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Abstract

Pichia pastoris is an established platform for the production of industrial enzymes. This non-
fermentative methylotrophic yeast has many attractive features for the production of
heterologous protein both in the laboratory and in industry. The PichiaPink™ multi-copy
secreted expression system was selected for the heterologous production of the fluorinase
from Streptomyces cattleya. Fluorinase enzymes are useful for the production of fluorinated
compounds which are applied in the agrochemical and pharmaceutical industries. The gene
was cloned into the pPinka-HC vector and used to transform four host srains by
electroporation. Protein production was induced with 0.5% methanol and expression and
activity was analysed by SDS-PAGE and a HPLC activity assay. Construction of the pPinka-
HC-fLA expression plasmid and transformation of the host strains proved succesful. The
PichiaPink™ integrants showed genetic instability as the expression cassette showed signs
of gene excision, thereby reducing the gene copy number. The wild-type strainl efficiently
secreted the foreign protein into the culture media, but the a-MF secretion signal was not
processed correctly and secretion failed for the three protease knockout strains. However,
the enzyme in both the secreted and intracellular protein fraction showed activity. Secretion
methods need to be optimised and intracellular expression should be explored. The
fluorinase enzyme was successfully cloned and expressed in four PichiaPink™ strains and a

biologically active protein was produced.
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1. Literature Review

1.1 Recombinant DNA Technology

One of the major uses for recombinant organisms is to manipulate them in order to produce
a foreign gene and consequently express foreign protein. Many proteins are used in industry
and are of high commercial value. However obtaining the protein directly from the host is not
always viable (Li et al, 2011). For example, when the desired protein is produced at very low
levels in the host, or when the protein is not always expressed readily in the host,
heterologous expression would be more applicable. Producing proteins easily, inexpensively
and completely active are some of the important factors relating to the production of proteins
(Daly et al, 2005). The choice of expression system for the production of heterologous
protein is a key factor. A plethora of expression systems exist, with some of the most
commonly used being the bacterial Escherichia coli systems and fungal Saccharomyces
cerevisiae system. This study will explore Pichia pastoris for the production of industrial

enzymes due to its many advantages over traditional systems, and are explored below:
1.2 Comparison of P. pastoris to other expression systems
1.2.1 Bacterial hosts

The first heterologous protein was expressed in E. coli in 1977 by Itakura et al., (1997); over
the past four decades prokaryotes such as E. coli have been one of the most well studied
and commonly used expression systems in both the laboratory and industrial setting.
However, there are many limitations associated with using prokaryotic systems that become
especially evident when the protein to be expressed is that of a more complex protein.
Prokaryotic systems are simple in nature and lack intracellular organelles, such as the golgi
apparatus and endoplasmic reticulum present in eukaryotes, which function in modifying
proteins (Li et al., 2011). These modifications include phosphorylation, glycosylation,

disulphide-bond formation and correct folding.

The inability of prokaryotes to correctly fold heterologous proteins can lead to the production
of an inactive protein, as well as insoluble and misfolded inclusion bodies (Daly et al., 2005).
This is one of the major issues with prokaryotic systems such as E. coli. Consequently it
becomes necessary to perform additional purification steps, including solubilising and re-
folding of the protein which is both time consuming and an added expense, reducing

commercial viability (Harbron, 2009).



Other limitations with E. coli hosts includes the occurrence of translational errors, as these
systems do not recognise rare codons and lack the intracellular machinery for splicing
introns when processing mMRNA; leading to the production of non-functional proteins (Khow
and Suntrarachun, 2012). Another occurrence with E. coli- produced proteins is the retention
of the amino-terminal methionine; this causes instability and immunogenicity a major
drawback (Daly et al., 2005).

