
N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Fa

cu
lty

 o
f N

at
ur

al
 S

ci
en

ce
s

D
ep

ar
tm

en
t o

f B
io

te
ch

no
lo

gy
 a

nd
 F

oo
d 

Sc
ie

nc
e

Brynjar Skagestad

Effect of hydrogen peroxide in the
production of L-lysine derived amino
acids in Bacillus methanolicus

Master’s thesis in Chemical Engineering and Biotechnology
Supervisor: Luciana Fernandes de Brito
Co-supervisor: Marta Irla
June 2022M

as
te

r’s
 th

es
is





Brynjar Skagestad

Effect of hydrogen peroxide in the
production of L-lysine derived amino
acids in Bacillus methanolicus

Master’s thesis in Chemical Engineering and Biotechnology
Supervisor: Luciana Fernandes de Brito
Co-supervisor: Marta Irla
June 2022

Norwegian University of Science and Technology
Faculty of Natural Sciences
Department of Biotechnology and Food Science





Preface
This thesis marks the end of my master’s in Chemical Engineering and Biotechnology at the
Faculty of Natural Sciences, Norwegian University of Science and Technology (NTNU). The
thesis was written under supervision by Luciana Fernandes de Brito, with Marta Irla as my

cosupervisor.

I found the topic discussed in the thesis very interesting, and I am very thankful to my
supervisor Luciana Fernandes de Brito, for all her support, for always being available for help

when I needed it, for letting me work on such an exciting topic, and for all her
encouragement. I would also like to thank Marta Irla for her supervision the previous
semester and for all the help she has provided. Lastly, I would like to thank the Cell

Factories group for including me in their group and for their support.

After five years in Trondheim at NTNU, I would also like to thank all the friends I have made
along the way for all the great memories I have made.

1



Abstract
Bacillus methanolicus, a thermophilic, facultative methylotroph bacterium, has recently re-
ceived increased interest due to its prospects as a sustainable cell factory in industrial biotech-
nology. It harbors several traits that justify this; it consumes methanol as the sole carbon
and energy source and grows in elevated temperatures. Methanol has the potential to replace
traditional feedstocks for bacteria in industrial bioproduction. It can be synthesized by syn-
gas, it is fully miscible and not directly coupled with the global food chain. 5-Aminovalerate
(5AVA) and L-pipecolic acid (LPA) are L-lysine derivates that might be generated in a sin-
gle metabolic pathway. LPA is a common chemical intermediate utilized for the production
of chemicals, including anesthetic drug ropivacaine and anticancer agent VX710. 5AVA has
promising prospects for use in the chemical synthesis of nylon and glutaric acid, among others.
In this study, the effect of hydrogen peroxide on the biosynthetic pathway of these compounds,
the L-lysine α-oxidase pathway, is tested in B. methanolicus. The genes encoding the enzymes
involved in the pathway were overexpressed in the organism to obtain the production of LPA
and 5AVA. In addition, the enzyme catalase was overexpressed in order to either remove hy-
drogen peroxide in the case of LPA production or control the concentration of supplemented
hydrogen peroxide in the bacterial culture to increase the 5AVA production by decreasing the
susceptibility of B. methanolicus to the compound. Furthermore, this study found that the
toxicity of 5AVA impacted the production of the compound in B. methanolicus, and the induc-
tion time was found to be important when producing LPA, with later induction times being
favored. A titer of 17.14 ± 7.51 mg/l and 21.41 ± 11.72 mg/l was achieved for LPA and 5AVA,
respectively.
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Oppsummering
Bacillus methanolicus er en termofil, fakultativ metylotrofisk bakterie som nylig har tiltrukket
seg økt interesse for sitt potensiale som en bærekraftig cellefabrikk innenfor industriell biote-
knologi. Bakteriens evne til å benytte metanol som karbon og energikilde, samt at den er
termofil er grunnene til dette. Metanol har potensiale til å erstatte tradisjonelle energikilder i
cellekulturer innenfor industriell bioproduksjon. Stoffet kan bli produsert fra syntesegas, det er
lett blandbart og stoffer er heller ikke direkte koblet opp mot den globale matvareforskyningen.
5-Aminovalerat (5AVA) og L-pipekolsyre (LPA) er L-lysinderivater, som kan bli syntetisert fra
det samme metabolske sporet. LPA er et vanlig kjemisk mellomprodukt som ofte benyttes
under produksjonen av høyverdi kjemikalier som anestesimiddelet ropivakain og antikreftmid-
delet VX710. 5AVA er et lovende mellomprodukt som kan benyttes under syntesen av blant
annet nylon og glutarsyre. I denne studien blir effekten av hydrogenperoksid på biosynte-
seveien til disse forbindelsene, L-lysin α-oksidase sporet, testet i B. methanolicus. Genene
som koder for enzymene involvert i dette metabolske sporet ble overuttrykt i organismen for
å oppnå produksjon av LPA og 5AVA. I tillegg ble enzymet katalase overuttrykt for enten å
fjerne hydrogenperoksid med mål om å øke LPA-produksjonen eller for å øke toleransen til B.
methanolicus slik at en økt konsentrasjonen av hydrogenperoksid kan tilsettes bakteriekulturen
for å øke 5AVA-produksjonen. Videre fant denne studien at toksisiteten til 5AVA påvirket pro-
duksjonen av forbindelsen i B. methanolicus. Induksjonstiden ble funnet å være viktig ved
produksjon av LPA, hvor man fant at induksjon etter fire time gav høyest konsentrasjon av
LPA. En konsentrasjon på 17,14 ± 7,51 mg/l og 21,41 ± 11,72 mg/l ble oppnådd for hen-
holdsvis LPA og 5AVA.
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1 Introduction

1.1 Bacillus methanolicus: a thermotolerant, methylotrophic plat-
form strain for industrial bioproduction

Bacillus methanolicus, first isolated in 1990, is a rod-shaped, Gram-positive bacterium from
the genus Bacillus. [1] B. methanolicus is a thermophilic methylotroph that can grow between
35 °C and 60 °C with an optimal growth temperature at 50 °C [2], and is able to utilize methanol
as the sole carbon and energy source. B. methanolicus is a facultative methylotroph that also
grows in mannitol, glucose, and arabitol. [3] In 2014, its complete genome was sequenced, [4]
later, the genome-scale transcriptome, proteome, and metabolome have been characterized at
the genome scale. [5] [6] [7] B. methanolicus presents several advantageous traits, making it an
interesting candidate for industrial application. Cultivation at 50 °C reduces the cooling costs
associated with large-scale fermentations and the risk of culture contamination by mesophilic
species. Moreover, its ability to utilize methanol is what prompted the scientific interest in
this species. A microscopic view of the bacterium is shown in Figure 1.1.

Figure 1.1: Microscopic view of B. methanolicus. [8]

B. methanolicus is one of the best-studied methanol-utilizing bacteria. Therefore, it is well
suited for further investigation, as the organism is well understood, and multiple genetic tools
have been developed to aid in strain engineering. The wild-type strain MGA3 naturally over-
produces L-glutamate with titers reaching 59.3 g/l in fed-batch fermentations [9], while classical
mutants have been shown to produce 11 g/l L-lysine. [10] Previous metabolic engineering stud-
ies in B. methanolicus resulted in several different value-added products; a selection of these
is shown in Table 1.1.

Table 1.1: B. methanolicus production of value-added compounds by the means of metabolic engineering.

Compound Production [g/L] Method of cultivation Reference

Cadaverine 10.2 Fed-batch [11]

5-Aminovalerate 0.02 Shake-flask [12]

γ-Aminbutyric acid 9 Fed-batch [13]

Acetoin 0.42 Shake-flask [14]

4,4-Diaponeurosporene Production achieved Shake-flask [15]

4,4-Diapolycopene Production achieved Shake-flask [15]

B. methanolicus oxidizes methanol to formaldehyde in a reaction catalyzed by methanol dehy-
drogenase (MDH). [16] Formaldehyde is then assimilated through the ribulose monophosphate
(RuMP) pathway. In this pathway, formaldehyde is fixed with ribulose-5-phosphate (R5P)
to form hexulose-6-phosphate (H6P). H6P is then isomerized to create fructose-6-phosphate
(F6P). F6P is phosphorylated to fructose-1,6-biphosphate (FBP), and FBP is cleaved to
glyceraldehyde-3-phosphate (G3P) and dihydroxyacetone phosphate (DAHP), which is fur-
ther transformed in a series of reactions to acetyl-CoA that enters tricarboxylic (TCA) cycle
where energy is generated. R5P, which initially assimilates formaldehyde in the cycle, is then
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regenerated. [17] The methanol assimilation process in B. methanolicus is displayed in Figure
1.2.

Figure 1.2: Schematic view of the RuMP pathway utilized by microbes oxidizing methanol and its connection
to the tricarboxylic (TCA) cycle. This is the pathway for assimilation of methanol in B. methanolicus. Dashed
lines indicate that multiple enzymatic steps are part of the reaction, while solid lines indicate that only one
step is involved. R5P - ribulose-5-phosphate, H6P - hexulose-6-phosphate, F6P - fructose-6-phosphate, FBP
- fructose-1,6-biphosphate, G3P - glyceraldehyde-3-phosphate, DAHP - dihydroxyacetone phosphate, CoA -
coenzyme A.

1.2 Genetic toolbox of B. methanolicus

Despite being one of the best-studied methylotrophic bacteria, B. methanolicus still has a
limited set of genetic tools available. The lack of genetic tools is one of the major reasons
this species has yet to be domesticated for industrial use. [18] Due to the limited availability of
genetic tools for the species, the development of novel genetic tools remains a large priority.

A rolling-circle replicating plasmid (pTH1mp) and a theta replicating plasmid (pBV2mp) have
previously been established for recombinant gene expression in the species. [4] In addition, the
methanol- and mannitol-inducible promoters have been established for plasmid-based gene
expression in B. methanolicus. [19] For control of gene expression by induction, the heterolo-
gous xylose expression system originating in Bacillus megaterium has been adapted for the
organism. [4] Moreover, the CRISPRi/dCa9 system for gene repression has recently been estab-
lished in B. methanolicus, allowing for the repression of target genes in this bacterium. [20] The
CRISPRi/dCa9 system in question was applied to B. methanolicus, attempting to repress the
katA gene, resulting in a 25 % reduction in catalase activity.

