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Abstract

Plasmid DNA vectors may find application as preventive or therapeutic DNA vaccines
for viral, bacterial, or parasitic diseases or for other indications such as cancer, or gene therapy
products. Therefore, the demand of pDNA is expected to rise significantly in the near future and
the establishment of a high-yield and cost effective manufacturing process is one of the key
challenges for the success of plasmid DNA market.

With the goal of creating an E. coli strain specifically adapted to meet the upstream and
downstream processing challenges associated with large scale production of plasmid vectors,
some mutations have been made in its genome. One main area of focus is modification of
central carbon metabolism genes to increase flux toward nucleotide and amino acid precursor
synthesis and reduction of byproducts, such as acetate. The zwf and rpiA are two important
genes of the Pentose Phosphate Pathway and its overexpression was already tested and
appeared to increase plasmid amplification rate. Therefore, the overexpression of the zwf and
rpiA genes in GALG20 (MG1655AendAArecAApgi) is intended in this project, by replacing its
original promoters with stronger ones.

The results obtained showed that zwf gene overexpression did not improve plasmid
productivity in GALG20 strains, behaving similarly to GALG20rpiA.
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Resumo

A utilizacdo de DNA plasmidico tem vindo a aumentar ao longo dos anos, podendo ter
como aplicacéo vacinas de DNA para doencas virais, bacteriolégicas ou parasiticas ou outras
indicagGes como cancro. Assim, é expectavel que a necessidade de DNA plasmidico aumente
significativamente num futuro préximo, sendo necessaria a utilizacdo de um processo de
producéo de alto rendimento a baixo custo.

Com o objectivo de criar uma estirpe de E. coli adaptada aos desafios de upstream e
downstream processing de DNA plasmidico em grande escala, determinadas mutagfes tém
sido feitas ao seu genoma. Uma das principais estratégias utilizadas é a modificacdo de genes
envolvidos no metabolismo central de carbono por forma a aumentar o fluxo na via de sintese
de percursores de nucleétidos e aminoacidos e reduzir a forma¢édo de produtos secundarios
como o acetato. Assim, neste projecto foi feita a sobreexpressédo de dois genes da via das
pentoses fosfato, zwf e rpiA, na estirpe GALG20 (MG16554endAArecAdpgi) através da
substituicdo dos promotores originais por outros com forgas superiores.

Os resultados obtidos mostram que a sobreexpressédo do gene zwf ndo aumentou a
produtividade de DNA plasmidico na estirpe GALG20, comportando-se de forma semelhante a
estirpes GALG20rpiA.
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1. Introduction



1.1 Plasmid DNA and Therapeutic Applications

During the last 40 years, plasmids have played a crucial role in the development of
biotechnology, being probably the molecular tool most widely used for DNA manipulation, transfer,
and gene expression in a variety of microorganisms and animal cells [1]. In the field of pharmaceutical
biotechnology, plasmids are essential to produce heterologous proteins. Such proteins should
substitute defective ones present in patients, or provide a lost function due to lack of the natural active
protein.

An alternative to treat diseases related to the defective production of a protein, or missing
genetic information, is the administration of the gene of interest to the patient, a strategy that is known
as gene therapy or genetic medicine [1]. For a plasmid DNA vaccine, the target DNA sequence is
cloned into a plasmid under the control of a eukaryotic promoter. After purification of the plasmid DNA,
the final vaccine is injected into the recipient, where the target DNA sequence is expressed by the
eukaryotic promoter [1].

The underlying concepts of gene therapy date back to the 1960s. In the early 1990s the
transfer of genes to humans was reported. The first federally approved gene therapy clinical trials took
place in 1990 when an adenosine deaminase (ADA)-deficient patient was given her own T cells
engineered with a retroviral vector carrying a normal ADA gene [2]. This experiment paved the way for
further clinical trials and since then, gene therapy and genetic vaccination have attracted much
attention. As of 2013, over 2030 clinical trials have been completed, are ongoing or have been
approved worldwide [3]. More than 60% of the trials have been performed in America and almost 30%

in Europe (Figure 1). [4]

Geographical Distribution of Gene Therapy Clinical Trials (\,i.v’)
(by Continent) witer

Multi-country 3.9% (n=80)
America 64.5% (n=1339)
Europe 25% (n=520)
Asia 4.7% (n=97)
Australasia 1.6% (n=34)
Africa 0.3% (n=6)

00000
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Figure 1 - Geographical distribution of Gene Therapy clinical trials (by continent) [4].



1.1.1 Advantages of Plasmid DNA in Therapeutic Applications

There exist several possible vectors to introduce the genetic information into human cells. The
most relevant are virus (adenovirus or retrovirus) and plasmid DNA (pDNA), which can be used in
aqueous solution (naked) or included in lipids or other formulations. Almost 18% of the trials for human
gene therapy have been based on naked pDNA, whereas lipofection (which also requires pDNA
production) counts for 5.3% of the trials [4]. Together, both approaches represent nearly 25% of the
technigues used in clinical trials. On the other hand, the highly efficient transfection machinery of
viruses makes them a very important tool for gene therapy, representing about 50% of the vectors

used in current trials (Figure 2) [4].

Vectors Used in Gene Therapy Clinical Trials (W%/)

Adenovirus 22.8% (n=488)

@ Retrovirus 19.1% (n=409)

@ Naked/Plasmid DNA 17.7% (n=379)

@ Vaccinia virus 7.6% (n=162)
Adeno-associated virus 5.5% (n=117)

@ Lipofection 5.3% (n=113)
Poxvirus 4.7% (n=100)

@ Lentivirus 4.2% (n=89)

) Herpes simplex virus 2.9% (n=63)
Other vectors 7% (n=150)

1]

Unknown 3.3% (n=71)

The Journal of Gene Medicine, © 2014 John Wiley and Sons Lid www.wiley.co.uk/genmed/clinical

Figure 2 - Vectors used in Gene Therapy clinical trials [4].

Isolated cases of safety issues were reported for early clinical trials based on retroviral
vectors, such as severe immune and inflammatory response that led to the death of one patient [5].
Therefore, although expression of the therapeutic gene following transfection with viral vectors is
significantly higher than that using pDNA, the direct use of plasmid has important advantages over
viruses. They are relatively simple to generate and safe to administer [6]. In contrast to vaccines that
employ recombinant bacteria or viruses, genetic vaccines consist only of DNA or RNA, which is taken
up and translated into protein by host cells [6]. Also, compared to retrovirus vectors, pDNA presents
decreased risk of integration of the foreign DNA into the human chromosomes [6]. Another advantage
of pDNA is that the gene size is not limited to the size of the viral capsid. Because they are not
associated with a viral coat, naked nucleic acids are not generally subject to neutralizing antibody
reactions that can hamper the clinical efficacy of vaccines based on recombinant viruses [6]. Further,
the lack of a viral coat eliminates the possibility that immune responses to the coat will be
immunodominant over immune responses to the desired transgene product [6].

Unfortunately, the immune response of pDNA when used for vaccination is usually lower than
that of viral vectors [1]. Hence, large amounts of pDNA are necessary for a successful immunization.
Since pDNA is produced in bacterial cultures, all the accumulated knowledge with such systems can

be readily applied to manufacturing processes.



1.1.2 Clinical trials for pDNA-based gene therapy

In current clinical trials based on pDNA, the immunization against or the treatment of some
severe illnesses, especially of cancer and cardiovascular diseases, is investigated, including
malignant melanoma, pancreatic carcinoma, renal cell carcinoma, critical limb ischemia, and coronary
heart disease [1]. Currently, 64.1% of the clinical trials are related to cancer, followed by 9.1% for

monogenic diseases, 8.2% for infectious diseases and 7.8% for cardiovascular diseases (Figure 3) [4].

Indications Addressed by Gene Therapy Clinical Trials (V)

Cancer diseases 64.1% (n=1331)
) Monogenic diseases 9.1% (n=188)

@ Infectious diseases 8.2% (n=170)

@ Coardiovascular diseases 7.8% (n=162)
Neurological diseases 1.8% (n=37)

@ Ocular diseases 1.6% (n=33)
Inlammatory diseases 0.7% (n=14)

@ Other diseases 1.8% (n=38)

@ Gene marking 2.4% (n=50)
Healthy volunteers 2.6% (n=53)

The Journal of Gene Medicine, © 2014 John Wiley and Sons Lic

Figure 3 - Indications addressed by gene therapy clinical trials [4].