Due to the many limitations of prokaryotic expression systems, the system cannot be applied
broadly to protein production, especially when the foreign protein is from a eukaryotic host,
requires specialised madification, or even if solubility (inclusion body formation) is a problem

and purification steps require minimisation (Daly et al., 2005).
1.2.2 Yeast hosts

Eukaryotic expression systems have been explored in the recent years with focus on
mammalian and yeast systems. However, the choice of a mammalian system for the
production of heterologous protein is not always viable as these systems are expensive to
use as well as time consuming which is not attractive to industry. Specialised media and
growth conditions are required; an overall sensitive system that is not easy to work with and
prone to viral contamination (Cregg et al., 2000; Macauley-Patrick et al., 2005). Yeast
systems like the P. pastoris system is considered easier, less expensive and faster to use in

comparison to other non-yeast eukaryotic systems (Cregg et al., 2000).

Yeasts, like prokaryotes are single celled organisms, grow rapidly and are easily
manipulated, where they can be transformed with DNA. An advantage of this system is that
it is eukaryotic, thus making it capable of implementing posttranslational modifications.
These include glycosylation, proteolytic processing, disulphide bond formation and

producing the correct folding patterns (Cregg, 2007).

S. cerevisiae was the first eukaryotic system used to produce heterologous proteins; this
was mainly due to its safe history in producing commercial fermented products. S. cerevisiae
is a well characterised system and has been applied to the production of a large array of
proteins, however, it also has a number of limitations. A major problem with S. cerevisiae for
the production of proteins was its primitive glycosylation pathway and tendency to produce
hyperglycosylated proteins (Curran and Bugeja, 2009; Lin-Cereghino and Lin-Cereghino,
2007). This generated the need for an alternative yeast host and P. pastoris was explored
(Curran and Bugeja, 2009). It grows to high cell densities producing proteins on the

milligram-gram scale, it also produces shorter glycosyl chains producing a more authentic



protein (Ahmad et al., 2014; Aw and Polizzi, 2013). In the past twenty years P. pastoris has

become one of the more popular yeast expression systems.

1.3 P. pastoris as an expression system

P. pastoris was developed as an expression system in the 1980s and plays a critical role in
biotechnology and the large-scale production of heterologous proteins. It is commonly
applied to the production of proteins for molecular medicines, biopharmaceuticals and
industrial enzymes used in biocatalysis (Ahmad et al., 2014; Cregg et al., 2000). P. pastoris
has been used to express a wide variety of heterologous protein, both from prokaryotes and
eukaryotes; including those from higher organisms. The system is useful for producing large-
scale quantities of protein and this is useful for both laboratory research and in an industrial
setting (Macauley-Patrick et al., 2005). The expression system has many advantages for the
production of heterologous proteins.

1.3.1 Methanol metabolism and respiratory growth

Unlike S. cerevisiae which is fermentative yeast, P. pastoris is non-fermentative, thereby not
fermenting carbon sources (Cregg, 2007). High cell densities are reached firstly, because
carbon sources are converted to biomass, and secondly there is no build-up of ethanol, a

toxic product of fermentation which hampers growth (Cereghino and Cregg 2000).

A feature somewhat unique to P. pastoris is that it is one of only 30 species of yeast that
metabolise methanol. Methylotrophic yeast species are only found in two genera, namely
Pichia and Candida (Cregg et al., 2000). During the process of methanol metabolism the
oxidation of methanol to formaldehyde produces hydrogen peroxide, catalysed by a
peroxisomal matrix enzyme alcohol oxidase (AOX). Hydrogen peroxide can be toxic to cells,
however the process of methanol metabolism takes place in the peroxisomes where it is
removed, limiting toxicity to the cell (Cereghino and Cregg 2000; Macauley-Patrick et al.,
2005). The by-product hydrogen peroxide is then degraded to water and oxygen by catalase
(Cat) a peroxisomal enzyme. The formaldehyde either generates energy for the cell through
oxidation or is ultimately converted to glyceraldehyde-3-phosphate. The majority of foreign
genes expressed in P. pastoris are transcribed under the control of the AOX1 promoter and

therefore a key feature is transcription in response to methanol (Lin-Cereghino et al., 2006).



