transport in the gut commensal Bacteroides thetaiotaomicron (Wexler et
al., 2018). It was anticipated that BtuG2 may be able to bind a variety of cobamide
intermediates including HBAD.

5.2.1 Column purification of HBAD

Recombinant B. thetaiotamicron BtuG2 was purified from a recombinant E. coli strain (see
Section 2.2.7) after the gene had been cloned into a pET14b plasmid to allow the protein
to be produced without its N-terminal signal sequence but with a N-terminal His-tag. The
resultant ®*HBtuG2 was immobilised on a Ni?*-Sepharose column after which residual
proteins and from the cell lysate were washed away with a low amount of imidazole. Boiled
ED661 cell lysate, containing HBAD (and other amidated Bir-intermediates), was
centrifuged to obtain the soluble fraction. This was applied to the BtuG2-loaded Sepharose
column and purified as described in Section 2.4.5. Figure 5.2 shows the colour retention of
the Ni?*-Sepharose column after washing away excess protein, indicating that the HBAD
had successfully bound to BtuG2. The elution of the HBAD was easily monitored by

following the movement of colour.
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Figure 5.2 Immobilised BtuG on Ni?* - sepharose columns, trapping HBAD-like Bi»

intermediates. ED661 cell lysate was loaded onto BtuG-columns (left), and bound HBAD (right).

The eluted mix at this point contained hydrogenobyrinic acid in different amidated states,
all bound to BtuG2. This includes HBAD, but also the mono-amide — all the way up to the
hexa-amide (hydrogenobyric acid). This mixture was boiled to release HBAD from the
BtuG2 protein, which resulted in its precipitation. The precipitate was spun down and the
soluble fraction, containing the intermediates, was loaded onto a diethylaminoethyl
sepharose (DEAE) anion-exchange column. As the HBAD-like molecules are negatively
charged at neutral pH, these are bound by the positively charged protonated amine within
the exchange resin. The different numbers of carboxylic acid groups within the amidated
forms of hydrogenobyrinic acid results in differences in charge between the different
intermediates. This allows for their separation on this column through application of
increasing concentrations of salt solutions (Figure 5.3). Fraction elution was based on
colour movement through the column which resulted in 5 separate fractions which were
termed: flow-through, 50 mM NaCl eluate, 100 mM, and two bands at 150 mM.
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Figure 5.3. Separation of multi-amidated vitamin B2 intermediates via DEAE anion exchange
column. Loading of HBAD onto DEAE column (left) and separation of bands after applying salt
(right).

159



The salt was removed from the sample by applying the samples to a reverse-phase column.
Each eluted fraction was adjusted to pH 4 before being bound to an RP18 column. Elution
with 100% MeOH resulted in concentrated samples which were dried down by vacuum
centrifugation. To obtain an indication of which fraction contained the relevant
intermediate, as well as the purity of these fractions, samples were run on a TAE gel.
Agarose electrophoresis allows the amidated forms of hydrogenobyrinic acid to be
separated on the basis of their charge. Previously authenticated samples of HBA and HBAD
were kindly provided by Dr Evelyne Deery to include as control samples. The gel is seen
in Figure 5.4.

Figure 5.4 TAE gel of purified Bi2 intermediates. HBAD-like intermediates were purified via
BtuG and DEAE columns. The elution salt concentrations for each fraction is stated above each
lane. Samples were concentrated via RP18 column of which 20 uL sample —along with 5 uL glycerol
— was loaded to be separated based on charge. Pure HBA and HBAD samples were included as a

control, which are found in lanes 1 and 2.
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As the gel indicated the 150 mM salt elution fractions contained pure HBAD, these were
pooled and dried down. Although these were collected as separate fractions, the bands,
whilst moving downwards, broaden, increasing the difficulty of seeing where one band

ends and the next starts. In this case, it appears both belonged to the same sample.
5.2.2 HBAD sample verification via mass spectrometry

The HBAD sample shown in Figure 5.4 appears to run as a single species on the gel. For a
more accurate indication of the purity of the sample, a small amount was analysed via
HPLC-MS. Samples were separated on an Agilent 1100 series HPLC coupled to a
micrOTOF-Q |1 (Bruker) mass spectrophotometer using an Ace 5 AQ column (2.1 x 150
mm; Advanced Chromatography Technologies) maintained at 30°C and with a flow rate of
0.2 mL/min. The mobile phase consisted of 0.1% TFA in water (solvent A) and acetonitrile
(solvent B). The initial conditions were set at 100% of solvent A. The concentration of
solvent B was increased with a linear gradient to 100% over 50 min and back to the initial
conditions at 60 min. The mass spectrometer was operated in the positive electrospray

mode.

The HPLC chromatogram at 200-800 nm, seen at the top of Figure 5.5, shows a single peak
coming off the column between 26.6 and 29.1 minutes, indicating a high level of purity of
the analysed sample. When looking at the chromatogram at a wavelength of 329 nm, one
peak is shown again at the same retention time. As this is the specific wavelength for
HBAD, it is a further indication that the peak corresponds to HBAD. To confirm this, the
sample was further analysed via mass-spectrometry, the results of which are seen in the
bottom two graphs of Figure 5.5. Here, the full spectrum of the peak at r; 30 min is given,
which shows a spectrum identical to HBAD; a peak at 329 nm and the double peak around
495 and 522 nm. Below this spectrum, the MS data is shown, which, combined with the
spectrum, allows for a positive identification of HBAD which has a mass of 879.45 as is

seen in this graph.
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Figure 5.5 LC-MS analysis of HBAD sample. Top: HPLC chromatogram at 200-800 nm, showing a single peak coming off the column between 26.6 and 29.1 min indicating a
pure sample. Below, the chromatogram at 329 nm which is the specific wavelength for HBAD. The same peak is shown, further indicating this relates to HBAD. UV analysis of this
peak (third graph) shows distinctive spectrum of HBAD; a single peak at 329 nm, and the double peak at 495 and 522 nm. Bottom: MS analysis. The molecule can be confirmed
HBAD with a mass of 879.




5.3 Cloning of Bmei fcobN - mutants

As mentioned in the Section 5.1, the combined results achieved in the Warren lab, the
structure of a CobN from M. tuberculosis and the detailed analysis of the Mg-chelatase
system prompted a need to investigate whether the CobNST chelatase system could be
improved in terms of its catalytic turnover. The sequences of CobN from M. tuberculosis
and ChlIH from Synechocystis sp. PCC 6803 were aligned with the B. melitensis CobN to
identify key residues within the latter sequence that may be essential for controlling either
substrate/product binding or catalytic turnover (Figure 5.6). From these alignments, the
cobalt triad initially identified within the M. tuberculosis sequence corresponds to H554,
E593 and D1101 in the B. melitensis CobN. Furthermore, based on the structural data
obtained in the Warren lab, R912, H1094, D1098 and Q1104 were identified as residues of
interest as they appear to mediate interaction between CobN and its substrate, HBAD
(Figure 5.7)
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Alignment of Brucella melitensis CobN, Mycobaterium tuberculosis CobN and

Synechocystis sp PCC 6803 ChIH. Highlighted in yellow are the residues identified as the cobalt

triad by Zhang et al. This includes corresponding E660 in ChlH. The corresponding residues

responsible for cobalt binding in Brucella melitensis were identified as H554, E593 and D1101.