8



1.3 Methanol as a feedstock for industrial biotechnology
Molasses and other agricultural products are the feedstocks most commonly utilized to feed
bacterial fermentors. As these feedstocks are coupled with the global food supply, their uti-
lization in industrial biotechnology might increase worldwide food prices and threaten global
food security. In addition, increased application of these feedstocks can put pressure on local
ecosystems. [18]

Methanol is a one-carbon (C1) compound not directly utilized in human food production
and is therefore considered a promising substitute for the aforementioned feedstocks. It is
cheap to produce, easy to transport, and completely miscible. It is also possible to produce
methanol from carbon dioxide and hydrogen [18], making it a possible sink for carbon released
as CO2 in the atmosphere. Hydrogen gas can be manufactured without emissions through
electrolysis, making methanol production potentially emission-free. Methanol, however, is
more reduced than sugars, meaning that bacterial cultures utilizing it as a carbon source
require a comparatively higher oxygen supply. [5] This also increases heat production, reducing
the cooling cost for methanol-based fermentors, as it is easier to establish a higher ∆T with the
cooling media. Methanol also has the advantage of having a comparatively high carbon yield
for biomass production of 62 %, [21] compared to glucose at 45 %, [22] requiring less carbon per
g of cell mass produced.

1.4 The L-lysine derivatives L-pipecolic acid and 5-aminovalerate
Currently, the demand for amino acids is rapidly increasing, [23] creating a need to increase the
production of these compounds. Furthermore, it is estimated that the market for biotechnolog-
ical products will grow 15.83 % annually from 2021 to 2028. [24] Since the demand for biotech-
nological products is increasing rapidly, the production of chemicals by bacterial cultivation
can be considered relatively economically safe, as long a sufficiently low cost of production is
reached.

1.4.1 5-Aminovalerate

5-Aminovalerate (5AVA) is an important 5-carbon non-proteogenic amino acid. 5AVA has
recently drawn attention to the possible use case of nylon synthesis. [25] It is also a promising
precursor for the synthesis of other 5-carbon platform chemicals, such as glutaric acid, 1,5-
pentanediol, and 5-hydroxyvaleric acid. [12]. The chemical structure of the compound is shown
in Figure 1.3.

At least five metabolic pathways (both natural and synthetic) have been shown to convert
L-lysine to 5AVA in bacteria: The DavBa-pathway, the L-lysine α-oxidase pathway, the SpuI
pathway, the PatA pathway, and the Pou pathway. [12] The DavBA converts L-lysine to 5AVA
by lysine 2-monooxygenase (DavB) and then 5-aminovaleramidase (DavA). In the L-lysine
α-oxidase pathway, L-lysine is deaminated to form α-ketolysine, which is then spontaneously
decarboxylated in the prescence of hydrogen peroxide. The three other pathways all start
with the decarboxylation of L-lysine to cadaverine by lysine decarboxylase (CadA), which can
then enter different patways through activity of either glutamylpolyamine synthetase (SpuI),
putrescine aminase (PatA) or putrescine oxidase (Puo), followed by several other enzymatic
steps.

The highest titer achieved to date of 5AVA was 240.70 g/l, this was achieved utilizing recombi-
nant E. coli overexpressing davAB genes originating from Pseudomonas putida in a whole-cell
biocatalyst system with supplementation of L-lysine with glucose as carbon source. [26] In B.
methanolicus, 5AVA has been produced to a titer of 0.02 g/l through overexpressing both
the PatA pathway and the L-lysine α-oxidase pathway, separately. [12] The same study also
tested the three other metabolic pathways for the production of 5AVA previously described,
but the recombinant B. methanolicus strains overexpressing the pathways were unable to pro-
duce 5AVA. Furthermore, 5AVA has been shown to be toxic to B. methanolicus, impairing the
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growth of the organism at a concentration of 1.17 g/l. [27] The same study utilized adaptive
laboratory evolution to establish a strain that achieved a two-fold increase in the maximum
cell density compared to the wild-type strain under inhibition by 5AVA.

Figure 1.3: Structure formula of 5AVA. [28]

1.4.2 L-Pipecolic acid

L-Pipecolic acid (LPA) is a non-proteinogenic amino acid, and its chemical structure is shown
in Figure 1.4. The compound is a chiral intermediate; industrial uses include manufacturing
anesthetic drugs such as ropivacaine and bupivacaine, the anticancer agent VX710 and the
antibiotic demethoxyrapamycin. Due to the complex production processes and low yields,
traditional techniques for synthesizing LPA are considered overly expensive. [29] Therefore, as
this chemical is already involved in the metabolism of L-lysine, biosynthesis of the product is
a possible alternative.

There exists at least four known enzymatic pathways to produce LPA from L-lysine. The first
one, the L-lysine α-oxidase pathway; converts L-lysine to α-ketolysine by L-lysine α-oxidse
(encoded by aiP) followed by spontaneous conversion to ∆1-piperideine-2-carboxylate with
subsequent activity of ∆1-piperideine-2-carboxylate reductase (DpkA) to form LPA. The sec-
ond one, the L-lysine cyclodeamination pathway directly deaminates L-lysine to form LPA
by means of L-lysine cyclodeaminase (encoded by pipA) activity. The third one, the ∆1-
piperideine-6-carboxylate pathway converts L-lysine to saccharopine, which in turn is converted
to ∆1-piperideine-6-carboxylate through oxidative cleavage by saccharopine oxidase. This com-
pound is then turned into LPA by pyrroline-5-carboxylate reductase (encoded by proC ). [30]
The last pathway, the α-aminoadipic pathway, first converts L-lysine into α-aminoadipic acid,
which in turn is converted into LPA. [31]

The highest achieved titer of LPA to date is 61 ± 3.4 g/l. [32] This was done utilizing recombi-
nant E. coli, heterologously overexpressing the L-lysine cyclodeamination pathway. The same
study also synthetically regulated the lysP and lysO genes associated with L-lysine regulation
to increase the concentration of L-lysine. In another study LPA was produced in Corynebac-
terium glutamicum with a titer of 0.04 g/l. [33] To the authors’ knowledge, LPA production in
B. methanolicus has yet to be attempted.

Figure 1.4: Structure formula of LPA. [34]

1.5 The L-lysine α-oxidase pathway for degradation of L-lysine
The conversion of L-lysine by the L-lysine α-oxidase pathway leads to the production of either
LPA or 5AVA. This pathway is shown in Figure 1.5. This metabolic pathway starts with the
deamination of L-lysine by L-lysine α-oxidase (AiP) to produce α-ketolysine. Notably, this
enzymatic step creates hydrogen peroxide as a byproduct. In the second step of the pathway
α-ketolysine is either spontaneously decarboxylated to form 5AVA in the presence of hydrogen
peroxide, or, in the absence of hydrogen peroxide α-ketolysine is spontaneously dehydrated to
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form ∆1-piperideine-2-carboxylate (P2C). P2C is then reduced to LPA by ∆1-piperideine-2-
carboxylate reductase (DpkA). [35] It has previously been shown that catalase activity increases
the production of LPA, as it removes hydrogen peroxide created by the first enzymatic step,
hindering the reaction towards 5AVA. [36]

Figure 1.5: Schematic view of the L-lysine α-oxidase pathway. DpkA - ∆1-piperideine-2-carboxylate reduc-
tase, AiP - L-lysine α-oxidase.

1.5.1 The role of catalase in the production of LPA and 5AVA

Catalase is a common enzyme that can be found in many organisms. Its primary function
is the dismutation of hydrogen peroxide to form water and oxygen. [37] Hydrogen peroxide is
an extremely reactive compound. [38] It exerts oxidative stress on the organism intracellularly,
often leading to cell damage. Catalase is one of the most important enzymes detoxifying the
compound and is vital to most cells, as hydrogen peroxide is a common byproduct of cellular
respiration. [39] The chemical reaction catalyzed by catalase is shown in Equation 1.1.

2H2O2
catalase−−−−−→ 2H2O+O2 (1.1)

Upon the synthesis of LPA and 5AVA, the presence of hydrogen peroxide favors the spontaneous
reaction converting α-ketolysine into 5AVA over the reaction producing P2C, which later is
converted into LPA. Since the initial reaction catalyzed by L-lysine α-oxidase (Aip) produces
hydrogen peroxide as a byproduct, hydrogen peroxide is present when Aip is active. Therefore,
the addition of catalase activity should increase the production of LPA, as there will be less
hydrogen peroxide reacting with α-ketolysine to form 5AVA. Previously, the overproduction of
catalase in B. methanolicus has been shown to enable the production of LPA by means of the
L-lysine α-oxidase pathway. [40]

Catalase activity decreases the susceptibility of B. methanolicus to hydrogen peroxide. This
allows for cultivating the organism in environments of higher hydrogen peroxide concentra-
tions. Previously, overexpression of catalase in B. methanolicus has shown a 10-fold increase
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in hydrogen peroxide tolerance. [41] The increased tolerance to hydrogen peroxide allows for the
cultivation of the organism supplemented with higher concentrations of the compound, which
can lead to increased conversion of α-ketolysine into 5AVA.

1.6 Aim of study
This study is a continuation of the authors’ previous work, named ’Assessing Catalase Activity
In Bacillus methanolicus: A Prerequisite for Methanol-Based L-Pipecolic Acid Production’ [41],
which utilized a vector, pTH1mp-katABm, to overexpress the homologous catalase encoding
gene katA in B. methanolicus. This resulted in a 10-fold decrease in the susceptibility of B.
methanolicus to hydrogen peroxide, enabling cultivation at higher hydrogen peroxide concen-
trations.

The study aims to investigate the influence of hydrogen peroxide in the L-lysine α-oxidase
pathway heterologously expressed in methylotrophic host B. methanolicus. Furthermore, an
attempt to increase production of 5AVA and LPA in B. methanolicus will be made through
regulation of the activity of the endogenous catalase.
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2 Materials and methods

2.1 Bacterial strains and plasmids
The general cloning host utilized in this study was Escherichia coli DH5α, while Bacillus
methanolicus MGA3 was utilized as the expression host (Table 2.1). The recombinant B.
methanolicus strains used in the study are described in Table 2.2. Plasmids used in this study
are presented in Table 2.3.

Table 2.1: Wild-type strains utilized for creating the recombinant strains investigated in this study.

Strain Application Reference

B.methanolicus MGA3 Expression host [2]

E. coli DH5α General cloning host, F-thi-1
endA1 hsdR17(r−,m−) supE44
lacU169 (80lacZM15 ) recA1
gyrA96 relA1

[42]
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Table 2.2: List of recombinant B. methanolicus strains investigated in the present study. An explanation of
the function of the different plasmids is found in Table 2.3.