1.3.2 AOX1 promoter

Ellis et al., (1985) demonstrated that the AOX gene is controlled at the level of transcription
and is a one of three methanol-regulatable genes. Cregg et al., (1989) elucidated that P.
pastoris has two genes that code for alcohol oxidase, these are the AOX1 and AOX2 genes,
where the AOX1 gene was responsible for most of the alcohol oxidase activity in the cell.
Koch et al., (2016) revealed that the AOX promoter is found in the nucleosome where it is
unavailable to the transcription machinery. Upon induction with methanol then only will the
AOX genes be released from the nucleosome and be available for transcription (Koch et al.,
2016). This is a tightly regulated system making the AOX1 gene highly favoured as a

promoter for the production of heterologous proteins.

P. pastoris produces large amounts of the AOX1 enzyme (up to 30% of the total cellular
protein) when induced with methanol as the sole carbon source (Couderc and Baratti, 1980),
which may be compensation for the enzymes low affinity for oxygen (Koch et al., 2016).
When cells are grown in glucose or glycerol the AOX1 gene is repressed and completely
undetectable in the cellular protein content. The AOX1 gene is regulated by a
repression/depression mechanism and an induction mechanism, where methanol induces

high levels of transcription (Cereghino and Cregg 2000).

The AOX1 promoter is a strong and tightly regulated inducible promoter. This feature is
advantageous being that the expression of heterologous proteins can be tightly controlled.
Cells are grown on glucose or glycerol and protein expression is induced upon the addition
of methanol. Growth on glycerol or glucose can be used to repress the promoter until high
cell densities are reached. Thereafter expression can be induced with methanol; this is a
benefit when expressing toxic protein, which may adversely affect the hosts metabolism or
functioning (Daly et al., 2005). The fact that the AOX1 gene is tightly controlled- strong
transcriptional activation, and is tightly regulated as it can only be induced with methanol,
makes the AOX1 gene the most suitable and favoured promoter to drive expression of

foreign proteins in P. pastoris.

1.4 Heterologous protein production using the P. pastoris system

To express a foreign gene in P. pastoris three basic steps must be achieved, the foreign
gene must be inserted into an expression vector, the expression construct must be
integrated into the host genome and finally the strains must be examined for expression of
the gene of interest (Macauley-Patrick,et al.,2005). A cloning strategy should be devised

which includes selecting a host strain and an expression vector. These will be reviewed in



the following section. Figure 1.1 illustrates the steps involved in producing a heterologous
protein in P. pastoris, from the cloning of the gene of interest into the expression vector to
the expression of the protein. Considerations when selecting a host strain and expression

vector is outlined in figure 1.1.

Selection of host strain: % %‘&

+ wild types
+ protease-deficient strains
+ auxotrophic strains

Protein secretion

_.-—J— F
/oﬂ/ 0
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4 — 4

/ Expression cassette \

SHR| P_GOI] TT [N 3HR | \ 0
—Li Genomic integration: ’
+ single-/multicopy
+ homologous recombination T ——
+ secretion signals:
A /\C S.c. a-MF, Pp. PHO1
Promoter: ol \ % - proteolytic processing, e.g.:

' ;%n:é:gfteive Intracellular protein expression | | w;éggf’a'ﬁiﬁmp
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« drug resistance % + membrane-associated proteins
* auxotrophy + surface display anchors ‘

Figure 1.1: The main steps involved in producing a heterologous protein in P. pastoris as

well as the main consideration when selecting a host strain and expression vector. (Adapted
from Ahmad et al., 2014)

1.4.1 Selection of a host strain and expression vector

All P. pastoris strains are derived from NRRL-Y 11430 at the Northern Regional Research
Laboratories, Peiria, IL (Cregg et al., 2000). A large variety of P. pastoris vectors and strains
are available. Selection of a particular strain and vector is ultimately dependant on the type

of protein to be expressed.