Highlighted in green are residues within B. melitensis cobN which are likely involved in binding of

its substrate; hydrogenobyrinic acid a,c- diamide, based on structural data of a partial co-

crystallisation of B. melitensis CobN with HBAD.
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Figure 5.7 Partial structure of the CobN binding pocket of with HBAD bound. Highlighted in
yellow is D1101, which is likely involved in cobalt binding. The other two residues which make up
the cobalt triad are not part of this partial structure and are therefore not shown. Amino acids
coloured blue were targeted for mutation design as they seem to be involved in the HBAD-protein

interaction. Based on data obtained by Dr Evelyne Deery and Dimitrios Ladikis.

To investigate the role of these residues of interest they were indivually changed to an
alanine. This amino acid is neutral in charge, which would change the function both in case
of H554 and H1094 (involved in cobalt and HBAD binding, respectively), which could be
dependent on their positive charge for function, and E593, D1098 and D1101, which is
negatively charged. However, it is hydrophobic and has a small side chain which minimises
the chance of a structural change in the peptide’s folding as a whole and it is well-known
that alanine residues can be accommodated into the various secondary structure elements

that are found within protein structures.

The wild-type cobaltochelatase from Brucella melitensis was kindly provided by Dr
Evelyne Deery on 2 plasmids; pET14b - Bmei ®"*cobN, and pET3a- Bmei cobS-"cobT.
Mutations in the cobN gene were introduced using overlap extension PCR (Sambrook &
Russell, 2001). Forward and reverse mutagenic primers were designed and matched to
cobN-specific primers to allow for introduction of the mutation (Figure 5.8). In the first
round of PCR, the forward mutagenic primer and the reverse cobN-specific primer were
applied in one reaction, whilst the reverse mutagenic primer and the forward cobN-specific

primer were used. The resulting DNA strains were added 1:1 for a second round of PCR,
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where the cobN-specific primers were added to create the complete strand including the

mutation.

Round 1

T TITTTIGCGTT

TITTTTTTTITTTTTTIT GAG TITTTTTTTTITTTITTT  TTTTTTITTITTTTTTIT GAG TITTTTTTITTITTITTT
LU ere LU DO ere LU

<«LlCGCLLLLL LLLLL
TITTITTIT T T T T GCGTTTTT TITTTGCGTTTTTITTTITTTITTTTTT
Ll ceeldlll NEEEN Kolclof NRNRNRNNRNRARNNNANE
Round 2
T
TITTITTTTTII T T TTGCGTTTTT
LU L ce JLLLL
TITTTGCGTTTTTITTTITTIITTIT1T
Lllllcoc LLLLLLULULLELELELL
<Ll
!

TITTTTTTTTTTTTITTT CCGTTITTTTTTTTTTTITTT
LU coe LU

TTTTTGCGTT  Mutagenic primer

T CobN-specific
primer

Figure 5.8 Overlap extension PCR procedure. In the first round of PCR, the forward mutagenic
primer was paired with the reverse cobN-specific primer. Simultaneously, in a second reaction, the
reverse mutagenic primer was paired with the forward cobN-specific primer. The resulting strands
were added in a 1:1 ratio and the cobN-specific primers were used to create the final strand of DNA

containing the desired mutation.

These were used to perform PCR using pET14b - Bmei ®"cobN as the template. These
two PCR products were then used as the template for a subsequent overlap extension PCR.
This final fragment was digested with restriction enzymes and inserted into pET14b - Bmei
6HiscobN. The primers used for each reaction can be found in Table 5.1 along with the

restriction enzymes used to clone the mutation into the vector.

166



Table 5.1. Cloning design for each cobN mutant.

Restriction
Mutation | 1% round PCR primers 2" round PCR primers | enzymes for
cloning
Fw reaction Rev reaction
BmeiCobN_E593A F BmeiCobN_E593A R | Bmei AmpTAA Rev
E593A Ndel + Mlul
BmeiN_AmpTAA_Rev | Bmei N3 BmeiN3
BmeiCobN_H1094A F | BmeiCobN_H1094A R | T7T
H1094A Stul + Ascl
TIT BmeiN-mut-Nde Bmei-mut-Nde
BmeiCobN_D1098A F | BmeiCobN_D1098A R | T7T
D1098A Stul + Ascl
T7T BmeiN-mut-Nde Bmei-mut-Nde
BmeiCobN_Q1104A F | BmeiCobN_Q1104A R | T7T
Q1104A Stul + Ascl
T7T BmeiN-mut-Nde Bmei-mut-Nde

The process of cloning pET14b - Bmei ®5cobN®** s illustrated in Figure 5.9. This was
repeated using primers and enzymes listed in Table 5.1 to produce mutant plasmids pET14b
- Bmei ©HiScobNPO%®A pET14b - Bmei & ScobNHA and pET14b - Bmei &HScobNQo,
Test digests were performed using the relevant restriction enzymes and subsequent

sequencing confirmed the correct constructs had been generated.

Despite best efforts, Bmei ®ScobN"**** could not be constructed. This cloning was
designed as a one-round PCR, as the mutation site was next to a restriction site. PCR
products were created at the expected band size, however, cloning of the restricted fragment
into the vector remained unsuccessful. COVID related time-restraints prevented the re-

design of the cloning approach.

The vectors containing mutations R912A and D1101A were kindly donated by Dr Evelyne
Deery.
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PET14b-BEmei cobN_E593A
8469 bp

INSERT| Replace Insert
FRAGMENT | Ndel (5800) — Mul (6813) Ndel (433) — Miul (1446)

Ndel Miux

His-Bmei cobN

BmeiCobN_ES93A_PCR2

1471 bp
pET14b-Bmei cobN
8469 bp
sznuxpT
EXTENSION|Overlap and amplify
PCR 1..572
1 572

His-Bmel cobN

Fragment 1
572 bp

Amplify 5368 .. 5939 using:

PCR|Bmei N3
BmeiCobN_E593A_R

pET14b-Bmei cobN
8469 bp

Overlap and amplify
1..924

1 924

His-Bmel cobN

Fragment 2
924 bp
Amplify 5915 .. 6821 using:

PCR|BmeiCobN_E593A_F
BmeiN_AmpTAA_Rev

pET14b-Bmei cobN
8469 bp

Figure 5.9. Cloning history pET14b - Bmei ®*HiscobN®>%4, Mutations were introduced by a

forward and reverse PCR using primers containing the E593A mutation, and pET14b - Bmei

bHiscobN as template. The PCR products were subsequently used for an extension overlap PCR.

This final product was digested with restriction enzymes Ndel and Mlul and inserted into the

original vector.
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5.4 Expression and purification of the cobaltochelatase CobN

subunit from Brucella Melitensis.