Strain Abbreviation Reference

B.methanolicus
MGA3(pTH1mp-
katA)(pBV2xp)

MGA3-katA-EV [40]

B.methanolicus
MGA3(pTH1mp-
katA)(pBV2xp-aipTv)

MGA3-katA-Tv This study

B.methanolicus
MGA3(pTH1mp-
katA)(pBV2xp-aipSj)

MGA3-katA-Sj This study

B.methanolicus
MGA3(pTH1mp-
katA)(pBV2xp-aipSjBi)

MGA3-katA-SjBi [40]

B.methanolicus
MGA3(pTH1mp-
katA)(pBV2xp-aipBs)

MGA3-katA-Bs [40]

B.methanolicus
MGA3(pTH1mp-
katA)(pBV2xp-aipTv-
dpkAPp)

MGA3-katA-Tv-Pp [40]

B.methanolicus
MGA3(pTH1mp-
katA)(pBV2xp-aipSj-
dpkAPp)

MGA3-katA-Sj-Pp [40]

B.methanolicus
MGA3(pTH1mp-
katA)(pBV2xp-aipSjBi-
dpkAPp)

MGA3-katA-SjBi-Pp This study

B.methanolicus
MGA3(pTH1mp-
katA)(pBV2xp-aipBs-
dpkAPp)

MGA3-katA-Bs-Pp This study

B.methanolicus
MGA3(pTH1mp-
katA)(pBV2xp-aipSjBi-
dpkAPs)

MGA3-katA-SjBi-Ps This study

B.methanolicus
MGA3(pTH1mp-
katA)(pBV2xp-aipBs-
dpkAPs)

MGA3-katA-SjBi-Ps This study
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Table 2.3: List of plasmids investigated in current study.

Plasmid Description Reference

pTH1mp CmR, ErR, pHP13 derived B.subtilis-E.coli
shuttle vector; containting a multiple cloning
site downstream of the mhd promoter

[11]

pTH1mp-katABm pTH1mp with katA gene from B.methanolicus
under control of the mdh promoter

[40]

pBV2xp KanR, bla, pHCM04 derived plasmid, cantain-
ing a multiple cloning site downstream of the
xylose inducible promoter

[14]

pBV2xp-aipTv pBV2xp with a aip-gene from Trichoderma
viride2 inserted under control of the xylose in-
ducible promoter

[12]

pBV2xp-aipSj pBV2xp with a aip-gene from Scomber japonicus
2 inserted under control of the xylose inducible
promoter

[12]

pBV2xp-aipSjBi pBV2xp with a aip-gene from Scomber japonicus
1 inserted under control of the xylose inducible
promoter1

[12]

pBV2xp-aipBs pBV2xp with a aip-gene from Bacillus simplex 2

inserted under control of the xylose inducible
promoter

[12]

pBV2xp-aipTv-dpkAPp pBV2xp with a aip-gene from Trichoderma
viride2 and a dpkA gene from Pseudomonas
putida2 inserted under control of the xylose in-
ducible promoter

[40]

pBV2xp-aipSj-dpkAPp pBV2xp with a aip-gene from Scomber japon-
icus2 and a dpkA gene from Pseudomonas
putida2 inserted under control of the xylose in-
ducible promoter

[40]

pBV2xp-aipBs-dpkAPp pBV2xp with a aip-gene from Bacillus simplex 2

and a dpkA gene from Pseudomonas putida2 in-
serted under control of the xylose inducible pro-
moter

[40]

pBV2xp-aipBs-dpkAPs pBV2xp with a aip-gene from Bacillus simplex 2

and a dpkA gene from Psudemonas syringae2

inserted under control of the xylose inducible
promoter

[40]

pBV2xp-aipSjBi-dpkAPp pBV2xp with a aip-gene from Scomber japon-
icus1 and a dpkA gene from Pseudomonas
putida2 inserted under control of the xylose in-
ducible promoter1

This study

pBV2xp-aipSjBi-dpkAPs pBV2xp with a aip-gene from Scomber japon-
icus1 and a dpkA gene from Psudemonas sy-
ringae2 inserted under control of the xylose in-
ducible promoter1

This study

1. These genes has been codon optimized utilizing a method developed at the University of Biele-
feld. [43]
2. These genes has been codon optimized utilizing a method published in Nucleic Acids
Reasearch. [44]
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2.2 Growth conditions
All recipes for growth medium and solutions used in this project can be found in Section
A. Precultures of E. coli strains were grown in LB medium at 37°C and 225 rpm with 15
mg/ml chloramphenicol or 50 mg/ml kanamycin when appropriate. B. methanolicus strains
were grown in MVcMY media (Table A.4), MVcM media (Table A.5) or SOB media (Table
A.1) at 50 °C and 200 rpm with 5 mg/ml chloramphenicol or 25 mg/ml kanamycin when
necessary. Agar plates were prepared by adding 15 g/l bacterial agar to the SOB-media or
LB-media. When in need of induction, 1 % w

v sterilized xylose was added to the bacterial
culture. All the growth experiments in this study were performed in triplicates, grown in
MVcM medium supplemented with antibiotics or xylose when necessary. For the growth and
production experiments, pre-cultures were grown overnight and reinoculated to an optical
density at 600 nm (OD600) of 0.2. The OD600 was measured every 2 hours, and the mean
value for the technical triplicates was then utilized to estimate growth and variance of growth.
The bacterial cultures were then grown until they reached a maximum value, and the OD600

started to decline. OD600 was measured 24 and 26 hours after inoculation the next day.

2.3 Plasmid design
This study utilized the pBV2xp plasmid previously established [14] (Table 2.3) as a vector for
recombinant gene expression. The plasmid contains the xylose promoter (PxylR) upstream of
a multiple cloning site and a ribosome binding site (RBS), the xylose regulatory gene (XylR),
and the gene conferring resistance to kanamycin (knt). The plasmid is 8,104 base pairs long
and is shown in Figure 2.1.

Figure 2.1: Illustration of the pBV2xp plasmid. knt indicates kanamycin resistance, (PxylR) the xylose
promoter, RBS a ribosome binding site and XylR indicates the xylose regulatory gene. The multiple cloning
site is downstream of the promoter.
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In order to enable the production of 5AVA and LPA in B. methanolicus, this study targeted
the expression of the aip gene (for 5AVA production) and the coexpression of aip and dpkA
genes (for LPA production). In both strategies, different gene donors with different genetic
backgrounds were tested. The plasmid pBV2xp was used to drive the inducible gene expression.
An illustration of a plasmid with a inserted aip and one with both aip and dpkA genes is shown
in Figure 2.2. The plasmid was then transformed to B. methanolicus for overexpression.

In addition, the plasmid pTH1mp-katA was utilized to confer constitutive catalase expression.
The plasmid contains a gene conferring chloramphenicol resistance (CmR), the methanol de-
hydrogenase promoter (Pmdh), and a gene coding for a catalase enzyme (katA). The plasmid
pTH1mp-katA is sown in Figure 2.3.

Figure 2.3: Illustration of the pTH1mp-katA plasmid. Cm-R indicates a gene conferring chloramphenicol
resistance, mdh prom the methanol dehydrogenase promotor, and katA a gene coding for a catalase enzyme
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(a) pBV2xp-aipX (b) pBV2xp-aipX -dpkAY

Figure 2.2: Illustration of the pBV2xp-aipX (a) and pBV2xp-aipX -dpkAY (b) plasmids. knt indicates a gene
conferring kanamycin resistance, (PxylR) the xylose promoter, RBS a ribisome binding site, XylR the xylose
regulatory gene, aipX the aip gene originating from species X and dpkAY indicates the dpkA gene originating
from species Y.

2.4 Plasmid construction
In this section, the construction of plasmids used in this study is described. For simplicity, the
description will be based on a plasmid containing a synthetic operon that comprises two genes.

The process of plasmid construction is composed of the following steps. First, plasmid DNA
must be linearized through restriction digestion as preparation for gene insertion (Section
2.5.3). The next step is to amplify the genes for insertion into the plasmid by means of
PCR. Primers must be designed such that the amplification product contains overlapping
regions with the DNA ends to be joined. This step is performed with a proof-reading DNA
polymerase, for example, CloneAmp polymerase, as described in Section 2.5.2. Next, Gibson
assembly is used to combine the amplified DNA products and the linearized vector into a
circular plasmid (Section 2.5.4). This mix is then transformed into cloning host E. coli DH5α,
which is then cultivated overnight at 37 °C, and colony PCR is conducted to ensure the success
of DNA assembly. Lastly, the clones considered positive in colony PCR are sequenced by
Sanger sequencing to rule out any possible mutations. A schematic view of the entire process
is shown in Figure 2.4.
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Figure 2.4: Illustration of the process utilized to construct plasmids in this study. The first step is linearizing
the plasmid through enzyme digestion. Then the inserts to be inserted are amplified to include necessary
overlapping regions. The amplified DNA sequences and the linearized plasmids are assembled into one plasmid
through Gibson assembly. After that, the presence of inserts in the constructs is confirmed through colony
PCR and Sanger sequencing.

2.5 Molecular cloning
2.5.1 Gel electrophoresis

It is often helpful to qualitatively verify the lengths of different DNA fragments through gel
electrophoresis. In gel electrophoresis, DNA fragments are placed in separate wells within a
gel, and a voltage is applied.

DNA strands exhibit evenly distributed negative charges along the DNA strand. Gel elec-
trophoresis is based on this attribute. When a current is applied to DNA strands in the
agarose gels, the DNA migrates toward the positive charge. Due to the pores contained in the
gel, the DNA fragments are separated based on lengths, meaning that smaller fragments will
travel further in the agarose gel than longer strands. Then the distance the DNA strands have
traveled in the gel can be compared to a standardized DNA ladder.

To create the agarose, 0.8 % w
w was added to Tris-Acetate-EDTA (TAE) buffer. The mix was

then heated to dissolve the agarose in the solution. Then 20 µl of GelRed [45] was added per
400 mL of solution. 1 µl 6X DNA loading dye [46] was used for DNA loading. 6 µl of the 1 kb
Plus DNA Ladder [47] was utilized in the study. Relevant recipes can be found in Section A.

