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ABSTRACT

Pichia pastoris (P. pastoris) is an attractive industrial host cell due to its ability to grow up to

60% wet cell weight (WCW) by volume, a far higher level of biomass than the typical values

reached by Escherichia coli (E. coli) and Saccharomyces cerevisiae (S. cerevisiae). This thesis

seeks to explore how the genetic tractability and high cell densities characteristic of P. pastoris

can be exploited to intensify whole-cell biocatalysis.

Chiral amino alcohols such as 2-amino-1,3,4-butanetriol (ABT) are key building blocks of small

molecule pharmaceuticals and have previously been produced by whole-cell biocatalysis using

cells engineered to express a de novo enzyme pathway consisting of transketolase and

transaminase.

Within this work, native and foreign P. pastoris transaminases were characterised with respect

to their biocatalytic potential. Genomic data mining was performed to explore the GS115

strain genome, allowing the selection of three putative Class III transaminase genes and the

construction of overexpressor strains PpTAm107, PpTAm677 and PpTAm410. The well-studied

ω-transaminase CV2025 from Chromobacterium violaceum (C. violaceum) was also successfully

engineered to generate two strains; PpTAmCV708 for single expression of CV2025, and

PpTAm-TK16 strain for CV2025 co-expression alongside a native transketolase previously

characterised for L-erythrulose production.

The rapid growth and high biomass characteristics of P. pastoris were successfully exploited for

production of ABT by whole-cell biocatalysis. At high cell density, the best performance for the

de novo pathway was obtained with the engineered PpTAm-TK16 strain, which tolerated high

concentration of substrates to achieve STY 0.29 g L-1 h-1 of ACP, 49-fold higher than levels

previously achieved with E. coli in the presence of the same substrates.
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IMPACT STATEMENT

This work has successfully engineered the methylotrophic yeast P. pastoris as a useful whole-

cell host to develop novel routes for the production of chiral amino alcohols, molecules

involved in the synthesis of products as diverse as agrochemicals, detergents, food and

pharmaceutics. There are several potential benefits arising from this project that will have

impact across academia and industry.

From the academic perspective, the accomplishment of this work will facilitate further

research with P. pastoris and other organisms to develop synthetic pathways for the

generation of valuable chiral compounds. The genomic data mining performed in this study

can also contribute to the understanding of P. pastoris metabolism and molecular biology for

future research. The results obtained from this work are susceptible of publication which will

facilitate wider dissemination of its findings. Additionally, the methodology and results from

this study can contribute to generate teaching materials related to synthetic biology, industrial

biotechnology, biocatalysis and fermentation courses.

Moreover, the present research may create promising opportunities for industrial applications.

P. pastoris is an attractive host for recombinant proteins production with applicability in a

variety of productive fields. The synthesis of chiral amino alcohols addressed in this project,

can have special impact in sectors such as the pharmaceutical industry that uses these

compounds in the production of drugs for the treatment of diseases as severe as AIDS.

Moreover, biocatalytic synthesis allows the production of chiral amino alcohol under mild and

sustainable conditions, with significant environmental advantages in comparison with the

traditional chemical synthesis.

Overall, the outputs generated in this research can have an impact at several levels, either

immediately or incrementally in future.
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ABBREVIATIONS

A520 Absorbance at 520 nm

A680 Absorbance at 680 nm

ABT 2-amino-1,3,4-butanetriol

AC Accession number (UniProtKB)

ACN Acetonitrile

ACP Acetophenone

AGE Agarose gel electrophoresis

Amp Ampicillin

AQC 6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate

β-Gal β-Galactosidase

BLAST Basic local alignment search tool

BMGY Buffered glycerol complex media

BMMY Buffered methanol complex media

bp Base pairs

BSA Bovine serum albumin

BSM Basal salt medium

CIP Calf intestinal phosphatase

C. violaceum Chromobacterium violaceum

DCW Dry cell weight

DMSO Dimethyl Sulfoxide

DNA Deoxyribonucleic acid

dNTP Nucleotides mix

DO Dissolved oxygen

E. coli Escherichia coli

EDTA Ethylenediaminetetraacetic acid

ERY Erythrulose

FLD1 Formaldehyde dehydrogenase (promoter)

g Gram

GA Glycolaldehyde
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GOI Gene of interest

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HF High fidelity

HIS4 Gene encoding for the enzyme histidinol dehydrogenase

his4 Defective gene for the enzyme histidinol dehydrogenase

HPA Hydroxypyruvate

HPLC High performance liquid chromatography

HSA Human serum albumin

IPTG Isopropyl β-D-1-thiogalactopyranoside

Kan Kanamycin

kb Kilo bases

kDa Kilo dalton

K. phaffii Komagataella phaffii

L Litre

LB Luria-Bertani

MBA Methylbenzylamine

MCS Multiple cloning site

MD Minimal dextrose

MeOH Methanol

Mg Magnesium

mg Milligram

mL Millilitre

MM Minimal methanol

mM Millimolar

mmol Millimol

min Minute

mRNA Messenger RNA

Mut Methanol utilisation

NADPH Nicotinamide adenine dinucleotide phosphate

NaOH Sodium hydroxide

OD Optical density

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

PLP Pyridoxal 5-phosphate

pmol Picomol
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POC Percentage of conversion

P. pastoris Pichia pastoris

RO Reverse osmosis

rpm Revolutions per minute

RSM Response surface methodology

S Substrate

s Seconds

[S] Substrate concentration

S. cerevisiae Saccharomyces cerevisiae

SDM Site directed mutagenesis

SDS Sodium dodecyl sulphate

t Time

TAm Transaminase and aminotransferase

TFA Trifluoroacetic acid

TK Transketolase

TK-TAm Co-expressed transketolase and transaminase pathway

Tm Melting temperature

TPP Thiamine pyrophosphate

tRNA Transfer RNA

TSP Total soluble protein

U Units of enzyme activity (pmolmin-1)

µ Specific growth rate (h-1)

µL Microlitre

µm Micrometer

µmax Maximum specific growth rate (h-1)

µmol Micromole

UTR Untranslated region

UV Ultraviolet

V Volume

v/v Volume per volume

V. fluvialis Vibrio fluvialis

Vol Working reaction volume

WCW Wet cell weight

WT Wild type
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w/v Weight per volume

ω-TAm ω-transaminase

YNB Yeast nitrogen base

YPD Yeast extract peptone dextrose
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PLASMID NOMENCLATURE

pAO815 Plasmid containing the inducible AOX1 promoter

p8TAm107 pAO815 containing gene PAS_chr2-1_0107 (TAm CAY68710.1)

p8TAm410 pAO815 containing gene PAS_chr3_0410 (TAm CAY70459.1)

p8TAm677 pAO815 containing gene PAS_chr4_0677 (TAm CAY71936.1)

pQR801 Kan-plasmid containing gene TAm CV2025 from C. violaceum

p8TAmCV708 pAO815 containing gene TAm CV2025

p8TAmCV708sdm Site directed mutagenesis of p8TAmCV708 (BglII removed)

p8TK150 pAO815 containing P. pastoris PAS_chr1-4_0150 (TK CAY67980.1)

p8TK151 PAO815 containing site directed mutagenesis of p8TK150

p8TAm-TK16 pAO815 containing fusion construct from p8TAmCV708 and p8TK151
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STRAIN NOMENCLATURE

W3110 E. coli strain containing pAO815 plasmid

TOP10 E. coli competent recipient strain

DE3 E. coli strain containing pQR801 plasmid

GS115 P. pastoris wild-type HIS4/Mut+ recipient strain

GS115 HSA GS115 Human Serum Albumin (HIS4/MutS control strain)

GS115 β-Gal GS115 β-galactosidase (HIS4/Mut+ control strain)

PpTAm107 GS115 strain transformed with p8TAm107

PpTAm410 GS115 strain transformed with p8TAm410

PpTAm677 GS115 strain transformed with p8TAm677

PpTAmCV708 GS115 strain transformed with p8TAmCV708

TK150 GS115 strain transformed with p8TK150

PpTAm-TK16 GS115 strain transformed with p8TAm-TK16

CBS7435 K. phaffii strain

S228C S. cerevisiae strain

JS17 V. fluvialis strain coding ω-transaminase AC F2XBU9

DSM30191 C. violaceum strain coding ω-transaminase AC Q7NWG4 (Locus tag CV_2025)
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1 INTRODUCTION

1.1 P. pastoris as a whole-cell biocatalyst

P. pastoris is an ascomycetes yeast, which in the decade of the 80s was described as

methylotrophic due to its ability to grow using methanol as the only carbon and energy source

(Cregg et al., 1985). In 1995, P. pastoris was reassigned to a new phylogenetic genus,

Komagataella, based on ribosomal gene sequencing data (Yamada et al., 1995). Currently, six

members of this genus have been described; K. pastoris, K. phaffii, K. pseudopastoris, K. poluli,

K. ulmi, and K. kurtzmanii (Naumov et al., 2013), from which the two first are the strains that

remain commonly named as P. pastoris and that have been also co-branded as “Pichia” (Love

et al., 2016).

In the last decades, P. pastoris has become a reliable and robust expression system (Invitrogen,

2010) widely used for production of recombinant protein in research and industrial settings

(Templar et al., 2016) with well-established tools for genetic manipulation (Bollok et al., 2009)

and strong native promoters to direct overexpression of transgenes. Also, post-translational

modifications produced by P. pastoris are very similar to the ones from mammalian cells

(Cereghino et al., 2002); therefore, large amounts of correctly folded eukaryotic proteins can

be over-expressed (Cereghino and Cregg, 2000).

In terms of bioprocess, P. pastoris is a robust system, very adaptable to large scale

fermentations (Invitrogen, 2010) since it presents great tolerance to a wide pH range (3.0-7.0)

and to high temperatures, even above 47 °C (Macauley-Patrick et al., 2005), which is beneficial

in large scale fermentations due to the reduction of cooling costs and in bacterial

contamination control (Van der Klei et al., 2006).

Because of all these reasons, over five hundred proteins have been cloned and expressed using

P. pastoris (Cos et al., 2006), demonstrating that it is a reliable expression system. However, a

characteristic that stands out for industrial application, is the ability of P. pastoris to grow

rapidly to high cell densities (Figure 1.1), up to 60% wet cell weight (wcw) by volume on

chemically defined culture media (Wei et al., 2017). Because of this major advantage, P.

pastoris has become a key platform to achieve satisfactory conversions in systems which a low

specific productivity needs to be compensated (Vogl et al., 2013). This ability can be enhanced

by the use of P. pastoris as a whole-cell chassis. It has been demonstrated that whole-cell

improves the enzymatic stability over isolated forms, due to the cellular homeostatic process
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aiding to preserve the tertiary structure of the proteins (Schrewe et al., 2013) meanwhile it

facilitates experimental manipulations by avoiding enzyme purification and immobilization. If

necessary to achieve sufficient conversion, the cost of enzyme purification can also be a key

performance measure. Using E. coli host, enzymes have been reported to be effective for

production, either immobilised within a microreactor (Halim et al., 2013), in solution

(Payongsri et al., 2012) and as whole-cells (Ingram et al., 2007). But the internal machinery of

whole-cell forms may be advantageous for cofactor recycling and to metabolize inhibitory

compounds or to segregate them between the inside and outside of the cell (Shin and Kim,

1997). In summary, P. pastoris as a robust whole-cell biocatalyst, can enable high volumetric

yields of protein through rapidly reaching significant biomass concentrations. This can be

evaluated considering metrics as a space-time yield (STY), traditionally not used for cell-free

enzymes systems, which can facilitate biocatalysis characterisation (Schrewe et al., 2013).

Figure 1.1 High biomass density from P. pastoris cultures. Right: sample from bioreactor cultivation to density 500
OD600 units (130 g/L DCW). Left: sample from shake flask culture to density 1 OD600 unit. Image from Cereghino and
Cregg (2000).

1.2 Metabolism of P. pastoris

There is a limited number of yeasts capable of growing using methanol as a sole carbon and

energy source. Methylotrophic yeasts possess this feature due to the presence of a very

particular metabolic machinery that takes place partially compartmentalized in the

peroxisomes, followed by subsequent steps in the cytoplasm (Poutou-Piñales et al., 2010).
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Figure 1.2 shows this metabolic pathway consisting of two main routes; the dissimilation

pathway for obtaining energy from the oxidation of methanol, and the assimilation pathway

for the formation of cell constituents from methanol (Cereghino and Cregg, 2000).

Figure 1.2 P. pastoris methanol pathway. AOX, alcohol oxidase; CAT, catalase; FLD1, formaldehyde dehydrogenase;
FGH, S-formil glutathione hydrolase; FMD, formate dehydrogenase; DHAS, dihydroxyacetone synthase; DAK,
dyhydroxyacetone kinase. Figure adapted from Cereghino and Cregg (2000).

1.2.1 Relevance of Alcohol Oxidase enzyme (AOX)

As it is shown in Figure 1.2, the metabolism of methanol begins inside the peroxisome when

the methanol is oxidized to formaldehyde and hydrogen peroxide by the enzyme alcohol

oxidase (AOX) in the presence of oxygen. Part of the formaldehyde generated enters into a

route of dissimilation being oxidized and generating energy for the cell, while the rest goes to a

route of assimilation generating cellular constituents (Cereghino and Cregg, 2000; Van der Klei

et al., 2006).

The most important feature of this metabolic machinery is that some of these specific enzymes

are found in higher concentration only when the cell is growing in the presence of methanol

(Egli et al., 1982). The AOX plays an important role since it has a limited affinity for oxygen;

therefore, to oxidize methanol in the first step of the pathway, large amounts of this enzyme

have to be synthesized as compensation for this low oxygen-enzyme affinity. It has been

reported that, when the yeast grows in presence of methanol, it can tolerate extreme
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overexpression of AOX, up to 35% of the total protein (Cregg et al., 1985), and the cell volume

can be occupied by the peroxisome up to 80%. It is believed that, due to the high AOX

concentration that can be achieved under methanol induction, multi-enzyme structures can be

formed and accumulated as crystalloid complexes in the peroxisome, suggesting that P.

pastoris may possess a mechanism to tolerate high enzyme concentrations (Wei et al., 2017).

This feature is relevant for the development of a powerful whole-cell biocatalyst for high-

density enzyme expression.

1.2.2 Transcription of AOX1 gene

The synthesis of the methanol-induced enzyme AOX is strongly regulated by transcriptional

promoters, which are the same as used to drive heterologous protein expression. The AOX is

encoded by two genes, the alcohol oxidase 1 (AOX1) and the alcohol oxidase 2 gene (AOX2),

both located within the chromosome 4 of the four chromosomes of P. pastoris. Although the

protein-coding portions of both genes are closely homologous at both, DNA and predicted

amino acid sequence levels, AOX1 is responsible for the synthesis of 90% of the AOX generated

in the cell, while AOX2 only encodes the remaining 10% (Cregg et al., 1989). It has been

demonstrated that the difference in AOX activity contributed by the two genes is a

consequence of flanking sequences that share no homology between both genes. Therefore,

the two genes encode proteins that are closely homologous in primary structure but that differ

in sequences located at 5' of the protein-coding portion, most probably reflecting differences

in the transcription initiation rates (Cregg et al., 1989).

The transcription of AOX1 is regulated by the strong and highly regulated promoter pAOX1,

successfully used in the production of heterologous proteins driving the expression of high

levels of product, even with only a single integrated copy of the expression cassette

(Macauley-Patrick et al., 2005). This regulation takes place by a system of two steps; a

repression/de-repression and an induction by a catabolite. In presence of for example glucose,

the transcription is repressed, and moreover, even in a system without glucose the de-

repression condition is not sufficient to start the transcription of the AOX1 gene, since it

requires the presence of methanol as the inducing substrate (Tschopp et al., 1987). In practice,

this system of repression by the initial carbon source ensures a favourable cell growth during a

first culturing stage, and then induces the transcription by the removal of the initial carbon

source and the addition of methanol (Romanos, 1995; Cereghino and Cregg, 2000).
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1.3 P. pastoris genetic manipulations

1.3.1 Expression vectors

Because P. pastoris has no native plasmids, various expression vectors has been developed, all

of them also designed for bacterial transformation, for which they contain the E. coli origin of

replication and the gene for ampicillin resistance as a mechanism of selection. The most

commonly used vectors for P. pastoris, available from Invitrogen Corporation, contain the HIS4

gene (histidine dehydrogenase gene), which is used in combination with a histidine-

auxotrophic host (his4) with a defect in the histidine locus (Cregg et al., 1985). The expression

cassette of these expression vectors is composed of a 5’AOX1 promoter (approximately 0.9 kb)

and a 3’ transcription terminator sequence or TT (approximately 0.3 kb); both separated by a

unique cloning site for the insertion of the foreign cloning sequences. This expression cassette

can be integrated into the genome of the host by homologous recombination, normally

resulting in genetically stable strains (Invitrogen, 2010).

1.3.2 Genomic integration

As it was mentioned before, to maintain the stability of heterologous expression in P. pastoris,

a genomic integration of the expression cassette into the genome of the host is stimulated.

This integration arises from a homologous recombination that can occur by two different

strategies; a single crossover, also known as genomic insertion, or by a double crossover,

known as omega insertion (Cereghino and Cregg, 2000).

The most common and simple mode is the single crossover, which can occur either at the P.

pastoris his4 loci (chromosome 1), as schematized in Figure 1.3, or at the AOX1 loci

(chromosome 4), as schematized in Figure 1.4. For the case of integration in the his4 loci of the

host, the vector is linearized prior to transformation using a unique restriction site located

within the HIS4. Then, during transformation, the linear DNA stimulates homologous

recombination between the transforming DNA and the region of homology in the host,

resulting in a simple crosslinking that success in approximately 50 to 80% of transformation

events (Invitrogen, 2010). Figure 1.3 shows how by the integration in the his4 loci, the host

recovers the integrity of HIS4, resulting in a strain capable of growth in histidine-deficient

media.

Likewise, Figure 1.4 shows the event of integration in AOX1 loci of the host where the vector is

linearized within the AOX1 gene provoking, by homologous recombination, the single
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crossover in AOX1 loci. In this case, transformant cells also result in a HIS4 genotype, since the

HIS4 gene from the vector is integrated into P. pastoris genome (Balamurugan et al., 2007).

Figure 1.3 Insertion events at his4 loci of P. pastoris genome. The expression vector is linearized within the HIS4
and a single crossover occurs with the his4 locus of the host strain generating transformant cells with HIS4
genotype. Figure replicated from Invitrogen (2010).

Figure 1.4 Insertion events at AOX1 loci of P. pastoris genome. The expression vector is linearized within the AOX1
and a single crossover occurs with the AOX1 locus of the host strain generating transformant cells with HIS4
genotype. Figure replicated from Invitrogen (2010).
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The second strategy of genomic integration is the omega insertion, which corresponds to a

complete replacement of the AOX1 loci of the P. pastoris genome by a region of the expression

vector that comprises the 5’AOX1 sequence, the gene of interest, the selectable marker, and

the 3’AOX1 sequence. Previous to transformation, the vector is digested in order to release

this region, and this fragment stimulates a double crossover event that results in a complete

removal of the AOX1 coding region of P. pastoris genome (Figure 1.5). Approximately 10 to

20% of these transformation events are successful (Invitrogen, 2010).

Figure 1.5 Replacement events at AOX1 loci of P. pastoris genome. A double crossover occurs replacing the AOX1
loci of the host by a region of the expression vector containing the gene of interest and the HIS4 gene. The
generated transformant cells result with HIS4 genotype. Figure replicated from Invitrogen (2010).

1.3.3 Methanol utilization phenotype

Mutations in one or both AOX genes affect the ability of a strain to metabolize methanol

defining the methanol utilization phenotype, for which there are three different categories

(Macauley-Patrick et al., 2005). When the AOX1 and AOX2 are active the strain is able to grow

in the presence of methanol at the wild-type rate, thus its phenotype is Mut+ (Methanol

Utilization Plus). When the AOX1 is disrupted or deleted, the only action of the AOX2

generates a low alcohol oxidase activity and the strain grows very slowly in the presence of

methanol, therefore the phenotype of this strain is Muts (Methanol Utilization Slow). Finally,

the phenotype Mut- is the consequence of the deletion of both genes making the strain unable

to grow on methanol (Invitrogen, 2010).
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Given that the genomic integration methods explained before (section 1.3.2) can affect the

integrity of the AOX1 loci of the host, the selected strategy for transforming P. pastoris

determines the methanol utilization phenotype of the resultant strain. In the case of a single

crossover integration, either within his4 or AOX1 (Figure 1.3 and Figure 1.4), the generated

strain maintains an intact AOX1; therefore, the resultant methanol utilization phenotype is

Mut+. On the other hand, in the double crossover insertion (Figure 1.5), the deletion of the

AOX1 loci determines a final MutS phenotype.

Table 1.1 presents quantitative data about doubling time of log phase for each methanol

utilization phenotype in the presence of different media. Regarding this, a Mut+ P. pastoris

strain can grow on methanol with a doubling time in log phase of 4 to 6 hours, while a typical

Muts strain can reach 18 hours (Invitrogen, 2010).

Table 1.1 Doubling time in log phase of P. pastoris growth. The table includes data for different methanol
utilization phenotype strains (Invitrogen, 2010).

Phenotype
Doubling time (h)

Media with glucose
Doubling time (h)

Media with methanol

Mut+ 2 4-6

MutS 2 18

In general, both strains have operational advantages; for instance, Mut+ strain is less likely to

suffer from methanol poisoning, while MutS strain is less likely to suffer limitation by oxygen.

Regarding which phenotype can be more beneficial for heterologous expression, there is no

consensus since for both phenotypes it has been reported successful results (Romanos et al.,

1991; Krainer et al., 2012). However, consequently with the data presented in Table 1.1, if a

high density of the recombinant strain is a requirement, transformation for obtaining a Mut+

phenotype appears to be a more suitable option.

1.3.4 Multiple insert integration

Invitrogen Corporation has designed expression vectors capable to perform in P. pastoris a

genomic integration of an expression cassette carrying multiple copies, either of the same or
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different genes of interest. The integration of several copies of the same gene may improve

the expression of it (Sunga et al., 2008), while the integration of different genes of interest can

be suitable to engineer a novel metabolic pathway.

The strategy for multiple insert integration can be possible with an expression cassette

consisting of the promoter, gene of interest and the TT sequence; all flanked by restriction

sites BglII and BamHI. A vector that already contains one copy of an expression cassette can be

digested by BamHI, and then ligated with the expression cassette flanked by BglII and BamHI.

As it is shown in Figure 1.6, the complementary cleavage sites of BglII and BamHI make this

insertion possible (Invitrogen, 2010).

Figure 1.6 Digestion pattern of restriction enzymes BglII and BamHI showing complementary cuts.

Thereby, multiple expression cassettes can be integrated following the strategy shown in

Figure 1.7, where a recombinant vector is constructed in two steps; the release of an

expression cassette by BglII-BamHI digestion (Figure 1.7.A), and the subsequent ligation with a

BamHI digested plasmid (Figure 1.7.B).
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Figure 1.7 Strategy for integration of multiple expression cassettes in a P. pastoris transformant vector. Figure
replicated from Invitrogen (2010).

1.4 Fermentation strategies for foreign protein production in P. pastoris

P. pastoris presents a very good growth in liquid and solid medium and in a wide variety of

carbon sources and culture conditions. The most common strategy for the production of

heterologous proteins under the regulation of the AOX1 promoter is divided into two main

phases. The first phase is generating a high biomass yield using a carbon source different than

methanol. The duplication time of P. pastoris using a carbon source as glucose is around 90

minutes, while with methanol it is around 6 hours (Kennedy and Paterson, 1999). This is

because, as explained in section 1.2.2, the metabolism of methanol is strongly repressed by

multi-carbon sources and highly induced by methanol (Egli et al., 1982). After biomass

generation, the second phase occurs in the presence of methanol aiming to induce the pAOX1

and the expression of the heterologous protein (Chiruvolu et al., 1997).

In general, these two stages of fermentation with P. pastoris (growth and induction) can be

further divided into four different stages depending on the feeding strategy. The first stage

consists of growth in batch using glycerol. At this stage, the goal is to achieve a high cell

concentration rapidly and a maximum biomass yield (Chiruvolu et al., 1997). The initial

substrate concentration is what defines the specific growth rate, productivity and biomass

yield per substrate. It is not advisable to use a higher concentration of substrate than the one

required for maximum growth rate, as this would limit the transfer of oxygen and decrease

performance. The second stage corresponds to a fed-batch with the same carbon source used
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in the first stage. The third stage corresponds to the period previous to the induction of the

AOX1 promoter, by the addition of methanol or a mixture of methanol and the source used for

growth. This phase is performed by fed-batch and increases the productivity of the final

induction phase by reducing the time for Pichia adaptation to methanol (Chiruvolu et al.,

1997). Finally the fourth phase corresponds to feeding with methanol by continuous flow or

exponential pulses.

The productivity of P. pastoris in a fermenter can be improved significantly because it allows

controlling growth conditions and enables development of strategies such as improvement of

substrate feed and oxygen supply (d'Anjou and Daugulis, 1997). To satisfy the oxygen demand

is a key condition in a P. pastoris heterologous production, in consequence, monitoring oxygen

levels is a concern, being the flag to start the supply of methanol. When the primary source of

carbon is depleted, oxygen level increases sharply and this is positive for the induction with

methanol. Once the methanol consumption starts, oxygen levels begin to decrease again.

Therefore, methanol induction should be done at the right time, otherwise it may adversely

affect the expression of the heterologous protein (Rodríguez Jiménez et al., 1997).

On the other hand, changes in substrate feeding strategies can positively affect the production

of the heterologous protein in P. pastoris. The introduction of substrates mixture in the

induction stage has been studied. The use of a mixture of methanol and co-substrates could

support the cell to synthesize the enzyme AOX while pAOX1 is de-repressed and induced,

accelerating cell adaptation to methanol (Egli et al., 1982). Another option is to feed with

methanol prior to the induction stage in a decreasing ramp to note that oxygen consumption

increases. This may allow higher levels of adaptability of the cells to methanol (Cereghino et

al., 2002).

Regarding the temperature of fermentation, typically, P. pastoris growth and the strategy of

methanol induction are conducted at 30 °C, but it has been reported that decreasing of

induction temperature below 30 °C could increases heterologous production, mainly by

reducing the proteolytic activity caused by cell lysis and also because a lower temperature

could benefit the folding machinery and secretion of proteins (Zhu et al., 2011). Recent studies

have been carried out combining strategies with different mixtures of carbon sources and

decreased temperatures in order to assess the synergistic effect of both factors on the

heterologous production (Zhu et al., 2011).
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1.5 Importance of biocatalysis for the production of chiral amino alcohols

1.5.1 Enantiomers and chiral compounds

Stereoisomers are molecules that differ only in the spatial arrangement of their atoms. Their

differences are not constitutional; atoms are connected in the same order but differing in

space orientation. Enantiomers are stereoisomers with molecules arranged as mirror images,

not able to be superimposed with each other as consequence of the lack of a plane or point of

symmetry; this is called a chiral compound. Conversely, if the compound and its mirror image

can be matched in all its parts, then that is an achiral compound (Heitbaum et al., 2006). The

mixture of equal parts of two enantiomers is called a racemic mixture or racemate, which

possesses zero percent of optical purity (Heitbaum et al., 2006). Since the conventional

techniques for separation of molecules are based on their physical and chemical

characteristics, enantiomers are very difficult to separate from a racemic mixture. Two

enantiomers are essentially identical from the perspective of their physical and chemical

properties and the only difference between them is the specific rotation, ergo the direction

that light rotates to be plane polarized (Nelson et al., 2013).

Nowadays, there is a trend in drug industry to produce racemic switches; chiral drugs that first

were approved as racemates but then have being re-designed as a single enantiomer (Caner et

al., 2004). Because of the different behaviour that enantiomers exhibit when are subjected to

a chiral environment as it is the human body, racemic drugs often contain therapeutic activity

in one of the two enantiomers, while the other does not cause the desired response; moreover

it may have undesirable effect or simply be pharmacologically inert (Patel, 2008). An example

of the risks of pharmaceutical administration of racemates is the case of the drug Thalidomide.

Administered in racemic mixture as a sedative in the decade of the 50s, Thalidomide was

finally withdrawn from the market within only ten years of commercialization due to severe

teratogenic effects (Ranade and Somberg, 2005). This and other cases of health risk boosted

modification on the legislation promoting chiral separations and analysis of racemic drugs to

facilitate the elimination of unwarranted side-effects and to provide safest treatments for

patients.
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1.5.2 Enzymes and biocatalysis

Enzymes are biological molecules that catalyse the wide range of reactions that take place

within the cells. By greatly increasing the rate at which these reactions occur, enzymes make

cellular processes and life possible (Schramm, 1998).

The mechanism by which enzymes work implies high specificity, binding to particular

substrates and catalysing a single or a set of reactions that generate specific products, with a

limited number of unwanted by-products. To catalyse this conversion, the enzymes affect the

kinetics of the reaction by decreasing the time that is needed to reach the equilibrium (Bugg,

2012).

The kinetics of the chemical reaction is determined by the free energy of the transition state or

activation energy, which is the amount of energy that must be supplied to any reaction in

order to make it happen (Petsko, 2004). The transition state is a transient stage that exists

during the transformation of the reactants into products, in which bond breaking of reactant

molecules and bond generation of product molecules take place. A partially broken bond and a

partially formed bond have an electrostatic effect that increase the free energy of the

transition stage up to the highest value during the reaction (Schramm, 1998).

The active site of an enzyme is a small region comprised of residues that form temporary

bonds with the substrate, creating the enzyme-substrate complex and stabilizing the partially

broken bonds and the partially formed bonds in the transition state (Petsko, 2004). For this

stabilization, the active site provides of a microenvironment that brings the substrates close

enough for collisions to occur at high frequency and in a proper orientation, allowing

electrostatic interactions to the protein active site (Ma et al., 2000). By this stabilization,

enzymes are capable of lower the energy of activation and therefore, increase the rate at

which reactions occur.

As it is shown in the Figure 1.8, the difference between a catalised and uncatalised reaction is

the decrease in the activation barrier due to the action of the enzyme. This is precisely what

makes the catalised reaction to take place faster, by decreasing the time necessary to stablish

the equilibrium.
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Figure 1.8 Free energy profile for the course of a reaction. The reaction coordinate diagram compares uncatalysed
and enzyme-catalysed reaction pathways going through transition states (apex of the curves). The catalytic effect is
due to the lowering of the energy of activation (∆ ‡). Figure adapted from Bugg (2012).

Enzyme catalysis is an exciting area of biotechnology with a wide range of commercial

applications. Nowadays, biocatalysis is a proven tool for the efficient synthesis of optically pure

pharmaceuticals that are difficult to access chemosynthetically. Biocatalytic reactions often

present highly enantio-selectivity and the ability to avoid the use of extreme conditions such as

high temperatures and pressures, which both mean lower costs of production and problems

with structural rearrangement. Furthermore, enzymes can be immobilized and reused for

many cycles to obtain more efficient processes (Patel, 2001). Considering these advantages,

biocatalysis has become a promising field for the synthesis of increasingly required single

enantiomer drugs. As a matter of fact, over 70% of all pharmaceuticals are derivatives of chiral

amines (Ward and Wohlgemuth, 2010).

1.5.3 Biocatalysis for synthesis of chiral amino alcohol

Chiral amino alcohols (CAAs) are organic compounds composed of both, a primary amine and a

hydroxyl functional group. These compounds have a wide range of applications in the chemical

industry, being possible to find them as reactants in the production of plastics, detergents,

agrochemical compounds, and widely in the pharmaceutical industry as constituents or
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intermediates of several drugs, such as protease inhibitors, antibiotics and molecules with

optical purity (Rios-Solis et al., 2011).

The compound 2-amino-1,3,4-butanetriol (ABT) is an example of a relevant CAA in the

production of several drugs. This compound has been used as building block for the synthesis

of pepstatin, a potent inhibitor of proteases (Kwon and Ko, 2002), and for the production of

some detoxifying agents that can be co-administrated with antibiotics to reduce their

cytotoxicity with no reduction of their active effect (Delle Monache et al., 1999).

Another pharmacological use of ABT with high impact is the synthesis of the antiretroviral drug

Nelfinavir (Figure 1.9), which is effectively used in the treatment for the human

immunodeficiency virus (HIV) (Zhang et al., 2001). Nelfinavir is an HIV inhibitor that blocks the

action of a protease enzyme of the virus, which is essential in the HIV life cycle for its

replication and generation of the mature infectious virion (Lv et al., 2015). The HIV protease is

a homodimeric aspartic enzyme with an active site with proteolytic activity toward amino acid

sequences from other viral proteins. The amino acid assemble to the active site results in

morphologic changes and the subsequent maturation of the virus (Wood and Flexner, 1998).

To mimic this substrate binding, an hydroxyl group of Nelfinavir interacts with a carboxyl group

of the protease active site by hydrogen bonds (Lv et al., 2015). The competitive binding of the

inhibitor in the active site significantly inhibits viral replication and therefore, interrupts the life

cycle of the virus.