For the purpose of comparing wild-type to mutant versions of the B. melitensis
cobaltochelatase, the CobN subunit was produced and purified separately from CobST.
Competent BL21 Star (DE3) pLysS cells were used to express the wild-type and mutant
proteins as described in Section 2.2.7. Purification of the hexa-histidine tagged proteins
was achieved via nickel affinity chromatography. The fractions produced were analysed
via SDS PAGE as shown below. Fractions containing the most concentrated and purest
CobN were identified as indicated with the red box in Figure 5.10. These fractions were
pooled and concentrated before being applied to a PD10 column to exchange the buffer to
20 mM HEPES, pH 7.5 containing 100 mM NacCl, which is the buffer used for the assay
work. The concentrations of the purified protein fractions were determined by measuring
the absorbance at 280 nm and treating this with the Lambert-Beer law (Section 2.4.3) where

€cobn @t 280 nm is 167900 Mt cmt. The purified protein was stored at -20°C in 5% glycerol.
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Figure 5.10 SDS PAGE analysis of B. melitensis CobN fractions as procured by nickel affinity
chromatography. Pre indicates the pre-column sample, directly taken from the soluble fraction of
the cell lysate. Wash corresponds to washing the column with 20 mM HEPES pH 7.5 containing 500
mM NaCl and 60 mM imidazole. E1 to E7 correspond to eluted protein fractions via application of
400 mM imidazole. Sample and 2X SDS sample buffer were mixed 1:1 and 5ul was loaded on the
gel. With a predicted mass of 140 kDa, CobN was identified in all fractions. The red box outlines

the fractions which were pooled for further work.
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5.5 Production and purification of the cobaltochelatase CobST

subunits from Brucella melitensis.

CobS and CobT were expressed in E. coli BL21star DE3 pLysS-Rc DNAJ as a complex
where CobT was His-tagged to enable purification as described in Section 2.2.7. Purifying
CobST as a complex ensured the ideal ratio of CobS to CobT, which is crucial for the
enzyme’s activity. The fractions obtained from the nickel affinity chromatography were
analysed via denaturing polyacrylamide gel electrophoresis in order to identify those that
contained the protein complex. The SDS-PAGE of the fractions is shown in Figure 5.11.
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Figure 5.11 SDS PAGE analysis of B. melitensis CobST fractions as procured by nickel affinity
chromatography. Pre indicates the pre-column sample, directly taken from the soluble fraction of
the cell lysate. Wash corresponds to washing the column with 20 mM HEPES pH 7.5 containing 500
mM NaCl and 60 mM imidazole. E1 to E6 correspond to eluted protein fractions via application of
400 mM imidazole. Sample and 2X SDS sample buffer were mixed 1:1 and 15 ul was loaded on the
gel. Of protein standard ladder, 5 uL was loaded. Predicted mass of His-tagged B. melitensis CobT
is 72.8 kDa and 36.9 kDa for CobS. The red box highlights the fractions which were pooled for
further work.
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The gel shows the bands of CobS and His-tagged CobT at the predicted masses of 36.9 kDa
and 72.8 kDa, respectively, in fractions E2-E5. There is another visible band around 41
kDa which could not successfully be removed by altering the wash steps and, therefore,
possibly represents a breakdown product of CobT. The pooled fractions, as indicated by
the red outline in Figure 5.11, were concentrated and buffer-exchanged via PD10 column
into 20 mM HEPES, pH 7.5, containing 100 mM NaCl. Protein concentration was again
determined by measuring the absorbance at 280 nm and using the extinction coefficient
EcobsT = 88997.5 Mt cm? to convert the values with the Lambert-Beer law.

5.6 Functional characterisation of cobaltochelatase (-mutants) of

Brucella melitensis

To compare the activity of the cobaltochelatase wild-type to those which have CobN-
mutations, a multi-step characterisation was done. Before the enzyme activity could be
measured, a Kp value needed to be obtained for each CobN — CobST as these proteins were
expressed and purified separately. This was done via assays where [CobN] was fixed, and
[CobST] was varied, creating a Michaelis — Menten (MM) curve where CobST acted as the
substrate for CobN. Using this Kp value, the total amount of functional enzyme could be
calculated. Subsequently, MM curves were plotted where the substrate cobalt was varied
to produce kinetic parameters K, keat and kea/ Km. These values give an initial insight into
the functional character of an enzyme, allowing a comparison between the various mutants
and wild-type CobN to be made. Equation 2 represents a simplified reaction mechanism
which Michaelis and Menten based their first definitions upon (K. A. Johnson & Goody,
2011).

Equation 2
k4 k3
E+S ~ ES » E+P
k;

[E][S] __ k2+k3

The Michaelis constant Ky (= [E5] K1

) represents the concentration at which half

the maximal velocity is observed, and is obtained by fitting a MM curve. Kea (= W[Zc]lx =

k3) is a catalytic constant and represents the steady state turnover number. The specificity

constant Kea/Km (= %) gives insight into the specificity of an enzyme for the substrate.
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5.6.1 CobN-ST binding curves

The activity of the wild-type as well as the mutant variants of B. melitensis CobNST was
investigated via steady state kinetics. As CobN, including its variant forms, and CobST
were expressed separately, the functional amount of enzyme needed to be determined for
each batch. CobN-ST binding curves were initially generated, where CobN was fixed at
0.04 uM whilst CobST was added in a range of 0 — 4 uM. This resulted in MM curves
where CobST acted as the substrate for CobN. Furthermore, the reaction mix contained 20
mM HEPES, 100 mM NaCl,10 mM MgCl; and 5 mM ATP. Under these conditions the
substrates cobalt and HBAD were added in excess at 0.02 mM and 0.5 uM, respectively.
CobN and CobST were pipetted into a 96-well plate and each was adjusted to the same
volume with buffer (20 mM HEPES, pH 7.5, 100 mM NacCl). The plate was then pre-
incubated at 35 °C to approach the enzyme’s optimal in vivo conditions. The reaction was
initiated by injecting a mastermix, containing MgCl,, ATP, cobalt and HBAD in buffer.
The reaction was followed for 50 minutes by monitoring a decrease in fluorescent emission
signal at 620 nm when excited at 510 nm. This measured the conversion of HBAD to
cobyric acid a,c- diamide, where the insertion of the metal ion into HBAD guenches the
fluorescence. All reactions were measured in a BMG labtech Omega plate reader. The
slopes of these reactions are seen as raw data below. Each set of assays contained the WT

cobaltochelatase to ensure identical conditions for comparisons.
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Figure 5.12 Enzyme activity Bmei cobaltochelatase WT and mutants. Image of raw data from
the plate reader. Reduction of fluorescence is seen as the result of HBAD cobalt chelation. Lack of
activity is seen for mutants E539A and R912A. Numbers 1-12 represent the range of CobST of 0 to
4 uM.
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Figure 5.13 Reaction curve showing decreased fluorescent signal as a result of cobalt insertion
into HBAD by wild-type B. melitensis cobaltochelatase. Reaction shows a lag phase of
approximately 6 minutes after which the reaction speeds up. The slope of the trend line indicates the
reaction speed within the time frame of 6-18 minutes, within which each reaction velocity was
measured.