While some animal DNA vaccines are already being used, many human DNA vaccines are still
being tested in clinical trials (Table 1) [7]. Successfully tested vaccines in animal models opened the
door to the development of human vaccines, using procedures approved by ethic committees. Testing
DNA vaccines in clinical trials is important to obtain information about adverse effects, safety and
efficacy of the vaccine and vaccination procedure [8].

Table 1 - Human DNA vaccines currently being tested in clinical trials [7].

Condition Phase

Seasonal Influenza I

Metastatic Breast Cancer |

Hemorrhagic Fever With Renal Syndrome Il

Chronic Hepatitis B Il

Condylomata Acuminata 1

Human Papillomavirus Infection \%

Hepatitis B Infection; Chronic Infection; Viremia \

1.1.3 Plasmid DNA market

The global market for DNA vaccines, which was valued at just $78 million in 2013, is expected
to grow to $2.7 billion by 2019 [9]. The technological and structural changes occurring in the vaccine

industry are strong driving forces for revitalizing this particular market and providing new growth



opportunities. It is important that biotechnology and pharmaceutical firms understand the technology
and market dynamics within this industry in order to best develop strategic plans and actions [10].

Four DNA vaccines have already been approved for veterinary use, being two of them
prophylactic vaccines against infectious diseases, one for cancer immunotherapy and one for gene
therapy (Table 2) [8].

Table 2 - DNA vaccines approved for veterinary use [8].

License date/ Route of

country  administration e

Type Species Target Product/Company

West Nile-Innovator®/

Prophylactic 1 o WestNile Virss  Fort Dodge Animal 2005 USA ™ Production of
vaccine Health protective antibodies
Infectious Stimulation of innate and
Prophylactic Salmon haemalupui;:lic Apex—!HN‘fNovanis 2005 Canada M adaptive immune responses
vaccine rosis virus (THNV Animal Health improving the welfare
necrogis vins ( ) and product yield
Production of antibodies
[mmunotherapy Dogs Melanoma Oncept™/Merial 2010 USA 1D’ needle-free. capable ufpreveptmg the
of cancer progress of the disease and
prolonging the animal’s life
Decrease in perinatal
Growth hormone LifeTide"® IM followed b mortality and morbidity,
Gene therapy Swine releasing hormone SW5/VGX™ 2008 Australia orowec oy increase of the number

clectroporation

(GHRH) Animal Health of pigs weaned per sow

and productivity

Sadly, until now no licensed human DNA vaccines exist, but the results obtained with the
commercialized veterinary vaccines and the various human clinical trials that are under study are
increasing the reliability of this vaccine platform, greatly raising hopes for the successful development

of human vaccines and therapies.

1.2 Plasmid biopharmaceutical production

The demand for plasmid DNA is anticipated to increase significantly as DNA vaccines and
non-viral gene therapies enter phase 3 clinical trials and are approved for use. This increasing
demand, along with renewed interest in pDNA as a therapeutic vector, has motivated research
targeting the design of high-yield, cost-effective manufacturing processes [11]. Much effort has been
directed towards downstream processing and fermentation strategies including factors that can
enhance process performance such as the effects of growth medium, feeding mode and employment
of high cell-density cultures. But it is also important to try to improve the earlier stages of production
namely the cell host/plasmid selection where the choice of the E. coli host strain used to propagate the
product containing-plasmid may have a significant influence on the quality and quantity of the purified
DNA [12].



1.2.1 Concerns relative to plasmid DNA design

Plasmid DNA used for vaccination is based on constructed bacterial-derived plasmids that
contain a eukaryotic gene expression cassette, responsible to code the immunogenic or
immunomodulatory molecule of interest in mammalian cells, and thus, allowing their in vivo
generation. DNA vaccine plasmids can be divided into two main structures: 1) the plasmid backbone,
necessary for prokaryotic propagation and which contains a bacterial origin of replication and a
bacterial selectable marker like an antibiotic resistance gene, and 2) a transcriptional unit, required for
eukaryotic expression, which includes the promoter, used to drive optimal and high expression of the
ORF (open reading frame) of interest in mammalian cells, and the Polyadenylation (poly A) sequence
(Figure 4). Besides these two main structures it is also necessary to insert in the ORF of interest a
specific consensus sequence present in the eukaryotic mRNA, called Kozak sequence (ACCATGG),
which signals the start codon and is necessary to initiate protein synthesis in eukaryotic cells. To
ensure correct translation termination and prevent read through, it is also important to add stop-
codons in the ORF [8].

|~
E = Iransgene of
E -
5 % kazak Interest Stop Codan
] z Sequence &
[T ~
g £ N Paly (A)
. -
L=
A =
—; = Fromsater
=
DNA Vaccine
.__\.
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Heplication -

Bacierial Antihiotis
Resistance

Prokarvatic propagation
{Plasmid Backbone)

Figure 4 - Structure of DNA vaccine plasmids. The top of the figure shows the transcriptional unit
(eukaryotic expression region), responsible for high-level expression of the antigen of interest in
eukaryotic cells. The lower part of the figure (prokaryotic region) is responsible for propagation and
vaccine plasmid maintenance in bacterial cells [8].

Many vector engineering efforts focus on modifications to the basic therapeutic backbone such
as origin of replication, antibiotic resistance and promoters. These modifications aim to improve the
production process by increasing yield, improving product homogeneity and quality, and/or ensuring
the sequence fidelity of the final plasmid product [11].

One of the main obstacles during the developmental stages of a new therapeutic DNA
molecule involves tackling a wide array of structural instability events occurring in/with pDNA and
therefore assuring its structural integrity [13]. It is known that the type and overall organization of the
genetic elements present in pDNA vaccines directly impact not only its bulk production, but also its
shelf stability, efficacy and ultimately its clinical approval [13]. Therefore, elements prone to

introduction of any type of structural instability (Table 3) should be avoided if possible [13].



Table 3 - Overview of major factors affecting plasmid structural stability [13].

Structural feature Consequences
Plasmid size « Large plasmids have a higher probability of containing potentially unstable
regions or integrating into the host genome
» Transfection efficiency decreases with plasmid size

Purine—pyrimidine/oligopurine— « Formation of Z-DNA, triplexes or guadruplexes that are involved in
oligopyrimidine tracts; G-rich sequences deletions and reduced plasmid yields

Chi sequences » Loss of plasmid sequences and dimerization via the RecBCD pathway
(5"-GCTGGTGG-3)

Direct repeats « Formation of DNA hairpinfloops

» Loss of plasmid sequences or dimerization with concomitant loss or
gain of genetic material

Inverted repeats « Generation of cruciform structures
« Formation of circular inverted head-to-head plasmid dimers
polyA sequences and ather nuclease- « Increased degradation by nucleases
sensitive regions
Regions similar to gDNA + Plasmid integration into host genome with disruption of potentially
critical regions
Insertion sequences « Gene activation
+ Gene down-regulation or inactivation
« Deletions

« Deleterious effects on plasmid replication and amplification

An important aspect concerning plasmid DNA design is the sequence integrity of the plasmid
vector. It is essential to ensure that the sequence and structure of the plasmid is maintained
throughout the duration of the process, due to its enormous impact on product safety, yield, and
quality [11]. Given that, contamination of plasmid DNA by mobile elements is a serious regulatory
concern, as these elements can alter the biological properties and safety profile of the vector DNA
[11]. Strains with a high copy number of transposons, which are known to insert into plasmid DNA, are
not recommended due to the fact that these elements can mediate recombination events such as
transposition and horizontal gene transfer. For example, DH10B was found to have a mutation rate
13.5-fold higher than wild-type E. coli (MG1655 strain), mostly due to a significantly higher rate of
insertion sequence (IS) transposition [11].

Another important characteristic that might affect plasmid stability is its size. At present, the
size of the plasmid DNA being used in clinical trials is at the lower end of the possible range, typically
lower than 10 kb [14]. Large plasmids have several drawbacks, such as a higher probability of
containing potentially unstable regions or integrating into the host [15], lower transfection efficiency
[16] and higher metabolic burden [17]. Given that, minicircles are emerging as new tool for in vitro and
in vivo gene transfer, containing only the transcription unit required for expression of the therapeutic
gene(s) [11].

The plasmid DNA structure is also an important aspect to consider. It is known that the
supercoiled plasmid form is an important parameter to measure in the quality and control of the final
product. The plasmid DNA that constitutes DNA vaccines is produced in bacteria as supercoiled or
covalently closed circular (CCC) plasmid DNA. Single strand nicking results in the relaxation of
supercoiled DNA into open circular DNA (OC) [18]. It is known that supercoiled plasmid has superior
biological activity as compared to other plasmid forms [18]. Also, there is a greater risk of the linear
form integrating into the host genome which could lead to deleterious effects. Therefore, the US Food
and Drug Administration (FDA) recommends that vaccines contain at least 80% supercoiled plasmid
[18].