Figure 1.9 Compound 2-amino1,3,4-butanetriol (ABT) used as building block for the production of the commercial
drug Nelfinavir. Figure adapted from Rios-Solis (2012).
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The production of CAAs such as ABT in enantiomerically pure form has been traditionally

carried out by chemical synthesis, normally implying high production cost because of complex

route of synthesis and the multiple reaction steps (Ingram et al., 2007). Several chemical

methods have been developed; however, they involve complex compounds and the formation

of unwanted secondary products (Schoemaker et al., 2003). Also, low yields and high costs

have fuelled the search for alternative production routes (O'Reilly et al., 2014).

Pathway engineering seeks to modify an organism to obtain a biocatalyst able to perform the

production of specific compounds through a novel metabolic route. By exploiting certain

natural functions and capabilities of a microorganism, non-native reactions in a heterologous

host can be engineered, in order to produce compounds difficult to obtain by chemical

synthesis or existing biosynthetic pathways (Rios-Solis et al., 2011). In this sense, coupled

reactions in a de novo pathway have been designed to increase the product functionality

(Ingram et al., 2007), to address reversible conversions, to avoid substrate and product

inhibition, and to achieve full conversions (Cho et al., 2003). This strategy not only addresses

numerous drawbacks, but it can also be combined with other optimization strategies as

enzyme immobilization, biphasic systems, etc. For the biosynthesis of ABT, a de novo

biocatalytic pathway has been developed, which implies the non-natural coupled reactions in

sequence of two enzymes; a transketolase and a transaminase.

1.5.4 De novo multi-step pathway for ABT biosynthesis

With the necessary substrates and cofactors, a transketolase and a transaminase are able to

perform two reactions in series, since the product of the first reaction is a suitable substrate

for the second one. This route has been studied as a promising biocatalytic alternative to

generate complex chiral molecules of great commercial interest, constituting a de novo multi-

step pathway for the synthesis of the chiral amino alcohol ABT.

1.5.4.1 Transketolases

Transketolase (TKs) are dimeric enzymes comprised of two identical subunits, capable of

catalysing the transfer of a two-carbon group form from a ketose sugar to an aldose sugar

forming an asymmetric carbon-carbon bond. To catalyse the reaction, TKs need two cofactors;

thiamine pyrophosphate (TPP) and divalent cation such as magnesium (II) (Myles et al., 1991).

The formation of the new carbon-carbon bond is highly stereospecific and the reaction can be
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effectively irreversible if a hydroxypyruvate ketol donor substrate is employed yielding CO2, as

shown in Figure 1.10 (Hobbs et al., 1993; Morris et al., 1996).

Figure 1.10 General scheme of the transketolase reaction. Transference of a 2-carbon ketol from Hydroxypyruvate
(HPA) to an aldehyde acceptor in presence of divalent cation Mg2+ and TPP cofactor. The liberation of CO2 from the
reaction renders the reaction irreversible. Figure replicated from Ingram (2006).

The kinetic mechanism of transketolases follows a ping-pong bi-bi mechanism with enzyme-

cofactors, enzyme-substrates and enzyme-products configurations. The keto donor

(hydroxypyruvate) is first bound to the enzyme, through the cofactor TPP, releasing the first

product CO2, followed by the binding of the aldehyde acceptor and the subsequent release of

the second product, the ketoalcohol, while releasing the enzyme in its original form (Gyamerah

and Willetts, 1997).

In vivo, transketolases have a regulatory function in cellular metabolism, linking the pentose

phosphate pathway to the glycolysis. The enzyme catalyses a vital step in the pentose

phosphate cycle, namely the transfer of a two carbon ketol group from pentose sugars for the

generation of D-ribose-5-phosphate (for nucleotide and histidine biosynthesis) from D-

xylulose-5-phosphate (Myles et al., 1991; Hobbs et al., 1993), and also the generation of D-

erythrose-4-phosphate, a precursor of aromatic amino acids and aromatic vitamins (Sprenger

et al., 1995).

Due to the high demand of carbon-carbon bond formation with stereoselective properties, TK

have been successfully used as a biocatalyst for the synthesis of chiral compound. Both, E. coli

and yeast transketolases have been investigated for the ability to form asymmetric carbon-

carbon bonds (Myles et al., 1991; Hobbs et al., 1993; Morris et al., 1996) achieving the

production of the ketoalcohol L-erythrulose, used as substrate for the subsequent step in the

de novo biocatalytic pathway for CAA synthesis (Ingram et al., 2007; Payongsri et al., 2012).

Also a previous work from Hibbert et al. (2007) showed overexpression of a native E. coli
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transketolase as a whole-cell biocatalyst for asymmetrisation of hydroxypyruvate and

glycolaldehyde to generate L-erythrulose. Recently, a study conducted by Wei et al. (2017),

aiming to overexpress a native transketolase as a whole-cell P. pastoris biocatalyst, reported

65% conversion for the same asymmetrisation to produce L-erythrulose.

1.5.4.2 Transaminases

Transaminases (TAms), also referred to as aminotransferases, are homodimeric enzymes that

use pyridoxal-5´-phosphate (PLP) as a cofactor in catalysing the transfer of an amino group

from a donor molecule, typically an amino acid, to the oxo or carbonyl group of a ketoacid

(Figure 1.11) (Mehta et al., 1993).

Figure 1.11 General scheme of the transaminase reaction. Transference of an amine functionality between an
amine and a ketone substrate in presence of pyridoxal phosphate (PLP) as cofactor. Figure replicated from Ingram
(2006).

In cellular metabolism, transaminases play an important role in the nitrogen utilisation, such as

in the catabolism of different nitrogenous compounds taken up by cells from the environment,

as in the synthesis of certain vitamins, amino-sugar constituents of the bacterial cell walls, and

non-essential amino acids. As such, transaminases are ubiquitous in nature and the genomes

of most microorganisms encode several of them.  Within amino acid metabolism, the main aim

of a transaminase reaction is to collect the amino groups from several different amino acids in

the form of mainly L-glutamate, which then act as an amino group donor for biosynthetic

anabolism or for the nitrogen excretion pathway (Ward and Wohlgemuth, 2010).

The enzyme mechanism of the transaminases follows a ping-pong bi-bi mechanism where the

the coenzyme PLP is responsible for directly binding both substrates and products, oscillating

between its aldehydic and amine forms (Shin and Kim, 2001), while ion magnesium is required

to hold the coenzyme in place. During the catalytic cycle, the enzyme active site forms a

covalent bond with the PLP (E-PLP). The amino donor binds to the enzyme and the amino
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group is transferred to the E-PLP forming pyridoxamine 5-phosphate (E-PMP) and realising the

respective keto product. Then, the E-PMP transfers the amino group to the acceptor substrate

and E-PLP is regenerated, while the new aminated compound is released (Bulos and Handler,

1965).

The Enzyme Commission (Bairoch, 2000) has defined 112 transaminase types, assigning

Enzyme Commission (EC) numbers 2.6.1.X, to each type based on the reaction catalysed.

Mehta et al. (1993) analysed the homology and hydropathy patterns of 51 transaminase amino

acid sequences to map out their structural relatedness. From this analysis they suggested four

overall classes of transaminase existed, based on substrates preference, and concluded all

transaminases had originated from the same ancestor. The growth in sequence data in the

post-genomic era greatly increased the number of putative transaminase sequences available,

and Hwang et al. (2005) used protein sequences from the Pfam database (Finn et al., 2016) to

suggest classification of transaminases into six classes (I-VI), within five subgroups (Table 1.2).
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Table 1.2 The subgroups of transaminases set out by Hwang et al. (2005).

Subgroup Notes

Class I+II.

Classes I and II were first proposed by Mehta et al. (1993) and comprise,
respectively, the aspartate and aromatic transaminases. These are the
most studied, and in general they use L-aspartate and L-tyrosine (or L-
phenylalanine) as an amino donor, respectively, and α-ketoglutarate as an
amino acceptor. The difference between an aspartate and aromatic
transaminase is the hydrophobicity of the active site binding pocket
(Hwang et al., 2005).

Class III.

Have a wide variety of substrate acceptors and can transfer an amino
group to aldehydes and ketones of different types. Include β-
transaminases, ϒ-aminobutyrate transaminases, and ω-transaminases.
Have no requirement for 2-ketocarboxylate (Ward and Wohlgemuth,
2010).

Class IV. Differ structurally from the other types in that the positions of the large
and small binding pockets are reversed.

Class V. The members of this class act on structurally and biosynthetically related
substrates (L-serine and 3-phospho-L-serine) as amino donor (Mehta et
al., 1993).

Class VI.
Comprise sugar aminotransferases, the majority of which use L-glutamate
as the amino donor. Are derived from antibiotic operons (Ward and
Wohlgemuth, 2010).

Transaminases can also be classified according to the position of an acceptor keto- or aldehyde

group relative to the carboxylic acid or other major group of the amino donor molecule. Class I,

II, IV and V transaminases are α-transaminases, as they transfer the amino group from the α

position. Class III contains β-transaminases, γ-transaminases, and ω-transaminases. Class III

transaminases are especially sought after as they have the widest substrate spectrum. Class III,

ω-type transaminases are the only enzymes known to perform stereo-selective amination of

ketones. Moreover, Class III, ω-type transaminases are highly active for a given substrate and

also stable to a broad range of pH, temperature, and substrate and product concentrations. As

a result Class III, ω-type transaminases have been investigated extensively for industrial
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production of amino acids, chiral amines and amine alcohols, all of which are valuable key

intermediates for chemical synthesis of chiral, small-molecule therapeutics (Malik et al., 2012).

Class III, ω-type transaminases with industrial promise have been identified by Shin et al.

(2003) in Vibrio fluvialis (V. fluvialis), by Yonaha et al. (1992) in Pseudomonas putida, and by

Kaulmann et al. (2007) in C. violaceum. These transaminases have also been co-expressed with

other exogenous enzymes in common host cells, such as E. coli, to provide de novo multi-step

whole-cell biosynthetic pathways (Kaulmann et al., 2007). Cho et al. (2003) coupled two

transaminase reactions (α and ω) for whole-cell kinetic resolution of chiral amines. Ingram et

al. (2007) achieved whole-cell asymmetric synthesis of a chiral amino alcohol using co-

overexpression of transketolase and transaminase in E. coli. On the other hand, in a work

conducted by Bea et al. (2010), a recombinant P. pastoris strain was used as a whole-cell

biocatalyst to express ω-transaminase JS17 from V. fluvialis successfully resolving α-MBA to

(R)-α-MBA (> 99% ee).

1.5.4.3 TK-TAm coupled reaction

A multi-step system coupling the biocatalytic action of these two described enzymes is shown

in Figure 1.12. In the first reaction, a transketolase catalyses the irreversible transfer of a two

carbon ketol group from the keto donor hydroxypyruvate to glycolaldehyde to produce L-

erythrulose and carbon dioxide (Brocklebank et al., 1999). A second reaction involves the

transference of an amino group from the donor methyl benzylamine (MBA), catalysed by a

transaminase, to form the chiral amino alcohol ABT.
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Figure 1.12 Synthesis of 2-amino1,3,4-butanetriol by the de novo biocatalytic pathway. Achiral substrates
Hydroxypyruvate and Glycolaldehyde generate ABT through transketolase and transaminase serial reactions. Figure
replicated from Ingram et al. (2007).

Ingram et al. (2007) achieved whole-cell asymmetric synthesis of ABT using the de novo

pathway by co-overexpressing in E. coli a native transketolase and the β-alanine-pyruvate

transaminase from Pseudomonas aeruginosa. An overall yield of 21% mol/mol for the two-step

reaction was achieved, for which the transaminase reaction reported the higher limitation to

accomplish greater yields. A four-fold yield was obtained in a work conducted by Rios-Solis et

al. (2011), in which transaminase CV2025 from C. violaceum was co-expressed with a native

transketolase in E. coli whole-cell biocatalyst.

1.6 Project rationale and aims

CAAs are involved in the synthesis of products as diverse as agrochemicals, detergents and

pharmaceutics. For drug production, CAA synthesis requires asymmetrisation to ensure a free-

racemate production. For example, the antiretroviral Nelfinavir, a protease inhibitor used for

the HIV treatment, includes the chiral amino alcohol ABT in its composition. This medicine has

been widely applied to adult patients as well as to children and pregnant woman, with a

treatment cost as high as £500/month per person. Considering that UNICEF has estimated a

total of 36.7 million people living with HIV worldwide in 2016 (UNICEF, 2017), a reduction on

the production cost of this CAA and other expensive constituents, can have a tremendous

economic and social impact by allowing a more extensive access to this and other drugs.
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The production of CAA has been traditionally rendered by chemical synthesis, which can imply

generation of hazardous by-products through elaborated processes, in harsh conditions, and

normally with high costs involved. As a promising alternative, the biosynthesis of CAA can be

accomplished by biological machineries engineered to perform a pathway through non-natural

reactions. One demonstrated host for this purpose is the methylotrophic yeast P. pastoris.

Like other methylotrophic yeasts, P. pastoris has a very special metabolic system capable of

using methanol as carbon and energy source, for which it produces large amounts of AOX, the

enzyme responsible for metabolizing methanol. As AOX transcription is boosted in the

presence of methanol, a recombinant P. pastoris can be designed for the production of foreign

proteins driven by the same inducible promotor for AOX; thus, generating high recombinant

enzyme concentrations in an expression system that can also rapidly achieve high biomass

density and allows significant space-time yields.

Complementing this advantage, P. pastoris in a single whole-cell biocatalysis configuration can

facilitate the execution of a metabolic pathway by avoiding lengthy purifications, reducing the

number of reaction steps, regenerating cofactors, dealing with inhibitory substrates and

products, and using the inner cell conditions to enhance the stability and functionality of the

recombinant protein. This is much desired to obtain increasing yields while time and monetary

resources can be saved.

With this in mind, it is hypothesized that the metabolism of P. pastoris can be engineered to

successfully perform, as a whole-cell biocatalyst, a novel route that has been designed for the

synthesis of the chiral amino alcohol ABT. This de novo multi-step pathway comprises two

coupled reactions for which the functional co-expression of a transketolase and a

transaminase need to be attained.

Previously, a P. pastoris strain overexpressing the native transketolase TK150 was engineered

and evaluated as a whole-cell chassis for the first reaction of the de novo pathway (Wei et al.,

2017). This biocatalyst achieved high space-time yield, confirming the advantages of P. pastoris

as a high cell density host and thereby encouraging further investigation to build on. Regarding

the second reaction, foreign transaminases as CV2025 from C. violaceum have been

extensively proved for the successful production of ABT in the presence of several substrates

(Kaulmann et al., 2007; Rios-Solis et al., 2011; Villegas-Torres et al., 2015), whilst native P.

pastoris transaminases, that may show a preferred integration with the host metabolism,
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remain unreviewed in the genome data bases and no characterisation has been performed

regarding them.

Regarding this, the aim of the work described in this project was to develop a P. pastoris strain

as whole-cell biocatalyst to evaluate the de novo metabolic pathways for the synthesis of chiral

amino alcohols, using ABT synthesis as a case study.

To achieve the above, the following specific objectives were defined, and they were addressed

chronologically during the experimental work:

1. To identify native transaminases by a genomic data mining from P. pastoris GS115

strain, allowing the selection of potential Class III ω- type transaminases (Chapter 3).

2. To generate P. pastoris overexpressor strains for the putative Class III ω- type native

transaminases (Chapter 4), and for the ω- type CV2025 transaminase from C.

violaceum (Chapter 5).

3. To evaluate the constructed P. pastoris strains for the expression of the native and the

CV2025 transaminases, as candidates to perform the second step reaction of the de

novo pathway in a whole-cell biocatalysis (Chapter 4 and 5).

4. To qualitative determine the upper limits of substrate solubility for the transaminase

reaction, optimizing its feed and exploiting the tolerance to high substrate

concentrations of high density biocatalysts constructed in this project (Chapter 6).

5. To generate a P. pastoris strain for co-expressing the native transketolase TK150 and

one of the transaminases previously found as successful for the second step reaction,

and to evaluate the coupled activity TK-TAm in this whole-cell biocatalyst (Chapter 7).
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2 MATERIALS AND METHODS

2.1 Strains and plasmids

2.1.1 E. coli

E. coli strain W3110 harbouring the plasmid pAO815, was available in the Advanced Centre for

Biochemical Engineering at University College London. This was the vector used for expression

of recombinant proteins in this project.

One Shot® TOP10 chemically competent E. coli strain (Life Technologies, Paisley, UK) was used

as host cell for construction and amplification of expression vectors.

E. coli BL21-Gold (DE3) (Agilent Technologies, USA) harbouring the plasmid pQR801, was

provided by Professor John Ward from the Department of Biochemical Engineering, University

College London (Villegas-Torres et al., 2015). Plasmid pQR801 contains the CV2025 gene,

which codes for the ω-transaminase MBA:pyruvate transaminase from C. violaceum

DSM30191 strain.

Names and descriptions of recombinant E. coli strains generated during this research are

presented in the “Strain Nomenclature” section.

2.1.2 P. pastoris

Different P. pastoris strains were used depending on the purpose, all of them provided by

Thermo Fisher Scientific (Basingstoke, UK) and Invitrogen Corporation (Paisley, UK), as part of

the Multi-copy Pichia expression kit.

The wild-type strain GS115 was used as a control and as a host for the generation of

recombinant strains. The genotype of GS115 is his4, since it has a mutation in the gene

encoding for enzyme histidinol dehydrogenase, preventing it from synthesizing histidine.

Therefore, expression vectors for this strain have a HIS4 gene, and transformants can be

selected for their ability to grow on medium histidine-free. Regarding the methanol utilization

(Mut) phenotype of the wild-type, GS115 is a Mut+ strain, this means that both AOX genes are

active; hence the strain is capable to grow in presence of methanol at a high rate.

There were other two P. pastoris strains used as controls for confirming, by comparison, Mut

phenotype of recombinant strains. GS115 β-Galactosidase is a HIS4/Mut+ strain; therefore, in
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the presence of methanol, it exhibits the same growth rate to the wild-type. On the other

hand, GS115 Albumin is a HIS4/Muts strain, which grows considerably lower than GS115 in

media supplemented with methanol.

Names and descriptions of recombinant P. pastoris strains generated during this research are

presented in the “Strain Nomenclature” section.

2.1.3 Plasmids

Vector pAO815 was designed for intracellular and in-vitro expression, it contains a total of

7,709 bp with a unique EcoRI restriction site for integration of recombinant genes downstream

of the AOX1 promoter. For selection of transformants, this vector confers the ability to growth

in a histidine-free medium.

Depending on the strategy of recombination, pAO815 can be linearized at different sites, in

order to generate P. pastoris strains with a Mut defined phenotype, either Mut+ or MutS. For

this, it has unique SalI and StuI sites in the HIS4 locus, two BglII sites upstream of the 5´AOX1

gene, and a unique BamHI site downstream of the 3´AOX1 transcription termination signal

(Figure 2.1).

Figure 2.1 pAO815 plasmid diagram. Figure replicated from Invitrogen (2010).

Names and descriptions of expression vectors generated during this research are presented in

the “Plasmid Nomenclature” section.
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2.2 Stock solutions, buffers and media compositions

For all the following preparations, distilled water was used. Nutrient broth, agar and general

reagents were obtained from Sigma-Aldrich (Gillingham, UK), unless noted otherwise.

For all the plates prepared containing solid media, sterile conditions were used to pour

approximately 25-30 mL of media-agar solution into sterile Petri plates, then, they were

allowed to sitting at room temperature with lids slightly opened for moisture evaporation.

Plates were store inverted in plastic bags at 4 °C.

2.2.1 Bacterial media

E. coli cultures were grown in LB medium, which was prepared dissolving 25 g of LB broth

powder in 1 L of water. The solution was autoclaved and then allowed to cool to

approximately 55 °C before adding ampicillin (100 µg/mL). For solid medium, 15 g/L of agar

was added before autoclaving.

2.2.2 P. pastoris stock solutions

Several stock solutions were needed for preparation of different media required for P. pastoris

culturing. Composition and protocols to prepare these solutions were as follow:

 10X D Solution (20% Dextrose): 200 g of D-glucose were dissolved into 1000 mL of water

and then vacuum filtered with sterile filter of 0.20 µm of pore diameter. The solution was

stored at 4 °C in which condition it has a shelf life of approximately one year.

 1 M Potassium phosphate buffer: 1 M solutions of K2HPO4 (Potassium hydrogen

phosphate) and KH2PO4 (Monopotassium phosphate) were prepared. Then, 132 mL of the

former were mixed with 868 mL of the latter. The pH of the solution was confirmed at 6,

otherwise adjusted using phosphoric acid or Potassium hydroxide. For sterilization, it was

autoclaved and stored at room temperature for a period greater than a year.

 10X YNB Solution (13.4% Yeast Nitrogen Base with Ammonium Sulphate without amino

acids): 134 g of yeast nitrogen base (Invitrogen-Thermo Fisher Scientific, UK) were

dissolved in 1 L of water, using heat for stirring. The solution was vacuum filtered with a

sterile filter of 0.20 µm of pore diameter, and stored at 4 °C for a shelf life of

approximately one year.
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 500X B Solution (0.02% Biotin): 20 mg of biotin were dissolved into 1 L of water, and

filtered with a sterile filter of 0.20 µm of pore diameter. The solution was stored at 4 °C, in

which condition has a shelf life of approximately one year.

 10X GY Solution (10% Glycerol): 100 mL of glycerol were mixed with 900 mL of water, and

autoclaved for sterilization. The solution was stored at room temperature for a period

greater than a year.

 10X M Solution (5% Methanol): 5 mL of methanol were mixed with 95 mL of water and

then filtered with a sterile filter of 0.20 µm of pore diameter. The solution was stored at 4

°C, in which condition has a shelf life of approximately two months.

2.2.3 P. pastoris growth media

For P. pastoris culturing, five different media were used: Yeast Extract Peptone Dextrose

Medium (YPD), Buffered Glycerol-complex Medium (BMGY), Buffered Methanol-complex

Medium (BMMY), Minimal Dextrose Medium (MD), and Minimal Methanol Medium (MM).

Following, it is presented a description for each medium preparation and in Table 2.1 is listed

their composition:

 YPD (Yeast Extract Peptone Dextrose) broth and agar plates: prepared dissolving 10 g of

yeast extract and 20 g of peptone in 900 mL of water. The solution was autoclaved and

then cooled to room temperature for addition of 100 mL of 10X D solution (20% Dextrose).

Broth was stored at room temperature for several months. For preparation of plates, 10 g

of agar powder were added to the initial solution. YPD plates were stored at 4 °C for

several months.

 BMGY (Buffered Glycerol-complex Medium) broth: prepared dissolving 10 g of yeast

extract and 20 g of peptone in 700 ml of water. The solution was autoclaved and then

cooled to room temperature for addition of 100 mL of potassium phosphate buffer pH 6.0

(1 M), 100 mL of 10X YNB solution, 2 mL of 500X B solution, and 100 mL of 10X GY

solution. Broth was stored at 4 °C for approximately two months.

 BMMY (Buffered Methanol-complex Medium) broth: prepared dissolving 10 g of yeast

extract and 20 g of peptone in 700 ml of water. The solution was autoclaved and then

cooled to room temperature for addition of 100 mL of potassium phosphate buffer pH 6.0

(1 M), 100 mL of 10X YNB solution, 2 mL of 500X B solution, and 100 mL of 10X M solution.

Broth was stored at 4 °C for approximately two months.

 MD (Minimal Dextrose) agar plates: 15 g of agar powder were added to 800 mL of water,

and then autoclave sterilised. The sterile mixture was cooled to 50-60 °C before adding 100



51

mL of 10X YNB solution, 2 mL of 500X B solution and 100 mL of 10X D solution (these

solutions were at room temperature to avoid unwanted agar solidification). The solution

was gently stirred, avoiding generation of foam, and immediately poured into plates. The

shelf life of MD plates was several months.

 MM (Minimal Methanol) agar plates: 15 g of agar powder were added to 800 mL of water,

and then autoclave sterilised. The sterile mixture was cooled to 50-60 °C before to add 100

mL of 10X YNB solution, 2 mL of 500X B solution and 100 mL of 10X M solution (these

solutions were at room temperature to avoid unwanted agar solidification). The solution

was gently stirred, avoiding generation of foam, and immediately poured into plates. The

shelf life of MM plates was several months.

Table 2.1 Composition for YPD, BMGY, BMMY, MD and MM media used for P. pastoris growth.

Ingredients for 1 L YPD BMGY BMMY MD MM
Yeast extract 10 g 10 g 10 g - -
Peptone 20 g 20 g 20 g - -
H2O 900 mL 700 mL 700 mL 800 mL 800 mL
a 1 M Potassium phosphate buffer - 100 mL 100 mL - -
b 10X YNB - 100 mL 100 mL 100 mL 100 mL
c 500X B - 2 mL 2 mL 2 mL 2 mL
d 10X D 100 mL - - 100 mM -
e 10X G - 100 mL - - -
f 10X M - - 100 mL - 100 mL

a Adjusted to pH 6.0 with H3PO4 or KOH
b 13.4% Yeast Nitrogen Base with Ammonium Sulphate without amino acids
c 0.02% Biotin
d 20% Dextrose
e 10% Glycerol
f 5% Methanol

2.2.4 P. pastoris media for bioreactor fermentative growth

Two solutions were prepared for bioreactor fermentation; a fermentation basal salts medium

BSM (4% glycerol) and a trace salts solution PTM1. The composition for these solutions is

shown in Table 2.2 and Table 2.3 respectively. For preparing the BSM, the compounds were



52

mixed and then the pH was adjusted to 4 with NH4OH. To prepare PTM1 solution, the

compounds were mixed, filter sterilized and stored at room temperature.

Table 2.2 Composition for fermentation basal salts medium (BSM) used for P. pastoris bioreactor fermentative
growth.

Ingredients For 2.5 L
Phosphoric acid (85%) 66.75 mL
Calcium sulfate 2.33 g
Potassium sulfate 45.5 g

Magnesium sulfate-7H2O 37.25 g
Potassium hydroxide 10.33 g
Glycerol (99%) 80.2 mL
H2O up to 2.5 L

Table 2.3 Composition for PTM1 trace salts solution used for P. pastoris bioreactor fermentative growth.

Ingredients For 1 L
Cupric sulfate-5H2O 6.0 g
Sodium iodide 0.08 g
Manganese sulfate-H2O 3.0 g

Sodium molybdate-2H2O 0.2 g
Boric Acid 0.02 g
Cobalt chloride 0.5 g
Zinc chloride 20.0 g

Ferrous sulfate-7H2O 65.0 g
Biotin 0.2 g
Sulfuric Acid 5.0 ml 5.0 mL
H2O up to 1 L
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2.3 E. coli and P. pastoris growth monitoring

2.3.1 Cell density measurement

The method OD600 was used in cell cultures for growth determination, since a linear

relationship exists between cell density and optical density at 600 nm wavelength (OD600), in a

range below OD600 0.6.

For growth monitoring of a culture, samples were taken during incubation, and OD600 of

samples were measured in an Aquarius spectrophotometer (CECIL Elegant Technology, UK). In

the case of P. pastoris growth, a general calibration curve has been determined by which one

OD600 ~ 5 x 107 cells/mL (Invitrogen, 2010). In the case of E. coli growth, the calibration curve

indicates a correlation between one OD600 ~ 1 x 109 cells/mL.

2.3.2 Exponential phase identification

For E. coli and P. pastoris, growth curves were plotted (time versus Ln OD600) and the

exponential phase (log phase) was identified as the most linear curve of the growth.

Corresponding to that time lapse, specific growth rate (µ) was calculated as shown in equation

2.1, where ODt and OD0 represent the optical density of the culture sampling at time t and

time zero, specific growth rate µ is expressed in h-1, and doubling time (Td) was calculated from

equation 2.2.

µ = (Ln ODt – Ln OD0) / t (2.1)

Td = Ln 2/ µ (2.2)

According to the Invitrogen Manual (2010), P. pastoris Mut+ and MutS cultures in YPD medium

do not differ in growth rates, presenting a doubling time (Td) around 1.5-2 hours and a µmax

0.46. On the contrary, for P. pastoris Mut+ strain in methanol medium, Td is around 4-6 hours

and µmax is 0.14, while for MutS µmax is 0.01-0.04 and Td 18 hours. Regarding E. coli doubling

time, it ranges from about 15 minutes to 1 hour depending on the strain and culture

conditions.

2.3.3 Dry cell weight determination

For determining P. pastoris dry cell biomass determination, while the culture was grown, a 1

mL sample was harvested at different stages, centrifuged at 13,000 rpm (Eppendorf 5415R
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centrifuge, Eppendorf UK, Ltd, Cambridge, UK), and the pellet was dried for three days in a

pre-weighted tube using an oven Memmert Modell 400 at 100 °C . The final weight was

recorded once it stabilised, using an analytical balance Mettler AT261, and a calibration curve

was developed. This calibration curve can vary from one strain to another, and also depending

on the growth media and culture conditions. In Appendix A, DCW determination for some of

the different P. pastoris strains involved in this work have been plotted, and the equations that

describe the linear correlations between DCW and OD600 are presented below:

For flask cultivation of wild-type strain GS115 on YPD: DCW [g/L] = 0.40 x OD600 + 0.23.

For flask cultivation of strain PpTAm107 on YPD: DCW [g/L] = 0.50 x OD600 - 0.1.

For bioreactor cultivation of strain PpTAmCV708 on BMMY: DCW [g/L] = 0.0893 x OD600 +

17.98.

For bioreactor cultivation of strain PpTAm-TK16 on BMMY: DCW [g/L] = 0.0957 x OD600 +

17.402.

For E. coli, a general correlation between dry cell weight and cell density is OD600=1

corresponds to 0.359 g/L.

2.4 General culturing growth conditions and storage

2.4.1 E. coli

E. coli strains were grown in LB medium at 37 °C during an overnight period. Solid and liquid LB

media was supplemented with 100 µg/mL of ampicillin, when bacterial strains carried plasmid

pAO815, which confers amp resistance. Cells were streaked from a stock vial (25% glycerol)

into a LB plate, from where a single colony was picked to inoculate LB liquid medium. For liquid

cultures, a Kuhner ISF-1-V shaker incubator was used for agitation at 250 rpm, and for plates,

incubation was done in a Galaxy R incubator (Thermo Fisher Scientific).

For long term storage, E. coli strains were kept at -80 °C in sterile cryovials, with 25 % glycerol.

Cells were also kept for several weeks at 4 °C.

2.4.2 P. pastoris

For culturing of P. pastoris strains, cells were streaked from a stock vial (40% glycerol) into a

YPD agar plate and incubated at 30 °C for 2 days in a Galaxy R incubator (Thermo Fisher
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Scientific). A colony was streaked out with sterile loops, inoculated into YPD medium, and

incubated for 16-18 hours at 30 °C under agitation at 250 rpm, in a Kuhner ISF-1-V shaker

incubator.

To store cells for months to years, cells were harvested after 16-18 hours growth, resuspended

in YPD medium with 40% glycerol at a final OD600 about 50, and kept at -80 °C in sterile

cryovials. Cells were also kept for several weeks at 4 °C.

2.5 Shake flask cultivation of P. pastoris

Cells were prepared with 50 mL of nutrient broth BMGY in a 250 mL conical baffled flask,

inoculated from a glycerol stock vial to an initial OD=0.5. After 16-18 hours of agitation at 250

rpm and 30 °C, after reached exponential phase, a volume was harvested by centrifuging at

5,000 rpm for 5 minutes at room temperature. The supernatant was discarded and the pellet

was washed twice with potassium phosphate buffer (pH 6.0), and then resuspended in a 1 L

conical baffled flask with 200 mL of BMMY medium, in order to induce transaminase activity at

an initial OD=1.5-2.0.

Induction phase was carried out for at least 48 hours, in which methanol evaporation was

addressed by addition of pure methanol to the culture every 24 hours, to a final concentration

of 0.5% v/v. After 48 hours and when cells reached an OD=15-20, a volume equivalent to an

OD=390 was washed with HEPES buffer (50 mM and pH 7.5), harvested at 13,000 rpm, for 10

minutes at 4 °C, and stored at -20 °C for further whole-cell activity analysis.

2.6 Bioreactor cultivation of P. pastoris

Bench-scale fermentations were carried out in 1 L Infors HT Multifors 1 (Infors AG,

Switzerland), designed to perform up to four fermentations in parallel. Fermentations were

run according to the Invitrogen protocol (Invitrogen, 2002). Cells were cultured at 30 °C and pH

5. Dissolved oxygen (DO) was maintained at 30% via a cascade control system, whereby in

order to increase the transference of oxygen, impeller speed rose from an initial 300 rpm to a

maximum of 1,100 rpm. When increasing agitation was no longer sufficient to maintain the DO

level, gas blending was employed to increase the proportion of oxygen in the inlet air to a

maximum of 100% oxygen, at a rate of 1 vvm.
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2.6.1 Inoculum seed flask preparation

An initial seed culture was generated by inoculating a 250 mL baffled shake flask containing 50

mL BMGY with 500 µL of a glycerol stock vial. This culture was then incubated for 48 hours at

30 °C and agitated at 250 rpm in an orbital shaker. Subsequently, 15 mL of this culture was

transferred into a 1 L baffled shake flask containing a total volume of 150 mL BMGY, and

incubated under the same conditions for 24 hours.