Figure 5.13 shows a single reaction progression where there is a lag phase of approximately
6 minutes, after which the reaction speeds up. This could be associated with a
conformational change to activate CobN into a “ready” state. As there are many factors at
play in this reaction, however — the combining of CobN-CobST to form a fully functional
cobaltochelatase complex, the ATP hydrolysis which powers the chelation of HBAD, and
then the reaction of cobalt insertion into HBAD itself (which is what is measured) — one
cannot say which factor is shown by this trend. For this reason, the change in signal over
time was taken between time points 6 — 18 minutes, where the slope was steepest, and
where all reactions still showed a linear trend. Based on this raw data (Figure 5.12), it can
be concluded that mutant CobN®*%% s rendered inactive, whereas the cobaltochelatase

containing the mutation R912A is highly impaired.
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To convert the AFluorescence/min to AHBAD/min, a standard curve of HBAD was
generated where CobN was fixed at 0.04 uM to which a range of 0 — 0.5 uM HBAD was
added (Figure 5.14). Two separate conditions were then tested. In one set of conditions, the
volume was adjusted by adding just buffer (orange curve), whilst to the other the assay
conditions were mimicked by adding 0.02 mM CoCl,, 10 mM MgCl,, and 5 mM ATP (blue
curve). The mixes were left to incubate for 2 minutes before being measured in triplicate.
Though minor, there is a slight difference between the two curves, showing that the
presence of ATP and cobalt results in a slight increase in fluorescence. The curve more
closely mimicking the assay conditions was therefore used to convert the data.
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Figure 5.14. HBAD standard curve. The fluorescent signal of HBAD was monitored under two
sets of conditions; 0.04 uM CobN added to a range of HBAD in buffer (orange) and the same curve,

now including cobalt and ATP (blue), more closely mimicking activity assay conditions.
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The conversion via a standard curve is important, as the binding of HBAD to CobN has
been shown to increase the fluorescent signal of the former (Figure 5.15). This unexpected
effect was measured as the fluorescent signal of 0.5 uM HBAD in buffer, with CobN varied
from 0 — 1.5 uM. The increase of fluorescence as a result of HBAD binding to CobN could
be the result of increased delocalisation of the double bonds in HBAD upon binding to the

protein.
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Figure 5.15 CobN-HBAD binding curve. Increase in fluorescent signal measured as a function of
0.5 uM HBAD with CobN added in a range of 0 — 1.5 uM. This curve was executed in duplicate; the

error bars indicate the SD of the two values.
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The calculated reaction velocities in nM mint were plotted in OriginPro and fitted to
Equation 4, derived from the Michaelis-Menten equation (Equation 3), resulting in the
curves shown in Figure 5.16. Here, the Kp value represents the concentration of CobST in

uM, where 50% of fully functional enzyme is formed under these conditions.

Equation 3
_ Vmax  [S]
YT K+ 181
Equation 4
CobN] * |CobST
[CobNST] = [ Il ]

Kp + [CobST]

It is evident that mutants E593A was non-functional from the lack of activity measured. It
does seem that mutant R912A is somewhat active, however, a MM curve could not be
produced from the data. A further investigation into what causes this reduced activity is
described in Section 5.6.3.
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Figure 5.16 Binding curves of cobN(-mutants) to cobST. A range of cobST was added to 0.04 uM of CobN and the reduction of fluorescent signal was measured in duplicate, indicating
the chelation of HBAD. The wild-type cobN is compared to the mutants H1094A, D1098A, D1101A and Q1104A. Top and bottom row were enzymes expressed in two separate batches.



The aforementioned Kp values produced by the fit of the plots are listed in Table 5.2. Here,

we see that the binding of CobST to the wild-type vs the mutant CobNs are similar. It can

be concluded that none of the mutations in CobN have a major effect on its conformation

where the subunit interacts with CobST. A difference in Vimax, however, is seen for mutants
H1094 and D1098, the activity of which is ~ 30 % lower than for the wild-type CobN under
these conditions. Based on the results obtained in this experiment, the concetration of

CobST was determined which, in combination with 0.04 uM CobN(-variant), would form

a fully functional cobaltochelatase. This enabled the determination of an apparent Ky curve

for cobalt, which is described in Section 5.6.2.

Table 5.2

cobN

K, (UM)

-1
Vmax (nM min )

WT

20+03

28+%0.2

H1094A

23+0.5

1.3+£01

D1098A

22+03

WT

24+04

26%0.3

D1101

1.6+0.3

24+0.2

Q1104A

16+04

24+03
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5.6.2 Michaelis-Menten curves for cobalt

To compare the activities of the wild-type cobaltochelatase to the various mutants, the
catalytic rate was recorded as a function of the substrate concentration of cobalt. CobN was
again fixed at 0.04 uM. CobST was added at 4 uM, roughly twice the Kp value for the
various CobNs. Cobalt was ranged from 0 — 128 uM and the assays were performed in
duplicate. The resulting change in fluorescence was converted to A[HBAD] min? as
described previously. This was then divided by the total enzyme concentration used in each
reaction as calculated using Equation 3. As such the value of Vinax was divided by [E], and
is therefore converted to the catalytic turnover number, ke These plots were most
accurately fitted to a substrate inhibition model (Equation 5), the graphs of which are seen
in Figure 5.17. The kinetic parameters Kwu, Keat, Kea/ Km @s well as the inhibition constant K;
produced from these fits are listed in Table 5.3.

Equation 5

Vmax * [S]

Ky * [S] (1 +%)

v =

Table 5.3 Kinetic parameters resulting from substrate inhibition curve. Cobaltochelatase
catalytic function of each CobN mutant was recorded as a function of the cobalt substrate

concentration. The resulting plots fitted most accurately to a substrate inhibition model.

cobN Kwm (M) Kcat (Mint) Keat/ Km (Min™t pM-1) Ki (UM)

WT 44 = 0.5 0.08 <+ 0.004 | 0018 =+ 0.006 [ 87 = 10
H1094A | 3.3 £+ 04 0.04 + 0002 | 0012 <+ 0.006 [ 89 = 12
D1098A | 537 £ 0.95 0.06 + 0005 ] 0011 =+ 0015 | 80 = 16
WT 6 + 03 009 £+ 0003 | 0015 <+ 0.002 | 44 = 3
D1101 6 + 0.5 0.08 + 0.004 | 0013 =+ 0.004 [ 49 = 5
Q1104A 5 + 04 0.07 £+ 0003 | 0014 <+ 0003 | 54 = 4
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The discrepancy between the values for the wild-type cobaltochelatase enzymes from the
different batches is likely due to a difference in protein purity as well as how long the
protein had been stored since its purification. As Covid-related work shifts prevented the
ability to purify these proteins further via a gel-filtration column, slight differences in purity
are expected. Additionally, depending on equipment availability, not every batch was
tested for activity the same number of days after their purification. As this enzyme is not
particularly stable, the freshness of the protein could have had an effect on the catalytic
values measured. Taking this into regard, the mutants are compared to the wild-type

enzymes in their own batch.

The catalytic turnover values indicate the mutation from histidine to alanine at position
1094 results in a 50% drop of activity of the overall enzyme, where mutant D1098 is 25%
less active than the wild-type enzyme in this batch. These trends are not necessarily due to
altered affinity to the substrate, cobalt, as we see from H1094A. This mutant has a lower
Kwm value even than the wild-type enzyme, resulting in a similar affinity (kca/Km) for cobalt
to the wild-type enzyme. With a higher Ky value, the affinity of D1098A for cobalt is
significantly reduced, as can be seen from its lower kca/Km Value. It could be theorized that
the lower catalytic function for the H1094A might therefore be due to another factor, such
as a lower affinity for the substrate HBAD. Interestingly, the difference in affinity for cobalt
did not result in a significant difference in inhibition by the substrate, as can be seen from
the K; values in this batch.

