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Abstract

With the advent of molecular biology and genetic transformation the production of
high value proteins in recombinant host cells has become an everyday reality.
However, the establishment of the optimum conditions for every target protein
requires to take into account the nature of the product, and needs experimentation. In
this study the over-expression of an industrially important monoamine oxidase was
attempted using different expression systems, both homologous and heterologous,
and the optimum conditions for the industrial production were established. Amine
oxidases exhibit stereoselectivity, and, therefore, can potentially be used for the
deracemisation of non-optically pure mixtures of amines leading to optically pure
amines of high value in the fine chemical and pharmaceutical areas. Initially,
different strains of 4.niger were evaluated regarding their ability to produce the
industrially important monoamine oxidase (MAO-N), while later optimisation of the
culture conditions took place. These were achieved by the use of the appropriate
nitrogen source, incorporation of an amine oxidase inhibitor to reduce inducer’s
breakdown and consequently boost amine oxidase expression, and the induction of
the culture at the appropriate time. Over-expression of the genetically modified
MAO-5N in E.coli was studied under different experimental setups with the aim of
improving both the activity of the produced enzyme leading to relatively low-cost
scalable processes. Towards this aim, substitution of the expensive inducer IPTG
with the less expensive lactose took place, while changes in the feed profile were
implemented. Moreover, the examination of the combined effects of induction
biomass levels and oxygen availability, through the use of air and oxygen enriched
air, in the culture led to significant increase of the enzyme activity and gave
important insights about the sensitivity of this enzyme under highly oxidative
conditions. Undoubtedly, E.coli remains the main workhorse for the production of
recombinant proteins, nevertheless, the use of methylotrophic yeasts is gaining
significant ground and for that reason a P.pastoris system intracellularly expressing

the MAO-5N was investigated. Appropriate monitoring and control of the bioprocess

Xvi



along with optimisation of the carbon flux led to significantly higher volumetric
MAQO activities and better biotransformation capacity of the whole cells than the

previously used E.coli systems.

The aforementioned improvements result in more efficient processes, where both the
overall productivity is increased with a simultaneous reduction of the cost which
ultimately leads to production of cheaper valuable compounds. Moreover, the present
study extends our knowledge on the nature and physiology of monoamine oxidase
production by microbial organisms and suggest a solution which can be implemented

for the industrial manufacture of other oxidase type enzymes.
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Chapter 1

Literature review and aims



1.1. Literature review

1.1.1. Amine oxidases

1.1.1.1. Introduction to Amine Oxidases

The amine oxidases form a large group of enzymes which are widely distributed in
nature. They are found in higher organisms like mammals as well as in plants and
microorganisms (fungi and bacteria). All the enzymes of the amine oxidase group
catalyze the oxidative deamination of amines to form the corresponding aldehydes,

ammonia and hydrogen peroxide, as shown in the following reaction:

RCH,NH, + H,O + O, — RCHO + NH ;5 + H,O,

Figure 1.1. Reaction catalysed by amine oxidases.

Amine oxidases are usually divided into two groups based on the chemical nature of
the attached co- factor; the flavine adenine dinucleotide (FAD)-containing enzymes
(EC. 1.4.3.4), and the copper containing amine oxidases (EC. 1.4.3.6). The latter
group contains also topa — quinone (TPQ) as a co-factor (Klinman, 1996), which is
formed post-translationally by modification of a tyrosine unit in the amino acid chain

(Janes et al, 1990).

The nomenclature of the amine oxidase enzymes is somewhat confusing, as the
various amine oxidase enzymes exhibit different specificities and preferences
towards substrates. Moreover, the varying nature of the co-factor also adds to the
complexity. As early as (1928), Hare described an enzyme that catalyzed the
oxidative deamination of tyramine. This was the first mention of the enzyme now
known as monoamine oxidase (or amine oxidase). It was later found by Blaschko et
al. (1937) that this enzyme did not act on diamines, such as putrescine (1,4-
diaminobutane) and cadaverine (1,5 — diaminopentane). Additionally, this enzyme

was inactive against histamine, which was found to be deaminated by the then



known histaminase. Histaminase of pig kidney was also active against aliphatic
diamines like putrescine and cadaverine (Zeller, 1951). Therefore, the term
histaminase has now been replaced by the term diamine oxidase, however, it is a fact
that many so called monoamine oxidases act on many diamines, and conversely

diamine oxidases may act on many monoamines (Blaschko, 1963).

As discussed above, a way of classification of amine oxidases is by the co-factor they
are bound to. FAD and TPQ containing enzymes can be both classified as
monoamine oxidase and diamine oxidase depending on the substrates they prefer to
act on. In the case of the mammals FAD containing monoamine oxidases, there are
two subcategories, the MAO A and the MAO B. This further classification took
place due to the different chemical properties, in particular the different affinity for
different substrates, and the differing response of these enzymes to various inhibitors.
The MAO A preferentially oxidizes the substrate B- phenethylamine, while MAO B
preferentially accepts substrates, such as serotonin and norepinephrine
(noradrenaline). However, these compounds are not entirely specific for the
respective MAO form (Ochiai et al, 2006). Therefore, classification by means of
responses to specific inhibitors has been more convenient for the identification of
different types of amine oxidase. The differentiation of the two forms by the use of
inhibitors is based on Johnston (1968) and Knol and Magyar (1972 ) which state that
clorgyline can specifically inhibit the MAO A and deprenyl can specifically inhibit
the MAO B. The TPQ amine oxidases are not inhibited by the above compounds, but
they are almost completely inhibited by semicarbazide (Ochiai et al, 2006), this is the
reason why their name is very often abbreviated as SSAO, which stands for
semicarbazide sensitive amine oxidase. It is worth noting that MAO A and MAO B
are different proteins encoded by distinct genes in the human genome. They are also
clearly distinct in their primary amino acid sequences and the molecular weights of
the subunits of purified human MAO A and MAO B (Weyler et al, 1990; Weyler &
Salach, 1985).



1.1.1.2. Amine oxidases in microorganisms

Research into amine oxidases has mainly targeted mammalian enzymes, due to their
importance in the metabolism of aromatic amines, including neurotransmitters, such
as serotonin, adrenaline, histamine and dopamine. This area has received great
attention, and has led to the development of new drugs (MAO inhibitors) for the
treatment of Parkinsonism and Alzheimer’s disease, as well as for the alleviation of

depression (Shih & Thompson, 1999).

The existence of amine oxidase enzymes in microorganisms is very widespread, and
in many cases, more than one kind of amine oxidase enzyme is simultaneously
expressed in these organisms (Frébort et al, 1997). This fact makes the study of the
function and physiological roles of microbial amine oxidases more complicated. The
simplest organism in which an amine oxidase type enzyme is found is the
archaebacterium Methanosarcina barkery, which is indicative of the appearance of
these enzymes at a very early stage in microbial evolution (Yagodina et al, 2002).
Among the microorganisms which possess amine oxidase enzymes are the fungal
genera Aspergillus, Penicillium, Fusarium, Coccidiodes, Armilaria, Trichoderma
(Frébort et al, 1997), Brettanomyces, Debaryomyces, Hansenula, Hanseniaspora,
Pichia, Schwanniomyces, Saccharomyces (Walt, 1962), Candida (Haywood & Large
1981) Trigonopsis, Pichia (Green et al, 1983), and the bacterial genera
Micrococcus, Klebsiella, Escherichia, Pseudomonas, Brevibacterium,
Enterobacter, Salmonella, Serratia, Proteus (Murooka et al, 1979), Arthrobacter

(Levering et al, 1981).

It 1s worth mentioning that both flavin and copper containing amine oxidases can be
expressed and sometimes co — expressed in one microorganism (Frébort et al, 1997).
Figure 1.2. shows the classification of the various amine oxidases found in

microorganisms.



Amine Oxidase

FAD Containing AO Cu containing AO (E.C 1.4.3.6)
MAO (E.C. 1.434) PAO (E.C. 1.5.3.11) MAO DAO

Figure 1.2. Classification scheme for the microbial amine oxidases.

1.1.1.3. Nitrogen metabolism and amine oxidase expression in fungi

The preferred nitrogen sources for most prokaryotes, and lower eukaryotes, are
ammonium, glutamate and glutamine. However, in the absence of these compounds,
cells can utilize a variety of secondary nitrogen compounds as sole sources of
nitrogen. The utilization of these secondary nitrogen sources is highly regulated, and
requires the co-ordinated synthesis of enzymes and permeases which are subject to
nitrogen metabolite repression, which ensures that these activities are functional only
when supplies of the preferred nitrogen sources are limited (Debusk & Ogilvie,
1984). Nitrogen control activates the expression of the genes which encode the
aforementioned proteins, only in the absence of the primary nitrogen source. The de
novo synthesis of the permeases and catabolic enzymes of a particular pathway is
controlled at the level of transcription, and often requires two distinct positive
signals: the first of which indicates the absence of primary nitrogen source (nitrogen
de-repression), and the second of which is a pathway- specific signal and indicates
the presence of a substrate or an intermediate of that pathway. This process enables
the selective expression of just the enzymes of a specific catabolic pathway, from

many potential candidates within the nitrogen regulatory circuit (Marzluf, 1997).

Among the enzymes that can be expressed by the nitrogen regulatory mechanism are

those responsible for the assimilation of nitrate (nitrate and nitrite reductase), urea



(urea aminohydrolase), various amino acids (both L and D — amino acids). However,
in the case of D — amino acid utilisation, the enzymes which are responsible for the
conversion of the amino acids to the utilizable ammonium ion form, namely the D -
amino acid oxidases, these do not strictly follow the rules of the nitrogen regulatory
system, as the ammonium which is a primary nitrogen source does not repress the
expression of the D amino acid oxidase mRNA, but acts at the subsequent
translational level, which is in contrast to the enzymes of the nitrogen regulatory
mechanism (Molla et al, 2003). On the other hand, the L — amino acid oxidase is

under the control of the nitrogen regulatory system (Sikora & Marzluf, 1982).

Other compounds that can be utilized by the nitrogen regulatory system are amines.
Though not well investigated, the utilization of amines by microorganisms seems to
be controlled by the nitrogen regulatory system. It has been found that only the
presence of an amine can induce the expression of the respective amine oxidase
when ammonium is absent. It has been reported that ammonium strongly represses
the expression of amine oxidase enzymes by fungi (Schilling & Lerch, 1995b; Zwart
et al, 1980).

1.1.1.4. Fungal metabolism of amines and amine oxidase

As regards methylamine and other methylated nitrogen sources it has been reported
that in the case of methylotrophic yeasts such as Pichia pastoris, Hansenula
polymorpha, Candida boidinii, the utilization of such nitrogen sources can take place
through the methanol dissimilation pathway of formaldehyde and formate
dehydrogenases. Methylamine is oxidized to formaldehyde, hydrogen peroxide and
ammonia by the amine oxidase, and then the peroxisomal enzymes oxidize
formaldehyde to carbon dioxide with an overall gain of two NADH molecules from
one processed formaldehyde molecule. The toxic hydrogen peroxide is degraded by
peroxisomal catalase. As can be seen in figure 1.3., the formaldehyde produced by
the methylotrophic cells inside the peroxisomes can also be used as a carbon and
energy source through the xylulose monophosphate pathway (van Dijken et al,

1987). That is to say, the formaldehyde molecules are condensed with xylulose 5-



phosphate molecules, and are converted into the C3-compounds dihydroxyacetone
and glyceraldehyde 3-phosphate which subsequently enter the glycolysis pathway
(Hartner & Glieder, 2006). The previous conversion is catalysed by a transketolase

called dihydroxyacetone synthase (Sakai et al, 1998).

Enter glvcolysis

Figure 1.3. The pathway for the utilisation of methanol and methylamine by fungi. The
enzymes involved are: 1.alcohol oxidase, 2. amine oxidase, 3. formaldehyde dehydrogenase,
4. dihydroxyacetone synthase, 5. formate dehydrogenase

The cultivation of the C.utilis and H.polymorpha cells in media containing
methylamine, or other alkylated amines such as dimethylamine and trimethylamine
as sole nitrogen source, leads to an increase of the number and volume of
peroxisomes (Zwart et al., 1980, Zwart & Harder 1983; Faber 1995). However, in the
case of the filamentous fungus A.niger the increase in the number of peroxisomes
and the increase in their size induced by n-butylamine is much lower (Frébort et al,
2000). These peroxisomes contain high levels of amine oxidase and catalase (Zwart
et al, 1980). Catalase synthesis was mainly regulated at the transcriptional level
(Sakai et al, 1998) even though some regulation at the post-translational level, which
was detected at the import into peroxisomes, has been reported (Horiguchi et al,
2001).

Methylamine induces the transcription of formaldehyde and formate dehydrogenases
even in the presence of glucose, as long as ammonia is absent (Lee et al., 2002; Shen

et al., 1998; Nakagawa et al., 2004).



It 1s important to mention that growth of methylotrophic yeast in the presence of
methylamine and ammonia is not possible, due to the fact that the MAO is strongly
repressed; therefore the amount of formaldehyde is not sufficient to induce the

methylotrophic routes of carbon assimilation (Zwart et al, 1983).

It was observed that the utilization of amines such as methylamine and ethylamine
caused increased cell biomass production when the microorganisms used had the
appropriate enzymatic tools to metabolize formaldehyde and acetaldehyde,
respectively. However, in the case of methylotrophic yeasts, the enzymes of the
dissimilation pathway can still be expressed and oxidize the toxic formaldehyde with

the concomitant generation of energy (Zwart & Harder, 1983).

In a similar fashion, yeasts which are able to grow on ethanol have the ability to
utilize ethylamine to meet their nitrogen needs. Ethanol is initially oxidized to
acetaldehyde, with the simultaneous generation of a molecule of NADH by an
alcohol dehydrogenase while the aforementioned product (acetaldehyde) is also
produced by the conversion of ethylamine by an amine oxidase but with hydrogen
peroxide and ammonium as by-products. Then, acetaldehyde is converted to acetyl —
CoA and can be used for both energy production and carbon assimilation (Zwart &

Harder, 1983).

NAD*

NADH
CH;CH,0H \/ NAD(P)" NAD(P)H HS-CoA
1

, > CH;CHO =55~ CH;COOH %—»CH&O—COA — > TCA cycle

H,0

CH,CH,NH, /f\H‘zoz o NH,
0,

Figure 1.4. The pathway for the utilisation of ethanol and ethylamine.
The enzymes involved are: 1. alcohol dehydrogenase, 2. amine oxidase, 3. aldehyde
dehydrogenase, 4. acetyl-CoA synthetase.

When it comes to the metabolism of methylated amines such as dimethylamine and
trimethylamine, it was observed in C. utilis cells that NADH dependent mono —

oxygenases perform the de-methylation of these compounds (Green & Large, 1983)



and subsequently the produced methylamine and formaldehyde molecules are further
utilized as mentioned above. Correspondingly, the ethylated amines are presumed to
be de-ethylated and the produced ethylamine and acetaldehyde to be further oxidized
(Zwart & Harder, 1983).

Yeasts have the ability to grow in the presence of various amine compounds as the
nitrogen source, provided that ammonia salts are absent. Unexpectedly, the
utilization of methylamine and ethylamine by yeast as a sole energy and carbon
source is not possible (Dijken & Bos, 1981). Zwart and Harder (1983) explained this
phenomenon by the high nitrogen to carbon ratio in these compounds. Oxidation of
amines by amine oxidases provides the necessary carbon source, but there is also an
excess of ammonium which represses the expression of the amine oxidase.
Therefore, it is not unreasonable to expect that some microorganisms may grow only
on longer carbon chain alkylamines (in which the proportion of carbon to nitrogen is
lower than the aforementioned amines) as a sole carbon and nitrogen source. Indeed,
limited growth of Aspergillus versicolor culture on pentylamine and hexylamine as

the sole carbon and nitrogen source was observed (Lindley, 1987).

An exception to the inability of yeasts and fungi in general to grow on short chain
amines as carbon, energy and nitrogen source was found in the case of strains
isolated from soil of the species Trichosporon adeninovorans, which was able to
grow on propylamine, butylamine and pentylamine (Middelhoven et al, 1984).
Additionally, another species, Trichosporon terrestre, has also been reported
previously to be able to utilize n-butylamine as carbon and nitrogen source (van der

Walt & Johannsen, 1975).



As mentioned above, amine oxidase enzymes in yeasts are located in the
peroxisomes. However, Fredbort et al. (1996) found also a copper containing amine
oxidase located in the cell wall of an 4.niger strain. The same group reported that the
hydrogen peroxide is possibly released to the extracellular space where it is degraded
by extracellular catalase. The presumed fate of the long chained linear amines is

shown in figure 1.5.

The n — amine is converted to the respective aldehyde with the concomitant
ammonium and hydrogen peroxide release, then the aldehyde is oxidized by an
aldehyde dehydrogenase to the corresponding carboxylic acid, which subsequently
undergoes 3 — oxidation (figure 1.5.). Therefore, the degradation of C 3 amines and
above proceeds through the energy generating route of f — oxidation and higher

biomass yields are expected, however, there are no experimental data to confirm this.

0, NH;+H,0, NAD(P)" NAD(P)H
CHLCH,(CHynCH,NH, = CH3CH2(CH2)nCHO>ZZ> CH;CH,(CH,)nCOOH
H,O H,O l

beta - oxidation

Figure 1.5. Utilisation of long carbon chain amines. The enzymes involved are 1. amine
oxidase, 2. aldehyde dehydrogenase

1.1.1.5. Bacterial metabolism of amines and amine oxidase

Unlike fungi, bacteria follow different routes for utilizing methylamine. The
enzymes formaldehyde and formate dehydrogenase are said to be absent from
cultures of Arthrobacter P1 (Levering et al, 1981) as well as at some methylotrophic

bacteria (Colby & Zatman, 1975).
Both methylamine and ethylamine enter the cell by an inducible amine-specific

transport system (Dijkhuizen et al, 1982). The former is fixed in the ribulose
monophosphate (RUMP) cycle, with the aid of the enzyme hexulose-6-

10



phosphate synthase. This pathway can be used for both energy generation and carbon
assimilation. When it comes to ethylamine utilization, initial oxidation by an amine
oxidase, is followed by the conversion of the resultant acetaldehyde to acetic acid,
and then oxidation via the TCA cycle. As is common for growth on C 2 substrates
(as well as fatty acids, hydrocarbons and any other substrate which is degraded into
C, units) as sole carbon source, the synthesis of the enzymes isocitrate lyase and

malate synthetase of the glyoxylate cycle is essential (Ratledge, 2006).

In contrast to many fungi, the bacteria examined so far have the ability of utilizing
amines as the sole carbon and nitrogen source (Boer et al, 1989; Hacisalihoglu et al,
1997). Moreover, the conversion of amines to aldehyde in the Gram negative
methylotroph P. versutus, and the pseudomonads, is carried out by the action of an
amine dehydrogenase instead of the amine oxidase (Hacisalihoglu et al, 1997).
Additionally, there is no polyamine oxidase activity found in any of the bacterial

species which have been examined so far (Murooka et al, 1979).

1.1.1.6. Cytotoxicity of amines

Even though not well defined, aliphatic amines damage the cytoplasmic membranes,
and their toxicity is increased with the increase in their hydrophobicity in neutral
solution. Additionally, increased pH also increases the toxicity of these compounds,
as their ‘molecular’ form penetrates the cell membrane with comparative ease
(Albert, 1985). Subsequently, the molecules may damage many important cell
organelles when they enter the cytosolic environment. Therefore, the amine oxidase
expression can potentially serve the double role of both amine toxicity removal and

use of amines as carbon, energy and nitrogen source.
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1.1.2. Aspergillus niger as a host organism

1.1.2.1. Introduction : Aspergillus niger

Aspergillus niger 1s a filamentous fungus, with very simple nutritional needs,
growing aerobically on organic matter. In nature, it can occupy a great variety of
different environments such as soil, organic waste, or decaying plant material.
A.niger has been the subject of research and industrial use for several decades due to
its use as the major world source of citric acid and high value native enzymes. It first
gained practical importance as early as in 1919, when its ability to produce citric acid
was industrially exploited. Other acids such as gluconic, itaconic and fumaric acids
have also been produced with 4. niger, even though they are of less economic
importance. The main advantages for the industrial use of A.niger are its ease of
handling, its ability to ferment a wide variety of cheap raw materials and that has
been repeatedly assessed as ‘generally regarded as safe’ by the World Health
Organization and US Food and Drug Administration (Jones, 2007; Schuster et al,
2002).

1.1.2.2. Homologous expression of proteins in Aspergillus niger and applications

A.niger due to the absorptive means of obtaining its nutrients has the ability to
secrete a wide range of enzymes. Therefore, it has long been used for the
homologous production and isolation of higher-value enzyme products including
pectinases, proteases, amyloglucosidases, cellulases, and hemicellulases.
Glycoamylase and amylases are used for starch processing and the production of
high maltose syrups (Murphy & Horgan, 2005). Pectin esterases, endo- and exo-
polygalacturonidases and pectin lyases, produced from 4. niger degrade pectin and
they are used in wine and fruit juice production to reduce the juice viscosity, increase
its filterability, improve clarification and make the concentration easier. Apart from
pectinases, various hemicellulases and cellulases (which can also be provided by
A.niger) are needed, all working together with the pectinases for the complete cell
wall degradation (Grassin & Fauguenbergue, 1999). Hemicellulases are also used to
improve the baking process by modifying the rheological properties of the dough and

give higher loaf volume and better crumb structure of bread and pastry. Glucose
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oxidase and catalase from 4. niger are used for the enzymatic determination of
glucose. Moreover the same enzymes can be exploited for the removal of either
glucose or oxygen from foods and beverages and for the production of gluconic acid
from glucose (Berka et al, 1992). Another biotechnological useful product of A.niger
are B-glycosidases which can be used to enhance fruit and floral flavour in juices and
wine. B-glycosidases hydrolyse glycosides (the glycosylated aroma precursors)
releasing the aglycones which can be terpenes, norisoprenoids, aliphatics and

phenolic compounds from the sugar moieties (Cheetham, 1999).

1.1.2.3. Heterologous expression of proteins in Aspergillus niger

Protein production by fungi is very efficient and can reach the levels of grams per
litre. In the case of 4.niger native glucoamylase production can reach the level of
30g/1 (Ward et al, 2005). However, comparably high production levels have not been
realized in the case of heterologous proteins (especially non — fungal protein

production) (Lubertozzi & Keasling, 2009).

There are several factors influencing the production of heterologous proteins by the
host organism. Limitations can take place during transcription, translation,
translocation and secretion, and extracellular degradation may also occur (Gouka et
al, 1997). With regard to transcription, increasing copies of the target gene increases
mRNA up to a certain level above which there is no further increase, which is
possibly the result of the inadequate specific regulatory protein concentration
(Verdoes et al, 1993). In the case of the translational and post-translational levels,
problems can take place at translation initiation and elongation. The correct
glycosylation of proteins during their passage through the secretory system is also an
important aspect of authenticity, particularly when it comes to therapeutic proteins
(Archer et al, 1994). Besides glycosylation another important post-translational
modification step is protein folding. Particularly the yield of the active protein is
adversely affected by incorrect oligomerisation and inefficient ligand (metal-

ion/heme) incorporation (Punt et al, 2002).
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Moreover, limitations can occur after the secretion of the proteins, as they can be
rapidly degraded by extracellular proteases (Van den Hombergh et al., 1995). It has
been reported that there was very high production of proteolytic enzymes by the host
cells which targeted heterologous proteins, and that even when this problem had been
addressed by the deletion of the endogenous protease genes from the host genome,
extracellular degradation still occurred in these protease deficient host strains (van

den Hombergh et al, 1997).

1.1.2.4. Strategies for improving the heterologous protein production

As mentioned earlier, heterologous protein production from A4.niger faces some
limitation and for that reason different strategies have been adopted to improve
protein yields. First of all, the introduction of the heterologous gene under control of
an efficient fungal promoter, in a high copy number in order to maximize the
transcription of the gene of interest was carried out (Verdoes et al, 1994). Initially the
coding region of a non-fungal gene was fused to an efficient fungal expression
signal. Later the heterologous gene expressing the product of interest was fused to
the 3’ end of a highly expressed gene, of which the gene product is efficiently
secreted. It is believed that the amino-terminal fusion partner stabilizes the
recombinant mRNA, serves as a carrier which improves the translocation of the
protein into the endoplasmic reticulum (ER), helps the folding process and protects
the heterologous portion from degradation. Fortunately, native protease activity
cleaves the carrier from the target protein allowing recovery of pure product without
an enzymatic post-treatment. For this gene-fusion strategy mainly the 4. niger or A.

awamori glucoamylase genes have been used (Gouka et al, 1997).

A problem often encountered in the heterologous expression is when proteins require
codons that are rarely used in the desired host come from organisms that use non
canonical code or contain expression-limiting regulatory elements within their
coding sequence (Gustafsson et al, 2004). Studies of heterologous gene expression
through codon optimization have reported improved heterologous production of the
Solanum tuberosum a-glucan phosphorylase (Koda et al, 2005) and the Aequorea

victoria aequorin (Nelson et al, 2004) from A.niger.
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The high protease secretion problem was addressed by the development of acid
protease-deficient host strains which led to reduction in proteolytic activity to
approximately 20% of that of the wild types (van den Hombergh et al, 1997).
However, even though the development of knock outs leads to improvement of the
yields, the filamentous fungi are characterised by a very large number of different
proteases which makes the disruption of all of them practically impossible (i.e. 4.

nidulans contains about 80 protease genes (Machida, 2002).

Apart from genetic strategies, process related strategies have been implemented with
the aim of reducing the detrimental protease activities. A pH control strategy was
adopted to reduce protease activity and increase recombinant yield ofa glucoamylase
—green fluorescent fusion protein by A.niger (O'Donnell et al, 2001). While Ahamed
et al. (2005) linked a reduction of protease activity with a reduction of peptide
nitrogen concentration in the medium. The same group found that the replacement of
a yeast nitrogen base medium with a defined salts medium further reduced protease
activity in culture supernatants. According to Wang et al. (2003) relatively low
dissolved oxygen levels and high glucose concentration minimised protease activity
and led to higher glucoamylase—green fluorescent fusion protein yields. In another
study it was found that an effective way to significantly reduce the extracellular
protease activity in 4.niger shake flasks is the addition in the culture of the protease
inhibitors chymostatin and pepstatin (serine and aspartic protease inhibitors

respectively) (Ahamed et al, 2007).
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1.1.3. Escherichia coli fermentations

1.1.3.1. Recombinant expression of products

Man has been altering the genetic makeup of many domestic animals from the
ancient times by selective breeding. However, it was not until the early 1970’s
(thanks to the revolutionary work of Paul Berg, Herbert Boyer, and Stanley Cohen)
when the direct genetic manipulation of the DNA of animals, plants and
microorganisms became possible. The first stage of the DNA recombination is the
identification and isolation of the gene — DNA fragment which is responsible for the
particular phenotype. The next stage involves the purification of the fragment and the
fusion of other DNA molecules in order to form a recombinant molecule. In the last
stage, the recombinant molecule is inserted to an appropriate host organism (gene
cloning) where the recombinant molecules are replicated by the DNA-synthesizing
machinery of the host. Therefore, recombinant DNA technology enables us to clone

the gene of interest in a foreign host and produce its product in large amounts.

1.1.3.2. Recombinant expression of proteins in Escherichia coli

Escherichia coli is the most common inhabitant of the gastrointestinal tract of
mammals including humans. It was first isolated from the faeces of a child in 1885
by the Austrian pediatrician Theodor Escherich from whom it took its genus name.
Some E.coli strains are harmless, while others are major animal pathogens. The
pathogenic E.coli are categorised into those strains causing disease inside the
intestinal tract and others capable of infection at extra-intestinal sites. E.coli are
Gram-negative, facultative anaerobe, non-sporeforming bacilli. They are

approximately 0.5 m in diameter and 1.0-3.0 m in length (Welch, 2006).

1.1.3.3. Advantages of the expression of heterologous proteins in E.coli

Undoubtedly, E.coli is one of the most widely used host organisms for the expression
of heterologous proteins. The preference of the E.coli use can be attributed to the

well studied genetics of this bacterium (which are far better understood than those of
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any other microorganism), the ease of handling and the ability to grow at very high
cell densities on relatively cheap substrates, while reaching very high specific growth
rates resulting in reduction of the fermentation time and therefore the cost of the
process. In addition, the availability of an increasing large number of cloning vectors
and mutant host strains, and the generally high yield levels of recombinant proteins
have also contributed to the predominance of E.coli expression systems (Baneyx,
1999 ; Demain & Vaishnav, 2009). A very wide range of heterologous proteins have
been produced from E.coli strains which is the standard method for the massive
production of many commercialized proteins despite the significant progress in new
expression systems, such as methylotrophic yeast strains Pichia pastoris, Candida
boidinii, Hansenula polymorpha (now called Pichia angusta) (Mack et al, 2009;
Yurimoto, 2009), and bacterial strains Streptomyces lividans (Ayadi et al, 2007;
Pimienta et al, 2007), Bacillus subtilis (Tobe et al, 2006), and Pseudomonas
fluorescens (Chew et al, 2005).

1.1.3.4. Disadvantages of the expression of heterologous proteins in E.coli

Despite the many advantages the E.coli expression systems present, there are also
some flaws especially when proteins of eukaryotic origin are expressed. The most
important weaknesses of E. coli as an expression system include the inability to
perform many of the post-translational modifications found in eukaryotic proteins,
the lack of a secretion mechanism for the efficient release of protein into the culture
medium, and the limited ability to facilitate extensive disulphide bond formation
(Makrides, 1996). In addition a disadvantage for therapeutic use of produced
recombinant proteins in E. coli is the accumulation of lipopolysaccharide (LPS),
generally referred as endotoxins, which are pyrogenic in humans as well as other
mammals. Proteins intended to be used for this kind of applications must be purified

in a second step to become endotoxin-free (Petsch & Anspach, 2000).

1.1.3.5. Recombinant protein production induced stress

E.coli cells as the host for the production of recombinant proteins have long been

used with good results; however, they are not designed by nature for the
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overproduction of recombinant proteins and as a result cells are faced with various
kinds of stresses which often resemble environmental stresses such as heat shock,
amino acid depletion and starvation. Additionally, the expression of proteins from
species very distinct from E.coli causes problems in the correct folding of the
proteins especially when it comes to the expression of eukaryotic protein as E.coli
lacks the machinery for the post translational modifications. The main problems

faced in the recombinant expression of proteins in E.coli are discussed below.

The metabolic burden imposed on the host cells can be attributed not only to the
expression of the genes of the target proteins but also in some cases to the
constitutive expression of the antibiotic resistance genes (Hoffmann & Rinas, 2001).
However, the main perturbation of the cellular metabolism is always caused when
the target protein, usually controlled by strong promoters, is synthesized at high
rates. An additional perturbation takes place in the cases where the target product
directly influences host cell metabolism. Regarding the latter problem, several
strategies have been explored to deal with the toxicity in production processes such
as generating properly engineered protein fusions (Wan et al, 1995) and promoting
periplasmic secretion (Korant & Rizzo, 1991). This technology also faces some
problems, with the most prominent being the basal level of expression of the target

protein in uninduced cells especially when the target protein is toxic to the cell.

1.1.3.6. Effects on growth

As mentioned earlier, the cells carrying recombinant plasmids face a metabolic
burden. This burden can be defined as the amount of resources, both in the form of
energy such as ATP or GTP, and raw materials such as amino acids - that is required
to maintain and express foreign DNA in the cell (Glick, 1995). Therefore, the
expression of the foreign proteins diverts the use of resources towards heterologous
protein synthesis and as a result fewer resources are directed towards growth and for
the production of housekeeping proteins. This has some clear consequences. A) Not
surprisingly, the specific growth rate of producing cells has been shown to be
inversely proportional with the recombinant protein synthesis rate (Jensen & Carlsen,

1990). Moreover, growth completely ceases when only 30% of the normal proteins
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are replaced by the target protein, while there is an inverse correlation between
growth rate and accumulation level when varied as a function of inducer
concentration (Dong et al, 1995). B) The biomass levels are lowered and the
respiratory activity is elevated after the induction of the culture due to the energy
demand for the extra synthesis of plasmid-encoded and heat-shock proteins
(Hoffmann & Rinas, 2001). C) It has also been observed that after induction cells
gradually lose the capability to divide, while they remain metabolically active and
the specific productivity remains unaffected, which results in an increasing fraction
of viable but non culturable cells in the culture (Andersson et al, 1996). However,
after induction, there can be an increase in the dry cell weight levels, which flow
cytometry studies have shown that this increase is not caused by cell proliferation but

by an increase in cell size (Borth et al, 1998; Soriano et al, 1999).