2.6.2 Glycerol batch phase (Phase 1)

Multifors bioreactors were filled with 600 mL of sterile fermentation basal salt media (BSM)

and 4.35 mL of trace salts solution (PTM1) per litre of BSM (medium compositions in section

2.2.4), and inoculated once DO levels had stabilized to 100%.

From seeding the culture, a corresponding volume was harvested to inoculate the bioreactor

at an initial OD~1, using a syringe for introducing cells to the reactor via a silicon tube

connected to the head plate.

The initial glycerol batch phase was run until a DO spike was registered, indicating the carbon

source (glycerol) depletion, approximately 18-20 hours post-inoculation.

2.6.3 Glycerol fed-batch phase (Phase 2)

When the DO spike was detected, a glycerol fed-batch phase was initialized, wherein 50% w/v

glycerol (supplemented with 12 mL PTM1/L) was added at a rate of 18.15 mL/h per litre of

initial fermentation volume. This feed was maintained for 6-8 hours and followed by a brief

starvation period of 1 hour, to ensure the removal of any glycerol from the culture that would

inhibit the production of the recombinant protein.

2.6.4 Methanol induction phase (Phase 3)

Induction was carried out using pure methanol feed supplemented with 12 mL PTM1/L, in

three different stages: adaptation, intermediate and growth. Adaptation phase involved an

induction feed rate of 3.6 mL/h per litre of initial volume, and was carried out until the cells

were deemed to have adapted to methanol feed (1 hour). Following adaptation, the feed rate

was increased to 7.3 mL/h per litre of initial volume, during 2 hours, and then maintained at

10.9 mL/h per litre, until the end of the induction phase (48 hours).
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Throughout the entire fermentation (approximately 75 hours of total duration), OD600

readings, wet cell weight and dried cell weight were monitoring, and samples were periodically

taken for further enzyme activity analysis.

2.7 Standard molecular biology methods

For all the molecular biology procedures Millipore Ultrapure Water for Molecular Biology

(Merck) was used. Antibiotics and general molecular grade reagents were purchased from

Sigma-Aldrich (Suffolk, UK), unless noted otherwise. Restriction endonucleases were

purchased from New England Biolabs (Hitchin, UK).

All table top centrifugations at room temperature were carried out in a Heraeus Pico 17

microcentrifuge (Thermo Fisher Scientific). All refrigerated table top centrifugations of samples

less than 2 mL were carried out in 5418R microcentrifuge (Eppendorf).

2.7.1 DNA electrophoresis in agarose gel

DNA electrophoresis was performed on 1% agarose gel prepared with agarose powder into 1X

TAE buffer (4.84 g of TRIS base, 1.14 mL of acetic acid, and 2 mL of 0.5 M of EDTA in 1 L of

water solution). The solution was heated until agarose had completely melted, and then it was

cooled down until 50-60 °C (no longer uncomfortably hot to hold) to allow the addition of

Ethidium Bromide to a final concentration 0.5 µg/mL. The solution was then immediately

poured into a gel tray with well comb in place, and allowed to set. Once the gel was set, 1X

TAE buffer was poured until above the height of the gel, and then, the comb was removed.

For loading DNA samples into the gel, 6X loading dye (Thermo Fisher Scientific) or DNA Loading

Buffer Blue (Bioline) were used to a 1X concentration. As a molecular ladder, GeneRuler DNA

ladder mix ready-to-use (Thermo Fisher Scientific, Basingstoke, UK) and 2-log DNA ladder (New

England Biolabs; Hitchin, UK) were used, both at a concentration 0.5 µg/lane.

The electrophoresis gel was run at 90 volts for 90 min, and imaging of it was performed in a

Gel Doc AlphaImager Mini System (Proteinsimple).

2.7.2 Restriction enzyme digestions

Digestion with restriction enzymes were routinely used to verify the identity of DNA

fragments, for which 0.1 µg of DNA was incubated at 37 °C for 15 min, in a 10 µL reaction with
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10% of buffer and 1 unit of restriction enzyme. All the restriction enzymes used were Time-

SaverTM and High-FidelityTM, if New England Biolabs (Hitchin, UK) had availability.

In case of digestions for higher amounts of DNA, settings are stated for each experiment.

2.7.3 Plasmid extraction and quantification

Low concentration (<20 µg) plasmid isolation and purification was performed using GeneJET

plasmid miniprep kit (Thermo Fisher Scientific, UK), according to supplier’s instructions. Briefly,

2 mL of an overnight bacterial culture was harvested in exponential phase and centrifuged

(4,000 rpm, at 4 °C for 15 min) to pellet the cells. Using solutions included in the kit, cells were

resuspended and lysed. Then, by centrifugation, cell debris and chromosomal DNA were

separated and discarded, and in a silica column, plasmid DNA molecules were bound. Finally,

the purified plasmid DNA was eluted in 30 µL of elution buffer from the kit.

For isolation of larger amount of plasmid, the QIAgen HiSpeed Plasmid Maxiprep Kit

(Manchester, UK) was used. A 3 mL culture was grown for 8 hours, and 300 µL were used to

inoculate a 2 L flask with fresh 200 mL LB medium. After an overnight growth, the whole

culture volume was centrifuged at 5,000 rpm and 4 °C for 15 min. The pellet was loaded onto

an anion-exchange tip where low-salt and pH conditions allow the selective binding of the

plasmid DNA to the tip membrane. Low-molecular-weight impurities as metabolites, proteins

and RNA were removed, and pure plasmid DNA was eluted in high-salt buffer. The DNA was

concentrated and desalted by isopropanol precipitation and collected by centrifugation, for a

final elution in 700 µL of buffer.

To estimate the concentration of the final purified plasmid, a nanodrop spectrophotometer

ND-1000 (Thermo Fisher Scientific, USA) was used. From 1 µL of eluted plasmid, the

concentration was measured at 260 nm, and ratio A260/280 was considered as indicator of

protein contamination, where a value 1.8 belongs to a good level for pure plasmid.

2.7.4 Polymerase Chain Reaction

DNA amplification was carried out by means of the polymerase chain reaction (PCR). All the

reactions were run in a C1000 Touch Thermocycler (Biorad), using Phusion High Fidelity PCR

Master Mix with HF Buffer (New England Biolabs; Hitchin, UK).

All the primers, listed in Appendix B were synthesised by Eurofins Genomics (Germany), and

designed ideally meeting certain rules: primer length should be between 18-30 base pairs with
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a balanced GC content between 40-60%; primers must not be complementary to each other to

avoid dimer formation; they should have less than three identical base pairs altogether to

avoid self-complementary; the 3’ end of each primer should be a GC rich region; the melting

temperature (Tm) of each primer should be between 55-72 °C and the difference between

both Tms should be less than 5 degrees.

All reactions were performed in a 50 µL reaction volume. Since the commercial preparation of

Phusion Master Mix enzyme includes polymerase, deoxynucleotides and reaction buffer in one

mixture, only water, template and primers were needed to be added, in concentrations

specified in Table 2.4.

Table 2.4 Components and concentrations of PCR reaction using Phusion High Fidelity PCR Master Mix with HF
Buffer.

Component Final concentration

Millipore Water 33%
DMSO (100%) 3%
Primer Forward (10 µM) 0.5 μM
Primer Reverse(10 µM) 0.5 μM
Master mix (2X) 1X

Template 50-250 ng

Regarding temperature and time conditions for PCR, 30 s were run for initial denaturation at

98 °C, followed by 35 cycles of 10 s of denaturation at 98 °C, 30 s of annealing at 3 °C above the

Tm of the lowest Tm primer. Final elongation was performed at 72 °C for 15 s per kb for

plasmid DNA or 30 s per kb for genomic DNA.

For every PCR reaction a negative control was included to assess the condition of PCR reagents

in terms of contamination. This control comprised all the components for the reaction, but no

template; therefore, no DNA amplification was expected.

2.7.5 PCR purification

QIAquick PCR purification kit (QIAgen, UK) was used to purify PCR products with 100 bp to 10

kb in length, according to supplier’s instructions. Briefly, after a PCR step, primers, dNTPs,
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unincorporated nucleotides, enzymes, salts and other reaction impurities were removed using

a spin-column with a silica membrane, in presence of high concentration of salts and pH below

7.5. PCR fragments were then eluted with 30 µl of elution buffer, and recovered for further

experiments.

A PCR purification kit was also used to prepare for the ligation reaction, the linearized and

dephosphorylated plasmid.

2.7.6 DNA extraction from agarose gel

GeneJET Gel Extraction Kit (Thermo Fisher Scientific, UK) was used for recovery of DNA

fragments from agarose gels, according to supplier’s instructions. Briefly, after gel

electrophoresis, DNA bands to be extracted were visualized under UV light. The desired bands

were then cut out from the gel using a sterile scalpel, and then placed into a pre-weighed

microcentrifuge tube. Extracted bands were solubilised in binding buffer and purified on a

silica-based membrane contained in a spin-column, from where the pure DNA fragments were

eluted in 20 µL of elution buffer.

2.7.7 DNA Sequencing

DNA was sent for sequencing to Source BioScience Company (Nottingham, UK). For this, 5 µL

of plasmid sample was provided to the company, at a concentration 100 ng/µL, and 5 µL of

appropriate primers were supplied at a concentration of 3.2 pmol/µL.

2.8 Molecular biology methods for P. pastoris recombinant strain constructions

2.8.1 Plasmid preparation prior to ligation

2.8.1.1 Plasmid pAO815

Plasmid pAO815 was harboured by E. coli W3110 strain, from which a maxiprep was

performed and plasmid concentration was determined by nanodrop (method described in

section 2.7.3). The identity of purified plasmid was confirmed by an EcoRI digestion (settings in

section 2.7.2), and visualized in an agarose gel (protocol in section 2.7.1).

From pAO815 maxiprep stock, 2 µg were linearized with 20 units EcoRI in a 20 µL reaction,

incubated at 37 °C for 120 min. The linearized plasmid was then dephosphorylated. 16 µL of

digested plasmid were mixed with 7 units of Alkaline Calf Intestinal Phosphatase, CIP (New
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England Biolabs; Hitchin, UK), and incubated for 30 min at 37 °C. Finally, linearized and

dephosphorylated plasmid was purified (protocol in section 2.7.5) and visualized in an agarose

gel prior to ligation. A non-dephosphorylated sample was saved to use as a ligation control.

2.8.1.2 Plasmid p8TAmCV708

Before ligation, 2 µg of plasmid p8TAmCV708 were linearized with 20 units of BamHI site

(unique restriction site), in a 20 µL reaction, by incubation for 120 min at 37 °C. For

dephosphorylation of the 5’ end, 7 units of Alkaline Calf Intestinal Phosphatase, CIP (New

England Biolabs; Hitchin, UK) were mixed with 16 µL of digested plasmid, and incubated for 30

min at 37 °C. Linearized and dephosphorylated plasmid was then purified (protocol in section

2.7.5) and visualized in an agarose gel (protocol in section 2.7.1) prior ligation. A non-

dephosphorylated sample was saved to use as a ligation control.

2.8.2 Gene insert preparation prior to ligation

2.8.2.1 P. pastoris native transaminases

Native transaminase genes were obtained through PCR amplification from the extracted

genome of a GS115 colony. The extraction of P. pastoris genomic DNA was carried out by

resuspending a colony in 100 µL of sterile water, and heating it at 97 °C, using a water bath, for

5 min. Then, 2 µL were used as template for PCR, following the procedure and concentrations

described in section 2.7.4, with an annealing step carried out at 55 °C for 30 s, and elongation

step at 72 °C for 60 s. Primers used for this PCR amplification, introducing EcoRI sites, were:

NESPT1FWR and NESPT1REV for KpTam III.1a amplification; NESPT2FWR and NESPT2REV for

KpTam III.2a amplification; and NESPT4FWR and NESPT4REV for KpTam III.1b amplification.

Primer sequences and details are presented in Appendix B.

After PCR amplification, transaminase fragments were sub-cloned into pCR-Blunt II TOPO and

confirmed by sequencing in a work conducted by Dr. Stephanie Braun. From these plasmids,

transaminases were digested with EcoRI enzyme using 20 µg DNA, incubated at 37 °C for 180

min, with 10% buffer and 200 units of enzyme, in a 200 µl reaction. Then, a DNA extraction

from agarose gel was performed according to the method described in section 2.7.6 and the

fragments were recovered as preparation for ligation.
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2.8.2.2 C. violaceum CV2025 transaminase

From the synthesized codon-optimised CV2025 gene (by GenScript, USA), 1 µL was used as

template for PCR amplification, introducing EcoRI flanking sites, for which primers

CV2025FWD, CV2025REV (sequences and details in Appendix B) were designed. Settings for

this PCR are detailed in section 2.7.4, along with 55 °C annealing temperature for 30 s, and 72

°C elongation temperature for 60 s.

After PCR amplification, 1 µg of amplified DNA was digested with 20 units EcoRI by incubation

at 37 °C for 120 min with 10% buffer, in a 50 µl reaction. Then, the CV2025 fragment was

purified (kit protocol in section 2.7.5) as preparation for further ligation reaction.

2.8.2.3 P. pastoris native transketolase TK151

Plasmid pAO815 harbouring the P. pastoris native gene TK150 was provided by Dr. Darren

Nesbeth from the Department of Biochemical Engineering, University College London (Wei et

al., 2017).

Site directed mutagenesis was used to introduce silent mutations to the TK150 sequence, in

order to remove a BglII restriction site situated at the amino acid position 593 and 594 (1777-

1782 bp). PCR was run with overlapping primers designed for the introduction of base pair

mismatches, although maintaining the aminoacid sequence. In Appendix B are presented the

sequences and details of primers FTK150sdm and TK150sdmR, which were designed

accomplishing certain features such as: the silent mutation should be at the centre of the

primer sequence and flanked by at least eight nucleotides; and primers should have a GC

clamp (at least two G and/or C together) at the 3’ end (Laible and Boonrod, 2009).

Pfu DNA polymerase (Promega, UK) was used to run the PCR for the mutagenesis, in a volume

of 50 µL, mixing 200 ng primers, 0.2 mM dNTP, 40 ng template, 1X reaction buffer and 3 units

enzyme. 18 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 60 s and extension at

72 °C for 16 min were carried out. To the amplified plasmid, a restriction digestion with 1.5 µL

DpnI was carried out, in order to remove the template plasmid to prevent a strong background

in the subsequent E. coli transformation. The reaction was incubated for 90 min at 37 °C, and

then TOP10 E. coli cells were transformed (transformation protocol in section 2.8.3 ). After

transformation, individual colonies were selected and the DNA isolated (section 2.7.3) for

digestions to confirm identity (section 2.7.2) of p8TK151 plasmid, corroborated with single

digestions with EcoRI, BamHI and BglII sites (digestion settings in section 2.7.2). Initially, six
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colonies were randomly selected for digestions, and then three mutants were sent for

sequencing (section 2.7.7) for a final identity confirmation and to corroborate the introduction

of the desired mutation. For sequencing, primers TK151_Mid_FWR and TK151_Mid_REV were

designed and used along with primers 5AOX1JH and JH3AOX1 (details are presented in

Appendix B).

From p8TK151, an expression cassette was obtained by a double digestion with BamHI and

BglII. 20 µg DNA were incubated at 37 °C for 180 min, with 10% buffer and 200 units of

enzyme, in a 200 µl reaction. An agarose gel (section 2.7.1) was run with the digestion product,

and then, a gel extraction was performed (section 2.7.6) to obtain the purified expression

cassette for further ligation.

2.8.3 Non-directional ligation and E. coli transformation

An amount of 50 ng of backbone, previously prepared for ligation, was mixed with one-fold

molar (1:1) and three-fold molar (3:1) excess of gene insert. The volume of backbone-fragment

mixture was adjusted to 10 µL with purified water, and then, incubated at 25 °C for 5 minutes

with 10 µL of buffer and 1 µL of ligase enzyme from the commercial Quick T4 DNA Ligase (New

England Biolabs; Hitchin, UK).

For bacterial transformation, the ligation reaction was briefly centrifuged and chilled on ice.

Then, 4 µL were added to a vial with 50 µL of One Shot® TOP10 E. coli cells, gently mixed by

tapping, and incubated on ice for 5 min. Heat-shock transformation was carried out at 42 °C

for 30 s, and the reaction was again incubated on ice for 5 min before spreading the total

volume on a pre-warmed LB-amp plates for an overnight incubation at 37 °C.

2.8.4 Non-directional ligation reaction controls

To ensure a correct selection of transformants, five transformation plates were included as

controls for ligation, all transformed with 50 ng of backbone treated in different manners, as it

is detailed in Figure 2.2. These five control reactions (plate A to plate E) were run in parallel

with the two ligation reactions; molar ratio 1:1 (plate F) and molar ratio 3:1 (plate G). The

number of colonies obtained after incubation were counted and recorded for evaluation.
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Figure 2.2 Controls for bacterial transformation after ligation. Five controls were performed transforming E. coli
competent cells with 50 ng of plasmid treated with different reagents: A) uncut plasmid. B) Digested plasmid with
no ligase. C) Digested plasmid with ligase. D) Digested plasmid with CIP and no ligase. E) Digested plasmid with CIP
and ligase. Figure includes a guide with a comparison in the number of transformant colonies expected to be
obtained in these controls. Figure adapted from Dr. Darren Nesbeth lecture.

After bacterial transformation, up to 20 colonies were picked from the ligation plates (molar

ratio 1:1 and 3:1) and a temporary glycerol stock from each colony was prepared according to

the methodology presented in section 2.4.1. Plasmid DNA was extracted following the

miniprep protocol from section 2.7.3, and purified DNA was digested with EcoRI enzyme in

order to confirm the TAm insertion into pAO815 (settings for digestion in section 2.7.2).

2.8.5 Screening orientation of non-directional ligation

The correct orientation of ligation was confirmed by performing specific restriction digestions

to the ligation product, which can inform about the direction of the insert, by considering the

digested fragment sizes. The selection of the restriction enzymes to been used for this purpose

was based on the different sizes of digested bands, obtained from a gene ligated in a correct

and incorrect direction. Therefore, ideally, the selected restriction enzyme digestions should

provide considerably dissimilar sizes for both cases.

Regarding this strategy, for every constructed plasmid, a restriction enzyme was selected and

digestion was performed according the settings presented in section 2.7.2. In Table 2.5,

restriction enzymes and expected sizes for each plasmid are presented.
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Table 2.5 Expected sizes for a correct and incorrect direction of ligation into the expression vector.

Plasmid
Restriction

enzyme
digestion

Expected bands (kb)
correct direction

construct

Expected bands (kb)
incorrect direction

construct

p8TAm107 SalI 3.2 - 5.9 2.0 - 7.1

p8TAm677 AgeI 0.6 - 8.6 1.0 - 8.2

p8TAm410 BamHI 1.5 - 7.5 0.5 - 8.5

p8TAmCV708 SphI 3.7 - 5.4 4.8 - 4.3

p8TAm-TK16 SalI 3.9 - 8.5 1.5 - 10.9

2.8.6 Linearization of expression vector previous P. pastoris transformation

Previous to transformation, linearization of the expression vector can be perform in different

locations, as it was explained in section 1.3.3, depending on the expected phenotype of the

recombinant strain. For the generation of Mut+ phenotype, the expression vector should be

linearized by digesting in the HIS4 gene of the vector. This allows the homologous

recombination with the his4 locus from P. pastoris genome, generating a HIS4 recombinant

strain with Mut+ phenotype since the integrity of the AOX1 gene is conserved.

Figure 2.3 below shows transaminase recombinant vector linearized at the HIS4 gene, arising a

single crossover with the his4 loci of the parental strain. The resultant strain integrates the

TAm gene, while its AOX1 gene remains active and therefore, capable of synthesizing AOX

enzyme at a rate distinctive of a Mut+ phenotype.
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Figure 2.3 Integration of transaminase in P. pastoris genome by gene insertion event. The integration occurs at
his4 loci generating HIS4 Mut+ recombinant strain. Transaminase recombinant vector is linearized at HIS4 gene
arising single crossover with the his4 loci of the parental strain. The resultant strain integrates the TAm gene, while
its AOX1 gene remains active and therefore the Mut+ phenotype is maintained.

For the generation of PpTAm107 and PpTAm677 Mut+ strains, expression vector digestions

were carried out by the StuI enzyme. An amount of 20 µg of DNA were incubated at 37 °C for

180 min, in a 200 µL reaction with 10% of buffer and 140 units of enzyme. In the case of the

PpTAm410 Mut+ strain, digestion was performed with the enzyme BspEI, mixing 200 units of

this enzyme with 13 µg DNA, and 10% of buffer in a 200 µL of digestion reaction (incubation at

37 °C for 180 min). The same settings were used in a digestion with SalI for the generation of

the PpTAmCV708 Mut+ strain. For the strain PpTAm-TK16, plasmid p8TAm-TK16 was digested

with StuI enzyme to obtain the Mut+ phenotype. An amount of 50 µg of DNA was incubated at

37 °C for 180 min, in a 200 µL reaction with 10% of buffer and 200 units of restriction enzyme.

Digested plasmids were then purified using a PCR purification kit (details in section 2.7.5), and

by agarose gel visualization, the correct linearization of the expression vectors was confirmed

prior to transformation of P. pastoris competent cells.
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2.8.7 Generation of P. pastoris electro-competent cells

To generate electro-competent GS115, cells were treated prior to transformation. A first

culture was prepared in a 50 mL conical tube with 5 mL YPD medium, inoculated with 50 µL

GS115 glycerol stock, and incubated at 30 °C under agitation at 250 rpm. After at least 16

hours of culture, 500 µL were used to inoculate a second culture prepared with 500 mL YPD in

a 2 L flask, and incubated until OD=1.3-1.5.

Cells were harvested through centrifugation at 4,000 rpm for 5 minutes at 4 °C and pellet was

resuspended with 500 mL of ice-cold sterile purified water. Another three centrifugation steps

were performed under the same conditions; first one resuspending with 250 mL of ice-cold

sterile purified water, second one with 20 mL of ice-cold sorbitol (1 M), and last one with 1 mL

of ice-cold sorbitol (1 M). The final volume (1.5 mL) of electro-competent cells was kept in ice

ready for transformation. Tips, tubes and any material for these resuspension steps were

previously chilled down.

2.8.8 Electroporation of P. pastoris

From electro-competent cells, 80 µL were mixed with 30 µL of linearized DNA (5-20 µg), into

an ice-cold electroporation cuvette. The cuvette with the mixture was incubated on ice for 5

min and then inserted and pulsed into a Bio-Rad Micropulser Electroporation Apparatus

(Biorad), set up at 2.0 kV and 1 pulse. Immediately after, 1 mL of ice-cold sorbitol (1 M) was

added to the cuvette and the total content was transferred to a sterile microcentrifuge tube

and instantly spread into plates. Transformants were selected by their ability to grow on

histidine-deficient media; for which 100, 200 and 500 µL of transformants were spread on MD

agar plates and incubated at 37 °C for 2-6 days.

An additional transformation reaction was performed as a control. 80 µL of electro-competent

cells were mixed with 30 µL of sterile purified water (replacing the linearized DNA) and spread

on a MD plate. The purpose of this control was to register growing of no colonies, in contrast

with transformants with plasmid integration, where the HIS4 genotype allows them to grow on

a histidine deficient media such as a MD plate.
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2.8.9 Confirmation of methanol utilization phenotype

To confirm the Mut phenotype, HIS4 transformants from MD plates were selected and the

growth monitored for several days, on different solid media (with and without methanol), and

compared with two control strains of known phenotype.

From glycerol stocks, control strains GS115 β-Gal (HIS4 Mut+) and GS115 HSA (HIS4 MutS) were

streaked on MD plates and incubated at 30 °C to obtain single colonies. On the lid of MD and

MM plates, a grid of 52 squares, individually numbered and labelled, was drawn. Using a

sterile toothpick and under aseptic conditions, from the MD transformant plate, an individual

colony was picked and streaked on the first square of the MM plate and then, on the

corresponding square of the MD plate. A new toothpick was used to pick and streak each

colony until MM and MD grid-plates were complete. Both plates reserved a few squares for

the two control strains, both streaked in the same manner as the transformants.

After 5 days of incubation at 30 °C, growth of transformant and controls were scored according

to the scale defined in Figure 2.4, and then plotted in a graph over time.

Transformants that grew well on the MD and MM plates, matching the growth of the GS115 β-

Gal, were confirmed as Mut+ phenotype. Unique names were assigned to six of them, which

were re-streaked from the respective patch on MM plate to a fresh MD plate for incubation,

and six provisory glycerol stocks of confirmed Mut+ phenotype were prepared.

Figure 2.4 Levels of P. pastoris growth for the methanol phenotype confirmation. Scores were assigned to
different level of growth after five days of incubation at 30 °C on agar plates.
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2.8.10 Confirmation of genome insertion by PCR

Although six HIS4/Mut+ P. pastoris clones were confirmed at this point, a PCR strategy was

performed for a re-confirmation of the insertion, prior to the final selection of a unique clone

for further experiments.

Genomic DNA extraction was carried out from each of the six clones. A colony was

resuspended in 100 µL of sterile water and heated at 97 °C for 5 min using a water bath. Then,

2 µL of genomic DNA was used as template for PCR, in combination with primers for the

amplification of a fragment comprised between the AOX1 promotor and the transaminase

sequence. Likewise, a second pair of primers was used for amplification of a fragment

comprised between the transaminase sequence and the AOX1 terminator. For the specific case

of the plasmid constructed to co-overexpress a transaminase and transketolase genes (p8TAm-

TK16 plasmid), an additional third pair of primers was used, which sought the amplification of

a fragment comprised between the transaminase to the transketolase sequences.

2.9 Whole-cell P. pastoris bioconversion activity

2.9.1 Bioconversion with shake flask cultures

Commercially available reagents as methylbenzylamine (MBA), erythrulose (ERY), dimethyl

sulfoxide (DMSO) and pyridoxal 5-phosphate (PLP) were purchased from Sigma-Aldrich

(Gillingham, UK), unless otherwise stated.

For cells from shake flask cultivation of all P. pastoris strains used in this study, bioconversions

were performed in 2 mL glass vials, with a screw cap to avoid evaporation during incubation, in

a total reaction volume of 900 μL. During the bioconversion reaction and the previous cofactor

incubation, temperature was maintained at 30 °C, agitation at 500 rpm in a ThermoMixer C

(Eppendorf, UK). The pH was controlled at 7.5 for which all dilutions were prepared using

HEPES buffer (200 mM, pH 7.5).

Aliquots of 100 μL were taken at several time intervals during the bioconversion, quenched

with 100 μL TFA 0.1% v/v, and then centrifuged for 5 minutes at 13,000 rpm and 4 °C. The

supernatant was kept at -20 °C for determination of conversion by HPLC analysis.

Details about the handling for a reaction solution with a given cell density are presented in

section 7.2.1.
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2.9.2 Bioconversion with bioreactor cultures

Commercially available reagents as MBA, ERY, DMSO, hydroxypyruvate (HPA), glycolaldehyde

(GA), PLP, TPP and magnesium chloride (MgCl2) were purchased from Sigma-Aldrich

(Gillingham, UK), unless otherwise stated.

Bioconversions carried out with P. pastoris cells from bioreactor cultures were performed in 2

mL glass vials with a screw cap, to avoid evaporation during incubation, in a total reaction

volume of 900 μL. During the bioconversion reaction and the previous cofactor incubation

temperature was maintained at 30 °C, agitation at 500 rpm in a ThermoMixer C (Eppendorf,

UK) and pH at 7.5, for which all the dilutions were prepared using HEPES buffer (20 mM, pH

7.5).

Aliquots of 100 μL were taken at several time intervals during 2 hours of bioconversion,

quenched with 100 μL TFA 0.1% v/v, and then centrifuged for 5 min at 13,000 rpm and 4 °C.

The supernatant was kept at -20 °C for determination of conversion by HPLC analysis.

Details about the handling for a reaction solution with a given cell density are presented in

section 7.2.2 for bioconversion with substrate feeding of MBA and ERY, and in section 7.2.3 for

bioconversion with substrate feeding of GA, HPA and MBA.

2.10 HPLC detection method for substrates and products

The performance of the bioconversions carried out by the recombinant strains were calculated

based on the consumption of substrate MBA and the generation of products acetophenone

(ACP) and 2-amino-1,3,4-butanetriol (ABT), detected by HPLC analysis. These three compounds

were detected using a Dionex Ultimate 3000 HPLC system (Camberley, UK)  with  an ACE  5

C18  reverse  phase  column (150 mm x 4.6 mm, 5 µm particle size; Advance Chromatography

Technologies, UK), controlled by Chromeleon client 7.0 software.

2.10.1 Measurement of MBA and ACP

For MBA and ACP detection, stored samples from bioconversion (dilution 1:2) were thawed,

centrifuged for 15 minutes at 4 °C and 13,000 rpm, and mixed with TFA 0.1% v/v to a final 20-

fold dilution. Samples were transferred to an HPLC vial for MBA and ACP detection.

The HPLC program was run at 30 °C, and employed 0.1% TFA as mobile phase A and 100%

acetonitrile as mobile phase B. The program consisted of a gradient with curve 5, running from
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85% to 28% solvent A for 9 min (flow rate 1 mL/min), after which, the system returns to the

initial mobile phase for re-equilibration of the column for 2 min before the next sample was

applied. ACP detection occurred after 7.8 min at 260 nm and after 3.6 min for MBA at the

same wavelength.

2.10.2 Measurement of ABT

For ABT detection, 6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) was used as a

derivatization agent. AQC was synthesised in house, and prepared for derivatization by

solubilisation in dry acetonitrile to a concentration of 10 mg/mL. Stored samples from

bioconversion (dilution 1:2) were thawed, centrifuged for 15 minutes at 4 °C and 13,000 rpm,

and then mixed with purified water (Elix 5 water purification system; Millipore, France) to a

final 40-fold dilution. 40 µL were taken and derivatized with 80 µL AQC, followed by addition of

120 µL of 0.2 M borate buffer pH 8.8. The mixture was centrifuged for 5 minutes at 4 °C and

13,000 rpm, and then transferred to an HPLC vial for ABT detection. For whole-cell

bioconversion samples, a blank reaction (with no substrate addition) was run and later

subtracted from the value of the incubation reaction to determine the enzymatic production

of ABT (Blau, 2008).

The solvent programme employed 140 mM sodium acetate (pH 5.05) as mobile phase A, and

100% acetonitrile as mobile phase B. The program used a gradient with curve 8 from 85% to

100% solvent A for 10 min (flow rate 0.5 mL/min), followed by a 2.5 min wash phase at 40%

solvent A (flow rate 1 mL/min) and 2.5 min of 100% solvent A (flow rate 1 mL/min). A re-

equilibration phase was run with 85% solvent A for 5.0 min before the next sample was

applied. ABT detection was performed at 254 nm after 6.1 min.

Quantification was based on the standard curves shown in Figure 2.5. During the project,

standard curves and retention times slightly shifted due to column replacement and technical

equipment adjustment. Therefore, for accurate calculations, at least four points of the

calibration curve were run along with every batch of samples. Sample chromatograms can be

found in Appendix C.
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Figure 2.5 Standard curves for detection and quantification of substrates and products by HPLC. HPLC methods
are presented in section 2.10. A) Methylbenzylamine (MBA). B) Acetophenone (ACP). C) 2-amino-2,3,4-butanetriol
(ABT).

2.11 Genomic data mining

2.11.1 Gene ontology searches of published genome

The UniProt database (Uniprot-Consortium, 2015) was searched using first, the terms ‘pichia

pastoris’, ‘gs115’ and ‘GO:0008483’, gene ontology term for transaminase/aminotransferase

activity; and then, replacing the GO terms by the keywords ‘transaminase’ and

‘aminotransferase’ to generate a wider pool of initial sequences. JalView v.2.8.2 (Waterhouse

et al., 2009) was then used to remove duplicate results by examining identity percentages and

pairwise alignments. The first round of UniProt hits was further refined using the terms

“pyridoxal binding site”, “aminotransferase” and “transaminase”. The nucleotide sequence of

each transaminase identified in UniProt was obtained from the corresponding NCBI entry. The

methods above were also used to identify transaminase genes in the published genome

sequences of P. pastoris CBS7435 (Küberl et al., 2011) and S. cerevisiae S228C (Goffeau et al.,

1996).
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2.11.2 Assembly of transaminase dendrograms and phylograms

Protein sequences were aligned using ClustalX v.2.1 (Larkin et al., 2007) and a phylogenetic

tree (Qian and Goldstein, 2003) assembled using the neighbour-joining clustering algorithm

and 1000 bootstrap replicates. The alignments were used to generate a tree diagram using

TreeView v.1.6.6 (Page, 1996) and dendrograms plotted using Dendroscope v.3.3.2 (Huson and

Scornavacca, 2012). Dendrogram images were edited for graphical brevity, to indicate

bootstrap values and Hwang subgroup (Figure 3.1 and Figure 3.2 ).

2.11.3 Assigning transaminases to a Hwang subgroup

Hits from the above UniProt searches after this search were then used to query the HMM

database HMMER (Finn et al., 2015), provided by the European Molecular Biology

Organisation-Biology European Bioinformatics Institute (EMBO-EBI) website

(www.ebi.ac.uk/Tools/hmmer/search/hmmscan), by accession number. Predictions were

deemed acceptable if the score was positive and expectation values (E-values) lower than

0.001. All protein families available on the search tool (Pfam, TIGRFAM, Gene3D, Superfamily

and PIRSF) were selected for the search and transaminases scoring highest for a HMM model

pertaining to a particular subgroup (Hwang et al., 2005), were assigned to that subgroup.