In the second set, the mutation of glutamine at 1104 to alanine is seen to result in a ~20%
drop in catalytic activity, whereas the D1101 mutation — a residue that is part of the cobalt
triad — seemed to result in a ~ 10% decrease. For Q1104, a lower Ky value is observed than
seen with the other enzymes in this batch, however, the efficiency with which it turns over
cobalt is reduced compared to the wild-type enzyme. Again, the lower catalytic function
for this mutant could be due an increased binding affinity for the substrate where the
intrinsic binding energy is manifested as tight binding rather than in increased catalytic
turnover (Jencks, 1975).
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Figure 5.17 Cobaltochelatase . The cobaltochelatase activity was measured in duplicate as function
of substrate concentration of cobalt, which was ranged 0-64 uM. Velocity rates obtained by converting
AFluorescence min -1 to A[HBAD] min-1 via a HBAD standard curve. Rates were divided by total
enzyme concentration for each mutant as well as the wild-type for comparisons sake. Error bars

indicate the SD of the values from the replicates.
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5.6.3 Binding assays HBAD-CobN (-mutants)

From the results obtained in the previous sections, it can be concluded that mutations of
CobN at E593A and R912A render the enzyme inactive. E593 is part of the cobalt triad
which could account for the enzyme’s inactivity when mutated. As this is not the case for
R912, an alternative possibility is this residue is involved with the binding of HBAD to the
enzyme. A lower activity is also clear for the CobNH%%4A and CobNP%A variants. To test
the affinity of these CobN-mutants for HBAD, different concentrations of CobN (0 - 1.6
M) were mixed added to 0.5 pM HBAD. Volumes were made up to be equal with assay-
buffer. The fluorescent signal was measured in triplicate.

Figure 5.18 shows the binding curves of the wild-type CobN to HBAD as well as the mutant
variants. The binding of HBAD to CobN results in an increase of the fluorescent signal,
which indicates that the binding of HBAD to the protein results in a greater delocalised
state presumably through modulation of the double bond conformation. For all curves, a
linear trend is seen up to ~ 0.5 uM, after which saturation is evident from the curve
flattening. This point of saturation is shown by the intersection between the trend lines of
the linear section and the horizontal section. Whilst there is some variation, the ratio of
protein to HBAD looks to be 1:1. Under these circumstances, the change in activity seen

previously, cannot be explained by a decreased ability to bind HBAD.
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5.7 In vivo characterisation of CobN-mutants

Following the results of the mutations in the CobN subunit of the cobaltochelatase complex,
the effect of these altered activities were studied in vivo. As mentioned previously, cobalt
chelation of HBAD is one of the most challenging steps in the biosynthetic pathway of
cobalamin. It was therefore theorised that implementing a cobaltochelatase-mutant with a
higher catalytic activity into the best E. coli Bi2 producing strain, would result in an
improved yield. Although a mutant with higher catalytic activity was not found, if indeed
this step is a rate-limiting one in the pathway, a lower enzymatic function should then also
be reflected in the Bi2 production. To change the gene in strain ED656-3B, the mutation
would have to be made via CRISPR. Strain ED722A however, contained the entire pathway
for cobalamin, excluding CobWNST. The deletion of the cobaltochelatase on the genome

allowed for an easier insertion of the mutants via a plasmid.

AmpR AmpR
AmpR promoter| |
T7 terminator * |
(12,490) BamHI | i

i A N
,\ /.u‘.l’\_';‘/ L ‘/}Sﬂ:ha;."’\
O\

PET-TetR-PtetA-BmeiWNST
13,519 bp

RBS {
(9286) J  [tetR/tetA promoters
V- [tet operator

RBS

GBI (6417)

Figure 5.19 Plasmid map pf pET-TetR-PtetA-BmeiWNST. Containing the cobaltochelatase
mechanism from Brucella melitensis; cobN, cobS and cobT, as well as cobW, cobalt transporter
protein. To obtain the desired vector (highlighted), a partial digest was made for BamHI, as well

as a full digest for Stul.

185



5.7.1 Cloning of pET-TetR-PtetA

PET-TetR-PtetA-BmeiWNST provided the vector for the mutated cobN variants. All cobN
mutations made in Section 5.2.1 were located in the section between Stul and BamHI as
shown in Figure 5.19. A straightforward restriction digest was made impossible by the lack
of single-cutter restriction recognition sites on both sides — BamHI recognises another
restriction site downstream from the cobT gene. To obtain the desired vector, therefore, a
partial digest was done for BamHI, with a full Stul digest. To find the optimal digest, 5
reactions were incubated where Stul was added to 0.5 U/ul, and BamHI ranged at 0.06,
0.05, 0.025, 0.0125, and 0.005 U/ pL. The resulting band patterns are seen in Figure 5.20.
A band of 10 kb is seen in the lanes which were digested with 0.06 and 0.05 U/ul BamHl,
which corresponds with the size of the correct vector. This band was gel extracted and
subsequently used as the vector for further cloning.

b\a
\‘bb
X
N 0.06 0.05 0.025 0.0125 0.005

bp
10,037
8000
6000

1000

800

600

Figure 5.20. Band pattern of partial digest pET-TetR-pTetA-BmeiWNST on 1 % agarose gel.
Plasmid was digested fully with Stul (0.5 U/ul), and partially with BamHI (enzyme concentrations
per digest given at the top of each lane). Electrophoresis of the gel was executed over 3 hours at
40V. A band corresponding with the size of the correct vector (~10 kb) is seen for 0.06 and 0.05
U/ul BamHlI.
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The cobN-mutant inserts were digested from the plasmids pET14b - Bmei HiScobNEs%A,
PET14b - Bmei ®ScobNP¥%®A pET14b - Bmei ScobNHA pET14b - Bmei
6xHiscohNQM pET14b - Bmei ®H5cobNR*?A, and pET14b - Bmei ®"5cobNP*%* (described
in Section 5.3) with restriction enzymes Stul and BamHI. These inserts were then ligated
into the digested pET-TetR-pTetA-BmeiW-ST vector isolated from the gel shown in Figure
5.20. The mutation insertion of cobN"*'?* was confirmed via sequencing. Cloning of the
other mutants remained unsuccessful. It was realised that the band at ~10 kb could contain
two possible partial digest; the desired vector as shown in Figure 5.19 as well as the
highlighted section shown in Figure 5.21. To remove this second optional band in an
attempt to successfully clone the rest of the mutant cobN genes into pET-TetR-pTetA-
BmeiWNST, Mfel was added to the mix at 0.5 U/ul for a full digest. This enzyme cuts in
the (unwanted) Bmei cobN gene on vector plasmid pET-TetR-pTetA-BmeiWNST, thereby
eliminating the second band at 10 kb. Additionally, the gel electrophoresis time was
extended to 24 hours, at 10V, to maximise the band separation. The resulting band pattern
is shown in Figure 5.22.
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Figure 5.21 Optional digest of pET-TetR-PtetA-BmeiWNST when partially digested with
BamHI and fully digested with Stul. To remove this unwanted band, Mfel was added as an

additional digest.
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Figure 5.22 Band pattern of partial digest pET-TetR-pTetA-BmeiWNST on 1 % agarose gel.
Lane 2 contains the plasmid fully digested with Stul, lane 8 the fully digested plasmid with BamH].
The full digest with Stul and Mfel (0.5 U/ul), and partial digest with BamHI (0.1 U/ul) resulted in
the band pattern seen in lanes 3-7. Electrophoresis of the gel was extended to 24 hours at 10V. No

band is shown at the size corresponding to the vector (10 kb).