It is well documented that the most energy consuming process in the cell is the
synthesis of proteins. Therefore, in the recombinant protein overproducing cells,
regeneration of ATP is of critical importance for the maintenance of the normal
physiological state of the cell. According to Da Silva and Bailey (1986), the growth
rates and biomass yields are not critically affected by the recombinant protein
production when the recombinant protein production equals the accumulation rate;
however, if there is a simultaneous degradation of the target protein then the energy
demand for the target protein synthesis can increase the need for ATP regeneration,
through enhanced respiration, at the cost of the biomass formation even with
negligible or low accumulation of the target protein (Hoffmann & Rinas, 2001;
Schmidt et al, 1999; Weber et al, 2002). In addition, other cellular functions are
enhanced during the recombinant protein overproduction such as RNA turnover,
protein turnover and energy driven non-equilibrium processes like transport of
nutrients can also contribute to the high maintenance requirements upon induction
(Bhattacharya & Dubey, 1995). Moreover, the activation of stress responses, such
heat shock protein production increases the energy demand for protein synthesis

(Hoffmann & Rinas, 2001).
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It has been observed that during the recombinant protein production there is a
reduction in the synthesis and levels of housekeeping proteins (Vind et al, 1993),
including the components of the protein producing system (Dong et al, 1995;
Hoftmann et al, 2002; Jiirgen et al, 2000). Additionally, increase of the recombinant
protein synthesis rate by, for example, manipulating the efficiency of the ribosome
binding site (Vind et al, 1993) or by increasing inducer’s concentrations (Hartsock et
al, 1995) results in a stronger inhibition of the synthesis of the housekeeping
proteins. An explanation of the aforementioned paradoxical phenomenon was given
by Vind et al. (1993) who suggested that the decreased concentrations of free
ribosomal subunits leads to an increased competition among the individual ribosome
binding sites for ribosome, and as a consequence the cellular capacity for
synthesizing housekeeping proteins (including proteins of the protein producing
system) is reduced. Moreover, stronger affinities of the target mRNA for the
ribosome comparing to that of the naturally expressed proteins may also add to the
phenomenon (Kurland & Dong, 1996). From the above it can be concluded that the
synthesis rate and not the accumulation of the recombinant product determines the

extent of the inhibition (Hoffmann & Rinas, 2004).

Another reason for the decreased biosynthetic capacity of the induced cells may be
an accelerated degradation of the rRNA. This degradation of rRNA is cumulative and
contributes to the progressive loss of the protein synthesis capacity (Dong et al,
1995).

A phenomenon called stringent response or stringent control has been observed in
cells in amino acid limited cultures where disassembly and degradation of ribosome
takes place. In the same manner, recombinant protein overproducing cells face an
internal nutritional downshift and subsequently destroy their ribosomes and the
rRNA. In contrast to the externally starved cells, recombinant protein overproducing
cells cannot return to their previous state and remain inactivated. This behaviour does
not allow continuous growth of bacteria while overproducing the recombinant
protein. Generally, protein synthesis and growth cease as the expression levels of the

target proteins reach 30% (Kurland & Dong, 1996).
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1.1.3.7. Inclusion bodies

The most common problem encountered during the recombinant protein production
in E.coli cells is the formation of insoluble protein aggregates known as inclusion
bodies (Ventura & Villaverde, 2006). It is commonly reported that these aggregated
proteins are biologically inactive; however, there have been reported cases where

they exhibit important enzymatic activity (Tokatlidis et al, 1991).

Even though the recovery of functional proteins by in vitro preparatory refolding
from inclusion bodies is possible (Middelberg, 2002), it involves optimisation of the
process for a particular protein species which results in time consuming efforts and
inconsistent outcomes. Additionally, another disadvantage may be poor recovery
yields of the soluble protein (Serensen & Mortensen, 2005b). Therefore, soluble
protein production is preferable; however, the limited knowledge of the molecular
basis of protein aggregation as well as the protein species variability does not enable
us to drive the soluble protein production with the appropriate metabolic or genetic

engineering tools (Villaverde & Carrio, 2003).

The formation of the inclusion bodies can be attributed to several reasons. First of
all, the cytosolic concentration of macromolecules such as ribosomes, nucleic acids
and proteins, is very high especially in the case of the recombinant high-level
expression. The protein content in the cytoplasm of transformed E.coli cells can
reach 200-300mg/ml (Hammarstrém et al, 2002). In this crowded macromolecular
environment exposed hydrophobic residues of nascent polypeptides and folding
intermediates may interact inappropriately leading to mis-folding and aggregation
(Mogk et al, 2002). In addition, the accumulation of unstructured protein fragments
as a result of proteolytic attack contributes to the increased propensity for
aggregation (Cabrita & Bottomley, 2004). Another very important causative factor
may be the lack of the post-translational modifications needed for the solubility of
some eukaryotic polypeptides (Zhang et al, 1998). Improper folding and
consequently aggregation can take place if the target protein requires disulphide
pairing, which in the reducing cytoplasmic environment is unfavourable (Lilie et al,

1998). It 1s worth noting that even correctly folded proteins are in danger of
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spontaneously unfolding and losing their active structure due to Brownian motion

and thermal vibrations (Mogk et al, 2002).

E.coli cells are equipped with an elaborate protection system against the protein
aggregates. This system is comprised of a set of molecular chaperones which fight
protein aggregation at various stages in the protein’s life. To begin with, during the
translation process at the ribosomes, the newly synthesized polypeptide chains
expose hydrophobic patches which are prone to aggregation. Specific chaperones
named trigger factors are associated with the big subunit of the ribosomes and protect
these patches from unintended inter or intramolecular interactions and prevent
premature folding until a complete domain has emerged from the ribosomal exit site
(Bukau et al, 2000; Serensen & Mortensen, 2005a). Apart from the co-translational
level chaperones play a significant role in the post translational level as well. Folder
chaperones which belong to the chaperone family HSP70 like the DnaK and GroE
systems interact with unfolded proteins and mediate their refolding in an ATP
dependent process. In the case of proteins which are not correctly folded (including
heat denatured proteins), chaperones of the sHSP family also named holder
chaperones (such as IbpA and IbpB) bind to these proteins and prevent their
aggregation (Kuczynska-Wisnik et al, 2002). The chaperone SecB binds to the
proteins destined for secretion and keeps the secretory proteins in an unfolded state
suitable for translocation (Bukau et al, 2000). At a subsequent level, when proteins
have already formed aggregates, a bi — chaperone system consisting of the DnaK and
ClpB has the capability of disaggregating and mediating refolding of the mis-folded
proteins. Moreover, there are also chaperones which possess direct proteolytic
activities such as the ClpA which acts together with the ClpxP. It can be also stated
that chaperones such as the holders exhibit an indirect proteolytic activity as they
stabilise and keep in soluble state mis-folded proteins and thus paving the way for

the proteases to degrade them (Schlieker et al, 2002).
Many strategies have been applied to improve recombinant protein solubility in E.

coli. One very effective way is by lowering the culture temperature. This strategy has

been implemented with success in improving the solubility of a number of difficult
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proteins including human interferon a-2, subtilisin E, ricin A chain, bacterial
luciferase, Fab fragments, B-lactamase, rice lipoxygenase L-2, soybean lipoxygenase
L-1, kanamycin nuclotidyltransferase and rabbit muscle glycogen phosphorylase

(Vasina & Baneyx, 1997).

Other strategies include simultaneous over-expression of chaperone encoding genes
and recombinant target protein genes. According to Ikura et al. (2002) co-
overexpression of a molecular chaperone system (DnaK-DnaJ-GrpE) or a folding
catalyst (trigger factor) significantly improved the solubility of the recombinant
transglutaminase produced in E.coli cells. Similarly aggregation and degradation was
effectively reduced in the case of the aggregation-prone mouse endostatin, human
oxygen-regulated protein ORP150 and human lysozyme produced in E.coli when
trigger factor was co-expressed especially when the GroEL-GroES chaperone system
was simultaneously overproduced (Nishihara et al, 2000). The chaperone systems are
co-operative in nature, and the most effective approaches usually involve co-
expression of combinations of chaperones belonging to the GroEL, DnaK, ClpB and
the ribosome associated trigger factor families of chaperones (Serensen &

Mortensen, 2005b).

Other strategies include the substitution of selected amino acid residues responsible
for the protein aggregation (Rinas et al, 1992), cultivation and induction of the cells
under osmotic stress in the presence of sorbitol and glycyl betaine (Blackwell &
Horgan, 1991), and the co-expression of the eukaryotic protein disulphide isomerases
in E. coli can also favour the formation of disulfide bonds especially in the less
reducing environment of the periplasmic space (Zhan et al, 1999). Moreover,
significant progress has been made recently in the field concerning the in vitro
inclusion bodies solubilisation and refolding in order to get functional and active

products (Mayer & Buchner, 2006).

1.1.3.8. Stringent response

Overproduction of a recombinant protein (in E.coli cells) with an amino acid

composition significantly different from that of the “average” E. coli protein can lead
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to low protein yields. This event can be attributed to a phenomenon called stringent
response and it can be triggered by sudden amino acid depletion. Naturally a
shortage of amino acids takes place during the transition of a culture from the
exponential to stationary phase where the ratio of aminoacylated-tRNA to uncharged
tRNA molecules is significantly reduced due to the lack of amino acids in the
intracellular amino acid pool (Chang et al, 2002). Then an alarmone (guanosine tetra-
phosphate) is produced, by ribosome-bound RelA upon binding of uncharged tRNA
to ribosomes, and mediates the stringent response (Cashel et al, 1996). As a result
cells inhibit rRNA synthesis (and indirectly synthesis of the translation and
transcription apparatus), induce and repress metabolic pathways in accordance with
their physiological needs, and induce many stationary phase survival genes (Cashel
et al, 1996; Hengge-Aronis, 1999). Moreover, it has been assumed that an increase in
the protease activity after the induction of recombinant protein, with unusual amino
acid composition, is linked to stringent response and in particular the need of cells to
use the required amino acids (Harcum & Bentley, 1999). A simple and effective way
to alleviate this problem is the addition of the appropriate amino acids which will

consequently reduce the degradation of the recombinant product (Harcum, 2002).

1.1.3.9. SOS response

The SOS response is a regulatory network that is induced when cells are exposed to a
variety of physical and chemical agents that result in DNA damage or interference
with DNA replication (Lee et al, 2002b). It has been found that SOS response-
inducing events can occur in recombinant systems, when a heterologous protein is
overproduced, however it is not yet clear what exactly the causative agent is. There
are examples where SOS induction is observed in cultures producing a heterologous
protein using a temperature-inducible expression system (Hoffmann et al, 1999)
while no SOS induction was recorded using an IPTG-inducible expression system
even at elevated temperature (Aris et al, 1998). It has been suggested that
transcription of plasmid-encoded sequences provokes induction of the SOS response
indirectly through its impact on DNA replication and/or DNA topology (Hoffmann
& Rinas, 2004).
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1.1.3.10. Heat shock response

In nature the heat shock response is triggered when cells are exposed to a sudden
temperature upshift, and comprises a regulon that is controlled by the sigma factor
o> (Hoffmann & Rinas, 2004). The expressed heat shock proteins are molecular
chaperones, including DnaK, DnalJ and GrpE, and GroEL and GroES, and proteases
with the aim of enhancing protein-folding, degradation, and repair. It has been
reported that the accumulation of heterologous or abnormal proteins causes an
increase in the expression of gene products belonging to the heat shock family of
proteins such as GroEL and DnaK (Dong et al, 1995). Additionally, under these
conditions, the production of the /on gene product as well as the expression of other
proteases is enhanced (Goft & Goldberg, 1987). During the production of
recombinant protein inclusion bodies, the concentration of the small heat shock

proteins IbpA and IbpB was also found to be increased (Jiirgen et al, 2000).

1.1.3.11. The pET expression system

The expression system used in the present study is the pET expression which was
developed by Dubendorff & Studier (1991) and Studier et al. (1990), for a variety of
expression applications. This system comprises hybrid promoters, multiple cloning
sites for the incorporation of different fusion partners and protease cleavage sites,
and a high number of genetic backgrounds modified for various expression purposes
(Serensen & Mortensen, 2005a). Target genes are incorporated into the plasmids
under the control of a strong bacteriophage T7 promoter. The expression of the target

genes 1s induced by providing a source of T7 RNA polymerase from the host strain
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Figure 1.6. The pET expression system. From left to right are shown a general pET plasmid configuration, the macromolecular
situations prior to (a) and after induction (b). The lacl gene product functions as a tetramer that binds to the /ac operator and
inhibits transcription of both the genomic lysogenised T7 RNA polymerase and the target protein of the plasmid. When
allolactose or IPTG is present bind and allosterically alter the repressor which subsequently looses its affinity for the operator. As
a result the native RNA polymerase transcribes the T7 RNA polymerase which subsequently transcribes the target gene
(Dubendorff & Studier, 1991; Studier et al, 1990).
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which is lysogenized by a DE3 phage fragment, and therefore, encoding the T7 RNA
polymerase (Mierendorf et al, 1998). The T7 RNA polymerase is under the
transcriptional control of the IPTG inducible lacUV5 promoter. Lacl is a weakly
expressed gene which encodes for the lac repressor which binds both at the lacUV5
promoter in the bacterial genome and the T7/lac hybrid promoter located in the

plasmid.

When an inducer, for example, IPTG is added, it will bind the tetrameric Lacl and
trigger its release from the /ac operator and subsequently T7 RNA polymerase can be
transcribed by the RNA polymerase of the host. Simultaneously with the release of
the Lacl from the genomic lac operator, the plasmid’s /ac operator is also freed from
the Lacl and therefore the target genes can be transcribed by the T7 RNA

polymerase.

T7 RNA polymerase transcribes only from the 77 promoter and its efficiency,
specificity, and speed of transcription (230 nucleotides per second comparing to only
50 nucleotides per second for the E. coli RNA polymerase) results in the production
of the target protein at levels of up to 30% of the total E.coli protein (Dong et al,
1995).

1.1.3.12. Other promoters

Even though the choice of the appropriate promoter for the expression of
recombinant proteins is highly dependent on the nature of the target protein and how
it affects the host physiology, there are some general features which make a promoter
suitable.

The promoter should generally be strong, and tightly regulated (having a low basal
expression level). A highly repressible promoter is particularly important in cases
where the expressed protein is toxic or detrimental to the growth of the host cell.
Moreover, an ideal promoter should be easily transferable to other E. coli strains, and
its induction should be simple and cost-effective. Finally the frequently used

ingredients of culture media should be compatible with the promoter (Hannig &
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Makrides, 1998). Most of the promoters used in E.coli systems are derived from the
lac promoter which is responsible for the utilization of lactose as a carbon source.
Characteristic examples are the #rc and tac which are strong promoters and allow the
accumulation of up to 15-30% of total cell protein. Induction of all these promoters
including lac promoter is achieved by adding either lactose or the non-hydrolysable
lactose analog isopropyl-p-D-1-thiolgalactopyranoside (IPTG). All three promoter
systems are regulated by catabolite repression and the metabolic state, which is

represented by the cyclic AMP level (Terpe, 2006).

However, when scaling up, IPTG is not ideal because of its high cost and toxicity,
while lactose requires constant monitoring during the induction period. Moreover,
negatively regulated promoters are not tightly regulated and can show high basal
expression levels under noninduced conditions, as observed, for example, with the
tac promoter, leading to instability and plasmid loss in the culture due to the high
metabolic burden. The introduction of a temperature-sensitive mutant /ac/ gene that
encodes a thermosensitive lac repressor offers a suitable method to induce /ac-based
promoters (Andrews et al, 1996). A disadvantage of thermally inducible gene
expression is the induction of the heat-shock response and the concomitant
upregulation of proteases. This problem is alleviated by the use of host strains with a
deficient rpoH (htpR) locus. Another option for the heterologous protein production
in E.coli is the use of the araBAD promoter of the arabinose operon. L-arabinose acts
as inducer with the activator AraC in the positive control of the arabinose regulon
while since arabinose catabolism in E.coli is facilitated through the
phosphoenolpyruvate: sugar phosphotransferase system, glucose represses the
expression of the genes placed downstream the araBAD promoter (Schleif 1996).
This promoter has also been successfully cloned in other Gram negative species such
as Pseudomonas putida and Burkholderia cepacia for the production of recombinant
proteins (Prior et al, 2010). The araBAD promoter has been reported to function
under very high cell- density conditions; however, the recombinant product quality
was shown to be lower than in experiments with lower cell densities (DeLisa et al,

1999).

28



Another positively regulated promoter used for the recombinant expression of
proteins is the rhaBAD. In principle, L-rhamnose acts as an inducer with the activator
RhaR for synthesis of RhaS, which in turn acts as an activator in the positive control
of the rhamnose regulon (Brautaset et al, 2009). The L-rhamnose regulons are also
regulated by catabolite repression. A drawback of the particular system is the high
cost of the inducer. However, Wilms et al. (2001) reduced the need for L-rhamnose
by inhibiting its consumption through the inactivation of L-rhamnulose kinase

encoding gene rhaB.

1.1.4. Pichia pastoris expression systems

1.1.4.1. Background

A survey into the literature shows that P.pastoris has emerged as a very successful
system for the production of a great variety of heterologous proteins. However, in the
beginning of its biotechnological history, P.pastoris along with other methylotrophic
yeasts belonging to the genera Hansenula, Candida, Torulopsis were employed as
potential sources of single-cell protein (SCP) to be marketed primarily as high-
protein animal feed. The low cost of methane (the source of the methanol) during the
1970’s motivated Phillips Petroleum Company to develop media and protocols for
growing P.pastoris on methanol in continuous culture at high cell densities
(Cereghino & Cregg, 2000). However, the oil crisis of the 1970’s caused a dramatic
increase in the cost of methane (the source of the methanol). At the same time, the
price of soybeans, the major alternative source of animal feed, fell. As a
consequence, the economics of single cell protein (SCP) production from methanol
became highly unfavourable (Macauley-Patrick et al, 2005). Then, experimentation
with the strong and tightly regulated alcohol oxidase (AOX) promoter led to the
conclusion that P.pastoris could serve as an exceptional system for heterologous
protein expression. Moreover, the specific cell compartments which are abundantly
present in methanol-grown cells, namely peroxisomes became an object of

investigation (Faber et al, 1995).
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1.1.4.2. Methanol metabolism

A limited number of yeast species has been found to be capable of growing on
methanol as sole carbon and energy source. The so-called methylotrophic yeasts
belong to the genera Hansenula, Pichia, Candida and Torulopsis. The most
prominent representatives which have been used in biotechnology are Pichia
pastoris, Hansenula polymorpha (Pichia angusta), Candida boidinii and Pichia
methanolica (Houard et al, 2002).

Yeasts able to grow on methanol share a unique methanol utilisation pathway whose
expression is tightly regulated at the level of transcription (Hartner & Glieder, 2006).
During growth on methanol, peroxisomes play an indispensable role as they harbour
the three key enzymes for methanol metabolism, alcohol oxidase, catalase and
dihydroxyacetone synthase.

As can be seen in figure 1.7., initially methanol is oxidised to formaldehyde,
generating hydrogen peroxide in the process, by the enzyme alcohol oxidase (AOX).
Then the toxic hydrogen peroxide is broken down to oxygen and water by the action
of catalase which can act catalatically or peroxidatively. Formaldehyde is either
oxidised by two subsequent dehydrogenase reactions (dissimilation pathway) or
assimilated in the cell metabolism by condensation with xylulose 5-phosphate
(assimilation pathway). The condensation is facilitated by the dihydroxyacetone
synthase which catalyses the formation of dihydroxyacetone and glyceraldehyde-3-
phosphate from formaldehyde and xylulose-5-P. These C; compounds are further
assimilated within the cytosol. Fructose -1-6-biphosphate is formed by an aldolase
reaction of dihydroxyacetone and glyceraldehyde-3-phosphate, which is then
converted to fructose — 6 — phosphate by a phosphatase. Xylulose-5-phosphate is
regenerated by the xylulose monophosphate cycle involving transaldolase,
transketolase, pentose isomerase and epimerase reactions. One-third of the
glyceraldehyde-3-phosphate generated is used for biomass and energy generation

(Jahic, 2003).
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In the dissimilation pathway (figure 1.7), formaldehyde diffuses from the
peroxisomes and spontaneously reacts with glutathione to S-
hydroxymethylglutathione which is then oxidised in two consecutive reactions to
carbon dioxide by the action of a glutathione (GSH)- and NAD"-dependent
formaldehyde dehydrogenase and a NAD -dependent formate dehydrogenase, both
located in the cytosol. It is believed that the NADH, generated in both dehydrogenase
reactions is used in energy production for growth on methanol (Sakai et al, 1997).
Apart from the role in energy production, the dissimilation pathway enzymes play a
role in the detoxification of formaldehyde and formate, respectively (Patel et al,
1983). A third enzyme involved in this pathway is S-formylglutathione hydrolase
which hydrolyses the S-formylglutathione to formate and glutathione. It participates
in the detoxification of formaldehyde and regenerates glutathione (Lee et al, 2002a;

Patel et al, 1983).

In all methylotrophic yeasts glucose and ethanol strongly repress the expression of
the methanol pathway genes. In the case of glycerol the extend of repression depends
on the yeast species, with P.pastoris showing strong repression, whereas use of

methanol invariably results in induction (van der Klei et al, 2006).

1.1.4.3. Methanol utilisation phenotype

The cultivation of cells in a medium with methanol as the sole carbon source results
in the positive regulation of the expression of AOX] and AOX2 genes. The major
alcohol oxidase isozyme is encoded by the AOX1 gene, responsible for
approximately 85% of the utilization of methanol by the alcohol oxidase enzyme.
Even though the exact physiological role of the AOX2 gene in P. pastoris is not
known, it has been found that for P. methanolica and C. boidinii its expression is an

advantage under high methanol concentrations (Hartner & Glieder, 2006).
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Figure 1.7. Methanol metabolism in P. pastoris. AOX: alcohol oxidase; CAT: catalase; DH1: formaldehyde dehydrogenase; DH2: formate

dehydrogenase; GSCH20H S-hydroxymethylglutathione; GSCHO, S-formylglutathione; GAP: glyceroldehyde-3-phosphate; DHA: dihydroxyacetone;

DHAP: dihydroxyacetone phosphate; F1,6BP: fructose-1,6-bisphosphate; FO6P: fructose-6-phosphate; Xu5P: xylulose-5-phosphate. Adapted from

Charoenrat et al. (2005).

32



The alcohol oxidase of the AOX1 gene has a poor affinity for oxygen and for that
reason, P.pastoris counterbalances this deficiency by up-regulating the AOX1
promoter to drive expression of the AOX1 gene and produce larger amounts of the
AOXT1 enzyme. In the presence of methanol as the sole carbon source in the culture
the AOX enzyme can reach 30% of total cellular protein (Gellissen, 2000).
Therefore, the strong AOX1 promoter can effectively be used to drive the expression
of recombinant proteins to high levels even with a single integrated copy of the
expression cassette (Daly & Hearn, 2005). Depending on the method of
transformation the resulting constructs may have three different phenotypes, Mut’,
mut® and mut”. In the first case the expression cassette is inserted into the HIS4, and
the growth of this transformant on methanol is indistinguishable from wild-type

P. pastoris cells (Chiruvolu et al, 1997). In the case of mut® strains the expression
cassette is replacing or inserted into the AOX1 gene, resulting in inactivation of the
gene and cells rely on the alcohol oxidase enzyme being produced from the
alternative gene (40X2). The AOX2 enzyme has the same specific activity as AOX1
but has a much lower expression level (its transcription is controlled by a weaker
promoter) and as a result the methanol consumption is much lower, hence the
phenotype of these strains are termed ‘methanol utilization slow” (Mut®). The third
host strain used for heterologous protein expression is the mut” (methanol utilization
negative) strain in which both the AOX1 and AOX?2 genes are disrupted. In this case,
this inability to grow on methanol requires the use of an alternate carbon source, such
as glycerol, for growth and recombinant protein production. However non-limiting
glycerol concentrations in the culture causes repression of the AOX1 promoter
(Chiruvolu et al, 1997; Inan & Meagher, 2001). All the phenotypes described, have
both advantages and disadvantages. The mut' phenotype may give higher growth
rates during the induction period; however, the consumption of large amount of
methanol and also the storage of these amounts in explosion-proof facilities increases
further the cost (Cereghino & Cregg, 1999). Since the alcohol oxidase enzyme needs
oxygen for the oxidation of methanol, an important disadvantage of the mut’ against
both mut® and especially mut” phenotype is the very high oxygen requirement that

can result in oxygen-deficient conditions within the bioreactor (Files et al, 2001).
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This is the reason for the lower amount of recombinant proteins produced in mut"
than mut® in shake flask cultures (Cregg et al, 1993). A disadvantage of the use of
mut® construct though, is the very long induction times needed for maximal protein
expression which can reach 100h (Chen et al, 1997). Nevertheless, as can be seen in
section 1.1.4.5. this problem can be alleviated with the mixed feed of methanol and
an alternative carbon source which can reduce the induction time, increase cell
density and increase the volumetric productivity of protein (Celik et al, 2009;

Chiruvolu et al, 1997; Loewen et al, 1997).

1.1.4.4. Alternative promoters

Even though, the AOX1 promoter has been successfully used for the expression of
numerous foreign genes, there are circumstances in which this promoter may not be
suitable. The most prominent example is the use of methanol to induce gene
expression for the production of food products since methane, a petroleum-related
compound, is one source of methanol (Ilgen et al, 2005). Alternative promoters to the

AOX1 promoter are the P. pastoris GAP, FLDI1, PEXS8, and YPT1 promoters.

The P. pastoris glyceraldehyde-3-phosphate dehydrogenase gene (GAP) promoter
provides strong constitutive expression on glucose, glycerol, methanol or oleic acid
at levels high enough to be compared to that seen with the AOX1 promoter
(Waterham et al, 1997). The advantages of using this promoter is that methanol is not
necessary for induction, and there is no need for shifting cultures from one carbon
source to another. Some authors have reported that GAP promoter is more efficient
that AOX1 promoter for heterologous protein expression (Delroisse et al, 2005;
Doring et al, 1998; Menendez et al, 2003; Waterham et al, 1997). However, in some
of these cases the difference in the expression can be attributed to the hypoxic
conditions prevailing in the methanol induced cultures. On the other hand, the
constitutively expressing nature of the GAP promoter renders it inappropriate for the

production of proteins that are toxic to the yeast cells (Cereghino & Cregg, 2000).

Another strong expression promoter is that of the glutathione-dependent

formaldehyde dehydrogenase (FLD1) which can be induced by either methanol as a
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sole carbon source (and ammonium sulphate as a nitrogen source) or methylamine as
a sole nitrogen source (and glucose as a carbon source) (Shen et al, 1998). An
alternative to the strong expression promoters described so far is the P. pastoris
PEX8 and YPT1 promoters. The first one promotes the encoding of a peroxisomal
matrix protein that is essential for peroxisome biogenesis and it promotes the
expression at a low but signicant level on glucose and is induced modestly when
cells are shifted to methanol. (Liu et al, 1995) while the second one promotes the
encoding of a GTPase involved in secretion and it provides a low but constitutive
level of expression in media containing either glucose, methanol, or mannitol as
carbon sources (Sears et al, 1998). A recently used promoter for heterologous protein
expression is that of the P.pastoris enzyme isocytrate lysase (ICL1) which is
repressed in the presence of glucose and induced in its absence, or in presence of

ethanol (Menendez et al, 2003).

1.1.4.5. Operational strategies

As in every expression system, for the P.pastoris systems the optimum conditions
(medium, feeding profile, pH, temperature etc) for the recombinant protein
production depend on the kind of the strain used and the nature of the foreign protein
expressed. However, there are some general guidelines which allow improvement of

the productivity.

When high productivity of recombinant proteins is required then cell growth is
important for the protein production in bioreactors, since the concentration of the
product is roughly proportional to the concentration of cells in the culture
(Macauley-Patrick et al, 2005). Therefore, the use of fed-batch bioprocessing is the
best way to achieve this objective. P.pastoris fed-batch fermentation protocols often
include three different stages after the initial batch. A glycerol batch stage is
followed by a feeding stage where glycerol is added to increase cell growth to the
appropriate levels followed by a transition phase where the induction medium starts

to be fed, and finally a methanol induction stage (figure 1.8.).
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The objective of the first stage is to get an appropriate biomass level before the onset
of the exponential feeding. Cos et al. (2005) reported a specific growth rate of
0.18h™ for both mut® and mut” phenotypes of a P.pastoris strain during batch growth
phase on glycerol. According to other reports , the specific growth rate on methanol
of mut” phenotype is slower, reaching only 0.14h™ (Brierley et al, 1990) while a
constitutively flavin expressing P.pastoris strain exhibited a specific growth rate
reaching approximately 0.13h™ (Marx et al, 2008). The presence of four genes
encoding putative H'/glycerol symporters explains the higher specific growth rates
on glycerol as a substrate than on glucose and methanol (Lages et al, 1999).
Moreover, respiratory (Crabtree-negative) yeasts limit glucose uptake, as they
contain few hexose transporter genes, encoding energy dependent symporters with
high affinity to glucose. Therefore, Crabtree-negative yeasts can restrict the entry of
glucose by their regulated H -symport systems and hence prevent the occurrence of
overflow metabolism (Van Urk et al, 1989). Consequently, glycerol has been the
carbon source of choice in the majority of the works noted in the literature so far.
The concentration of glycerol in the batch medium is less than 40 g/1 since it has
been reported that at higher concentration growth inhibition may take place (Cos et
al, 2006). Additionally, in glycerol concentrations above 70 g/l, ethanol formation

has been reported (Chiruvolu et al, 1998).

gremt h

recorrbinant product formation

time

Figure 1.8. Stages of a typical methanol induced P.pastoris bioprocess. The different stages
are represented with different colours, batch phase (0), feeding phase (), transition phase
(m), methanol feed phase (m). Biomass formation (-) and recombinant protein

production (---).
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The feeding stage starts when glycerol is fully consumed and a concomitant increase
of the dissolved oxygen tension takes place. The objectives of the feeding stage is
firstly, to increase further the biomass level to the appropriate cell density and
secondly to gradually introduce the culture to the methanol feeding medium. This
takes place through a gradual decrease of the glycerol feeding medium and then
gradual slow introduction of the induction medium (containing methanol) which
allows the derepression of AOX1 promoter due to the absence of excess glycerol
prior to the beginning of the production stage (Zhang et al, 2000a). In some protocols
the decrease of the first and the introduction of the latter happen simultaneously
(Potvin et al, 2010). The purpose of the transition is to de-repress the AOX1 and to
allow enough time for the cells express the enzymes of the methanol utilisation
pathway so that methanol build-ups and loss of viability will be avoided. It usually
takes 2-5 h for cells to adapt to methanol after switching from glycerol when running
the standard Invitrogen feed protocol (Stratton et al, 1998). The overall length of the
glycerol fed-batch stage depends on the desired biomass concentration prior to

methanol induction (Peng et al, 2004).

The last stage is the production stage where methanol induces the production of the
recombinant product under the control of the 4OXI promoter. The methanol feeding
strategy determines to a great extend how successful the heterologous protein
production can be. The rate of the methanol addition to the culture dictates the
specific growth rate of the cells and as a result it has a direct effect on the
recombinant protein production (Zhang et al, 2005). Therefore, experimenting with
the different growth rates is of vital importance in order to establish the best feeding
conditions. However, the slow methanol utilisation nature of the mut® strains and the
fact that methanol can be toxic to the cells when accumulated in the culture, while
low methanol concentration may not be enough to initiate the AOX transcription
(Cereghino & Cregg, 2000), restricts the amount of different feeding rates that can be
tested.

From the above, it is obvious that methanol monitoring is crucial for the efficient

control of the bioprocess. Traditional off-line techniques for methanol determination
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such as GC and HPLC require long waiting time and they are therefore
inappropriate. Near infrared spectroscopy (NIRS) was used to model key analytes
including methanol and enabled the efficient at-line monitor and control of the
methanol concentration in the culture (Crowley et al, 2005). Another rapid at-line
method is the determination of methanol using YSI instruments (section 2.8.).
However, the alcohol oxidase used in the membrane to produce electron flow
oxidises all kind of alcohols including ethanol jeopardising the accuracy of the
method when samples with low methanol concentration are analysed. Other
techniques were also developed such as an on-line automated sequential injection
analysis (SIA) system using stop-flow technique to determine methanol
concentration by means of the enzymatic reactions of alcohol oxidase and peroxidase
(Surribas et al, 2003). Zhou et al. (2002) developed a probe, which works by the
diffusion of the dissolved methanol across a silicone tubing and the vapour phase of
the methanol is carried to SnO, sensor sensitive to alcohols by resistance drop which
is measured by an avometer. A similar technique was used to directly measure the

methanol vapour in the stream gas outlet (Ramon et al, 2004).

Control schemes

Another way to control the methanol concentration in the culture is the
implementation of either a DO stat or stat strategy which can also maximize

protein production and enhance process reproducibility.

The DO-stat strategy is based on the principle that P. pastoris uses methanol by the
oxidative pathway only in the presence of sufficient amounts of oxygen (Couderc &
Baratti, 1980) and consumes methanol as a carbon source and an inducer
simultaneously. Therefore, the oxygen level in the culture and the rate of methanol
feeding are interrelated. DO-stat processes control the substrate feed to maintain DO
concentration at a constant optimal level in the culture medium. While cells are
actively growing with adequate carbon sources available, there is a strong demand
for oxygen and as a result the DO levels become very low. When the carbon source
is depleted, the DO tension begins to rise. Then the carbon source is supplied, the

DO levels start to fall because the metabolic pathways become active again (Lee et
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al, 2003). This control strategy allows a culture to reach high cell densities while
minimizing the accumulation of incompletely oxidized substrates, maintain the
culture in a prolonged highly productive state during induction, and prevent substrate

accumulation (Chung, 2000).