2.5.2 Polymerase chain reaction

In order to amplify DNA fragments, polymerase chain reaction (PCR) can be utilized. The
method is composed of 3 steps, denaturation, annealing, and elongation. In the first step,
denaturation, the double-stranded DNA fragment is denatured into two single-stranded DNA
fragments. The second step is annealing, in which primers added to the solution bind to the
DNA fragments, creating a starting point for the DNA polymerase for the elongation process.
It is crucial to determine the optimal annealing temperature of the primer, as primers are
created for specific purposes and differ in G-C content, which leads to differences in annealing
temperature between primers. Applying a too high annealing temperature will prevent the
hybridization of the primers to the strand. At the same time, a too low annealing temperature
will reduce the primer specificity, causing the primer to hybridize to unintended positions on
the DNA strand. The annealing temperature was determined for the specific primer pairs with
Clone Manager software. [48] The last step, elongation, occurs at the optimal temperature of
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the DNA polymerase utilized for the specific PCR. In this step, the DNA polymerase extends
the DNA along with the single-stranded DNA templates, creating the amplified product. The
time required for this step depends on the DNA polymerase’s elongation rate of the DNA
polymerase and the amplified product length. For instance, GoTaq DNA Polymerase extends
the DNA strand at a rate of 1kb/min, meaning that an amplified product of 10 kb would need
an elongation time of 10 minutes. The PCR is set to repeat the steps described above in cycles,
each cycle doubling the amount of the amplified product. After multiple cycles of three PCR
steps, a final elongation step will ensure all the amplified DNA is double-stranded.

In this project two DNA polymerases were utilized, GoTaq [49] and Takara CloneAmp [50].
Because the CloneAmp polymerase is a high fidelity polymerase, it was utilized to amplify
DNA that was then applied in molecular cloning. While the low-fidelity GoTaq polymerase
was used for colony PCR (Section 2.10). The PCR mixes for each polymerase can be found in
Table 2.4, 2.5. The PCR settings are shown in Table 2.6 and Table 2.7. To perform the PCRs
the Mastercycler® Nexus X2 - PCR Thermal Cycler [51] was utilized.

Table 2.4: PCR reaction mix prepared for amplification using CloneAmp DNA polymerase.

Compound Amount

CloneAmp Hifi PCR Premix 12.5 µl
Forward primer 0.5 µl
Reverse primer 0.5 µl
Genomic DNA 1.0 µl (< 100 ng)
MilliQ water 10.5 µl

Table 2.5: PCR reaction mix prepared for amplification using GoTaq DNA polymerase.

Compound Amount

Green buffer 2.00 µl
dNTPs 0.20 µl
Forward primer 0.20 µl
Reverse primer 0.20 µl
GoTaq polymerasee 0.05 µl
MilliQ water 7.35 µl

Table 2.6: PCR temperature cycling program used for Takara ClonAmp polymerase.

Step Temperature [°C] Time [sec]

Denaturation 98 10
Annealing 55 5-15
Elongation 72 5 kb−1

Table 2.7: PCR temperature cycling program used for GoTaq polymerase.

Step Temperature [°C] Time [min]

Initial denaturation 95 10
Denaturation 95 0.5-1
Annealing 42-56 0.5-1
Elongation 72 1 kb−1

Final extension 72 5
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2.5.3 Digestion of plasmids

Plasmid DNA needs to be linearized in order to insert PCR-amplified DNA fragments con-
taining targeted genes. To achieve this, restriction enzymes were used. The restriction enzyme
recognizes specific sequences in DNA fragments and cleaves the DNA at these sites. The reac-
tion mix utilized to digest plasmid DNA is shown in Table 2.8, while the restriction sites for
the digestion with respective restriction enzymes employed in this study, PciI and BamHI, are
shown in Figure 2.5.

Table 2.8: Reaction mix for digestion of plasmids.

Compound Amount

Restriction enzyme 2 µl
3.1 (buffer) 10 µl
DNA 2 µg
MilliQ water Complete to 100 µl

2.5.4 Gibson DNA-assembly

After obtaining linearized plasmid DNA and DNA fragments for insertion into the plasmid
amplfied by PCR, Gibson assembly [52] was utilized to join ends of DNA fragments into a
circular plasmid.

To successfully achieve DNA assembly, it is important to use the optimal ratio of plasmid DNA
to insert DNA. The optimal relation was calculated using Equation 2.1. Ideally, 100 ng of the
linearized plasmid DNA was used, which could then be used to calculate the amount of insert
needed. The DNA parts were then mixed with the components displayed in Table 2.9 and
placed in the Thermocycler for 1 hour at 50 °C. The assembly mix was then transferred to
DH5α through heat-shock transformation. This process is described in Section 2.9.

Insert quantity (ng) = V ector quantity (bp) · Insert size (bp)

V ector size (bp)
(2.1)

Table 2.9: Reaction mix for Gibson DNA assembly.

Compound Amount

Gibson reaction mix 15 µl
Plasmid 100 ng
Insert Calculated from Equation 2.1
MilliQ water Complete mix to 20 µl

(a) BamHI restriction
site.

(b) PciI restriction
site.

Figure 2.5: Illustration of the BamHI (a) and the PciI (b) cutting sites in double stranded DNA.
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2.6 DNA purification
The DNA materials used in this study, such as digested plasmid DNA and the PCR fragments,
must be purified before they can be further utilized. This study utilized the QiAquick PCR
Purification kit according to the manufacturer’s protocol. [53]

2.7 Plasmid isolation
In this study, ZymoPURE Plasmid Miniprep was utilized to isolate plasmids. [54] To isolate
plasmids with this kit, the first step was to grow 5 ml of bacterial culture harboring the
wanted plasmid overnight. After this was done, the culture was spun down (13000 RPM, 5
min), and the protocol included in the kit is followed to complete the isolation.

2.8 Preparation of competent E.coli DH5α cell
In order to transform E.coli DH5α cells, the first step to be completed was to prepare competent
E. coli DH5α cells. In this study, E.coli DH5α cells were first grown overnight. Then the cells
were inoculated in a new subculture (300 ml) and grown until an OD600 of 0.3-0.4. After this,
the cells were chilled on ice for 5 minutes, separated into six different Falcon tubes, and then
centrifuged (4000 RPM, 4 °C) for 10 minutes. The supernatant was discarded, and the cells
were resuspended in 15 ml chilled TfBI (Section A.8). After this, the cells were centrifuged
(4000 RPM, 4 °C) for ten more minutes. The cells were then resuspended in 1 ml TfBII
(Section A.9) and frozen at -80 °C.

2.9 Tranformation of E. coli by heat shock
To transform competent E. coli DH5α cells, the first step was to add the desired plasmid DNA
to 100 µl competent cells and incubate the mixture on ice for 20 minutes. After that, the
DNA-cell mix was heat shocked in a water bath at 42°C for 45 seconds. The cells were then
left on ice for 90 seconds. Then, 1 ml of lb medium was added, and the cells were kept in
a shaking incubator (200 rpm) at 37 °C for 45-60 minutes. Then, the cells were spun down,
and the supernatant was discarded. The pellet was then plated on an LB plate with suitable
antibiotics and left overnight for inoculation at 37 °C.

2.10 Colony PCR
After the product of Gibson assembly reaction had been transformed into E. coli, confirmation
of the correctness of constructs is necessary. The presence of the insert in these plasmids was
checked through colony PCR. To perform colony PCR, 15 colonies of the transformed E. coli
cells containing the product from the Gibson assembly were restreaked onto a new master
plate with pipette tips and inoculated overnight. At the same time, the tips with remaining E.
coli cells were added to separate PCR tubes containing the mix described in Table 2.5. PCR
reaction was then conducted according to the protocol in Table 2.7, and the product length
amplification was checked with gel electrophoresis.

2.11 Preparation of plasmids for Sanger sequencing
After colony PCR has confirmed the correctness of the length of the constructed plasmids, it
is crucial to confirm that the plasmids do not contain mutations that do not alter the length of
the plasmid. This can be achieved by Sanger sequencing. In order to sequence the constructed
plasmid, the first thing to be done is to mix 2.5 ml of the isolated plasmid (∼ 70 ng/µl) with
7.5 ml of primer (∼ 100 µM). It is essential to select primers that amplify the regions cotaining
the new inserts in the plasmid. The mixes were then sent to Eurofins for sequencing. After
the sequencing was complete, the sequences was aligned with the theoretical plasmid utilizing
the Clone Manager software.
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2.12 Preparation of electrocompetent B. methanolicus cells
In order to transform B. methanolicus the first step to be completed was to prepare electrocom-
petent B. methanolicus cells. In this study, B. methanolicus cells were first grown overnight.
Then the cells were inoculated in a new subculture at an OD600 of 0.1 - 0.2. After four hours,
the culture was reinoculated to an OD600 of 0.05 and grown until the OD600 was 0.25. Once
an OD600 of 0.25 was reached, 50 ml of the cultures were spun down (7,800 RPM, 40 °C), the
supernatant was poured off, and the cells were resuspended in 4.5 mL electroporation buffer
(EPB). Then, the cells were centrifuged for 10 minutes, and the supernatant was removed. The
same process was then repeated with 9 mL EPB. After that, the supernatant was poured off,
and the cells were resuspended in the remaining liquid. 100 µl of the mix was then aliquoted
into separate sterile Eppendorf tubes and stored at - 80 °C.

2.13 Transformation of electrocompetent B. methanolicus

In this study, first electrocompetent cells and the plasmid DNA were mixed in Eppendorf tube,
transferred to a cold electroporation cuvette, and left on ice for 30 minutes. Then, after the
30 minutes, the mixes were electroporated at 200 Ω, time constant 4.5-5.5 and 12.5 kV/cm.
Immediately after that, 1 ml of the prewarmed SOB medium was added. Then the mix was
transferred into a flask containing 12.5 ml previously prewarmed SOB medium. The cells were
then incubated (50 °C, 200 rpm) for 6 hours. After the 6 hours, the cultures were spun down,
resuspended in 100 µl SOB medium, and plated on an SOB plate supplemented with suitable
antibiotics. After that, the plates were incubated at 50 °C overnight. The following day, three
colonies were picked and incubated in MVcMY medium supplemented with suitable antibiotics
overnight. The day after, the cultures were inoculated into subcultures of the same medium
and grew until the OD600 reached 2.0 - 2.5. At this point, the cultures were utilized to prepare
glycerol stocks and frozen at -80 °C.