P. pastoris vectors are constructed as E.coli- P. pastoris shuttle vectors (Cereghino and
Cregg, 2000). This bifunctional system allows for replication in E. coli and maintenance in P.
pastoris (Ahmad et al., 2014). The vector contains DNA sequences for expression in the
yeast host system and bacterial sequences that allow for the gene to be cloned and
replicated in E. coli. The bacterial backbone contains an origin of replication (ORI) to enable

replication in E. coli. Bacterial sequences include a selectable marker, most commonly Amp~



which codes for ampicillin resistance and is used for selection in early cloning steps (Curran
and Bugeja, 2009).

The vector also contains sequences for selection in P. pastoris, selection may be based on
auxotrophy or antibiotic resistance. Zeocin™, blasticidin S. and geoticin resistance are the
antibiotic resistance genes that are available for P. pastoris (Ahmad et al., 2014)
Auxotrophically marked host strains are available with complementing gene containing
vectors, most commonly HIS4, ARG4, ADE1 and URA3 (Ahmad et al., 2014, Lin-Cereghino
and Lin-Cereghino, 2007).

Expression vectors contain an expression cassette with a promoter region most commonly
the AOX1 promoter to drive mRNA production, followed by a multiple cloning site (MCS) for
insertion of the foreign gene and a transcription termination region (Cregg and Creghino,
2000, Curran and Bugeja, 2009). As the AOX1 promoter is not always suitable, a variety of
promoters are available for P. pastoris which include both inducible and constitutive
promoters. Alternative promoters include the P. pastoris FLD1, GAP, PEX8, GLUT1, ENO1
and YPT1 (Cregg and Creghino, 2000; Macauley-Patrick et al.,, 2005). The expression
cassette also contains unique sites for linearization, for integration of the expression
cassette into the host genome. In P. pastoris these sites are most commonly the AOX1

promoter or the locus for selection (Ahmad et al., 2014).

Vectors for secretion and intracellular expression are available for P. pastoris (Ahmad et al.,
2014). Extracellular expression is achieved by fusion of a secretion signal upstream of the
MCS. The most common secretion signals used for P. pastoris are the acid phosphatase
signal, native to P. pastoris and the a-mating factor and invertase signal derived from S.
cerevisiae (Ahmad et al., 2014). According to Cereghino and Cregg, (2000) P. pastoris
secretes low levels of endogenous protein which allows for easy purification as the foreign
protein will make up the higher portion of total protein in the medium. The option of secretion

is usually only selected for proteins that are secreted in the native host (Cregg et al, 2000).
1.4.2 Transformation and gene integration

P. pastoris is transformed by integration of the gene of interest into the host genome.
Integration occurs via homologous recombination, where the vector and host genome
contain regions of homology. Orr-Weaver et al., (1981) showed that ends of linear DNA
(broken ends) are highly recombinogenic and interact directly with homologous chromosal
DNA. Homologous recombination is important for genetic variation during sexual

reproduction. It is also important for DNA repair synthesis, where DNA double strand breaks
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initiate homologous recombination. This is the hallmark for integration of foreign DNA into a

host genome by a linearized plasmid containing homologous ends (Aguilera et al., 2000).

The first type of integration event occurs when the vector is digested in a unique site with a
restriction enzyme, this is most commonly in the selection marker gene (HIS4 or ARG4 etc,)
or in the AOX1 promoter region (Li et al., 2007). This type of recombination leads to insertion
of the foreign DNA into the host genome. The free linearized DNA stimulates the vector to
recombine at the cut locus via a single crossover event, illustrated in Figure 1.2A-B (Daly et
al., 2005).