Figure 5.22 shows the full digest of pET-tetR-pTetA-BmeiWNST with restriction enzymes
Stul and Mfel in combination with a partial digest by restriction enzyme BamHI. Two
samples of full digests by either Stul or BamHI were included as controls. These controls
show full activity of both Stul and BamHI as pET-TetR-pTetA-BmeiWNST is cut in the
expected size bands. The combination of full digests by Stul and Mfel with the partial
digest by BamHI resulted in a band pattern which lacks the vector at ~10 kb. This
unexpected result is difficult to explain as the enzymes Stul and BamHI appear to be fully
functional from the controls. From the difference between the band patterns displayed in
Figure 5.22, it is evident Mfel is also functional. Still, the desired fragment of 10 kDa is

not produced. At this point, time-constraints restricted further progress of this project.
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5.8 Discussion

An optimised method of purifying HBAD is described, which uses BtuG2 to trap HBAD
and hydrogenobyrinic acid that has undergone varying degrees of amidation. A further
combination of column purification steps generated pure HBAD as confirmed via HPLC-
MS.

The cobaltochelatase subunit CobN from Brucella melitensis was successfully mutated to
produce alanine substitutions at 4 different locations; E593, H1094, D1098 and Q1104.
The remaining residue in the cobalt triad, H554, was not successfully mutated. The
difficulty in mutating H554 could be due to the different approach in cloning, and would
have been pursued further, had time allowed. The mutation design involves a two-step
overlap extension PCR approach that is described in Section 5.2.1. The CobN mutants were
expressed and purified separately from the CobST complex, and thus, the formation of fully
functional enzyme was investigated via MM-style binding studies where CobN was fixed
and CobST varied, allowing the latter complex to act as the ‘substrate’. The resulting
activity curves generated apparent Kp values from which the total enzyme concentration
was calculated for subsequent cobalt catalytic turnover assays. These Kp curves highlighted
that cobalt demonstrated substrate inhibition at higher concentrations. This is an important
point as to make large amounts of vitamin By, the cell requires higher levels of cobalt to
be added to the cell. Thus, cobalt may actually limit the ability of the cell to produce the
nutrient not through its scarcity but through its over-abundance. Hence, there is good reason

to study and modulate the availability of this central metal core of Bi..

From the binding curves, a difference in activity between some of the mutants became
evident. The raw data (Figure 5.12), shows that E593 is vital for chelation of HBAD in B.
melitensis CobN as the mutation of the amino acid to alanine renders the enzyme as a whole
inactive. This preserved residue was identified to be one of the ‘cobalt triad’ in the CobN
subunit of Mycobacterium tuberculosis (J.-H. Zhang et al., 2021). The second mutant of
the cobalt triad which was tested was D1101. As seen from the kinetic parameters obtained
from the cobalt curve, this mutation caused a 10% drop in catalytic activity, when compared
to the wild-type enzyme. The improvement of catalytic efficiency which is described for
the magnesium chelatase (Adams et al., 2020) caused by this mutation is not seen in Bmei
CobN. In their research, the increased catalytic efficiency was likely due to a lower affinity
for the substrate and product. As product-release is thought to be the rate-limiting factor of
this reaction, a lower affinity would be preferable. This effect is not seen for any of the
mutations tested here. The mutations implemented in B. melitensis CobN which were made

have not succeeded in achieving the higher turnover they were sought.
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Following the in vitro characterisation of the cobaltochelatase mutants, the difference in
activity was set out to be studied in vivo. One mutant was successfully cloned, resulting in
PET-TetR-PtetA-BmeiWNR®2AST, however, inserting the cobaltochelatase mutant into
strain ED722A to test the difference in cobalamin production was not achieved due to time

limitations.
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Discussion
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The majority of vitamin B, production has been restricted to China for the past couple
decades, which has caused the price to fluctuate greatly as manufacture has varied due to
factory closures over safety concerns. With a strong global demand for the nutrient from
combined applications in human health, livestock farming, animal welfare and
biotechnology, the need for access to sensibly priced vitamin Bi, has been increasing.
Entering a competitive market requires a novel production method at distinctly lower costs.
While classic production methods have relied on optimising organisms that contain the
cobalamin biosynthetic pathway, recently attention has steered towards production via
alternative organisms as a way of overcoming the limits presented in native strains.
Research performed by other groups have led to cobalamin-producing E. coli strains with
yields of 307.00 ug g* cdw and 0.65 pg g* cdw (Fang et al., 2018b; Ko et al., 2014). In
the Warren lab, a cobalamin-producing E. coli strain was engineered that produces a
respectable 40 mg/L which is ~2 mg g cdw (using conversion values of 0.39 g L cdw for
E. coli per one unit ODsggo (Glazyrina et al., 2010)). To reach market potential, however,
production levels of 1 g/L would provide a strain that far outstrips all current production
strains. This thesis describes three ways in which strain optimisation was approached. The
first approach involves relieving metabolic stress by switching the promoters controlling
operons holding the B, biosynthetic pathways from a strong T7 promoter to weaker,
constitutive promoters. The second describes methods to improve metabolic flux within
the biosynthetic pathway as well as points feeding into the pathway by improving essential
secondary metabolic processes linked to Bi, biosynthesis. Finally, the current Baia-
producing strain exhibits a metabolic pinch-point in the pathway with the accumulation of
HBAD, the last intermediate before cobalt insertion, despite the strain encoding two sets
of cobaltochelatases on the genome. Therefore, the most active of the two cobaltochelatases
- responsible for the crucial step of cobalt insertion - was investigated in order to try and

improve its catalytic turnover.

The first approach attempted to alleviate the high metabolic stress of producing cobalamin
via its 20+ step biosynthetic pathway under the control of a strong T7 promoter. Induction
of the T7 promoter initiates an approximate 9-hour metabolic race for survival, since the
T7 promoter system effectively prevents normal cellular transcription that would result in
cell death. The cell therefore selects against the T7 system and the resulting cells will
therefore not produce B». The benefit of switching to weaker, constitutive promoters was
thought to be two-fold; as the metabolic strain lessens, the organism could allow for a
longer production phase; secondly, a lack of inductive agent is preferable with an eye on
up-scaling the process for industrial production as this lowers the production costs. A