2.14 Preparation of glycerol stocks
In order to prepare glycerol stocks for storing B. methanolicus strains at -80 °C, the B. methano-
licus colonies were inoculated into MVcMY medium supplemented with suitable antibiotics and
grown until an OD600 of 2.0 - 2.5. Then, 1.5 mL of bacterial culture was mixed with 4.5 ml
of glycerol solution (Section A.7) and then placed in the freezer at -80 °C. For E. coli, the
colony was inoculated in LB medium supplemented with suitable antibiotics and cultivated
overnight. The glycerol stock was prepared by mixing 3.5 ml bacterial culture with 6.5 ml
glycerol solution.

2.15 Amino acid quantification with high-performance liquid chro-
matography

High-performance liquid chromatography (HPLC) is a technique used to quantify the concen-
trations of different compounds in a mixture. In HPLC, the sample is added to a solvent,
which is passed through a column under high pressure. The solvent is called the mobile phase,
while the column is called the stationary phase. The stationary phase typically contains a ma-
terial that separates the solute based on a given criterion, in this case, polarity. As the mobile
phase is passed through the column, the different components will elute separately, and when
these are compared with pure standards, it is possible to estimate the amount of compound
contained in the sample.

In this study, the FMOC-CL (fluorenylmethyloxycarbonyl chloride) method was utilized to
derivatize amino acids in order to enable their detection. [55] This protocol attaches a fluorescent
molecule to amino acids contained in the sample investigated, which was then detected by the
2475 FLR Detector [56] as the sample left the HPLC. As different amino acids exhibit different
polarities, the column will retain them for different lengths of time, and they will therefore
elute at different times. This leads the detector to measure fluorescent peaks at different
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times, making it possible to separate the different compounds. It was then possible to compare
these peaks with standards of amino acids of known concentrations in order to quantify the
concentrations of amino acids contained in the samples in question. The Waters e2695 was the
instrument utilized. [57] The column utilized was Symmetry C18 by Waters (100 Å, 3.5 m, 4.6
mm × 75 mm). [58] The flow rate and composition of the mobile phase is shown in Table 2.10.
The concentrations of the standards were 0, 6.25 mM, 12.5 mM, 25 mM, 50 mM, and 100 mM
of the compound investigated.

Table 2.10: Flow rate and composition of mobile phase during the HPLC run. A - 50 mM Na-acetate, pH
4.2, B - organic solvent acetonitrile. Table adapted from [12].

Program time [min] Flow rate [ml min−1] % A % B

0 1.3 62.0 38.0
5 1.3 62.0 38.0
12 1.3 43.0 57.0
14 1.3 24.0 76.0
15 1.3 43.0 57.0
18 1.3 62.0 38.0
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3 Results

3.1 Construction of plasmids towards heterologous gene expression
in B. methanolicus

The plasmids created in the study are listed below.

1. pBV2xp-aipSjBi-dpkAPs

2. pBV2xp-aipSjBi-dpkAPp

3. pBV2xp-aipTv-dpkAPs

4. pUB110Smp-katA

3.1.1 Digestion of the pBV2xp plasmid

The pBV2xp plasmid was linearized by the restriction enzyme BamHI, as shown in Figure 3.1
where one band of DNA is visible. The expected length of the fragment was 8,104 bp (the
legnth of the pBV2xp plasmid), which is consistent with the band shown in Figure 3.1. If
the digestion had been incomplete, multiple bands would be visible, which is characteristic of
circular DNA.

Figure 3.1: Gel picture of the 0.8 % agarose gel electrophoresis of the digested pBV2xp plasmid. Well 1 shows
the DNA ladder. Well 2 shows pBV2xp digested by BamHI-HF.

Figure 3.1 shows a single band overlapping the length of 8,104 bp, indicating that the digestion
was successful.

3.1.2 Amplification of genes

The inserts for pBV2xp were PCR-amplified, as described in Section 2.5.2. The amplification
was checked by gel electrophoresis, shown in Figure 3.2.
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Figure 3.2: Gel picture of the 0.8 % agarose gel electrophoresis of the PCR amplified genes, aipTv , aipSjBi,
dpkAPs and dpkAPp for insertion in pBV2xp. Well 1 shows the DNA ladder. Wells 8 and 9 are related to
another project. Wells 2 shows the amplification of aipTv expected to be 1,941 bps long, while well 3 shows
the corresponding amplification of dpkAPs expected to be 1,119 bps long. Wells 4 and 6 show the different
amplifications of the aipSjBi genes expected to be 1575 bp long, while 5 and 7 show the amplification of dpkAPs

and dpkaPp, expected to be 1126 and 1090 bps long, respectively.

The expected DNA fragment lengths of the amplification are displayed in Table 3.1, along with
the corresponding wells in which these were placed.

Table 3.1: Expected lengths of amplifications of various genes simulated in the Clone Manager software.

Plasmid Gene Expected lengths [bp] Well in Figure 3.2

pBV2xp-aipTv-dpkAPs aipTv 1,941 2
pBV2xp-aipTv-dpkAPs dpkAPs 1,119 3
pBV2xp-aipSjBi-dpkAPs aipSjBi 1,575 4
pBV2xp-aipSjBi-dpkAPs dpkAPs 1,126 5
pBV2xp-aipSjBi-dpkAPp aipSjBi 1,575 6
pBV2xp-aipSjBi-dpkAPp dpkAPp 1,090 7

From Figure 3.2 and Table 3.1 it is clear that all the genes were amplified successfully, except
for aipTv. This is seen as the bands of the amplified genes overlap with the simulated lengths
expected to be present, while the amplification of aipTv shows no band, meaning that no am-
plification occurred. Multiple attempts were conducted to amplify aipTv, and these attempts
were unsuccessful.

3.1.3 Confirmation of constructs through colony PCR

The PCR products from Section 3.1.2 and the linearized plasmids from Section 3.1.1 were
joined through Gibson assembly and transformed into E. coli. Colony PCR was performed in
order to confirm a successful assembly. The colony PCR products from E. coli transformed
with Gibson assembly mix for plasmid pBV2xp-aipSjBi-dpkAPs are shown in Figure 3.3, while
pBV2xp-aipSjBi-dpkAPp are shown in Figure 3.4.
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Figure 3.3: Gel electrophoresis with 0.8 % agarose gel picture.. Well 1 is the DNA ladder. Well 1: the DNA
ladder. Wells 2-11: colony PCR products of E. coli cells transformed with Gibson assembly product. Size of
the band for positive clone: 3,155 bps.

Figure 3.4: Gel electrophoresis with 0.8 % agarose gel picture. Well 1: the DNA ladder. Wells 2-11: colony
PCR products of E. coli cells transformed with Gibson assembly product. Size of the band for positive clone:
3,122 bps.

In Figure 3.3 a positive clones are present in wells 4-7, 9, 11, while 3.4 exhibits positive hits
in well 3-9 and 11. Some clones were sent to Sanger sequencing, and exhibited no problematic
mutations. The alignment can be seen in Section C

3.1.4 Construction of pUB110Smp-katA

In this study an attempt was made to construct pUB110Smp-katA. As described Section B,
pUB110Smp could not be digested, making the construction of the plasmid unsuccessful.

3.2 Methanol-based production of 5AVA
This study attempted to produce 5AVA in the recombinant B. methanolicus strains heterol-
ogously expressing the aip gene from various genetic donors and overexpressing katA gene
(Table 2.2). The strains were cultivated in MVcM with supplementation of 0.001 % (vv ) hy-
drogen peroxide, and the growth was monitored for 10 hours through measurement of OD600
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every 2 hours. An HPLC sample was then taken after 26 hours of growth. The growth of the
bacterial cultures is shown in Figure 3.5.

Figure 3.5: Growth of recombinant B. methanolicus strains heterologously expressing the aip gene from
various genetic donors and overexpressing katA gene in MVcM supplemented with 0.001 % ( v

v
) hydrogen

peroxide. Error bars are standard deviations, and the data points displayed are the mean OD600 of technical
triplicates.

All strains grew exponentially in the first 10-hour growth phase, except for the MGA3-katA-Tv
strain, which exhibited an unexpected decrease in growth after 4 hours. The growth rates and
the concentration of 5AVA were determined as displayed in Table 3.2. The MGA3-katA-Sj and
MGA3-katA-Tv strains exhibited the highest production of 5AVA.

Table 3.2: Calculated 5AVA concentrations and growth rates of recombinant B. methanolicus strains culti-
vated in MVcM medium supplemented with 0.001 % ( v

v
) hydrogen peroxide. Errors are standard deviations.

Strain Growth rate [h−1] 5AVA [mg/l]

MGA3-katA-EV 0.32 ± 0.01 0.00 ± 0.00
MGA3-katA-Bs 0.35 ± 0.04 0.00 ± 0.00
MGA3-katA-SjBi 0.25 ± 0.01 1.19 ± 1.60
MGA3-katA-Sj 0.32 ± 0.02 21.41 ± 11.72
MGA3-katA-Tv 0.24 ± 0.01 8.83 ± 6.63

3.3 Determination of 5AVA concentration throughout the bacterial
growth phase in B. methanolicus

In the cultivation of 5AVA producing strains, the strain MGA3-katA-Tv presented a deviation
in its growth. Figure 3.5 shows growth impairment in this strain between 4-6 hours. This might
indicate that the strain is affected by the accumulation 5AVA, as this compound previously
has been shown to be toxic to B. methanolicus. [27] Therefore, it was decided to monitor 5AVA
concentration throughout the growth of the recombinant B. methanolicus strains harboring the
katA and aip genes to determine whether the strains remove 5AVA to cope with its toxicity.
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A growth experiment was performed in similar conditions to the one described in Section 3.2.
However, an HPLC sample was taken every four hours throughout the bacterial growth. The
growth curves of tested strains are shown in Figure 3.6.

Figure 3.6: Growth of recombinant B. methanolicus strains heterologously expressing the aip gene from
various genetic donors and overexpressing katA gene in MVcM supplemented with 0.001 % ( v

v
) hydrogen

peroxide. Error bars are standard deviations, and the data points displayed are the mean OD600 of technical
triplicates.

The B. methanolicus strain grew exponentially in the first 6 hours of the cultivation. The
growth rates were determined and displayed in Table 3.3.

Table 3.3: Calculated growth rates of recombinant MGA3 strains cultivated in MVcM medium supplemented
with 0.001 % ( v

v
) hydrogen peroxide. Errors are standard deviations.