A drawback of this control method is that high cell density P.pastoris cultures may
exhibit oscillatory behaviour when methanol is fed under DO-stat operation. This, if
left unattended, leads to irreversible loss of culture productivity and hence lower
yields, and proper controller tuning is therefore necessary (Chung, 2000). The DO-
stat method has an additional problem, if an inhibitory methanol level is reached, a
sharp increase in dissolved oxygen will be observed, the response of the system will
be then to increase the methanol feeding rate and subsequently, a higher methanol
accumulation in the bioreactor will take place. As a result, methanol concentration
will increase and hinder the heterologous protein production (Sreekrishna &

Flickinger, 2009).

Another common methanol feeding strategy is that based on the control of the
specific growth rate. The so called -stat control adjusts the methanol feeding rate
based on mass balance equations to theoretically maintain a constant specific growth
rate (Potvin et al, 2010). This approach is based on simple cell growth models with
no on-line information about the system. Specific growth rate control is considered to
be an effective strategy for process optimization as most biochemical processes,
including protein production, are either directly or indirectly associated with cell
growth. It has been found that the setpoint control strategy is superior to

that of constant feeding rate (which resulted in a decreased specific growth rate) in
maximizing productivity (Ren & Yuan, 2005). On the other hand, the -stat control
strategy as an open loop control strategy presents difficulties in terms of process
stability and reproducibility since changes in initial conditions or disturbances in
process variables may lead to over- accumulation of methanol and hence reduced

productivity (Ren et al, 2003).
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Mixed feeds

These techniques enable the monitoring and control of the methanol concentration,
however, the increase of the growth rate is impossible with methanol being the only
carbon source fed to the culture. Even though during the early years of P.pastoris
experimentations, researchers used methanol as the only carbon and energy source as
well as for the induction of the recombinant proteins by mut® and mut” phenotypes,
more recently the use of a multicarbon substrate in addition to methanol is the
method of choice. The use of mixed substrates enables the increase of both the
energy and carbon supply to recombinant cells in the culture broth (Zhang et al,

2003).

The mixed feeding strategy was initially employed for the mut” phenotype strains as
the product of both the AOX1 and AOX2 genes are disrupted and an alternate carbon
source, such as glycerol, for growth and recombinant protein production is required
(Inan & Meagher, 2001). Then it was applied to the slow methanol utilisation
phenotype since it was extensively reported that the disruption of the AOX1 gene
leads to higher induction time for maximal protein expression (above 100h), (Chen et
al, 1997; Zhang et al, 2005) and significantly lower biomass concentrations and
product yields compared to the mut” phenotypes (Orman et al, 2009). This happens
because the growth rate on methanol is approximately three times higher for the mut"
than the mut® phenotype (Brierley et al, 1990; Cregg & Madden, 1988). Moreover,
Brierly et al. (1990) linked the increase of the growth rate with the decrease of the
post-induction time needed for the maximal protein expression. Therefore, it is
obvious that mixed feed protocols can potentiate a great level of optimization of the
bioprocess. Glycerol was the first carbon source to be used in addition to the
methanol feed as early as in 1990 by Brierly et al. It is worth noting that a more
recent report shows that glucose is a good alternative to glycerol as only few native
proteins and no proteases are actually secreted on glucose growth (Mattanovich et al,
2009). However, the use of carbon sources that cause repression of the 4OX1
promoter such as glycerol and glucose imposes an additional monitoring problem.
For that reason, the addition of non-repressive sugars such as sorbitol and mannitol

has been extensively investigated (Inan & Meagher, 2001).
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Thorpe et al. (1999) showed that even though a mut® P. pastoris strain does have a
lower cell yield on sorbitol than on glycerol, the specific rate of recombinant product
formation is increased by 33% relative when run on sorbitol. The volumetric
recombinant production of a lipase by a mut® P. pastoris was increased 2.2 fold with

the appropriate methanol-sorbitol feeding strategy (Ramon et al, 2007).

The volumetric productivity of the recombinant Rhizopus oryzae lipase by a mut®
P.pastoris strain was 1.35 fold higher when a mixed feed of methanol and sorbitol
was applied than methanol feed alone (Arnau et al, 2010). Moreover, the same group
noted that sorbitol allowed sustained cell growth and recombinant protein production
on limiting conditions, but different specific growth rates did not have significant
influence on specific production rate of the bioprocess, possibly because the use of a
co-substrate improved the energetic state of the cells overcoming partially the
unfolded protein response (UPR) and secretion problems. UPR occurs when cells
encounter conditions that increase the levels of unfolded proteins and this mechanism
is activated in order to compensate for the elevated levels of stress in the

endoplasmic reticulum (Ron & Walter, 2007).

Recently, mixed feed strategies have been successfully implemented for mut”
phenotypes as well. The highest volumetric recombinant avidin productivity
achieved with a mixed feed of methanol and sorbitol was 1.3-fold higher than that of
the culture induced with methanol alone (Jungo et al, 2007b). Sorbitol’s non-
repressive nature allows the batch-wise addition of it rather than incorporating it into
the feed as demonstrated by Celik et al. (2009) leading to an 1.6 fold increase of the
volumetric productivity of recombinant human erythropoietin. Apart from an 1.85
fold increase of the volumetric productivity of an alkaline polygalacturonate lyase
produced by a mut” P.pastoris there was also a significant reduction of cell mortality

to 8.8% (Wang et al, 2010).

Mixed feeds of sorbitol (or the structurally similar mannitol) and methanol also

presents other advantages, such as lower heat production rate and lower oxygen
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consumption rate for growth on sorbitol than for growth on glycerol and methanol, or
methanol alone (for a given growth rate), since the enthalpy of combustion of
sorbitol is much less than glycerol and methanol (Jungo et al., 2007). The reduction
in oxygen consumption rate and heat production rate is advantageous in high cell

density cultures of recombinant P.pastoris, especially during large-scale production.

1.1.4.6. Advantages of P.pastoris over other commonly used expression systems

In the recent years P.pastoris has become one of the most widely studied expression
systems. Some of the reasons of this trend are lying on the advantages of P.pastoris
over the more well studied and used organisms in biotechnology such as Escherichia
coli and Saccharomyces cerevisiae. Undoubtedly E.coli has been the most
extensively used microorganism as a cellular host for recombinant protein expression
in the biotechnology industry. However, the increasing need for the expression of
proteins derived from eukaryotic genomes that require post-translational
modifications has been difficult because this prokaryotic organism lacks the
intracellular machinery to achieve these outcomes. Moreover, the lack of a secretion
mechanism for the efficient release of proteins into the culture medium, and the
limited ability to facilitate extensive disulphide bond formation troubles further the

production of eukaryotic proteins (Makrides, 1996).

It has been found that S. cerevisiae systems are able to carry out post-translational
modifications of expressed proteins — essential features of many heterologous
proteins that E. coli is unable to provide. Moreover, it has been long used in the food
industry and 1s regarded as safe for use in commercial fermentation processes and,
unlike E.coli, S. cerevisiae does not produce pyrogens or endotoxins (Curran &
Bugeja, 2005). Despite its ability to express a wide variety of proteins, S. cerevisiae
has limitations the most important of which is its very primitive glycosylation system
that frequently hyperglycosylates heterologous proteins. Other drawbacks are the
very low product yields, with a maximum of 1-5% of total protein, and the fact that
presents high plasmid instability (Miiller et al, 1998). On the other hand, P.pastoris
has the advantages of S.cerevisiae plus it does not hyperglycosylate proteins and has

no highly immunogenic cell wall oligosaccharides (Mousdale, 2007). Moreover, as
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in the case of S. cerevisiae, it is regarded as safe for use in fermentation. This is in
agreement with Miller et al. (2005) who compared the production potentials of the
two yeasts S.cerevisiae and P.pastoris with E. coli for eight different single chain
antibodies finding that in the case of E.coli the antibodies were collected in the
undesired form of inclusion bodies in the periplasm, while antibodies produced by
P.pastoris presented on average higher activities than those produced by S.cerevisiae
possibly due to hyperglycosylation. Another characteristic example of inappropriate
folding resulting in inclusion bodies is the expression of the glycol-protein
erythropoietin which when expressed in E.coli, the un-glycosylated form is less

resistant to unfolding than its native glycosylated counterpart (Narhi et al, 1991).

Nevertheless, the most important advantage of P.pastoris over S. cerevisiae is the
fact that it is a Crabtree-negative yeast meaning that physiologically, P. pastoris
prefers a respiratory rather than a fermentative mode of growth. Fermentation
products such as ethanol, which quickly reach toxic levels in the high cell density
environment of a fermenter with Crabtree-positive organisms such as S.cerevisiae
can cause both growth and recombinant product inhibition (Cereghino et al, 2002).
The importance of aerobic metabolism is very well illustrated in the results of
Ferndahl et al. (2010) where a genetically modified respiratory S.cerevisiae grew to
2.4-fold higher biomass levels and doubled the volumetric productivity of four
different recombinant products over the wild type S.cerevisiae strain. Due to its
respiratory metabolism P.pastoris has been reported to grow to biomass levels higher
than 160 g/1 of dry cell weight (Jungo et al, 2007b) and produce recombinant protein
reaching more than 40% of the total expressed proteins and 70% of the secreted

(Cregg et al, 1993).

Despite the many benefits, the use of P.pastoris for the secretion of heterologous
proteins has also limitations. It has been reported that the over-expression of a
heterologous protein intended for secretion can potentially overload the secretory
pathway and can pose major hindrance to product secretion (Mattanovich et al,
2004). High transcription and translation rates of heterologous genes often

overburden the secretory capacity which result in the intracellular accumulation of

43



high concentrations of misfolded heterologous proteins and ultimately lead to stress
reactions as well as direct loss of product (Gasser & Mattanovich, 2007). Moreover,
even if P.pastoris presents better glycosylation patterns than other microbial systems,
its ability to glycosylate proteins derived from mammalian genomes is far less
effective than if these compounds are expressed in their natural hosts. This is due to
the fact that P.pastoris produced proteins usually have high mannose content in the
carbohydrate moiety which can result in a short in vivo half-life and may make the
protein less effective or even immunogenic. Lately, however, new tools have been
established for P.pastoris to produce glyco-proteins that exhibit a more humanised

glycosylation pattern or that secrete core glycosylated proteins (Werner et al, 2007).

1.1.5. Biocatalysis and Biotransformations

1.1.5.1. Introduction

Biocatalysis can be defined as the use of a biocatalyst to achieve a desired
conversion under controlled conditions in a bioreactor. A biocatalyst can be an
isolated enzyme, an enzyme complex, a cell organelle or a whole cell. In the case of
whole cell biocatalysts, the cell can be viable growing or non-growing, or non-viable
(Buchholz & Poulsen, 2000). In the last few years there has been a rapid increase in
the production of chemicals using biocatalysts to catalyze either a single-step
transformation or to catalyze multi-step reactions. The reason for the increasing use
and interest in biocatalysts are:

e Enzymes are environmentally friendly. Concerns over climate change and
pollution have sensitized both people and industry, and everything that can help
alleviate environmental issues is welcome. Enzymes are environmentally benign
and easily degradable (Bommarius & Riebel, 2004).

e The fact that enzymes are active mostly at mild, near-ambient conditions of
temperature and pH without the need for high pressure and extreme conditions,
thus saving money and process energy (Vasic-Racki, 2000). This also eliminates
problems faced in traditional chemical synthesis such as decomposition,

isomerization, racemization, epimerization, and rearrangement.
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Possibly, the greatest advantage of enzymes is their often unsurpassed selectivity.
An enzyme acts on a single type of functional group leaving other sensitive
groups untouched. Therefore, there are no unwanted side — reactions as may
happen in chemical catalysis. Enzymes present superior enantioselectivity
compared with other catalysts and enable the synthesis of enantiomerically pure

compounds (Bommarius & Riebel, 2004).

However, the use of enzymes in catalysis present some drawbacks as well which

limit their industrial application:

Some enzymes are co-enzyme dependent (such as oxidoreductases) and therefore
they are active only in their holoenzyme form. Co-enzymes such as the pyridine
dinucleotides (for example, NAD(P)H) or phosphorylated trinucleotides (such as
ATP) are expensive, relatively unstable and must be recycled (Schmid et al,
2001). Unfortunately, it is not possible to replace them by more economical man-
made compounds.

Enzyme behaviour is very well tuned by natural evolution to support the efficient
function of the organism that uses them. This however, can be an important
drawback, as many enzymes are prone to substrate or product inhibition, a factor
which limits the efficiency of the process. While substrate inhibition can be
easily avoided by continuous substrate addition, product inhibition is a more
complicated problem.

Enzymes are quite unstable molecules, the catalytic activity of which can be
easily negatively affected by the presence of salts, high ionic strength process
fluids, and the use of solvents other than water. Moreover, the narrow operation
parameters required for enzyme stability can cause limitations in the overall

process (Faber, 2000).

1.1.5.2. Whole cells vs. purified enzymes

Whole cells are often used for reactions that require co-factor regeneration, because

even though co-factor regeneration in vitro is possible, it is generally easier and less

expensive to regenerate co-factors in metabolically active cells. However, the use of
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whole cells for bioconversions does not come without drawbacks. First of all, the
enzymatic activity per unit dry weight is reduced compared to isolated enzyme
biotransformation. This problem is even greater when resting cells are used. There
might also be substrate or product degradation or other side reaction caused by
unwanted cellular metabolism. In the case of the use of growing cultures the
purification of the product can be troublesome due to impurities and byproducts
introduced by the growing cells. Another problem may arise if solvents must be used
as cells may exhibit low tolerance levels. Generally, the decision as to whether whole
cells or more or less purified enzymes are used depends on many factors. A
characteristic example where the use of whole cells instead of isolated enzymes is
advantageous is in the case of dehydrogenases where co-factor regeneration is
required. Growing or resting cells can recycle the co-factor internally so that no
external addition is necessary (Bommarius & Riebel, 2004). On the other hand,
hydrolytic enzymes are the most widely used enzymes in industry because they have
the advantage of not needing co-factors and therefore can be used in a purified form

leading to higher yields.

1.1.5.3. Chirality

Chiral molecules are molecules whose mirror images are not superimposable upon
one another. Chiral compounds rotate the plane of polarized light and they are said to
be optically active. Conversely, achiral compounds have superimposable mirror
images and they are optically inactive (Challener, 2004). Usually, enantiomers have
exactly the same chemical and physical properties such as melting point, boiling
point and they can also show the same reactivity in an achiral environment.
However, they are in principle totally different compounds when they interact with
chiral molecules. Chiral molecules may be receptors or other proteins of the body
(Anthonsen, 2000). Characteristic examples of the different characteristics between
enantiomers are: carvone, which in its (L)-enantiomer form tastes of caraway while
the (R)-enantiomer tastes of spearmint, and asparagine where the (L)- enantiomer has
a bitter taste and the (R)-enantiomer a sweet taste. A rather tragic example of the
importance of chirality in the pharmaceutical industry is the administration of

thalidomide as a racemate in the 1960s. The (R)- enantiomer of this compound is a
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sedative and hypnotic drug while the (L)- enantiomer exhibits teratogenic activity.
The drug was given to pregnant women to fight morning sickness and caused very

serious birth defects and miscarriages (Challener, 2004).

1.1.5.4. Flavoenzymes

Flavoenzymes consist of a very interesting and versatile group of enzymes which can
catalyse reaction involved in energy production, oxidation-reduction, oxygenation,
light sensing and emission, biodegradation, DNA repair, detoxification, biosynthesis,
protein folding, chromatin remodelling and apoptosis. They have a central role in
aerobic metabolism through their ability to catalyze both one- and two-electron
transfer reactions (Mattevi, 2006). The most common flavin cofactors are FMN and
FAD, which are synthesized in vivo from riboflavin (vitamin B1) by the action of
riboflavin kinase (Karthikeyan et al, 2003; Spencer et al, 1976) and FAD synthetase
(Manstein & Pai, 1986). They play a fundamental role in aerobic metabolism through
their ability to catalyze both one- and two-electron transfer reactions. Flavins are the
only organic co-factors that are able to utilise molecular oxygen for oxygenation
reactions since the other known oxygenating co-factors always depend on a metal ion
for their reactivity (Fraaije & van Berkel, 2006). Enantio- and regioselective
oxygenations and oxidations are reactions leading to valuable fine chemicals,
however, they are difficult to achieve by chemical synthesis routes as oxygen
insertion or oxidation reactions often involve tedious and costly blocking and de-
blocking steps and are catalyzed by heavy metals. Hence, flavin containing oxidases
and monooxygenase are very attractive alternatives as these biocatalysts are able to
catalyze a huge variety of oxidation and monooxygenation reactions while exhibiting
significant selectivity. Other, remarkable advantages of the use of flavin-dependent
enzymes in biocatalysis are the renewability of the catalyst, the possibility to use
mild process conditions and the reduced formation of by-products due to fewer side
reactions (Fraaije & van Berkel, 2006). It has been found that many flavin-containing
oxidases are active with amines and amino acids, and their high enantio- and regio-
selectivity make them well suited for chiral organic synthesis while some of them
have narrow substrate specificity, others are more relaxed (Fotheringham et al, 2006;

Joosten & van Berkel, 2007).
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1.1.5.5. Amines

Optically pure amines are widely used as resolving agents (Nieuwenhuijzen et al,
2002), chiral auxiliaries (Henderson et al, 2000) and can also be used as building
blocks for the preparation of valuable pharmaceutical and agrochemical end products
(Berger et al, 2001). Some characteristic examples of important pharmaceuticals
containing chiral amine building blocks are (S)-rivastigmine for the treatment of
Alzheimer’s and dementia of Parkinson patients, (S)-repaglinide for the treatment of
type Il diabetes, (S)-DMP 777 (Phase II) for the treatment of cystic fibrosis and
rheumatoid arthritis, (S)-solifenacin (Phase III) for the treatment of overactive
bladder (R)-garenoxacin for the treatment of bacterial infections and (R)-

levocetirizine used as histamine antagonist (Turner & Carr, 2007).

Therefore, non-racemic chiral amines are an important, but not easily prepared class
of organic molecules. Most of the methods used to prepare optically pure amines are
largely based on the resolution of racemates either by recrystallisation of
diastereomeric salts formed after adding one or a mixture of chiral carboxylic acids
as resolving agents (Hohne & Bornscheuer, 2009) or by enzyme catalysed kinetic
resolution of racemic substrates using lipases, acylases and transaminases. These
methods give low overall enantiomeric excess (ee) of the product and are generally

viewed as uneconomic and non-competitive (Turner et al, 2005).

1.1.5.6. Biotransformations for the production of chiral amines using Amine

Oxidases

As described earlier, amine oxidases have been classified into two groups, the
Cu/TOPA-dependent and flavin-dependent amine oxidases. The reactions catalysed
by these two enzymes can be seen in figure 1.9. In the catalytic cycle of the first the
intermediate imine remains covalently bound to the protein and hence these types of
enzymes are unsuitable for specific biotransformation use (Alexeeva et al, 2002). On
the other hand, the FAD amine oxidases generate free imines which can then be

reduced back to racemic amines by the action of a reducing catalyst. To be more

48



specific the 4.niger monoamine oxidase selectively oxidizes only the (S)-enantiomer
of the amine to the corresponding imine, which subsequently dissociates from the
enzyme and further reacts to a ketone and ammonia in the aqueous environment.
Rather than allow the imine to simply hydrolyze to the corresponding ketone the
addition of abiotic reductant such as amine borane and sodium cyanoborohydride
reduces the “waste” imine back, to yield the racemic amine that then undergoes
another round of enantioselective oxidation to the imine. Starting from a racemic
mixture, the slow-reacting (R)-enantiomer is left behind in optically pure form after
the fast reacting enantiomer has been completely converted. For a highly
enantioselective MAO such as the MAO-5N used in this work, this would resemble a
typical kinetic resolution. Repeated cycles of chemical reduction and selective
enzymatic oxidation lead to a reaction mixture consisting of 100% optically pure (R)-
enantiomer amine. An advantage of this model is that both reactions take place
simultaneously and hence can be carried out in a one-pot reaction (Turner & Truppo,

2010).

The Turner group decided to modify the MAO-N from 4.niger in order to optimise
both enantioselectivity and catalytic activity against chiral compounds which are
important pharmaceutical or intermediates. The 4.niger MAO-N was reported to
have high activity towards simple aliphatic amines (for example, amylamine,
butylamine) but was also active, even though at a lower rate, towards benzylamine.
The same group selected a-methylbenzylamine as a model system for study in view
of its importance as a chiral amine. Since the 4.niger MAO-N enzyme possessed
very low, but measurable, activity towards S-a-methylbenzylamine and even slower
oxidation of the (R)-enantiomer it was attempted to increase the activity of the
enzyme towards S-a methylbenzylamine through a directed evolution experiment.
The enzyme was subjected to several rounds of random mutagenesis coupled with
screening using methylbenzylamine as the substrate resulting in a mutant,
Asn336Ser, for which the catalytic turnover, as measured by the kcat, was improved
by approximately 50-fold (Alexeeva et al, 2002). In addition, this variant had
generally good activity toward a wide range of chiral primary amines. Further rounds
of directed evolution resulted in a triple-point mutant variant,

Asn336Ser/Met348Lys/Ile246Met (MAO-3N) which, in addition to accepting S-o-
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methylbenzylamine as substrate, displayed improved activity toward chiral

secondary amines such as methyltetrahydroisoquinolone (Carr et al, 2005). Further

work led to the MAO-5N mutant, which was identified on the basis of its ability to

oxidise cyclic tertiary amines, such as N-methyl-2-phenylpyrollidine (Dunsmore et

al, 2006).

The latter variant shows very high activity and enantioselectivity towards a broad
range of primary, secondary and tertiary amines (Bailey et al, 2007). The very
successful results of the directed evolution experiments were followed by a
development of a “desktop” model which can be used to predict the suitability of
particular substrate for oxidation by MAO-N variants. Different industrially

important chiral amines were deracemised with enantiomeric excesses reaching

100% (Turner & Truppo, 2010).
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Figure 1.9. Reaction mechanism of the (A) Cu/TOPA-dependent and (B) flavin-dependent
amine oxidases. The intermediate imine in the reaction (A) remains covalently attached to

the enzyme.
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1.2. Aims

The aims of this work can be summarised as follows:
e To gain a better understanding of the homologous expression of the amine
oxidase in its natural host and its capacity for high level production (chapter
3). Moreover, to increase the productivity of the industrially important
A.niger FAD amine oxidase if necessary at the expense of the Cu amine

oxidase.

e To establish the appropriate conditions for the over-expression of the MAO-
5N enzyme in the heterologous hosts E.coli and P.pastoris. The basic
criterion for the successful expression of the enzyme was not the gravimetric
amount of enzyme produced but the volumetric (total) activity of the enzyme
in the cultures. The industrial goal was the use of whole cells or cell free
extracts of the produced culture for deracemisation of non optically pure
amines. Therefore the enzymatic activity was the most suitable way to
measure the enzyme’s value as a biocatalyst. It is worth noting that the
specific activity (expressed as the amount of substrate converted per unit of
time per biomass) is also of particular interest, as the higher the specific
activity, the lower the loading needed for the subsequent biotransformation
step. In other words smaller quantity of cells would be needed for loading the
biotransformation reactor. Consequently, there was a focus upon steps to both
increase the total activity of the bioprocess but also to retain the specific

activity at high enough levels.

e Even though the primary aim was to get the highest possible activities, this
must happen in a cost effective way, without using techniques or materials
which significantly increase the cost and/or limit the scalability of the

process.
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The overall aim was a critical assessment of microbial expression systems for
the production of an industrial important oxidase. Moreover, an increase of
the productivity of the process along with a reduction of cost was attempted.
This was achieved by choosing the most effective microbial system and
developing the most suitable fermentation conditions for the expression of the

monoamine oxidase enzyme.
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Chapter 2

Materials & Methods
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2.1. Bioreactor

The fermentations were carried out using a stainless steel bioreactor BIOSTAT C.-
DCU, (B.Braun Biotech International, Switzerland), which has a total volume of 22
and maximum working volume of 15L. The stainless steel culture vessel (C15-3) has
a double wall heat exchanger and side wall viewing window. The internal height to
diameter ratio of the vessel is the standard 3:1, and the diameter of the vessel is
21cm. There are four internal baffles with 1.5¢cm width and 57cm length. Three
adjustable six-bladed Rushton turbines were located on the stirrer shaft. The diameter
of each turbine is 8.5cm. The fermenter was connected to the main laboratory lines
for air and water. The filtered sterile air was sparged into the vessel via a circular

annular sparger fitted in the bottom of the vessel for even distribution of bubbles.

The vessel was heated and cooled using a water jacket. Accurate temperature control
to within +0.1°C of the setpoint was achieved through the control loops of the
DCU.The pH (Mettler Toledo Ltd., Leicester, UK) was controlled to within +0.05 of
the setpoint by automatic operation of two peristaltic pumps supplying acid and base
solutions from reservoirs to the reactor through silicone rubber tubing. Dissolved
oxygen tension (DO) was monitored by a pO, electrode (Mettler Toledo Ltd.,
Leicester, UK). The probe was calibrated at the fermentation temperature and
agitation speed by introduction of oxygen free nitrogen (OFN) (0% saturation value)
and air (100% saturation value). Foam was controlled manually using a peristaltic
pump which was linked to a reservoir containing sterile polypropylene glycol 2025

(PPQ) as the antifoam agent.
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Figure 2.1. Operational configuration of the biostat C bioreactor during a P.pastoris fed batch bioprocess
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2.2. Analytical Equipment

2.2.1. Spectrophotometer

A dual-light path UV-Vis spectrophotometer with thermostatted rotary 7-cell changer
in sample position (BioMate 5, Thermo Scientific, Hemel Hempstead, Hertfordshire,
UK) was used for the determination of optical density, amine oxidase activity,

galactose, glucose, acetate concentration.

2.2.2. Gas analyser

The exit gas composition was measured using a digital gas analyser TANDEM PRO
(Applikon Biotechnology Ltd, Tewkesbury, Gloucestershire, UK).Two gases were
used for calibration oxygen 19.0% (v/v ) and carbon dioxide 1.75% (v/v). The CO,
produced (carbon dioxide evolution rate, CER) and the O, consumed (oxygen
consumption rate, OUR) were expressed in mM/l/min and then used to calculate the
respiratory quotient (RQ):

RO = CO, generated
O,consumed

2.2.3. Incubator

Cultivations in 1L Erlenmeyer flasks were carried out in a rotary shaker (New

Brunswick Scientific, Edison, USA).

2.2.4. YSI 2700 analyser

YSI’s enzyme sensor technology employs one or more enzyme catalysed reactions to
ultimately produce hydrogen peroxide. Hydrogen peroxide is electrochemically
oxidised at the platinum anode of an electrochemical probe. This produced a probe
signal current.

A substrate enters the sample chamber and is stirred and diluted. The substrate then

diffuses through a thin polycarbonate membrane material. Once past the
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polycarbonate membrane, the substrate encounters an extremely thin layer of the

appropriate oxidase enzyme. There the following reaction occurs:

Oxidase
Substrate + O, —— > H,0, + Byproduct

Hydrogen peroxide diffuses towards the platinum anode in the probe assembly and

this gives rise to the probe signal current by its oxidation:

Oxidized at probe
H202 > 02 + 2HJr + 2¢
+0.7V

The substrate (analyte) concentration is proportional to the electron flow:

Substrate —— > 2¢”

The machine compares the produced signal current to that from a known

concentration (calibrator) and gives the final concentration result of the unknown.

2.2.5. High Pressure Cell Homogeniser

Prior to assaying intracellular protein content and the activities of amine oxidase, cell
disruption was necessary. This was performed using a high-pressure cell
homogeniser (Model 4000, Constant Systems Ltd., Warwick, UK). Samples (5 mL)
were pipetted into the piston chamber of the homogeniser, and the collection cup
assembly was fitted. The cells were passed twice through the homogeniser at a
pressure of 30kpsi, after which the homogenate was collected and centrifuged to
obtain a clear supernatant. Distilled water was passed twice through the homogeniser

between samples to remove any remaining artefacts and prevent false results.
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2.3. Microorganisms and Culture Conditions

2.3.1. Aspergillus niger strains

A. niger B-1D

A. niger strain B-1D, contained the hen egg white lysozyme (HEWL) cDNA gene
fused to a Aspergillus awamori glucoamulase (glaA) promoter. The HEWL ¢cDNA
gene was inserted at the Bg/II cloning site between the glad promoter and terminator
in the plasmid pGPT-pyrG1. pGPT-pyrG1 complemented the pyrG mutation in A.

niger AB4-1. All transformations were performed with protoplasted 4. niger.

A. niger 337690

This strain was isolated from soil of an Iraqi desert.

A. niger 14900711 (ATCC 16404)

This strain was isolated from a Blueberry in North Carolina. This strain was recently

re-named as Aspergillus brasiliensis according to the reference Varga et al. (2007).

A. niger 320725

This strain was isolated from a diesel tank in Aukland, New Zealand.
A.niger B-1D was donated by Prof. David Archer (University of Nottingham). The
rest of the Aspergillus strains were bought from CABI (www.cabi.org).

Master cultures were produced by plating from potato dextrose agar (PDA) slopes,
stored at 4°C, onto fresh PDA plates. Spore suspensions were then produced from
these plates, and aliquoted to a final volume of 200mL in Eppendorf tubes. These
spore suspensions were then stored at -80°C, although cultures were

also maintained on PDA slopes refrigerated at 4°C. The master culture spore
suspensions were produced by washing a 7-day old plate with DMSO as a
cryoprotectant. Spore suspensions for inoculation purposes were produced by

washing 7-day old plate cultures with sterile water containing 0.1% Tween-80.
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2.3.2. Escherichia coli strains

The following E.coli systems were used:
E.coli BL21(DE3) / pET16b His MAO-5N
E.coli BL21(DE3) / pET28b His MAO-5N

The cDNA of the gene expressing the monoamine oxidase from A.niger (mao-N
gene: 2193bp, mao-N mRNA 1488b encoding for a 495 amino acid long protein)
obtained from Schilling and Lerch (1995b) and cloned in an E.coli BL21 pET16b
vector and then undergone a directed evolution experiment so that the substrate
specificity was improved towards S-a-methylbenzylamine (Alexeeva et al, 2002) and
then the resulted MAO-5N was inserted into vectors mentioned above carrying a
gene for kanamycin resistance E.coli BL21(DE3) / pET28b and ampicillin resistance
E.coli BL21(DE3) / pET16b.

Master cultures were produced by carrying out flask fermentations with LB medium
carrying 50 g/ml of the appropriate antibiotic. At ODgoo= 0.5 abs when cells are at
the exponential phase of growth, aliquots of 0.8ml culture are poured into 2ml
freezing vial (Sigma-Aldrich, Dorset, UK) containing 0.2ml glycerol and stored in -
80 °C. Cultures are revived by streaking them on LB agar plates (containing 50 g/ml
of antibiotic) and put into an incubator at 30°C for 48h. A single colony was used to

moculate a flask.

2.3.3. Pichia pastoris strain

The strain is Mut® CBS 7435 and it harbours linear cassettes amplified from the
pPpBI1 vector carrying the histidine tagged MAO-5N to enable the purification of the

enzyme.
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2.4. Media Composition

2.4.1. Medium Composition for A.niger bioprocesses

The medium used in this series of experiments was as follows: 25g glucose, 2.5g
ammonium chloride, 10mL salts solution, SmL vitamin solution, and water to 1L.
The salts solution contained 0.35M potassium chloride, 0.22M magnesium sulphate
heptahydrate, 0.56M potassium phosphate monobasic, S0mL trace elements solution,

and water to 1L.

The trace elements solution was made to the following specifications: 0.1mM
sodium borate decahydrate, 2mM cupric sulphate pentahydrate, 4mM ferric
phosphate tetrahydrate, 5SmM manganese sulphate dihydrate, 3mM molybdic acid
sodium salt dihydrate, 28mM zinc sulphate heptahydrate, and water to 1L.

The vitamin solution contained 0.2mM p-aminobenzoic acid, 0.2mM thiamine
hydrochloride, 40nM biotin, 0.8mM nicotinic acid, 0.4mM calcium D-pantothenic
acid, 0.2mM pyridoxine monohydrochloride, 0.3mM riboflavin, and water to 1L.
The vitamin solution was filter sterilised through a syringe using 0.2 m cellulose

acetate filters.

Unless stated otherwise, all chemicals used in the work were purchased from Sigma-

Aldrich, Poole, Dorset, UK.

2.4.2. Medium Composition for E.coli bioprocesses

Inoculum : 60ml Salt solution , 6ml 50% (w/v) Glucose, 0.6 ml Magnesium
Sulphate 1M, 0.6 ml Trace Elements solution, 0.3 ml antibiotic 50mg/ml, distilled

water to 300 ml volume

Batch Medium: 2g/l Ammonium sulphate, 14.6 g/l Potassium phosphate dibasic,
3.6g/1 Sodium phosphate monobasic dihydrate,0.5 g/l (NH4),H-citrate, 0.1g/1
polypropylene glycol (1ml),
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11.9 g/l Glucose, 2ml Magnesium Sulphate 1M, 2ml Trace Elements, 10ml antibiotic
50 g/ml, water up to 11, autoclaved separately while the antibiotic was filter
sterilised through a syringe using 0.2 m cellulose acetate filter and added post-

autoclave to the bioreactor.