In order to achieve an efficient gene expression, the pDNA must reach the nucleus intact and

preferentially in the supercoiled isoform. Rational plasmid design can be of great help in order to avoid



nuclease degradation [13]. Regions that are particularly prone to nuclease degradation can be
removed or modified to improve its resistance [19].

FDA requires a rigorous analysis for biodistribution, persistence and integration for approval of
clinical trials involving pDNA [20]. One of the major concerns regarding the use of plasmid vectors as
DNA vaccines is their possible integration into the host genome. This integration can have serious and
even deleterious effects on host genome integrity, including the risk of tumorigenesis if the insertion
reduces the activity of a tumor suppressor or increases the activity of an oncogene [20]. It may also
result in chromosomal instability through the induction of chromosomal breaks or rearrangements.
Given that, pDNA regions that share homology with host genome sequences and might increase the
potential insertion frequency (even at a low frequency), should be eliminated, as well as all non-
essential regions [13]. Another important aspect concerning safety is the presence of contaminants.
International regulatory agencies are likely to set stringent specifications with regard to the level of
endotoxins, RNA, protein, bacterial host DNA and quantities of linear and supercoiled DNA in the
preparation and presence of toxic chemicals [14]. To avoid the presence of contaminants, there is the
need to develop sensitive and quantitative analytical methods [21, 22]. Finally, FDA has long
recommended that B-lactam antibiotics be avoided, as residual contamination in the final product
could potentially cause an allergic reaction in sensitive individuals [11]. There is also the possibility of
spread of antibiotic resistance genes to intestinal bacteria by horizontal gene transfer. To avoid these
problems, there has been recently developed plasmid DNA that lacks the antibiotic resistance gene to

further improve their safety profile [23].

1.2.2 Host strains

Currently, plasmid DNA is often produced using selected strains of Escherichia coli based on
commercial availability, advantageous properties for mutagenesis or in many cases simply because
standard laboratory-scale protocols had previously quoted using a particular host strain [12].

Since the beginning of the modern biotechnology era in the late 70s, E. coli has been widely
used for molecular cloning methodologies and as a host to produce primary and secondary
metabolites [24]. E. coli possesses a number of excellent properties, such as a rapid doubling time
and growth rate, ease of high-cell-density fermentation, low production cost and most importantly a
detailed knowledge of the metabolism and availability of excellent genetic tools for strain improvement
[24]. Its genome is fully sequenced and can be easily manipulated by techniques that are maturing at
a rapid pace [25]. On the other hand, E. coli has some disadvantages like endotoxin production, or
lipopolysaccharides (LPS), and genetic instability, resulting in safety concerns surrounding its use [25].
For this reason, there has been some work investigating other microorganisms, such as the Gram-
positive Lactococcus lactis, as hosts for biopharmaceutical production of pDNA [26]. Although not as
efficient for plasmid production this bacteria produces neither endotoxin nor biogenic amines [26].
However, taking into consideration the benefits and drawbacks, E. coli is currently the most suitable

organism for pDNA production on the industrial scale.



There are thousands of potential E. coli strains that can be used for pDNA production [27].
MG1655, J53 and W3110 represent some of the early E. coli K-12 strains that have been exposed to
the fewest cycles of mutations. MG1655 and J53 are two mutational steps from the original E. coli K-
12 whilst W3110 has undergone three rounds of mutations (Figure 5) [27]. The main purpose of these
mutations was the development of new strains which could facilitate heterologous gene cloning and
maintenance, and ultimately improve recombinant protein production [25]. Most of the chosen strains
are derivatives of E. coli K-12 since the safety of these strains have been the most thoroughly
investigated and hence is preferred by biosafety regulatory bodies, compared to others such as

derivatives of E. coli B [24].
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Figure 5 - E. coli K-12 and derivatives — creation of new strains and relationship between different strains.
(A) Lineage of MG1655 and W3110, close relatives of wild-type E. coli K-12. (B) Generation of strains
containing multiple mutations from MC1061, DH1, and JM101 [25].

Research on the use of wild-type K-12 strains such as MG1655 and W3110 is becoming more
popular since their genomes have been completely sequenced and these strains are relatively free
from cryptic mutations that are present in newer strain. Yau et al. [12] performed a study in which 17
strains were compared and it was observed that some of the existing commercial strains perform
poorly compared to the older, less mutated ones. Also, Singer et al. [28] performed a study in which
plasmid DNA production by 13 strains of Escherichia coli was compared. Shake flask studies indicated
that BL21, SCS1-S, and SCS1-L strains generated the greatest DNA from glucose, while MC4100,
JM105, and MG1655 generated the least [28].

However it is not possible to look at the genotype of a strain and draw accurate conclusions
about the productivity and quality of plasmid DNA produced in that strain. Industrially relevant
production of plasmid DNA depends on many factors including choice of plasmid, media components,

fermentation type/strategy and downstream processing [28].



1.2.2.1 Host strain engineering

A particular strain used at laboratory scale may not necessarily be the best strain to support
high yields of quality plasmid DNA at full scale production. Currently, plasmid DNA is often produced
using strains of Escherichia coli and plasmid backbones that are known to be effective producers of
recombinant proteins. However, these strains may not be the most favorable choice when plasmid
DNA is the final product. In addition, it is known that many common laboratory strains like DH5a and
DH10B have undergone a high degree of mutagenesis to improve their performance in cloning, library
construction, and/or recombinant protein production applications [11]. The complex genotypes of
many E. coli strains in industrial use today also greatly obstruct the ability to reliably predict the
plasmid yield based on the genotype alone and makes it difficult to determine the impact of specific
genetic variations [11].

A good demonstration of the relevance of strain genetic background is the study performed by
Gongcalves et al. [29] in which single and double knockouts of genes pykF and pykA were performed in
two different E. coli strains, MG1655 (wild-type genetic background) and DH5a (highly mutagenized
genetic background). It was observed that these knockouts were only effective in the wild-type strain
which demonstrates the relevance of strain genetic background and the importance to rationally
design bacterial strains and plasmids specifically suited to the production of plasmid
biopharmaceuticals [29].

Recently, many researchers have tried to develop well-characterized strains for pDNA
production, using several strategies such as the ones outlined in Figure 6. These strain engineering
efforts aim to improve plasmid stability, enhance product safety, increase yield, and/or facilitate
downstream purification [11]. Using an alternative E. coli strain is important since it is known that the
strain genetic background can have a big influence on plasmid production and in the outcome of strain
engineering approaches [29]. But there are other strategies that can be used such as genome
reduction. Posfai et al. [30] performed a study in which researchers have constructed multiple-deletion

series (MDS) strains of E. coli, containing a significantly reduced genome that is about 15% smaller

s Alternative E. coli e
g N strain %

Gene \ / Genome
knockouts

K2 reduction

/ E. Coli \‘
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Heterologous nuclease
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Figure 6 - Strain engineering strategies. The parent strain at the center of the diagram represents any E.
coli K-12 strain, and the potential modifications are illustrated. Note that the engineering strategies are
shown as independent of one another, but applying several strategies in parallel to a single strain is
possible as well [11].
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than that of the parental strain, MG1655. These strains have all of the mobile elements removed and
showed no detectable transposon activity when compared to MG1655 and DH10B, therefore
eliminating the main source of instability [30]. Compared to the parental strains, the reduced-genome
strains showed identical growth rates and recombinant protein expression yields, but could be more
efficiently transformed by electroporation and were able to propagate plasmids that were unstable in
other strains [30].