Strain Growth rate [h−1]

MGA3-katA-EV 0.35 ± 0.01
MGA3-katA-Bs 0.42 ± 0.01
MGA3-katA-SjBi 0.33 ± 0.01
MGA3-katA-Sj 0.38 ± 0.01
MGA3-katA-Tv 0.39 ± 0.02

The concentrations of 5AVA and L-lysine over time were determined as shown in Figure 3.7.
The L-lysine concentrations show a clear upward trend in all strains, while the 5AVA concen-
trations seem to increase until about 20 hours in the experiment and then stabilize.
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(a) 5AVA concentrations over time. (b) L-Lysine concentrations over time.

Figure 3.7: 5AVA (a) and L-lysine (b) production of various recombinant B. methanolicus strains cultivated
in MVcM medium supplemented with 0.001 % ( v

v
) hydrogen peroxide over time. Errors are standard deviations

of technical triplicates.

3.4 The feasibility of B. methanolicus as a potential host for LPA
production

3.4.1 Pipecolic acid toxicity

Before analyzing the created strains regarding LPA production, it was of interest to test the
LPA toxicity in B. methanolicus. A growth experiment with wild type B. methanolicus MGA3
was performed, where 0 mM, 6.25 mM, 12.5 mM, 25 mM, 50 mM, or 100 mM of LPA was
supplemented to MVcM medium to determine if the growth rate would be affected by LPA
supplementation. The growth of MGA3 with various supplementations of LPA is shown in
Figure 3.8.

Figure 3.8: Growth of B. methaolicus MGA3 in MVcM medium supplemented with increasing concentrations
of LPA. MGA3 was exposed to 0 mM, 6.25 mM, 12.5 mM, 25 mM, 50 mM and 100 mM LPA.
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This experiment was conducted with only one replicate, meaning it is impossible to estimate
a standard deviation. As seen in Figure 3.8, the cultures with a higher concentration of
supplemented LPA tend to grow slower. The growth rates were then calculated and plotted
against LPA concentration to create Figure 3.9.

Figure 3.9: Growth of rates of MGA3 in MVcM medium supplemented with 0 mM, 6.25 mM, 12.5 mM,
25 mM, 50 mM or 100 mM LPA. The dotted line represents a data trendline, which gives the linear relation
between growth rate and LPA concentration, with an R2 of 0.9689.

Lethal concentration 50 (LC50) represents the concentration at which the growth rate of a
bacterial culture is reduced by 50 %. In this case, where the growth rate of B. methanolicus
with no supplementation of LPA was 0.41 h−1, the LC50 would be reached when the growth rate
is 0.21 h−1. In Figure 3.9 this is represented by the halfway point between the x-axis and the
leftmost data point. Assuming the linear relation calculated between LPA concentration and
growth rate of B. methanolicus, the growth rate of 0.21 h−1 is reached when the concentration
of LPA is 170 mM, meaning that the LC50 of LPA for B. methanolicus can be estimated to be
170 mM.

3.4.2 LPA as carbon or nitrogen source for B. methanolicus

To determine whether B. methanolicus can utilize LPA as either a carbon or nitrogen source,
the nitrogen and carbon sources in the MVcM medium were replaced with LPA in two separate
experiments, one where the nitrogen source (ammonium sulfate) was replaced and one where
the carbon source (methanol) was replaced. The concentration of LPA used to replace was
determined such that the number of nitrogen or carbon atoms stayed the same in the medium.
This works out to be a concentration of 33 mM LPA as carbon source and 32 mM LPA when
used as nitrogen source. Standard MVcM media was used as control. The growth was observed
by means of OD600 and is shown in Figure 3.10.
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Figure 3.10: Growth of MGA3 in MVcM where the carbon source has been replaced with LPA (C-LPA),
the nitrogen source has been replaced with LPA (N-LPA), and control with standard MvCM media (Control).
Error bars are standard deviation, and the datapoint displayed is the mean OD600 of technical triplicates.

The growth curves in Figure 3.10, show that B. methanolicus cannot utilize LPA as either
carbon or nitrogen source as the sole nitrogen or carbon source to sustain growth as there is
no increase in OD600 for these cases.

3.5 Methanol-based production of LPA
To determine the production of LPA in the recombinant B. methanolicus strains overexpressing
a katA gene and heterologously expressing a combination of aip and dpkA genes from different
genetic donors were cultivated in MVcM, and the growth was measured. Then a sample of
supernatant was taken after 26 hours of growth for analysis by HPLC. The growth of the
recombinant B. methanolicus strains is shown in Figure 3.11.
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Figure 3.11: Growth in MVcM of recombinant B. methanolicus strains overexpressing a katA gene and
heterologously expressing a combination of aip and dpkA genes from different genetic donors. Error bars are
standard deviation, and the data point displayed is the mean OD600 of technical triplicates.

As seen from Figure 3.11 all of the strains grew exponentially during the first 12 hours, except
for MGA3-katA-Bs-Ps, which did not grow at all. The growth rates and LPA concentrations
were then determined using HPLC and are displayed in Table 3.4.

Table 3.4: LPA concentrations determined by HPLC and growth rates of recombinant B. methanolicus strains
cultivated in MVcM medium.

Strain Growth rate [h−1] LPA [mg/l]

MGA3-katA-EV 0.34 ± 0.02 0.92 ± 0.03
MGA3-katA-Bs-Ps 0.00 ± 0.00 -
MGA3-katA-Bs-Pp 0.35 ± 0.03 17.14 ± 7.51
MGA3-katA-SjBi-Ps 0.25 ± 0.02 3.07 ± 0.40
MGA3-katA-SjBi-Pp 0.31 ± 0.01 3.83 ± 0.47
MGA3-katA-Sj-Pp 0.35 ± 0.02 15.42 ± 1.73
MGA3-katA-Tv-Pp 0.31 ± 0.01 15.83 ± 4.75

As depicted in Table 3.4, MGA3-katA-Bs-Pp, MGA3-katA-Sj-Pp and MGA3-katA-Tv-Pp pro-
duced more LPA compared to the other strains.

3.6 Effect of induction time on LPA production
The first attempt at producing LPA utilizing the recombinant B. methanolicus strains discussed
in this study resulted in no production of the compound. This led to the experiment described
in Section 3.5, where the expression of aip and dpkA genes was induced after 6 hours instead
at T=0, and LPA production was achieved. Based on the resulting data, a new experiment
was designed to optimize induction times for LPA production. The experiment was carried
out for one of the best-performing strains of the previous experiment, MGA3-katA-Sj-Pp. In
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this experiment, the expression of aip and dpkA was induced at different times to optimize
the induction time. The growth of the MGA3-katA-Sj-Pp in different conditions is shown in
Figure 3.12.

Figure 3.12: Growth of MGA3-katA-Sj-Pp induced with 1 % w
v

xylose after 0 h, 2 h, 4 h, 8 h, or 11 h after
inoculation. Error bars are standard deviations, and the data points displayed are the mean OD600 of technical
triplicates.

The production of LPA, L-lysine, and 5AVA was determined using the HPLC, and the growth
rates were calculated using the growth data. The results are displayed in Table 3.5 and show
that the highest LPA concentrations were achieved when inducing after 4 hours. The growth
rates increased with the delay of the induction time, indicating the metabolic burden of het-
erologous gene expression on the cell growth.

Table 3.5: Calculated LPA, L-lysine, 5AVA concentrations, and growth rates of MGA3-katA-Sj-Pp cultivated
in MVcM medium when induced at different times. Errors are standard deviations.

Inoculation time [h] Growth rate [h−1] LPA [mg/l] L-Lysine [mg/l] 5AVA [mg/l]

0 0.28 ± 0.01 6.53 ± 4.40 217.21 ± 119.03 4.68 ± 6.61
2 0.29 ± 0.01 14.63 ± 1.14 137.75 ± 47.65 8.05 ± 4.89
4 0.31 ± 0.01 18.13 ± 12.04 150.85 ± 12.84 15.39 ± 16.51
8 0.31 ± 0.00 14.47 ± 12.04 128.20 ± 29.81 9.47 ± 1.57
11 0.34 ± 0.00 13.75 ± 3.47 123.81 ± 9.03 77.22 ± 69.49
No induction 0.35 ± 0.031 4.35 ± 0.00 104.17 ± 33.95 6.44 ± 1.93
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4 Discussion

4.1 Methanol-based 5AVA production
Previously, it has been reported that 5AVA does not support growth of B. methanolicus as
sole nitrogen or sole carbon source. [27] It is unclear if the organism lacks a system to import
5AVA into the cell or if there is a lack of genes for catabolism of 5AVA in its genome. 5AVA,
however, is toxic to B. methanolicus, suggesting that it could be the latter. The inhibition of
B. methanolicus by 5AVA likely causes the titers found in this study to be lower than they
otherwise would be, as the compound represses the growth of B. methanolicus and, likely,
5AVA production.

The supplementation of hydrogen peroxide to the bacterial cultures with the aim to increase
5AVA production increased production by strains overexpressing aipSj and aipSjBi strains,
compared to no production without hydrogen peroxide supplementation and katA overexpres-
sion tested previously. [12] This indicates that the presence of hydrogen peroxide helps the
spontaneous conversion of α-ketolysine into 5AVA. Overexpressing aipTv in B. methanolicus
was previously found to produce the most 5AVA, with no supplementation of hydrogen perox-
ide and overexpression of katA. In the present study, however, when aipTv was overexpressed in
conjuction with katA and supplemented with hydrogen peroxide, the titer of 5AVA decreased
from 20 mg/l to 8.83 mg/l, as compared to when not overexpressing katA. It is possible that
this strain produced 5AVA until its growth was impaired, leading to the degradation of 5AVA
through the activation of some unknown metabolic response. As seen in Figure 3.5, after four
hours of growth for MGA3-katA-Tv, the growth was stunted unexpectedly, which might indi-
cate that this is taking place.

Previously, a 5AVA tolerant strain was created through adaptive laboratory evolution (ALE),
however, the genetic background directly responsible for the increased 5AVA resistance was
not identified. [27] The ALE-created strain can possibly be used in 5AVA production as an
alternative to B. methanolicus MGA3, which was utilized in this study. If pTH1mp-katA is
transformed into this strain along with the overexpression of the aip gene, a greater titer of
5AVA might be achieved because 5AVA will not have a similar inhibitory effect on growth.