The second type of recombination occurs when the vector is digested in two unigue sites
and the free DNA ends are homologous to two regions in the host genome. This is most
commonly achieved by digesting the vector at the 5> AOX1 promoter and in a second AOX1
gene (Li et al., 2007). This leads to the deletion/replacement of a portion of the host genome

with the gene of interest, illustrated in figure 1.2C (Daly et al., 2005).
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Figure 1.2: Homologous recombination in P. pastoris. Integration of the gene of interest via
A-B: gene insertion or C: gene replacement (Adapted from Daly et al., 2005).

Gene replacement leads to the production of single copy transformants, which are more
genetically stable. On the other hand integration by insertion leads to less genetically stable
transformants (Daly et al., 2005). Integration by insertion can to lead multiple insertion
events where multiple copies of the expression cassette are inserted with frequencies
between 1-10%. Multiple copy transformants occur by tandem multiple integration events
due to repeated recombination events (Daly et al., 2005, Romanos et al., 1992). After the
first integration event between the vector and the host genome, second and third events can
occur with additional free plasmids (Sunga et al., 2008). The process of tandem multiple

integration is illustrated in figure 1.3 below.
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Figure 1.3: Tandem multiple integration due to repeated insertion events. The initial
integration event occurs between the vector and the host genome, second, third and more
events can occur with additional free plasmids, leading to the production of transformants

containing multiple copies of the expression cassette (adapted from Li et al., 2007).

Transformation of the expression cassette into the host genome can be achieved by,
sphleroplast formation, lithium chloride treatment or by electroporation (Daly et al, 2005).
According to Wang et al., (2004) electroporation results in an increased uptake of plasmid
DNA, compared to other transformation methods. The method of spheloroplast formation
also yields high transformation efficiencies but is a long and cumbersome method when
compared to electroporation (Wu et al., 2004). The electroporation method will be used to
transform the yeast cells in this study. Electroporation is used to transfer biological
molecules across cell membranes (Richey et al., 1989). The host cells and DNA are mixed
in a conductive solution and held within an electric circuit. A high voltage electric pulse is
then applied to the circuit containing the cell mixture. The pulse causes temporary pores to
form in the cell membrane and a subsequent rise in the electric potential allows DNA

molecules to pass through (Shigekawa and Dower, 1988).

1.4.3 Limitations of P. pastoris

While there are many advantages of using P. Pastoris as an expression host, limitations and
disadvantages exist as is the case with any biological system. The process of transformation
is inefficient as DNA must enter the cell as well as integrate into the host genome, yielding

low transformation efficiencies (Wu and Letchworth, 2004). When expressing a protein with
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no commercially available antibody, screening for multi-copy clones is also difficult as a
simple western blot cannot be done (Li et al., 2011). For secreted protein expression,
especially during large-scale production in a bioreactor, proteases are a major concern as
they are secreted into the media and can lead to degradation of the foreign protein (Li et al,
2007).

kTM

In recent years, PichiaPink'™ has been developed to overcome the problems that have been

kTM

associated with P. pastoris. PichiaPin is a production strain of P. pastoris that has been

developed by Invitrogen (Life Technologies Corporation, Carlsbad, CA, USA).
1.5 An Overview of the PichiaPink ™ expression system

The PichiaPink™ expression system from Invitrogen is a production strain of P. pastoris and
offers many advantages over other traditional P. pastoris systems. The system offers two
types of copy vectors, a low and high copy. Additionally, it offers high copy vectors
constructed with the commonly used a-mating factor secretion signal sequence derived from
S. cerevisiae (figure 1.4). Four strains are available, one wild-type and three protease knock-
out strains allowing you to screen different strains for the highest expression. The system
provides a new efficient method to screen for multi-copy transformants based on colour

kTM

formation. The PichiaPink ™ strains are ADE2 auxotrophs and selection is based on ADE2

complementation.
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7898 nucleotides

5 AOX1 promoter region: bases 1-940

a-mating factor secretion signal: 941-1194

Multiple cloning site: bases 1196-1222

CYC1 transcription termination region: bases 1228-1502
ADE? promoter region: bases 1517-1528

ADEZ ORF: bases 1530-3215

TRP2 gene: bases 3439-5250

pUC ori: 5619-6292 (c)*

Ampicillin (bla) resistance gene: bases 6437-7297 (c)

*(c): complementary strand

Figure 1.4 The pPinka-HC plasmid for secreted protein expression, contains a-MF secretion
signal from S. cerevisiae, the ADE2 gene and its promoter for selection and a pUC19
bacterial backbone with Amp® (adapted from invitogen).