Several researchers have addressed the concerns relative to antibiotic selection mechanisms
by modifying the vector, host, or both to develop alternative plasmid selection systems. In particular,
several researchers have chosen to manipulate essential E. coli genes to ensure efficient killing of
plasmid-free cells. Cranenburgh et al. [31] decided to target dapD, an essential gene for
diaminopimelate and lysine biosynthesis. The endogenous dapD locus was disrupted, and an ectopic
copy of dapD under the control of a lac promoter was integrated into the chromosome. Transforming
this strain with a high copy plasmid containing the lac operator resulted in sufficient titration of lac
repressor away from dapD to give expression of the essential gene. As a result, only cells containing
pDNA with the lac operator sequence survived in culture. Alternative selection systems based on
antisense RNA have also recently been investigated. Mairhofer et al. [23] developed a system that
uses the RNA | antisense transcript that is produced during ColE1l plasmid replication to regulate
expression of an essential host gene. The results of the removal of the antibiotic resistance gene
indicated an increase of the overall plasmid yield by 2-fold, compared to the conventional host/vector
combination [23]. This result is possibly explained by a decrease in metabolic load and consequently
an increased availability of metabolic precursors [23]. It is known that the major cause for metabolic
burden exerted on the host cell, is the constitutive expression of the antibiotic resistance gene since
the marker protein usually represents up to 20% of total cellular protein [23]. Also, the produced pDNA
is 29% reduced in size, which is an additional advantage concerning transformation efficiency and
therefore potency of the end product [23]. Finally, there is an increase in pDNA replication rate.
Therefore, this study demonstrated that deleting the antibiotic resistance gene from the vector
backbone is not only beneficial with regards to safety and potency of the end-product but also
regarding the overall process performance [23].

To address removal of host genomic DNA as well as RNA, Nature Technology Corporation
has developed E. coli hosts expressing periplasmic chimeric proteins that degrade both nucleic acids
[32]. These chimeras include the plasmid-safe phage T5 D15 exonuclease linked to RNase A or S.
This exonuclease specifically degrades linear and denatured DNA not affecting the fidelity of
supercoiled plasmid DNA [11]. The chimeric proteins can be reintroduced into the cytoplasm before
lysis by inner membrane permeabilization techniques or can begin to degrade host nucleic acids
immediately after being released by cell lysis [11]. Both of these schemes significantly reduce the
viscosity of the lysate, easing the later stages of purification. This approach to strain engineering also
incorporated autolytic host strains, which have been used previously for recombinant protein

production applications [11].
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1.3 Effect of plasmid DNA synthesis on E. coli central carbon metabolism

Plasmid DNA synthesis can disturb E. coli gene regulation by altering levels of gene
expression and carbon flux [25]. For the last three decades, many researchers observed that plasmid
maintenance retards host growth, giving raise to lower biomass yields [25]. This metabolic burden can
be caused by competition for cellular resources (energy, amino acids, etc.) between cell division and
plasmid propagation activities, since plasmid replication and expression of the antibiotic resistance
marker requires additional nutrients and energy [25], or by the perturbation of the E. coli host
regulatory system affecting central metabolic pathways [33]. Because of the detrimental effect of this
plasmid-imposed metabolic burden, cells that lose plasmid are able to grow faster during fermentation
[33]. Over time, these non-productive cells become a significant fraction of the population contributing
to problems such as plasmid loss and reduced productivity, which are of relevance to the industry [33].

However, the relation between plasmid DNA content and growth rate has not been fully
explained since a direct comparison between plasmid-bearing and plasmid-free E. coli may be
inappropriate [34]. Rozkov et al. [35] demonstrated that significant differences between a plasmid-free
E. coli and the same host bearing a plasmid were due to expression of the kanamycin
phosphotransferase gene, used as a plasmid marker. As mentioned before, the major cause for
metabolic burden exerted on the host cell, is the constitutive expression of the antibiotic resistance
gene since the marker protein usually represents up to 20% of total cellular protein [23]. Finally, it is
also known that cultivation conditions affect plasmid DNA content significantly. Therefore, it appears
that a direct comparison of plasmid-containing with plasmid-free cells may be inaccurate to analyse
the metabolic limiting factors of plasmid copy number [34].

In spite of the problems related to the analysis of the effects of plasmid DNA production,
recent reports have shown its effects on the central carbon metabolism of E. coli, namely in

Glycolysis, the Tricarboxylic Acid Cycle and the Pentose Phosphate Pathway.

1.3.1 Effect of plasmid DNA synthesis on Glycolysis

The glycolytic pathway (Figure 7) is the main catabolic route of carbohydrates for the provision
of energy and building precursors for biosynthesis [33]. Its functioning is essential under all conditions
of growth because it produces seven (B-D-glucose 6-phosphate, 3-D-fructofuranose 6-phosphate,
dihydroxyacetone phosphate, 3-phospho-D-glycerate, glyceraldehyde-3-phosphate,
phosphoenolpyruvate, and pyruvate) of the 13 precursor metabolites that are the starting materials for
the biosynthesis of building blocks for macromolecules and other needed small molecules [36]. It
oxidizes hexoses to generate ATP, reductants and pyruvate and it is also an amphibolic pathway
(pathway that involves both catabolism and anabolism) [36]. Glucose and other sugars are fed into

glycolysis to produce pyruvate from the common intermediate fructose diphosphate [33].
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Figure 7 - The reactions of glycolysis convert glucose to pyruvate. ATP synthesis occurs in the
reactions catalyzed by phosphoglycerate kinase and pyruvate kinase. These reactions are examples
of substrate-level phosphorylation and are highlighted in yellow [37].

Previous studies reported different levels of glycolytic gene expression in plasmid-bearing
cells versus plasmid-free cells [25]. Some results showed most of the glycolytic genes as down
regulated [33], while other results have demonstrated up-regulation of the same genes, such as
pyruvate kinase | (pykF) for cells carrying plasmids [34].

Ow et al. [33] demonstrated that in plasmid-bearing cells, except for gapA (encoding
glyceraldehyde-phosphate dehydrogenase), most glycolytic genes were generally observed to be
downregulated. Control of glycolysis resides in two key steps catalyzed by phosphofructokinase (Pfk)
and pyruvate kinase (Pyk), which are the only two irreversible steps in glycolysis [33]. Two isoenzyme
genes of phosphofructokinase (pfkA and pfkB), which essentially control the entry of substrates into
glycolysis, were significantly downregulated by more than 1.5-fold [33]. The pykF gene encoding the
enzyme catalyzing the final unidirectional step out of glycolysis was also downregulated [33].
However, no differential regulation for pykA was found. This is probably due to the fact that they are
controlled by different transcription regulators; for example, FruR represses expression of pykF, but
not pykA [33].
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The down regulation of glycolytic enzymes suggests a reduction in glycolytic flux in the
plasmid-bearing cells. Therefore, we can predict that any extra carbon flux arising from the reduced
glycolytic flux might be redirected into the PP pathway [33].

On the contrary, Wang et al. [34] discovered that some genes involved in glucose transport
(ptsG) as well as genes involved in glycolysis (fba, gapA, eno, pykF) were significantly up-regulated in
plasmid-bearing cells relative to plasmid-free cells. It was also observed that the levels of glycolytic
intermediates, such as glucose 6-phosphate, fructose 6-phosphate, glyceraldehyde-3-phosphate,
phosphoglycolate phosphatase, 3-phosphoglycerate, 2-Phosphoglycerate, phosphoenolpyruvate and

pyruvate were significantly increased in plasmid-bearing cells, during the early stationary phase [34].

1.3.2 Effect of plasmid DNA synthesis on the Pentose Phosphate (PP) pathway

Pentose Phosphate (PP) pathway is considered the second main destination for glucose
(Figure 8), after Glycolysis. Its functions are: (a) the catabolism of carbon sources including sugars
that cannot be utilized by other pathways like xylose and ribose, (b) provision of reducing power
(NADPH) for biosynthesis and (c) biosynthesis of nucleic acids, amino acids, vitamins and ingredients
of the cell lipopolysaccharide layer [33]. It can metabolize different sugars like xylose and ribose, and it
is one of the pathways responsible for biosynthesis of the nucleotide-precursors ribose-5-phosphate
(R5P) and erythrose-4-phosphate (E4P) [25]. This pathway comprises two phases: the oxidative
generation of NADPH and the nonoxidative interconversion of sugars [38]. In the oxidative phase,
NADPH is generated when Glucose 6-phosphate is oxidized to Ribose 5-phosphate (R5P) [38]. This
sugar and its derivatives are components of RNA and DNA, as well as ATP, NADH, FAD, and
coenzyme A [38]. In the nonoxidative phase, the pathway catalyzes the interconversion of different
sugars in a series of nonoxidative reactions that can result in the synthesis of five-carbon sugars for
nucleotide biosynthesis or the conversion of excess five-carbon sugars into intermediates of the

glycolytic pathway [38].