Glucose Feed: 50ml Magnesium Sulphate 1M, 10ml Trace Elements, 550.9g
Glucose, 5g yeast extract (Oxoid, Basingstoke, Hampshire, England), distilled water
to 11

Salt solution: 10g/l Ammonium Sulphate, 73g/1 Potassium phosphate dibasic, 18g/1

Sodium phosphate monobasic dihydrate, 2.5 g/l Ammonium citrate dibasic.

Trace Element solution : 0.5 g/l Calcium Chloride dihydrate, 10.03g/1 Ferric
chloride 0.18 g/l Zinc Sulphate heptahydrate, 0.16 g/l Copper Sulphate pentahydrate,
0.15 g/l Manganese sulphate monohydrate, 0.18 g/l Cobalt Chloride hexahydrate,
22.3 g/l disodium EDTA dihydrate.

The antibiotic was carbenicillin (Apollo scientific Bredbury, Stockport, UK) and
kanamycin for the E.coli BL21(DE3)/pET16b and the E.coli BL21(DE3)/pET28b,

respectively.

The recombinant protein expression was induced either by 10mM IPTG (Apollo
scientific Bredbury, Stockport, UK) or 200g/1 lactose solutions.

2.4.3. Medium Composition for P.pastoris bioprocesses

Inoculum: 2g yeast extract, 4g peptone (Oxoid, Basingstoke, Hampshire, England),
20ml potassium phosphate buffer 1M at pH 6, 20ml Y east Nitrogen Base with amino
acids 134g/1, 0.4ml Biotin 0.2 g/l, 0.2 ml Zeocin 100mg/ml (InvivoGen, San Diego,

California, USA), sterile water to 200 ml volume.
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The batch medium used for P.pastoris bioprocesses was:

95ml Phosphoric Acid (85%), 1.36g Calcium sulphate, 28.59¢g Potassium sulphate,
23.17g Magnesium sulfate heptahydrate, 12.8g Potassium hydroxide, 6g EDTA
disodium salt dihydrate, 2.2g Sodium chloride, 400g Glycerol, 1ml polypropylene
glycol 2025, water to a final volume of 8.51

After sterilisation in the fermenter the following were added:
43.5ml PTM, Trace Elements, 134g yeast nitrogen base water to a final volume of

1.5 liter.

Glycerol Feed
500ml Glycerol, 12ml PTM; Trace Elements, Water up to 1000ml

Methanol Feed
1000ml Methanol, 12ml PTM; Trace Elements

Sorbitol feed
2.5M sorbitol, 12ml/L PTM; Trace elements

PTM; Trace Elements

6.0 g Cupric sulphate pentahydrate, 0.08 g Sodium iodide, 3.0 g Manganese sulfate
monohydrate, 0.2 g Sodium molybdate dihydrate, 0.02 g Boric Acid, 0.92g Cobalt
chloride hexahydrate, 20.0 g Zinc chloride, 65.0 g Ferrous sulphate- heptahydrate,
0.2 g Biotin, 5.0 ml Sulfuric Acid, 0.4g Calcium Sulfate, water to a final volume of 1

liter.

2.5. Shake Flask Cultivation

For the investigation of the effect of ammonia and nitrate on the induction of the

A.niger 337690 culture by butylamine, the following flasks were prepared:
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1) Control with ammonia (without inducer)
25 g/l glucose

2.5 g/l ammonia chloride

10 ml/I salt solution

5m/1 vitamin solution

2) Control with nitrate (without inducer)
25 g/l glucose

3. 97 g/l sodium nitrate

10 ml/I salt solution

5m/1 vitamin solution

3) Induced by butylamine with ammonia
25 g/l glucose

1.38 g/l ammonia chloride

2.08 ml/l butylamine

10 ml/I salt solution

5m/1 vitamin solution

4) Induced by butylamine with nitrate
25 g/l glucose

2.19 g/l sodium nitrate

2.08 ml/I butylamine

10 ml/1 salt solution

5m/1 vitamin solution

The salt and vitamin solution is described in section 2.4.1. the final volume of the

broth is 0.41 and the flask volume is 11.
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2.6. Bioreactor Batch Cultivation

2.6.1. A.niger

The reactor was inoculated with 500ml of a 48h -old shake flask culture grown at
25°C and 200rpm. The pH was kept constant at 4.0 by automatic addition of 2.0M
H,SO4 and 2.0M NaOH. Temperature was maintained at 25°C throughout. The
agitation speed was set at 400rpm, and air flow rate was controlled at 1 volume of air

per volume of culture per minute (vvm) automatically.

2.6.2. E.coli

Inoculum preparation for the E.coli BL21(DE3) pET16b: It was necessary to wash
the cells before using them as an inoculum because of the build up of B-lactamase
which can cause plasmid loss. The washing steps have to be done aseptically. Cells
were spun down at 4000rpm for 15 minutes at 4°C, the supernatant was thrown away
and the pellet was re-suspended with LBcarb(50pg/ml) to the same volume as the
original culture. This procedure was done twice and then the washed and re-

suspended cells are used as the inoculum for the bioreactor.

The reactor was inoculated with a LB — flask grown until the Optical density of the
culture at 600nm reached 0.5 — 1 Abs. The shake flask culture grown at 30°C and
250rpm. The temperature in the bioreactor was kept constant at 30°C, the speed was
set at 350rpm, and air flow rate was controlled at 2 volume of air per volume of

culture per minute (vvm) automatically, while the pH was not controlled.

2.7. Bioreactor Fed - Batch Cultivation

2.7.1. E.coli

The bioreactor was filled with 101 of medium and inoculated with 300ml of culture
grown at 30°C to an ODgponm = 0.5-1 Abs. The temperature of the bioreactor was set
at 30 °C throughout the runs. The pH was kept at 7.0 by automatic addition of titrants
(25% (v/v) NH4OH serving as both base and nitrogen source and 2M H,SO,). The
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dissolved oxygen probe was calibrated with air and oxygen free nitrogen at 300rpm.
The DO, setpoint was 30% and for the aerated cultures it was maintained at the
preset levels by cascading to stirring rate from 300 — 900 rpm and then from 1vvm —
3vvm of air while in the oxygen enriched cultures it was cascaded to stirring rate
from 300 — 900 rpm and then from 0 — 100% oxygen enrichment. When glucose was
fully consumed (ODgoonm at this time is normally around 12) the glucose feeding was
turned on. For the IPTG induced cultures, when the cells reached an ODgppnm = 40
then IPTG was added to a final concentration of 1mM. In the case of the lactose
induced cultures, lactose feed (300g/1) was started at ODgoonm = 40, 55 or 70. The

lactose concentration of the culture was kept close to 2g/1.

Feed profile

When the glucose was fully consumed the glucose feeding was turned on.

The glucose feeding profile is described below:

0 minutes - 30minutes =» start feed at 0.17ml/min

30 minutes - 1h 30mins =»change to 0.34ml/min

1h 30mins - 2h 30mins =»change to 0.67ml/min

2h 30mins - 3h 30mins =»change to 1.07ml/min

3h 30mins — induction time =»change to 1.34 ml/min. This rate is kept at this set
point up until the OD=40 and induction starts.

At point of induction the rate is changed to 1.07ml/min

Optimised feed

The optimized glucose feeding profile is described below:
0 minutes — 15minutes =» start feed at 0.66 ml/min

15 minutes — 30 minutes =» change to 1.05 ml/min

30 minutes — 45 minutes =» change to 2.15ml/min

45 minutes — lhour =» change to 2.51 ml/min

lhour — 3hour 30min =¥ change to 3.24 ml/min

3hour 30min - induction time =» change to 3.61 ml/min
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When the cells reach the desired ODggonm then IPTG is added to a final concentration
of 1mM or lactose is added in a fashion that its concentration in the culture broth is

maintained at 2g/l.

2.7.2. P.pastoris

The bioreactor was filled with 101 of medium and inoculated with 300ml of culture
grown at 30°C to an ODgponm = 6 - 10 Abs. The temperature of the bioreactor was set
at 30 °C throughout the runs. The pH was kept at 5.8 by automatic addition of titrants
(28% NH4OH serving as both base and nitrogen source and 2 M H,SOj). The
dissolved oxygen probe was calibrated with air and oxygen free nitrogen at 300rpm.
The DO setpoint was 30% and for all cultures it was maintained at the preset levels
by cascading to stirring rate from 300 — 900 rpm and then from 1vvm — 3vvm of
aeration rate. When glycerol was fully consumed the glycerol feeding was turned on.
The feeding profiles for all the P.pastoris fermentation carried out can be seen in

table 2.1.

When the methanol feed started, it was incrementally increasing; while the glycerol
feed was gradually decreasing. This phase of the process also called adaptation phase
(section 1.1.4.5.) is used to enable the pre-adaptation of the P.pastoris cells

metabolism to the carbon and nitrogen sources used in the induction phase.

The methanol feeding profile was kept constant in all experiments. In the case of
methanol - sorbitol co-feed, the separate sorbitol feed (2.5M) was adjusted so that the
ratio of the carbon content from methanol and sorbitol solutions would be 2:1, 1:1

and 1:2.

67



Table 2.1. Feeding profile of P.pastoris fermentations for 101 volume. The methanol

or methanol-sorbitol feed begins at 6.33h of the glycerol feed (grey colour).

glycerol feed
Time from start of feed (h) ml/min
0 1.07
0.5 1.24
1 1.42
1.75 1.60
2.51 1.78
3 1.96
3.75 2.13
4.25 2.31
4.75 2.49
5.25 2.67
5.75 2.84
6 3.02
6.33 2.13
7.33 1.07
8.33 0.00

MeOH Sorb 2:1
Time from start of feed (h) MeOH (ml/min) Sorbitol (ml/min)
0 0.18 0.15
25 0.27 0.22
4 0.36 0.29
5 0.44 0.37
6 0.53 0.44
MeOH Sorb 1:1
Time from start of feed (h) MeOH (ml/min) Sorbitol (ml/min)
0 0.18 0.29
25 0.27 0.44
4 0.36 0.59
5 0.44 0.73
6 0.53 0.88
MeOH Sorb 1:2
Time from start of feed (h) MeOH (ml/min) Sorbitol (ml/min)
0 0.18 0.59
25 0.27 0.88
4 0.36 1.17
5 0.44 1.47
6 0.53 1.76
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2.8. Analytical Procedures

2.8.1. Biomass estimation

2.8.1.1. Dry cell weight for A.niger

Biomass was estimated according to the method of Wongwicharn et al. (1999b).
SmL aliquots of fungal culture were withdrawn and were filtered through a 4.25cm
diameter GF/C filter, which has a particle retention size of approximately 1.2um
(Whatman Ltd., Maidstone, UK). The filter cake was washed twice with SmL of
distilled water, dried for 20 minutes in a microwave oven (650W) on medium-low
power, and cooled in a desiccator before weighing. All samples were analysed in

triplicate.

2.8.1.2. Dry cell weight for E.coli and P.pastoris

Iml aliquots of culture were withdrawn and loaded in pre-weighed Eppendorf tubes
and centrifuged for 5 min at 10.000 rpm in a benchtop microcentrifuge (Eppendorf
Microcentrifuge 5415D, Eppendorf AG, Hamburg, Germany). The supernatant was
removed and cells were re-suspended in water and centrifuged again, after which the
Eppendorf with the cell pellet was dried in an oven at 105°C for 24 h then was

weighed after being cooled in a desiccator for 2 h.

2.8.1.3. Wet cell weight for E.coli and P.pastoris

Iml aliquots of culture were withdrawn and loaded in pre-weighed Eppendorf tubes
and centrifuged for 5 min at 10.000 rpm in a benchtop microcentrifuge (Eppendorf
Microcentrifuge 5415D, Eppendorf AG, Hamburg, Germany). The supernatant was
removed with the aid of a micropipette and the tubes were centrifuged again and
supernatant was carefully removed with a micropipette taking caution to avoid

removing any pellet. Then the Eppendorf tubes with the cell pellets were weighed.
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2.8.1.4. Optical density

Appropriately diluted samples were used to measure the optical density of the culture

at 600nm.

2.8.2. Monoamine oxidase activity

The monoamine oxidase activity was assayed in the supernatant by measuring the
release of H,O» during the conversion of a substrate to product (n-amylamine in the
current experiments). Hydrogen peroxide is measured by a colorimetric reaction
which occurs with the addition of horseradish peroxidase (HRP), serving as catalyst
and a substrate, 4-aminoantipyrine/ 2,4,6-tribromo-3-hydroxybenzoic acid (TBHBA)
oxidised to a coloured product, the absorbance of which is measured at 510nm

(figure 2.2).

The assay mixture contained:

10 ml 1M Potassium phosphate buffer pH7.8
39 ml water

20 mg TBHBA in 1ml DMSO

15.24 mg 4-AAP

The reaction took place in 1ml cuvettes where 50 1 of appropriately diluted sample
was added to:

500 1assay mix stock solution from above

100 1of 100 mM substrate (amylamine unless otherwise stated) at same pH as assay
mix stock solution

10 1HRP solution at 5 mg/ml

340 1 water

70



Monoamine

/k Oxidase )’t
/ \ . N

H,0,

. +
zé\w

4-aminoantipyrine

J’_
Br O

HO

OH

Br Br
2.4,6-tribromo-3-hydroxybenzoic acid

Horseradish
peroxidase
\ Br
/N O
‘S
N Br
O
OH e}

pink coloured product (maximum absorbance at 510nm)

Figure 2.2. The reaction sequence of the amine oxidase activity determination.



Then the cuvettes were immediately transferred to the spectrophotometer set at 30 °C
and the rate of change of absorbance at 510 nm was monitored. In addition negative
controls were run with 1) no substrate and ii) no oxidase to give the background rate

of absorbance change. This value was subtracted from all observed rates.

The rate of change of absorbance at 510 nm was then used to calculate specific
activities and other kinetic parameters such as ke,r and Ky. The extinction coefficient
of the colorimetric product is 29,400 M'cm™ and the path length of 1 ml cuvette of
the spectophotometer is 1 cm. In the case of the plate reader the path length is
0.53cm. Using the Beer-Lambert law the change in concentration of colorimetric

product and therefore the change in concentration of substrate is:

Concentration change (M s™) = AbsUnits (s™) / [29,400 (M'cm™) x 1(cm)]

2.8.3. Glucose concentration

Enzymatic kit determination

Glucose concentrations in culture supernatants were measured using a commercial
kit (RBiopharm Rhone Ltd., Glasgow, UK. ART number 10 716 251 035). The test
principle is as follows: D-Glucose is phosphorylated to D-glucose-6-phosphate (G-6-
P) in the presence of the enzyme hexokinase (HK) and adenosine-5’-triphosphate

(ATP) with the simultaneous formation of adenosine-5’-diphosphate (ADP).

HK
D-Glucose + ATP ———» G-6-P+ ADP

In the presence of the enzyme glucose-6-phosphate dehydrogenase (G6P-DH),
G-6-P 1s oxidized by nicotinamide-adenine dinucleotide phosphate (NADP) to D-
gluconate-6-phosphate with the formation of reduced nicotinamideadenine

dinucleotide phosphate (NADPH).

G6P-DH .
G-6-P + NADP" ———» D-gluconate-6-phosphate + NADPH + H
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The amount of NADPH formed in this reaction is stoichiometric to the amount of D-
glucose. The increase in NADPH is measured by means of its light absorbance at

340nm.

YSI determination

The YSI 2007 was used for this determination (section 2.4.4.). This was a direct
reading of dextrose in solution at the enzyme sensor. The enzyme glucose oxidase is

immobilised in the YSI Dextrose membrane.

Glu Oxidase
D - glucose + O — > H,0, + D - glucono-3-lactone

2.8.4. Acetate concentration

Acetate concentrations in culture supernatants were measured using a commercial kit
(RBiopharm Rhone Ltd., Glasgow, UK. ART number 10 148 261 035). The test
principle is as follows: Acetic acid (acetate) is converted to acetyl-CoA in the
presence of the enzyme acetyl-CoA synthetase (ACS), adenosine-5'-triphosphate
(ATP) and coenzyme A (CoA).

ACS
Acetate + ATP + CoA —— acetyl-CoA + AMP + pyrophosphate

Acetyl-CoA reacts with oxaloacetate to citrate in the presence of citrate
synthase (CS).

CS
Acetyl-CoA + oxaloacetate + H,O —> citrate + CoA

The oxaloacetate required for reaction is formed from L-malate and
nicotinamide-adenine dinucleotide (NAD) in the presence of L-malate

dehydrogenase (L-MDH).

L-MDH

L-Malate + NAD" oxaloacetate + NADH + H"
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In this reaction NAD" is reduced to NADH. The determination is based on the
formation of NADH measured by the increase in light absorbance at 340nm. Because
of the equilibrium of the preceding indicator reaction, the amount of NADH formed

is not linearly (directly) proportional to the acetic acid concentration.

2.8.5. Methanol concentration

YSI determination

The YSI 2007 was used for this determination (section 2.4.4.). This was a direct
reading of methanol in solution at the enzyme sensor. The enzyme alcohol oxidase is
immobilised in the enzyme membrane,

Alcohol Oxidase
Methanol + O — > H,0, + formaldehyde

2.8.6. Lactose and galactose concentration

Enzymatic kit determination

Lactose and galactose concentrations in culture supernatants were measured using a
commercial kit (RBiopharm Rhone Ltd., Glasgow, UK. ART number 10 176 303
035). The test principle is as follows:

Lactose is hydrolyzed to D-glucose and D-galactose at pH 6.6 in the presence of the

enzyme [-galactosidase and water

beta

galactosidase
Lactose + H,O » D-glucose + D-galactose

D-Galactose is oxidized at pH 8.6 by nicotinamide-adenine dinucleotide
(NAD) to D-galactonic acid in the presence of the enzyme [ -galactose

dehydrogenase (Gal-DH)

Gal-DH o .
D-galactose + NAD® ——— D-galactonic acid + NADH + H
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The amount of NADH formed in the second reaction is stoichiometric to the amount
of lactose, and D-galactose, respectively. The increase in NADH is measured by

means of its light absorbance at 340nm.

YSI determination of lactose

The YSI 2007 was used for this determination (section 2.4.4.). This was a direct
reading of lactose in solution at the enzyme sensor. The enzyme galactose oxidase is

immobilised in the enzyme membrane,

Gal oxidase
Lactose + O, — > H,0, + Galactose Dialdehyde derivative

2.8.7. Ammonia concentration

Ammonia concentrations in culture supernatants or filtrates were measured using a
commercial kit (RBiopharm Rhone Ltd., Glasgow, UK. ART number 11 112 732
035). The test principle is as follows: In the presence of glutamate dehydrogenase
(GIDH) and reduced nicotinamide - adenine dinucleotide (NADH), ammonia reacts
with 2-oxoglutarate to L-glutamate, whereby NADH is oxidized.

GIDH
2-Oxoglutarate + NADH + NH," ——> L-glutamate + NAD" + H,O

The amount of NADH oxidized in the above reaction is stoichiometric to the

amount of ammonia. NADH is determined by means of its light absorbance

at 340nm.

2.8.8. Nitrate

Nitrate concentrations in culture filtrates were measured using a commercial kit
(RBiopharm Rhone Ltd., Glasgow, UK. ART number 10 905 658 035). The test
principle is as follows: Nitrate is reduced by reduced nicotinamide-adenine
dinucleotide phosphate (NADPH) to nitrite in the presence of the enzyme nitrate
reductase (NR).

NR
Nitrate + NADPH + H® —— nitrite + NADP+ + H,O
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The amount of NADPH oxidized during the reaction is stoichiometric to the amount
of nitrate. The decrease in NADPH is measured by means of its light absorbance at

340nm.

2.8.9. Sorbitol

Sorbitol in culture supernatants was measured using a commercial kit (RBiopharm
Rhone Ltd., Glasgow, UK. ART number 10 670 057 035). The test principle is as
follows: D-Sorbitol is oxidized by nicotinamide-adenine dinucleotide (NAD) to D-
fructose in the presence of the enzyme sorbitol dehydrogenase (SDH, also called
polyol dehydrogenase), with the formation of reduced nicotinamide-adenine

dinucleotide (NADH).

SDH
D-Sorbitol + NAD" «———— D-Fructose + NADH + H"

Under the assay conditions, the equilibrium of the reaction lies on the side of NAD"
and D-sorbitol. However, they are favourably displaced as the formed NADH is
removed in a subsequent reaction in which NADH reduces iodonitrotetrazolium
chloride (INT) to a formazan in the presence of diaphorase

diaphorase
NADH + INT + H® — > NAD" + formazan

The absorbance of the formazan is measured at its maximum at 492 nm.

2.8.10. Replica plating for plasmid retention determination

Plasmid retention was measured according to the method described by Lederberg &
Lederberg (1952). Appropriately diluted samples from the cultures were first
dispersed on a non selective agar with a glass spreading rod. After incubation, replica
plating permits the copying of a pattern of microbial growth from the initial agar
plate to a series of others which have the appropriate antibiotic. The method uses
fabrics to make the transfer without disturbing spatial relationships. The number of

colony forming units (cfu) on the selective agar to the number of cfu on the non-
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selective agar gives the proportion of the cells retaining the plasmid or the cassette

for E.coli and P.pastoris cells respectively.

2.9. Biotransformations

The ability of the produced cells to efficiently convert substrate to product was
evaluated by whole cell biotransformations. Cells harvested from fermentation were
centrifuged and the supernatant was discarded. Then the cell pellets were freeze-
dried and stored at 4 °C until use. Chemical reactors with working volume 11 were
filled with 0.51 of medium containing 200mM of a-methyl-benzylamine buffered at
pH 7 using phosphate buffer and 2M sulphuric acid. Biotransformation started with
the addition of 0.6g/1 freeze dried cells. The stirring rate during the process was
maintained at 330rpm, the airflow 1vvm, while the temperature was set at 30 "C. The
concentration of a-methyl-benzylamine was determined by an HPLC method

developed by Ingenza Itd.

2.10. Statistical analysis

Calculation of error

The errors for all measurements given in all the results chapters are standard
deviations. The standard deviation, s, describes how closely the individual values
cluster around the mean value and it can be expressed mathematically by the

following equation:

Where ¥ is the mean value, y is the individual values and n the sample size.
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Two-sample independent t test

When needed, 2 sample t test was performed to determine if the means of data
between two sample groups differ at the 95% confidence level, or if the mean for one
is smaller or larger than that for the other. In all cases the variances s as well as the
standard deviation are assumed different or at least it is not claimed that they are the

same. The mathematical expression of the test is the following:

Where X ,, Xpare the means of sample groups o and B, 8o S|32 are the variances of

samples group a and p.
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Chapter 3

Aspergillus niger process for homologous
production of Amine Oxidase
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3.1. Introduction and Aims

In this chapter, fermentations with the filamentous fungus A.niger were carried out.
As discussed in chapter 1, A.niger is a very popular host for both the heterologous
and homologous production of many industrially important enzymes due to its ability
to secrete bioactive proteins with efficient post-translational processing (Wang et al,
2003). The objective of the overall project is the optimization of the production of
the enzyme amine oxidase from microorganisms. In this chapter, a method for the
correct determination of the industrially useful FAD monoamine oxidase was
established. Moreover, the appropriate nitrogen source for the production of the AO
was investigated and then various strains of A.niger were tested regarding their
ability to produce amine oxidase and the industrially useful FAD monoamine oxidase

(section 1.1.5.6).

When it comes to the production of a native enzyme as is the case of this part of the
research a thorough understanding of the physiology of the microorganism is
required. Towards that direction the present work sought to elucidate the effects of
two different nitrogen sources on the physiology of the A.niger cells, and to be more
specific, on the biomass production and most importantly, on amine oxidase activity.
Additionally, the levels of activity which correspond to the flavin adenine
dinucleotide (FAD) amine oxidase was studied, and the relationship between the
nitrogen source and the percentage of the FAD amine oxidase activity was examined.
Furthermore, maximization of the amine oxidase production was attempted through
incorporation of an FAD-AO inhibitor in the media or the testing of different media
pH’s. Finally fermentations were carried out in a fermenter vessel where the

butylamine induction took place when biomass reached its highest value.
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3.2. Determination of the FAD amine oxidase activity, use of

appropriate enzymatic inhibitor

3.2.1. Introduction

Schilling & Lerch (1995b) have observed the inhibitory effect of semicarbazide
hydrochloride on the copper containing amine oxidase. However, using this
compound in order to determine the amount of amine oxidase activity which
corresponds to the FAD — amine oxidase entails the risk that this compound could
cause inhibition of the FAD amine oxidase activity. To verify this, a recombinant
E.coli strain was used which expresses only the wild type 4.niger FAD - amine
oxidase (MAOWT). The effect of the semicarbizide on the FAD — amine oxidase
activity was measured during a fermentation of £.coli BL21(DE3) pET16b
(MAOWT). Moreover, the efficacy of the known inhibitors of the copper amine
oxidase needs to be tested. Towards this direction the percentage of inhibition of the
best known inhibitors of the copper and FAD amine oxidase were tested and

compared.

3.2.2. Results and Discussion

In this experiment the concentration recommended by the literature of 10°M of
semicarbazide hydrochloride was used (Schilling & Lerch, 1995b). The results of
table 3.1 clearly show that the use of the semicarbazide did not cause any inhibition

to the FAD amine oxidase activity from this strain.

From the above we can conclude that the semicarbizide hydrochloride can be used
for the inhibition of the copper containing amine oxidase in preparations which
contain both the copper and the FAD amine oxidase, as it appeared that it causes no

inhibition to the FAD amine oxidase.
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The correct determination of the FAD amine oxidase activity could also be
jeopardised by the inability of the inhibitor to fully repress the activity of the Cu
amine oxidase. Bearing in mind that for the overall amine oxidase activity,
responsible are the Cu-amine oxidase and the FAD monoamine oxidase, the
inhibition of the one leads to the determination of the activity of the other. Therefore
in order to examine the efficacy of the semicarbazide in inhibiting the Cu-AO, the
FAD-AO inhibitor pargyline was used to inhibit the FAD-AO of the 4.niger 337690
strain used in these experiments and the results of the pargyline and semicarbazide

inhibitions were compared.

From figures 3.1. we can draw the conclusion that both semicarbazide and pargyline
gave the same results regarding the percentage of the activity that belongs to the
FAD and the Cu amine oxidase. Therefore both can be used for the correct

determination of the proportion of the FAD/Cu amine oxidase activity.
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Table 3.1. Total amine oxidase activity before and after the addition of the Cu-AO
inhibitor (semicarbazide). The E.coli BL21(DE3) pET 16b (MAO-N) was grown in
shake flasks until OD =1-2 and then amine oxidase activity was analysed with and

without the incorporation of semicarbazide hydrochloride 10°M.

Without inhibitor | With inhibitor | Activity after
Fepeats
(umol/l'min) (umoll'min) | inhibition (%3)
Ist 18.27 17.76 07.19
Z2nd 1891 1877 9929
3rd 18.35 1894 103.18
Average 1851 1849 09 g9
Determination of the AO activity
100
< 80
H; T
=
2
O 60 -
<
2
Sy
g
& 20 A
0 :
Semicarbazide Pargyline

11 flasks and grown until stationary phase. Samples were withdrawn and analysed in

Inhibitors used
Figure 3.1. The percentage of amine oxidase activity belonging to the FAD — MAO (m) and
the Cu—AO (m), determined by the use of a Cu— AO enzyme inhibitor (semicarbazide) and
a FAD — MAO enzyme inhibitor (pargyline). A.niger 337690 spores were used to inoculate

triplicate.
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3.3. Selection of the appropriate nitrogen source

3.3.1. Introduction

In this work the compound used to induce the synthesis of the amine oxidase is
n-butylamine as it was found that the highest amine oxidase induction was achieved
with n-butylamine as inducer (Frébort et al, 1997; Schilling & Lerch, 1995¢). The
key industrial objective is to obtain the highest possible amine oxidase production
and an appropriate balance between the biomass and specific amine oxidase activity
needs to be established. It has been found that an amine, in the present case
butylamine, cannot be used as both the carbon and the nitrogen source by fungi
(Dijken & Bos, 1981; Lindley, 1987) with only very few exceptions (Middelhoven et
al, 1984). High concentrations of amines can be toxic to the cells (Albert, 1985) and
thus do not enable the use of amines as a the sole nitrogen source, since a sufficiently
high concentration of biomass requires a higher nitrogen concentration than the
toxicity threshold for butylamine (0,2% - 0,25 (v/v)) allows. Therefore, in order to
tackle this problem either:
(1) a fed — batch bioprocess will be followed where a gradual addition of
butylamine will take place so as not to exceed the toxicity limits, or
(11) another nitrogen source will be chosen (in addition to butylamine)
whereby a high biomass will be achieved before the induction with
butylamine.
In a previous work on amine oxidase production by 4.niger (Schilling & Lerch,
1995b) the authors used a medium described by Vogel (1956) where the original
nitrogen source, ammonium nitrate, was replaced by sodium nitrate. Even though it
is known that a primary nitrogen source such as ammonium strongly inhibits the
synthesis of amine oxidase, a search in the literature did not generate any information
regarding the effect of a secondary nitrogen source such as nitrate on amine oxidase
synthesis in the presence of an inducer. The present work attempted to elucidate the
behaviour of 4.niger (the strain number 337690 was used as a model organism) in
the presence of butylamine and a secondary nitrogen source (in this case sodium

nitrate) and compare it to the respective case where ammonium and butylamine co —
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exist. In this experiment, a comparison between the use of ammonium and nitrate
salts as additional nitrogen sources used in conjunction with butylamine was carried

out.

3.3.2. Results and discussion

Production of Biomass and intracellular protein concentrations

As can be seen in the Figure 3.2.A., the use of sodium nitrate instead of ammonium
chloride caused a significant decrease in the biomass concentration of both control
and butylamine - induced cultures. Especially in the case of the control this
difference in the biomass concentration is vast. At the end of the process (144h) the
final biomass concentrations for the induced cultures were 8.66 g/l and 6.52 g/1 for
the ammonium and nitrate containing cultures respectively, while for the controls
were 13.58 g/l and 7.29 g/l for the ammonium and nitrate containing cultures

respectively.

In Figure 3.2.B., the intracellular protein concentrations for the control cultures did
not have significant differences, while in the case of the induced culture the nitrate
containing cultures after the 72h had significantly higher intracellular protein
concentrations and reached a peak at 120h (185.2 mg/g DCW), at the same time the
amine oxidase activity was significantly higher as well as can be seen in

figure 3.3.

Amine oxidase activity and specific activity

The induced culture containing the nitrate appears to have significantly higher
specific activity levels. This figure clearly shows that the ammonium ions cause an
inhibition of the amine oxidase activity as only when ammonium was fully
consumed (figure 3.5.B.) amine oxidase increased to high levels (figure 3.3). This
inhibition caused by ammonium ions occurs possibly by inhibiting the synthesis of
this enzyme at the level of transcription (Marzluf, 1997). The specific activity of the
ammonium containing culture reached 1.8 mol/g DCW/min at 96h and remained

constant until the end of the process, in contrast, the nitrate containing cultures

85



exhibited a very abrupt increase in the amine oxidase activity and reached a peak at
72 hours (3.31 mol/g DCW/min). The amine oxidase level decreased, a fact which
might indicate the consumption of butylamine, while the ammonium containing
culture remained stable, presumably because there was not enough amine oxidase
produced in the initial stages of the process and as a result the butylamine
concentration was not significantly reduced as may have happened in the nitrate

containing culture.

The total amine oxidase activity appeared to be higher for the culture containing the
sodium nitrate as the main nitrogen source (figure 3.3.B). This happened from 48h
until 120h. After that time there was an abrupt fall in the activity of amine oxidase
for the nitrate containing culture, while the activity in the ammonium containing
culture remained relatively stable resulting in a considerably higher activity for the
culture containing the ammonium source. The maximum total amine oxidase activity
of the nitrate containing culture was 16.69 mol/l/min (120h) and of the ammonium
containing culture was 14.51 mol/l/min (144h). The difference between the nitrate
and ammonium containing culture even though significant was not as vast as that of
the specific activity and this was attributed to the better growth of the ammonium

culture which is also reflected in the higher biomass levels.

Proportion of the flavin adenine dinucleotide (FAD) and copper (Cu) containing

amine oxidase

Figure 3.4. shows that as the time passed the percentage of the activity that belongs
to the FAD containing amine oxidase gradually and slowly increased in both induced
cultures (the only exception was the 72h nitrate containing culture where the
percentage of the FAD amine oxidase activity is higher than the 96h). Another thing
to note is that during the first 72 hours of the bioprocess the percentage of the FAD
amine oxidase activity was much higher for the nitrate containing culture while after
that time the ammonium containing culture appeared to have slightly higher

percentage of the FAD amine oxidase activity.
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Figure 3.2. Time profiles of the biomass concentrations (A) and intracellular protein

concentration (B) of the uninduced (control) cultures with ammonia (o) and nitrate (0) and

the induced cultures with ammonia (e) and nitrate (m) as nitrogen source in shake flasks
fermentations of A.niger 337690. Culture conditions: flasks cultivation, 25°C, 200 rpm.
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Figure 3.3.Time profiles of the (A) specific amine oxidase activities and (B) total specific
amine oxidase activities for the induced cultures containing ammonia (®) and nitrate (m) as
nitrogen source in shake flasks fermentations of 4.niger 337690 . Culture conditions: flasks
cultivation, 25 °C, 200 rpm.
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Figure 3.4. Total amine oxidase activity (lines) and percentage of the activity (columns)
attributed to the FAD amine oxidase v. time for the ammonium (m) and nitrate (=) containing
A.niger 337690 cultures. Culture conditions: flasks cultivation, 25 °C, 200 rpm
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It 1s possible that the percentage of the copper and the FAD containing amine
oxidase activity could be linked to the amount of the butylamine present in the broth.
It 1s also possible that the reduction of the butylamine concentration caused the
reduction of the Cu - amine oxidase and the increase of the FAD amine oxidase. If
this is the case it can also be assumed that the synthesis of the FAD amine oxidase is
more easily induced when the organism is in need of a nitrogen source, while the
copper containing amine oxidase is predominantly induced when the cells are not
under nitrogen limitation or when the cells are stressed by the presence of a toxic

amine.