2.11.4 Predicting intronic sequences within P. pastoris GS115 transaminase genes

Each of the 19 sequences identified as transaminases from the above searches were used to

search the P. pastoris GS115 genome sequences using the Basic Local Alignment Search Tool

(BLAST) algorithm (Altschul et al., 1990) available at the National Center for Biotechnology

Information (NCBI) website (blast.ncbi.nlm.nih.gov/Blast.cgi) to determine intronic regions.

2.11.5 Alignment of ω-transaminases

The V. fluvialis JS17 and a C. violaceum CV2025 ω-transaminase sequences were aligned with

the four putative P. pastoris GS115 Class III transaminases using ClustalW. The alignment file

was inserted in JalView v.2.8.2, residues colour-coded according to their BLOSUM62 score

(Henikoff and Henikoff, 1992), and the secondary structure elements were generated in

ESPript 3.0 (Robert and Gouet, 2014). Pairwise alignments were performed in JalView v.2.8.2

to determine protein-to-protein identities. Analyses of P. pastoris CBS7435, S. cerevisiae S288C

and P. pastoris GS115 Class III transaminases with respect to similarity were performed using

protein BLAST.
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3 GENOMIC DATA MINING OF P. PASTORIS TRANSAMINASES

3.1 Introduction

Class III, ω-type transaminases are an industrially important group of enzymes due to their

ability to catalyse amination reactions for production of key building blocks of small molecule

pharmaceuticals, such as chiral amines alcohols (CAA). In addition to experimental screening,

bioinformatic data-mining has emerged as successful route to discovery of novel enzymes and

predict their activity and substrate specificities (Hohne et al., 2010; Valli et al., 2016). Statistical

techniques such as Hidden Markov Modelling (HMM) can be used to predict that a given

transaminase belongs to a particular classification using a temporal recognition pattern which

enables the creation of protein structure profiles that may discriminate whether an input

sequence belongs to a protein family or subtype despite apparent non-significant sequence

homology (Krogh et al., 1994). Using HMMER software (Finn et al., 2015) it is possible to

search profile databases for sequence homologs employing Hidden Markov Models.

As explained in Chapter 1 (section 1.1), the methylotrophic yeast P. pastoris is an increasingly

attractive industrial host cell mainly due to its ability to grow to high biomass, using methanol

as carbon source and inducer of transgene expression. The availability of the complete

genome sequence (De Schutter et al., 2009; Mattanovich et al., 2009) has made bioinformatic

data-mining for transaminases possible in P. pastoris GS115 strain (recently re-classified as K.

phaffii GS115 strain).

In this chapter, the genome of strain GS115 is analysed to predict the function of GS115

transaminases using sequence analyses, and to assign each identified transaminase to a Hwang

subclass (Hwang et al., 2005) using HMM analysis, allowing a knowledgeable selection of

putative Class III, ω-type transaminases for overexpression in P. pastoris and production of

chiral amino alcohol through a de novo biocatalytic pathway.

3.2 Analysis and classification of P. pastoris GS115 transaminases

The P. pastoris genome is approximately 9.4 Mb, organized in four chromosomes. A total of 39

potential transaminases/aminotransferases were identified in an initial search of the P.

pastoris GS115 genome using the UniProt web tool (method in section 2.11.1). 17 genes were

removed from this list by a second round of UniProt screening for genes with multiple entries

as ‘aminotransferase’ or ‘transaminase’. HMM screening with the HMMER tool was used to



75

identify sequences for which a HMM model exists that is associated with a given transaminase

subgroup, as set out by Hwang et al. (2005) and presented in Table 1.2.

This procedure revealed three proteins, C4R864, C4R277 and C4R194, which did not match any

transaminase class by HMM profiling. UniProt entries for these three proteins also did not

contain the search term ‘pyridoxal-5´-phosphate’. Future investigation of the structure of

these proteins may resolve their status as transaminases.

In summary, after this search, 19 putative transaminases were extracted from the P. pastoris

GS115 genome.

3.3 A standard nomenclature for P. pastoris GS115 transaminases

ClustalX v.2.1 was used to align the 19 transaminase sequences and TreeView v.1.6.6 to make

a tree diagram to illustrate in Figure 3.1 the relatedness of the sequences and plotted as a

dendrogram (methods in section 2.11.2). Table 3.1 lists the 19 putative transaminases, their

current annotation in the UniProt database and their subgroup based on HMMER analysis

(method in section 2.11.3).
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Figure 3.1 Dendrogram composed by the 19 transaminases of P. pastoris GS115. The numbers in nodes are the
bootstrap values. Branches in blue are indicative of Class I-II; green of Class III; red of Class IV; and orange of Class V.
No transaminase belongs to Class VI.
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Table 3.1 Transaminases from P. pastoris GS115 strain genome. Genes are referenced by protein accession number, and the table includes predicted function of each gene,
location among the four chromosomes of P. pastoris, class to which they pertain as predicted via HMMER HMMscan, and a systematic nomenclature.
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A systematic nomenclature is proposed for the 19 transaminases based on abbreviating K. phaffii

to ‘Kp’ and transaminase to ‘Tam’ in ‘KpTam’, followed by modifiers that encompass structural and

functional predictions of the Hwang et al. (2005) subgroupings (Table 3.1) and phylogenetic

relationships (Figure 3.2). The modifier features firstly the Hwang subgroup, based on the HMMER

analysis (Table 3.1), secondly phylogenetic branching within a Hwang subgroup and thirdly

pairings, where they exist, of proteins of high similarity within a branch (Figure 3.2). For example,

in ‘KpTam III.2a’, the ‘III’ refers to the Hwang subclass III, ‘2’ indicates that the protein sequence

falls within the second of at least two phylogenetic branches of proteins within Hwang subgroup III

and the ‘a’ indicates the protein is one of a pair (a and b) of closely related proteins within type

‘III.2’. In most cases closely related sequences appear also to be related with respect to function,

where characterisation data has been reported (Table 3.1).

The radial phylogram in Figure 3.2 illustrates further the relatedness of the 19 transaminases and

the systematic nomenclature. Interestingly for subgroup V, KpTam V.1a and KpTam V.1b are

phylogenetically distant from KpTam V.2 despite falling into the same structure-functional

subgroup. Subgroup I-II has the most phylogenetically divergent membership; with KpTam I-II.1a

and KpTam I-II.1b more related by sequence to proteins within subgroups III and IV than to the

rest of the subgroup I-II members.



79

Figure 3.2 Radial phylogram of transaminases of P. pastoris GS115 strain. It includes 19 transaminases identified in the
P. pastoris GS115 genome, indicating their Hwang classification (Hwang et al., 2005) according to HMM analysis.
Branches in blue are indicative of Class I-II; green of Class III; red of Class IV; and orange of Class V. No transaminase
belongs to Class VI.

3.4 P. pastoris GS115 transaminase introns

Unlike most eukaryotic organisms, yeasts are known to have few introns, usually limited to one

per gene in the few genes that carry them (Spingola et al., 1999; Payne et al., 2000). In general,

only about 4% of yeast genes present introns (Lopez and Séraphin, 2000), and it has been reported

that only 0.22% of total reads fell within intronic regions after statistic reads mapped in P. pastoris

genome (Liang et al., 2012).
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Regarding intron sizes, yeasts present smaller introns than most eukaryotic organisms which

usually vary in length from 100 to 100,000 nucleotides. According to Spingola et al. (1999), in S.

cerevisiae the range goes from 52 to 1,000 nucleotides and the intron length distribution is

bimodal, with one peak around 100 and another near 400 nucleotides. In P. pastoris, Payne et al.

(2000) described introns ranging from 50 to 350 nucleotides with an average of 140 nucleotides,

and Liang et al. (2012) reported an average intron size of 99 nucleotides.

In the removal of introns from the primary transcript, there are two-step reactions that take place

and that involve three short sequences within the intron: two splice sites and a branch point (near

the 3’ portion of the intron). The first reaction involves cleavage of the 5’ terminal nucleotide of

the intron with subsequent covalent linkage to an adenosine at the branch point, resulting in the

formation of a lariat structure. The second step involves cleavage at the 3’ intron splice site,

releasing the intron lariat and ligating the two adjacent exons (Shaw and Hannah, 1999). Yeast

introns have highly conserved splice sites and branch points (Spingola et al., 1999; Payne et al.,

2000). Sequence GTAAGT appears to be the preferred 5’ splice sequence in P. pastoris, and YAG

(Y=pyrimidine) the favoured 3’ splice site (Payne et al., 2000). Introns from P. pastoris and S.

cerevisiae share the highly conserved branch point sequence TACTAAC, and in P. pastoris the

distance from the adenosine of this sequence to the 3’ splice site ranges from 8 to 13 nucleotides

(Spingola et al., 1999; Payne et al., 2000). Apart from these three short conserved elements, pre-

mRNA intron sequences are highly variable.

The cDNA obtained from a mature mRNA is useful to determine introns as it includes exclusively

the transcribed sequence; hence, cDNA lacks introns (Fitzgerald-Hayes and Reichsman, 2007).

According to this, and following the methodology presented in section 2.11.4 based on BLAST tool

from the NCBI data base, two of the 19 putative transaminase genes, KpTam I-II.1b (C4R862) and

KpTam III.2b (C4R8H9), present gaps or putative introns in their sequences, and these are

represented in Figure 3.3.
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Figure 3.3 Putative introns in P. pastoris GS115 genome. The diagram represents the two transaminase sequences that
present putative intron fragments, both located in chromosome four of P. pastoris GS115 genome. A) Transaminase
KpTam I-II.1b contains a gap of 85 bp in length. B) Transaminase KpTam III.2b contains a gap of 28 bp in length.

Based on introns size, it seems unlikely that the potential intron found in transaminase KpTam

III.2b is actually an intron, as it seems excessively short (28 nucleotides), while the putative intron

of KpTam I-II.1b cannot be ruled out based exclusively on it size, as it length (85 nucleotides) is in

the range described for the usual introns in yeasts. On the other hand, the different splicing sites

previously described as conserved for yeast introns were not found in any of the two sequences

potentially harbouring introns. Also, in a recent work conducted by Valli et al. (2016) for the

curation of the genome annotation of P. pastoris CBS7435 strain, the analogous genes to KpTam

III.2b and KpTam I-II.1b were annotated without introns based on a RNA-Seq analysis. All in all,

rather than introns, it seems that the missing fragments of the two P. pastoris GS115
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transaminases can correspond to sequencing or assembly errors (Spingola et al., 1999; Valli et al.,

2016). To confirm this, further research is needed, such as molecular tests that can challenge the

authenticity of these unusual introns.

3.5 Putative P. pastoris GS115 Class III ω-transaminases

Currently the HMMER (Finn et al., 2015) does not encompass sufficient mechanistic data to

meaningfully predict the topology and chemistry of the active site of a given transaminase. As

such, although HMMER analysis can be used to predict the Hwang subgroup of a given

transaminase, it cannot predict mechanistic information such as whether a given transaminase is

of the β-, γ- or ω- type.

Transaminases of the ω- type mechanism from V. fluvialis JS17 (Vfl TAm, AC. F2XBU9) (Shin et al.,

2003) and C. violaceum DSM30191 (CV2025 TAm, AC. Q7NWG4) (Kaulmann et al., 2007) have

been investigated mechanistically and shown to have industrially favourable substrate ranges. In

this study, four putative Class III transaminases in P. pastoris GS115 were identified: KpTam III.1a,

KpTam III.1b, KpTam III.2a and KpTam III.2b. Then, the sequence similarity between these four P.

pastoris genes and the ω-transaminases of V. fluvialis and C. violaceum was determined by a

multiple amino acid sequence alignment (method in section 2.11.5), as a rudimentary measure of

the likelihood they act on substrates via a ω-type mechanism. Table 3.2 presents the comparison

obtained between the four putative P. pastoris GS115 Class III transaminases and the C. violaceum

and V. fluvialis ω-transaminases, showing identities of 21-28%.

Table 3.2 Identity between the Class III P. pastoris GS115 transaminases and two reference ω-transaminases. Identity
percentages were obtained in pairwise alignments with Vfl TAm (from V. fluvialis JS17, accession number F2XBU9) and
CV2025 TAm (from C. violaceum DSM30191, accession number Q7NWG4).

Class III TAms
(P. pastoris GS115)

Vfl TAm
(V. fluvialis)

CV2025 TAm
(C. violaceum)

KpTam III.1a 22.46% 20.82%

KpTam III.1b 22.68% 22.45%

KpTam III.2a 25.76% 28.14%

KpTam III.2b 22.78% 26.91%
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Generally, proteins clustered together are clearly evolutionary related, showing meaningful

residue alignments if sequence identity exceeds 30% (Mehta et al., 1993; Hwang et al., 2005; Peng

and Xu, 2010). For instance, it was reported 38% of sequence identity between the V. fluvialis and

C. violaceum transaminases (Kaulmann et al., 2007), both with demonstrated ω-transaminases

activity, and 31-33% of sequence identity between the V. fluvialis and other four ω-transaminases

(Shin et al., 2003). Despite this, there are cases in which similar functions and structures were

demonstrated in the presence of lower sequence similarities; this is the case of a work conducted

by Yonaha et al. (1992), in which a ω-amino acid:pyruvate TAm was compared with other four

characterised ω-transaminases, reporting an identity percentage of only 24-28%.

Although the analysis in Table 3.2 is inconclusive, at least recommends the four P. pastoris GS115

Class III transaminases for further investigation to establish if they are in fact ω-transaminases. A

comparison using a substitution matrix was performed (method in section 2.11.5) to align the

most highly conserved residues between these six sequences (Figure 3.4).

Mehta et al. (1993) performed an alignment of 51 amino acid sequences from the different

transaminase classes, reporting invariant residues across all transaminases, such as an aspartic

acid (Asp) which generates a hydrogen bond/salt bridge to protonated the pyridine of the PLP

molecule, a lysine (Lys) which participates in a Schiff base with the 4’-aldehyde group of PLP, and

an arginine (Arg) which participates in a hydrogen bond/salt bridge with α-carboxylate group of

substrate. Hwang et al. (2005) confirmed that all transaminases have an Asp residue which forms a

salt bridge with the PLP in the active site, and a catalytic Lys residue which forms a Schiff base with

the PLP molecule.

In terms of conserved residues among ω-transaminases, the multiple alignments of the primary

structure of the ω-amino acid:pyruvate TAm from P. putida with other four ω-transaminases

performed by Yonaha et al. (1992) showed conservation of residues Asp and Lys, both in

equivalent positions than in the previously mentioned studies (Mehta et al., 1993; Hwang et al.,

2005). In a further amino acid sequence alignment performed by Kaulmann et al. (2007)

comparing V. fluvialis and C. violaceum ω-transaminases, the same essential conserved active site

residues were identified; Asp forming a hydrogen bond with PLP,  Lys present in the active site,

and Arg forming a salt bridge with the substrate. Shen et al. (1998) compared the amino acid

sequences of different transaminases, identifying in all of them the previously described residues



84

Asp, Lys and Arg, and only in the ω-TAms, two highly conserved residues; threonine (Thr), and

glutamic acid (Glu), the former as part of the cofactor phosphate binding site, and the latter, also

previously identified as conserved in ω-TAms by Yonaha et al. (1992), which role remains unclear.

The alignment in Figure 3.4 shows 24 residues identified as highly conserved among the six

transaminases, including Lys (K), Asp (D) and Arg (R), and also the Thr (T) and the Glu (E) reported

by Yonaha et al. (1992) as only conserved in ω-transaminases.
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Figure 3.4 Multiple amino acid sequence alignment between P. pastoris Class III transaminases and two reference ω-
transaminases. The four Class III transaminases are compared with ω-transaminases Vfl TAm from V. fluvialis (AC.
F2XBU9) and CV2025 TAm from C. violaceum (AC. Q7NWG4). Red colour implies residues of highest homology (highest
BLOSUM62 scores), and the residues identified as conserved among ω-TAms are marked by blue circles. Secondary
structure elements in the spatial structure of CV2025 TAm (Sayer et al., 2007) are indicated at the top of each block:  α-
helices are displayed as squiggles, β-strands as arrows, strict β-turns as TT letters and 310-helix as η symbol.

Table 3.3 lists the topographical equivalents active site residues in the four putative P. pastoris

GS115 Class III transaminases and the C. violaceum and V. fluvialis ω-transaminases, which also

match with transaminase alignment analysis performed previously in other studies (Yonaha et al.,

1992; Mehta et al., 1993; Shen et al., 1998; Hwang et al., 2005; Kaulmann et al., 2007).
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Table 3.3 Topographical alignment of active site residues among four putative P. pastoris GS115 Class III
transaminases and the C. violaceum and V. fluvialis ω-transaminases.

CV2025 TAm Vfl TAm KpTam III.1a KpTam III.1b KpTam III.2a KpTam III.2b
E226 E223 E240 E262 E211 E218
G233 G230 G247 G269 G218 G225
D259 D256 D273 D295 D244 D251
K288 K285 K304 K326 K274 K282
T321 T322 T329 T351 T304 T311
R374 R373 R380 R404 R357 R364

3.6 Comparison with P. pastoris CBS7435 and S. cerevisiae S288C

Next, a comparison of the transaminase repertoire of P. pastoris GS115 to those of two other

budding yeasts, P. pastoris CBS7435 and S. cerevisiae S288C, by performing the same data-mining

procedures described previously for transaminase identification (section 2.11.1).

Strain GS115 of P. pastoris was originally developed by mutagenesis (Valli et al., 2016) of its

parental strain P. pastoris CBS7435 (Küberl et al., 2011). Data-mining revealed a repertoire of 20

putative transaminases for P. pastoris CBS7435 (Table 3.4). All 19 putative transaminases of P.

pastoris GS115 had orthologues in the P. pastoris CBS7435 genome, with 93.2-100% similarity.

Only one P. pastoris CBS7435 transaminase (accession number F2QVZ3) had no similarity with any

putative P. pastoris GS115 transaminase, suggesting this gene have been lost during the

mutagenesis procedure used to generate P. pastoris GS115.

S. cerevisiae S288C is a highly-characterised and widely-utilised strain whose genome was used as

the reference sequence (Engel et al., 2014) for the Saccharomyces Genome Database (SGD). The

genome of S. cerevisiae S288C is also the basis of efforts to synthetically refactor the entire

genome of S. cerevisiae to improve its industrial utility (Richardson et al., 2017). After the data

mining procedure, 20 putative transaminases were identified within the S. cerevisiae S288C

genome (Table 3.4), all presenting some similarity to those of P. pastoris GS115 (27-73% identity).

Comparing S. cerevisiae S288C and P. pastoris GS115 transaminases was illuminating as it revealed

KpTam I-II.1b to have 57% identity with an aspartate aminotransferase (accession number P23542)

and KpTam I-II.7 to have 40% identity with a 2-aminoadipate transaminase (accession number

P10356).
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Table 3.4 Correspondence between transaminases in P. pastoris GS115, P. pastoris CBS7435 and S. cerevisiae S288C.
Table includes classification and percentage of identity, which shows the sequence homology between P. pastoris GS115
and the other two strains.

Systematic
Nomenclature
GS115 Protein

Accession
Number

CBS7435 Protein

Accession
Number

S288C Protein
Class

% Identity
GS115

with CBS7435

% Identity
GS115

with S288C

KpTam I-II.1a F2QML6 Q01802 I-II 100% 40%

KpTam I-II.1b F2QYY5 P23542 I-II 93.20% 57%

KpTamI-II.2a F2QS71 P09950 I-II 100% 68%

KpTamI-II.2b F2QQF8 P25045 I-II 100% 42%

KpTam I-II.3 F2QVJ5 P40970 I-II 100% 62%

KpTam I-II.4a F2R043 P38840 I-II 100% 34%

KpTam I-II.4b F2QQ55 P53090 I-II 100% 52%

KpTam I-II.5 F2QUC6 P47039 I-II 100% 56%

KpTam I-II.6a F2QWA4 P52892
P52893 I-II 100% 58%

59%

KpTam I-II.6b F2QSA5 P07172 I-II 100%
100% 53%

KpTam I-II.7 F2QQ23 P10356 I-II 100% 40%

KpTam III.1a F2QTZ9 - III 100% -

KpTam III.1b F2QYI5 P17649 III 100% 68%

KpTam III.2a F2QWH8 P50277
P07991 III 100% 27%

70%

KpTam III.2b F2QYL6 P18544 III 98% 51%

KpTam IV.1 F2QZT3 P38891
P47176 IV 100% 73%

69%

KpTam V.1a F2QZA3 P43567 V 100% 48%

KpTam V.1b F2QW19 P33330 V 100% 59%

KpTam V.2 F2R044 - V 100% -

- F2QVZ3 - V - -
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3.7 Conclusions

The bioinformatic study presented in this chapter provides a first overview of P. pastoris

transaminases. These in silico insights can be used to advance fundamental understanding of yeast

biology and metabolism and to inform industrial screening and engineering of yeast

transaminases. The data mining results are an effort to improve biological understanding of P.

pastoris GS115, and are also essential to build de novo biocatalytic pathways.

In summary, the conclusions of this chapter are:

- From an initial pool of 39 hits from the UniProt database, further analysis with respect to

sequence similarity and Hidden Markov Modelling suggested 19 hits were genuine

transaminases encoded by the P. pastoris GS115 genome.

- Of the 19 transaminase genes, the open reading frames of three had strong homology with no

characterised protein (KpTam I-II.1b, KpTam I-II.7 and KpTam V.2). Comparison with the

transaminase repertoire of S. cerevisiae S288C suggested probable functions for KpTam I-II.1b

(aspartate transaminase) and KpTam I-II.7 (aminoadipate transaminase).

- P. pastoris GS115 was originally generated by mutagenesis of P. pastoris CBS7435, and

comparison revealed that one transaminase gene (AC. F2QVZ3) may have been deleted during

this mutagenesis.

- None of the 19 P. pastoris GS115 transaminase sequences had fragments that accomplish the

conserved features of yeast introns; however, in sequences KpTam I-II.1b and KpTam III.2b

were identified untranslated fragments, which will need further analysis to confirm that they

correspond to sequencing or assembly errors rather than functional introns.

- Most of the 19 transaminases belong to Class I-II, none of them belong to Class VI, and four

(KpTam III.1a, KpTam III.1b, KpTam III.2a and KpTam III.2b) were catalogued as Class III

transaminases, a subtype that typically accepts the broadest range of substrates.

- Sequence similarity analysis and substitution matrix comparison of the four Class III

transaminases with other two well-known ω-transaminases showed that the P. pastoris

sequences were relatively similar to the confirmed ω-type transaminases (20-28%), and also
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all of them presented, in equivalent positions, the highly conserved residues identified in other

ω-transaminases. This suggested that the four transaminases have similar likelihood to be a ω-

transaminase.

- In summary, from the four chromosomes of the P. pastoris GS115 genome, four putative Class

III transaminases were identified (KpTam III.1a, KpTam III.1b, KpTam III.2a and KpTam III.2b).

Based on the introns analysis, KpTam III.2b was excluded for further experimental work since

the missing fragment that was identified within this gene, although not confirmed as intron,

could hinder further expression analysis. The other three Class III transaminases: KpTam III.1a

(located in chromosome 2), KpTam III.1b (located in chromosome 4), and KpTam III.2a (located

in chromosome 3), were selected for further experimental work and overexpression, all of

them with sequences relatively similar to other characterised ω-type transaminases.

- Additionally, a rational nomenclature for P. pastoris GS115 transaminases is proposed in this

chapter. This information will assist future investigators who wish to exploit or rationally

design transaminases for enhanced stability, substrate specificity, PLP binding and other

properties.
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4 CHARACTERISATION OF BIOCATALYTIC POTENTIAL OF WHOLE-CELL P.

PASTORIS OVER-EXPRESSING NATIVE TRANSAMINASES

4.1 Introduction

The bioinformatic study presented in the previous chapter provides a first overview of the

transaminases (TAms) of the yeast P. pastoris, a recognized biological platform for the production

of heterologous proteins. The in silico screening from Chapter 3, works as a significant tool for the

selection of P. pastoris GS115 TAms to be engineered for whole-cell catalysis of a chiral amino

alcohol, industrially valuable intermediary in the synthesis of pharmaceuticals and agrochemical

compounds.

As it was explained before (section 1.5.4.2), TAm belonging to Class III ω-type are the most

interesting to be investigated as they can accept a major diversity of substrates. With this on mind,

and regarding the analysis from Chapter 3, three P. pastoris transaminase sequences were

selected for their characterisation: KpTam III.1a, KpTam III.1b and KpTam III.2a.

In this chapter, P. pastoris GS115 was engineered as a whole-cell biocatalyst overexpressing the

three native transaminases KpTam III.1a, KpTam III.1b and KpTam III.2a. Accordingly, plasmids

p8TAm107, p8TAm677 and p8TAm410 were constructed and P. pastoris recombinant strains

PpTAm107, PpTAm677 and PpTAm410 were respectively generated and evaluated as candidates

for the synthesis of the chiral amino alcohol ABT by the second reaction of the designed de novo

pathway (section 1.5.4).

4.2 Construction of plasmid p8TAm107, p8TAm677 and p8TAm410

For the construction of plasmids p8TAm107 (integrating KpTam III.1a), plasmid p8TAm677

(integrating KpTam III.1b) and plasmid p8TAm410 (integrating KpTam III.2a), the cloning procedure

was designed according to indications provided by the manual for the Multi-Copy Pichia

Expression Kit (Invitrogen, 2010). As described in section 2.1.3, pAO815 was the expression vector

selected for cloning, and the strategy consisted in the linearization of this plasmid in the unique

EcoRI site for further ligation with a gene fragment flanked also by EcoRI restriction sites. The

ligation performed between any of the native TAm genes and pAO815 backbone was non-

directional, since gene insertion had the chance to occur either at the desired orientation or
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contrary. Therefore, the final direction of the expression cassette required confirmation previous

to P. pastoris transformation. Figure 4.1 shows a general cloning diagram to schematize this

strategy.

Figure 4.1 Flow sheet for cloning of native P. pastoris transaminase genes using the plasmid pAO815 as expression
vector. Native TAms were isolated from P. pastoris GS115 genome by PCR amplification introducing EcoRI sites. Ligation
between plasmid and fragment was non-directional; therefore it could be generated both, a plasmid with a correct
insert orientation and a plasmid with a wrong direction of insertion.
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P. pastoris native transaminase genes were obtained through a successful PCR amplification from

the extracted genome of GS115 as detailed in section 2.8.2.1. PCR was carried out with primers

designed to amplify KpTam III.1a located in chromosome 2, KpTam III.1b located in chromosome 4

and KpTam III.2a located in chromosome 3, introducing EcoRI ends in all the cases. Details of the

method for amplification are described in section 2.8.2.1, primers are schematized in Figure 4.2

and their sequences are presented in Appendix B. After performing PCR, the electrophoresis gel

shown in Figure 4.2 was run for visualization of the three fragments.

Figure 4.2 Successful PCR amplification of native transaminases from P. pastoris genome. Fragments pointed in the
agarose gel correspond to the three native transaminases KpTam III.1a (GenBank accession number C4QZN6), KpTam
III.2a (GenBank accession number C4R4H3 and KpTam III.1b (GenBank accession number C4R8L1). Gel image edited by
software Gimp 2.8.

As detailed in section 2.8.2.1, after PCR amplification fragments were recovered and sub-cloned

into pCR-Blunt II TOPO in a collaborative work conducted by Dr. Braun. Sequencing of these

constructions corroborating each transaminase sequences can be found in the Figshare repository

(https://figshare.com/s/2fabe11bc88b14e4c3d7, https://figshare.com/s/58f562a681ff9dfbf6d1,

https://figshare.com/s/ecdae3f5afa22fbfc590). Figure 4.3 shows a diagram and the primers used

for this sequencing (primers details in Appendix B). From these TOPO constructed plasmids, the

three TAms were digested with EcoRI enzyme and fragments were extracted from an agarose gel

in preparation for ligation with pAO815 plasmid.
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Figure 4.3 Sequencing to confirm native TAm sequences inserted into TOPO plasmids. A) Transaminase KpTam III.1a. B)
Transaminase KpTam III.1b. C) Transaminase KpTam III.2a. Details of primers are presented in Appendix B and
sequencing files can be found in the repository of Figshare (https://figshare.com/s/2fabe11bc88b14e4c3d7,
https://figshare.com/s/58f562a681ff9dfbf6d1, https://figshare.com/s/ecdae3f5afa22fbfc590).
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Plasmid pAO815 was obtained from E. coli W3110 strain, and its preparation for the ligation

reaction is explained in details in section 2.8.1.1. In brief, plasmid preparation implied a

linearization with EcoRI enzyme and a dephosphorylation step in order to remove its 5’ phosphate

and thus, to prevent it re-ligation. Dephosphorylated plasmid was then purified and an agarose gel

was run confirming its identity (7.7 kb) and concentration (24 ng/µL) prior ligation.

Ligations between TAm inserts and pAO815 backbone and transformations of E. coli strain were

performed such described in section 2.8.3. For each ligation, an amount of 50 ng of the vector was

incubated with one-fold molar (1:1) and three-fold molar (3:1) excess of the purified TAm insert,

and then cultured in LB-ampicillin agar plates for selection of transformant colonies with antibiotic

resistance. At this point, to allow the effective selection of transformants, five other

transformation plates were included as controls for ligation reaction. The comparison between the

cultured plates, including controls, allowed a meaningful interpretation of the ligation results. The

method behind this controls strategy is thoroughly exposed in section 2.8.4.

For the case of E. coli transformation with plasmid p8TAm677, the number of colonies obtained

for ligation and control reactions are presented in Table 4.1 which accomplished the expected

tendency of growth explained in section 2.8.4 (Figure 2.2). Plate A, with the highest number of

colonies (>500 colonies), corresponded to the uncut parental vector, which incorporation allowed

to transformants to directly make avail of the antibiotic resistance. The large amount of colonies

obtained for this control informed about an appropriate transformation procedure, good

conditions of agar plates to allow growth, and viability of competent bacterial cells. As

theoretically expected, plate C was the second control plate with more colonies (135 colonies). In

this case, the digested vector in presence of the ligase enzyme was recircularized, allowing the

colonies to grow. In the meantime, transformation in plate B (53 colonies) was performed with the

same digested vector than in plate C, but with no addition of ligase, therefore, less religated

colonies were expected, either due to spontaneous religation or to incomplete plasmid digestion

previous ligation. Such as plate B and C, plate D corresponded to digested plasmid, but no ligase

enzyme was added in this case, and a dephosphorylation step was performed to the vector. This

was the plate with less expected colonies (5 colonies) since the probability of recircularization was

diminished respect to non-dephosphorylated plasmid (plate B). Control plate E corresponded to

the same ligation reaction than plate D, but with addition of ligase, therefore more colonies than

in plate D were obtained (7 colonies).
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The analysis of the results presented in Table 4.1 also provided information on the viability of the

ligation reagents. For instance, comparison between plates B and C, and between plates D and E,

allowed confirmation of the integrity of the ligase enzyme. Likewise, comparison between plates B

and D, and between plates C and E, showed the positive effect of the dephosphorylation step,

preventing spontaneous re-ligation of the DNA ends, and also showed that CIP treatment and the

purification post-dephosphorylation did not affect transformation negatively.

Regarding the two transformations that included fragment and backbone (plate F and plate G), as

expected, it was generated more colonies in the case of molar ratio 3:1 (plate G) than 1:1 (plate F),

since the excess of fragment increases the probability of successful ligations. As in both plates an

acceptable number of colonies were obtained, it can be inferred that ligation calculations were

correct, and DNA quantification and the amount used in ligations were adequate.

In summary, results were consistent in p8TAm677 transformation, and the same consistency was

obtained for transformation with plasmid p8TAm107, where the same stock of plasmid (digested

and dephosphorylated) was use for ligation. In this latest case, plate F registered a growth of 15

colonies and plate G of 60 colonies. In the case of transformation with plasmid p8TAm410, plate F

registered no colonies, but the ligation was considered potentially successful because 30 colonies

were obtained from plate G.

Table 4.1 Successful ligation and E. coli transformation results for the construction of plasmid p8TAm677. The table
includes the components of ligation-transformation for transformation and control plates.
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Given the likelihood of incorrect orientation ligations, a strategy was designed to corroborate the

direction of the fragment insertions into the expression vector. The strategy was based on specific

restriction enzyme digestions which were selected according to the methodology explained in

section 2.8.5. According this, SalI digestions were performed to p8TAm107 candidates, AgeI to

p8TAm677 candidates, and BamHI to p8TAm410 candidates. For each plasmid, schematic

representations of the strategy can be found in Figure 4.4, along with visualization, in agarose gels,

of the respective digested fragments obtained from several candidates. As it can be seen in Figure

4.4, digestions performed to plasmid p8TAm107 and p8TAm677 candidates, showed five clones

with a correct orientation of the insert in each case, and digestions for plasmid p8TAm410 resulted

in two correct orientation clones. From the set of clones which orientation of insertion was proved

by digestions, four p8TAm107, four TAm677 and two p8TAm410 clones were also confirmed by

sequencing.