( Ribose-5-phosphate [?] Lipids

N > e
NADF’H NADPH > v\,',‘\
@ NADP+ xidative) NADP+
17}
§—>G -6-P G6PD 9= ph?%i?gg":"”—»s phosphogluconate Ribulose-5-phosphate
4 o A
o] I ““““ co, i
953 -------- G6PD ‘
RN f(ccag ;
. |
PFR)|«(TIGAR) «- % ... TIGAR T i
i TAp73 i
, e8P i 4 i
¢ i
2 DHAP4»G3P €. | po3 - :
g RAACH AR IS Coxdil
Q $ o “ Nucleus X L i
(0] 1,3-B ' 2 i
4 ] i
3- PG Y 4
2- PG

TCA \NADI
Pyruvate @FADH Ox. DhOS
ROS 4

Lactate
Mitochondrion Cytoplasm

Figure 8 - The Pentose Phosphate (PP) Pathway [39].

14



It is known that the expression of many PP pathway enzymes is constitutive and not
transcriptionally regulated, with only a few exceptions. Ow et al. [33] discovered that the expression of
PP pathway genes remains constant despite changes in glycolytic flux. Therefore it is hypothesized
that PP genes are steadily expressed at levels that can support multifold changes in metabolic flux.
Only a few genes (zwf, talA and tktB), were differentially regulated in plasmid-bearing cells when
comparing with plasmid-free cells [33]. Regarding zwf gene it was found to be 1.2 fold up-regulated
while talA and tktB genes were found to be 1.5 fold down-regulated [33]. The zwf gene encodes for
the first enzyme of the oxidative PP pathway (glucose-6-phosphate dehydrogenase) and it is
subjected to transcriptional regulation by specific proteins [33]. For talA and tktB, these two genes are
adjacent to each other and are transcribed from the same promoter [33].

On the contrary, Wang et al. [34] observed that the zwf and gnd genes were significantly
down-regulated in early stationary in plasmid-bearing cells. It was also observed that the 6PGlac flux
of plasmid-bearing cells decreased relative to that estimated in plasmid-free cells [34]. During the early
stationary phase, levels of PP pathway intermediates, such as 6PGlac, 6PG, Ru5P, X5P, R5P, E4P,
S7P were also significantly decreased in plasmid-bearing cells [34]. Furthermore, expression of the
rpiA gene, encoding RPI enzyme, was significantly decreased in cells carrying a high-copy number

plasmid relative to cells carrying a low-copy number plasmid [34].

1.3.3 Effect of plasmid DNA synthesis on the TriCarboxylic Acid (TCA) cycle

The tricarboxylic acid (TCA) cycle (Figure 9) is composed of eight reactions that oxidize the
acetyl group from acetyl-CoA or from other sources [25]. This cycle is important in energy metabolism
and biosynthesis and performs the complete oxidization of acetyl coenzyme A derived from glycolysis
[33]. Also, several TCA intermediates are needed during amino acid, pyrimidine and heme
biosynthesis [33]. Oxaloacetate (OAA) and a-ketoglutarate (AKG) are two TCA intermediates that play
an important role in amino acids synthesis [25].

Most of the tricarboxylic acid cycle genes are up-regulated (including: gltA, acnA, acnB, aceB,
icdA, sucA, sucB, sucC, sucD, sdhC, fumA, fumB, fumC) in plasmid-bearing cells relative to the

plasmid-free strain [34].
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1.4 Metabolic engineering of Escherichia coli strains for plasmid DNA

biopharmaceutical production

Metabolic engineering is the science that combines systematic analysis of metabolic and other
pathways with molecular biological techniques to improve cellular properties by designing and
implementing rational genetic modifications [41]. As such, metabolic engineering deals with the
measurement of metabolic fluxes and elucidation of their control as determinants of metabolic function
and cell physiology [41]. It involves manipulation of enzymatic, transport and regulatory functions of
the cell by using recombinant DNA technology. Through the use of analytical techniques, metabolic
fluxes of critical metabolic pathways in the cell or tissue of interest are determined. After that,
molecular biological techniques are applied in order to enhance metabolic flux through that pathway of
interest and/or minimize metabolic flow to undesired biosynthetically related products [41].

The development of recombinant DNA techniques has introduced a new dimension to
pathway manipulation by offering, for the first time, the capability to construct specific metabolic
configurations with novel, beneficial characteristics. Genetic engineering allows precise modification of
specific enzymatic reactions in metabolic pathways, leading to the construction of well-defined genetic
backgrounds. The redirection of cellular metabolism to create or enhance desirable attributes has

been accomplished with a variety of novel techniques and applied towards a variety of goals [41].
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Metabolic engineering is well suited for several biotechnological applications, especially in
microbial fermentation. It can be used to design rational strategies for target selection for screening
candidate drugs or designing gene therapies. It has also been applied to increase the production of
chemicals that are already produced by the host organism, to produce desired chemical substances
from less expensive feedstocks, and to generate products that are new to the host organism [41].
Other challenges associated with metabolic engineering are the biosynthesis of secondary
metabolites, the generation of organisms with desirable growth characteristics, and the manipulation
of pathways for the production of chiral compounds as intermediates in the synthesis of
pharmaceutical products [41].

Currently, both in academia and industry there is the need for a technological and economical
improvement in pDNA manufacturing [25]. Significant progress has been achieved in plasmid design
and downstream processing, but there is still a demand for improved production strains [25]. This
chapter will focus on engineering of E. coli strains for pDNA production, mainly on the gene mutations
that can have an impact on pDNA biosynthesis.

1.4.1 Relevant genes for E. coli strain engineering

Many cell line engineering efforts have been made in order to improve plasmid DNA
production by knockout or overexpression of rationally-selected genes (Table 4) [25]. One main area
of focus is the modification of central carbon metabolism genes to increase flux toward nucleotide and
amino acid precursor synthesis and reduction of byproducts, such as acetate [25]. Genes related to
improving pDNA quality have also been common targets, as well as genes that are involved in various
other cellular processes relevant to pDNA production, for instance genes involved in the stringent
response and DNA replication [25]. In the next sections the main gene mutations that have recently
been made will be discussed.
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Table 4 - E. coli genes targeted for mutation to improve plasmid DNA production. A indicates gene

knockout and 1 indicates gene overexpression [25].

Gene(s) Product(s) Mutation Expected phenotype

recA DNA strand exchange and A Minimized recombination of cloned DMA,
recombination protein; protease pairing and exchange between repeated DNA
and nuclease activity sequences

endA DMNA-specific endonuclease | A Decreased non-specific digestion of plasmid

rpiA Ribose-5-phosphate isomerase A T Increased biosynthesis of nucleotide precursors

in pentose phosphate pathway

pykA pykF Pyruvate kinase |, || A Increased pentose phosphate pathway and TCA
cycle flux and reduced acetate synthesis

topA Topoisomerase | A Increased RNAII R-loop formation
(ColE1 plasmids)

polA DNA polymerase | T Increased availability of enzyme that extends
the RNA primer template and removes RNA
primers postreplication

ligh DNA ligase T Increased availability of enzyme that seals nicks
during pDNA synthesis

gyrAB DNA gyrase T Increased availability of enzyme that negatively
supercoils the covalently closed circular plasmid

priA priB priC Primosome components T Increased availability of primosomes (one lagging
strand primosome is required per plasmid per
replication)

toch grx 1 Thioredoxin, glutaredoxin T Increased level of hydrogen donors for ribo-

nucleotide reductase

zwf Glucose 6-phosphate-1-dehydrogenase T Increased pentose phosphate pathway flux

fruR Transcriptional regulator A Deletion of global regulater of carbon flow
through the central metabolic pathways

reld spoT ppGpp synthetase |, 1| A Abolished stringent response to amino acid
starvation

dem DMA-cytosine methyltransferase A Improved transgene expression and reduced

immunogenicity

1.4.1.1  Genes related to plasmid properties

1.4.1.1.1 endA gene

The endA gene encodes DNA-specific endonuclease 1. This protein is a periplasmic enzyme
that cleaves within duplex DNA no shorter than 7 bp [42]. Its cellular role is unknown, but it has been
widely used as an experimental tool for DNA footprinting [42]. It is inhibited by tRNA and rRNA [42].
The deletion of this gene can improve the quality and final yields of plasmid preparations by
eliminating non-specific degradation of pDNA by the endonuclease [25]. Mutants lacking endA show

no apparent difference from wild type cells [42].