When monitoring the 5AVA concentrations throughout the growth of the recombinant B.
methanolicus strains overexpressing aip genes, the goal was to uncover the pattern of 5AVA
accumulation during growth and investigate the possibility of 5AVA degradation. As shown
in Figure 3.7, it appears that the titers of 5AVA are at their maximum at around 20 hours
and that they decrease after that, indicating that 5AVA degradation might take place in B.
methanolicus. However, the uncertainties associated with these values are so significant that
it is difficult to make any definite deduction based on this data. The control strain MGA3-
katA-EV also produces a lot of 5AVA in this experiment, raising questions as to how reliable
the data collected really is.

The L-lysine α-oxidases have different temperature optimums from the cultivation conditions
utilized for B. methanolicus in this study. AipSj , for example, has an optimal temperature of
70 °C. [35] To improve the metabolic flux through the first step of the pathway, a gene with a
closer optimal temperature should be considered, given that one exists.

To the authors’ knowledge, this is the first report of 5AVA production from methanol with
supplementation of hydrogen peroxide supporting the spontaneous conversion of α-ketolysine
to 5AVA in B. methanolicus. Supplementation of hydrogen peroxide has not been attempted
before in B. methanolicus, due to the high susceptibility of the species to the compound.
Therefore, the overexpression of catalase was likely instrumental in achieving higher titers
of 5AVA as it decreased the organism’s susceptibility toward hydrogen peroxide in some of
the strains. The supplementation, however, did not increase the maximum achieved titer as
compared to the previous overexpression of aip genes in B. methanolicus. [12] It is also worth
mentioning that the hydrogen peroxide concentration of 0.001 % (v/v) used in this study is
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below a threshold of inhibitory effect previously shown for B. methanolicus MGA3 at 0.005
%, [41] and could possibly be increased to 0.002-0.004 %, though a susceptibility study has to
be performed to confirm this.

4.2 Methanol-based LPA production
LPA was found to impair the growth of B. methanolicus. LPA has previously been shown
to be devoid of inhibitory activity in E. coli [59], suggesting an organism-specific impairment.
However, the study only tested a concentration of 0.77 mM LPA, orders of magnitude less
than what was tested on B. methanolicus in this study. The LC50 was estimated to be 170
mM. This value, however, assumed a linear relationship between the concentration of LPA and
the growth rate of B. methanolicus. The assumption that the relationship between the two is
linear is not necessarily true. The inhibitory relation can often take the form of another curve,
e.g., an S-curve. [60] Since there is a noticeable reduction in growth at higher concentrations of
LPA, developing an LPA-resistant strain might be considered for improved LPA production.
However, the LC50 found in this study is about a thousand times the production of LPA
reached, meaning other measures probably are better for immediate improvement of LPA
production in B. methanolicus. As seen in Figure 3.10, B. methanolicus cannot utilize LPA as
a sole carbon or nitrogen source, eliminating some concerns of degradation of the compound.

The strains producing the highest titers og LPA in this study was MGA3-katA-Bs-Pp, MGA3-
katA-Sj-Pp, and MGA3-katA-Tv-Pp, producing 17.14 ± 7.51, 15.42 ± 1.73 and 15.83 ±
4.75, respectivly. These include two of the best performing aip genes from the recombinant
5AVA-producing B. methanolicus strains, which is in line with expectations, as when more
α-ketolysine is produced, more LPA should also be produced.

Previously, when B. methanolicus overexpressed the aip and dpkA genes no production of LPA
was reached. [40] In this study, when also overexpressing catalase, LPA production was achieved.
This is in line with expectations, as when α-ketolysine is in the presence of hydrogen peroxide,
it is expected to form 5AVA (Figure 1.5). Therefore, the removal of hydrogen peroxide was
likely necessary for the increased production of LPA determined in this study.

In this study, the production of LPA by B. methanolicus was observed when no aip or dpkA
genes were overexpressed, however, while overexpressing katA. The titer achieved was not very
high at 0.92 ± 0.03 mg/l. It can be speculated that a native enzyme of B. methanolicus
exhibits L-lysine α-oxidase activity and produces α-ketolysine, which is then converted to LPA
in the absence of hydrogen peroxide caused by catalase activity. Importantly, in such a case, a
native enzyme of B. methanolicus would have to exhibit DpkA (∆1-piperideine-2-carboxylate
reductase) activity. The other possibility is that the overexpression of catalase hinders some
other reaction that utilizes hydrogen peroxide in B. methanolicus, creating another unknown
metabolite with similar elution time in the HPLC as LPA. This hypothesis is substantiated by
what appears as two peaks overlapping on the chromatogram from the HPLC, where the LPA
peak is supposed to be located. This peak was also observed on the other recombinant strains
overexpressing aip or dpkA. This would make sense, as the catalase should also redirect the
same metabolic pathway in these strains by removing hydrogen peroxide.

The induction time best suited for overexpressing recombinant genes in B. methanolicus was
after 4 hours as seen in Table 3.5. This is in contrast with the expectation that the best results
would be achieved if induced from the beginning, as this would allow the production of LPA
during the entire growth phase of the bacterial culture, providing more time to produce the
compound but slowing down the growth rate. However, this substantiates the effectiveness
of the traditionally utilized induction time of 2 hours. This time, however, did not achieve
better results than induction after 4 or 8 hours, as stated earlier. This experiment achieved
production of LPA (4.35 ± 0.00 mg/l) for the bacterial culture that was not induced, meaning
that the data from this experiment is highly dubious and the experiment should be duplicated
to acquire more reliable data.
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Interestingly, during the experiment optimizing the induction time, the bacterial strains pro-
duced 5AVA. This indicates that the catalase activity in the recombinant strains is insufficient,
allowing part of the metabolic flux to enter the competing pathway. This sets a clear target
for improving the production of LPA, increasing the exhibited catalase activity of the strains.
This can be achieved by either integrating a second copy of catalase into the genome of B.
methanolicus, or increasing the expression of the gene either through the use of a high copy
number plasmid or a more potent promoter. This study attempted to increase the expression of
the endogenous catalase by use of a high copy number plasmid pUB11Smp for katA expression
in B. methanolicus. However, the construction of this plasmid failed, as discussed in Section
B.

Additionally, an attempt to overexpress the L-lysine cyclodeamination pathway should be
made, as this pathway previously exhibited the highest LPA production in E. coli. [32] Previ-
ously, a glucose dehydrogenase has also been utilized to increase the titer of LPA [61], dehydro-
genase converts NADP to NADPH. NADPH is a substrate utilized by dpkA in the L-lysine
α-oxidase pathway, meaning that increasing the concentration of the compound should increase
the LPA production.

4.3 The effect of hydrogen peroxide on the L-lysine α-oxidase path-
way

This study found considerable effect on the L-lysine α-oxidase pathway when supplementing or
removing hydrogen peroxide from the bacterial culture. Increased hydrogen peroxide concen-
tration resulted in an increased 5AVA titer, while removal of the compound increased the titer
of LPA. This is in accordance with the previous study in E. coli where the supply of hydrogen
peroxide led to an increased concentration of 5AVA when relying on spontaneous α-ketolysine
conversion. [62] Contrary, increased catalase activity without the addition of hydrogen peroxide
has increased the titer of 5AVA in E. coli when the enzymatic conversion of α-ketolysine to
5AVA was established instead of the spontaneous conversion in the presence of hydrogen per-
oxide. [63] This was presumably due to the omission of hydrogen peroxide toxicity that occurs
when the spontaneous pathway is used. This indicates that the type of pathway used for con-
version of α-ketolysine to 5AVA is critical when it comes to the necessity of hydrogen peroxide
supply.

4.4 Future considerations
The L-lysine α-oxidase pathway utilizes L-lysine as its precursor. Therefore, increasing the
L-lysine available will likely increase the metabolic flux through the pathway. The L-lysine
permease (lysP) originating from E. coli has previously been utilized to improve LPA produc-
tion in E. coli by increasing the L-lysine available in the cell. [61] Additionally, the L-lysine
exporter (lysE ) has previously been deleted in C. glutamicum to increase the production of
LPA by increasing the concentration of L-lysine inside the cell. [64] Both approaches are encour-
aging and have the potential to be applied to B. methanolicus to increase the titers of both
5AVA and LPA.

L-lysine biosynthesis is regulated by feedback inhibition, meaning that an increased concen-
tration of L-lysine in the cell leads to decreased production. This phenomenon has also been
observed in B. methanolicus. [65] The same study investigated several genes connected to L-
lysine feedback inhibition in classical mutants of B. methanolicus overproducing the compound
and found mutations in the lysA and dapG genes. A reasonable approach to increase the titer of
LPA and 5AVA will therefore be to repress these genes to increase the concentration of the key
substrate of the L-lysine α-oxidase pathway. On the other hand, a metabolic pull mechanism
was previously observed for cadaverine accumulation, indicating that rapid transformation of
L-lysine to other intermediates prevents feedback inhibition. [66]

The repression of the L-lysine exporter and the genes associated with the feedback inhibition
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of L-lysine synthesis can be achieved with the previously developed CRISPERi/Cas9 tool for
B. methanolicus. [20] However when this tool was applied to repress the katA gene, only a 25 %
reduction in activity was achieved. It is therefore suggested that a deletion tool is developed for
B. methanolicus, as it possibly can increase the deactivation of genes associated with feedback
inhibition of L-lysine, allowing for increased L-lysine concentrations in B. methanloicus. This
tool would bolster the lackluster toolbox of the organism, easing studying of it in areas other
than the L-lysine α-oxidase pathway as well.

To utilize B. methanolicus as an industrial organism producing 5AVA or LPA, it is eventually
necessary to scale the cultures to larger fermenters. This will uncover possible problems asso-
ciated with larger scales and help verify the results found in this study. Many of the results
from this study exhibits significant uncertainties, which requires further testing. Therefore,
verification of these results is needed as well.

5 Conclusion
The present study revealed for the first time the effect of hydrogen peroxide in the heterologous
L-lysine α-oxidase pathway in B. methanolicus, towards methanol-based production of 5AVA
and LPA. On the one hand, the presence of hydrogen peroxide led to the production of 21.41 ±
11.72 mg/l 5AVA in an engineered, hydrogen peroxide tolerant B. methanolicus strain. On the
other hand, hydrogen peroxide removal by increased catalase activity led to the production of
LPA that reached a titer of 17.14 ± 7.5 mg/l, leading to a proof of concept for the production
of LPA in B. methanolicus.