The FAD amine oxidase may be mainly responsible for the utilisation of amines as
nitrogen sources, while the copper amine oxidase could be a detoxifying agent
(Frébort et al, 1997). The first assumption may be supported by the fact that when the
ammonium nitrogen was fully consumed (ammonium is the preferable nitrogen
source) the FAD amine oxidase activity was significantly increased. In the case of
the nitrate containing culture there were no abrupt increases in the FAD amine
oxidase activity percentage, (apart from at 144h, the point where the nitrate nitrogen
was already consumed!) as the amine present in the medium was simultaneously
used from the beginning of the process along with the nitrate. Another supporting
fact is that at the initial stages the ammonium containing culture had lower FAD
amine oxidase activity than the nitrate containing culture. This can be explained by
the fact that the ammonium is the preferential nitrogen source (Marzluf, 1997) and as
a result there is no need for utilisation of butylamine as a nitrogen source, however,
nitrate is not such a good nitrogen source and the organism uses at the same time

nitrate and butylamine as a nitrogen source.

Residual glucose and primary nitrogen concentration

In Figure 3.5.A, it is obvious that the addition of the inducer caused a delay in the
consumption of glucose, by increasing the lag phase, as the glucose was fully
consumed 24 hours later in the induced cultures. The glucose consumption rate was
higher in the case of the cultures containing ammonium (0.495 g/l/h and 0.437 g/I/h

for the control and the induced culture respectively) than the cultures containing
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nitrate (0.367 g/I/h and 0.325 g/I/h for the control and the induced culture

respectively).

From Figure 3.5.B., we can see that the nitrogen from the ammonium in the
ammonium containing cultures was consumed much quicker than that of the nitrate
containing cultures. It is worth noting that in the control culture, which contained the
sodium nitrate, the organism did not consume the whole available nitrate, in contrast
to the rest of the cultures where the nitrate was fully consumed. It is remarkable that
the specific growth rate of the control nitrate containing culture is 0.062h™ while that
of the control ammonia culture 0.056h. Hence, in the exponential phase of growth,
A.niger appears to grow faster on nitrate but as it seems quickly decelerates and
comes to an abrupt halt. At this time the residual nitrate concentration reaches the
lowest value and remains there until the end of the process. Hence, it is obvious that
A.niger has a lower affinity for nitrate as nitrogen source than ammonium the
concentration of which reaches 0 g/ at the end of the process.

Another evidence to back up this is that the nitrogen uptake rate in the nitrate
containing cultures was very low (0.0078 g/I/h and 0.0044 g/I/h, for the control and
induced cultures respectively) compared to the respective ammonium containing
cultures (0.0095 g/I/h and 0.0086 g/I/h for the control and induced cultures,
respectively). Therefore, we can deduce that the cells show a preference for the
utilisation of the ammonium cations at the expense of butylamine since the culture
containing ammonium chloride seemed to consume this nitrogen source much
quicker than the cultures containing the sodium nitrate. It is also obvious from the
comparison of the control cultures that the ammonium chloride was more easily

utilised by the cells than the sodium nitrate.
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Figure 3.5. Time profiles of the residual glucose (A) and nitrogen source concentrations (B)

of the uninduced (blank) cultures with ammonia (o) and nitrate (0) and the induced cultures

with ammonia (e) and nitrate (m) as nitrogen source in shake flasks fermentations of A.niger.
Culture conditions: flasks cultivation, 25°C, 200 rpm
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3.3.3. Conclusions

As expected the presence of ammonium cations causes inhibition of the amine
oxidase expression, however, there was some detectable activity at 48h, before the
exhaustion of the ammonium chloride. The amine oxidase activity soared to very
high levels when ammonium was completely depleted; however, the activity was still

lower than that of the nitrate containing culture.

Figures 3.3. and 3.5.B, show that the nitrate containing cultures used the nitrogen
from the nitrate and butylamine simultaneously for their growth as the nitrate
consumption rate was low and the amine oxidase activity relatively high compared to
the ammonium containing cultures where the ammonium nitrogen was fully
consumed after 72 hours and the specific amine oxidase activity started to rise at this

point of the process.

Even though ammonium containing cultures exhibited better growth patterns leading
to higher biomass levels, the amine oxidase activity was lower. To conclude nitrate
appeared to be more appropriate than ammonium as a primary nitrogen source for the
production of amine oxidase. Nitrate containing cultures exhibited significantly
higher total amine oxidase activities and during the first hours of the process
significantly higher FAD amine oxidase activity which outweighs their reduced

biomass production.

3.4. Testing of A.niger strains for amine oxidase production

3.4.1. Introduction and objective

Before starting the processes in bioreactors, it is important to identify first the
appropriate strains which can be induced and produce the amine oxidase enzyme. It
is reported that some strains do not have the capacity to produce this enzyme, or in
other cases only one of the two kinds of amine oxidase can be expressed (either FAD

or Cu amine oxidase) (Frébort et al, 1997; Frébort et al, 1996). Thus primary
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evaluation of some strains and their ability to degrade/ utilize the butylamine is

required.

In this experiment 4 different Aspergillus niger strains were grown in flasks to
compare their ability to grow in a defined medium and to produce amine oxidase
when induced by butylamine. All strains are isolated from different environments. A
recombinant strain (4.niger B1-D) expressing a heterologous protein other than
amine oxidase was also used for comparison reason. It was expected that the
overproduction of the heterologous protein will occupy the translation machinery of
the cells and therefore the expression of amine oxidase would be lower than the wild
type strains. A control and an induced culture were run for each of the strains tested.
The experiment was done in triplicate to help ensure reproducible results and the

most representative of them are presented.

3.4.2. Results

3.4.2.1. A.niger 149007ii

Production of Biomass and intracellular protein concentration

As can be seen in figure 3.6 there were no significant differences (p>0.05) in the
biomass between the control and the induced cultures of A.niger 149007ii. Both
cultures exhibited the same patterns and they both reached a peak at 96h (7.4 and
8.23 g/l for the control and the induced culture respectively). After that point there is
a slight decrease in the biomass levels for both cultures. The specific growth rates
during the exponential phase were 0.037h™ and 0.039h™ for the control and induced
culture respectively. As can be deduced from both figures 3.6.A and 3.7.B the reason
for the slightly higher biomass of the induced culture at 96h and higher growth rate

was the exhaustion of the nitrogen source of the control culture.

94



Biomass

10

DCW (g/l)
N

0 20 40 60 80 100 120 140 160
time (h)

Intracellular protein concentration

350

300 A

250 A

200 A

150 -

protein (mg/g DCW)

100 A

50 A

0 T T T T T
40 60 80 100 120 140 160

time (h)

Figure 3.6. Time profiles of the (A) biomass and (B) intracellular protein concentration of

the uninduced () and induced cultures (@) in shake flasks fermentations of A.niger
149007ii. Culture conditions: flasks cultivation, 25°C, 200 rpm.

95



The intracellular protein concentration for both the control and the induced culture
showed a gradual decrease. After 72h the induced culture exhibited lower protein
concentration and this difference increased until the end of the processes. This fall in
intracellular protein concentration especially for the butylamine induced culture
could be a result of culture decay, a fact which agrees with the biomass decrease

(figure 3.6).

Amine oxidase activity

Figure 3.7.A. shows an increase of the amine oxidase activity until 96h where it
reached a peak (24.1 mol/l/min). After that point, there was a constant decrease in
the activity until the end of the process. At 48h the percentage of the FAD amine
oxidase activity reached 52% and after that point fell to lower levels ranging from
21-36%. At the time when the total amine oxidase activity peaked (96h), the FAD —

amine oxidase accounted for 37% of the total activity.

Residual glucose and nitrate concentration

Figure 3.7.B. shows the residual nitrate concentration for the control and the induced
culture. In the case of the induced culture, the consumption of nitrate was much
slower, possibly due to the simultaneous utilization of butylamine as a nitrogen
source. In the control culture the nitrate was fully consumed at 96h where in the
induced culture the nitrate concentration was almost consumed at the end of the
process (144h). The nitrate consumption rate of the control culture was 0.035g/l/h

while that of the induced culture was 0.016 g/I/h.

The control culture appeared to be more efficient in utilizing the glucose. The
glucose consumption rate for the control culture was 0.57 g/I/h while for the induced
culture was 0.35 g/I/h. Moreover, the glucose was fully consumed by 96h for the
control culture and by 120h for the induced culture. Hence, the addition of the
inducer caused a 54.5% decrease of the nitrate consumption rate which could be
partially explained by the simultaneous use of the two nitrogen sources and 38.6%
decrease of the glucose consumption rate which can be attributed to the toxic effect

butylamine exerts on cells.
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Figure 3.7. (A) Time profiles of the total activity and percentage of the FAD MAO (B)
Residual glucose and nitrate concentration of uninduced ((0) and (A) for glucose and nitrate
respectively) and induced cultures ( (m) and (A ) for glucose and nitrate respectively) in
shake flasks fermentations of 4.niger 149007ii. Culture conditions: flasks cultivation, 25°C,
200 rpm.
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3.4.2.2. A.niger 337690

Production of Biomass and intracellular protein concentration

In the case of the A.niger 337690 the addition of the inducer significantly lowered
the biomass concentration (figure 3.8.A). The control culture reached a peak at 96h
(11.98 g/1) while the induced culture reached a peak 24 hours later (10.78 g/1). In
both cultures after that peak there was a decrease in the biomass levels, possibly due
to the depletion of the carbon source (96h for both cultures) as can be seen in figure
3.9.B. Moreover, the specific growth rate of the control culture was significantly

higher than that of the induced (0.035h™ and 0.024h™ respectively).
Regarding the intracellular protein concentration there was a sharp decrease for both
cultures until the 96h after which the protein concentrations were relatively stable

until the end of the processes.

Amine oxidase activity

The total activity constantly reduced from 48h onwards and at the end of the process
(144h) the activity fell to 1.2 mol/l/min. The highest activity achieved was 14.9
mol/l/min at 48h. FAD amine oxidase activity ranged from 9.5-16.5% of the total

activity during the whole process.

Residual glucose and nitrate concentration

Figure 3.9.B. shows that there were no significant differences between the control
and the induced culture regarding the consumption of glucose (t-test, p>0.05). Both
cultures have completely consumed glucose by 96h. The control culture’s glucose
consumption rate was 0.39g/I/h while the induced culture’s was 0.20 g/l/h.

As far as the residual nitrate concentration is concerned the induced culture was
unable to fully utilize the available nitrate, however the control culture completely
consumed the nitrate by 96h. The nitrate consumption rate for the control culture was

0.036 g/l/h and for the induced culture 0.015 g/I/h.
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Figure 3.8. Time profiles of the (A) biomass and (B) intracellular protein concentration of
the uninduced () and induced cultures (@) in shake flasks fermentations of A.niger 337690.

Culture conditions: flasks cultivation 25°C, 200 rpm.
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Figure 3.9. (A) Time profiles of the total activity and percentage of the FAD MAO (B)
Residual glucose and nitrate concentration of uninduced ((0) and (A) for glucose and nitrate
respecitively) and induced cultures ( (m) and (A ) for glucose and nitrate respectively) in
shake flasks fermentations of 4.niger 337690.

Culture conditions: flasks cultivation 25°C, 200 rpm.
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3.4.2.3. A.niger 320725

Production of Biomass and intracellular protein concentration

In the case of the 4.niger 320725, the biomass concentration appears to be slightly
higher for the induced culture than the control; however, this difference was not
significant (p > 0.05). Both cultures continued growing during the end of the process
without showing any apparent signs of stationary and decline phase. The specific
growth rates were 0.032h™ and 0.034h™ for the control and induced cultures

respectively.

The induced culture presented stable intracellular concentrations during the first 96h
ranging from 233 to 255 mg/g DCW. After that point there was a gradual decrease
until the end of the process. The intracellular protein concentration of the control
culture was relative stable but with a declining trend from the start until 120h ranging

from 190 to 246 mg/g DCW.

Amine oxidase activity

In Figure 3.11.A. the total amine oxidase activity rose abruptly from 48h to 72h and
reached a peak 0f 20.9 mol/l/h. After that point the total activity gradually
decreased which led to activity as low as 5.1 mol/l/h at the end of the process. The
FAD amine oxidase activity reached the highest value at the 48h (39.6%) but then

constantly decreased to a much lower level reaching 10% at the end of the process.

Residual glucose and nitrate concentration

This strain exhibited an apparent difficulty in utilizing sodium nitrate as can be seen
in Figure 3.11.B. It is obvious that both the induced and control culture reduced the
nitrate levels only very slowly. In the first 48h there was no obvious nitrate
consumption, and after that point the consumption rate was 0.017 g/I/h and 0.015
g/l/h for the control and induced culture respectively. The nitrate was not completely
depleted at the end for both processes. Apparently this organism is not very efficient
in utilizing the nitrate and utilization of other nitrogen sources might be better.
Figure 3.11.B. shows that the induced culture consumed the glucose 24h faster (at

120h while in the control culture glucose was exhausted by 144h).
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Figure 3.10. Time profiles of the (A) biomass and (B) intracellular protein concentration of
the uninduced () and induced cultures (@) in shake flasks fermentations of A.niger 320725.
Culture conditions: flasks cultivations, 25°C, 200 rpm.
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Figure 3.11. (A) Time profiles of the total activity and percentage of the FAD MAO (B)
Residual glucose and nitrate concentration of uninduced ((0) and (A) for glucose and nitrate
respecitively) and induced cultures ( (m) and (A ) for glucose and nitrate respectively) in
shake flasks fermentations of A.niger 320725. Culture conditions: flasks cultivations, 25°C,
200 rpm.
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The glucose consumption rate was 0.25 g/I/h and 0.23 g/I/h for the control and

induced culture respectively.

3.4.2.4. A.niger BI-D

Production of Biomass

A first look in figure 3.12.A. shows that there were no noteworthy differences
between the control and the induced culture in terms of biomass production and that
the addition of the butylamine was not enough to cause changes in the biomass
levels. However, the maximum biomass concentration was 6.8g/1 (120h) for the
control and 5.98¢g/1 (144h) for the induced culture. The specific growth rate was also
higher for the control culture reaching 0.014h™ while that of the induced culture was
only 0.008h™. The intracellular protein concentrations for both cultures followed the

same trend and decreased from 245 to 85 mg/g DCW at the end of the processes.

Amine oxidase activity

The total amine oxidase activity like the intracellular protein concentration reached a
peak at 48h (21.2 mol/l/min) and then it very rapidly fell to lower, nearly non-
detectable levels. The FAD amine oxidase activity was very low during the whole

process and ranged from 11.2 % to 16.5 % of the overall activity.

Residual glucose and nitrate concentration

Both cultures were very inefficient in utilising the nitrate as only a small portion of
the available nitrate was consumed. The residual nitrate concentration at the end of
the processes was 0.65 g/l and 0.62 g/l for the control and induced culture
respectively. The control consumed glucose faster than the induced culture; the
glucose uptake rate was 0, 22 g/I/h for the control culture and 0, 19 g/I/h for the
induced culture. Glucose was almost completely consumed at 120h in the control
culture while in the butylamine — induced culture glucose was completely depleted in

the end of the process (144h).
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Figure 3.12. Time profiles of the (A) biomass and (B) intracellular protein concentration of
the uninduced (o) and induced cultures (@) in shake flasks fermentations of A.niger B1-D.
Culture conditions: flasks cultivations 25 °C, 200 rpm.

105



(A) T.activity and FAD MAO percentage

30
- 96
25
= - 72
g 20
3
EP
4_-: - 48
=
©
® 10 A
|_
- 24
5 i T
—L
— \L\ -
o SR P
0 T T T T T 0
24 48 72 96 120 144 168
time (h)
(B Residual glucose and nitrate concentrations
25 3.0
2.5
20
- 2.0
S 157
3
2 - 1.5
(&)
]
o 10
1.0
5 ~
- 0.5
0 T T T T T T T = 00
0 20 40 60 80 100 120 140 160
time (h)

percentage of the FAD AO activity (%)

Nitrate (g/l)

Figure 3.13. (A) Time profiles of the total activity and percentage of the FAD MAO (B)
Residual glucose and nitrate concentration of uninduced ((0) and (A) for glucose and nitrate
respecitively) and induced cultures ( (m) and (A) for glucose and nitrate respectively) in

shake flasks fermentations of 4.niger B1-D. Culture conditions:

25 °C, 200 rpm.

106



3.4.3. Discussion

A comparison between the strains is very important as it may draw some clues
regarding which is the most appropriate strain for the production of amine oxidase.
The dry cell weight figures show that all of the strains, apart from the 4.niger
337690, were not significantly negatively affected by the presence of the butylamine.
However, it is worth noting that even though this strain had significantly lower
biomass levels in the induced culture by comparison to the control, the average
biomass levels were still higher than that achieved by the other strains. From the
activity figures it can be seen that the highest activity (expressed as total activity)
was achieved by the strain 4.niger 14900711 followed by the A.niger B1-D, A.niger
320725 (all of these strains had activities above 20 mol/l/min) while the lowest
activity was achieved by the strain A.niger 337690 (14.9 mol/I/h). All of the A.niger
strains tested had the ability to produce both the copper and the FAD containing
amine oxidase. The FAD amine oxidase activity level does not seem to follow a
specific pattern in all of the strain used. In the case A.niger 320725 the ratio of the
FAD amine oxidase activity seems to reduce as time passes while in the 4.niger
337690 strain this ratio seems to increase with the time (although not significantly
apart from the last measurement). The residual nitrate figures show that some
organisms were not able to utilize the whole available amount of sodium nitrate
(A.niger B1-D, A.niger 320725) both in the control and the induced cultures. The
A.niger strain 337690 while consumed the nitrate in the control culture it was not
able to fully consume it in the induced culture. It is worth noting that the A.niger
320725 strain was consuming faster the nitrate in the induced culture than in the
control culture. In the glucose consumption figures, it is remarkable that the only
strain which appeared to consume the glucose faster after the addition of butylamine
was the strain 4.niger 320725. From all the above, the A.niger 14900711 seemed to be
more appropriate for the purpose of the overall project as it exhibits the highest
productivity and seems to retain high amine oxidase activity levels for longer time
than the cultures of the other strains. Another important advantage of the 4.niger
14900711 1s that it exhibits the highest proportion of FAD — amine oxidase activity

among all other strains. Characteristically, the highest total FAD amine oxidase
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activity for the strains tested were 8.82 mol/l/min for the A.niger 14900711, 4.77
mol/l/min for the 4.niger 320725, 2.71 mol/l/min for the 4.niger B1-D , 1.90
mol/l/min for the A.niger 337690. Moreover, A.niger 1490011 shows a good ability

to utilise sodium nitrate as a nitrogen source and grow, in the presence of

butylamine, at satisfactorily high biomass concentrations (maximum biomass 8.23g/1

at 96h).

3.5. The effect of the inducer’s form on the amine oxidase activity

3.5.1. Introduction and hypothesis

In the case of aliphatic amines, such as butylamine which is the inducer used, the
fungitoxicity increases with the pH of the solution because the molecular form (non-
ionic) of these molecules penetrates the cell membrane with comparative ease
(Albert, 1985). However, higher amine oxidase activities were observed in the initial
experiments (not shown) than the later ones. In the initial experiments the pH was
not controlled while in the later ones the pH was adjusted at 4, and lower amine
oxidase activity levels occurred in these experiments. It could well be that the
differences in the activities may be due to the fact that in the unadjusted cultures the
pH was very high due to the addition of butylamine, and as a result a higher amount
of the inducer was in the molecular form, resulting in more butylamine entering the
cytosolic environment of the cell. As a response the cells may direct the production
of amine oxidase towards the intracellular environment. In other words, at higher
pH’s the same concentration of butylamine will be more effective as greater amounts
of it (which is in the molecular form) will cross the cell membrane and cause
induction of the amine oxidase expression. It can be assumed that the cytoplasmic
enzymes might be adversely affected by a consequent increase of the internal pH
(pHi). However, fungal cells have a strong buffering capacity and they can regulate
the internal pH by the action of the vacuolar H'-ATPase (Bencina et al, 2009). The
vacuoles are acidic and they can regulate the internal pH by pumping protons across
the vacuolar membrane maintaining the cytosolic pH stable over a wide range of

external pH’s. It has been found that alkaline pH caused an enhanced expression of
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the vacuolar H'-ATPase and enabled sufficient growth of 4.oryae in medium at pH

10 (Kuroki et al, 2002).

Frédbort et al. (2000) found a copper containing amine oxidase located in the cell
wall of an 4.niger strain. The copper containing amine oxidase which is found in cell
homogenates is probably an improperly folded precursor of the cell wall copper
amine oxidase. There is also a single gene for both forms of the copper amine
oxidase (Frébort et al, 1996). It is possible to speculate that the cells are able to
regulate the location of the copper amine oxidase enzymes dependent on where the
problem is located. By increasing the pH, the problem becomes higher intracellularly
where the butylamine concentration will increase and cause damage to the organelles
and correspondingly the amine oxidase levels will be higher intracellularly in order

to counter the problem.

Therefore, the following experiment was designed to examine the above hypothesis,
and to clarify whether or not the form of butylamine determines the expression of the
amine oxidase enzyme intracellularly or on the cell wall. This can be achieved by
adjusting the pH of the medium to different levels. The pKa of butylamine is 10.8,
(Gamer et al, 2002) for that reason the pHs chosen are 4, 6 and 8 where the ratio of
the cationic to molecular form of butylamine will be: 1.58x107 1.58x10” and
1.58x10 respectively.

In this experiment the use of the bioreactor enables the control of the pH at the

predetermined levels.

3.5.2. Results

Biomass production and intracellular protein production

In the case of the culture grown at pH 4, after 48h the rapid growth phase started and
lasted until the 96h after which we can observe a gradual decrease in the biomass
concentration probably due to cell autolysis (figure 3.14.A). The maximum
concentration was 8.98 g/l at 96h. The specific growth rate was 0.03 h'. Both the pH
6 and pH 8 culture exhibited very low biomass levels. The biomass of the pH 6
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culture increased very slowly and reached a peak at 120h which was 1.59 g/1. In the
case of the pH 8 culture the biomass reached a maximum very early (at 48h) and it

was 1.21 g/l. After that point there was a gradual and slow decrease in the biomass.

From Figure 3.14.B. it can be seen that the intracellular protein concentration of the
pH 4 culture increased slowly from 24h to 72h where it reached a peak of 173.3 mg
/g DCW. After that point the protein concentration decreased to much lower levels
(94.8 mg/g DCW) and after 120h the intracellular protein concentration further
decreased. In the case of the pH 6 culture the intracellular protein concentration
increased sharply from 24h to 48h where it reached a peak of 149.3 mg/g DCW after
that point the intracellular protein concentration was gradually decreased. The
culture grown at pH 8 showed lower intracellular protein concentration than the two
other cultures. There were no significant changes during the whole process with the
highest protein concentration reached at 72h (82.6 mg/g DCW). The culture grown at
pH 4 exhibited higher intracellular protein level than the culture of pH 6 and
significantly higher than the culture of pH 8. Therefore, it is obvious that the increase
of the culture pH resulted in a profound decrease of the intracellular protein

concentration.

Total and specific amine oxidase activity

As can be seen in Figure 3.15.A, the total activity of the culture grown in pH 4
increased sharply after 24h and reached a peak at 48h of 53.87 mol/l/min. The
activity then dropped to 35.13 mol/l/min (72h) after which it continued declining
even more rapidly and at 144h reached very low, nearly non detectable, activity
levels. Similarly to pH 4 culture, the total amine oxidase activity of the pH 6 and pH
8 cultures increased rapidly from 24h and 48h and reached peaks of 39.53

mol/l/min and 27.25 mol/l/min respectively. After that point both the amine
oxidase activity of pH 6 and pH 8 decreased with the pH 6 culture showing a more

abrupt decrease than the pH 8§ culture.
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Figure 3.14. Time profiles of the (A) biomass and (B) intracellular protein concentration of
the induced A.niger 14900ii cultures grown at pH 4 (o) pH 6 (e) and pH 8 (m). Culture
conditions: bioreactor cultivation, 25°C, 400rpm, 1vvm
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In all the cultures there was an abrupt increase in the specific activity from the 24h to
48h where all the cultures reached their highest peaks (24.66, 38.66 and 22.52

mol/g DCW/min for the pH 4, pH 6 and for the pH 8 respectively). After that point
the specific amine oxidase levels decreased. The decrease in the specific amine
oxidase activity was not so sharp in the pH 8 culture as it was in the other two
cultures.
The statistical analysis shows that the culture grown at pH 4 has significantly lower
specific amine oxidase activity than the culture grown at pH 6 and 8 (t-test, p < 0.05).
Moreover, the culture grown in pH 8 appears to have higher average specific

activity; however, this difference is not significant (t-test, p > 0.05).

FAD amine oxidase activity

In Figure 3.15.C., we can see that the activity that corresponds to the FAD amine
oxidase activity did not follow a specific pattern for any of the cultures. The pH 4
had higher FAD amine oxidase activity than the culture grown at pH 6 and
significantly higher than pH 8. Moreover the culture grown at pH 8 had higher FAD
amine oxidase activity than the culture grown at pH 6. Therefore the following order
of activity was followed:

FADAO pH 4 > FADAO pH 8 > FADAO pH 6.

Residual glucose and nitrate concentration

As can be seen in figure 3.16.A., glucose was completely consumed by 72h for the
pH 6 culture while for the other two cultures it was consumed at 96h. Moreover, the
mean glucose consumption rate was 0.50 g/l/h 0.54g/1/h and 0.40 g/l/h for the pH 4,
pH 6 and pH 8 cultures respectively.

In figure 3.16.B., the culture grown in pH 4 could efficiently consume the sodium
nitrate (nitrate was completely consumed in this culture by 96h), while the other two
cultures showed little ability to consume the nitrate at those pHs, as the residual
concentrations remained relatively stable throughout the process. The mean nitrate

consumption rate of the pH 4 culture was 0.02 g/l/h.
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3.5.3. Discussion

From the above results it is important to focus on the inability of the organism to
utilise the sodium nitrate at some pH’s, and on the specific amine oxidase figures, as
the very limited growth in the cultures grown in pH 6 and pH 8 does not allow us to

draw any direct conclusions from the total amine oxidase figure (figure 3.15.A).

In A4.niger, nitrogen metabolism is regulated by the nitrogen metabolite repression
system which leads to the repression of enzymes and permeases involved in the
utilisation of nitrogen sources other than ammonium or L-glutamine (Wiame et al,

1985).

According to Arst & MacDonald (1975) the catabolism of nitrate by fungi is
facilitated by the enzymes nitrate permease, nitrate reductase and nitrite reductase. In
the case of the current processes there is no ammonium or L-glutamine in the
medium. The only nitrogen sources which are present are sodium nitrate and
butylamine, therefore, theoretically, nitrate consumption should occur in all the
above processes and not only in the process with pH 4. Taking into consideration all
the above, it can be assumed that the production of the nitrate utilising enzymes must
be carried out in all the bioprocesses, but nitrate consumption may be stopped
perhaps by the function of the nitrate permease being inhibited possibly due to the
high extracellular pH in the processes with the pH 6 and pH 8.

A search into the literature backs the above hypothesis. The presence of an H'/nitrate
symport activity was shown in the plasma membrane of cells of Candida utilis (Eddy
& Hopkins, 1985) Aspergillus nidulans (Downey & AGedeon, 1994) and
Neurospora crassa (Blatt et al, 1997). In the latter case it was observed that 2 H+ are
transported for every NO; and 1 H' is secreted back to the environment via the
activity of an H' — ATPase, an activity which alkalinizes the surrounding
environment (Blatt et al, 1997) while there is an intracellular charge balance. The
same group showed that a decrease in pH simultaneously increases the affinity of the
carrier for the NOs™ and NO, transport across the membrane (6INO3). Therefore,

nitrate transportation across the cell membrane is facilitated by the electrochemical
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gradient (negative inside, positive outside the cell) which enables the co-transport of
2H" (down the gradient) and NO; (up the gradient). The maintenance of a high pH in
the medium acts as an uncoupler which disrupts the proton motive force and does not

allow the acidification of the medium.

Unlike nitrate, glucose was however, consumed as the glucose uptake is taking place
through a constitutive facilitated diffusion system (Carlile et al, 2001) and no energy
input or proton gradient is required. The oxidation of glucose leads to the generation
of energy in the mitochondria in the form of ATP which is then used by the
H'-ATPase to expel H', create a proton motive force and consequently acidify the
medium, however, the constant pumping of alkali does not allow it and as a result the
nitrate uptake is not possible. Therefore, cells are relying only on butylamine as a
source of nitrogen which is confirmed by the high specific amine oxidase activity of
the cultures grown on pH 6 and 8. Under these conditions, growth is not possible as
all the energy produced in the form of ATP is consumed by H'-ATPase and the very

limited amount of nitrogen uptake cannot sustain decent growth (Figure 3.17).

Even though there was no nitrate consumption in the cultures at pH 6 and pH 8, there
was some limited growth which can be explained by the utilisation of butylamine as
a nitrogen source as explained above. As reported in the literature, butylamine cannot
be easily utilised as the sole carbon and nitrogen source because of the relatively
high nitrogen to carbon ratio: oxidation of butylamine by amine oxidase provides the
necessary carbon source, but there is also an excess of ammonium which represses
the expression of the amine oxidase (Zwart & Harder, 1983). Maybe that is the
reason why after the 72h there is still reasonable specific amine oxidase activity. This
might also be the reason why there was no significant difference in the specific
amine oxidase activity of the two processes, that is to say, the cells could not produce
more amine oxidase, as the higher activities result in higher intracellular ammonium

levels which inhibit the amine oxidase production.

Regarding the levels of the intracellular amine oxidase enzymes, it can be concluded

from the specific amine oxidase figure that even when the growth is limited the cells
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Figure.3.17. The speculative effect of higher pH in energy generation and growth, when nitrate is the only nitrogen source.
Glucose is passively transported across the cell membrane through a facilitated diffusion permease (a) and oxidised (initially
through glycolysis in cytosol and then through the citric acid cycle in mitochondria) leading to the formation of reducing
equivalents (FADH and NADH) which are further oxidised in the mitochondrial ETC to produce energy in the form of ATP.
Nitrate uptake is based on a coupled process where protons being transported from inside to outside the cell membrane by the
plasma membrane H'-ATPase (b) via hydrolysis of ATP and re-entry of the protons driven by the protonmotive force, down their
electrochemical gradient, via the nitrate permease protein (c), every two protons accompanied by a nitrate anion. When the
protonmotive force is disrupted, cells are continuously utilising glucose for the production of ATP which is consumed, however,
by the H™-ATPase, and therefore no energy molecules remain for the construction of new cell constituents and, hence, growth.
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are still able to produce amine oxidase at high levels. Additionally, as mentioned in
the results section the culture grown in pH 6 exhibits significantly higher specific
amine oxidase activity which can be explained by the higher ratio of butylamine to
cells that is to say fewer cells have to confront more butylamine than in the case of
the culture grown in pH 4 where there is sufficient growth and there is biomass and
therefore less amine oxidase can be produce from the cells to efficiently catabolise
the butylamine. A second explanation can be the confirmation of the hypothesis
made in the introduction; however, the difference in the specific amine oxidase

activity is not high enough to safely support this hypothesis.

3.6. In vivo addition of the amine oxidase inhibitor semicarbazide

hydrochloride

3.6.1. Introduction

A possible way to increase the production of amine oxidase would be to keep the
amount of inducer constant throughout the process. Therefore, the cells would
constantly be under the same pressure for the production of the enzyme. A way to
achieve this can be a fed-batch process where the inducer will be added gradually so
as to retain it at a certain concentration. Another way will be the addition of an
inhibitor which will hinder the inducer’s breakdown and therefore its concentration
will not be significantly reduced. In our case, there are two amine oxidase enzymes
produced by the A.niger (Frébort et al, 2000). The exact physiological role of each
amine oxidase is still elusive. Moreover, an interesting experiment would be to
measure the amount of total amine oxidase when one of the two amine oxidases is
inhibited. In order to satisfy this question the semicarbazide was added to the broth
which is an irreversible inhibitor of the copper containing amine oxidase. The amine
oxidase activity of the A.niger cells results from the copper containing amine oxidase
located in the cell wall, as well as from the copper containing and FAD containing
amine oxidases which are found in the cytosol. Therefore we can expect inhibition of
the cell wall amine oxidase but we cannot be sure whether this inhibitor can

penetrate the cell membrane and also inhibit the intracellular copper containing
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amine oxidase. Flask fermentations were carried out with and without the inhibitor

semicarbazide as can be seen in section 3.6.2.