1.4.1.1.2 recA gene

recA gene codes for a protein, Recombinase A, essential for the recBCD pathway of
homologous recombination, being necessary for the repair and maintenance of DNA. Generally,
constitutive levels of RecA are maintained at between 1,000 and 10,000 monomers per cell but when

induced by DNA damage, e.g. UV irradiation, it increases to 50 times its normal level [43].
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RecA performs homologous recombination by catalyzing DNA strand exchange reaction. It
serves as a regulatory protein to induce the SOS response to DNA damage by its action on the
repressor protein LexA [43]. Activated RecA becomes a regulator of the SOS response by inducing
the autocatalytic cleavage of LexA, which generally binds to the operator region of most of the DNA
damage-inducible genes and suppresses their expression. As the cellular concentration of LexA
decreases, the SOS genes become more frequently transcribed [43]. It also plays a role in the repair
of Double strand breaks (DSBs) in which a separate intact region of DNA is used [43]. RecA
polymerizes to form filaments around both single-strand and double-strand DNA and in doing so
extends the DNA within the filament to 1.5 times its unbound length [43].

recA mutants, have less undesirable homologous recombination than wild-type cells.
Homologous recombination can lead to both changes in the plasmid DNA as well as formation of
plasmid multimers, which causes an increase in plasmid-free cells [25]. Phue et al. [44] performed a
study in which BL21ArecA and BL21ArecAAendA demonstrated to be superior producers of pDNA
when compared to DH5a. Using glucose as the carbon source, BL21-derived strains showed

significantly less acetate production and improved glucose utilization, as expected for a B strain [44].

1.4.1.1.3 dcm gene

The dcm gene codes for a methyltransferase present in E. coli, the DNA-cytosine
methyltransferase (Dcm). DNA methylation consists of the addition of a methyl group to a base by a
DNA methyltransferase enzyme [25]. Binding proteins can have high affinity to methylated DNA
sequences and methylation sites may affect promoter activity [25]. Methylation patterns can also allow
a species to distinguish its own DNA from foreign DNA [25].

Studies have shown that Adcm mutant cells do not have a strong impact on plasmid yield and
quality [45]. Extensive quality control analysis also demonstrated that dcm™ and dem” plasmids were of
similar high quality for a variety of quality attributes such as RNA primer removal, percentage of basic
residues, and percentage of supercoiling [45].

On the other hand, plasmids produced in these dcm’ cells had a high transgene expression
level in a human cell line and would therefore be recommended for gene therapy applications [45].
However, these plasmids also demonstrated to be less immunogenic and would not be ideal for DNA
vaccine applications [45]. One hypothesis for reduced immunogenicity is that Dcm methylation sites
are a pattern recognized by the innate immune system [45]. In conclusion, dcm methylation status
affects plasmid-directed transgene expression and immunogenicity but not plasmid production [45].
Therefore, dem” plasmid is recommended for DNA vaccines and dcm’ plasmid for DNA therapeutics

and cell transfection reagents [45].
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1.4.1.2 Central carbon metabolism genes

Central carbon metabolism is a logical target for genetic engineering strategies to increase
plasmid DNA vyield because of the potential to increase carbon flux to nucleotide precursors (Figure
10) [25]. Altering central metabolism to produce more energy and reducing power could also
potentially improve plasmid yields [25]. Therefore, several changes have been made to these

pathways (Figure 10).
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Figure 10 - Gene knockout and overexpression strategies to improve plasmid DNA production in E. coli.
(A) Overexpression of the zwf and rpiA genes is proposed as a means to increase fluxes in the pentose
phosphate pathway and nucleotide synthesis. (B) Knockouts of genes pykF and pykA are suggested to
reduce acetate formation, increase fluxes in the pentose phosphate pathway and TCA cycle. Dark arrows
represent high carbon flow in pentose phosphate pathway and light arrows represent less formation of

pyruvate and acetate [25].

1.4.1.2.1 pykF and pykA

The pykF and pykA genes encode pyruvate kinase (Pyk) | and Il, respectively, and the
production of these two isoenzymes is independent [32]. However, both have a cooperative effect on
transforming phosphoenolpyruvate (PEP) into pyruvate (PYR) at the final stage of glycolysis (Figure
10) [25].

Acetate secretion deviates carbon flux away from nucleotide synthesis and therefore it is

disadvantageous for plasmid DNA production [25]. In addition, its accumulation in the medium reduces
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cell growth and limits maximum cell concentration [46]. This reduction is due to the fact that the
homeostatic mechanisms of E. coli require energy to adjust to the decrease in intracellular pH caused
by acetate accumulation [46]. Thus for rapid growth, E. coli apparently requires maintenance of an
optimum intracellular pH [46].

Luli et al. [46] developed a growth model based on the data obtained for acetate inhibition of
growth rate at pH 7.0. The data obtained suggest that acetate is inhibitory very early in the growth of
the culture, but that the inhibitory effect is not visualized until acetate has accumulated to a
concentration of 5 g/L [46].

However, the exact effect of acetate on plasmid production is not yet clear. For instance,
Wang et al. [34] showed that plasmid-bearing E. coli BL21 cells produce more acetate than plasmid-
free cells. However, Carnes et al. [45] determined that, in contrast to recombinant protein production,
secretion of this metabolic byproduct into the media had only a minor negative effect on plasmid
replication.

Given its negative effect, it is important to diminish the accumulation of acetate by choosing
host strains and growth conditions which minimize its production. Several strategies have been
performed with the goal of increasing plasmid DNA production. For instance, Al Zaid Siddiquee et al.
[47] performed a batch cultivation using both wild type E. coli K-12 and a pykF mutant. In batch
culture, it was found that the pykF gene knockout has little effect on cell growth [47]. However, it was
also found that flux through phosphoenolpyruvate carboxylase and malic enzyme was up-regulated in
the pykF” mutant as compared with the wild type, and acetate formation was significantly reduced [47].
The reduction of acetate production was expected since the synthesis of pyruvate would decrease,
and phosphoenolpyruvate would be converted to oxaloacetate (OAA) without pyruvate kinase activity
[25].

Cunningham et al. [48] discovered that an E. coli pykF pykA (PB25 strain) double knockout
produces much less acetate than JM101, wild-type strain. It also exhibits a modest 15 to 25%
reduction in growth rate, indicating that the isozymes are not essential for growth on glucose [48].
More importantly, when expressing GFPuv (pUC-based, high-copy-number plasmid), PB25 has
threefold more plasmid than JM101 [48].

Gongalves et al. [29] performed a study in which it was investigated these same mutations but
in the nearly wild-type MG1655AendAArecA and in the commonly used DH5a strain using either
glycerol or glucose as the primary carbon source. MG1655AendAArecA and DH5a grew faster than
their respective pykF and pykA double knockout mutant strains in both glucose and glycerol [29].
However, GALG1011 (MG16554endAArecAApykFApykA), produced less acetate than
MG1655AendAArecA in both carbon sources. Also, strains with single mutations (pykF or pykA)
demonstrated to be more efficient in producing pDNA than strains containing the double mutation [29].
The synthesis of pDNA was likely more advantageous when the pyruvate kinase activity was reduced,
as opposed to eliminated, because glycolytic flux, although diminished, still enables additional ATP
production and up-regulation of glucose flux through the Pentose Phosphate Pathway [29]. At the
same time, carbon flux would be increased to the pentose phosphate pathway, improving nucleotide

synthesis.
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These results show that the outcome of rationally designed mutations is highly dependent on
the strain’s genetic background of the cells. Different strains with the same gene knockout can have

diverse carbon fluxes and result in different ATP yields, favoring pDNA production or not.

1.4.1.2.2 rpiA gene

rpiA gene codes for ribose-5-phosphate isomerase A. There are two physically and genetically
distinct ribose-5-phosphate isomerases present in E. coli. The constitutive ribose-5-phosphate
isomerase A (RpiA) normally accounts for more than 99% of the ribose-5-phosphate isomerase
activity in the cell [49]. This is a reversible enzyme that converts Ru5P into R5P, decreasing the flux
into X5P (Figure 10). Therefore, a large part of the flux into RuUSP is used for synthesis of nucleotides.

Theoretically, overexpression of rpiA would enhance synthesis of the nucleotide precursor
ribose-5-phosphate (R5P), which would lead to an increase in nucleotide formation, and consequently,
plasmid DNA production. Wang et al. [34] discovered that the Rpi enzyme is deprived when E. coli
carries a high copy number plasmid which in turn causes a decrease of the plasmid copy number.
From the metabolic flux analysis, enzyme activity analysis and mRNA expression profiles, it was
concluded that the rpiA gene is one of the important limiting factors for plasmid DNA replication [34].
Therefore, the authors performed overexpression of the rpiA gene in E. coli BL21. This event caused a
3-fold increase in plasmid copy number of a ColE1-derived plasmid during continuous culture, using
defined medium and glucose as the carbon source [34].