library of promoters of varying strengths to obtain optimal growth and product formation
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phenotypes has been previously described and is available (Alper et al., 2005;
Promoters/Catalog/Anderson - Parts.Igem.Org, n.d.). From this panel a strong (A2),
medium (A3) and weak (M2) promoter were identified. The Bi,-producing strain ED656-
3B was modified by replacement of the T7 promoter with one of these constitutive
promoters in the A- site, B- site, or both, in various combinations, via CRISPR-Cas9. The
resulting strains displayed a distinct decline in By, yield when the A-site T7 promoter was
changed to any constitutive promoter. As this operon holds all the genes of the Bi»
biosynthetic pathway, this effect could be due to lower levels of the encoded enzymes from
the pathway being produced. This is supported by the lower levels of B-galactosidase
activity, enabled by a lacZ gene at the end of this operon. Lower yields could also be caused
by the constant burden of such an energy-intensive pathway operating in as early as the lag
phase even if the overall production is lower. In contrast, under the control of the T7
promoter, the cells can reach exponential phase before burdening the metabolic system.
However, despite the observation that strains that contain a constitutive promoter in the A-
site produce lower B2 levels than those whose A-site operon is under the control of the T7
promoter, it is also observed that those strains with an A-site constitutive promoter show
an increase in B-galactosidase activity in the time period of 24 to 48 hours, whereas the A-
site T7 strains show a decrease. This indicates that expression of the genes of the Bi;
pathway does continue longer when under the control of a constitutive promoter when these
strains are cultured in flasks. However, it does not translate into elongation of the
production phase, as cobalamin levels did not continue to climb after the 24-hour time
point. Testing mRNA levels as well as the stability of these transcripts could give further
insight into how these results are linked. This could be pursued by gPCR. As the A-site
operon holds over 20 genes, the mRNA transcript is a substantial product. Depending on
the stability of this MRNA, the enzymes that are encoded by the genes at the end of the
operon could be expressed to a much lesser extent in comparison to those encoded for by
those genes at the start of the operon. Balancing the expression levels of all the enzymes in
the Bi, pathway in relation to each other remains unexplored by this approach, and is
definitely worth exploring further. This could be attempted by changing the order of the
genes within the A-site operon, or changing some of the ribosome binding sites that precede
the individual genes. Changes of the T7 promoter to a constitutive promoter in the B-site
has a much lower effect that the change in the A-site, as cobalamin production levels remain
similar to the original strain. Increasing the copy number of various genes may also prove
beneficial, and a tactic that has been used for instance in the production of antibiotics
(Hopwood & Chater, 1980).
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The second approach towards production improvements of strain ED656-3B was to
improve key steps in the biosynthetic pathway of Bi, as well as secondary metabolites
linked to the pathway. As mentioned above, the previous method targeted the operons as a
whole, without looking into the effect of individual genes within the pathway. Here, genes
of interest were selected, based on their position within the Bi, pathway, and added to the
Bio-producing E. coli strain ED656-3B through their inclusion on vectors. The genes
selected included Rc hemA®*, Mbar cobA, Pd cobA*'®"A Bmei cobl, ySAMS, hSAMS, and
rat SAHH. These genes encode enzymes that are either involved directly in the early Bi,
biosynthetic pathway, or feed into the pathway through the provision or removal of certain
metabolites. HemAC®* catalyses the synthesis of 5-ALA, the first precursor in the
tetrapyrrole pathway. 5-ALA synthesis is highly regulated and is shown to be one of the
rate limiting steps in tetrapyrrole biogenesis (Lascelles, 1978). As E. coli inherently
produces 5-ALA via the C5 pathway, overexpression of Rc HemAC* enables strain ED656-
3B to produce 5-ALA via the C4 pathway as well as the C5 pathway. This has proven
beneficial to 5-ALA vyields in E. coli as overexpression of R. sphaeroides HemA resulted
in a 5-fold increase (Werf & Zeikus, 1996). CobA catalyses the reaction resulting in
precorrin-2 (Blanche et al., 1989), the last common precursor for several tetrapyrroles
(Figure 1.3) before committing to the Bi2 biosynthetic pathway in the next step, catalysed
by Cobl (Thibaut et al., 1990). A change of a lysine at position 187 to an alanine in CobA
from P. denitrificans cured this enzyme of substrate inhibition. Overexpressing these steps
could direct flow into the cobalamin pathway and thereby increase cobalamin yield. These
first 3 out of 8 methylation steps, all involve the transfer of methyl groups from S-adenosyl
methionine (SAM) to the central corrin ring (Figure 1.3). Increasing SAM synthesis would
therefore provide more substrate to be fed into the B1, pathway. This was attempted by
increasing SAM synthesis as well as S-adenosylhomocysteine hydrolase. The latter
reaction loops back into the methionine recovery pathway (Matthews et al., 2008) further
providing SAM substrate (Figure 4.1).

Expression of the aforementioned genes in ED656-3B under the control of a T7 promoter
confirmed that the metabolic system is burdened to the point of negative phenotypical
results. Growth rate is often used as a measure of fitness costs associated with
overexpressing heterologous genes (Pope et al., 2010). Here, the decreased fitness can be
seen as decreased cell growth as is seen when P. denitrificans CobAK#A is overexpressed,
or even cell death, as is seen when ED656-3B is transformed with M. barkeri cobA, despite
the T7 expression being supressed by addition of glucose to the plate media. More
significantly, it is measured by diminished B, levels produced by the strain when

overexpressing any of the genes. The effect of expression of any of these genes when
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incorporated into the B, pathway is poorly reflected by T7 expression levels as these are
much higher than would result from single genomic transcription. The genes were therefore
placed under the control of the TetR-PtetA promoter system, which is more tightly
regulated by the levels of inducer. In this system, ED656-3B was transformed with M.
barkeri cobA, and expression of the enzyme resulted in a two-fold increase in cobalamin
production, indicating this step in the biosynthetic pathway is rate limiting. Additionally,
expression of HemA from R. capsulatus and rat SAH hydrolase increased cobalamin yields
by 30%. Strain improvement could therefore be achieved by integrating these genes into
the genome of ED656-3B. Disappointingly, attempts at CRISPR cloning for the integration
of M. barkeri cobA into the B1, biosynthetic pathway of ED656-3B proved unsuccessful.
Recent method developments have resulted in a CRISPR cloning approach with a higher
success rate which could be employed. However, integration of the M. barkeri cobA was
attempted by switching out the existing R. capsulatus cobA in the biosynthetic pathway,
which is located directly at the 3° end of the T7 promoter. Although this is genomic, it
might still result in the same lethal effect as was oberved when the gene was added on a
plasmid without induction. For future work, the M. barkeri cobA could be incorporated into
the genome using the new CRISPR cloning method, as well as using ribosome binding sites
of different strength to adjust the optimal expression of CobA for B12 production. The next
step would be the integration of R. capsulatus hemA and rat SAH hydrolase for further

strain improvement.

Finally, the cobalt insertion step of the biosynthetic pathway was investigated as a means
to increase Bi, yields. The enzyme that catalyses the step is slow and intermediate build-
up shows it is a crucial and rate-limiting part of the pathway that needs improving. The
cobaltochelatase CobNST of B. melitensis, which is located in the B-site operon of ED656-

3B, was characterised as well as some mutant variants of the CobN subunit.

Research into the cobaltochelatase from M. tuberculosis highlighted three residues
involved in cobalt binding in the active site of the CobN subunit, thus dubbed the ‘cobalt
triad” (J.-H. Zhang et al., 2021). The equivalent amino acids were located in the B.
melitensis CobN to be H554, E593 and D1101. Cloning of B. melitensis cobN™>** was not
achieved, and should be pursued further. The other two variants were successfully cloned
and characterised. Interestingly, the mutation of glutamic acid to alanine at position 593
rendered an enzyme variant that has no activity and is unable to chelate the substrate HBAD
with cobalt. Whilst such a dramatic effect was not observed for CobNP1%*4 it did show a
decrease in catalytic activity by 10%. These results suggest both these residues are vital for

catalytic turnover in the B. melitensis CobN.