A definitive glycerol stock and maxiprep were prepared from one of the confirmed candidates for

further P. pastoris transformation. Appendix D shows a diagram for the constructed plasmids

p8TAm107 (9,062 bp), p8TAm677 (9,140 bp) and p8TAm410 (9,022 bp).
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Figure 4.4 P. pastoris native TAm expression vector constructions and strategy for confirmation of insert orientation.
Figures include a scheme for the digestion strategy and an agarose gel showing digestions of candidates with correct and
incorrect direction insertions. A) Nine candidates with plasmid p8TAm107 digested with SalI. B) Nine candidates with
plasmid p8TAm677 digested with AgeI. C) Eight candidates with plasmid p8TAm410 digested with BamHI.
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4.3 Generation of P. pastoris recombinant strains PpTAm107, PpTAm677 and

PpTAm410

P. pastoris transformation with plasmid p8TAm107 was carried out to generate strain PpTAm107

overexpressing transaminase KpTam III.1a. Analogously, transformations with plasmids p8TAm677

and p8TAm410 were performed generating P. pastoris strains PpTAm677 (KpTam III.1b) and

PpTAm410 (KpTam III.2a), respectively. The construction of TAm overexpressor strains was

designed to obtain a Methanol Utilization Phenotype plus (Mut+) for the three recombinant

strains. This means that these strains were generated having a growth rate as high as the wild-

type, and in the presence of methanol they could reach high cell densities much faster than a

strain with a MutS (Methanol Utilization Slow) phenotype. Regarding this, P. pastoris PpTAm107,

PpTAm677 and PpTAm410 were transformed following the method for the generation of Mut+

strains, since a target of this project was to obtain a high biomass of biocatalyst, and also because

the phenotype of the P. pastoris Mut+ strain recently engineered by Wei et al. (2017), was

considered as a successful model for overexpression, achieving a high space-time yield for the

production of the sugar L-erythrulose by a recombinant native TK.

The method for the generation of one or the other Mut phenotype is explained in section 2.8.6. In

brief, it is based on the functionality of the AOX1 gene of the P. pastoris host strain. This gene is

responsible for the most part of the AOX synthesis, enzyme that catalyses the oxidation of

methanol for the generation of carbon and energy for the cell. But the enzyme AOX has a very low

affinity for oxygen, therefore, as a mechanism of compensation, the strong promotor of AOX1

results in a very high level the synthesis of the AOX enzyme when methanol is present. In

summary, if the AOX1 gene is active and methanol is the carbon source, the synthesis of the AOX

enzyme will be high enough to metabolize the methanol available, and then to grow as fast as a

Mut+ wild-type strain.

On the other hand, to maintain the stability of recombinant expression in P. pastoris,

transformations are performed that allow the integration of the cloning material into the genome

of the host cell. In consequence, if a recombinant strain with a Mut+ phenotype is desired, the

integration should be done with no interruption of the AOX1 gene of the host. For this, the vector

can be digested in the HIS4 gene, stimulating a homologous recombination between this gene and

the his4 locus, located in the chromosome 1 of the P. pastoris genome. Homologous
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recombination will take place with no interruption of the AOX1 gene, and transformants will end

with a Mut+ phenotype.

According to this background, previous to P. pastoris transformations, linearization of the

expression vectors were performed in the HIS4 gene, using the available unique restriction sites

located in this fragment. In the case of p8TAm107 and p8TAm677, StuI digestions were performed,

and in the case of p8TAm410, digestions were carried out with BspEI (digestion settings in section

2.8.6).

Competent GS115 cells were prepared (description in section 2.8.7), and transformations with the

linearized plasmids p8TAm107, p8TAm677, and p8TAm410 were performed by the

electroporation method (description in section 2.8.8). Transformants were selected by their ability

to grow in plates with agar media with no addition of histidine (Minimal Dextrose Media, MD),

which is shown in Figure 4.5. As it was expected, it can be seen in this figure how competent cells

transformed only with water generated no colonies since the wild-type GS115 is auxotrophic for

histidine. Different volumes of transformation reaction (100, 200 and 500 µL) were spread in order

to obtain an appropriate dilution for individual colonies growth, which in every case gave enough

colonies to pick.
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Figure 4.5 Minimal dextrose media plates with P. pastoris competent cells effectively transformed with native
transaminase plasmids. Transformations were performed with: StuI-digested plasmid p8TAm107 generating strain
PpTAm107 (HIS4 Mut+), StuI-digested plasmid p8TAm677 generating strain PpTAm677 (HIS4 Mut+), and BspEI-digested
plasmid p8TAm410 generating strain PpTAm410 (HIS4 Mut+). Three different volumes of transformation reaction (100,
200 and 500 µL) were streaked in order to obtain appropriate dilution for individual colonies growth.

From transformation MD plates, HIS4 colonies were picked for confirmation of their Mut+

phenotype, following the methodology detailed in section 2.8.9. As it can be seen in Figure 4.6, the

growth of transformants over five days of methanol incubation was as expected as for a Mut+

strain, therefore confirming their phenotype. This was determined by monitoring and comparing

the growths of three strains: transformant strains, strain β-Gal (control strain for Mut+

performance), and strain HSA (control strain for MutS performance). The two type of control

strains were streaked in the centre of each plate and highlighted with a black rectangle as it can be

seen in pictures of Figure 4.6. The MutS control (four crosses in the top of the highlighted central

rectangle) grew on dextrose (MD plates) at the same rate than the Mut+ control (four crosses in
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the bottom of the highlighted central rectangle) on dextrose. At the contrary, in the presence of

methanol as a carbon source (MM plates), the MutS control showed a growth slower than the

Mut+ control. For the three recombinant strains cultured in MM plates, it can be seen in Figure 4.6,

that after five days of culture the upper central crosses were the thinner in comparison with the

rest of the plate, demonstrating that the only MutS cells in the grid were from HSA colonies.

Figure 4.6 Methanol utilization phenotype confirmation for P. pastoris Mut+ transformant strains for native TAms
activity. Left: Graphic representation of the PpTAm107, PpTAm677 and PpTAm410 growth during five days of incubation
on methanol grid plates, in comparison with the two control strains. Quantification of this growth was done assigning a
score from one to five to the different levels of growth during the five days of incubation in the grid plates (details of this
methodology in section 2.8.9). Right: Grid plates at the 5th day of incubation on Minimal Dextrose medium (MD) and
Minimal Methanol medium (MM) plates showing the growth of more than 40 colonies of PpTAm107, PpTAm677 and
PpTAm410. Each plate has been patched in the centre (highlighted) with four colonies of GS115-HAS (MutS control
strain) at the upper line, and four of BGAL (Mut+ control strain) at the bottom line.

For each of the three recombinant strains, six crosses, corresponding to confirmed Mut+

transformants, were picked and re-streaked on fresh MD plates. From these, it was generated six

provisory glycerol stocks for further analysis that allow the selection of a unique clone for activity

analysis.
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The confirmation of Mut+ phenotype corroborates the wholeness of the AOX1 locus in the genome

of the host, implying the correct homologous recombination between HIS4 gene of the plasmid

and his4 locus of the host during transformation. However, this is not necessarily a confirmation of

the integration of TAm gene into P. pastoris genome, for which an analysis by PCR was performed

to the six clones of each recombinant strain. PCR analysis was carried out according to the

methodology described in section 2.8.10, and it aimed to amplify a fragment of TAm from the

extracted genome of the selected clones as template. Primers used for PCR amplification are

schematized in Figure 4.7, and their sequences and details are presented in Appendix B. As shown

in Figure 4.7, two set of primers (primers combination X and Y) were used for amplification of each

TAm gene. The first pair amplified a fragment from the 5’ AOX1 promotor to the end of the TAm

gene, while the other pair, amplified from the beginning of the TAm gene to the 3’AOX1

transcription terminator. In theory, the effective amplification with one of these pairs of primers

corroborate the integration, thus the amplification with a second pair of primers was included as a

double confirmation. The agarose gel also included in Figure 4.7 showed that, for each of the three

recombinant strains, the six selected HIS4 Mut+ clones resulted in a successful amplification of the

expected fragments, confirming the integration of each TAm in the generated P. pastoris strains,

downstream AOX1 promotor and upstream AOX1 terminator, as it was expected.
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Figure 4.7 PCR strategy confirming native TAm insertion into the genome of P. pastoris recombinant strains. Left:
Scheme for PCR strategy with primers combination X and Y. Right: Agarose gel for amplification of six clones of each
TAm strain, carried out with primers combination X and Y. A) From six PpTAm107 clones, all the expected fragments
(size 1.4 kb) were amplified successfully confirming a correct integration of TAm KpTam III.1a. B) From six PpTAm677
clones, all the expected fragments (size 1.5 kb) were amplified successfully confirming a correct integration of TAm
KpTam III.1b. C) From six PpTAm410 clones, all the expected fragments (size 1.4 kb) were amplified successfully
confirming a correct integration of TAm KpTam III.2a. Lane –C corresponds to PCR with no template as control for
contamination (no bands were expected).

As manner of control, the combination primer X and Y were also used for PCR amplification with

the extracted genome of the wild-type GS115 as template. These PCR were expected to amplify no

bands since GS115 has no insertion of the TAm genes under the AOX1 control. In Figure 4.8 this
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control is schematized, and the agarose gel shows, as expected, the amplification of no bands

from the template GS115, with both set of primers (Lane 4 and 5).

Figure 4.8 PCR control amplification for confirmation of insertion of native TAms into the genome of P. pastoris
recombinant strains. Left: Scheme for PCR strategy with primers combination X and Y. Right: Agarose gel for
amplification with primers combination X and Y. Lane 1: Control PCR with primer combination X from PpTAm107 as
template (expected band 1.4 kb). Lane 2: Control PCR with primer combination Y from PpTAm410 as template (expected
band 1.4 kb). Lane 3: Control PCR with primer combination X from PpTAm677 as template (expected band 1.5 kb). Lane
4: PCR with primer combination X from GS115 as template (no expected bands). Lane 5: PCR with primer combination Y
from GS115 as template (no expected bands).

Once PCR amplification confirmed the successful integration, for each strain three confirmed

clones were cultured in a 50 mL conical centrifuge tube with 10 mL BMGY media (buffered

glycerol-complex) to compare and select the best growth performance among them. As it is

showed in Figure 4.9, for every strain, candidates showed no significant differences but a very

consistent growth profile. Even though, a unique candidate for each strain was selected, and a

definitive glycerol stock was prepared for further activity analysis. In the case of PpTAm107 and

PpTAm677, the respective clone 2 was selected. For PpTAm410, clone 6 was preferred for a

permanent stock.
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Figure 4.9 Growth performance assessment for the selection of a unique clone for each native TAms P. pastoris
recombinant strains. For each strain, three clones were incubated for 17 hours at 37 °C and 250 rpm, in a 50 mL conical
centrifuge tube with 10 mL buffered glycerol-complex medium (BMGY). A) Clone 1, 2 and 3 of PpTAm107 strain. B)
Clone 1, 2 and 3 of PpTAm677 strain. C) Clones 4, 5 and 6 of PpTAm410 strain.
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4.4 Growth performance of P. pastoris recombinant strains overexpressing native

transaminases in shake flask cultivation

Transaminase activity in P. pastoris strains was induced in shake flask following the methodology

presented in section 2.5. Because for P. pastoris the oxygen availability is essential for an efficient

induction, baffled flask were used to ensure an adequate aeration, and also, cultures were always

below 30% of the total flask volume used.

First, cells were cultured in BMGY, a media buffered with potassium phosphate (pH 6.0),

containing glycerol, yeast extract, and peptone, which acts as a “mixed feed” allowing better

growth and biomass accumulation. After 16-18 hours of incubation, cells were harvested during

exponential phase and then resuspended in a media with methanol to induce the transcription of

the AOX1 gene, therefore the heterologous expression. After the growth phase and before the

induction, cells were washed since the potential remaining glycerol can repress TAm activity, even

in the presence of methanol. For the induction phase, cells were resuspended in BMMY, a medium

with an identical composition than BMGY but with methanol in replace of glycerol.

To investigate the impact that transaminase activity under methanol induction has in the growth

metabolism of P. pastoris strains, PpTAm107, PpTAm677, PpTAm410 and GS115 wild-type were

induced with methanol at 0% and 0.5% v/v, and their growth was monitored for 48 hours by

measurement of cell density at 600 nm and plotted in Figure 4.10. This figure shows that in

presence of 0.5% methanol, the native TAm strains achieved higher optical density than the

parental strain. This suggests that TAm overexpression could enhance the methanol utilisation

pathway in P. pastoris, increasing the methanol tolerance and therefore having a positive impact

on the growth. On the other hand, all the un-induced strains, including the wild-type, grew to a

similar level, but with a lower rate than the induced cultures. Therefore, the methanol at a

concentration of 0.5% v/v does not suppress the parental strain growth, and on the contrary, acts

as a carbon source for growth metabolism.
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Figure 4.10 Growth monitoring of methanol induced cultures of native TAm strains PpTAm107, PpTAm677, PpTAm410
and the wild-type strain GS115. Cultures were maintained for 48 hours and monitoring by OD600 measurement. A)
Induced cultures in BMMY media with 0.5% methanol. B) Un-induced cultures in BMMY media with 0% methanol. Data
are the means of two independent reactions ±SD.
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4.5 Determination of transaminase activity in whole-cell P. pastoris recombinant

strains overexpressing native transaminases

The biocatalytic potential of native transaminases KpTam III.1a, KpTam III.1b and KpTam III.2a to

carry out the second reaction of the de novo pathway for the production of a chiral amino alcohol,

was evaluated by assessing the transaminase activity of these strains toward the reaction model of

Figure 4.11, where the transfer of an amine functionality between an amine and a ketone acceptor

is catalysed. In specific, for the characterisation of the P. pastoris native TAms, the compound used

as amino donor was methylbenzylamine (MBA) producing acetophenone (ACP) and 2-amino-2,3,4-

butanetriol (ABT).

Figure 4.11 Model reaction scheme of the transaminase reaction where an amino group is transferred to a carbonyl
group. Figure adapted from Rios-Solis (2012).

As detailed in section 2.9.1, biotransformations were performed in glass vials with a screw cap, in

which evaporation of volatile components, such as ACP was overcome. Cells for biotransformation

were previously incubated for induction with 0.5% (v/v) methanol, and in parallel, with 0% (v/v)

methanol, in order to include an un-induced activity control. The reaction was first incubated with

pyridoxal phosphate (PLP) as cofactor to activate the enzyme. Then, a substrate solution was

added to begin the biotransformation with MBA 10 mM and ERY 30 mM, which was monitored for

24 hours, taking samples at several time intervals for further HPLC analysis. To monitor the

electrochemical detection of MBA substrate and ACP product, an HPLC method previously

reported (Kaulmann et al., 2007; Villegas-Torres et al., 2015) was replicated (method in section

2.10). Quantification of both compounds was achievable following separation on a single C18

column and by UV detection. According to the reaction of Figure 4.11, it was expected that the
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measured decline in MBA during the catalysis corresponds to the formation of ACP for

stoichiometry.

As a manner of positive control, Figure 4.12 shows the performance for the schematized reaction

from Figure 4.11, catalysed by the ω-TAm CV2025 from C. violaceum, expressed in E. coli DE3

(details in materials and methods section 2.1.1). As it was mentioned before (Chapter 1 and

Chapter 3), this strain has successfully converted MBA almost completely to ACP by Kaulmann et

al. (2007); and Rios-Solis et al. (2011) reported activity of the same E. coli strain toward ERY and

using MBA as donor, achieving 92% yield (mol/mol) in 30 hours of reaction. Consistently to these

reported results, the control reaction showed in Figure 4.12 (B Left) consumed MBA and produced

the equivalent amount of ACP, as it was expected for stoichiometry. In 24 hours, the reaction

accomplished 90% yield (mol/mol) validating the methods used for biotransformation and HPLC

quantification.

Figure 4.12 Transaminase activity control toward erythrulose (ERY) with E. coli DE3 expressing CV2025 transaminase
from C. violaceum. Activity was evaluated by MBA consumption and ACP production. Left: IPTG Induced culture and
Right: Un-induced cultures. A) E. coli parental strain. B) E. coli harbouring plasmid pQR801 expressing CV2025 TAm. Error
bars indicate standard deviation between two biological repeats of the experiment.
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For P. pastoris strains, the parental GS115 was incubated under biotransformation conditions

(method in section 2.9.1) to evaluate a potential background of the wild-type for this reaction,

considering that the cloned TAms are also naturally present in the genome of the parental strain.

Figure 4.13.A shows this exploration with GS115, where no MBA consumption or ACP production

was reported. As expected, the native transaminases in the parental strain have no activity, since

their transcriptions are not induced by methanol. Regarding there is no wild-type background for

this reaction, any ACP production generated by the TAm recombinant P. pastoris strains could be

attributed to activity of the induced native transaminase. However, in the same Figure 4.13 (B, C

and D) has been plotted the evolution of biotransformation catalysed by the three TAm

recombinant strains (ERY as amino acceptor), showing in all the cases no transaminase activity

toward this substrate, as no ACP production or MBA consumption was detected.
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Figure 4.13 Transaminase activity investigation towards erythrulose (ERY) in P. pastoris GS115 wild-type and P.
pastoris native TAm over-expressor strains. Activity was evaluated by MBA consumption and ACP production. Left:
Induced cultures (0.5% methanol) and Right: Un-induced cultures (0% methanol). A) GS115 parental strain. B) PpTAm107
strain. C) PpTAm677 strain. D) PpTAm410 strain. Error bars indicate standard deviation between two biological repeats
of the experiment.
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Given the results obtained for ERY activity with the P. pastoris native TAm strains, pyruvate (PYR)

was also tested as substrate, as it has been demonstrated to be a successful acceptor for the

amino group of MBA (Kaulmann et al., 2007; Rios-Solis et al., 2011). The reaction was run with

MBA 10 mM and PYR 30 mM, in the same conditions than with ERY. The results of this reaction are

presented in Figure 4.14. As expected, no background was generated for the GS115 parental strain

(Figure 4.14.A), but also once more, no transaminase activity was showed by any of the three P.

pastoris native TAm strains toward substrate PYR (Figure 4.14.B, C and D).
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Figure 4.14 Transaminase activity investigation towards pyruvate (PYR) in P. pastoris GS115 wild-type and P. pastoris
native TAm over-expressor strains. Activity was evaluated by MBA consumption and ACP production. Left: Induced
cultures (0.5% methanol) and Right: Un-induced cultures (0% methanol). A) GS115 parental strain. B) PpTAm107 strain.
C) PpTAm677 strain. D) PpTAm410 strain. Error bars indicate standard deviation between two biological repeats of the
experiment.
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After the bioinformatic study presented in Chapter 3, it was expected to obtain transaminase

activity from any of the three strains overexpressing the confirmed Class III transaminases

(PpTAm107, PpTAm677 and PpTAm410), and moreover from the engineered P. pastoris strain

PpTAm410, due to the in silico study predicted it as the most likely to be ω-type.

Despite that, this hypothesis cannot be confirmed given the activity results, still, it is possible that

these transaminases are Class III but do not pertain to the sub-class ω-TAm, which is the specific

sub-group of transaminases that have shown high activity and stability to an amplitude of

substrate and conditions.

Although the activity results presented in this chapter were unexpected; they are not conclusive

about the characterisation of these transaminases, as it is possible that they exhibit affinity for

other compounds; so that a substrate spectra test can be addressed as a future work.

4.6 Conclusions

This chapter describes the successful generation of three P. pastoris recombinant strains, each of

them for whole-cell activity of the native transaminases previously selected (Chapter 3) as

candidates for the synthesis of the chiral amino alcohol ABT. Also, in this chapter, these three P.

pastoris enzymes were for the first time experimentally explored on their transaminase activity,

contributing with a deeper understanding of these enzymes.

Achievements and conclusions of this chapter are:

- The Class III transaminases KpTam III.1a, KpTam III.1b and KpTam III.2a were successfully

isolated from P. pastoris GS115 genome and EcoRI-flanked by PCR amplification. P. pastoris

native transaminases were sub-cloned into vector pAO815 for the generation of

transformation plasmids p8TAm107, p8TAm677 and p8TAm410 (diagrams in Appendix D).

Appropriate ligations between EcoRI-digested pAO815 and EcoRI-digested TAm fragments

were corroborated by restriction enzyme digestions, specially selected to inform about the

direction of the ligated fragment. The final sequences of constructed plasmids were confirmed

by sequencing.

- Individually, the three plasmids were transformed by electroporation into P. pastoris GS115

competent cells, generating native transaminase strains PpTAm107, PpTAm677 and
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PpTAm410. The integration into the P. pastoris genome was driven by homologous

recombination of the HIS4 gene of the linearized plasmids with the his4 locus of the host strain

located in the chromosome 1. The Mut+ phenotype of transformants was confirmed by a grid

test that allowed growth monitoring in a methanol supplemented media. Finally, a PCR

screening was performed to ratify the native TAms integrated into the recombinant P. pastoris

genome under the AOX1 promotor control.

- The three constructed strains were subjected to a functional assay to assess the transaminase

activity with two different substrates (erythrulose and pyruvate) as amino acceptor of the

transamination with MBA. Toward both substrates, the native TAms showed no activity above

the GS115 background, being not possible to experimentally confirm the classification given to

them by the genomic data mining.

- Given the activity results of the P. pastoris TAm recombinant strains, these enzymes need

more investigation before to approve or refute the hypothesis that they can be adequate

candidates for the catalysis of a chiral amino alcohol like ABT. However, the data presented in

this chapter accomplishes with the aim to provide insights about the activity of these

unreviewed enzymes, and therefore, for the understanding of P. pastoris biology and

metabolism.

- Further substrate screening can be performed as future work and also, transcription and

expression confirmation may be informative, however given these are native genes, it is

unlikely they are toxic and therefore repressed. Another useful future step to consider is the

sequencing of the TAm ORFs integrated into the genome of the final P. pastoris selected

clones, in order to investigate the presence of possible mutations that might affect the

structure of the recombinant enzymes and therefore, their activity levels.
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5 CONSTRUCTION AND GROWTH PERFORMANCE OF P. PASTORIS

STRAINS FOR TAM EXPRESSION AND TK-TAM CO-EXPRESSION

5.1 Introduction

Transaminase CV2025 from C. violaceum has been extensively proved in E. coli for the successful

production of ABT in the presence of several substrates (Kaulmann et al., 2007; Rios-Solis et al.,

2011; Villegas-Torres et al., 2015), as it was detailed in the Introduction (Chapter 1). The present

project aims to explore the transaminase performance of CV2025 in an engineered P. pastoris

strain as a whole-cell chassis. In the present chapter is described the construction of plasmid

p8TAmCV708 for the expression of CV2025 in P. pastoris, and the generation of the recombinant

strain PpTAmCV708 integrating this plasmid under the control of AOX1 promoter.

On the other hand, a P. pastoris strain overexpressing a native transketolase was previously

evaluated as a whole-cell biocatalyst for the production of L-erythrulose, achieving high space-

time yield and confirming the advantages of P. pastoris as a high cell density platform (Wei et al.,

2017). Building on these achievements, this project aims to engineer a P. pastoris strain to

perform the designed de novo pathway for production of ABT. This pathway can be enhanced if

two reactions, catalysed by a transaminase and a transketolase, can be achieved by a single whole-

cell biocatalyst, to facilitate the required synthetic sequence. In this chapter, the construction of

plasmid p8TAmTK16 for co-expression of transaminase CV2025 and the native transketolase

studied by Wei et al. (2017) is described, as well as the generation of the novel P. pastoris strain

PpTAm-TK16 for expression of this plasmid.

Considering that Wei et al. (2017) reported a better growth performance of the engineered TK

overexpressor P. pastoris strain than the parental GS115, in this chapter shake flask cultivation

under methanol induction of PpTAmCV708 strain was performed to explore if CV2025 expression

compromises the growth performance of this strain, evaluating also the methanol tolerance at

different concentrations.

Finally, in this chapter has been successfully addressed the generation of high cell densities of the

constructed PpTAmCV708 and PpTAm-TK16 strains, achieved by cultivation in 1 L bioreactor,
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exploiting in this way the P. pastoris ability to grow to high biomass and, in consequence, to

produce significant levels of recombinant enzymes per volume.

5.2 Construction of plasmid p8TAmCV708 for expression of CV2025 transaminase

Analogously to the native transaminases cloning exposed in Chapter 4, sub-cloning of CV2025

gene into the expression vector pAO815 (details in section 2.1.3), was carried out following the

procedure provided by the manual for the Multi-Copy Pichia Expression Kit (Invitrogen, 2010). The

strategy for the plasmid construction, once more consisted in the ligation between the EcoRI-

linearized pAO815 and the EcoRI-flanked CV2025 gene. Figure 5.1 shows a diagram schematizing

the p8TAmCV708 construction strategy.

Figure 5.1 Flow sheet for cloning of CV2025 transaminase gene for the generation of p8TAmCV708 plasmid. Gene
CV2025 was codon optimized and synthetized by GenScript in vector pUC57. PCR amplification introducing EcoRI sites
was performed to CV2025 fragment. Ligation between plasmid and fragment was non-directional; therefore it could be
generated both, p8TAmCV708 plasmid with a correct insert orientation and a plasmid with a wrong direction of
insertion.
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CV2025 gene was P. pastoris codon optimized and synthesized by GenScript (USA) and used as

template for PCR amplification introducing EcoRI flanking sites. With this purpose, primers

CV2025FWD, CV2025REV were designed (details in Appendix B) and a successful amplification was

carried out following the method detailed in section 2.8.2.2. Figure 5.2 shows a scheme of PCR

primers and the electrophoresis gel with the amplified CV2025 fragment.

Figure 5.2 Successful PCR amplification of CV2025 transaminase from C. violaceum. Lane 1: Amplification of a positive
control for testing the efficiency of PCR reagents. Lane 2: Amplification of the EcoRI-flanked CV2025 gene from the stock
synthesized by GenScript (1.4 kb). Lane 3: Amplification of the EcoRI-flanked CV2025 gene from the stock synthesized by
GenScript, dilution 1/100 (1.4 kb). Lane 4: PCR with no template as control to confirm no contamination (no bands
expected).

After EcoRI-flanked CV2025 amplification, and following the method explained in section 2.8.2.2,

the PCR product was EcoRI digested and then purified (kit protocol in section 2.7.5) as preparation

for further ligation reaction.

Regarding plasmid preparation, section 2.8.1.1 describes how pAO815 was obtained and treated

previously to ligation, which in brief implied EcoRI linearization, dephosphorylation step to prevent

re-ligation, and a final purification, all performed to generate enough stock for ligations between

pAO815 and the native transaminases (Chapter 4), and for the current ligation (CV2025-pAO815).
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The ligation between the 1.4 kb CV2025 insert and 7.7 kb pAO815 backbone, and transformation

of E. coli strain were performed as described in section 2.8.3. In brief, an amount of 50 ng of the

vector was incubated with one-fold molar (1:1) and three-fold molar (3:1) excess of the purified

TAm insert, and then cultured in LB-ampicillin agar plates for selection of transformant colonies

with antibiotic resistance. Like the procedure used in the cloning of the native TAms (Chapter 4),

several controls were also included in this case, in order to allow the effective selection of

transformants. The method and rationale for interpretation of control results are presented in

section 2.8.4, and the results obtained for this ligation and control reactions are presented in

Table 5.1.

In Table 5.1 it can be seen and compared the number of colonies obtained for all the transformant

plates. Plates F and G correspond to ligations between insert and backbone in a molar ratio 1:1

and 3:1, respectively. Both plates showed an efficient ligation and, as predicted, plate G registered

three fold colonies than plate F because of the fragment molar excess.

Regarding the number of colonies obtained in the backbone control plates (A, B, C, D and E), the

analysis presented in section 4.2 is entirely valid also for this case, since  the stock of  digested and

dephosphorylated pAO815 used in the native transaminases ligations was the same used in the

CV2025 ligations. In summary, the number of colonies obtained with control plates accomplished

the expected tendency explained in section 2.8.4 (Figure 2.2), and effectively informed about an

appropriate transformation procedure, the viability of competent bacterial cells, and the proper

effect of the ligation reagents.
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Table 5.1 Successful ligation and E. coli transformation results for the construction of plasmid p8TAmCV708. The table
includes the components of ligation-transformation for transformation and control plates.

After bacterial transformation, the orientation of the fragment insertion needed to be determined

for which a strategy was designed based on the methodology explained in section 2.8.5. It

consisted in SphI digestion of miniprep extracted from several transformant colonies. The size of

the fragments obtained after these digestions informed about the orientation of the insertion. A

schematic representation of the strategy can be found in Figure 5.3 (Left), along with visualization

in agarose gel of the digested fragments obtained from ten candidates (Figure 5.3 Right), from

which five clones were confirmed with a correct orientation (3.7 and 5.4 kb bands).
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Figure 5.3 p8TAmCV708 expression vector construction and strategy for confirmation of CV2025 insert orientation.
Above: scheme for digestion strategy with SphI enzyme. Below: agarose gel with ten candidates digested with SphI
enzyme pointing five candidates with correct direction insertion and five with incorrect orientation.

As a final confirmation of insertion orientation, two correct clones were sent to DNA sequencing to

Source BioScience (preparation of sample detailed in section 2.7.7). Sequencing results

corroborating the identity of both clones of the constructed plasmid p8TAmCV708 (9,119 bp) can

be found in repository of Figshare (https://figshare.com/s/62d43bc2d52b3dc71f3a). Figure 5.4

shows primers for sequencing, Appendix B shows details of these primers, and Appendix D shows

a diagram for the constructed plasmid.
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Figure 5.4 Sequencing of the constructed plasmid p8TAmCV708 integrating CV2025 gene into vector pAO815. Details
of primers are presented in Appendix B and sequencing files can be found in the repository of Figshare
(https://figshare.com/s/62d43bc2d52b3dc71f3a).

5.3 Generation of P. pastoris recombinant strain PpTAmCV708

P. pastoris transformation with plasmid p8TAmCV708 was carried out to generate strain

PpTAmCV708 overexpressing transaminase CV2025.

Such as all the strains generated in this project, PpTAmCV708 was cloned following the procedure

to obtain a Mut+ phenotype (section 2.8.6) in order to generate a strain capable to grow as fast as

possible during the methanol induction phase, and therefore, to achieve enough biocatalyst for

high density biomass investigations.

Regarding this, the linearization of p8TAmCV708 previous to P. pastoris transformation, was

performed by SalI, which site is located in the HIS4 gene (digestion settings in section 2.8.6). The

ends generated with this linearization stimulated a homologous recombination with the his4 locus

from the genome of P. pastoris, allowing the integration of the cloning material into the genome

of the host cell and therefore, the stability of the recombinant expression in P. pastoris

transformants. Because this integration generated a recombinant strain with an active AOX1 gene,

the final phenotype of PpTAmCV708 was Mut+ phenotype.

Competent GS115 cells were prepared (description in section 2.8.7), and transformation with the

linearized plasmid was performed by the electroporation method (description in section 2.8.8).

Transformants were selected by their ability to grow in plates with agar media with no addition of



123

histidine (Minimal Dextrose Media, MD). Figure 5.5 shows individual colonies successfully

obtained with three different volumes of transformation reaction (100, 200 and 500 µL). A

negative control was also included with competent cells that were transformed with only water

instead of linearized p8TAmCV708. As expected, the control showed no growth since the parental

strain is auxotrophic for histidine.

Figure 5.5 Minimal dextrose media plates with P. pastoris competent cells effectively transformed with CV2025
transaminase plasmid. Transformations were performed with SalI-digested p8TAmCV708 plasmid generating strain
PpTAmCV708 (HIS4 Mut+). Three different volumes of transformation reaction (100, 200 and 500 µL) were streaked in
order to obtain appropriate dilution for individual colonies growth.

From the transformation MD plates, HIS4 colonies were picked for confirmation of their Mut+

phenotype following the methodology detailed in section 2.8.9. By monitoring and comparing the

growths of PpTAmCV708 colonies, GS115 β-Gal colonies (control strain for Mut+ performance),

and GS115 HSA colonies (control strain for MutS performance) in plates with dextrose (MD) and

methanol (MM), PpTAmCV708 Mut+ phenotype was confirmed. As it is shown in Figure 5.6,

PpTAmCV708 transformants grew on methanol (MM plate) almost at the same rate than the Mut+

control strain β-Gal (four crosses in the bottom of the highlighted central rectangle), and

considerably faster than the MutS control strain HSA (four crosses in the top of the highlighted

central rectangle). With this, it was demonstrated that the phenotype of the transformants was
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Mut+. Additionally, an analysis of growth on dextrose (MD plate) for all the crosses on the plate,

revealed no significant differences, also confirming the influence that methanol had on the slow

growth of HAS crosses on the MM plate.

Figure 5.6 Methanol utilization phenotype confirmation for P. pastoris Mut+ transformant strain for CV2025
expression. Left: Graphic representation of the PpTAmCV708 growth during five days of incubation on methanol grid
plate, in comparison with the two control strains. Growth quantification was done assigning a score from one to five to
the different levels of growth during the five days of incubation in the grid plates (details of this methodology in section
2.8.9). Right: Grid plates at the 5th day of incubation on Minimal Dextrose medium (MD) and Minimal Methanol medium
(MM) showing the growth of more than 40 colonies of PpTAmCV708. Each plate has been patched in the centre
(highlighted) with four colonies of GS115-HAS (MutS control strain) in the upper line, and four of BGAL (Mut+ control
strain) at the bottom line.