3.6.2. Results

Biomass, total amine oxidase activity and FAD amine oxidase activity

After 48h and before 144h, the biomass concentrations of the inhibited culture
appeared slightly lower than the control, however, this difference is not statistically
significant. The maximum biomasses achieved were 8.99 g/l and 8.80 g/1 for the
control and inhibited culture respectively. The total amine oxidase activity followed
a similar pattern for the two cultures and no significant differences were recorded at
any time in the processes. The maximum total amine oxidase activity was 28.9 and
30.7 mol/Vmin for the control and induced culture respectively. On the contrary, the
percentage of the activity belonging to the FAD-amine oxidase is significantly higher
for the inhibited culture reaching 82.4% at 48h. After that point there is a reduction
to lower percentages ranging from 51-63%. The control culture presented

percentages of the FAD-AO fluctuating between 24.2% and 55%.

3.6.3. Discussion and conclusions

The addition of the semicarbazide did not seem to significantly influence the growth
of the organism. Moreover, the overall total amine oxidase activity seemed to be the
same for both cultures. However, it is apparent that there was a significant difference
in the FAD amine oxidase activity level between the two cultures. This difference
can be either explained by the inhibition of the copper containing amine oxidase and
therefore the production of more enzyme (both FAD and Cu — amine oxidase) in
order to counterbalance the inactivation of the Cu amine oxidase, and as a result the
overall amine oxidase activity remains unaffected, and it is just the ratio of the
activity of the two enzymes that is changed. A question would be how semicarbazide
behaves in the fermentation broth, if and at what degree it is degraded either by the
organism or by the conditions (since it is a chemically sensitive molecule).
Moreover, the reduction of the Cu amine oxidase activity and the consequent

increase in the FAD amine oxidase activity which take place in the cytosol
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Figure.3.18. Time profiles of the (A) biomass concentrations, and (B) total MAO activity
along with the percentage belonging to FAD MAO for the control (©) and the inhibited
A.niger 14900ii culture (o). Culture conditions: flasks cultivations, 25°C, 200rmp
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gives us a sign that the molecule is able to pass from the extracellular to the
intracellular space. It is worth mentioning that the decrease in the percentage of the
FAD amine oxidase activity after the 48h could be attributed to the binding of the
semicarbazide to the enzyme and as a result the inhibitor concentration is reduced

and it is not enough to inactivate the new enzyme produced by the organism.

3.7. A.niger fermentations and amine oxidase induction

3.7.1. Introduction

The most important step in the production of an enzyme is the scaling up to
bioreactor cultivation conditions. As discussed earlier butylamine is a very potent
inducer of the amine oxidase, however, the toxicity to the growing organism can
cause growth inhibition resulting in lower biomasses and hence lower yields.
Moreover, the incorporation of the butylamine from the start of the culture causes
high initial expression of the amine oxidase enzymes. Therefore, there is early
degradation of the inducer, so when the biomass reaches the optimum levels the
inducer has been almost completely depleted and thus the yield is again negatively
affected. Furthermore the addition of butylamine in the beginning of the process can
be extremely stressful for the culture as the transfer of the inocula from a relatively
friendly to a very toxic environment and bearing in mind that the amount of cells in
the inoculation is very low, the ratio of butylamine/cells is very high resulting in
higher toxicity. Consequently, the next obvious stage to follow in this work was the
addition of the inducer at later stages of the fermentation and more specifically at the
time when biomass has reached its highest concentration. This can only happen in
bioreactor cultivation as in the case of flask culture, pH control is not possible since
the addition of butylamine would cause a dramatic increase of the pH. The only
possible flaw of a later addition of butylamine is that the cells would not have the
time to pre-adapt to the harsh conditions created by the inducer. In this experiment
two fermentations were carried out, a control where no butylamine was added in
order to establish the optimum time for the amine oxidase induction, in other words,
the time when biomass reaches the highest concentration and then a second culture

where induction takes place at the point of maximum biomass concentration.
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3.7.2. Results

The addition of butylamine in the induced culture took place at the time when the
maximum biomass concentration was observed in the control culture just before the

start of the stationary phase (69h process time).

Biomass production and intracellular protein production

In Figure 3.19.A., the biomass concentrations for the two cultures followed a similar
pattern until the time induction took place. The induced culture reached a higher
biomass concentration (peaked at 96h) of 8.04 g/l while the control culture reached
7.22 g/l at the same time. After 96h, there was a rapid decrease of the biomass in the
imnduced culture, whereas the control culture maintained stable biomass levels until

the end of the process.
The intracellular protein concentration (Figure 3.19.B.) of the non-induced culture

reached a peak of 182 mg/g DCW at 48h, while the induced culture reached a peak
of 172 mg/g DCW 26 hours later (after the induction).

Residual glucose and nitrate concentration

The residual glucose concentration for both the control and induced culture showed a
similar pattern. Glucose was depleted for both cultures at about 96h. The glucose
consumption rate was 0.50 g/I/h and 0.45 g/I/h for the control and the induced culture
respectively.

As can be seen in Figure 3.20.B., the nitrate in the control culture was completely
consumed 24 hours earlier than that in the induced culture. The nitrate consumption

rate of the control culture was 0.051 g/I/h and 0.041 g/I/h for the induced culture.
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Total and specific amine oxidase activity

As can be seen in Figure 3.21.A, the total amine oxidase activity of the induced
culture quickly increased and 26h after the induction reached its highest value of
48.28 mol/I/min (96h). After that point there was a rapid decrease of the activity.
The specific amine oxidase activity, followed a very similar pattern. The specific
activity climbed initially to 5.39 mol/g DCW/min at 81h and then the highest value
was achieved at 96h which was 6.01 mol/g DCW/min, and then it followed a

downward trend until the end of the induced process.

The proportion of the amine oxidase activity attributed to the FAD containing
enzyme was always very high, fluctuating between 51 to 64% (Figure 3.21 B).
Almost immediately after the onset of the butylamine induction the proportion of the
FAD amine oxidase activity was 51% and at 96h reached the peak at 64%. Then

there was slight decrease to 58% until the end of the process.

3.7.3. Discussion and Conclusions

As has been previously observed in flask cultivations (section 3.4.2.1), the addition
of butylamine can cause an increase of the growth phase compared to the control
culture, and ultimately lead to higher maximum biomass concentrations. This can be
attributed to the exhaustion of carbon and nitrogen source in the control cultures.
Indeed, figure 3.20.B. shows that at the point the stationary phase begins in the
control culture there was no glucose and sodium nitrate left in the culture, while, in
the induced culture there was both carbon and nitrogen source left. This delayed
exhaustion of nutrients could be either a result of the toxicity of butylamine which
slows down the metabolism or a result of the fact that butylamine is consumed
simultaneously with glucose and nitrate and hence, delays their consumption without
reducing the carbon and nitrogen uptake rate though. Butylamine is obviously
causing significant changes to the culture even if it is added at later stage of the
culture as in this experiment. The decrease in the biomass concentration of the
induced culture was very steep and signifies its toxic effect on the fungal cells,

however, the changes caused to the intracellular protein levels are not striking, as
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only between 73h and 96h (4h and 27h after induction) there was a significant
increase of the protein concentration of the induced culture which may be attributed
to a peak in amine oxidase production (especially for the 96h sample as can be seen

in the specific activities of figure 3.21.A.).

A comparison between the culture with the inducer added from the beginning
(section 3.5. pH 4) and the culture where the addition took place at a later stage is of
particular interest. In the latter case, the biomass seemed to decrease more rapidly
after the peak which was reached for both cultures at the same time (96h), however,
the overall biomass differences were not significant. As expected the maximum
amine oxidase activity was recorded as early as the 48h of the culture for the first
culture and at 96h (27h post induction) for the latter. It would be expected as
discussed in the introduction that the addition of the inducer at later stage to result in
higher total amine oxidase activity, however, this is not the case as the butylamine
pretreated culture exhibited higher (even though not significantly) total activity.
Generally, we can conclude that the total activity levels had the same average,
whereas this is not the case for the specific amine oxidase activities. The butylamine
pre-treated culture exhibited significantly higher specific amine oxidase activities
during the whole process. This phenomenon can be explained by the very high ratio
of butylamine concentration / cells in the butylamine pre-treated culture which
results in higher expression of the amine oxidase enzymes to combat the elevated
toxicity of butylamine. Therefore, a possible way to increase the amine oxidase
expression in the culture induced at 69h would be to increase the concentration of
butylamine so that the ratio butylamine concentration / cells would be similar to that
of pre-treated culture when the specific amine oxidase activity was soared to high
levels. Theoretically, if cells have the ability to reach as high specific amine oxidase
activities as 20 mol/g DCW/min in the pre-treated culture when the biomass was
only 2.2 g/l then it would be prudent to expect similar high specific activities in the
culture induced at a later stage when the biomass concentrations are much higher
(above 5.5 g/l) which will be translated to about 2.5 times higher volumetric (total)

amine oxidase activity.
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It 1s worth noting that such an addition may cause a very high increase of the copper
containing amine oxidase which has been assumed to play more a detoxifying role
(Frébort et al, 1997) rather than the FAD containing amine oxidase. A comparison
between the culture induced from the beginning and the one induced at 69h shows
that even not significantly the copper amine oxidase activity was higher at the time
when butylamine was introduced to the culture (the beginning of the process for the
first and 69h for the latter culture). Here it is also important to take into consideration
the fact that there are two copper amine oxidases found in 4.niger, encoded by the
same gene (Frébort & Adachi, 1995), one of which (AO-I) is located on the cell wall
while the other one which is less active (AO-I1, which is a monomer of AO-I) is
located in the cytosol. During the analysis of the amine oxidase activity as can be
seen in chapter 2 the cytosolic content is analysed, therefore it is highly possible that
the true copper amine oxidase activity of the fungal cells to be much higher than the
observed. However, the scope of the project was not the determination of the copper
but of the industrially important FAD — amine oxidase activity, hence, the copper

amine oxidase expression was not further investigated.

3.8. Synopsis and conclusions

Throughout the course of these experiments the capability of the homologous amine
oxidase production by A4.niger was examined. The industrial need for the FAD —
amine oxidase led to the establishment of a method to correctly determine the
activity belonging to the FAD containing enzyme. In the appendix, a list of
compounds tested to be used as substrates of the FAD and Cu containing amine
oxidase of the 4.niger 14900711 is presented. The appropriate conditions for the
examination of the homologous amine oxidase expression was established by
initially first examining the effect of the ammonia and nitrate as main nitrogen source
on the physiology of the cells and the enzyme production. The results clearly showed
the negative effect of ammonia repression of the amine oxidase expression as the
delayed expression led to lower yields than in the cultures where nitrate and

butylamine were simultaneously used. The replacement of ammonium chloride with
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sodium nitrate in the medium led to a 25% increase in the total amine oxidase
activity. A way to improve the productivity was to test the efficiency with which
different A.niger strains express the enzyme under the same conditions. This test led
to a selection of a strain with increased amine oxidase expression capability and the
yield was increased 1.6 fold (with the selections of the new strain). Further
optimisation was attempted with scaling up to bioreactor cultivation which resulted
in a further 2 fold increase in yield (section 3.7.2.). This was achieved by the addition
of the inducer at the late exponential phase of the culture. Finally, a successful way
to increase the ratio of the industrially useful FAD/ Cu containing amine oxidase is
the in vivo addition of the Cu amine oxidase inhibitor which results in a 1.5 fold
increase of the FAD amine oxidase activity while the overall amine oxidase activity

remains stable.
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Chapter 4

E.coli: heterologous production of Amine
Oxidase
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Abstract

In this chapter, a monoamine oxidase (MAO-N) enzyme derived from A4.niger (the
DNA of which was manipulated through directed evolution to increase the enzyme’s
specificity towards a- methylbenzylamine resulting in the MAO-5N) was expressed
in different mode fermentations of the gram negative bacterium E.coli. Initially,
batch fermentation was carried out where the target enzyme was auto-induced (based
on diauxic growth). Then fixed volume fed batch fermentations were used to enhance
the enzyme production by increasing cell concentrations and thereby, improving
productivity. Different variables where changed in order to investigate the
appropriate conditions for the maximal monoamine oxidase production. Different
E.coli constructs, inducers, feeding profiles were tested in the first section, while in
the second section induction biomass and aeration-oxygenation methods were

examined.

4.1. E.coli MAO bioprocess optimisation

4.1.1. Introduction

The advent of recombinant DNA technology extended the range of potential
fermentation products and enabled us with the overproduction of important
commodities which otherwise would be very limited in their natural hosts. A vital
step towards the overexpression of an industrial important product such as the MAO
enzyme in the particular work is the selection of the appropriate expression system
and the proper fermentation conditions. In this section, an initial investigation of the
appropriate conditions for the expression of the MAO-5N in the most popular host
bacterium so far, the gram negative E.coli, was carried out. The purpose is to
establish an efficient production scheme with the use of inexpensive components and
scaling up friendly conditions. The successful protein production from a recombinant
construct is strongly determined by factors such as host cell-vector interactions,
plasmid segregational instability and the extent of cellular stress responses
(Andersson et al, 1996). Towards that direction, the suitable fermentation mode was

examined, and the use of a construct which can efficiently overexpress the target
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enzyme in a high cell density culture was investigated. In literature, there are several
studies examining the replacement of the ubiquitous lac promoter inducer IPTG by
the cheaper, by-product of the dairy industry, lactose (Hoffman et al, 1995; Kilikian
et al, 2000). However, its metabolisable nature, and therefore, the dual role of lactose
as both carbon-energy source and inducer poses further challenges in the
fermentation procedures and frequently results in low volumetric yields and
difficulties in process control (Altenbuchner & Mattes, 2005; Gombert & Kilikian,
1998). These problems were addressed in the first section (4.1) of this chapter.

4.1.2. Results

4.1.2.1. LB batch fermentation of E.coli BL21 (DE3) pET16b

In Figure 4.1., we can clearly see that soon after the inoculation the cells started
respiring and at 6h the dissolved oxygen reached the lowest level (60%). After that
point there was an abrupt increase of the DO, indicating a decrease in the respiratory
activity of the cells. The pH was not controlled and after 5h it started rising reaching
pH 8.5 at about 12h and it remained stable until the end of the process. A possible
explanation for this rise can be the deamination of proteins and peptides of the LB
medium which results in the release of ammonia. The biomass levels were increased
soon after the inoculation and at 6h reached 2 g/l. After this point there was a slight
increase which led to the maximum biomass of 2.43 g/l at the end of the process

(24h).

The maximum total MAO activity was reached at 15h and it was 71.53 mol/l/min.
The total activity exhibited a very slight decrease until the end of the process at 24h
where it was 65.8 mol/l/min. The specific MAO activity followed a similar trend
and reached a peak at 15h 0f32.5 mol/g DCW/min, while, afterwards it was
decreased reaching 27.1 mol/g DCW/min at the end of the process.

The plasmid retention appeared to be relatively high at 12h (90%), however, 5h later

there was a reduction to about 60% signifying segregational instability of the

construct.

132



110

100 +

DO (%)

—\“‘

90 %
]
. &
" .
<
. .

80

30

60 -

40 -

20 +

W

T. and S. activity (umol/l/min and pumo/g DCW/min)

12

T
17

T
24

(C) time (h)
100 T
{80+
c
S
: |
8 60 -
g
T
£
© 40 A
=
20
0 T T
12 _ 17
time (h)

pH

DCW (g/l)

Figure 4.1. Time profiles of the (A) dissolved oxygen (®), pH (¢), biomass (0) ,(B)
total (m) and specific (=) MAO activities and (C) plasmid retention of the E.coli
BL21 (DE3) pET16b culture. Culture conditions: 30°C, 350 rpm, 2 vmm
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4.1.2.2. Fed Batch E.coli BL21 (DE3) pET16b

A fixed volume fed batch fermentation was carried out afterwards. Fed batch is the
fermentation of choice in industry as described previously. The bioreactor is
inoculated and left to run until glucose is consumed and DO, start to rise. Then a
concentrated nutrients solution is added to enable satisfactory increase of the biomass
levels until ODgoonm = 40, when IPTG induction takes place. During the whole fed
batch period, no product is withdrawn which results in the medium volume being

slightly increased.

As can be seen in figure 4.2.A., the start of feed took place at about 15.6h process
time when glucose was consumed, and it lasted for about 7h until the optical density
reached 40. IPTG was added and as it is obvious there was a decrease in the growth
rate after the induction. The maximum recorded dry cell weight was 13.88 g/l at
28.5h process time. The specific growth rate during the feeding stage of the process

and before the induction was 0.175 h™".

The MAO activity was detectable; however, it was ranging to very low levels (4-

6 mol/l/min). The reason behind the low amine oxidase expression is attributed to
the loss of the MAO harbouring plasmid as can be seen in figure 4.2.B. The plasmid
retention at the onset of the induction was already very low (15.8%) while after 9h
reached a percentage of only 2%. Not surprisingly then, the total MAO activity

ranged to nearly not detectable levels.
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4.1.2.3. Fed Batch E.coli BL21 (DE3) pET28b

The very low levels of the expressed monoamine oxidase caused by the loss of the
plasmid posed serious questions about the efficiency of the construct under the
demanding conditions of a fed-batch culture. For that reason, it was replaced by a

kanamycin resistant construct reputed to be more stable.

The start of the exponential feed took place at about 16h process time when glucose
was consumed, and it lasted for about 8h until the optical density reached 40 and

IPTG induction started.

The maximum recorded dry cell weight was 18.13 g/l at 35.15h process time. The
specific growth rate between the start of feed and induction was 0.14 h™'. After the

IPTG induction there was a decrease in the growth rate.

Both the total and specific activity did not present significant fluctuations between 5h
and 10h after induction. The total MAO activity followed a slightly upward pattern
and reached a peak of 119.8 mol//min 8h post induction and after that point was
decreased to 94 mol/l/min. The specific MAO activity was ranging between 6.52 to
7.56 mol/g DCW/min the first 8h after induction, while after this point it was
reduced to lower levels (5.9-5.1 mol/g DCW/min). Figure 4.3.B. shows that there

was no significant plasmid loss during the induction phase of the fermentation.
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4.1.2.4. Fed Batch E.coli BL21 (DE3) pET28b (optimised feed)

The exponential feed of this culture was started at 17.6h and it lasted until OD = 40
at about 21.38h. The increase in the feeding rate necessitates the surveillance of the
acetate concentration as described earlier in this chapter. The maximum acetate
concentration was reached at 22.21h process time, shortly after the onset of
induction. After that point, there was a rapid decrease to about 0.53 g/l at 25.38h
process time and it remained at these levels until the end of the process. The specific
growth rate during the feeding stage was 0.34h™ and the biomass reached 12g/1 at the
end of it. After 26h the biomass concentration was almost stabilised and reached

maximum concentration of 26.47g/1 at 35.5h process time.

In figure 4.4.B. it can be seen that there was a moderate gradual increase of the total
monoamine oxidase activity from 3h to 7h post induction where it reached a peak of
112.67 mol/l/min. The total activity remained stable until 8h post induction and
afterwards started dropping and reaching 66.85 mol/l/min at the end of the process.
Regarding the specific MAO activity, there was an increase from 4h to 7h post
induction reaching a peak of 6.41 mol/g DCW/min . After 8h post induction there
was a rapid decrease of the specific activity which reached 2.53 mol/g DCW/min at
the end of the process. Once again there was no significant plasmid loss during the

induction phase of the fermentation of this strain containing the pET28b plasmid.
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4.1.2.5. Fed Batch E.coli BL21 (DE3) pET28b with lactose as inducer instead of
IPTG

The exponential feed of this culture was started at 17.56h and it lasted until OD = 40
at about 21.24h process time when lactose induction took place. The specific growth
rate during the feeding stage was 0.34 h™'. After induction the culture continued
growing in exponential mode until 28h process time when it plateaued for 9.5h. The
maximum biomass concentration was reached at 37.5h process time (27.5g/1) and
after that point there was a decrease in biomass signifying culture decay. Regarding
the acetate concentration, there was a rapid increase from 18h to 22.5h when it
reached a peak of 2.63 g/l. Afterwards, there was an initial drop followed by a new
increase of the acetate levels to concentrations reaching 4.6g/1 at the end of the
process (45.5h). The use of lactose as an inducer and the fact that the specific E.coli
construct is lac positive necessitated the use of a continuous feed of lactose.
However, it is imperative that the concentration of the residual lactose must be
monitored. In figure 4.5.A. it is obvious there is a constant increase in lactose
concentration soaring to levels which might be growth limiting — toxic to the cells
(Dykhuizen & Hartl, 1978). The accumulation rate was 0.56 g/I/h and at the end of

the process the lactose concentration was 15.13 g/1 (45.5h).

The total MAO activity reached the highest value 3.5h after the onset of the lactose
induction (107.4 mol//min). Later on at 5.5h post induction, there was a rapid
decrease in the total activity (79.1 mol/l/min). After that point and until the end of
the process, the total activity was fluctuating to lower levels, between

45-51 mol/l/min. The specific MAO activity followed a similar pattern, reaching a
peak at 3.5h post induction of 6.72 mol/g DCW/min. Afterwards the specific
activity was significantly reduced initially to 3.86 mol/g DCW/min and then at level
ranging between 1.86 and 2.28 mol/g DCW/min. Figure 4.5.C.shows no significant

loss of plasmids at any point in the process.
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4.1.2.6. Fed Batch E.coli BL21 (DE3) pET28b with controlled addition of lactose

as inducer.

The exponential feed of this culture was started at 15.54h and it lasted (for 4.4h) until
OD =40 at about 19.98h process time when lactose induction took place. The
specific growth rate during the feeding stage was 0.33 h™'. After the lactose induction
the specific growth rate was decreased, and the maximum biomass concentration was
reached at the end of the process (41.5h) and it was 28.53 g/l. The acetate
concentration reached its highest peak of 1.89 g/l at 22.5h process time (2.5h after
the lactose induction). Then there was a rapid drop and it led to lower levels ranging
between 0.8 to 0.9 g/l (from 15h to 24h post induction). The lactose concentration

was ranging between 2 to 5 g/l (not shown).

In this process the highest total MAO activity was reached 2h later than that of the
uncontrolled lactose addition and it was 132.8 mol/l/min (5.5h post induction). The
total activity remained stably at high levels until 24h after induction when it was
decreased to 99.89 mol/l/min. Likewise, specific MAO activity reached its
maximum at the same time as the total MAO activity and it was 7.18 mol/g
DCW/min. Then there was a gradual decrease initially to 5.26 mol/g DCW/min
(15h-19h post induction) and at the end of the process to 3.73 mol/g DCW/min (24h
post induction). Figure 4.6.C. shows that there was no significant plasmid loss during

the induction phase of the fermentation of this strain containing the pET28b plasmid.
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4.1.3. Discussion

Regarding the autoinduced batch fermentation, it has been reported that growth on
amino acids prevents induction of target proteins by lactose in the early stages of
growth (Studier, 2005). When these repressors have been depleted during growth, a
shift in cellular metabolism toward the import and consumption of lactose occurs and
hence induction by lactose takes place (Blommel et al, 2007). As can be seen in
figure 4.1.B. at 12h there was hardly any monoamine oxidase activity detected, while
later at 15h there was an abrupt increase signifying derepression of the lac operon.
This method of auto-induction does not require any complex process controls and
reaches high yield of product in a very short process time. However, as it will be
discussed later, the product yields are significantly increased when other mode of

fermentations are used.

4.1.3.1. Plasmid instabilities

The construct used in the first two fermentations exhibited surprisingly low plasmid
retention leading to very low expression of the recombinant product. Not surprisingly
the fed-batch process presented much higher plasmid instability than the batch
process. The prolongation of the fermentation time in the fed — batch culture and the
very fast growth of the cells during the feeding process increases the risk of cells
losing the plasmid, since the number of generations is significantly increased.
Theoretically, the earlier a single cell loses the plasmid, the earlier the culture will be
dominated by plasmid free cells, a phenomenon called internal contamination. This is
obvious when the batch and the fed batch cultures are compared (figures 4.1.C. and
4.2.B). In the batch culture the plasmid retention is reduced as time passes but
remains at levels which enable a very satisfactory monoamine oxidase expression.
On the other hand this strain performs completely different under the severe
conditions of the fed batch culture when the fermentation is prolonged and the
generation time is reduced increasing the probability of plasmid loss. Plasmids are
always a metabolic burden for the cells, imposed by plasmid replication and

recombinant gene expression (Glick, 1995), which leads to lower growth rates, and
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as a result there is a natural preference of plasmid free cells during cultivations
(Yazdani & Mukherjee, 2002). Therefore when the first plasmid — free daughter cell
appears then gradually the culture is being taken over by the plasmid free cells. For
that reason, it is of vital importance to retain selective pressure in the culture until the

end of the process.

The ampicillin resistant construct contains a gene in the plasmid expressing the beta-
lactamase enzyme which is responsible for the resistance to the penicillin derivatives,
such as ampicillin and carbenicillin. Ampicillin and carbenicillin belong to the beta-
lactam group of antibiotics. The beta-lactams cause acylation of the active site serine
of the DD-transpeptidase that cross-link the glycan molecules thereby interrupting
the synthesis of cell wall peptidoglycan (Summers, 1996). Beta-lactamase catalyses
the hydrolysis and inactivation of the antibiotic which then undergoes rapid
breakdown to small fragments (Frere, 1995). The degradation of the antibiotic means
loss of the selective pressure and the cells are more than willing to get rid of the
energy consuming plasmids. A number of studies have shown that ampicillin has
already been considered unfavoured in fermentation as it degrades very fast
(Korpimaiki et al, 2003; Wiilfing & Pliickthun, 1993). Even though, carbenicillin
(which is the antibiotic used in the first two fermentation) is supposed to be less
susceptible to degradation by beta-lactamases (Basker et al, 1977), it is reported to be

degraded fast leaving cells without selection pressure.

Now the question ‘what can be done?’ arises. There are ways to increase the
segregational stability of the cells. The most obvious way will be the gradual
addition of the antibiotic from time to time in order to maintain a relatively stable
concentration over time and therefore maintain selection pressure (Fleming &
Patching, 2008). However, this strategy requires the antibiotic concentration in the
culture to be assayed periodically so that the degradation rate can be calculated and
then the appropriate amount of antibiotic to be added. Korpimaéki et al (2003) showed
that higher concentration of the antibiotic would slow the growth of plasmid-
containing cells. Therefore, it is of vital importance to maintain the concentration of

the antibiotic below certain levels causing inhibition and above levels which are not
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enough to cause selection pressure. It is obvious that this strategy increases both the
complexity and the cost of the process by far and it is almost prohibitive when
scaling up to industrial levels. Therefore, it was decided a new construct to be used

with a plasmid carrying a kanamycin resistance gene.

Kanamycin belongs to the aminoglycoside group of antibiotics which exert their
effects through interaction with ribosomes in gram negative bacteria. Kanamycin
inhibits bacterial cell growth through interactions with at least three ribosomal
proteins causing inhibition of protein synthesis and introduction of translation errors
(Pestka & Kivie Moldave, 1974). The kan gene on plasmid offers resistance to the
bearing cells by the expressed phosphotransferase which phosphorylates the
hydroxyl moieties in the kanamycin molecules (Davies & Wright, 1997). Even
though, the mechanism of resistance still relies on the degradation of the antibiotic,
the plasmid carrying the kanamycin resistance appears to be much more
segragationally stable with plasmid retention always above 80% as can be seen in

figures from 4.3.C. to 4.6.C.

4.1.3.2. Feed optimisation

As can be seen in figure 4.3.C. the use of the E.coli BL21(DE3) pET 28b solved the
segregational stability problem and led to much higher total MAO activities. The
maximum total MAO activity was 1.82 times higher than the one reached in the
batch culture of E.coli BL21(DE3) pET16.

The transfer of the fermentation protocol from E.coli BL21(DE3) pET16 to E.coli
BL21(DE3) pET 28b had a remarkable effect on the time needed to reach the
desirable biomass levels for the beginning of induction (ODggonm = 40). The
ampicillin resistant construct needed 6.5h from the start of the feed to reach the
induction biomass while the kanamycin resistant strain needed approximately 8h.
This difference can be explained by the much lower plasmid retention in the
ampicillin resistant construct which had as a result the culture to be dominated by the
fast growing plasmid free cells. In contrast, the second construct maintained the
plasmid (plasmid retention 94% at the induction point) which led to lower growth

rates than the ampicillin resistant construct (0.14 h™" and 0.175 h™ for the ampicillin
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and kanamycin resistant construct respectively). From the industrial point of view it
is of vital importance the fermentation time to be as short as possible without
compromising the product quality of course. Therefore, the next obvious
optimisation step was the modification of the feeding profile in a way that the

desirable induction biomass will be reached earlier.

The change of feed led to a significant increase of the specific growth rate from
0.175h™ to 0.34h™ and reduced the time between the start of feed and the induction
by almost 50%. Regarding the productivity of the culture, there were no noteworthy
differences between the two cultures. The optimised-feed culture presented higher
biomass levels after the induction; however, the overall total MAO activity was only
slightly higher than that of the non optimised feed culture. Interestingly, the specific
MAO activity of the optimised feed culture was lower than that of the non-optimised
(statistically significant at 4h, Sh and after 8.5h post induction, p<0.05). This
phenomenon can be attributed to the high acetate production of the feed-optimised
culture. The faster growth rates achieved in higher feeding profiles are associated
with higher by-product secretion (Eiteman & Altman, 2006). Figure 4.4.A. shows
that the acetate concentration was above 1g/1 short time after the IPTG induction.
This is not only a waste of substrate which could be otherwise used for the
production of biomass and recombinant product, but also acetate concentrations
above certain limits are exerting negative effects on both biomass and recombinant
product formation (De Mey et al, 2007). Overall, the higher biomass levels of the
optimised-feed culture seem to counteract the negative effect of acetate and lead to
slightly higher total MAO activities about 4h faster than the non-optimised feed

culture.

4.1.3.3. Change of inducer

To further reduce the cost of the industrial production of MAO-5N, we can replace
expensive chemicals with cheaper ones. A potential candidate is the inducer, IPTG
which has a very high cost for large scale production of recombinant protein and
presents toxicity to humans so that its presence as a contaminant of the final purified

protein product is unacceptable (Donovan et al, 1996; Gombert & Kilikian, 1998).
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Figure 4.4.A. and Figure 4.5.A. show that the DO and biomass profiles are similar
with the lactose induced culture exhibiting slightly higher biomass levels the first
hours after the onset of the lactose induction. This can be obviously explained by the
fact that lactose can be used as a carbon source. However, during the last hours of the
process, there was a decrease of the biomass for the lactose induced culture.
Moreover, a striking difference between the two cultures is the acetate concentrations
which appear to be much higher for the lactose induced culture. Again, lactose can
be blamed for this discrepancy as the higher substrate concentration (both glucose
and lactose in the feeding medium) increases the growth rate and consequently the
acetate production due to carbon overflux (El-Mansi, 2004). In addition in figure
4.5.A. it is obvious that lactose concentration builds up imposing further stress on the

culture as explained below.

The uptake of lactose by E.coli is mediated by the lactose transporter (lactose
permease), a proton-driven co-transporter belonging to the major facilitator
superfamily, encoded by the /acY gene. This symporter uses the proton gradient
across the E. coli membrane generated by the oxidation of fuel molecules to drive the
uptake of lactose against a concentration gradient (Nicholls & Ferguson, 2001). In
other words, the lactose permease links lactose transport to the proton motive force
created by either the electron transport chain or, under anaerobic conditions by the
ATP hydrolysis catalyzed by the F;Fo-proton-translocating ATPase. The result is the
transport of one proton and one lactose molecule into the cell, with the net

accumulation of lactose (Figure 4.7) (Sahin-T6th & Kaback, 2001).

Therefore, lactose can act as an energy uncoupler, by breaking the energetic coupling
between the primary pump and the ATP synthase. The build up of lactose
concentration in the culture medium can then produce a significant reduction or a
collapse in the driving force for ATP synthesis, and subsequently the ATP pool
within the cell is reduced (Ahmed & Booth, 1981; Straight et al, 1989). This
reduction is expected to have as a consequence growth inhibition (Dykhuizen &
Hartl, 1978; Studier, 2005) and of course less available energy for the recombinant

protein synthesis. This is very obvious in figure 4.5.B. where after 3.5h post
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induction there was a decrease of the total MAO to very low levels. A comparison of
the specific MAO activities between the cultures of figure 4.4.B. and 4.5.B. shows
that the difference is enormous, clearly indicating that the cells were completely
incompetent to produce the recombinant product after 3.5h post induction, time
which coincides with an accumulation of lactose above 5 g/l. To conclude, it is
imperative to efficiently control the lactose concentration in the culture in order to
avoid the negative impact of its accumulation which leads to lower MAO activities,

higher acetate concentration and cell autolysis during the later stages of the process.