1.5.1 Selection in PichiaPink™

ADE2 complementation allows for visual selection of recombinant PichiaPink™ strains. The
PichiaPink expression vectors contain the functional ADE2 gene and the full ADE2 gene is

knocked out in PichiaPink™

strains (Invitrogen). The ADE2 gene encodes for
phosphoribosylaminoimdazole carboxylase which functions in the biosynthesis of purine
nucleotides (Li et al., 2011). When the ADE2 gene is mutated it leads to the colonies
becoming red in colour, due to the accumulation of purine precursors in the vacuole. This
phenotype can be used as a method for screening positive clones. PichiaPink™ strains
require adenine in the media to grow as they are ade2 auxotrophs. The PichiaPink™
expression plasmids have the ADE2 gene and when the PichiaPink™ strains are

transformed with these expression plasmids the ADE2 gene is re-introduced into the P.
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pastoris chromosome and can therefore grow on media lacking adenine (Li et al., 2011;

Invitrogen).

After transformation the adenine biosynthetic pathway is re-established and the red
phenotype is reverted back to the wild-type white phenotype. White colonies represent
colonies that have been successfully transformed. This eliminates the need for other
screening methods such as selection based on antibiotic resistance (Ahmed et al., 2004;
Invitrogen). Following transformation, both white and pink colonies will be observed, which
can be related to their expression levels. This is because the colour of the colony is directly
related to the copy number of the plasmid. In the pink colonies very little of the ADE2 gene is
expressed and in white colonies a larger amount is expressed, indicating the white colonies

have a higher copy number of the plasmid (Du et al., 2012; Li et al, 2011).

The high and low copy vectors express the ADE2 gene from different promoter lengths,
which relates to the copy number of the gene. High copy vectors have a truncated ADE2
promoter of 13 bp and the low copy vectors have a 82 bp ADE2 promoter (Du et al, 2012).
For PichiaPink™ strains to grow on media lacking adenine, sufficient amounts of the ADE2
gene must be expressed from the marker gene on the PichiaPink™ vector (Invitrogen). In
the case of the low copy vector, lower copies of the integrated expression cassette are
required, as the ADE2 promoter is stronger. In the case of the high copy vector, higher

copies of the integrated expression cassette are required for the PichiaPink™

strains to grow
on media lacking adenine as the promoter strength of the high copy vector is weaker (Du et

al, 2012).
1.5.2 Extracellular secretion and the a-mating factor secretion signal

Selecting an expression vector for secreted protein production is attractive in industry as,
product secreted to the culture media relieves the need for expensive and time consuming
purification steps (Aw and Polizzi, 2013). The pPinka-HC vector contains the S. cerevisiae a-
mating factor secretion signal for targeted protein secretion. This is the most commonly used
secretion signal used in the production of secreted proteins in P. pastoris (Daly et al., 2005).
The a-MF signal is composed of a pre-pro leader sequence, the pre-sequence is 19 amino
acids and is followed by a 66 amino acid pro-sequence (Glick and Fitzgerald, 2014).
Processing of the signal sequence and folding of the foreign protein involves several steps.

The pre-sequence functions to direct the protein into the secretory pathway, and is then
removed during the translocation of the protein in the endoplasmic reticulum. Protein folding

and other modifications begin in the endoplasmic reticulum (Glick and Fitzgerald, 2014). The
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pro-protein is transported to the golgi apparatus. In the golgi the pro-sequence is removed
by Kex2, an endo-peptidase that is produced in the golgi. The mature protein is then
packaged in secretory vesicles and transported to the cell surface (Daly et al 2005; Lin-
Cereghino et al., 2013).