From PpTAmCV708 Mut+ confirmed crosses, six were picked and re-streaked on fresh MD plates

for the generation of a provisory glycerol stock. For confirmation of integration of CV2025 gene

into P. pastoris genome, an analysis by PCR was performed to these six glycerol stocks. It was

carried out according to the methodology described in section 2.8.10, and it aimed to amplify the

CV2025 gene from the extracted genome of a clone. Primers used for PCR amplification are

schematized in Figure 5.7 , and their sequences and details are presented in Appendix B. As shown

in Figure 5.7.A two set of primers combinations (X and Y) were used for amplification of the six
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clones. The first pair amplified a fragment from the 5’ AOX1 promotor to the end of the CV2025

gene, while the other pair amplified from the beginning of the CV2025 gene to the 3’AOX1

transcription terminator. The agarose gel also included in Figure 5.7B showed the successful

amplification of the expected fragments for the six selected HIS4 Mut+ clones (bands 1.5 kb),

confirming the integration of CV2025 downstream AOX1 promotor and upstream AOX1 terminator

in the generated P. pastoris PpTAmCV708 strain. For the control, the primers combination X and Y

were also used for PCR amplification with the extracted genome of the wild-type GS115 as

template. With this control, it was expected to amplify no bands since the heterologous CV2025

gene is not part of P. pastoris genome. Figure 5.7.C shows a diagram with this control strategy, and

Figure 5.7.D shows an agarose gel visualizing the amplification of no bands from the template

GS115 with both set of primers (Lane 2 and 4).
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Figure 5.7 PCR strategy confirming CV2025 TAm insertion into the genome of six clones of P. pastoris recombinant
strain PpTAmCV708. A) Diagram of PCR amplification of PpTAmCV708 clones with primers combination X and Y. B)
Agarose gel for amplification of six PpTAmCV708 clones carried out with primers combination X and Y. All the expected
fragments (size 1.5 kb) were amplified successfully, confirming a correct integration of TAm CV2025. C) Diagram of PCR
amplification of GS115 wild-type strain with primers combination X and Y. D) Agarose gel for amplification of Lane 1:
PpTAmCV708 clone 1, using primers combination X (expected band 1.5 kb), Lane 2: GS115 strain using primers
combination X (no expected bands), Lane 3: PpTAmCV708 clone 1, using primers combination Y (expected band 1.5 kb),
and Lane 4: GS115 strain using primers combination Y (no expected bands).
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As in the case of native transaminases cloning, after the PCR confirmation of insertion, three

proved clones (clone 2, 4 and 6) were cultured in a 50 mL conical centrifuge tube with 10 mL

BMGY (buffered glycerol-complex medium) to compare and select one clone with the best growth

performance. The growth profile of the tested clones on BMGY is presented in Figure 5.8. Once

again, no significant differences were registered among clones; therefore, clone 2 was randomly

selected and a definitive glycerol stock was prepared for further activity analysis.

Figure 5.8 Growth performance investigation for the selection of a unique P. pastoris PpTAmCV708 clone. Three
clones were incubated for 24 hours at 37 °C and 250 rpm, in a 50 mL conical centrifuge tube with 10 mL buffered
glycerol-complex medium (BMGY). Error bars indicate standard deviation between two biological repeats of the
experiment.

5.4 Construction of plasmid p8TAm-TK16 for expression of CV2025 transaminase and

TK151 transketolase

For the simultaneous activity of a native transketolase and the transaminase CV2025, plasmid

p8TAm-TK16 was constructed according the cloning strategy presented in Figure 5.9. Unlike

previous cloning performed in this project, the strategy in this case implies the manipulation of

two expression cassettes by multiple insert integration technique, which bases were explained in
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section 1.3.4. A whole expression cassette, including the AOX1 promotor and the TK gene

(expression cassette 2 in Figure 5.9), was inserted into a plasmid which already has an expression

cassette on it (expression cassette 1 in Figure 5.9). The parental vector used for this cloning was

the constructed p8TAmCV708 (construction details in section 5.2), which already contains the

CV2025 gene downstream its own AOX1 promotor. In this manner, the TAm-TK plasmid was

constructed by a double insertion; first, the TAm CV2025, and then, the native TK, both subjected

to their own pAOX1. To accomplish this strategy, the linearization of the plasmid p8TAmCV708

was carried out in the unique BamHI site, downstream of the expression cassette 1. The

expression cassette 2 was cut-flanked by BglII and BamHI sites, and the ligation with BamHI-

linearized plasmid p8TAmCV708 was possible due the complementary terminations (explanation

in section 1.3.4). Once more, the ligation reaction was non-directional; therefore orientation of

insertion of expression cassette 2 required further confirmation previous to P. pastoris

transformation.
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Figure 5.9 Flow sheet for cloning of p8TAm-TK16 plasmid for expression of CV2025 and TK151 genes. The expression
cassette 2 containing a native TK was inserted into the previously constructed plasmid p8TAmCV708 for the generation
of a dual plasmid. A site directed mutagenesis was performed to native TK150 for BglII removal, generating TK151
sequence. Ligation between plasmid and fragment was non-directional; therefore it could be generated both, p8TAm-
TK16 plasmid with a correct insert orientation, and a plasmid with a wrong direction of insertion.
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Native transketolase TK150 encoding for the enzyme PAS_chr1-4_0150 (accession number

CAY67980.1) was recently isolated from P. pastoris GS115 genome by Wei et al. (2017). Plasmid

p8TK150 corresponding to native transketolase TK150 sub-cloned into vector pAO815 was

provided by Dr. Darren Nesbeth from the Department of Biochemical Engineering, University

College London (Wei et al., 2017). A diagram of expression vector p8TK150 is presented in

Appendix D. An analysis of the sequence TK150 showed the presence of a BglII site which, as

mentioned before, is one of the restriction sites used to release the expression cassette 2. Due to

this, a site directed mutagenesis was performed to plasmid p8TK150 to generate the new plasmid

p8TK151, in which BglII site has been removed from TK150 to make able the cloning of the

modified TK151 sequence.

Site directed mutagenesis was performed according to the method presented in section 2.8.2.

Sequences of primers designed with this purpose (FTK150sdm and TK150sdmR) are presented in

Appendix B, and Figure 5.10 shows the design of these primers. As it can be seen in this figure,

mismatches were introduced (highlighted in red) replacing the BglII sequence (highlighted in

green) by a silent mutation which maintains the aminoacid sequence.

Figure 5.10 Primers design for site directed mutagenesis of TK150 gene generating TK151 gene. The figure shows the
introduction of mismatches to TK150 sequence for BglII removal. Green highlights show BglII site and red highlights
show the introduced mismatches by primers.
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PCR amplification to carry out the mutagenesis and E. coli transformation were performed

according to methodology presented in section 2.8.2.3. After transformation, individual colonies

were selected, plasmidic DNA isolated and the identity of p8TK151 plasmid was corroborated by

single digestions (details in section 2.8.2.3). Finally, three mutants were sent for sequencing with

primers designed with this purpose, as schematized in Figure 5.11, and the successful integration

of TK151 and the introduction of the desired mutation were corroborated (Sequencing files in the

repository of Figshare (https://figshare.com/s/5473e1454b4f8ef5ab3e)).

Figure 5.11 Primers for sequencing of p8TK151 plasmid. Primers were designed to corroborate successful integration of
TK151 sequence and introduction of mutations removing BglII site. Details of primers are presented in Appendix B and
sequencing files can be found in the repository of Figshare (https://figshare.com/s/5473e1454b4f8ef5ab3e).

From a confirmed p8TK151 stock, expression cassette was obtained by a double digestion with

BamHI and BglII (method in section 2.8.2.3) according to the cloning strategy established in Figure

5.9, and a gel extraction was performed to obtain the purified expression cassette for further

ligation. On the other hand, the BamHI-linearization, CIP dephosphorylation and purification of

p8TAmCV708 plasmid, were performed in preparation for ligation as described in section 2.8.1.2.

Prior to ligation, an agarose gel was run to visualize the expression cassette containing the TK151

insert and the prepared p8TAmCV708 plasmid (Figure 5.12).
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Figure 5.12 Agarose gel showing the p8TAmCV708 plasmid and TK151 gene prior their ligation to generate p8TAm-
TK16 plasmid. A) Expression vector p8TAmCV708 containing expression cassette with TAm CV2025 under the AOX1
promotor and digested in BamHI site. B) Expression vector p8TK151 digested with BglII and BamHI to release the
expression cassette containing transketolase TK151 under the AOX1 promotor. C) Agarose gel showing uncut
p8TAmCV708 plasmid (Lane 1), BamHI-linearized p8TAmCV708 plasmid (Lane 2) and TK151 expression cassette released
from digested plasmid p8TK151 (Lane 3).

Ligation between 3.3 kb TK151 expression cassette and linearized 9.1 kb p8TAmCV708 backbone,

and transformation of E. coli strain were performed such described in section 2.8.3. In brief, an

amount of 50 ng of the vector was incubated with one-fold molar (1:1) and three-fold molar (3:1)

excess of the purified insert, and then cultured in LB-ampicillin agar plates for selection of

transformant colonies with antibiotic resistance. Once more, several controls were also included in

order to allow the effective selection of transformants. The method and rationale for

interpretation of control results are presented in section 2.8.4, and the results obtained for this

ligation and control reactions are presented in Table 5.2.
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Table 5.2 Successful ligation and E. coli transformation results for the construction of plasmid p8TAm-TK16. The table
includes the components of ligation-transformation for control and transformation plates.

In Table 5.2 it can be seen and compare the number of colonies obtained for all the transformant

plates. Plates F and G correspond to ligations between insert and fragment in a molar ratio 1:1 and

3:1, respectively. Both plates showed an efficient ligation and, as predicted, plate G (113 colonies)

registered more colonies than plate F (90 colonies) because of the fragment molar excess.

Regarding the number of colonies obtained in the backbone control plates (A, B, C, D and E) the

expected tendency of growth explained in section 2.8.4 (Figure 2.2) was accomplished. Plate A,

corresponding to the uncut parental vector, reached the highest number of colonies (>500

colonies). Plate C was the second control plate with more colonies (300 colonies). In this case, the

digested vector in presence of the ligase enzyme was recircularized allowing the colonies to grow.

Transformation in plate B (93 colonies) was performed with the same digested vector than in plate

C but with no addition of ligase, therefore, less religated colonies were expected, either due to

spontaneous religation or to incomplete plasmid digestion previous ligation. Such as plate B and C,

plate D corresponded to digested plasmid, but no ligase enzyme was added in this case and a

dephosphorylation step was performed to the vector. This was the plate with less expected

colonies (5 colonies) since the probability of recircularization was diminished respect to non-

dephosphorylated plasmid (plate B). Control plate E corresponded to the same ligation reaction

than plate D, but with addition of ligase, therefore more colonies than in plate D were obtained

(12 colonies). Summarily, the number of colonies obtained with control plates accomplished the
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expected tendency and effectively informed about an appropriate transformation procedure, the

viability of competent bacterial cells, and the proper effect of the ligation reagents.

After bacterial transformation, several colonies were picked from ligation plates, a provisory

glycerol stock from each colony was prepared, plasmid DNA was extracted and digestions with SalI

enzyme were performed in order to confirm the orientation of insertion into the new plasmid

p8TAm-TK16 following the methodology explained in section 2.8.5. As shown in Figure 5.13, ten

candidates were SalI-digested and the two expected bands of 3.9 and 8.5 kb were obtained in

three cases.

Figure 5.13 Orientation confirmation of TK151 insert into p8TAm-TK16 plasmid. Above: scheme for digestion strategy
with SalI enzyme. Below: agarose gel with ten candidates digested with SalI enzyme pointing three candidates with
correct direction insertions and seven with incorrect orientation.
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A definitive glycerol stock and maxiprep were prepared from one of the confirmed candidate and

Appendix D shows a diagram for the constructed plasmid p8TAm-TK16 (12,461 bp).

5.5 Generation of P. pastoris recombinant strain PpTAm-TK16

Construction of P. pastoris strain for the simultaneous activity of transaminase CV2025 and

transketolase TK151 was performed by transforming electro-competent cells with StuI-linearized

p8TAm-TK16 plasmid. Alike the other recombinant strains generated during this project, the

linearization of the plasmid was performed in the HIS4 gene in order to trigger a homologous

recombination with the his4 loci of the competent GS115 strain and thus, the integration in P.

pastoris genome. This procedure, explained in section 2.8.6, seeks the generation of a Mut+

phenotype strain, since the single crossover that has place between the plasmid and the host

genome does not interrupt the sequence of AOX1 loci, which remains active for transcription of

AOX1 gene.

Settings for digestion with StuI enzyme are detailed in section 2.8.6, preparation method of P.

pastoris GS115 competent cells is presented in section 2.8.7 and electroporation method carried

out for transformation is detailed in section 2.8.8.

Transformants grew in agar media with no addition of histidine (Minimal Dextrose Media, MD)

due to the HIS4 genotype taken from the recombination with the HIS4 gene of the p8TAmCV708

plasmid. Figure 5.14 shows individual colonies successfully obtained with three different volumes

of transformation reaction (100, 300 and 500 µL), and a negative control with competent cells that

were transformed with only water instead of linearized p8TAmCV708. As expected, control plates

showed no growth since the parental strain is auxotrophic for histidine.
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Figure 5.14 Minimal dextrose media plates with P. pastoris competent cells effectively transformed with p8TAm-TK16
plasmid. Transformations were performed with StuI-digested p8TAm-TK16 plasmid generating strain PpTAm-TK16 (HIS4
Mut+). Three different volumes of transformation reaction (100, 200 and 500 µL) were streaked in order to obtain
appropriate dilution for individual colonies growth.

From transformation MD plates, HIS4 colonies were picked for confirmation of their Mut+

phenotype following the methodology detailed in section 2.8.9. PpTAm-TK16 Mut+ phenotype was

confirmed by growth monitoring of transformant colonies and two other control strains with

known phenotypes. GS115 β-Gal strain was used as control for Mut+ phenotype, while GS115 HSA

strain was used as control for MutS phenotype. Growth comparison was performed on plates with

dextrose (MD) and plates with methanol (MM) for contrasting the performance of these three

strains in presence of a carbon source different than methanol and under induction conditions.

Figure 5.15 shows the resultant plates after five days of incubation. As it can be seen in this figure,

17 colonies of HSA strain were patched on the top half of a plate, while 17 colonies of β-Gal strain

were patched on the bottom half of the same plate. As expected, all colonies from control strains

grew at the same rate on MD plate, showing no differences growing on dextrose supplementation.

At contrary, on MM plate GS115 HSA strain (MutS) noticeable grew slower than GS115 β-Gal strain

(Mut+). On the other hand, more than 40 colonies of PpTAm-TK16 strain were patched. In general,

transformant colonies in MD and MM plates grew at the same rate, similar to GS115 β-Gal

colonies, demonstrating the Mu+ phenotype of transformants. A few transformant colonies

showed a slower growth than most of the PpTAm-TK16 plate, but this was not conclusive

regarding phenotype since this unexpected growth had place both in MD and MM plate. All in all,
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the graphic representation of the general growth during the five days (showed in Figure 5.15 Left),

confirmed the Mut+ phenotype of the PpTAm-TK16 strain.

Figure 5.15 Methanol utilization phenotype confirmation for P. pastoris Mut+ transformant strain for CV2025 and
TK151 expression. Left: Graphic representation of the PpTAmCV708 growth during five days of incubation on methanol
grid plate, in comparison with the two control strains. Growth quantification was done assigning a score from one to five
to the different levels of growth during the five days of incubation in the grid plates (details of this methodology in
section 2.8.9).  Right: Grid plates at the 5th day of incubation on Minimal Dextrose medium (MD) and Minimal Methanol
medium (MM) showing growth of 17 colonies of GS115 HSA (MutS control strain), 17 colonies of GS115 BGAL (Mut+
control strain) and more than 40 colonies of PpTAm-TK16.

After the grid test analysis, provisory glycerol stock was generated from six PpTAm-TK16 Mut+

confirmed crosses and analysis of integration by PCR was performed, according to methodology

described in section 2.8.10. For confirmation of integration of CV2025 and TK151 genes into P.

pastoris genome, PCR was performed to the six candidates using primers for annealing to these

gene sequences, amplifying bands of expected sizes as shown in Figure 5.16. Three set of primers

(primers combination X and Y and Z) were used for PCR with the extracted genome of the six

PpTAm-TK16 candidates as template. Primer sequences are presented in Appendix B. The first

primers combination (X) successfully amplified a 1.5 kb fragment from the 5’ AOX1 promotor to

the end of the CV2025 gene from the six candidates. The second pair of primers combination (Y)

successfully amplified a 1.7 kb fragment from the middle of the TK151 sequence to the 3’AOX1
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transcription terminator. Because this second PCR also showed the amplification of an unexpected

band (0.9 kb) for all the candidates, it was included the third primers combination Z, which

successfully amplified the expected 4.8 kb band from two candidates out of six (clone 2 and 5).

These last primers aimed to amplify a fragment comprised of part of CV2025 and TK151 sequences

as corroboration of both gene insertions. As a manner of control, the three combinations of

primers were also used for PCR amplification with the extracted genome of the wild-type GS115 as

template, and as expected, Figure 5.16.D shows that no bands were amplified from the parental

strain.
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Figure 5.16 PCR strategy confirming insertion of transaminase CV2025 and transketolase TK151 into the genome of P.
pastoris recombinant strain PpTAm-TK16. A) Diagram of PCR amplification of PpTAm-TK16 clones with primers
combination X, Y and Z. B) Agarose gels for amplification of six PpTAm-TK16 clones carried out with primers combination
X, Y and Z. Cloned 2 and 5 amplified successfully the expected bands with the three primers combinations confirming a
correct integration of TAm CV2025 and TK151. C) Diagram of PCR amplification of GS115 wild-type strain with primers
combination X, Y and Z. D) Agarose gels for amplification of Lane 1: PpTAm-TK16 clone 2, using primers combination X
(expected band 1.5 kb), Lane 2: PpTAm-TK16 clone 2, using primers combination Y (expected band 1.7 kb), Lane 3:
GS115 strain using primers combination X (no expected bands), Lane 4: GS115 strain using primers combination Y (no
expected bands), Lane 5: PpTAm-TK16 clone 2, using primers combination Z (expected band 1.8 kb). Lane 6: GS115 strain
using primers combination Z (no expected bands).
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Once PCR integration was confirmed for clone 2 and 5, both were cultured in a 50 mL conical

centrifuge tube with 10 mL buffered glycerol complex medium, BMGY (Figure 5.17), to compare

and select a unique clone with the best growth performance for glycerol stock preparation and

further activity analysis. Clone 2 was finally arbitrary selected, since both exhibited an almost

identical growth profile for the 24 hours of culturing.

Figure 5.17 Growth performance investigation for the selection of a unique P. pastoris PpTAm-TK16 clone. Two clones
were incubated for 24 hours at 37 °C and 250 rpm, in a 50 mL conical centrifuge tube with 10 mL buffered glycerol-
complex medium (BMGY). Error bars indicate standard deviation between three biological repeats of the experiment.

5.6 Growth performance of PpTAmCV708 and PpTAm-TK16 strains

5.6.1 Methanol tolerance of PpTAmCV708 strain from shake flask cultivation

Activity of CV2025 transaminase by PpTAmCV708 strain was evaluated in shake flask cultivation

following the methodology presented in section 2.5. First, cells were cultured in BMGY media, a

“mixed feed” containing glycerol as carbon source which allows biomass accumulation after 16-18

hours of incubation. After this, cells were harvested, washed to discard the remaining glycerol, and

then resuspended in a media with methanol (BMMY) for induction of the heterologous expression.
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Wei et al. (2017) showed that overexpression of a native transketolase increased metabolic flux in

a recombinant P. pastoris strain. Regarding this, it was evaluated the impact that transaminase

activity of CV2025 under methanol induction can have on the growth performance of

PpTAmCV708 strain. This strain was cultured and its OD600 was monitored for five days post-

induction, in comparison with the wild-type GS115 strain (Figure 5.18). Induction was triggered

with methanol at 0.5% v/v, concentration commonly reported in the literature for successful P.

pastoris induction (Invitrogen, 2002).

Figure 5.18 Tolerance to 0.5% v/v methanol of PpTAmCV708 strain from shake flask cultivation. Cultivation of wild-
type GS115 and PpTAmCV708 strains was carried out in shake flask during five days of induction with methanol 0.5%.
Both strains were first overnight cultivated in BMGY medium, and then induced in 1 L shake flasks with 200 mL of BMMY
medium (0.5% v/v methanol). 1 mL aliquots were removed at the indicated time points and OD600 measured. Error bars
indicate standard deviation between two biological repeats of the experiment.

As it is appreciated in Figure 5.18, shake flask performance of PpTAmCV708 was comparable to

that of the parental strain in the presence of 0.5% v/v methanol, being higher the optical density

achieved by PpTAmCV708 strain than GS115 strain until day three post-induction.
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Another PpTAmCV708 and GS115 shake flask cultures were performed with complex media

supplemented with methanol in concentrations of 0%, 0.5% and 5% v/v. Figure 5.19 shows that

both strains grew to a similar level in free-methanol media, and in presence of methanol 0.5% and

5% v/v, PpTAmCV708 strain showed a better performance than the wild-type. The highest

concentration of methanol (5% v/v), suppressed almost completely the growth of GS115 strain but

still enabled growth of PpTAmCV708, almost to the same rate than with 0.5% v/v until day three

post-induction. This suggests that CV2025 activity could enhance the methanol utilization pathway

in P. pastoris, increasing the methanol tolerance and therefore having a positive impact on the

growth. Although transaminases are not enzymes directly involved in the methanol metabolism, in

this case, it is clear that the production of the recombinant protein had a positive impact in the

metabolic flux of the strain. The mechanism that explains this is unclear, but since transaminases

are enzymes involved in the amino acid metabolism, an overexpression could have effect in this

pathway, as well as in the primary metabolism in general, including tricarboxylic acid cycle (TCA),

pentose phosphate pathway and methanol utilization pathway (Krainer et al., 2012).

On the other hand, for different hosts, it has been reported that overproduction of heterologous

proteins can affect the primary metabolism of the producing cells (Nocon et al., 2014). For

instance, overexpression of a recombinant enzyme in Aspergillus niger led to significant changes in

metabolic flux distribution (Driouch et al., 2012), and the same pattern of flux changes was

observed for Aspergillus oryzae overproducing α-amylase (Pedersen et al., 1999). An increased

TCA flux was also reported in a recombinant E. coli strain (Weber et al., 2002) and in CHO cells

during recombinant protein production (Sheikholeslami et al., 2013). In P. pastoris, recombinant

overexpression of heterologous proteins showed to increase TCA cycle flux, suggesting that the

regulatory plasticity of the yeast metabolism can direct fluxes towards what is needed for

recombinant protein production (Dragosits et al., 2009; Heyland et al., 2010; Nocon et al., 2014).
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Figure 5.19 Tolerance to different concentrations of methanol of PpTAmCV708 strains cultivated in shake flask. A) P.
pastoris GS115 wild-type strain. B) PpTAmCV708 strain. Cells were first overnight cultivated in BMGY, and then
resuspended for induction in a 1 L shake flasks with 200 mL of media supplemented with methanol to different v/v
percentages (0%, 0.5% and 5%). 1 mL aliquots were removed at the indicated time points and OD600 measured. Error
bars indicate standard deviation between two biological repeats of the experiment.
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5.6.2 Bioreactor cultivation to high cell density

P. pastoris has become a relevant platform for the production of recombinant proteins due to

many advantages in terms of genetic manipulation and robustness. For industrial applications, a

major merit of P. pastoris in comparison with other commonly used hosts is its ability to achieve

high biomass densities which can results in high levels of recombinant protein production, even

when low specific productivities are a boundary. As such, recombinant strains PpTAmCV708 and

PpTAm-TK16 were bioreactor cultivated for further determination of their transaminase activity at

high cell densities.

For this, bioreactor cultivations were performed in a 1 L Infors reactor following the methodology

described in section 2.6. In Figure 5.20 is detailed the growth profile observed during cultivation of

strain PpTAmCV708, and in Figure 5.21 of strain PpTAm-TK16. For both strains, samples were

taken at different time points, kept for activity analysis, and their OD600, WCW and DCW were

determined to plot Figure 5.20 and Figure 5.21.

The cultivation regime comprises three phases differentiated by their feed sources and rates. The

methanol induction corresponds to the third phase (Phase 3 in Figure 5.20 and Figure 5.21) and it

lasts for 48 hours, defining the end of the total cultivation. At this point, both strains reached

OD600 above 1000 and WCW around 500 g/L with no significant differences between them.
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Figure 5.20 Methanol-inducible cultivation of PpTAmCV708 strain to high cell density in a 1 L bioreactor. Bioreactor
cultivation was performed in three phases: Phase 1, a glycerol batch carried out during approximately 18-20 h until a DO
spike was detected; Phase 2, a glycerol fed-batch carried out feeding glycerol (50% w/v) for approximately 6-8 h at 18.15
mL/h*L; and Phase 3, a methanol fed-batch carried out feeding methanol at 3.6 mL/h*L for 2 h, then at 7.3 mL/h*L for 1
h, and finally at 10.9 mL/h*L maintained to the end of the fermentation. Cells were grown until 75 hours post-
inoculation (48 hours post-induction) reaching OD=1428. OD600, wet cell weight (WCW), and dry cell weight (DCW) were
determined for each sample. Data set depicted is representative of two biological repeats of the experiment.
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Figure 5.21 Methanol-inducible cultivation of PpTAm-TK16 strain to high cell density in a 1 L bioreactor. Bioreactor
cultivation was performed in three phases: Phase 1, a glycerol batch carried out during approximately 18-20 h until a DO
spike was detected; Phase 2, a glycerol fed-batch carried out feeding glycerol (50% w/v) for approximately 6-8 h at 18.15
mL/h*L; and Phase 3, a methanol fed-batch carried out feeding methanol at 3.6 mL/h*L for 2 h, then at 7.3 mL/h*L for 1
h, and finally at 10.9 mL/h*L maintained to the end of the fermentation. Cells were grown until 75 hours post-
inoculation (48 hours post-induction) reaching OD=1205. OD600, wet cell weight (WCW), and dry cell weight (DCW) were
determined for each sample. Data set depicted is representative of two biological repeats of the experiment.

5.7 Conclusion

This chapter describes the successful generation of two P. pastoris recombinant strains as

candidates for the whole-cell synthesis of the chiral amino alcohol ABT. Strain PpTAmCV708 for

expression of CV2025 transaminase and strain PpTAm-TK16 for co-expression of CV2025

transaminase along with the native transketolase TK151, were cultured for investigating their

growth performances.
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Achievements and conclusions of this chapter are:

- The synthesized codon-optimised CV2025 transaminase was successfully amplified generating

EcoRI flanking sites for sub-cloning into the EcoRI-digested and dephosphorylated expression

vector pAO815, generating the 9.1 kb transformation plasmid p8TAmCV708 (diagram in

Appendix D). The direction of ligation was confirmed by SphI digestions and sequencing.

Plasmid p8TAmCV708 was linearized, purified and transformed into competent P. pastoris

GS115 cells by electroporation, generating the mutant strain PpTAmCV708, which Mut+

phenotype was confirmed, as well as the CV2025 genomic integration downstream the AOX1

promoter.

- A site directed mutagenesis TK151 gene was successfully sub-cloned into the previously

constructed p8TAmCV708 plasmid. The generated 9.8 kb p8TAm-TK16 plasmid (diagram in

Appendix D) was transformed into electro-competent P. pastoris GS115 cells, generating the

Mut+ strain PpTAm-TK16. The integration of TK151 and CV2025 genes into the P. pastoris

genome under the AOX1 promotor control was successfully confirmed by PCR.

- Transaminase activity under methanol induction had a non-toxic effect on P. pastoris

recombinant cells, as was assessed by shake flask cultivation of PpTAmCV708 strain, showing

no loss in performance compared to parental strain GS115. Moreover, methanol induction at

0.5% and 5% v/v showed a better growth profile than GS115 strain, reaching the best results

at methanol 0.5% v/v among the tested concentrations.

- PpTAmCV708 and PpTAm-TK16 strains can be bioreactor cultivated to achieve high biomass,

reaching optical densities above OD600 1000 and WCW around 500 g/L after 48 hours of

induction with 0.5% v/v methanol.

- Since the growth profile for both recombinant strains in bioreactor cultivation at 0.5% v/v

methanol showed very similar performances, it can be predicted that the methanol tolerance

of PpTAmCV708 investigated in shake flask cultivation in this chapter, could also be extended

to PpTAm-TK16 strain. Nevertheless, a methanol tolerance assessment for PpTAm-TK16 strain

should be included in future work to determine its methanol toxicity.
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6 QUALITATIVE DETERMINATION OF THE UPPER LIMIT OF SOLUBLE

SUBSTRATES CONCENTRATION

6.1 Introduction

The transaminase activity of high cell density P. pastoris strains, constructed previously in Chapter

5, is evaluated using MBA and ERY as substrates in the next Chapter 7. Taking advantage of the

rapid and high growth of P. pastoris cultures, the tolerance to high concentrations of MBA and ERY

can be explored. As a reference, it has been reported that the P. pastoris strain engineered by Wei

et al. (2017) to overexpress a transketolase, tolerated high concentration of substrates, achieving

high space-time yield of product.

Regarding this, the aim of the present chapter is to investigate the upper concentration of

substrates MBA and ERY, able to be soluble in a reaction preparation, and therefore, to define the

maximum feed for high biomass transaminase reaction.

The miscibility of two materials can often be determined optically, as when two miscible liquids

are combined, the resulting liquid is clear; at contrary, if the mixture has a cloudy appearance,

then the two materials are immiscible. Hence, substrate solubility was qualitative assessed by

visual inspection, discriminating between a clear (soluble) and cloudy mixture (insoluble). Pictures

were taken as graphic register for every experiment, to allow comparison between the different

conditions in study (picture examples in Appendix E).

6.2 Qualitative assessment of substrates solubility in water, HEPES buffer and DMSO

To test substrate solubility, three different solvents were used: water, HEPES buffer and DMSO.

HEPES buffer was included due to its advantageous results in a study of inhibitory effect of buffers

on CV2025 activity (Rios-Solis, 2012). With regards to DMSO (Dimethyl sulfoxide), it has been

widely used as solvent for its ability to solubilize a broad variety of polar and non-polar molecules.

In terms of the substrates involved in reaction, MBA is a colorless liquid, commercially available

with a 98% of purity, a stock concentration 7.7 M, and pH 12. Its molecular weight is 121.18 Da,

and its density is 0.94 g/mL at 25 °C (Sigma-Aldrich, 2014a). Its solubility in water has been
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reported at 35 mM (Chemicaland21, 2013), consequently, this was the lowest MBA concentration

assessed.

ERY is a light yellow and viscous liquid, which molecular weight is 120.1 Da, and its density is 1.391

g/mL at 25 °C. Commercially it is available at 85% purity, 9.8 M stock concentration and pH 4

(Sigma-Aldrich, 2014b). At a concentration 2.5 M, ERY has been demonstrated as soluble in water

(Perflavory, 1980); therefore, this concentration was the starting point to evaluate it solubility.

In a conical centrifuge tube, each substrate was mixed with a given solvent by vortexing at room

temperature. Titration with HCl (10 M) was used for MBA-solvent solutions and with NaOH (5 M)

for ERY-solvent solutions, in both cases to reach pH 7.5, desired for transaminase bioconversions

(Mitra et al., 1998).

Figure 6.1 shows the qualitative assessment of MBA solubility in water, HEPES buffer and DMSO,

and Figure 6.2 shows same qualitative screening for ERY.
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Figure 6.1 Qualitative assessment of MBA solubility in water, HEPES buffer and DMSO. A) MBA-water solutions. B)
MBA-HEPES buffer solutions. C) MBA-DMSO solutions. Solutions were prepared up to 3 mL of total volume. Legend
panel applies for all the figures.
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Figure 6.2 Qualitative assessment of ERY solubility in water, HEPES buffer and DMSO. A) ERY-water solutions. B) ERY-
HEPES buffer solutions. C) ERY-DMSO solutions. Solutions were prepared up to 2 mL of total volume. Legend panel
applies for all the figures.
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According to results exposed in Figure 6.1, MBA-water was immiscible at concentrations above 35

mM, while MBA-HEPES showed a maximum soluble concentration at 500 mM, and MBA-DMSO

was soluble in the entire range of tested concentrations, up to 7.0 M (pictures in Appendix E).

Figure 6.2 exposes ERY meeting solubility at concentrations not higher than 2.5 M for ERY-water

and 5.0 M for ERY-HEPES. On the other hand, ERY-DMSO was soluble in the entire range of tested

concentrations, up to 8.5 M.

In summary, water was unfavorable to obtain soluble MBA and ERY at high concentrations, HEPES

buffer showed a significant improvement than water; however, DMSO was the solvent with the

best level of solubility for both, MBA and ERY (Table 6.1).