In a more recent work, a cultivation was performed in order to obtain a deeper understanding
of plasmid replication in GALG20 (MG1655ApgiAendAArecA) strains overexpressing the rpiA gene
[50]. The results indicated that plasmid amplification rate is increased in the new strains, more
specifically until 14 hours of cultivation [50]. Increased production of Ribose-5-phosphate Isomerase

(RpiA) allowed a faster plasmid replication until a certain point, where it became similar to GAL20 [50].

1.4.1.23 zwfgene

zwf gene codes for glucose-6-phosphate dehydrogenase (G6PDH) which is an enzyme
responsible for the conversion of D-glucose 6-phosphate and NADP™ into 6-phospho-D-glucono-1,5-
lactone and NADPH (Figure 10). It is known that 22% of the transported glucose in the wild type E.
coli strain is driven through glucose-6-phosphate dehydrogenase, Zwf, and part of this carbon flux is
devoted to nucleotide, amino acid, and vitamin biosynthesis [51]. NADPH and nucleotides are required
for biomass and pDNA production and they are intrinsically correlated in the PP pathway, composing
the oxidative and non-oxidative phases, respectively [25]. Cunningham et al. [52] demonstrated
through a mathematical model that increasing the availability of NADPH has a positive impact on
pDNA production by increasing the reducing power available for pDNA.

It was discovered that the zwf gene knockout had a minor effect on the cell growth [53].

However, the profiles of the substrate and by-product concentration indicated that the corresponding
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metabolic rates were changed due to the gene knockout [53]. The zwf mutant directed 98.9% and
87.0% of the total carbon flux through the first step of glycolysis (from G6P to F6P) and TCA cycle
(from AcA to CIT),respectively, whereas the parent strain showed an obviously lower flux through the
first step of the glycolysis (78.6%) and TCA cycle (73.1%) [53].

Overexpression of zwf has been investigated as a strategy to increase flux to the pentose
phosphate pathway. Williams et al. [54] verified that simultaneous overexpression of zwf and rpiA in
DH5a appeared to increase plasmid amplification rate (mg pDNA/L/ODgqo/hr) but not final specific yield
(mg/L/ODgg), in fed-batch fermentations using complex medium with glycerol as the carbon source. It
appears that fermentation plasmid copy number (specific yield at plateau) within DH5a is largely set by
process and vector-intrinsic factors [54]. While the rate of plasmid replication can be influenced by
increasing levels of key replication proteins, the final copy number plateau is insensitive to such
alterations [54]. In the same study, the overexpression of zwf alone as well as zwf and thioredoxin
(trxA) did not show any effect on fermentation productivity [54].

In another study, transforming a wild-type strain with a high-copy number plasmid carrying the
zwf gene, under the control of an inducible trc promoter, resulted in a recovery of the growth-rate from
0.46 h™ (uninduced) to 0.64 h™ (induced), decreasing plasmid-mediated metabolic burden [51]. These
results indicate that engineering metabolic flux at the level of the G6P node can be used as a strategy

to compensate for special metabolic demands of bacterial production strains [51].
1.4.1.2.4 fruR gene

fruR gene codes for a Fructose repressor (also known as Cra, Catabolite repressor activator)
and is a global regulator that directs carbon flow through the central metabolic pathways via its
influence on the transcription of carbon and energy metabolism genes [55]. Primarily, transcription of
catabolic enzymes involved in the glycolytic pathway (pfkA, pykF, gapA, pgk, eno), glycolysis (edd,
eda) and alternative sugar catabolism (fruBKA, mtlIADR) are repressed, while enzymes of
glyconeogenesis (fbp, ppsA), glyoxalate shunt (aceBA), TCA cycle (acnA, icdA) and electron transport
chain (cydAB) are positively activated [55].

Ow et al. [55] evaluated the effect of a fruR knockout during batch fermentation. The results
demonstrated a higher specific growth rate of 0.91 h™ for the plasmid-bearing fruR" cells compared to
its parental plasmid-bearing wildtype cells (0.75 h'l) [55]. Also, in plasmid-bearing fruR™ cells,
expression of enzymes involved in sugar catabolism, glycolysis and transcription/translation processes
were upregulated, while those related to gluconeogenesis, tricarboxylic acid cycle and stress response
were downregulated [55]. It was also observed that the glycolytic genes pykF, zwf, and 6-
phosphofructokinase | and Il (pfkA, pfkB) were up-regulated when fruR was deleted [55]. However,
this knockout did not increase plasmid final yield [55]. These results demonstrate that the inactivation
of FruR global regulator in recombinant E. coli alters metabolic gene expression and significantly
reduces growth retardation from the burden of maintaining a plasmid [55]. Later, Ow et al. [56]

demonstrated that the same fruR-deficient DH5a strain improved pDNA yield under exponential

23



feeding in fed-batch conditions. Therefore it is possible to conclude that fermentation strategy directly

affects plasmid amplification behavior.

1.4.1.25 pgigene

pgi gene codes for a Phosphoglucose isomerase, which catalyzes the interconversion of
glucose-6-phosphate and fructose-6-phosphate, an essential step of the glycolysis and
gluconeogenesis pathways [57].

A recent study has demonstrated that the knockout of the pgi gene redirects glycolytic flux,
increasing fluxes in the pentose phosphate pathway and enhancing nucleotide synthesis and NADPH
production [29]. Glycolysis is down-regulated, but proceeds via the formation of fructose 6-phosphate
and glyceraldehyde 3-phosphate [29]. GALG20 (MG16554endAArecAApgi) produced three-fold more
pVAX1GFP pDNA (11.6 mg/g DCW) than MG16554endAArecA in 5+10 g/L glucose (3.6 mg/g DCW)
[29]. In glycerol, GALG20 produced similar amounts of pDNA to MG16554endAArecA. Surprisingly,
this strain had the best performance in 20 g/L of glucose, producing 25-fold more pDNA (19.1 mg/g
DCW) than the parental strain (0.8 mg/g DCW) [29]. Given these results, it is possible to conclude that
the pgi gene is an important target to redirect carbon flux to the pentose phosphate pathway, in order

to enhance nucleotide synthesis and consequently increase pDNA production, when using Glucose.

1.4.1.3 Glucose transport system (PTS)

The phosphotransferase transport system (PTS) is one of the mechanisms by which pyruvate
is produced in E. coli growing aerobically in high glucose concentrations [58]. De Anda et al. [58],
studied the effect of replacing the glucose phosphotransferase transport system (PTS) with an
alternate glucose transport activity on growth kinetics, acetate accumulation and production of
recombinant proteins. The resulting strain was grown in batch cultures and the results indicated that
this engineered strain produced almost four-fold higher recombinant protein concentration relative to
the wild-type strain [58]. Also, maximum acetate concentration reached only 0.39 g/L for the
engineered strain, whereas a maximum of 2.8g/L accumulated in the wild-type strain [58]. The
engineered strain also maintained similar production and growth rate capabilities, relative to the wild-

type strain [58].

1.4.1.4 Nucleotide synthesis

Besides altering central carbon metabolism genes it is also important to improve the
nucleotide availability in pDNA producing strains. Some genes have already been tested, such as
deoR and nupG.

deoR codes for a transcriptional repressor, DeoR (Deoxyribose Regulator), which is involved

in the negative expression of several genes of the deo operon that code for enzymes needed for
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deoxynucleotide synthesis [59]. Therefore, it was expected that deoR mutants could produce more
pDNA.

nupG codes for NupG protein which is a member of the major facilitator superfamily (MFS) of
transporters and presumably functions as a nucleoside/proton symporter, participating in the
regulation of genes involved in nucleotide synthesis [60]. Analysis of nupG-lacZ fusions has shown
that expression of nupG is regulated by the CytR and DeoR transcriptional regulators [60]. Imported
nucleosides serve as precursors of DNA and RNA, as well as of histidine and various co-factors [60].
It has been shown that nupG mutants can produce significantly more purine nucleosides than parental
strains [61].

Given the relation between these two genes, single and double mutants were analyzed. Borja
et al. [59] performed a study in which the genes endA, recA, deoR and nupG were inactivated in strain
VH33 independently and in combination, in order to increase pDNA vyields. It was expected that deoR
mutants would produce more pDNA. When nupG was deleted in VH33, no change in pDNA
production was observed as well as when both deoR and nupG mutations were combined [59]. On the
other hand, the triple mutant VH33 (ArecAAdeoRAnupG) demonstrated to be the best. It accumulated
low amounts of acetate (2.2 £ 0.1 g/L) and resulted in the best product yield (186 + 15 mg/L), the
highest ever reported for a batch cultivation of E.coli, maintaining a supercoiled fraction close to 80%
[59]. This indicates that not only the deletion of genes involved in nucleotide catabolism are necessary
to increase pDNA production, but also increasing the plasmid stability is needed to see a positive
effect [59].