One way to avoid the lactose accumulation in the culture would be to change the
post-induction nutrient feeding strategy and use lactose as the sole carbon and energy
source which at the same time keep the /ac operon constantly induced. This would,
theoretically, make the lactose monitoring and control much easier as the rate of
addition can be linked to the dissolved oxygen readings (exhaustion of lactose will
cause increase of DO, while lactose overfeed will lead to DO reduction under preset
limits). It is known that the volumetric yield of the product depends on both the
biomass concentration and the specific cellular product yield. However, the
nongenetic population heterogenecity of the amount of the lactose permease (LacY)
in the cell envelope, which varies from none to a few molecules in each cell of the
culture, leads to insufficient growth and hence lower volumetric yields (Menzella et
al, 2003). Therefore, the use of lactose as both inducer and carbon-energy source
would give lower total MAO activities. For that reason, it was decided to insist on
co-feeding during the induction period but this time effective control of the lactose

concentration is achieved by monitoring using the YSI analyser.

A comparison between the uncontrolled and controlled lactose cultures show that the
average biomass concentrations ranged at the same levels. However, as expected, the
first one exhibited slightly higher biomass concentrations in the first hours after
induction while the latter continued increasing until the end of the process leading to
higher values in the end of the process. This comes as no surprise if we bear in mind
that the lactose concentration increased linearly and in the first hours after induction

the lactose levels were optimal while as time passed increased to cell-damaging
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Figure 4.7 Lactose uptake in E. coli. The primary transport of H out of the cell, driven by
the oxidation of substrate (fuels) or ATP hydrolysis by F,Fo-ATPases, establishes both a
proton gradient and an electrical potential (inside negative, outside positive) across the
membrane. Secondary active transport of lactose into the cell involves symport of H" and
lactose by the lactose permease. The uptake of lactose against its concentration gradient is

entirely dependent on this inflow of H', driven by the electrochemical gradient (adapted
from Nelson & Cox (2004).

150



levels as described above. The same holds true for the MAO activities, where in the
first 3.5h after induction the uncontrolled lactose culture presented higher activities
while after that point there was a rapid decrease leading to significant lower levels
than the lactose controlled culture. It is noteworthy that in both lactose induced
cultures the acetate concentration followed a similar pattern until 5.5h post induction,
while after that point the uncontrolled culture presented significantly higher
concentrations. Therefore, all the indices show that the control of the lactose
concentration in the culture led to a healthier culture which had as a consequence a

significant increase of the overall productivity.

The change from IPTG to lactose as inducer, led to a slight but not statistically
significant increase of the biomass concentration, increased the acetate secretion in
the culture. Lactose increased even though not significantly the productivity, as the
maximum total MAO activity was 132.88 mol/l/min comparing to 119.82
mol/l/min of the IPTG induced culture. The most important gain from the transition
from IPTG to lactose is the time at which the maximum MAO activity was achieved,
which was achieved 2.5h earlier than the IPTG induced culture. All in all, lactose as
an inducer appears to be much more suitable for the large scale fermentations of the
MAO enzyme as it is much more cost effective and leads to better yields at an earlier

stage of the process.

4.1.4. Conclusions

To conclude, in this section a considerable optimisation of the heterologous MAO
expression from E.coli was achieved. In the first place, an easy to prepare and run
batch fermentation was carried out where the expression was auto-induced by the
lactose of the medium. Then the productivity was attempted to be increased by the
use of a fed batch culture, however, the particular construct was unable to retain the

plasmid under the harsh conditions of the fed-batch process and it was replaced by a
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more robust construct. The new construct showed remarkable plasmid stability and
the total MAO activity was improved by 67.5% compared to the batch auto-induced
culture. The industrial need to scale up lead us to the optimisation of the feeding
profile so that the fermentation time will be reduced. An almost 50% reduction of the
time between the onset of feed and induction was achieved with the MAO remaining
to the same levels. In the end the replacement of the IPTG with lactose, further

reduced the cost and caused an increase of the total MAO by 10.9%.

4.2. Effects of dissolved oxygen availability and induction culture

biomass on MAOQO activities

4.2.1. Introduction

A potential problem for the successful overexpression of the MAO enzyme in the
previous section was the high acetate concentrations. In this section this problem is
attempted to be overcome by the use of oxygen enriched air so that the dissolved
oxygen tension will be maintained at the predetermined levels. The advantages of
aerobic respiration are unquestionable as more energy is produced (in the form of
ATP), and reducing equivalents are recycled preventing the accumulation of wasteful
and toxic by-products (e.g acetate), allowing higher biomass and specific growth
rates to be achieved (Ratledge, 2006). Thus, the general aim is to maximise cell mass
and protein production by imposing highly aerobic conditions on the culture such
that C flux to metabolites such as acetate is minimised. Nevertheless, this highly
aerobic metabolism has also an associated risk, in terms of formation of free radical
species (Cabiscol et al, 2000; Tuchi & Weiner, 1996; Touati, 2000). Aerobic and
facultative aerobic organisms including E£.coli have an elaborate defence system
containing superoxide dismutases and catalase to minimise cellular damage from free
radicals. However, when the concentration of oxidising species exceeds the capacity
of the cell’s defence system then a condition known as oxidative stress takes place,
which can severely damage cell components such as DNA, lipids, and proteins
(including recombinant proteins) (Dunster et al, 1997; Farr & Kogoma, 1991).

Therefore, “foreign” proteins expressed in highly aerated systems may be subject to
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oxidative damage, such as carbonylation, which could affect their subsequent activity

(L1 et al, 2008). This is an area which has received relatively little attention to date.

The vulnerability of a protein to oxidative stress depends on the number of the
oxidation prone residues that it contains and the location of these sites in the protein
sequence. It has been reported that the common sites for the oxidative reactions are
in tryptophan, tyrosine, histidine, cysteine and methionine residues (Berlett et al,
1996; Kim et al, 2001; Stadtman & Levine, 2003). Oxidation in cysteine and
methionine residues are of great importance in this context, as it has been reported to
be directly linked with significant activity deterioration in many proteins (Manning et

al, 2010; Thomas & Mallis, 2001; Vogt, 1995).

4.2.2. Results

Cultures were induced at differing optical densities to examine the effects of cell
mass at induction point upon subsequent enzyme activity levels. A range of OD
induction points were examined from OD 40 up to OD 70. For each induction level,
there was a normally aerated process and a process where the sparge gas was

enriched with oxygen.

4.2.2.1. Induction at OD 40

In these fed-batch processes the cultures were induced when the culture’s optical
density reached 40 (dry cell weight about 12 g/I). In one process normal air was used
as the sparge gas, while in the second oxygen enriched air was used to help maintain
the appropriate DO setting. Although neither of these cultures became oxygen
limited, the dissolved oxygen levels in the aerated process were significantly lower
than those of the oxygen enriched process (figure 4.8. A and B). Specifically, after
induction by the addition of lactose, there was a slow decrease of the dissolved
oxygen from 25% to about 16%, while in the oxygen enriched process the dissolved
oxygen remained stable at 30% from induction until the end of the process. The
aerated culture showed a slight increase of the dissolved oxygen level after 28h

which can be explained by the decrease in the lactose feed rate. The acetate
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concentration in the aerated culture reached its highest value (1.21 g/l) at about 25h
when the dissolved oxygen stood at its lowest level of 16% of air saturation. By
contrast, in the oxygen enriched culture the highest value of acetate (0.51g/l) was
recorded at about 19hours (before lactose induction), which coincides with an
increase of the feeding rate at that point, suggesting that acetate accumulation is a
result of cells exceeding their respiratory capacity. However, in both processes after
induction the concentrations of acetate were reduced and remained significantly
lower than the acetate levels which have been reported to negatively affect both cell
growth and protein production (Han et al, 1992; Koh et al, 1992; Luli & Strohl,
1990). The aerated culture reached a maximum biomass concentration of 27.5 g/l
while that of the oxygen enriched culture was 34.9 g/I. The specific growth rates
during the fed batch phase before the induction were 0.33h™ and 0.32h™, and after
induction, 0.20 h™ and 0.21h™ for the aerated and oxygen enriched processes,

respectively.

From figure 4.9. A and B it can be seen that both the total and specific monoamine
oxidase activity are higher for the oxygen enriched culture in the first 3.5 hours after
the induction, and after that point there is an increase of the activities for the aerated
culture while the activities of the oxygen enriched culture started to fall. This trend is
more readily apparent in the specific activity figures (Figures 4.9.B.) where the

differences between the activities of the two cultures were even more prominent.

To summarise, under oxygen enrichment cells reach their maximum MAO activity
much more rapidly than in the aerated process, but the MAO activity thereafter drops
rapidly from its maximum. By contrast, the optimum harvest time in terms of
enzyme specific activity for the aerated culture is much later at about 15h after
induction, but is relatively stable. This is the first report of enhanced productivity and
activity of MAO type enzymes using oxygen enrichment. Despite the protective
environment which the intracellular environment of the cells offers, these findings

may also indicate a specific effect of oxygen upon the enzyme activity.
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(A) Specific MAO activity
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Figure 4.9. A. Specific MAO activity ( mol/g DCW/min) of the aerated (m) and
oxygen enriched (=) E.coli BL21(DE3) culture v. time after the lactose induction. B.
Total MAO activity ( mol/L broth/min) of the aerated (m) and oxygen enriched (=)
E.coli BL21(DE3) culture v. time after the lactose induction. Cells were induced with
lactose controlled addition when OD 40.
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4.2.2.2. Induction at OD 55

One potentially useful strategy investigated to enhance protein formation in these
cultures, was to maximise cell mass before lactose induction since in the case of
many heterologous proteins there is a close relationship between cell mass of the
expression system, and maximal levels of the desired protein. Accordingly, induction
at higher OD’s was examined using aerated and oxygen enriched cultures. In the
normally aerated process it became impossible to maintain the dissolved oxygen
tension at the preset level following induction, and by about 2.5h after induction the
process became oxygen limited (Fig 4.10.A.). On the contrary, the oxygen enriched
culture was not oxygen limited at any stage. As can be seen in figure 4. 10. (A and
B), the acetate concentration in the aerated cultures reached very high levels
immediately after the culture became oxygen limited, and kept increasing until it
reached a peak of 8.24g/1 at about 19h after the start of induction. It is clear that there
was a change in the metabolic state of the cells from respiration to fermentation
caused by the depletion of oxygen due to the very high cell mass present. According
to Contiero et al. (2000), acetate levels above 1g/1 caused growth inhibition and
negatively affected protein production. By contrast, the acetate concentration of the
oxygen enriched culture never exceeded 0.31 g/l, and generally was well below the
critical levels where growth and protein production have been reported to be
affected. The maximum biomass concentration for the aerated culture was 30.3 g/ at
6.5h after the onset of induction and after that point there was a gradual slow
decrease of the biomass levels until the end of the process. The biomass
concentration of the oxygen enriched culture was continuously increasing and it

reached its highest value at the end of the process (35.8 g/l).

The activity results in figure 4.11. show that the aerated culture exhibited
significantly higher MAO activities during the whole process after the induction of
the /ac promoter. Once again, the difference in the activities is slightly clearer when
expressed as units of activity per unit biomass (specific activity), and during the last
hours of the process. This shows that cells produce less functional enzyme in the
oxygen enriched culture and this is especially obvious during the last hours of the

process from 15h hours to 24h after induction.
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E.coli BL21(DE3) culture v. time after the lactose induction. Cells were induced with
controlled lactose addition when OD 55.
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This once again points to the highly dynamic nature of these fed-batch cultures.
Namely, the need to keep oxygen supply high enough to maximise cell mass and the
specific growth rate in order to achieve high protein production, and to avoid C flux
to waste products, such as acetate, but to avoid oxygen levels which are so high they

may lead to reduced enzyme activity as noted in the oxygenated cultures.

4.2.2.3. Induction at OD 70

In order to examine the effects of oxygen supply further, cultures were induced at
high OD levels of 70 (equivalent to DCW of about 20 g/L.) When the cultures were
induced at OD 70, the effect of oxygen limitation was even more pronounced in the
aerated process. The DO reached 0% well before the induction of the culture due to
the higher biomass levels present at this stage of the process relative to earlier
processes induced at lower OD’s. Oxygen limitation was associated with a switch to
fermentative metabolism resulting in a rapid increase in acetate to almost 30g/L,
levels likely to cause growth inhibition and product damage (Dittrich et al, 2005). On
the other hand, the oxygen enriched culture did not become oxygen limited at any
stage of the process, and acetate reached a maximum concentration of only 0.22 g/1
indicating a highly aerobic metabolism in this culture. The difference in oxygen
availability of the two cultures also resulted in very dramatic impact on cell biomass
with the oxygen enriched culture reaching a maximum biomass of 40.0g/1 and the
aerated culture a maximum biomass of only 26 g/l at 6.5h after the induction, while

there was a reduction of the dry cell weight after that point for the aerated culture.

The specific activity (figure 4.12.A.) of the aerated culture was higher between 3.5h
and 6.5h after induction, while after that point there were no statistical differences
between the two cultures. Figure 6 B shows that the volumetric MAO activity of the
aerated and oxygen enriched culture followed a similar pattern, gradually increasing
and reaching a peak at 5.5h after the induction, with the oxygenated culture
exhibiting higher total MAO activities after 6.5h. Moreover, both total and specific
MAQO activities of the aerated and oxygen enriched cultures were drastically lower

when cultures induced at ODggonm 70.
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lactose induction of the E.coli BL21(DE3) processes. Samples withdrawn from the
bioreactor were appropriately diluted and streaked on LB-agar plated incubated at 30 °C for

48h and then replica plated on LBkan plate and incubated again at 30 °C for 48h.

Table 4.1. Specific growth rate during exponential feeding, maximum total and specific
MAQO activity, peak dry cell weight and acetate concentrations achieved in the bioprocesses
of the E.coli BL21(DE3).

-1 Maximl{n? specific Maximum total MAO activity Peak
Processes (h™) MAO actmty_( mol/g ( mol/L broth/min) Peak DCW (%) | acetate
DCW/min) (g/)
OD 40 0.33 5.68 131.54 27.52 1.21
OD 40 OxEn 0.32 6.58 138.02 34.89 0.51
OD 55 0.31 19.6 600.9 30.3 8.24
OD 55 Ox En 0.33 6.47 199.2 35.8 0.31
OD 70 0.27 2.64 66.08 26 29.5
OD 70 Ox En 0.31 2.31 85.61 39.9 0.22
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4.2.2.4. Plasmid retention

As can be seen in Figure 4.14., retention of the plasmid in these cultures was
between 85 and 100%, and no significant differences between the processes were
recorded. Therefore, the presence of the antibiotic through the whole process ensures

satisfactory plasmid segregation stability.

4.2.3. Discussion

4.2.3.1. Effects of dissolved oxygen levels on cell mass and enzyme activities

According to the literature the effect of the dissolved oxygen levels on recombinant
proteins production is strongly dependent on the strain and plasmid used. Earlier
works showed that comparatively unstable plasmids, such as those which contain the
ampicillin resistance gene, are negatively affected by the absence of oxygen,
resulting in lower plasmid retention levels (Hopkins et al, 1987; Li et al, 1992). This
happens because dissolved oxygen is essential both for the growth of the aerobic host
cells and also for providing energy for the replication and segregation of recombinant
plasmids and subsequent expression of the plasmid-borne genes (Zabriskie & Arcuri,
1986).

Obviously plasmid loss potentially has a direct effect on the amount of recombinant
protein that is produced in a process. In the present study, by contrast, the construct
used in this work did not exhibit statistically significant plasmid loss due to the
selective pressure imposed (figure 4.14). So any decreases in MAO activity such as

those noted here must be due to other, processing related, factors.

In the case of the fermentations induced at OD 40, the differences in the oxygenation
state of the cultures were not as great as for the cultures induced at OD 55 and 70.
However, the oxygen enriched culture exhibited a significantly higher maximum
biomass concentration and specific growth rates (as shown in the results section,
table 4.1.). These effects were even clearer in the cultures induced at OD 55 and 70.
Therefore, as expected, oxygen enrichment seems to boost the growth by increasing
both the growth rate (more oxygen available to the Electron Transport Chain) and the

maximum biomass values. This is in agreement with the studies of Gill et al. (2008)
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where in E.coli batch cultures, oxygen enrichment increased the specific growth rate
and biomass from 0.68 h™' 3.8g/L to 0.93 h™" and 8.1 g/L, respectively. In the
recombinant production of penicillin g acylase by E.coli, Liu et al. (1999) reported
an increase of both biomass and recombinant product concentration of 2.1 and 1.4

times respectively when oxygen enrichment was used.

It is clear from the results presented above that increasing recombinant protein yield
by the use of oxygen enrichment is highly complex. Oxygen seems to very
effectively enhance the biomass levels, and so increase the volumetric activity of the
protein by avoiding fermentative metabolism, therefore, eliminating the formation of
the wasteful and damaging acetate and taking advantage of the higher ATP
generation. This effect is clear in figure 4.13. A and B where the total MAO activity
is higher for the oxygen enriched culture while the aerated culture presented higher
specific activity. There are contradictory reports, both positive (Belo & Mota, 1998;
Bhattacharya & Dubey, 1997; Goyal et al, 2009) and negative (Castan et al, 2002; De
Leon et al, 2003; Losen et al, 2004; Mohammadian-Mosaabadi et al, 2005;
Tomazetto et al, 2007), of high oxygen availability on the specific activity of the
recombinant proteins described in the literature. This would suggest that the
optimum oxygen levels are dependent on the target protein (Qoronfleh, 1999) and the
host strain (Li et al, 1992). A characteristic negative example is the production of
recombinant human interferon-y by an E.coli BL21(DE3) culture, where an increase
of the dissolved oxygen of the culture from 30% to 60% of air saturation, resulted a
10-fold increase in the extent of carbonylation of the recombinant protein (an
important quality factor indicating significant oxidative damage and deterioration in
the enzyme product) (Mohammadian-Mosaabadi et al, 2005). In this case the effect
of oxygen was direct on the enzyme, however in other works, the lower activities are
attributed to increased maintenance functions during the oxygen enriched
recombinant protein production. Indicative of this phenomenon can be a drop of the
biomass yield on glucose and a simultaneous increase of the oxygen consumption per
glucose (Castan et al, 2002). Some authors propose that protein oxidation can lead to
very high energy and resources consumption for the synthesis of molecular

chaperones to repair or degrade the inappropriately folded oxidatively damaged
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proteins, either native or heterologous (Hartl et al, 1994; Szabo et al, 1994). Our
results clearly show that the function of the recombinant MAO-5N in the current

study is detrimentally affected by the high availability of oxygen in these cultures.

Thus, it is clear that oxygen enrichment or other methods of enhancing oxygen
supply to recombinant E.coli strains overproducing proteins or enzymes can lead to
significant increases in cell mass, and product levels, but that there is already some
evidence of product damage at heightened levels of oxygen availability in the present
study as shown by the rapid decline in specific MAO activity in the oxygen enriched

OD 40 cultures compared to aerated cultures.

4.2.3.2. Acetate effects on culture physiology and MAO activity

Acetate is an undesirable by-product in E.coli fed batch fermentation for many
reasons. Most importantly it has been reported that acetate concentrations as low as
0.5g/1 slows down the growth rate of the culture (Nakano et al, 1997) and inhibits
protein formation (Jensen & Carlsen, 1990; Koh et al, 1992). Moreover, the
formation of acetate, as well as other byproduct formation, constitutes a waste of
carbon source (Gokarn et al, 2001) which could otherwise be used for the
construction of new cells and protein synthesis (El-Mansi, 1997). It has also been
reported that acetate acts as an uncoupler of the proton motive force, since its non-
dissociated form can re-enter the cell, dissociate due to the higher internal pH,
reducing the intracellular pH (Axe & Bailey, 1995; Repaske & Adler, 1981) and
therefore leading to lower ATP synthesis.

The induction of the culture at higher optical densities makes the oxygenation of the
culture more difficult as in higher biomass concentrations there is a much increased
oxygen demand. One method of meeting this higher demand is to use oxygen
enriched air to maintain the dissolved oxygen at the predetermined levels. As might
be expected from the above, a comparison between aerated processes shows that the
very high levels of acetate concentration in these processes induced at OD55 and 70
(8.2 and 29.5 g/l respectively) caused significant reduction in the biomass. The

inferior biomass levels of the aerated culture can be attributed to the prohibitively
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high acetate concentration (March et al, 2002). Both effects are clearly a result of the
oxygen limitation of the culture. The impact upon these processes of reducing carbon
flux to acetate has been clearly shown: at — line monitoring of acetate concentration
using NIR spectroscopy, allowed appropriate adjustment of the feeding rate leading
to significant acetate reduction which led in turn to a 2.5 fold improvement in
biomass concentration of an oxygen enriched process (Macaloney et al, 1997). This
clearly shows that the main obstacle to high biomass production is acetate
accumulation, as a result of the so called overflow metabolism (Andersen & von

Meyenburg, 1980; El-Mansi & Holms, 1989; Holms, 1996; Xu et al, 1999).

In terms of MAO specific activity, by contrast with biomass, no negative effect of
oxygen limitation and acetate concentration was apparent when induction OD rose
from 40 to 55, instead there was a massive increase for the aerated culture at OD 55
(compared to the oxygen enriched OD 55). However, when acetate levels reached
very high concentrations (high induction OD aerated) overall specific MAO activity
was much reduced relative to aerated processes induced at lower OD’s. However,
oxygenated cultures at OD 70 had similarly low specific MAO activities so the

reduced MAO activity here cannot be simply related to acetate levels.

4.2.3.3. Effects of oxygen on oxidase type enzyme production

The oxygen limiting conditions of the aerated cultures in this study at OD 55 are
associated with an increased activity of MAO despite the facts that the acetate
concentrations reached levels which are reported be inhibitory for both growth and
protein production (Contiero et al, 2000), and less energy in the form of ATP and
reducing power (Akesson et al, 1999), as well as less building materials are available
for protein production (El-Mansi, 1997; Varma & Palsson, 1994). Since we have
demonstrated no significant loss of plasmid, the above findings may indicate that
high oxygen availability negatively affects the activity of this enzyme. It has been
widely noted that many oxidase type enzymes are subject to damage by the presence
of reactive oxygen species in biotransformations (Pilone & Pollegioni, 2002) where
the crude enzyme is unprotected in the reaction media in the presence of H,Os.

However, the effect of oxygen supply during fermentation to produce such oxidase
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type enzymes has not been studied before. Whole cells provide a sheltered
environment to the cytosolic enzymes, but exposure to high oxygen levels causes
oxidative stress leading to the formation of reactive products and damage to many
cellular constituents including proteins (Farr & Kogoma, 1991; Sies, 1993). The
susceptibility of proteins to those species depends on many factors including the
nature of the amino acid residues the protein is made of, the position of these
residues in the protein (whether they are part of the active centre of the protein or
they are located on less important parts of protein), the presence of disulphide bonds

between cysteine groups.

It may also be reasonable to expect that recombinant protein overexpression
augments the effects of oxidative stress, as studies have shown that accumulation of
foreign proteins in cells represents a considerable stress in itself (Hoffmann & Rinas,
2004). Recombinant proteins are produced in larger amounts than native proteins but
do not usually have sufficient appropriate chaperones when compared to native
proteins (Straus et al, 1988) and therefore, modification due to oxidations may lead
to inappropriate folding, reduced activity (Fucci et al, 1983; Stadtman, 1990) and
inclusion bodies (Dean et al, 1997; Shacter, 2000). Another fact supporting this
hypothesis is the basal amounts of housekeeping proteins produced during the
induction of T7 RNA polymerase of the lysogenic host E.coli strains as the phage
polymerase is much faster in the transcription than the native RNA polymerase

leading to a reduced amount of native protein being produced (Studier et al, 1990).

Regarding other oxidase type enzymes, Kim et al. (2008) found that the optimal
DAAO expression in an E.coli culture when dissolved oxygen tension was reduced
from 50% to 30% after the induction of the culture. The activity of the enzyme was
18.5 mol/ml/min and the ODgponm 81. This group attributed this effect to the reduced
amount of oxygen to be used as a substrate of the DAAQO, thus, being less toxic by
turning over less d-alanine and less hydrogen peroxide being produced. In our work,
MAO does not interfere with the cell metabolism and does not cause any toxic effect
on the host cells. However, in the study of Kim et al. (2008) the possible inhibitory
effects of oxygen and hydrogen peroxide upon DAAO itself when the dissolved
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oxygen levels are high after the induction (resulting in lower activity) were not

considered.

4.2.3.4. Oxygen toxicity to MAO

Monoamine oxidase from A.niger is characterised by a very high number of oxygen
sensitive amino acids residues. Most importantly there are 12 methionine groups and
10 cysteine, some of which are located very close to the FAD cofactor (Schilling &
Lerch, 1995a). In terms of broad comparability, methionine and cysteine residues in
T.variabilis DAAO have been shown to be oxidised to -SOH or -SO,H under
oxidative conditions (Keck, 1996), causing significant stereochemical changes which
prevent the binding of the FAD cofactor to the apoenzyme, and consequently
negatively affecting the activity of the enzyme (Ju et al, 2000; Slavica et al, 2005).
Similarly, chemical modifications of the thiol group of a cysteine residue locating in
the FAD binding site of Rhodotorula gracilis DAAO leads to enzyme inactivation
and degradation (Pollegioni et al, 1997). It is worth mentioning in this context that
apart from damaging, oxidations resulting in sulphoxide -SOH formation and
disulphide bond formation (S—S) which may be reversible, both sulphinic (-SO,H)
and sulphonic acids (-SO3;H) may also be formed under these conditions by
essentially irreversible reactions (Eaton, 2006; Ghezzi & Bonetto, 2003; Thomas &
Mallis, 2001). Moreover, the formation of sulphoxide and disulphide derivatives
does not merely lead to enzyme inactivation, also leads to the targeted degradation of
the affected proteins (Farr & Kogoma, 1991). A tryptophan residue of Rhodotorula
gracilis DAAO is reported to be oxidised and prevent the dimerization of the protein
when under the influence of H>O; (de la Mata et al, 2000). The Trp55 and Trp70 of
the same protein could be located at the FAD-binding domain (Mattevi et al, 1996)
and constitute another possible site of oxidation. Alonso et al. (1999) found that a
decrease in the aeration rate (and hence oxygen supply) in an E.coli culture increased
the DAAO activity, and reduced the percentage of the apoenzyme form, suggesting
poor binding of the FAD cofactor to the apoenzyme.

In figure 4.15. the 3D structure of Aspergillus niger MAO-5N which is used in this

work is depicted. The apoenzyme is coloured white, the FAD yellow, cysteines
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Figure 4.15. The 3-D structure of Aspergillus niger MAO-5N cut by 35%. FAD yellow
coloured, cysteine green coloured, methionine red coloured, tryptophan magenta coloured
and water molecules blue coloured. PDB ID: 2vvm (Atkin et al, 2008).
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green, tryptophan magenta and methionine groups red. The molecule is cut by 35%
so that the inside of the protein where the FAD cofactor is folded can be seen. As it
seems the FAD cofactor of chain A is within very close proximity to oxygen
sensitive groups (cys600, trp430, cys277, trp420 and trp94). Therefore, it is highly
possible that like DAAO, MAO’s sensitive cysteine groups when oxidised cause
conformational changes which hinders the proper binding of the FAD cofactor and

consequently negatively affecting the activity of the enzyme.

Therefore, the MAO in the present study might be inactivated under highly oxidative
conditions due to stereochemical changes in the binding site of the FAD cofactor.
Our findings are consistent with oxygen induced damage or inhibition of MAO in the
highly aerobic induction phases of the oxygen enriched processes. Broadly speaking,
our findings are in agreement with the reports relating to oxidative damage to other
classes of oxidase type enzymes in E.coli, and based upon careful consideration of
the amino acid sequence of these enzymes, entirely reasonable. Thus, our study
indicates that process conditions optimal for cell mass propagation at high rates may
not be ideal for achieving high levels of active MAO or oxidase type enzymes
generally, due to the high levels of oxidative damage to the product in the induction

stage.

4.2.4. Conclusions

Our results show that oxygen enrichment can be beneficial to E.coli cultures,
especially those induced at high optical densities, by improving both the growth rates
and the maximum biomass levels. However, the oxygenation of the cultures may
adversely affect an oxidative sensitive recombinant product such as MAO. Moderate
oxygenation slightly increased the levels of MAO (induction at OD 40), nevertheless,
oxygenation at higher OD levels had a dramatic negative effect on activity despite
the absence of growth and protein damaging levels of acetate. To conclude, in an
ideal process, dissolved oxygen should be maintained at levels low enough to allow
satisfactory growth and prevent fermentative metabolism, but not high enough to

cause oxidative damage to the recombinant product.
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Chapter 5

Heterologous production of Amine Oxidase
using Pichia pastoris
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5.1. P.pastoris MAQ bioprocess optimisation

5.1.1. Introduction

The increasing popularity of the P.pastoris expression system can be attributed to
several factors such as: 1) the presence of a strong and tightly regulated promoter
derived from the alcohol oxidase I gene (40X1) of P. pastoris which is very well
suited to facilitate the controlled expression of foreign genes (Cregg et al, 2000).

2) Unlike S.cerevisiae there is a strong preference for respiration instead of
fermentative growth. The lack of fermentative metabolism results in higher biomass
levels (up to 160 g/L dry cell weight) (Jungo et al, 2007b), and no secretion of
growth and protein inhibitory overflow metabolites such as acetate and ethanol
(Jungo et al, 2007a) as happens in other expression systems such E.coli and
S.cerevisiae, and hence enhanced product yield. 3) The capability of carrying out
many eukaryotic post-translational modifications such as,disulphide-bond formation,
proteolytic processing and glycosylation without hyperglycosylating the proteins as
S.cerevisiae does (Cereghino et al, 2002).

The high cell density processes of recombinant P. pastoris involve a multi-phase
process. The first phase is a batch culture with growth on glycerol to achieve high
cell densities rapidly while repressing foreign gene expression. This is followed by a
glycerol-limited fed-batch phase to further increase biomass and de-repress
methanol dissimilating enzymes. The final stage usually involves the induction of
recombinant protein expression through the fed-batch feeding of methanol as sole
carbon and energy source. This procedure has led to the successful production of
more than 600 enzymes at amounts significantly higher than that achieved with

E.coli high cell density cultures (Zhang et al., 2009).

Most expression media found in the literature contain the very expensive Yeast
Nitrogen Base with or without amino acids (YNB). The use of such an ingredient
jeopardises the economic feasibility of the potential scaling up to industrial levels of

the enzyme production processes of the present work. Therefore, initially an attempt
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to substitute YNB with the widely used yeast extract (YE) was made, and the effects

on biomass and the recombinant MAO expression were examined.

The slow methanol utilisation strains (as the one used in these experiments),
generated by the disruptive integration of the recombinant gene into the 4OX/ locus,
exhibit genetically reduced capacity to assimilate methanol resulting in slower
growth rates and long induction times (Thorpe et al, 1999). For that reason,
researchers have employed mixed feeding profiles where methanol is co-fed with
another carbon source. Initially, glycerol and glucose were used enhancing the
product yield (Cereghino & Cregg, 2000; Cos et al, 2006). However, the repressive
nature of these compounds (repressing the AOX1 promoter) led to the exploitation of
other carbon sources, such as mannitol and sorbitol. It has been reported that even
build-ups of sorbitol in the culture have no negative effects on both growth and
recombinant protein production (Celik et al, 2009). Therefore, sorbitol was chosen as
the alternative carbon source for the optimisation of the current process. Methanol
and sorbitol were continuously added at various preset ratios (section 2.7.2.), while
the rate of methanol addition was maintained the same in all the processes presented

below.

5.1.2. Standard protocol YNB run

To begin with, a typical P.pastoris fed batch protocol was used and was treated as a
benchmark run for all the subsequent processes. In figure 5.1. it can be seen that the
biomass concentration very rapidly increased during the glycerol feeding, leading to
a biomass concentration of 50.3 g/l at 22.5h, when methanol feeding begun. After
that point there was, as expected, a decrease of the growth rate, and at the end of the
process the maximum DCW recorded was 86.1g/1 at 87.4h. The specific growth rate
after the start of glycerol and before the methanol feeding was 0.13h™ while after the
start of methanol induction the specific growth rate decreased to 0.071 h™'. The
immediate drop in the dissolved oxygen levels after inoculation shows that the cells
started respiring almost immediately and at about 8.8h process time the dissolved

oxygen reached its preset level of 20%.
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The recorded methanol concentration in the culture never exceeded 4.5g/1 and
between 45.7h and the end of the process (87.4h) was fluctuating between 0.3 and
0.6g/1. The total monoamine oxidase activity exhibited a gradual increase from the
beginning of induction until the end of the process (figure 5.1.B.). At the end of the
process (64.8h post induction) the highest total activity was reached
(14633.7 mol/l/min). Interestingly enough all the activities measured were very high
compared with the activities achieved with E.coli as the host organism (chapter 4),
with the lowest being recorded at 14.4h after the onset of induction (6992.7
mol/l/min). It is worth noting that even the pre-induction sample exhibited a
relatively high activity of 187.1 mol/l/min despite the 4OX promoter being
repressed by glycerol. The specific monoamine oxidase activity increased from 114.9
mol/g DCW/min at 14.4h post-induction to 155.4 mol/g DCW/min at 23.2h post-
induction and then it plateaued until the end of the process when it peaked at 169.9
mol/g DCW/min (64.8h post-induction). The pre-induction sample had a specific
activity of 3.72 mol/g DCW/min (22.5h process time). Replica plating with and
without the antibiotic zeocin was carried out to determine the retention of the

expression cassette, and no loss was found.