195



Another mutant was inspired by research into the related magnesium chelatase enzyme.
More research has been done into this enzyme which is structurally similar to the
cobaltochelatase, and therefore represents a useful model. When changing D1177 in the
ChIH subunit — the magnesium chelatase equivalent to CobN in the cobaltochelatase —an
increased catalytic turnover was reported (Adams et al., 2020). The corresponding residue
in the B. melitensis CobN was found to be a glutamine at position 1104 and a cobN®!1%4
mutant was cloned. Unfortunately, characterisation of this mutant did not see the increase
in catalytic number, but rather a decrease by ~20%. This lower catalytic function could be
due to an increased binding affinity for the substrate as a lower Kv value is measured. This
indicates the intrinsic binding energy manifests itself as tight binding rather than in
increased catalytic turnover (Jencks, 1975).

Further mutations were designed based on a partial crystal structure of the B. melitensis
CobN binding pocket with its substrate HBAD produced in the Warren lab, which
highlighted residues involved in HBAD binding. As product release is thought to be the
rate limiting factor, these residues, R912, H1094 and D1098, were also investigated. When
characterised, the mutation of the arginine at 912 to an alanine is shown to result in a
significant drop in activity — where generating a Michaelis-Menten curve was impossible.
CobNP0%A was found to be 25% less active than the wild-type enzyme and a 50% drop in
activity is seen after mutation of H1094 to an alanine. D1098A shows a decreased affinity
for cobalt, which could explain its lower catalytic turnover, however, this is not the case
for H1094A. A reduction in binding affinity of the other substrate, HBAD, was investigated
to explain the reduction in activity for H1094A and R912A. HBAD binding curves indicate,
however, that the binding of HBAD is not diminished. This leaves the explanation that the
binding is altered to result in non-productive binding, where the conformational change
does not support catalytic turnover. It would be very interesting to obtain a Michaelis-
Menten curves for HBAD. As this substrate gives the signal by which the reaction is

followed, however, this is not possible in the current method.

For each reaction, wild-type or mutant, the reaction trajectory showed a lag phase of
approximately 6 minutes before speeding up, which could indicate a conformational
change taking place to activate CobN. However, there are many factors at play in this
reaction, such as the combining of the subunits to form a fully functional enzyme as well
as the ATP hydrolysis taking place in the CobST-subunits. Elucidating the relationship

between ATP hydrolysis and the cobalt chelation reactions should be pursued further.
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The Michaelis-Menten curves for cobalt revealed a substrate inhibition at higher
concentrations of cobalt for the wild-type CobN as well as all mutants. This is interesting
as high levels of cobalt have been added to the media to boost B, production. However,
these results indicate that this over-abundance of cobalt may limit the cell’s ability to
produce cobalamin, rather than enhance it. This, as well as the negative impact of cobalt
on the iron-sulfur cluster-containing CobG (Ranquet et al., 2007), highlights the need to
study and modulate the availability of this cobalt ion that forms the central metal core of
Bio.

Overall, future work should focus on characterising the entire vitamin B, pathway within
the ED656-3B. The approaches taken here to improve the cobalamin yield were designed
rationally, but also subject to available materials in the lab. Further investigation of the
pathway through quantifying mRNA levels as well as pathway-specific enzymes’ half-life
could identify more specific approaches or targets for improved cobalamin yield. These
MRNA levels could be quantified via g°PCR and would give insight into the transcription
levels when under the control of the different types of promoters. Additionally, designing
different primer sets at the beginning, middle and end of the pathway would show the
stability of the transcripts. When combined with more in-depth proteomic — in the form of
2D SDS PAGE combined with MALDI-TOF - would enable the identification as well as
quantification of the corresponding expressed enzymes of the pathway. Such information
would give insight into how the different expression systems truly affect Bi, synthesis as
well as potentially identify additional bottlenecks. Furthermore, the work described in
chapter 4 identifies the addition of M. barkeri cobA to the strain via a vector to be a very
promising route towards increasing Bi. yields of the E. coli strain. Replacing or even just
adding this gene to the genome of ED656-3B via the beforementioned new approach of
CRISPR-Cas9 (page 151) is strongly advised. Finally, the catalytic mechanism of CObNST
should be characterised more fully, as the rate limiting step of product release is not
experimentally proven. Elucidation of the reaction rates could provide insight into how
these are ordered, and which is rate-limiting. Additionally, it would be valuable to gain
insight into the order and relation between the ATP hydrolysis reaction taking place in
CobST and the cobalt chelation of HBAD taking place in CobN.
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6.1 Conclusions

The approaches towards increasing Bi, production in engineered E. coli strain ED656-3B
have highlighted the importance of regulation of gene expression in the interest of increased
cell fitness. T7 controlled expression of the genes of the B1, pathway is effective, but strains
the metabolic system, which manifests as a 9-hour clock starting from the moment of
induction, at the end of which expression is stopped. When this entire pathway is placed
under the control of constitutive promoters of varying strengths, this expression time frame
does seem to widen, however, this does not translate in higher B, yields. This straining
effect of T7-controlled expression on the desired phenotype is further manifested in the
second approach where transformation with M. barkeri cobA leads to cell toxicity. When
placed under a more tightly controlled TetR-PtetA promoter system however, expression
of this gene increased the Bi, yield of ED656-3B by two-fold. Balancing between driving
the cell to maximum performance and keeping the metabolic system running in a

sustainable manner is shown to be key.

Furthermore, a key step in the biosynthesis of B1, is catalysed by cobaltochelatase. Strain
ED656-3B holds two copies of this enzyme. The more active of the two, originating from
B. melitensis, shows substrate inhibition for cobalt indicating intracellular cobalt levels
should be monitored for optimised production. Mutations in cobalt and HBAD binding site
have negative impact on catalytic turnover, and highlight how much more can be learned

about the manner in which this enzyme operates.

In a day and age where we are confronted with climate change we are more and more faced
with the finding alternatives to methods of production which have served us well thus far.
This has given the rise to an exciting branch of science in the form of ‘synthetic biology’;
a field in which biological systems are used and adapted to produce valuable chemicals in
a more sustainable manner. Key words such as ‘metabolic engineering’ and ‘cell-factories’
are applied to create idyllic pictures of a green future. And whilst there are certainly a
number of tremendous advances being made, the simplified presentation of setting up such
mechanisms often involves a lot of trial and error as the rules associated with the
engineering of complex systems remain poorly defined and understood. Our understanding
of metabolic systems is vast, however, it is not all-encompassing. This often shows in
rational design not approaching the predicted results, and serendipitous results being
ground-breaking. This does not lead to the conclusion that these approaches are therefore
not worth-while, as there are many success-stories around. There is a lot still left to learn

about the biological systems and how they can be manipulated for useful purposes. This is
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exactly what is seen in the body of work presented in this thesis. Most approaches of
rational design did not lead to the ultimate aim of a higher productivity in our Bi,-producing
strain, however, a lot of knowledge has been gained, leading to further, more informed

choices of how to proceed towards this aim.
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