Table 6.1 Summary of the upper soluble concentrations of MBA and ERY in different solvents.

Upper limit of soluble concentration

Solvent
Substrate Water HEPES DMSO

MBA 0.035 M 0.5 M 7.0 M

ERY 2.5 M 5.0 M 8.5 M

6.3 Effect of DMSO concentration in the viability of P. pastoris

Although DMSO demonstrated to be the best solvent to prepare high concentration solutions of

MBA and ERY, it has been reported as toxic for E. coli cells in concentrations above 1%; therefore,

substrate solutions in pure DMSO (approximately 14% v/v) can be prejudicial for the biocatalyst

viability. But due to the robustness of P. pastoris in comparison with E. coli, it is possible to

hypothesize that a DMSO concentration higher than 1% can be used in the P. pastoris reaction

solution with non-toxic effects.

To investigate this, PpTAmCV708 cells were cultured during five days in 250 mL shake flask with 50

mL YPD media supplemented with DMSO at different concentrations, ranging from 0% to 70% v/v.
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Samples were taken every 24 hours for optical density measurement at 600 nm, and growth

profiles were plotted (Figure 6.3). Concentrations of DMSO below 4% v/v had non-toxic effect on

cells, allowing growth performances comparable to cultures with free-DMSO media.

Figure 6.3 Effect of DMSO concentration in the viability of PpTAmCV708 strain. Cells were cultivated during five days in
YPD media supplemented with different DMSO concentrations. A) DMSO concentrations ranging from 0% to 3.5%. B)
DMSO concentrations ranging from 4.0 to 70%. Error bars indicate standard deviation between two biological repeats of
the experiment.

Consequently, 4% v/v DMSO was the selected final concentration for bioconversion reaction

solution. To reach this, each substrate solution, either MBA-HEPES-DMSO or ERY-HEPES-DMSO,

was prepared at 6% v/v DMSO, in order to have 4% v/v in the final reaction solution, which was

prepared by addition of 300 µL of each substrate solution to a total reaction of 900 µL.

6.4 Substrates solubility in HEPES-DMSO solution

Once defined the DMSO concentration viable for P. pastoris cells, it was investigated the

maximum soluble substrates concentration in a mixture with HEPES buffer and DMSO. Regarding

the results from Table 6.1, and due to the addition of DMSO to the mixture, it was expected to
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have soluble MBA at concentrations above 0.5 M, which was the upper soluble concentration in

pure HEPES buffer. Same scenario was expected for ERY, which showed its highest soluble

concentration in pure HEPES buffer at 5 M. Figure 6.4 shows this exploration for both substrates,

in solution with HEPES buffer and 6% v/v DMSO, up to 1 mL of total volume.

Figure 6.4 Qualitative assessment of MBA and ERY solubility in HEPES buffer solution with 6% DMSO. A) MBA
solubility. B) ERY solubility. Solutions were prepared up to 1 mL of total volume. Legend panel applies for both figures.
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As expected, the addition of DMSO to the solution of MBA-HEPES buffer increased the solubility of

MBA, reaching an upper soluble concentration of 0.6 M. The same effect was reported for ERY,

which upper soluble concentration was set up to 6.0 M.

6.5 Substrates solubility in the reaction solution

As detailed in section 2.9.2 of Material and Methods, bioconversions with high biomass densities

were performed in a total volume of 900 µL. Thus, In order to investigate the solubility of the

substrate solutions in the final reaction solution, 300 µL of MBA-HEPES-DMSO were mixed with

300 µL of ERY-HEPES-DMSO, and 300 µL of a given solvent, which simulated the cell resuspension.

Both substrate solutions were prepared at different MBA and ERY concentrations to screen the

upper substrate solubility in the reaction mixture. All the substrate solutions tested were prepared

at 6% v/v DMSO, in order to have 4% in the final reaction solution.

Two different solvents were tested to mimic the cell resuspension (YPD and HEPES buffer), and

also, two different methods to prepare the final reaction mixture were applied. These methods

differ in the pH adjusting step; in one case performed to each substrate solution prior to the final

reaction mixture, and in the other case, performed directly to the final reaction mixture. These

two methodologies were tested, since the pH of MBA solution was very acid, and pH of ERY

solution was very basic, contrast that might affect the miscibility of these solutions when

combining them in the final mixture.

As it is shown in Figure 6.5, differences between YPD and HEPES buffer as solvent for cell

resuspension, were not significant when the pH was adjusted to the final mixture (Figure 6.5.A and

C), and in this case, the solubility limit was found in a low concentration for both substrates (0.1 M

MBA-0.2 M ERY). At the contrary, when pH was adjusted to each substrate solution prior to the

final mixture (Figure 6.5.B and D), the upper soluble substrate concentrations were higher (0.2 M

MBA-2 M ERY), being HEPES buffer the best solvent for cell resuspension, maybe due to a better

pH stability of the reaction solution.
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Figure 6.5 Qualitative assessment of MBA and ERY solubility in reaction solution with 4% DMSO. Reaction solution was
prepared mixing 300 µL of MBA-HEPES-DMSO, 300 µL of ERY-HEPES-DMSO and 300 µL of different solvents simulating
cells resuspension. The pH 7.5 was adjusted to the final reaction solution or to each substrate solution. A) YPD as solvent
for cell resuspension and pH adjusted to the final reaction solution. B) YPD as solvent for cell resuspension and pH
adjusted to each substrate solution. C) HEPES buffer as solvent for cell resuspension and pH adjusted to the final
reaction solution. D) HEPES buffer as solvent for cell resuspension and pH adjusted to each substrate solution.
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In summary, the maximum soluble concentration of substrates in the reaction solution (with

HEPES buffer and DMSO at 4% v/v) was MBA 0.2 M and ERY 2 M. Consistently, these reaction

concentrations correspond to the maximum soluble concentration in substrates solutions, defined

at MBA 0.6 M and ERY 6.0 M, as it is condensed in Table 6.2.

Table 6.2 Summary of upper soluble concentrations of MBA and ERY in HEPES-DMSO mixture. Concentrations were
calculated regarding substrate solution volume and reaction solution volume.

Substrate Concentration in
substrate solution (6% DMSO)

Concentration in
reaction solution (4% DMSO)

MBA 0.6 M 0.2 M

ERY 6.0 M 2.0 M

6.6 Conclusion

In this chapter, a qualitative assessment of solubility of substrate MBA and ERY was performed, in

order to define the upper limit of concentrations to be used in a reaction solution for

transaminase bioconversions catalysed by high cell densities of PpTAmCV708 and PpTAm-TK16

strains.

In summary, the conclusions of this chapter are:

- Among the three different compounds tested to dissolve different concentrations of MBA and

ERY, DMSO demonstrated to be the best solvent for high concentration solutions. Substrate

solutions prepared with HEPES buffer showed significantly lower soluble concentrations than

with DMSO, but still much higher than with water as solvent.

- Since the higher DMSO concentration with no prejudicial effect in the viability of P. pastoris

cells was explored and defined at 4% v/v, to prepare a reaction solution with high

concentration of substrates, HEPES-DMSO (4% v/v) was selected as solvent mixture.



158

- To enhance substrate solubility in the reaction solution, it was established that each substrate

needs to be first dissolved in HEPES-DMSO, adjusting the pH to each solution prior to mixing

them into the final reaction solution with cells resuspended in HEPES buffer.

- In these conditions, the maximum soluble concentration of substrates in a reaction solution

was MBA 0.2 M and ERY 2 M. Therefore, these are the concentrations selected as starting

point for activity analysis presented in the next chapter. This means an important increase of

substrate concentrations tested for the transaminase reaction, in comparison with previous

work conducted with the same substrates by Ingram et al. (2007), where the upper

concentrations tested were MBA and ERY 40 mM.

- The qualitative assessment presented in this chapter constitutes an empirical screening

exercise to define the upper substrate concentrations able to use in the transaminase

bioreaction, for exploring the tolerance of P. pastoris strains to high substrate concentrations.

However, a deeper chemical analysis of solubility should be addressed in future work.
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7 CHARACTERISATION OF P. PASTORIS STRAINS PPTAMCV708 AND

PPTAM-TK16

7.1 Introduction

The construction of P. pastoris strains PpTAmCV708 and PpTAm-TK16 was presented in Chapter 5,

as well as their growth profile in the presence of methanol for induced heterologous expression,

and the generation of high cell densities after 48 hours post induction in bioreactor cultivation

(Figure 5.20 and Figure 5.21).

In the present chapter, it was explored the whole-cell transaminase performance of these two

constructed strains for the production of a chiral amino alcohol. For high biomass performances,

the high substrates concentration selected in Chapter 6 were provided.

The synthetic route for the production of the chiral amino alcohol ABT is illustrated in Figure 7.1,

which shows the concerted action of two steps reactions catalysed first, for a transketolase and

then, for a transaminase. With the necessary cofactors and conditions, substrates HPA and GA can

produce ERY by the TK reaction, and this product can be accepted by the transaminase as

substrate for the production of ACP and ABT, when substrate MBA is also provided to the system.

This route has been studied as a promising biocatalytic alternative for the synthesis of the chiral

amino alcohol ABT, constituting the de novo multi-step pathway.

In this chapter, both constructed strains were evaluated for the second reaction of the novel TK-

TAm route presented in Figure 7.1, and PpTAm-TK16 strain for both serial reactions. This, to seek

for the best whole-cell biocatalyst performance in terms of ACP and ABT production, with high cell

densities and by tolerating elevated concentrations of substrates, and to confirm the hypothesis

that the metabolism of whole-cell P. pastoris can be engineered to successfully perform the de

novo pathway.
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Figure 7.1 Scheme of the two serial reactions of the de novo pathway for production of ABT. In this route the first
reaction consists in transferring of a two carbon ketol group from HPA to GA to produce ERY and carbon dioxide. Second
reaction involves the addition of an amino group to form the chiral product ABT with the previously generated ERY in
the first reaction. Figure adapted from Ingram et al. (2007).

7.2 Whole-cell bioconversion solution conditions and handling

In order to examine and be able to compare the transaminase activity of the constructed

biocatalysts at different cell densities, the handling of bioconversion reactions, for each case of

study, is detailed below. This can help to inform about the biomass concentration used to get best

yields for production of small molecules of industrial interest.

Figure 7.2 and Figure 7.3 have been included to clearly schematize the amount of cells (DCW)

involved in each reaction, in relation with the cell density of the experiments, which was defined

as the OD600 measured before TAm substrates addition.

7.2.1 Reaction conditions and handling with PpTAmCV708 cells from shake flask

cultures

A frozen pellet corresponding to OD=390 was resuspended into 300 µL of HEPES buffer with 0.2

mM PLP to an OD=1300. The resuspension was incubated at 30 °C with 500 rpm of agitation for 20

minutes. Then, the reaction was initiated by addition of substrates-buffer, previously prepared

mixing PLP-buffer to a final concentration of 0.2 mM, DMSO (MBA-DMSO proportion 1:10), and
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substrates to a final concentration of 10 mM MBA and 30 mM ERY. Substrates-buffer pH was

adjusted to 7.5 by addition of NaOH or HCl, as required.

7.2.2 Reaction conditions and handling with PpTAmCV708 cells from bioreactor

cultivation

A frozen pellet from bioreactor cultivation, either from 24 or 48 hours post-induction, was

resuspended into HEPES buffer up to different volumes depending on the desired cell density for

bioconversion. For reactions performed at OD≤2800, pellet was resuspended to the desired OD600

and then 300 μL were taken for bioconversion, as it is exemplify in Figure 7.2.A for reactions with

OD=1428, and in Figure 7.2.B for OD=2800. For reactions performed with OD=5600 (Figure 7.2.C),

pellet was resuspended to OD=2800 from which 600 μL were taken for bioconversion, and a

centrifugation step was added after cofactor incubation to discard the supernatant and maintain

the 900 μL of total reaction volume. Figure 7.2 highlights the DCW in the transaminase reaction,

for the different cell densities experiments.

For all the cases, cell resuspension was transferred to a glass vial with PLP-buffer (final

concentration 0.2 mM) and incubated at 30 °C and 500 rpm for 20 minutes. The reaction was

initiated by addition of 555 μL substrates-buffer, previously prepared mixing HEPES buffer, DMSO

(final concentration 4% v/v), and substrates MBA and ERY in varying final concentrations ranging

from 10 mM to 2 M. The pH of the substrates-buffer was adjusted to 7.5 by addition of NaOH or

HCl as required. Simultaneously to substrates-buffer addition, 30 μL PLP-buffer were added to

maintain a final PLP concentration 0.2 mM into the 900 μL of total volume.
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Figure 7.2 Scheme of reaction mixture handling for high density of whole-cell biocatalysts fed with MBA and ERY
substrates. Cells were cultivated in a 1 L bioreactor and samples were taken at 48 hour post induction (OD=1428) and
concentrated to different cell densities (OD=2800 and 5600). A) TAm reaction performed with original OD=1428 (before
substrates-buffer addition) and 46.3 g/L. DCW in 900 µL reaction. B) TAm reaction performed with concentrated
OD=2800 (before substrates-buffer addition) and 90.8 g/L DCW in 900 µL reaction. C) TAm reaction performed with
concentrated OD=5600 (before substrates-buffer addition) and 181.5 g/L DCW in 900 µL reaction.
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7.2.3 Reaction conditions and handling with PpTAm-TK16 cells from bioreactor

cultivation

A frozen pellet from 48 hours of bioreactor cultivation was resuspended into HEPES buffer up to

different volumes depending on the desired cell density for bioconversion. For reactions

performed at OD≤2800, pellet was resuspended to the desired OD600 and then 100 μL were taken

for bioconversion as it is exemplify in Figure 7.3.A for reactions with OD=1205, and Figure 7.3.B for

OD=2800. For reactions performed with OD=5600 (Figure 7.3.C), pellet was resuspended to

OD=2800 from which 200 μL were taken for bioconversion and a centrifugation step was added

after cofactor incubation to discard the supernatant and maintain a 900 μL of total reaction

volume. Figure 7.3 highlights the DCW in the transaminase reaction, for the different cell densities

experiments.

For all the cases, cell resuspension was transferred to a glass vial with 40 μL of cofactors-buffer

(PLP, TPP and MgCl2) and incubated at 30 °C and 500 rpm for 20 minutes. The TK reaction was

initiated by addition of 160 μL substrates-buffer, previously prepared mixing HEPES buffer and

substrates HPA and GA in varying final concentrations ranging from 10 mM to 200 mM. After 2

hours of TK reaction, TAm reaction was initiated by addition of 555 μL of MBA-buffer to a final

concentration of 150 mM, and 28 μL of PLP-buffer to maintain a final concentration of 0.2 mM.

The pH of the TK substrates-buffer and MBA-buffer were adjusted to 7.5 by addition of NaOH or

HCl as required.
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Figure 7.3 Scheme of reaction mixture handling for high density of whole-cell biocatalysts fed with GA, HPA and MBA
substrates. Cells were cultivated in a 1 L bioreactor and samples were taken at 48 hour post induction (OD=1205) and
concentrated to different cell densities (OD=2800 and 5600). A) TK-TAm reactions performed with original OD=1205
(before substrates-buffer addition) and 14.2 g/L DCW in 900 µL reaction. B) TK-TAm reactions performed with
concentrated OD=2800 (before substrates-buffer addition) and 33.1 g/L DCW in 900 µL reaction. C) TK-TAm reactions
performed with concentrated OD=5600 (before substrates-buffer addition) and 66.1 g/L DCW in 900 µL reaction.
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7.3 Determination of transaminase activity in PpTAmCV708 and PpTAm-TK16 strains

by measuring ACP production

As explained in section 2.10.2, to directly measure the production of a chiral amino alcohol after

bioconversion incubation, an HPLC method has been implemented, which required the

derivatization of the reaction sample prior to its HPLC injection. Because of this, and for time

efficiency, the first approach to evaluating the transaminase activity was based on the production

of ACP, which HPLC detection method was described in section 2.10.1. According to the reaction

model presented in Figure 7.1, measuring the concentration of the ACP generated can be a

suitable estimation of the ABT produced, since both products have the same stoichiometry.

7.3.1 Transaminase activity of whole-cell PpTAmCV708 strain

7.3.1.1 Activity in cells cultivated in shake flask

Even though for this project is specially desired to explore the transaminase performance of the

constructed whole-cell P. pastoris strains cultivated in bioreactor to reach high cell densities, a first

investigation with PpTAmCV708 cells harvested from shake flask culture was addressed, in order

to initially explore the feasibility of CV2025 expressed in a P. pastoris strain, to carry out

transamination reaction in the presence of substrates MBA and ERY.

Cells were shake flask cultured in a media supplemented with 0.5 v/v methanol for induction of

AOX1 promoter (method in section 2.5). Whole-cell reactions were performed with substrate

concentrations 10 mM MBA and 30 mM ERY, according to the methodology presented in section

2.9.1 Details about the reaction handling are also presented in section 7.2.1. Either for

PpTAmCV708 strain as for the parental strain GS115, MBA consumption and ACP production was

quantified by the HPLC method from section 2.10.1.

Figure 7.4 shows the stability of the product ACP after seven hours in reaction conditions,

incubated with the wild-type and PpTAmCV708 cells. To evaluate the effect of CV2025 activity,

both strains were also grown in the absence of methanol generating un-induced cells. Under these

conditions, the incubation of the parental strain and the CV2025 expressor strain showed no

consumption or degradation of ACP, confirming its stability.
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Figure 7.4 Stability of the product ACP after incubation at 30 °C and 500 rpm with wild-type GS115 strain and CV2025
overexpressor strain (PpTAmCV708) cultivated in shake flask. Cells were induced for 48 hours, concentrated to
OD=1300 and incubated for seven hours with 10mM ACP. ACP concentration was measured by HPLC and plotted. Error
bars indicate standard deviation between two biological repeats of the experiment.

Figure 7.5 corresponds to reactions performed by wild-type GS115 and PpTAmCV708 strains, with

addition of substrates MBA and ERY at concentrations 10 mM and 30 mM, respectively. The figure

shows no activity for the parental GS115 strain, both induced and un-induced. At the contrary,

PpTAmCV708 strain exhibit, in induced and un-induced form, transaminase activity toward MBA as

amino donor, consumed proportionally to the generation of 4 mM ACP. Considerably higher

production of ACP was observed in the case of PpTAmCV08 induced cells, rapidly generating 9 mM

of ACP. These results demonstrated the activity of CV2025 in PpTAmCV708 strain, importantly

boosted by the methanol induction.
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Figure 7.5 Demonstration of methanol-inducible transaminase activity in PpTAmCV708 strain. MBA consumption and
ACP production were quantified in wild-type GS115 and PpTAmCV708 strains cultivated in shake flask. Bioconversions
were run with cells induced for 48 hours, concentrated to OD=1300 and incubated for two hours with 10 mM MBA and
30 mM ERY. A) Un-induced GS115 strain. B) Induced GS115 strain. C) Un-induced PpTAmCV708 strain. D) Induced
PpTAmCV708 strain. Concentrations of MBA and ACP were measured by HPLC and plotted. Error bars indicate standard
deviation between two biological repeats of the experiment.
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A control reaction was monitored for seven hours, in which only MBA has been provided at a

concentration 10 mM. From Figure 7.6 is observed that in the absence of ERY, the parental strain

once again showed no transaminase activity toward MBA. At the contrary, the un-induced

recombinant strain was capable to produce 3 mM ACP, and its induced variant, to produced 9 mM

after three hours of incubation. In comparison with the previous reactions performed with

addition of both substrates (Figure 7.5), the production of ACP by the recombinant strain was

much faster in the presence of MBA and ERY, reaching also 9 mM of ACP in less than 30 minutes,

instead of in three hours.

Figure 7.6 Effect of omitting ERY substrate on transaminase activity in PpTAmCV708 strain. MBA consumption and
ACP production were quantified in wild-type GS115 and PpTAmCV708 strains cultivated in shake flask. Bioconversions
were carried out with cells induced for 48 hours, concentrated to OD=1300 and incubated for seven hours with 10mM
MBA and 0mM ERY. A) MBA consumption. B) ACP production. Concentration of MBA and ACP were measured by HPLC
and plotted. Error bars indicate standard deviation between two biological repeats of the experiment.

No activity was reported in a collaborative work with a colleague, in which an equivalent

experiment was performed to evaluate the effect of omitting MBA feeding (data not shown). This

effect was corroborated in further experiments performed with cells from bioreactor cultivation.
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Regarding this set of shake flask experiments, it is possible to confirm the transaminase activity of

the recombinant strain, significantly induced by culturing with supplementation of methanol. Also,

it was observed production of ACP by the recombinant strain in the presence of only MBA as

substrate, suggesting other host pathways generating a pool of ERY in the cells prone to react with

the MBA externally provided for reaction.

7.3.1.2 Activity in cells cultivated in bioreactor

Transaminase activity in whole-cell PpTAmCV708 strain for the production of ACP was also

investigated with cells cultivated in a bioreactor at high cell density, following the methodology

described in section 2.6. For this, the transaminase reaction schematised in Figure 7.1 was

catalysed feeding high concentrations of the substrates MBA and ERY, according to the upper limit

of solubility of these compounds in reaction, evaluated in chapter 6.

Figure 7.7 shows the ACP production in PpTAmCV708 cells harvested after 24 hours of methanol

induction reaching OD=874, and at 48 hours post induction, reaching OD=1428. Two substrate

concentrations were tested; 10 mM MBA with 30 mM ERY, due to the positive effect of these

concentrations observed in shake flask experiments, and 200 mM MBA with 2 M ERY, due to the

highest soluble substrates concentration selected. Cells from 24 and 48 hours of induction were

also diluted to OD=100 in order to compare their performances at a normalized density.

The results exposed in Figure 7.7 showed that higher cell biomass resulted in higher conversion,

observing the generation of 12.6 mM of ACP with the highest substrate concentration. This

suggests that the novel host PpTAmCV708 can tolerate high substrate concentrations to obtain

high volumetric yields. On the other hand, the comparison of the normalized OD600 reactions

exhibited the same ACP production for cells from 24 and 48 hours of induction, indicating that the

specific activity of PpTAmCV708 is maintained, regardless to the time of induction. Since high

biomass can accomplish higher ACP production, cells from 48 hours of induction, with the highest

cell density, were preferred to perform further investigation of transaminase activity.
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Figure 7.7 ACP production to assess transaminase activity in PpTAmCV708 strain cultivated in bioreactor.
Bioconversions were carried out during two hours with cells induced in 1 L bioreactor for 24 and 48 hours, and with
substrates MBA and ERY added in two different concentrations (200mM-2M and 10mM-30mM). A) Cells from 24 hours
induction culture at OD=874. B) Cells from 24 hours induction culture at OD=874 and diluted to OD=100. C) Cells from 48
hours induction culture at OD=1428. D) Cells from 48 hours induction culture at OD=1428 and diluted to OD=100.
Concentration of ACP was measured by HPLC and plotted. Error bars indicate standard deviation between tree biological
repeats of the experiment.

A deeper examination of the effect of substrates concentration on the transamination between

MBA and ERY was performed in PpTAmCV708 whole-cell from 48 hours of induction. MBA

concentrations among the range previously used (10 mM to 200 mM), with the same ERY

concentration than MBA, were investigated. Figure 7.8 shows that increasing the amount of

substrates from 25 mM to 150 mM resulted in higher ACP production, up to 18.5 mM with MBA
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and ERY at 150 mM, representing an improvement regarding the production registered with MBA

200 mM and ERY 2 M. This still confirm that biocatalyst successfully tolerated high concentrations

of substrates, up to a level of 150 mM, which is significantly above the concentrations used in

previous works for ACP formation (40 mM (Ingram et al., 2007; Rios-Solis et al., 2011)).

Figure 7.8 Effect of MBA and ERY concentrations on ACP production catalysed by PpTAmCV708 strain. Cells induced
for 48 hours in 1 L bioreactor at OD=1428 were incubated with different concentrations of MBA and ERY during two
hours. Concentration of ACP was measured by HPLC and plotted. Error bars indicate standard deviation between two
biological repeats of the experiment.

By keeping MBA concentration fixed at 150 mM and varying ERY concentration (from 50 mM to

150 mM), it was found that the best combination of substrates concentration, from the range

tested, was 150 mM MBA with 100 mM ERY, where a maximum ACP production was observed

(19.8 mM). In Figure 7.9 these results are showed.
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Figure 7.9 Effect of varying ERY concentration on ACP production catalysed by PpTAmCV708 strain. Cells induced for
48 hours in 1 L bioreactor at OD=1428 were incubated with 150mM MBA and different concentrations of ERY during two
hours. Concentration of ACP was measured by HPLC and plotted. Error bars indicate standard deviation between two
biological repeats of the experiment.

In Figure 7.10 is illustrated an overview of substrates concentration screened to characterise, in

terms of ACP production, the transaminase reaction catalysed by whole-cell PpTAmCV708 strain

from bioreactor culture. Figure 7.10.A shows the entire spectrum of substrates concentrations

tested in this study, plotted as a function of MBA concentrations provided. The figure includes a

table detailing the corresponding ERY concentration for each MBA concentration tested.  As it can

be seen in this figure, after testing several substrates concentration, the findings lead to conclude

that the best transaminase performance was obtained with biocatalyst induced for 48 hours

(OD=1428) in reaction with 150 mM MBA and 100 mM ERY, producing 19.8 mM ACP. Figure 7.10.B

shows four of the substrates concentration combinations exposed in Figure 7.10.A, but plotted as

a function of ERY concentration. The purpose of this figure is to illustrate how ACP production

seems to be inhibiting at high ERY concentrations, above 150 mM.
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Figure 7.10 Overview of reaction characterisation investigated for ACP production by PpTAmCV708 strain whole-cell
bioreactor. Bioconversions were carried out during two hours with cells induced in 1 L bioreactor for 24 hours (OD=874)
and 48 hours (OD=1428). A) ACP produced versus MBA provided for reaction. B) ACP produced versus ERY provided for
reaction. Concentration of ACP was measured by HPLC and plotted. Error bars indicate standard deviation between two
biological repeats of the experiment.

After identifying the substrates concentration and the cell density that showed the best

transaminases performance for ACP production, activity was more widely explored with cells

harvested after 48 hours induction, diluted and concentrated at different cell density preparations

(Figure 7.11).
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Figure 7.11 ACP production by PpTAmCV708 strain at different cell concentrations in reaction mixture. Cells were
cultured in 1 L bioreactor and induced for 48 hours to OD=1428. Cells were diluted or concentrated as needed to achieve
the indicated final OD600 for reaction (Schematic reaction mixture handling in Figure 7.2). Reactions were carried out
during two hours, with 150mM MBA and 100mM ERY. Concentration of ACP was measured by HPLC and plotted. Error
bars indicate standard deviation between tree biological repeats of the experiment.

PpTAmCV708 strain in solutions of varying cell densities, showed an increase of ACP production

with higher biomass concentrations. But above OD=2800, the bioconversion rate was maintained.

With the substrates concentration provided, at ODs above 2800, the reaction reached equilibrium,

not registering further ACP generation. The highest ACP production (24.7 mM) was obtained with

OD=2800; therefore, this was the selected cell density for further bioconversions with

PpTAmCV708 strain.

This result was verified by the reactions showed in Figure 7.12, which represents three

independent experiments, with biological triplicates for each of them, using the same conditions

of the best performance obtained.
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Figure 7.12 ACP production catalysed by PpTAmCV708 strain cells at OD=2800 in optimal conditions. Cells were
cultivated in 1 L bioreactor, induced for 48 hours and concentrated to OD=2800. Bioconversions were carried out for
two hours with 150mM MBA and 100mM ERY. The average of these three biological repeats (20.3 mM) was used to
calculate the Schrewe metrics presented in section 7.5 for the best performance reaction. Concentration of ACP was
measured by HPLC and plotted. Error bars indicate standard deviation between tree biological repeats of the
experiment.
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An average of 20.3 mM ACP was defined as the higher product concentration obtained by whole-

cell PpTAmCV708 with high biomass density. This value was used to calculate the ACP productivity

metrics presented in section 7.5 for this best performance reaction.

Finally, control reactions were also run in Figure 7.13. The reaction with only ERY added showed

no production of ACP, while the reaction with only MBA added produced 9.3 mM ACP. The

production of ACP with no addition of ERY to the reaction is not unexpected, since previous results

obtained in shake flask investigation showed this same effect (section 7.3.1.1). This suggests the

presence of other sources of ERY in the cells able to react with the MBA externally provided to

generate lower concentration of ACP than when ERY was provided (20.3 mM showed in Figure

7.12). This ACP production can be compared to concentrations obtained in reactions fed with 50

mM MBA and 500 mM ERY, at which the ACP production seems to been affected by high ERY

concentration (Figure 7.10).

Figure 7.13 ACP production to assess transaminase activity in PpTAmCV708 strain cultivated in bioreactor, in presence
of only one substrate (MBA or ERY) and absence of the other. Cells were cultivated in 1 L bioreactor, induced for 48
hours and concentrated to OD=2800. Bioconversions were carried out for two hours with 150mM MBA and no ERY, and
100mM ERY and no MBA. Concentration of ACP was measured by HPLC and plotted. Error bars indicate standard
deviation between two biological repeats of the experiment.
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In summary, the production of ACP exhibited by the PpTAmCV708 strain successfully

demonstrated activity of CV2025 transaminase in a whole-cell P. pastoris strain, showing the

highest product concentration (20.3 mM) in a host with high cell density (OD=2800), and

substrates provided at 150 mM MBA and 100 mM ERY.

7.3.2 Transaminase activity of whole-cell PpTAm-TK16 strain from bioreactor

cultivation

The strain PpTAm-TK16, for co-expression of CV2025 alongside with TK151, was investigated for

the feasibility of ABT synthesis through the constructed dual enzyme pathway (reaction in Figure

7.1). With this purpose, chiral substrates GA and HPA were added to the reaction solution and

incubated with cofactors (TPP and MgCl2) for TK catalysis, after which, MBA substrate with

addition of PLP cofactor were also added to allow TAm reaction (method in section 2.9.2).

Regarding the findings obtained with the PpTAmCV708 strain characterisation, biocatalysis

performance with PpTAm-TK16 strain was evaluated with cells harvested at 48 hours post

induction in bioreactor cultivation (OD=1205). Regarding the second step of the TK-TAm reaction,

MBA substrate was added at 150 mM, which was the concentration that showed the best

PpTAmCV708 performance.

The TK reaction was carried out with three different concentrations of GA and HPA for a first

screening of substrates concentration effect (Figure 7.14). GA and HPA at 50 mM were found the

best condition for ACP production, resulting in the generation of 6 mM of ACP.
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Figure 7.14 Effect of different concentrations of substrates GA and HPA in the ACP production in cells of the strain co-
overexpressing TAm-TK (PpTAm-TK16 strain). Cells were cultivated in 1 L bioreactor and induced for 48 hours to
OD=1205. Substrates for TK reaction were added in different concentrations (GA-HPA 100mM, 50mM and 10mM) and
for TAm reaction 150mM MBA was added in all the cases. Concentration of ACP was measured by HPLC and plotted.
Error bars indicate standard deviation between two biological repeats of the experiment.

With TK substrates concentration 50 mM tested before, it was then explored the effect of

increasing two-fold TK cofactors concentration. According to results exhibit in Figure 7.15, a

double cofactors concentration showed no effect in the ACP production, thus, 1X cofactors might

generate enough activation of TK enzyme, and therefore, further TK activities were evaluated

using 1X cofactors concentration.
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Figure 7.15 Effect of the concentration of cofactors TPP and MgCl2 on ACP production catalysed by PpTAm-TK16
strain. Cells were cultivated in 1 L bioreactor, induced for 48 hours to OD=1205. Bioconversions were carried out for two
hours with 50mM GA-HPA and 150mM MBA. Concentration of ACP was measured by HPLC and plotted. Error bars
indicate standard deviation between two biological repeats of the experiment.

An evaluation of TK-TAm pathway performed by the biocatalyst PpTAm-TK16 from 48 of induction,

concentrated at higher cell densities, was carried out to investigate better conversions. Figure 7.16

shows this investigation which included reactions with original OD=1205, and with concentrated

OD=2800 and 5600, also using different TK substrates concentration for all the investigated cell

densities. From TK concentrations tested in Figure 7.14, two that showed the best ACP

productions (GA-HPA 50 mM and GA-HPA 100 mM) were included in this new exploration, along

with other two higher concentrations (GA-HPA 150 mM and GA-HPA 200 mM). To all the TK

concentrations tested, the addition of MBA was maintained at 150 mM.