5.1.3. Substitution of YNB with YE

A first attempt to improve the scaling up of the process is to reduce the cost. Towards
that direction the very expensive YNB was replaced by the much cheaper Yeast
Extract. Biomass reached a concentration of 57.3g/1 shortly before the onset of the
methanol induction (22.3h). After that point growth almost ceased as the biomass
only slightly increased, reaching a peak at 44.3h of 66.1 g/I. Characteristically, the
specific growth rate after the beginning of the glycerol feeding and before methanol
induction was 0.10h™ while after methanol induction fell to 0.0063h™. After the peak
was reached in biomass concentration at 44.3h (21.9h post-induction) there was a
gradual slow decrease of the biomass to lower levels, reaching a concentration of
61.7 g/l at the end of the process (87.5h). Once again, cells started respiring almost
immediately after inoculation which led to a rapid fall of the dissolved oxygen,

which reached the preset level of 20% at 8.4h (figure 5.2.A).
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The methanol concentration remained stable after the induction at levels ranging
from 4.7g/1 to 5.3g/1. The total monoamine oxidase activity reached a peak at 22h
post-induction (44.3h process time) of 11197.9 mol/l/min. Afterwards there was a
gradual decrease initially to 10722.5 mol/l/min at 26.3h post-induction and then a
further decrease which led to a final activity of 7385.7 mol/l/min at the end of the of
the process (62.2h post-induction, 87.5 process time). The specific monoamine
oxidase activity followed a similar pattern and peaked at 22h post-induction (169.5
mol/g DCW/min). Then it gradually decreased and reached a specific activity of
119.65 mol/g DCW/min by the end of the process. The pre-induction sample gave
relatively high total and specific activities 295 mol/l/min and 5.1 mol/g DCW/min

respectively.

5.1.4. Mixed feeds, Methanol — Sorbitol feed, (Methanol concentration in

the culture uncontrolled)

As described in the literature, one way to reduce the long induction time required for
maximal protein expression of slow methanol utilisation strains (as used here) is the
addition of an alternative carbon source (Peng et al, 2004). In this process the non-
repressive sugar sorbitol was used at a ratio of methanol to sorbitol of 2:1 fed at a
constant rate.

In figure 5.3.A., it can be seen that the biomass reached a concentration of 54.4g/1
just before the onset of methanol feed. At the end of the process (85.1h), biomass
reached its maximum value of 79.8 g/l. The specific growth rate of the culture, after
the beginning of the glycerol feeding and before methanol induction was 0.11h™

while after methanol induction was reduced to 0.0057h™".

In figure 5.3.A., it is obvious that the methanol feeding led to an increase of the
residual methanol concentration to very high levels likely to cause growth inhibition
to cells (Zhang et al, 2000a). The accumulation rate was approximately 0.44 g/I/h.

The sorbitol concentration on the other hand increased without reaching high
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concentrations. To be more specific, the maximum sorbitol concentration reached at

the end of the process (85.1h) was 0.46 g/I1.

The total monoamine oxidase activity increased from 5440 mol/l/min to 7975

mol/l/min (from 14.9h to 21.2h post-induction) and then remained relatively stable
until 39.3h post-induction when it reached a peak of 8242 mol/l/min. After that
point there was a slight decrease and at the end of the process the total activity was
7029 mol/I/min (85.1h process time). The specific activity followed a very similar
pattern; however, it reached a peak at 21.2h after induction of 118.6 mol/g
DCW/min. Then the specific activity gradually and slowly decreased until it reached
88.1 mol/g DCW/min at the end of the process.

5.1.5. Mixed feeds, Methanol Sorbitol feed, (with the methanol

concentration in the culture controlled)

It has been reported that methanol accumulation in the culture can have negative
effects on both growth and protein production (Zhang et al, 2000b). For that reason it
is imperative to control the methanol concentration at levels which do not become
toxic to the cells nor do they disrupt the recombinant protein production. In this run
the YSI 2700 analyser was used for the rapid at line determination of the methanol

concentration in the culture.

From Figure 5.4 it can be seen that the biomass concentration just before the start of
the methanol induction was 58 g/l, while afterwards the culture biomass continued
increasing until the end of the process when it reached its highest value of 97.4 g/l
(85.6h). The specific growth rate after the onset of the glycerol feeding and before
methanol induction was 0.10 h'l, whereas after methanol induction it was reduced to

0.0084h™".

The efficient control of methanol feeding in this process resulted in methanol

concentrations lower than 5g/1 and close to limiting levels after 46.3h. The sorbitol
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concentration followed an upward trend, however, the maximum concentration

reached at the end of process (85.6) was only 0.61 g/I.

Figure 5.4.B. shows that the total monoamine oxidase activity was steadily
increasing from the onset of methanol induction until 36.4h post-induction when it
reached a peak of 11236.7 mol/l/min. Afterwards, there was a transient decrease to
lower levels (about 9200 mol/l/min) and by the end of the process (62.5h post-
induction) a new, higher peak this time was achieved of 12295.1 mol/l/min. The
highest specific monoamine oxidase activity was achieved at 36.4h post-induction
(129.3 mol/g DCW/min) while at 47.2h post induction it decreased to 96.4 mol/g
DCW/min before the end of the process when the specific activity increased again to

126.3 mol/g DCW/min.

5.1.6. Discussion

Interestingly enough, there are no significant differences during the batch phase in
the biomass concentration between the culture supplemented with YNB and the one
with YE. However, after 48.5h process time, the culture containing the yeast extract
ceased to grow and there was a slight decrease in biomass indicating either cell
autolysis or cell flocculation. Cell flocculation is a common feature in some yeasts
and it takes place through the interaction between cell wall mannose and surface
proteins and in particular zymolectins according to the lectin-carbohydrate bonding
theory (Stratford, 1993). The flocs are further stabilised by calcium bridging where a
calctum ion links two cells via negatively charged cell wall components. However, in
the high shear stressed conditions prevailing in the bioreactor, it is rather unlikely
that cells can be aggregated into flocs and either sediment or float (Speers et al,
2006). On the contrary, the YNB culture continued growing until the end of the
process. This discrepancy in cell growth could be a sign of a nutrient limitation for
the culture containing the YE. However, this happened only during the later stages of
the process, while the incorporation of the supplements had been done in the batch

medium. YNB contains a satisfactory nitrogen source in the form of ammonium
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sulphate (5 g/l, which equates to1.06g of nitrogen/l), and the amino acids histidine
HCI1 (10 mg/1), methionine (20 mg/1), tryptophan (20 mg/1). Moreover, it contains
small amounts of vitamins (about 2mg/1 of each). On the contrary yeast extracts
powder composition is not well defined and it presents high batch-batch variability.
The total nitrogen is about 10-12% (w/w) while the amino nitrogen is 5.1% (w/w)
which gives about 1.34-1.68g/1 total nitrogen in solution and 0.68g/1 from amino
nitrogen in solution. Yeast extract is a good source of amino-nitrogen and vitamins,
particularly the water soluble B-complex vitamins. Therefore, the difference in the
biomass formation cannot be attributed to nitrogen source limitations, especially if
we bear in mind that ammonia is also added as the base in these processes, and B-
complex vitamins are also present in the YE containing culture. Another possible
reason for the biomass discrepancy could be the shortage of a particular amino acid
which may be rarely needed by the host organism, but might be frequently
encountered in the sequence of the recombinant product. Such amino acids in the
YNB are histidine, methionine and tryptophan. According to Carnicer et al. (2009)
the percentage (% mol/mol) of these amino acids in extracts of wild type P.pastoris
strain growing in a chemostat culture are 1.89%, 0.79% and 1.40% respectively. The
percentages of those amino acids in the recombinant product in the present study
(MAO-5N) are 3.1%, 2.67% and 2.87% respectively. Bearing also in mind that the
protein content of P.pastoris can reach 50% of the DCW and that the recombinant
protein can occupy up to 40% of the total protein content (Cregg et al, 1993) and that
the average concentrations of those amino acids in YE are very low, it could be
assumed that the metabolism of the cells might be negatively affected by a lack of
these amino acids. To confirm that, we would expect a similar and maybe greater
negative effect on the recombinant protein production. However, even though the
total monoamine oxidase activity is significantly higher for the YNB culture, the
specific monoamine oxidase activity is only slightly higher which shows that the
effect is basically deleterious for biomass and not for the specific recombinant
protein production. It is worth noting though that the activity of the YE run presents
a declining trend from 22h post-induction onwards, while that of the YNB is

gradually increasing until the end of the process.
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A mineral deficiency in the culture containing the yeast extract may also be
considered especially if it is borne in mind the importance of metals such as zinc and
magnesium (which are abundant in YNB) for the maintenance of yeast proper
physiological conditions (Walker, 2004). However, both the batch medium and the
methanol feed medium contain satisfactorily high concentrations of these minerals

which makes this deficiency possibility unlikely.

Another possibility for the differences between the two runs, and the lower biomass
and activity yields of the YE supplemented culture could be the lack of a vitamin
needed as cofactor for the metabolism of one carbon compounds such as methanol
(vitamins with such properties are biotin, folic acid and thiamine, which theoretically
should be present in sufficient quantities in YE though). This possibility is further
supported if the process in figure 5.4 is taken into consideration, as the addition of
the sorbitol seemed to cause a steady increase of the biomass, and the activity levels
followed a similar pattern with that of the YNB supplemented run. However, a
definite conclusion cannot be drawn, as the amount of carbon source added in the

MeOH Sorbitol 2:1 fed culture was higher than that of methanol alone fed culture.

As can be seen in figures 5.3. and 5.4., the accumulation of methanol in the culture
had detrimental effects for both biomass and recombinant protein yield. The biomass
concentration and total monoamine oxidase activity were significantly lower for the
culture where methanol accumulation took place. However, the specific MAO
activity, even though it was lower for the culture with the methanol accumulation,
the difference was not significant, indicating that the high methanol concentration
did not cause noteworthy damage to the recombinant protein production.
Nevertheless, the lower biomasses observed in this culture, led to an overall
reduction of the product yield. According to the literature, the toxicity of methanol is
a result of the accumulation of formaldehyde and hydrogen peroxide inside the cells,
both of which are the oxidized products of methanol by the alcohol oxidase and are
toxic to the cell (Couderc & Baratti, 1980; Zhang et al, 2000a). Under low methanol
concentrations this toxicity is negated as this step in methanol metabolism takes

place within the peroxisome, which sequesters toxic hydrogen peroxide away from
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the rest of the cell and it is dismutated by the peroxisomal catalase to water and
oxygen. Formaldehyde then either enters the xylulose-5- phosphate cycle or is
degraded to carbon dioxide by the action of a NAD -dependent formaldehyde
dehydrogenase and a NAD'-dependent formate dehydrogenase, both located in the
cystosol (van der Klei et al, 2006).

5.2. Selection of the appropriate Methanol, Sorbitol ratio
induction/feeding for the optimisation of the total monoamine

oxidase expression

5.2.1. Introduction

Three different ratios of methanol sorbitol feedings are presented below, the process
with methanol sorbitol 2:1 which has been described above is included for
comparison reasons. The target of this research is to increase the amount of carbon
available to the cells through an increase of the feeding rate. Since an increase in
methanol feeding will lead to methanol accumulation due to disruption of the AOX1
gene of the slow methanol utilisation strain (mut®) used in these experiments, the non
repressible sugar sorbitol was chosen to enhance the carbon flux to Pichia cells. As
described in the materials and methods (section 2.7.2.) the ratio is based on the
amount of carbon in each of these two compounds. The carbon feed rate is
manipulated by keeping the feeding rate of the methanol solution stable, while the
sorbitol solution, which is co-fed, increases, thus increasing overall carbon flux,

without inhibitory effects and so boosts the metabolism.

5.2.2. Results

Biomass concentrations

From figure 5.5.A. it is clear that the increase of the carbon feeding rate after
induction results in an increase in biomass concentrations. The biomass
concentration of the methanol : sorbitol 2:1 run is significantly higher than that of the
methanol fed culture (figure 5.2.A.). The biomass concentration of the methanol :

sorbitol 1:1 run is significantly higher than that of the methanol sorbitol 2:1. Finally,
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the methanol sorbitol 1:2 feeding run exhibited significantly higher biomass
concentrations than all the other cultures. Apart from the biomass levels, the
enhancement of growth is also apparent in the specific growth rate values. The
methanol fed culture of figure 5.2.A. had a post induction specific growth rate of
0.0063h™", while the cultures co-fed with sorbitol showed 0.0084 h™, 0.0091 h" and
0.0096 h' for the methanol sorbitol cultures of 2:1, 1:1 and 1:2 ratios, respectively.

Respiratory quotient

It is clear from figure 5.5.B. that with the addition of sorbitol in the feed during
induction, there was a statistically (t-test, p<0.05) significant increase in the
respiratory quotient of the cultures. The average respiratory quotient of the cultures
after methanol induction was 0.552, 0.608 and 0.789 for the methanol sorbitol

cultures of 2:1, 1:1 and 1:2 ratios, respectively.

Total and specific monoamine oxidase activity

As can be seen in figure 5.6.A. the specific activity of the methanol sorbitol 1:1 fed
culture increased very sharply from 22.4h to 44.4h process time, when it reached a
value of 154.6 mol/g DCW/min. Then, it continued increasing and reached its peak
0of 173.9 mol/g DCW/min at 62.6h process time (40.2h post induction). Afterwards,
until the end of the process, the specific activity fluctuated between 148.5 and 171.5
mol/g DCW/min. The specific activity of the methanol sorbitol 1:2 culture
increased rapidly from 23.1h to 49.8h process time and then decelerated and it
reached a peak of 134.1 mol/g DCW/min at 62.8h process time. After that point
there was a gradual decrease in the specific activity to 113.6 mol/g DCW/min at
73.6h process time where it remained until the end of the process. The methanol
sorbitol 1:1 fed culture not only achieved the highest specific activity value but also
after 40h process time and until the end of the processes exhibited significantly
higher specific monoamine oxidase activity than both the methanol sorbitol 2:1 and

1:2 cultures.
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The total monoamine oxidase activity of the methanol sorbitol 1:1 fed culture
increased very sharply and reached its peak of 16000 mol/l/min at 50.1h post-
induction time (72.4h process time). After that point there was a decrease to 13526

mol/l/min by the end of the process. The total activity of the methanol sorbitol 1:2
fed culture reached its peak of 12740.8 mol/l/min at 62.8h process time where it
remained stable for 5.5h after which it decreased to 10971.4 mol/l/min by the end of
the process. Like in the specific activity, in total activity as well, the methanol
sorbitol 1:1 fed culture reached the highest value, and generally exhibited

significantly higher values than the rest of the cultures.

5.2.3. Discussion

The feeding strategy during induction of P.pastoris cultures, which also dictates the
specific growth rate, is one of the most important factors for maximizing
recombinant protein production, since all of the biochemical reactions for product
formation are directly or indirectly associated with cell growth (Shioya, 1992). In a
typical feeding protocol where methanol is used as the sole carbon and energy source
(as well as inducer), the maximum achievable growth rate is very low as P.pastoris
mut’® grows very slowly on methanol. According to Boze et al. (2001) the rate of the
methanol feed is about three times lower with mut® than with mut strains in order to
maintain the methanol concentration below a critical value. Therefore in this series of
processes, the effects of increasing the amount of carbon flowing to the cells by
increasing the feeding rate through the addition of an alternative non-repressive sugar

as sorbitol was examined.

It 1s clear from the findings of this study that the ratio of methanol sorbitol 1:2 gave
the best biomass yields. This was expected, as there was approximately 200% more
carbon available than with the methanol feed alone, 150% more than with the
methanol sorbitol ratio 2:1 and 100% more than with the methanol sorbitol ratio 1:1,
and the additional sorbitol should not be associated with inhibition or repression.
Therefore, the increase of the carbon feeding rate has a direct on the growth rates and

the biomass concentrations as can be seen in the result section (5.2.2.). When it
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comes to the recombinant monoamine oxidase activities though, things are more
complex. The process with a methanol sorbitol ratio 1:1 feed presented by far the
best activities. To be more specific, if we compare the sorbitol enhanced runs with
the methanol only fed run (figure 5.2.) which can serve the role of control then the
Methanol Sorbitol 2:1 run presented a 109.8% of the total MAO activity and 76.3%
of the specific MAO activity of the control. In the case of Methanol Sorbitol 1:1,
142.9% of the total MAO activity and 102.6% of the specific MAO activity, while
the Methanol Sorbitol 1:2 exhibited 113.8% of the total MAO activity and 79.1% of
the specific MAO activity of the control. It is therefore, obvious that the increase of
feed above certain limits did not have any positive effect on the specific activity but
on the contrary it reduced it. The total MAO activity, however, was always higher for
the sorbitol co-fed cultures than the control (methanol only fed culture) due to the

positive effect of higher growth rates on biomass formation.

In other expression systems, such as E.coli, it has been reported that the increase of
growth rates above a threshold limit reduces the recombinant protein production
(Dong et al, 1995; Hoffmann & Rinas, 2004) as more carbon and energy is directed
to biomass formation. It is very possible that the same happens in this expression

system.

This is in agreement with the results of Boze et al. (2001) who found the maximum
recombinant protein production of a mut® P.pastoris was achieved at specific growth
rate of 0.09 h™ while the maximum biomass concentration was recorded at

=0.1 h™". However, in that case different media components were added to the
feeding medium in each experiment (vitamin and trace element in the first run and
yeast extract in the latter run). In this work the maximum specific growth rate =
0.096 h™' (Methanol sorbitol ratio 1:2) gave the highest biomass concentrations,
however the maximum specific recombinant enzyme activity was achieved at a

specific growth rate = 0.091 h™" (Methanol Sorbitol 1:1).

A comparison between a methanol alone and a methanol sorbitol medium of a mut’®

phenotype in batch cultures for the production of a lipase showed an 8.7-fold
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increase in lipase productivity for the cells growing in the mixed medium. However,
the addition of sorbitol for a mut" phenotype only slightly increased the productivity
of the same enzyme in the batch culture (1.7-fold). The implementation of a mixed

substrate strategy applied to a Mut® fed-batch culture leading to a 2.2-fold increase in
the volumetric heterologous protein productivity and 1.7-fold increase in the specific

productivity, compared with the methanol-only feeding strategy (Ramon et al, 2007).

The use of either sorbitol or glycerol at a ratio 1:1 with methanol for the recombinant
production of bovine enterokinase light chain by a mut® P.pastoris led to an 1.7 and
2.3-fold increase of the volumetric productivity for the sorbitol and glycerol
enhanced feed respectively (Peng et al, 2004). On the contrary, Thorpe et al. (1999)
found that in the recombinant production of sea raven antifreeze protein by a mut®
P.pastoris, the use of sorbitol/methanol feeding strategy led to 1.3-fold higher
specific productivity than that of a glycerol/methanol feeding strategy, even though

the biomass yields were lower on sorbitol/methanol.

According to Resina et al. (2007), transcription appears to be the major limiting
factor in extracellular Rhizopus oryzae lipase production by P.pastoris under growth-
limiting conditions (0.005 to 0.01 h-1) the recombinant product secretion levels are
higher at higher growth rates. However, at very high growth rates, a phenomenon
known as unfolded protein response which deals with proteins not properly folded is
observed, explaining the decreased recombinant protein production at very high
specific growth rates. This is true for other fungal systems such Trichoderma reesei
where the formation and secretion of the recombinant product is reduced in higher

growth rates (Pakula et al, 2005).

To conclude, the increase of energy and carbon supply to recombinant P.pastoris
cells using a non-repressing C source, seems to enhance both biomass formation and
specific product production, however, for every expression system, it needs to be
tested as to which specific growth rate is the maximum which can be achieved

without overloading the translational machinery of the cells.
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As stated in the literature, the adoption of a mixed feed strategy during induction
reduces the time required for maximal protein expression (Celik et al, 2009). In this
work the increase of sorbitol in the feed had as a direct effect the reduction of the
time needed for the maximal monoamine oxidase activity. The maximal volumetric
productivities were achieved at 62.5h, 50.1h and 39.7h post induction for the
methanol sorbitol 2:1, 1:1 and 1:2 feed ratios. This reduction in induction time and
hence in the overall process time can have a considerable reduction in the cost of a

scaled up industrial process.

As can be seen in figure 5.5.B , (approximately after 27h process time) an important
characteristic of the use of sorbitol in the induction feeding process is the increase of
the respiratory quotient. As expected, sorbitol oxidation results in lower oxygen
consumption rate for growth than methanol oxidation (since sorbitol is a more
oxidised substrate than methanol) and as a result an increase of sorbitol concentration
in the feed leads to an increase of the carbon evolution rate oxygen consumption rate

ratio (respiratory quotient).

High oxygen requirements are very frequently a very important problem in high cell
density cultures. P.pastoris culture can reach cell densities up 160 g/l DCW (Jungo et
al, 2007b) and the high demand of oxygen due to the methanol reduction state
necessitates the use of oxygen enriched air which increases the production costs and
may cause difficulties in scale-up (Curvers et al, 2001), while at the same time, the
direct contact of cells with oxygen from the oxygen enriched air potentially causes
more damage to cell constituents and to the recombinant product than when air with

only 21% O, comes to contact with the culture.

Since oxygen consumption rates and heat production are closely correlated during
aerobic growth, less heat will be produced during mixed substrate growth on sorbitol
and methanol than on methanol as sole carbon source or mixed feeds of glycerol and
methanol (Wang et al, 2010). Indeed, considering that the enthalpy of combustion of
sorbitol is about 8% lower than that of glycerol and about 30% lower than that of

methanol, for a given growth rate less heat will be released in cultures with mixed
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feeds of sorbitol and methanol than with feeds of methanol alone or mixed feeds of
glycerol and methanol (Jungo et al, 2007b). It has been reported that reactor cooling
frequently represent a major technical limitation for P.pastoris high cell density

operations (D'Anjou & Daugulis, 2001; Hoeks et al, 2005).

Therefore, any method which reduces the oxygen consumption rate and the heat
production rate without affecting recombinant protein productivity is advantageous.
The culture of MeOH Sorbitol 1:1 feed ratio, presents the best option as there is a
great increase in biomass, specific product activity and even though sorbitol
increases the carbon flux there is only a moderate increase of the oxygen
consumption rate and hence only a small increase of the heat evolution which
dispenses with the need for oxygen enriched air and reduces the cooling

requirements.

5.3. Comparison of P.pastoris and E.coli MAQO producing cells in

Biotransformation

5.3.1. Introduction

The overall aim of this work is the optimisation of the MAO-5N production for the
subsequent use as a catalyst for the preparation of chiral amines. The simultaneous
application of the enantioselective amine oxidase and a non selective reducing
catalyst results in optically pure compounds. The enantioselective MAO oxidizes
only the S-enantiomer to the corresponding imine, which is then reduced in situ back
to the racemic amine. Repeated cycles result in eventual accumulation of the R-

enantiomer which can reach 100% yield (Turner et al, 2005).

In order to evaluate the biotransformation capacity of the cells produced, a
comparison between cells produced from different fermentation conditions was
carried out. The fermentations which gave the highest monoamine oxidase activity
yields were repeated and cells were harvested at the optimum time as had been
identified from the earlier runs. The cells were initially freeze dried to cause cell

permeabilisation and to maintain stability (Matsumoto et al, 2001) and then stored
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until they were used for the biotransformation. In particular, the aerated E.coli
fermentation run induced at OD = 55, the P.pastoris with methanol sorbitol induction
feed ratio 1:1 and the P.pastoris standard protocol with YNB in the batch medium

were repeated and tested in terms of the ability to effect biotransformation.

The use of whole cells as biocatalysts has been gaining a lot of attention as they can
be much more readily and inexpensively prepared than the isolated enzymes.
Moreover, enzymes in cells are protected from the external environment, and hence,
they are generally more stable in the long-term than free enzymes (Ishige et al,
2005). This 1s especially important when the enzymes are oxidatively sensitive as
appears to be the case for oxidoreductases such as D-amino acid oxidase,
hydroxymethylfurfural oxidoreductase (Koopman et al, 2010; Pilone & Pollegioni,
2002; Slavica et al, 2005) and the MAO-5N used in the present study as proposed in
chapter 4. The substrate used was a racemic mixture of a-methylbenzylamine as a
model compound which its (S)-enantiomer is converted to acetophenone by the

action of the recombinant enantioselective MAO-5N (figure 5.7.).

5.3.2. Results

The E.coli cells reached a substrate conversion of 19.2% at 1.5h and after that point
there was only a very slight increase (reaching a maximum of 20.2% at 2h). The
conversion of the P.pastoris cells followed a completely different pattern. The
P.pastoris cells produced with the YNB protocol exhibited a very slow conversion
rate in the beginning but finally reached a maximum conversion of 37.6% at 2h
process time, while the P.pastoris cells of the optimised protocol (Methanol Sorbitol
1:1 ratio) presented a high initial conversion rate which was later reduced and
reached the maximum of 40.4% at 2.2h. The dissolved oxygen concentration fell
instantly to low levels after the addition of the cells for all three experiments. In

particular, E.coli cells lowered the dissolved oxygen to 4.3 mg/l while the P.pastoris
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Figure 5.7. Conversion-oxidation of the a-S-methylbenzylamine to acetophenone and
ammonia with the concomitant reduction of FAD" to FADH,. The regeneration of the FAD"
cofactor is facilitated by the simultaneous reduction of molecular oxygen to hydrogen
peroxide.
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cells to 4.7 mg/l. The dissolved oxygen of E.coli run very rapidly increased while the
P.pastoris cells of the YNB protocol increased less sharply. The dissolved oxygen of
the optimised P.pastoris fermentation protocol presented the slowest decrease of all

three runs.

5.3.3. Discussion

A very important factor influencing biotransformation is the efficient cofactor
regeneration (Schmid et al, 2001). From figure 5.7. it is evident that the current
bioconversion has the advantage of relying on the provision of oxygen for recycling
FAD" which simplifies the process. Figure 5.8.B. shows that oxygen was never the
limiting factor of the biotransformation, therefore, the differences in conversions

between the different processes can be attributed to other features.

It appears that the biotransformation of the a-S-methylbenzylamine by the E.coli
cells proceeds at a slower pace and the enzyme is quickly deactivated as the
conversion achieved is approximately half than that of the P.pastoris runs. It was
expected that the P.pastoris cells would present higher conversion rate than the
E.coli cells as the specific MAO activity of the former was 8.7 times higher. Whole
cell biotransformations are severely dependent upon the barrier functions of cell wall
and cell membranes. Therefore, a comparison between two different systems as
P.pastoris and E.coli is difficult due to the different nature of those barriers. Gram
negative bacteria such as E.coli containing 2 membranes and a peptidoglycan layer
in-between, present a higher obstacle for the transport of substrate inside the cell than
the eukaryotic yeast cell wall and membrane. A fact that may reduce the

bioconversion ability of E.coli cells significantly.

The difference in the specific MAO activity between the P.pastoris cells of the YNB
and the optimised protocol run is approximately 3% higher for the latter. As
expected, there is barely any difference in the final conversion between the two cell
types in the biotransformation. The optimised cells seem to convert the substrate

much faster in the beginning; however, there is an abrupt deceleration at about 1h
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which may be a result of the intracellular accumulation of the product. The ideal
situation would be that once the a-S-methylbenzylamine is converted to
acetophenone inside the cells and accumulated to an appropriate level, it would be
released from cellular confinement and allow the product to be collected outside the
cell (Chen, 2007). However, it is possible that acetophenone export may not be able
to keep pace with its production rate, and hence product build-up takes place leading
to lower substrate conversion rates due to higher competition between substrate and

product in the active centre of the enzyme.
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Chapter 6

Conclusions and Future work
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6.1. Conclusions

Despite the optimisations achieved in chapter 3, the homologous amine
oxidase production from A.niger when using the native amine oxidase
promoter system will always be limited by the generation of ammonia from
the degradation of the amine, used as inducer, which strongly represses the
expression of the gene. Therefore, the use of recombinant systems will
always be advantageous. This is obvious in chapter 4 and 5 where the
volumetric enzymatic activities were more than 10 and 300 fold higher for
the E.coli and P.pastoris culture, respectively. Moreover, the fact that there is
more than one gene expressing amine oxidases in the natural host, makes the
selection of the appropriate one, in the case of the industrially useful FAD
containing AO (MAO-N), more difficult requiring repression of the gene
expressing copper containing amine oxidase or purification in a later stage
(during downstream process). Both strategies will significantly increase the
cost making the industrial use unfavourable.

Regarding the expression of the mutated MAO-5N in E.coli, this work shows
that the negative effects of oxygen previously reported in free enzyme
preparations, are not limited to these acellular environments but are also
discernible in the sheltered environment of the cytosol of E.coli cells.
Therefore the optimal process for MAO-5N production is aerated, not
oxygenated, and induced at moderate cell density, as it clearly represents a
compromise between oxygen supply effects on specific growth rate/induction
cell density, acetate accumulation, and high specific MAO-5N activity.

The optimisation of the P.pastoris protocol for the production of MAO-5N
showed that the most important flaw of the original protocol (similar to the
one suggested by Invitrogen) is the inadequate amount of carbon supply to
the cells in the feed during the induction phase. The methanol may be enough
for the survival of the cells; however, it is not enough for a satisfactorily high
production of the recombinant product.

The use of sorbitol as an additional feed overcame this problem as both

growth and the recombinant enzyme activity were improved when the carbon
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flux was doubled and the specific growth rate reached the optimum value
(section 5.2.3).

However, as described in chapter 5, higher carbon feeding causes higher
growth rates which lead to higher biomass levels but at the expense of the
recombinant protein production.

Reductions of the cost in both the E.coli and P.pastoris processes were
achieved without compromising the yields. The replacement of expensive
ingredients such as IPTG and YNB in the E.coli and P.pastoris process
respectively and the reduction of the process time in £.coli culture through
the increase of the feeding rate ultimately led to processes with increased

yields, easy and cheap to reproduce and scale up.

6.2. Future work

The work presented in this thesis has provided much insight into the production of

monoamine oxidase by various hosts, and significant optimisation in the

bioprocesses has been achieved; however, in doing so it has generated various ideas

and has widened the scope for future research.

Some suggestions regarding the work presented in chapter 3 are shown below:

The use of a higher cell density A.niger culture for the homologous
production of MAO. The use of a fed batch process would be an ideal
situation to increase the volumetric productivity of the amine oxidase,
however, such an attempt would necessitate an on- or at-line monitoring
system for the determination of the concentration of the metabolisable
inducer.

As described earlier, the expression of amine oxidase in 4.niger is limited by
the ammonia produced from the inducers degradation. Therefore a way to
alleviate this problem would be the search or construction of a slow or if
possible non-metabolisable amine as an inducer which will induce the
expression of amine oxidase and at the same time will not generate ammonia
which represses the expression of the amine oxidase genes. Alternatively a

successful strategy would be to place a strong and easy regulated promoter

201



upstream of the amine oxidase gene of interest so that the expression of the
gene will be done under the regulatory control of a tight and easily induced
promoter.

It would be useful to repeat the experiment described in section 3.5. with the
substitution of sodium nitrate with ammonia as primary nitrogen source. In
this case the effect of butylamine formed would be easier to be observed as
ammonia is assimilated through an H'/NH4" antiport system which does not
require the establishment of proton motive force and therefore cells can work

in a wider range of pH’s.

Regarding the work presented in chapter 4:

It 1s of great interest to identify the exact nature of the proposed oxidation on
the MAO-5N. The use of a mass spectrometric method enables the detection
of the occurrence of particular amino acid modifications in proteins. The
identification of the modification(s) can potentially give a solution based on
the substitution of the oxidatively prone amino acid residues with other ones
less prone to oxidations if these changes do not affect the catalytic properties
of the enzyme. In addition, if the damage is attributable to reversible
oxidative modifications, then strategies may be adopted to restore the activity

of the enzyme after the end of the process.

As far as far as the work in chapter 5 is concerned:

It would be interesting to determine if the negative effect of high oxygen
availability on the activity of MAO-5N observed in the E.coli culture can
occur in the MAO-5N in a P.pastoris culture. This can by achieved by
comparing the enzyme activities between a culture run with dissolved oxygen
set at very low dissolved oxygen tension with a culture run at relatively high
dissolved oxygen levels.

Regarding the biotransformations, the use of cell free extracts of MAO-5N
produced by P.pastoris and E.coli cultures instead of whole cells would be an
interesting comparison of the actual enzyme activity as the barriers of cell

wall and membrane would be circumvented.
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Chapter 7 Appendix

Substrate FAD Cu
1 Amylamine NN NN
2 Putrescine W \A
3 Cadaverine ) )
4 Benzylamine \A \
5 R-a-Methylbenzylamine } }
6 S-a-Methylbenzylamine N )
7 R-N-a-Dimethylbenzylamine } }
8 S-N-a-Dimethylbenzylamine ) )
9 R-a-Ethylbenzylamine ) )
10 R-2-butylamine ) )
11 2-aminopentane - -
12 R-2-aminohexane - -
13 2-Aminoheptane - -
14 R-2-Aminoheptane - -
15 D/L-2-Phenylglycinol - --
16 3-aminoproprionitrile - -

Reactivity of the A.niger 1490011 FAD and Cu containing amine oxidases against

various amines.
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