This work opens doors for future strain development and investigation of the L-lysine α-oxidase
pathway in B. methanolicus. Hydrogen peroxide has been identified as a key factor in the
production of 5AVA and LPA. This study has shed light on some of its effects when producing
the compounds. Critical aspects of 5AVA and LPA production in B. methanolicus has also
been illuminated, such as the toxicity of the compounds and the impact of induction time on
the production.
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A Growth media and buffers
The media and buffers utilized in this study are presented in this section. All solutions were
autoclaved at 121 °C for 20 minutes. All the chemicals used in this study were purchased from
Sigma Aldrich unless stated otherwise.

A.1 SOB medium

Table A.1: SOB medium composition.

Compound Amount

Hannah’s blend 28 g/l
Deionized water To 1 l

If preparing an agar plate, 15g/l bacterial agar was added.

A.2 LB medium

Table A.2: LB medium composition.

Compound Amount

Tryptone 10 g/l
Yeast extract 5 g/l
Sodium chloride 5 g/l
Deionized water To 1 l

If preparing an agar plate, 15g/l bacterial agar was added.

A.3 MvcM High Salt Buffer 10x

Table A.3: MVcM High Salt Buffer 10x composition

Compound Amount

K2HPO4 41.0 g/l
NaH2PO4 15.0 g/l
(NH4)2SO4 21.2 g/l
Deionized water To 1 l

A.4 MvcMy medium
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Table A.4: MVcMY medium composition

Compound Amount

MVcM High Salt Buffer 10x 100 ml/l
Deionized water 890.00 l
Yeast extract 0.25 g/l
Vitamins* 1.00 ml/l
Trace metals* 1.00 ml/l
Methanol (> 99.98 %) 8.11 ml/l
MgSO4 (1 M) 1.00 ml/l

* vitamins and trace metals are prepared as per a previous study [12].

A.5 MvcM medium

Table A.5: MVcM medium composition

Compound Amount

MvCM High Salt Buffer 10x 100 ml/l
Deionized water 890.00 l
Vitamins* 1.00 ml/l
Trace metals* 1.00 ml/l
Methanol (> 99.98 %) 8.11 ml/l
MgSO4 (1 M) 1.00 ml/l

* vitamins and trace metals are prepared as per a previous study [12].

A.6 Tris-Acetate-EDTA buffer

Table A.6: 50 X Tris-Acerate-EDTA buffer

Compound Amount

Tris Base (2 M) 242 g
Acetic acid 57.1 ml
EDTA pH 8 (0.5 M) 100 ml
Deionized water To 1 l

A.7 Glycerol solution

Table A.7: Glycerol solution

Compound Amount

> 99 % glycerol 200 ml
Milliq water 200 ml

A.8 TfBI
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Table A.8: TfBII, table adapted from previous study. [67] Filter sterilize after mix is complete.

Compound Amount

Potassium acetate 1.18 g/400 ml
RbCl2 water 4.84 g/400 ml
CaCl2 · 2H2O 0.59 g/400 ml
MnCl2 3.96 g/400 ml
glycerol 60 ml/400 ml
Acetic acid until pH 5.8
MilliQ water until 400 ml

A.9 TfBII

Table A.9: TfBI, recipe adapted from previous study. [67] Filter sterilize after mix is complete.

Compound Amount

MOPS 0.21 g/100 ml
CaCl2 · 2H2O 1.1 g/100 ml
RbCl2 water 0.12 g/100 ml
glycerol 15 ml/100 ml
NaOH until pH 6.5
MilliQ water until 100 ml

A.10 1 kb NEB DNA ladder

Table A.10: 1 kb DNA ladder [47]

Compound Amount

Water 4 parts
DNA Ladder 1 part
6X DNA loading dye 1 part

B Construction of pUB110Smp-katA
An attempt to create a higher compy number plasmid to increase the activity of catalase
was attempted. This was to be achieved with the insertion of the homologous katA gene
into pUB110Smp. The digestion of the pUB110Smp was attempted, and the resulting gel
electrophoresis image is shown in Figure B.1.
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Figure B.1: Agarose gel electrophoresis image of digested pUB110Smp plasmid. Well 1 shows the DNA
ladder. Well 2 shows pUB110Smp digested by PciI.

There are three bands present in the gel electrophoresis image resulting from the digestion of
pUB110Smp plasmid seen in B.1. This digestion was attempted multiple times, however, it
was unsuccessful each time. The likely reason is mutations in the plasmid, although sequencing
of the entire plasmid is needed to confirm this.

C DNA sequencing results
Due to the large amount of sequencing data, only a part of the sequence will be displayed in
this section.
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C.1 pBV2xp-aipSjBi-dpkAPs

Figure C.1: Sequencing results for positive pBV2xp-aipSjBi-dpkAPs. Part 1. 1, 2, and 3 indicates the
different sequencign results, while plasmid is the theoretical plasmid.
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Figure C.2: Sequencing results for positive pBV2xp-aipSjBi-dpkAPs. Part 2. 1, 2, and 3 indicates the
different sequencign results, while plasmid is the theoretical plasmid.

The sequencing results shown in Figure C.1 and Figure C.2 shows that pBV2xp-aipSjBi-dpkAPs

has been constructed correctly.
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C.2 pBV2xp-aipSjBi-dpkAPp

Figure C.3: Sequencing results for positive pBV2xp-aipSjBi-dpkAPp. Part 1. 1, 2, and 3 indicates the
different sequencign results, while plasmid is the theoretical plasmid.
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Figure C.4: Sequencing results for positive pBV2xp-aipSjBi-dpkAPp. Part 2. 1, 2, and 3 indicates the
different sequencign results, while plasmid is the theoretical plasmid.

The sequencing results shown in Figure C.3 and Figure C.4 shows that pBV2xp-aipSjBi-dpkAPs

has been constructed correctly.
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D Raw data
Due to the large amount of raw data, the raw data was omitted from the report. The raw data
can be obtained on request, contact bskagestad@yahoo.no.

E Calculation

E.1 Growth rates
In order to calculate the growth rate of a particular bacterial culture, first, the log(OD600) of
that particular culture was plotted against time. Then, all of the data points not appearing
in a linear line on the graph were discarded, and an exponential regression was performed on
the data, and the growth rate of the culture will be the factor in front of the exponent or b in
Equation E.1.

f(x) = a · eb·x (E.1)

E.2 Obtaining concentrations in samples from the HPLC utilizing
standard curves

In order to obtain the concentrations of the different samples from the HPLC, first, the known
concentrations of the standards have to be plotted against their absorbance to create a stan-
dard curve. Then a linear regression was applied to get a relation between absorbance and
concentration of the amino acid in question. After this is done, the relation can be applied to
the raw data to calculate the unknown concentrations of the samples.

E.3 Standard deviation
The standard deviation is a measurement indicating the uncertainty in a data set. The measure
describes the spread of the data (variance) obtained under similar conditions. In this study,
the standard deviations were calculated using the "STDAV.P" function in Microsoft 365 Excel.

F List of primers
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Table F.1: List of primers utilized in present study

Primer name Sequence (5’-3’) Description

aipTvcodopt2fw CTTGTTCACTTAAGGGGGAAATGGCTAT
GGATAATGTTGATTTTGCAGAATCTG

Forward amplification of aipTv
for pBV2xp-aipTv-dpkAPs

aipTvcodopt2rv GTTGGTTGATCTGCATGAGATGCAGACA
TGTACTACTACCTCCTATTTATGTAAT
TGTTTATTAAATTTTAACTTGATAT
TCTTTTGG

Reverse amplification of aipTv
for pBV2xp-aipTv-dpkAPs

dpkaPsfw AAAAGAATATCAAGTTAAAATTTAATAAA
CAATTACATAAATAGGAGGTAGTAGTA-
CATG TCTGCATCTCATGCAGATCAAC

Forward amplification of dpkAPs

for pBV2xp-aipTv-dpkAPs

dpkaPsrv GCCAGTGAATTCGAGCTCATGGTACGGAT
CTTAATGTCCTGCTAATTCTTGTAATC

Reverse amplification of dpkAPs

for pBV2xp-aipTv-dpkAPs

aipSjcodopt2fw CTTGTTCACTTAAGGGGGAAATGGCT Forward amplification of
aipSjBi for pBV2xp-aipSjBi-
dpkAPs

aipSjcodopt2rv GTTGGTTGATCTGCATGAGATGCAGA
CATGTACTACTACCTCCTATTTATGTA
ATTGTTTATTAAATTTTAACTTGATATT
CTTTTGG

Reverse amplification of aipSjBi
for pBV2xp-aipSjBi-dpkAPs

dpkaPs2fw CTACAATTGAACATACAAAAGATGAATTA
TAATAAACAATTACATAAATAGGAGGTAG
TAGTACATGTCTGCATCTCATGCAGAT
CAAC

Forward amplification of dpkAPs

for pBV2xp-aipSjBi-dpkAPs

dpkaPs2rv GCCAGTGAATTCGAGCTCATGGTACGG
ATC

Forward amplification of dpkAPs

for pBV2xp-aipSjBi-dpkAPs

aipSjcodopt3fw CTTGTTCACTTAAGGGGGAAATGG
CTATGGAACATTTAGCAGATTGTTT
AGAAGATAAAG

Forward amplification of
aipSjBi for pBV2xp-aipSjBi-
dpkAPp

aipSjcodopt3rv GATTGTAATTCTGTAAATGGAACTCTCATG
TACTACTACCTCCTATTTATGTAATTGT
TTATTATAATTCATCTTTTGTATGTTC
AATTG

Reverse amplification of aipSjBi
for pBV2xp-aipSjBi-dpkAPp

dpkaPp2fw CAATTGAACATACAAAAGATGAATTATAAT
AAACAATTACATAAATAGGAGGTAGTAG
TACATGAGAGTTCCATTTACAGAATTA
CAATC

Forward amplification of dpkAPp

for pBV2xp-aipSjBi-dpkAPp

dpkaPp2rv GCCAGTGAATTCGAGCTCATGGTACGGA
TCTATCCTAATAATTCTTTTAATCCTTT-
TAATTC

Reverse amplification of dpkAPp

for pBV2xp-aipSjBi-dpkAPp

pxpf TGTTTATCCACCGAACTAAG Forward primer utilized to am-
plify region downstream of the
xylose promoter in pBV2xp

bvxr CCGCACAGATGCGTAAGGAG Reverse primer utilized to am-
plify region downstream of the
xylose promoter in pBV2xp
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G DNA Ladder

Figure G.1: NEB 1 kb DNA Ladder utilized under gel electrophoresis in study. [47]
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