Also, Figure 7.16 includes a control reaction performed in the absence of TK substrates and with

only addition of 150 mM MBA (Figure 7.16.A). A last reaction was included, performed again in the

absence of TK substrates but in this case with addition of both TAm substrates at the preferred

concentration 150 mM MBA and 100 mM ERY (Figure 7.16.F).
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Figure 7.16 ACP production by PpTAm-TK16 strain incubated with up to four substrates.
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Figure 7.16 ACP production by PpTAm-TK16 strain incubated with up to four substrates. Bioconversions were carried
out for four hours with cells cultivated in 1 L bioreactor induced for 48 hours to OD=1205, and concentrated as needed
to achieve the indicated final OD600 for reaction (Schematic reaction mixture handling in Figure 7.3). A) Reaction carried
out with 0mM GA-HPA and 150mM MBA. B) Reaction carried out with 50mM GA-HPA and 150mM MBA. C) Reaction
carried out with 100mM GA-HPA and 150mM MBA. D) Reaction carried out with 150mM GA-HPA and 150mM MBA. E)
Reaction carried out with 200mM GA-HPA and 150mM MBA. F) Reaction carried out with 0mM GA-HPA, 150-100mM
MBA-ERY (Data was used to calculate the ACP productivity metrics in section 7.5 for this best performance reaction (11.4
mM)). Concentration of ACP was measured by HPLC and plotted. Error bars indicate standard deviation between two
biological repeats of the experiment.

From the four TK substrates concentration tested at three different cell densities (Figure 7.16.B, C,

D and E), the highest performances were obtained with 200 mM GA-HPA at OD=2800 and 5600,

both in a very similar level.

Regarding the control reaction presented in Figure 7.16.A, it was observed that ACP can be

produced with the only addition of MBA to the reaction. Previously, this was also reported in this

work, interpreted as the presence of ERY in the cells produced by other host pathways.

Very interesting is the result obtained in Figure 7.16.F were the PpTAm-TK16 strain engineered to

perform the TK-TAm coupled reactions, was evaluated at OD=2800, with the only addition of

transaminase substrates. In this case, ACP production reached 11.4 mM, which is the higher

conversion obtained with this strain, even higher than when TK substrates were also provided

(around 10 mM). Regarding this, ACP concentration 11.4 mM was the value used to calculate the

ACP productivity metrics in section 7.5 for this best performance reaction.

In Figure 7.17 an overview is exposed, including all the combinations of substrates concentration

and biomass concentrations used to explore the capability of whole-cell PpTAm-TK16 to carry out

the de novo pathways at high cell density.
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Figure 7.17 Overview of reaction performance investigated for ACP production by whole-cell PpTAm-TK16 strain
cultivated in bioreactor. Bioconversions were carried out during two hours with cells induced in 1 L bioreactor for 48
hours to OD=1205,and cell were concentrated as needed to achieve the indicated final OD600 for reaction (Schematic
reaction mixture handling in Figure 7.3). ACP concentration 9.53 mM was the value used to calculate the ACP
productivity metrics presented in section 7.5 for this best performance reaction. Concentration of ACP was measured by
HPLC and plotted. Error bars indicate standard deviation between two biological repeats of the experiment.

Interesting is the behaviour of the non-concentrated biocatalyst (OD=1205), which at TK

substrates concentration 50 mM reached the maximum ACP production, decreasing then, when

higher concentration of substrates were added, suggesting that at OD=1205, the reaction reached

equilibrium, not enabling further conversion.

All and all, based on the the overview of Figure 7.17 that summarizes the ACP production during

PpTAm-TK16 strain characterisation, the amount of ACP considered the highest produced through

the de novo pathway was 9.53 mM, obtained with OD=2800. Although OD=5600 performance

showed slightly higher ACP production, the analysis indicates that OD=2800 can generate better

specific activity; therefore, ACP concentration 9.53 mM was the value used to calculate the ACP

productivity metrics in section 7.5 for this best performance reaction.
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The analysis of the data collected after the whole-cell characterisation of high density strains

PpTAmCV708 and PpTAm-TK16 towards the production of ACP, confirmed the transaminase

activity of both hosts, and the usefulness of PpTAm-TK16 strain to carry out the de novo pathway.

7.4 Determination of transaminase activity in PpTAmCV708 and PpTAm-TK16 strains

by measuring ABT production

The precedent exploration of ACP production demonstrated that both strains PpTAmCV708 and

PpTAm-TK16 were capable to perform transamination of MBA and ERY to generate ACP, and that

PpTAm-TK16 strain was also capable to perform the de novo pathway. These findings were

obtained through a wide exploration with cells from 48 hours of induction, concentrated to

different cell densities, and with different substrates concentration provided. After this, the best

performance conditions for the TAm reaction was achieved with 150 mM MBA, 100 mM ERY, and

biomass concentrated to OD=2800. Likewise, the best conditions for higher performance of the

TK-TAm reaction was 200 mM GA, 200 mM HPA, 150 mM MBA, and cell density at OD=2800.

For this most advantageous conditions, the whole-cell PpTAmCV708 and PpTAm-TK16

characterisation presented in this section was developed by determination of ABT production,

either with TAm activity (MBA and ERY feed) or with TK-TAm activity (GA, HPA and MBA feed).

7.4.1 Impact of GA and HPA feed on ABT measurement

The method in which the detection and quantification of ABT is based can be found in section

2.10.2, developed and implemented for several previous studies ((Ingram et al., 2007; Rios-Solis et

al., 2011; Villegas-Torres et al., 2015)). This method requires a pre-column derivatization reaction

of the bioconversion sample. For samples taken from reactions performed with TAm substrates

(MBA and ERY) the ABT quantification was successfully performed by this method, and results are

presented in this chapter. For samples from reactions carried out adding TK-TAm substrates (GA,

HPA and MBA), the ABT detection was ineffective. Presumably, due to the complexity of the

derivatized sample injected to the HPLC column, several peaks corresponding to unknown

compounds with similar retention times than ABT were detected, hindering the detection of ABT.

In Figure 7.18, chromatograms showing detection peaks for ABT from the different reactions in

study are presented to exemplify this analytical drawback.
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A.

B.

C.

Figure 7.18 Impact of GA and HPA feed on ABT measurement. Sample chromatograms show ABT detection at retention
time 6.1 min after bioconversions performed by different strains and substrate feeds. A) Bioconversion with
PpTAmCV708 strain using 100mM MBA and 150mM ERY as substrates. B) Bioconversion with PpTAm-TK16 strain using
100mM MBA and 150mM ERY as substrates. C) Bioconversion with PpTAm-TK16 strain using 200mM GA, 200 mM HPA
and 150 mM MBA.
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As it can be seen in Figure 7.18.A, a sample from PpTAmCV708 strain performing the transaminase

reaction with addition of MBA and ERY generates a defined peak at the ABT retention time (6.1

min). The same case is illustrated in Figure 7.18.B for a sample from PpTAm-TK16 strain

performing the transaminase reaction with addition of MBA and ERY. Opposed to this, in Figure

7.18.C, a number of peaks turned up near the minute 6.1 of the method, making unclear the ABT

detection. Another HPLC method for detection of chiral amines using the derivatization agent 1-

fluoro-2,4-dinitrobenzene (DNFB) was assessed (Cárdenas-Fernández et al., 2012), with no better

results (data not shown).

All in all, the quantification of ABT produced by both recombinant P. pastoris strains was

successfully addressed only for the cases when TAm reaction was evaluated with the addition of

MBA and ERY substrates. Due to time constriction reasons, quantification of ABT produced from

substrates GA, HPA and MBA (TK-TAm reaction), was only evaluated in this work with regard to

ACP production. ABT quantification in this last case will requires further investigation for a more

suitable analytic method.

Previously to the analysis of samples from bioconversion reactions, a stability assessment of ABT

in the reaction conditions was performed to ensure that its quantification after bioconversion

reaction can effectively represent the generation of product. In Figure 7.19 is illustrated the

stability of ABT, which after eight hours of incubation, exhibits a constant concentration, verifying

that no consumption, no degradation and no evaporation of ABT had took place under incubation

conditions.
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Figure 7.19 Stability of the product ABT after incubation at 30 °C and 500 rpm with PpTAmCV708 strain cultivated in
bioreactor. Cells were induced for 48 hours, concentrated to OD=2800 and incubated for eight hours with 5mM ABT.
Concentration of ABT was measured by HPLC and plotted. Error bars indicate standard deviation between two biological
repeats of the experiment.

Because the study of ACP production indicated that the whole-cell PpTAmCV708 strain was a

better biocatalyst than PpTAm-TK16 strain to perform the single transaminase reaction, it was

predicted to observe the same tendency replicated in the results of ABT production with these

two biocatalysts.

Following, it is presented the ABT production of these two strains after transaminase incubation

with cofactors and substrate concentrations 150 mM MBA and 100 mM. Both biocatalysts

proceeded from cultures induced during 48 hours, and were concentrated to OD=2800 to be

added to the reaction. Figure 7.20 and Figure 7.21 show ABT production in whole-cell PpTAm-TK16

and PpTAmCV708 strains, respectively.
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Figure 7.20 ABT production to assess transaminase activity in PpTAm-TK16 strain cultivated in bioreactor, in presence
of substrates for TAm reaction and absence of substrates for TK reaction. Cells were cultivated in 1 L bioreactor,
induced for 48 hours and concentrated to OD=2800. Bioconversions were carried out for two hours in presence of A)
Only one substrate (MBA or ERY) and absence of the other.  B) MBA-ERY 150-100mM. ABT concentration 10.4 mM was
the value used to calculate the ABT productivity metrics presented in section 7.5 for this best performance reaction.
Concentration of ABT was measured by HPLC and plotted. Error bars indicate standard deviation between two biological
repeats of the experiment.
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Figure 7.21 ABT production to assess transaminase activity in PpTAmCV708 strain cultivated in bioreactor in presence
of substrates for TAm reaction and absence of substrates for TK reaction. Cells were cultivated in 1 L bioreactor,
induced for 48 hours and concentrated to OD=2800. Bioconversions were carried out for two hours in presence of A)
Only one substrate (MBA or ERY) and absence of the other.  B) MBA-ERY 150-100mM. ABT concentration 22.9 mM was
the value used to calculate the ABT productivity metrics presented in section 7.5 for this best performance reaction.
Concentration of ABT was measured by HPLC and plotted. Error bars indicate standard deviation between two biological
repeats of the experiment.

As it can be seen in Figure 7.20 A and Figure 7.21.A, for both cases a control reaction was included.

The reaction in absence of MBA showed no production of ABT, while the reaction with only MBA

added showed certain production of ABT, less than when both substrates were added. As it was

mentioned before, this suggested a pool of ERY available in the cell from other sources generated

by the host.
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In Figure 7.20.B and Figure 7.21.B high biomass of whole-cell biocatalysts PpTAmCV708 and

PpTAm-TK16 were incubated for transaminase conversion with 150 mM MBA and 100 mM ERY.

The production of 10.4 mM and 22.9 mM of ABT with PpTAm-TK16 and PpTAmCV708 strains,

respectively, is appreciated. These values were used to calculate the ABT productivity metrics

presented in section 7.5 for this best performance reaction.

It is noticeable that, for all the cases were ABT production was able to be analytically quantified;

its measurement showed ABT concentrations very similar to the quantified ACP from the same

reaction. Based on this, it could be inferred that the measurement of ACP production in the

reactions in study and with the strains evaluated, can give an idea of the level of ABT produced by

the same reaction.

7.5 Whole-cell biocatalyst performance metrics

To investigate and compare whole-cell biocatalyst performances, it is advised to consider metrics

that traditionally have not been used for cell-free enzyme systems. This metrics have been

described by Schrewe et al. (Schrewe et al., 2013), including for example space-time yields (STY)

that can better inform about the volumetric productivity when time resources are crucial for the

bioprocess.

Following, Table 7.1 is presented to show a summary of reaction and productivity values obtained

in this chapter, calculated on the basis of the best performance reached for each strain and

reaction in study.
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Table 7.1 Schrewe metrics whole-cell biocatalysis. Date gathered using samples of P. pastoris strains PpTAmCV708 and
PpTAm-TK16 cultivated in a 1 L bioreactor, taken at 48 hour post induction and concentrated to OD=2800. The table
shows the production valued for ACP generated in each reaction, as well as ABT generated in each reaction that was
possible to be quantified. Transaminase reaction was performed with addition of MBA and ERY (no TK substrates), while
the de novo pathway was performed with addition of TK substrates, plus MBA. MW ACP=120.15, MW ABT=121.135.
a, b. DCW according reaction mixture handling presented in Figure 7.2.B.

c. DCW according reaction mixture handling presented in Figure 7.3.B.

Also, to contribute to the interpretation of the reaction conditions exposed in Table 7.1, in Figure

7.22 is presented a simplified schema of the reactions addressed in the progress of this chapter.

Figure 7.22 Serial reactions TK-TAm comprised in the de novo pathway for production of ABT. In this route, substrates
HPA and GA generate ERY by the TK reaction, and the ERY produced reacts with added MBA to generate ACP and ABT by
the TAm action.
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Higher ACP production in PpTAmCV708 strain than in PpTAm-TK16 strain, both fed with MBA

and ERY for TAm reaction (comparison metrics A and C)

In Table 7.1 (metric A) it can be noticed that the transaminase activity of PpTAmCV708 strain

allowed the conversion of MBA and ERY to generate 20.3 mM of ACP in a reaction catalysed by

90.8 g/L of cells (OD=2800), during two hours of incubation. In the same reaction time (metric C),

99.15 g/L of PpTAm-TK16 strain (OD=2800) was able to produce around half of ACP than

PpTAmCV708 strain (11.4 mM) in identical reaction conditions: no TK substrate provided, and

MBA with ERY added.

Since both strains were generated by cloning with the same engineered CV2025 gene, it was

expected to observe for both strains a similar activity toward MBA and ERY to generate ACP (when

no TK substrates were added). However, a reduction of CV2025 activity observed in PpTAm-TK16

strain can find a feasible explanation in the metabolic costs that the inducible expression of two

recombinant enzymes can represent for a single host.

Higher ABT production in PpTAmCV708 strain than in PpTAm-TK16 strain, both fed with MBA

and ERY for TAm reaction (comparison metrics B and D)

The comparison of ABT productivity shows again that the strain PpTAmCV708 (metric B) had a

better transaminase performance than strain PpTA-TK16 (metric D) toward MBA and ERY

substrates. The higher concentration of ABT achieved was 22.9 mM produced by PpTAMCV708

strain, while PpTAM-TK16 only produced half of this concentration with nearly the same DCW in

the reaction. These ABT results corroborate the hypothesis that the CV2025 activity of the PpTAm-

TK16 strain can be affected by the metabolic burden provoked by co-expression of two enzymes.

Measurement of ACP as good estimation of ABT production (comparison metrics A and B with C

and D)

The ACP and ABT production in both strains for the TAm reaction fed with substrates MBA and

ERY, showed very similar concentrations for both products, according to a comparison between

metric A and B for PpTAmCV708 strain, and between metric C and D for PpTAm-TK16 strain. This

indicates that the quantification of ACP can give a good estimation of the production of ABT in

these strains, and can be applied to the case of PpTAm-TK16 strain fed with GA, HPA and MBA
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performing the TK-TAm reaction, in which case the HPLC method of ABT detection could not be

applied.

Best performance for ACP production by PpTAm-TK16 strain fed with GA, HPA and MBA for TK-

TAm reaction (comparison metrics E with A and C)

Regarding the activity observed in de novo pathway performed by PpTAm-TK16 strain, when

substrates for TK-TAm reaction were supplied, this strain successfully produces ACP (metric E).

This ACP concentration is the lowest in relation with the ACP concentrations showed in metric A

and C. However, considering the cell density involved in these three metrics, PpTAm-TK16 strain

performing the TK-TAm reaction can be consider the best performance to produce ACP due its

product yield on catalyst (Yp/x). Furthermore, the concentration of ACP produced by PpTAm-TK16

strain in metric E, shows a reduction of only 16% in relation to the concentration of ACP produced

by the same strain in metric C, although the biomass concentration in the first case is a third part

of the second case. Regarding this, it is possible to think that PpTAm-TK16 strain performing the de

novo pathway with a cell density similar to that used in the TAm reaction (metric C) can produce

the highest concentration of ACP and ABT.

This outstanding performance showed by the strain PpTAm-TK16 can be adjudicated to the

optimum use of substrates and cofactors by a single cell system designed to perform the synthetic

route TK-TAm. By performing this pathway in a one-pot host, the concentration of ERY generated

by the cell can be more suitable than the concentration externally added, boosting the CV2025

conversion in a higher level and allowing a better utilization of the substrates by the internal

biocatalytic machinery.

Volumetric productivity in PpTAmCV708 and PpTAm-TK16 strains in comparison with E. coli

previous results

Both constructed strains can be considered prosperous whole-cell P. pastoris transaminase

expression systems in comparison with previous works conducted with E. coli. Either for TAm

reaction as for TK-TAm reaction, PpTAmCV708 and PpTAm-TK16 strains reported higher

volumetric productivities than E. coli.

For example, Ingram et al. (2007) conducted a study with an E. coli strain expressing (β-A:P TAm)

from Pseudomonas aeruginosa and a native TK, performing the de novo pathway with substrates
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GA, HPA and MBA. In comparison with the E. coli host, the novel PpTAm-TK16 strain fed with the

same substrates, exhibited a STY 49-fold higher.

A study conducted by Rios-Solis et al. (2011) was carried out for the production of ABT by the de

novo pathway in E. coli, expressing the CV2025 TAm and a native TK. This study accomplished

better performance than Ingram et al. (2007), but feeding isopropylamine (IPA) instead of MBA as

amino donor. In this study, the ABT STY was 0.042 g L-1 h-1, seven-fold less volumetric production

than with the PpTAm-TK16 strain. In another study performed by Rios-Solis et al. (2015), the same

E. coli strain generates 0.091 g L-1 h-1 of ABT, using propionaldehyde (PA), HPA and IPA as

substrates. In comparison with this, which is the best E. coli performance reported, the PpTAm-

TK16 strain presented a six-fold higher volumetric yield.

These findings demonstrated that the P. pastoris strains designed in this work, achieved better

volumetric yields of the chiral amino alcohol than E. coli hosts, and the novel strain PpTAm-TK16,

at high cell densities, is a better whole-cell biocatalyst for the performance of the de novo pathway

for ABT production.

Estimation of ABT produced by PpTAm-TK16 strain fed with GA, HPA and MBA for TK-TAm

reaction

Due to the quantification of ACP can be considered a good estimation of the ABT produced in a

same reaction, the performance of PpTAm-TK16 in terms of ACP production (metric E) can indicate

a similar ABT concentration produced in the TK-TAm reaction with fed of GA, HPA an MBA, despite

this value was not able to be quantified. Regarding this, the ABT production by the best biocatalyst

performing the de novo pathway can be estimated in approximately 9.5 mM.

7.6 Conclusions

In this chapter was presented the characterisation of whole-cell biocatalysts PpTAmCV708 and

PpTAM-TK16 designed in the course of this work to be able to produce the chiral amino alcohol

ABT due to TAm and TAm-TK activity, as corresponds.

A first exploration was performed with cells induced in shake flask, for then evaluates the

performance at high biomass densities obtained from bioreactor cultivation. The best biocatalytic
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performances were investigated with the addition of different substrate concentrations and also

different cell densities.

Based on the results obtained in this chapter the main achievements and conclusions are:

- The investigation of activity in P. pastoris cells cultivated in shake flask scale demonstrated

that the transaminase activity was significantly increased by cultivation with supplementation

of methanol.

- Whole-cell transaminase activity was successfully confirmed in high cell density PpTAmCV708

and PpTAm-TK16 strains by quantification of ACP and ABT products and toward MBA and ERY

substrates, confirming the feasibility of these strains to perform the second reaction of the de

novo pathway. The production of ACP and ABT by the PpTAmCV708 strain showed the highest

product concentration with substrates provided at 150 mM MBA and 100 mM ERY, in a host

with high cell density (OD=2800). In the same reactions condition, PpTAm-TK16 strain was able

to produce about half of the ACP and ABT produced by PpTAmCV708 strain, suggesting a

metabolic burden effect in the activity of PpTAm-TK16.

- Whole-cell TK-TAm activity explored at high cell densities of the dual strain PpTAm-TK16 was

successfully observed based on quantification of ACP and towards MBA and ERY substrates,

confirming the catalytic potential of this strain to perform the de novo pathway. The best

performance of PpTAm-TK16 strain for the TK-TAm pathway was observed at high cell density

2800, with TK substrates provided at 200 mM GA, 200 mM HPA, and with addition of 150 mM

MBA. Under these conditions, PpTAm-TK16 strain can be considered the best biocatalyst for

the generation of ABT, demonstrating that the de novo pathway performed in a single strain

can enhance the biocatalytic efficacy of the synthetic route.

- For both P. pastoris biocatalysts, it has been successfully exploited the rapid growth and high

biomass in whole cell strains. At high cell density, the engineered PpTAmCV708 and PpTAm-

TK16 strains tolerated high concentrations of substrate to achieve STY values substantially

better than E. coli.
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8 OVERALL CONCLUSIONS AND FUTURE WORK

 Using a genomic data mining based on sequence similarity and Hidden Markov Modelling,

four putative Class III transaminases were identified encoded by the P. pastoris GS115

genome. After a substitution matrix comparison with another two well-known ω-

transaminases, and the analysis of introns in these sequences, it was hypothesized that P.

pastoris KpTam III.1a, KpTam III.1b and KpTam III.2a transaminases stood out to be

engineered and characterised for their activities. Additionally, a rational nomenclature for

P. pastoris GS115 transaminases was proposed to contribute in further P. pastoris

research and to inform industrial screening for engineering of yeast transaminases.

There are a few considerations that could be easily addressed in the future in order to

investigate further the putative classification of P. pastoris transaminases. A deeper

analysis can be performed using the NCBI annotations for the strain CBS7435 which, to

date, is the best functional annotated P pastoris strain. Also, other bioinformatic tools can

be applied in order to identify better computational mechanisms to identified ω-

transaminases. Finally, due to the reduced number of putative Class III transaminases in P.

pastoris GS115, more organisms would have to be analysed in their genomes by the same

bioinformatic procedure applied in this project, until a more acceptable prediction can be

obtained.

 The Class III transaminases KpTam III.1a, KpTam III.1b and KpTam III.2a were successfully

isolated from P. pastoris GS115 genome and sub-cloned into the vector pAO815 for the

generation of transformation plasmids p8TAm107, p8TAm677 and p8TAm410. The three

plasmids were successfully transformed generating P. pastoris strains PpTAm107,

PpTAm677 and PpTAm410 for methanol induction of their activity by the AOX1 promotor.

The three constructed strains were subjected to functional assay to assess the

transaminase activity with substrates ERY and PYR as amino acceptor of the

transamination with MBA. Towards both substrates, the native TAms showed no activity,

being not possible to experimentally confirm their putative classification, and revealing

that deeper investigation is needed to determine their feasibility to perform the de novo

pathway in this study.
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Regarding the results obtained in the characterisation of the native transaminases, future

work should be addressed in order to confirm or refute the hypothesis that these enzymes

have biocatalytic potential to perform the de novo pathway. First, final sequencing of the

P. pastoris clones can be performed, ruling out the presence of mutations that can affect

the TAm activity of the recombinant strains. Another useful future work to include is the

analysis of the protein expression by Polyacrylamide Gel Electrophoresis SDS-PAGE.

However, given these are native genes, it is unlikely they are toxic and therefore

repressed. But this can be informative of the level of expression; therefore, an SDS-PAGE

from different culture conditions can be analysed for examination of differences in

expression relative to the parental strain and to un-induced cells. In addition, time-point

studies are interesting to identify a specific moment in time in which expression could be

greater. If low levels of expression are observed, modifications in the cloning process can

be addressed. For example, to transform P. pastoris cells with the strategy of double cross-

over to stimulate genomic integration in the AOX1 loci generating MutS phenotype. Since

there is no way to predict beforehand which phenotype will better express the

recombinant protein, the generation of MutS strains could enhance the activity of the

native transaminases. Also, it can be advisable to use a different expression vectors from

the pool available for P. pastoris cloning. Plasmid PIC3.5K and pPIC9K for example, are

designed for the in vivo isolation of multi-copy genes and allow the screening of multiple

inserts. Multiple copies can significantly increase the amount of protein produced,

therefore, either in vivo or in vitro can be used to exploit this potential advantage. In terms

of the activity characterisation, a wider substrate spectrum can be screened, including the

native substrate for the transaminases in order to evaluate their native activity.

 The Class III ω-type transaminases CV2025 from C. violaceum was successfully sub-cloned

into the expression vector pAO815 generating the plasmid p8TAmCV708 for

transformation and integration into the mutant strain PpTAmCV708, downstream the

AOX1 promoter. On the other hand, a site directed mutagenesis was successfully

performed to generate the transketolase gene TK151, sub-cloned into the previously

constructed plasmid p8TAmCV708, originating plasmid p8TAm-TK16. A successful

transformation of this plasmid generates the novel P. pastoris strain PpTAm-TK16 for

methanol-inducible co-expression of TK151 and CV2025 genes. Bioreactor cultivation of
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both strains was achieved to obtain high biomass concentrations above OD600 1000 and

WCW around 500 g/L after 48 hours of induction with 0.5% v/v methanol.

Although the methanol tolerance of strain PpTAmCV708 was evaluated at three different

concentrations of methanol, a further study of the effect of other concentrations of

methanol can be performed as future work. Also, an equivalent study can be performed

including strain PpTAm-TK16 to evaluate differences in the metabolism of methanol

among these strains. Also, would be desirable to explore other strategies of induction in

bioreactor cultivation that can enable the generation of even higher biomass

concentrations and also higher level of expression. Changes in substrate feeding strategies

as the use of a mixture of methanol and co-substrates can positively affect the production

of the heterologous protein in P. pastoris by accelerating cell adaptation to methanol.

Cultivation at different temperatures can also improve the induction of heterologous

production by decreasing the temperature below 30 °C cell lysis can be reduced, also

aiding to the folding machinery of proteins. Finally, to scale up to higher bioreactor

volume would be of interest for industrial applications to reduce the costs and timescales

of bioprocess development.

 Considering the rapid growth of P pastoris strains to achieve high biomass concentrations,

qualitative determination of the upper limit of soluble MBA and ERY concentrations was

carried out to define their optimal feeds and therefore, to evaluate P. pastoris tolerance to

high concentration of substrates in the transaminase reaction. The maximum soluble

concentration of substrates in the reaction mixture was found at MBA 0.2 M and ERY 2 M,

using HEPES buffer with 4% DMSO as solvent. This represents a wider spectrum of

substrates concentrations for the transaminase reaction in study, in comparison with

previous work conducted with the same substrates.

Future work on the solubility study of MBA and ERY to maximise their feed for the

transaminase reaction should incorporate a chemical analysis of the compounds to

quantitatively evaluate the miscibility of them. This examination could also include an

analysis of temperature and pH which can have beneficial effects on the mixture solubility.

An equivalent study can be perform for the TK substrates GA and HPA in order to

determine the higher concentrations able to fed in the TK-TAm reaction.
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 The characterisation of whole-cell biocatalysts PpTAmCV708 and PpTAM-TK16 for

production of the chiral amino alcohol ABT by the de novo pathway was successfully

performed. The best biocatalytic performance was investigated with the addition of high

substrate concentrations, and with cells cultivated under methanol induction for 48 hour

in 1 L bioreactor at high cell densities. The whole-cell transaminase activity of both strains

was demonstrated by production of ACP and ABT products and toward MBA and ERY

substrates. PpTAmCV708 strain showed two-fold volumetric productivity than PpTAm-

TK16 strain for the TAm reaction, suggesting a metabolic burden effect in the activity of

PpTAm-TK16 strain. The best transaminase activity was obtained in whole-cell strain

PpTAmCV708, performed with addition of 150 mM MBA and 100 mM ERY and cell density

2800. On the other hand, whole-cell TK-TAm activity explored at high cell densities was

successfully achieved by the dual strain PpTAm-TK16 at high cell density 2800, with

substrates provided at 200 mM GA, 200 mM HPA, and 150 mM MBA. Under these

conditions, PpTAm-TK16 strain demonstrated to be the best biocatalyst for the generation

of ABT through the de novo pathway, confirming that the performance of a synthetic

route can be enhanced in a one-pot cell biocatalyst. The production of ACP achieved by

this strain was STY 0.57 g L-1 h-1, 40-fold higher than levels previously reported with E. coli

for the same reaction, and the ABT production estimated in this strain was 100-fold higher

than E. coli in terms of STY. The rapid growth and high biomass characteristics of P.

pastoris were successfully exploited for production of ABT at high substrates

concentration by both biocatalysts engineered in this work.

The first challenge that arises as future work from the activity characterisation performed

to the constructed strains is to evaluate different analytical methods for the quantification

of the ABT generated by the reaction catalysed with GA and HPA feeding. Improvements

in the HPLC methods tested in this project or the implementation of new methods should

be explored. A pre-treatment of the sample could be evaluated in order to remove

components that can be retained by the column at the same rate than ABT. Additionally,

other analytical methodologies could be assessed, such as the colorimetric method

described by Baud et al. (2015) for identification of transaminase activity in a high-

throughput format. Regarding the productivity obtained by strains PpTAmCV708 and

PpTAm-TK16, the metabolic burden observed in this second strain could be informed by

an SDS-PAGE analysis that allows comparing the expression of CV2025 in both strains.
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Also, the de novo pathway successfully achieved by strain PpTAm-TK16, could be

performed with a different strategy of recycling cascade, in which ERY is directly aminated

by serine as amino donor for the simultaneous synthesis of ABT and HPA. Another

approach would be the selection of different substrates to perform the serial reaction TK-

TAm, as for example, IPA as amino donor, which has shown improvements in comparison

with MBA.
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APPENDIX A: DCW calibration curve

Standard curves for DCW calculation. A) P. pastoris recombinant strain for expression of CV2025 transaminase
(PpTAmCV708) cultured in BMMG media. B) P.pastoris recombinant strain for expression of CV2025 transaminase and
TK151 transketolase (PpTAm-TK16) cultured in BMMG media.
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APPENDIX B: Primer sequences

Name Sequence (5' -> 3') Tm
(°C)

GC
(%)

5AOX1JH GACTGGTTCCAATTGACAAGC (21 bp) 57.9 47.60

JH3AOX1 GCAAATGGCATTCTGACATCC (21 bp) 57.9 47.60

NESPTA1FWD GAGAATTCAACAATGAGCAAGAATGAACAGG (31 bp) 64.2 38.70

NESPTA1REV CGCAGAATTCAATCAAACATTTAGTACTTTAAGTATTGC (39 bp) 65.2 30.80

NESPTA2FWD GTTTTGAATTCAATGTCGCC (20 bp) 53.2 40.00

NESPTA2REV GCAATGAATTCATTAATGTTCAACGTGGGG (30 bp) 64.0 40.00

NESPTA3FWD CGGAATTCGAAGATGAGAGTTAATAAATTTATTCG (35 bp) 63.6 31.40

NESPTA3REV CAGAATTCATCATTTATACTTTTGC (25 bp) 54.8 28.00

NESPTA4FWD GCGAATTCACTCTTAATGTCTGTTTCTGAG (30 bp) 64.0 40.00

NESPTA4REV GATAGAATTCGCTTAGTTCTGAGAGAGAACC (31 bp) 65.5 41.90

TAm1_Mid_Fwd CTGAATTTGTTCCTAACCAACC (22 bp) 50.6 40.91

TAm1_Mid_Rev ATGAATGCAGCCTTGAAAGC (20 bp) 53.0 45.0

TAm2_Mid_Fwd TTATGGTGGTAATCCCTTGG (20 bp) 56.4 49.4

TAm2_Mid_Rev AATACCCTTCTTGACGTA TCC (21 bp) 57.5 43.0

TAm4_Mid_Fwd GAGCTACCTTCAAAATGTTGTCC (23 bp) 53.0 43.5

TAm4_Mid_Rev CTCATACAGACAGTTCAACACC (22 bp) 51 45.0

CV2025FWD GCGAAAGAATTCAAGAAGAGACCG (24 bp) 61.0 45.8

CV2025REV GCCCCTGAATTCACTAGTTTATGC (24 bp) 61.0 45.8

CV2025.opt.Mid_Rev GATAATTCGACAACAGCAGG (20 bp) 50.0 45.0

FTK150sdm GACTCTCAGGCTAGGTC (30 bp) 68.1 50.0

TK150sdmR CGATAATTGGTAGGACCTAGCCTGAGAGTC (30 bp) 68.1 50.0

TK151_Mid_FWD GGTGATGGATGTTTGCAGGAG (21 bp) 59.8 52.4

TK151_Mid_REV CAAAGCAATGATGGAAGGAGTGTG (24 bp) 61.0 45.8

TK.SapI.R AGGTACGAACTCGATTGACGGCTCTTCTACCCTACGCATGAACAG (45 bp) 72.0 51.0
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APPENDIX C: Sample chromatograms

A.

B.

Sample hromatograms for detection of compounds A) methylbenzylamine, MBA (retention time 3.6 min) and acetophenon, ACP (retention time 7.8 min). B) 2-amino-1,3,4-
butanetriol, ABT (retention time 6.1 min).
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APPENDIX D: Plasmid diagrams
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APPENDIX E: MBA and ERY solutions for qualitativative determination of
solubility

Solutions of MBA at different concentrations in HEPES pH 7.5 buffer. Solutions up to 500 mM were clear, therefore
soluble. At contrary, MBA at 840 mM and 1.7 M were cloudy, thus defined as insoluble.

MBA solutions with different solvents. A) MBA-HEPES pH 7.5 buffer. The upper soluble concentration of MBA in HEPES
buffer was demonstrated at 500 mM, since at 600 mM the mixture was cloudy. B) MBA-DMSO. All the tested
concentrations up to 7.0 M were soluble.