1.5.3 Protease knockout strains

When the protein of interest is targeted for secretion, there is a risk of the protein being
degraded by proteases. During the process of fermentation, proteases are secreted into the
medium which leads to the subsequent degradation of the desired protein, thereby
decreasing the overall yield of the expressed protein (Cregg, 2007). Similarly, when the
protein is expressed intracellularly, during protein purification, the protein is at risk of
degradation due to the release of proteases in the subsequent lyses steps (Macauley-Patrick
et al., 2005).

The PichiaPink™ expression system offers four strains of which, three are protease knock-

kTM kTM

out strains. PichiaPink ™ strain 1 is a protease wild-type, PichiaPink'™ strain 2 is pep4 knock-

kTM kTM

out, PichiaPink'™ strain 3 is a prbl knock-out and PichiaPink'" strain 4 is a pep4 and prbl
knock-out (Invitrogen). The PEP4 gene codes for proteinase A which activates
carboxypeptidase Y and proteinase B (encoded by PRB1) (Cregg et al., 2000; Li et al.,

2007). The availability of more than one strain in the PichiaPink™

expression system
provides the option of selecting a strain that produces the desired protein levels before large
scale expression. This utility facilitates time saving and also reduces overall costs, which is

advantageous.

1.6 The Target Protein- fluorinase

In 1986 Streptomyces cattleya a soil bacterium, was reported to produce fluoroacetate and
fluorothreonine. This organism has been used to study fluorometabolite biosynthesis and
fluorination enzymology (O’ Hagan and Deng, 2015). The first enzyme committed to
fluormetabolite production, 5'-fluoro-5’-deoxyadenosine (5’FDA) synthase (EC 2.5.1.63) also

called fluorinase was first isolated from S. cattleya in 2003 (Schaffrath et al., 2003).

The fluorinase enzyme catalyses the reaction between S-adenosyl-L-Methionine (SAM) and
fluoride ion to produce 5’-fluorodeoxyadenosine (5-FDA) and L-Methionine (Deng et al.,
2004; O’ Hagan and Deng, 2015) (figure 1.5). The identified fluorinase was found to
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participate in secondary metabolism by delivering fluorinated products when S. cattleya was

grown in the presence of fluoride (O’ Hagan and Deng, 2015).

Figure 1.5: The fluorinase catalyses a substitution between SAM and fluoride ion to produce
5'FDA (Adapted from O’ Hagan and Deng, 2015).

After isolation of the first fluorinase enzyme, four more fluorinase genes were found through
genome mining, however, the number of fluorinase genes being identified remains relatively
few (O’ Hagan and Deng, 2014). This is due to the fact that natural sources of fluorinated

compounds are uncommon in nature.

The field of synthesizing fluorinated organic compounds has increased over the years due to
their significance in agrochemical and pharmaceutical industries. Fluorine substitutions are
used in these fields as fluorine has a great effect on membrane permeability, metabolic
stability and receptor-binding properties. For example fluorine substitution in medical
applications increases stability, bioactivity, hydrophobicity and bioavailability of molecules
which in turn improves therapeutic indices (Zhang et al., 2012). According to Furuya et al.,
(2011), approximately 20-30% of drugs on the market contain a fluorine molecule. Methods
have been developed to synthesise fluorinated compounds, however, progress in
determining biologically based methods are required (Zhang et al., 2012).
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2. Aims and Objectives

Identifying potential biocatalysts with significance to industry is one of the major focusses in
our lab. Due to the number of processes and modifications that are essential to produce a
biologically active protein, the final protein structure, function and activity is dependent on
the choice of expression system used. Cost and time are also a major consideration when
selecting an expression system for protein production. In most cases, proteins of commercial
interest originate from eukaryotes like plan