1.4.1.5 Stringent response

Stringent response has been studied in the last four decades, but many of the cellular
mechanisms involved are still unclear. Studies have shown that the accumulation of unusual
guanosine nucleotides, collectively called (p)ppGpp (guanosine-5"-diphosphate-3’-diphosphate), is the
hallmark of the stringent response of E. coli [62]. This unusual nucleotide is produced not only in
response to amino acid limitation but also in response to many different kinds of nutrient limitations
and circumstances that cause growth arrest [63]. Such accumulation is known to be controlled by the
activity of two enzymes, the ribosome-bound RelA enzyme (ppGpp synthetase ) that synthesises
(P)ppGpp nucleotides upon the depletion of amino acids and the bifunctional SpoT enzyme (ppGpp
synthetase II) that is responsible for maintaining the intracellular levels of (p)ppGpp nucleotides via
enzymatic degradation [62]. The stringent response involves the control of the genetic expression by
direct interaction of the (p)ppGpp nucleotides with the RNA polymerase (RNAP), activating the
transcription of genes coding for stress-associated sigma factors and amino acid biosynthesis at the
expense of those required for growth and proliferation, thus affecting bacterial chromosome and
plasmid origin replication [63].

A strain lacking both RelA and SpoT is completely unable to produce ppGpp and the response
to starvation of such a strain is called the relaxed response [63]. It was observed that plasmid yield is
generally improved in relA” strains due to the relaxed response to amino acid starvation that allows

plasmid replication to continue [64]. The isoleucine addition seems to enhance this effect in relA
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strains [64]. The fermentation with isoleucine reached 633 mg/L and the one without isoleucine
reached 398 mg/L [64]. Other mutations that eliminate the stringent response, such as spoT, could

also be used in place of relA.

1.4.1.6 Other targets for genetic engineering

Faced with a plateau for plasmid replication, Williams et al. [54] hypothesized that it was
probably determined by the efficiency of the replication origin and the percent of initiated replication
cycles that are completed. The amplification slope may be set by a limiting factor, perhaps a protein or
nucleotide necessary for plasmid DNA replication [54]. Given that, the genes responsible for these
mechanisms have been analyzed, such as genes involved in DNA replication.

topA (Topoisomerase 1), polA (DNA Polymerase I), ligA (DNA ligase) and gyrAB (DNA gyrase)
are some of the genes that have been tested by overexpression or knockout. For instance, William et
al. [54] demonstrated that overexpression of polA and ligA genes improved pDNA yields in shake-flask
cultures, but not in the bioreactor. Moreover, it was also observed that gyrAB overexpression had a
negative effect on pDNA production, decreasing the yield at both shake-flask and bioreactor scales

[54]. However, the importance of these genes for pDNA production is still unclear.

1.5 Fermentation strategy

Besides the strain engineering process, the fermentation strategy should be designed carefully
to best suit the requirements of the new strain. The main challenge for cell culture is to maximize
volumetric (mg pDNA/L culture broth) and specific (mg pDNA/g dry cell weight) yields while at the
same time assuring the integrity of the primary sequence of the biosynthesized pDNA (i.e. absence of
deletions and insertion sequences) and the predominance of the supercoiled topology [65]. In order to
that, fermentation media and process needs to be carefully optimized considering some key factors,

which will be discussed in this chapter.
1.5.1 Culture medium and Carbon source

Media composition can dramatically affect yields and consequently the overall cost of
production. Options vary greatly, including minimal (defined) media to complex (semi-defined).
Complex media formulations often contain ingredients like yeast extract, peptones, and other growth
factors that may allow for a higher cell density, but may present challenges with reproducibility and
with contaminant removal in downstream processing [66]. Minimal media contains known quantities of
essential nutritional components including a carbon source, a nitrogen source, and salts, and excludes
components known to be inhibitory to bacterial growth. Fermentation processes using minimal media
are highly reproducible and plasmid copy number may even be higher [66].

A carbon source provides energy and biomass and is usually the limiting nutrient in cultures.

This source is commonly included in the highest amounts [67]. Glucose is the conventional carbon
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source as it is inexpensive and metabolized very efficiently and therefore gives a higher cellular yield
[66]. However, it was previously demonstrated that high concentrations of glucose inhibited pDNA
synthesis by MG1655AendAArecA and DH5a in shake flask experiments [29]. In aerobic conditions,
acetate production occurs when high concentrations of glucose inhibit respiration (Crabtree effect)
[29]. Under these conditions, around 15% of the glucose is converted in acetate [29]. Actually, when
using high concentrations of glucose (20 g/L), high amounts of acetate were formed (5.74 and 4.72
g/L, MG16554endAArecA and DH5a, respectively) and less pDNA was produced resulting in a
volumetric and specific plasmid yield of approximately 1.5 mg/L and 0.8 mg/g DCW, respectively, for
both MG1655AendAArecA and DH5a [29]. In contrast, when low amounts of glucose were used (5+10
g/L), higher amounts of pDNA were obtained for both strains. MG1655AendAArecA achieved a
volumetric yield of 27.4mg/L and a specific yield of 3.6 mg/g DCW, while DH5a yielded 9.6 mg/L and
1.8 mg/g DCW. Additionally, null or minimum acetate were produced, for MG1655AendAArecA and
DH5a, respectively, in the end of 24 hours [29]. Thus, acetate seems to play an important role in
pDNA production.

Glycerol can also be used as a carbon source. It is well known that glycerol has the advantage
of minimizing acetate formation in fermentation processes and it is becoming an inexpensive and
attractive carbon source [29]. Zhi-nan et al. [68] performed a study in which the use of glycerol (4.0
g/L) resulted in highest specific plasmid productivity (37.9 mg DNA/g DCW), but poor cell growth, and
delayed the peak time for plasmid yield.

Minimizing the formation of acetate during shake flask experiments can improve the outcomes
regarding pDNA production [29]. Therefore, choosing a carbon source that minimizes acetate
formation, such as glycerol, can be a solution when testing strains with high glycolysis activity [29].
However, this choice is highly dependent on the host strain used. A recent study was performed in
which different strains were tested in a glucose and glycerol medium. pDNA synthesis was inhibited by
a high initial concentration of glucose (20 g/L) and high amounts of acetate accumulated when using
strains with high glycolysis activity (e.g. DH5a, MG1655AendAArecA and corresponding pykA and/or
pykF mutants) [29]. Therefore, a reduction of the initial amount of glucose (5+10 g/L) or the use of
glycerol as an alternative carbon source, positively affected these strains [29]. On the other hand, the
novel strain GALG20 (MG16554endAArecAApgi), which uses the Pentose Phosphate Pathway as the
main route for glucose metabolism, was not inhibited by 20 g/L of glucose during shake flask
cultivations, resulting in the production of high amounts of pDNA and a minimal production of acetate
[29]. These results highlight the fact that the choice of the culture medium is highly dependent on the

strain.

1.5.2 Feeding strategy

Currently, the majority of the process development for pDNA production strains and vectors
are conducted in shake flasks, where screening process is done, and then only the best selected
strains are tested in bench-scale bioreactors. While this approach is popular, previous studies have
already demonstrated that productivity data obtained from shake flask experiments often fail to predict

the outcome of pDNA production in bench-scale bioreactors [69]. Also, O’Kennedy et al. [70] observed
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that plasmid degradation occurred at the end of the fermentation in shake flasks. This could be
associated with a lack of control of important parameters such as pH and dissolved oxygen, leading to
high concentrations of accumulated acetate which can be toxic and inhibit biomass formation [69].
Obviously, oxygen transfer rate should be controlled during pDNA production in order to maximize
biomass formation and volumetric productivity of pDNA [69]. In addition, plasmid supercoiling
percentage is known to be affected by oxygen and temperature conditions. A single drop in dissolved
oxygen concentration to 5% of air saturation has led to rapid loss in plasmid stability [67].
Furthermore, the formation of nicked plasmids and multimers can be affected by many parameters,
including temperature, pH, dissolved oxygen, nutrient concentration, and growth rate [67].

In a recent study it was confirmed that MG1655AendAArecA and DH5a grown in shake flasks
at 20 g/L of glucose produced small amounts of pDNA (~2 mg/g DCW) and high amounts of acetate
(~1.3-3.0 g/L) [69]. However, when both strains were grown in a controlled bioreactor with 20 g/L of
initial glucose, the specific pDNA vyield of MG16554endAArecA and DH5a increased 5 and 4 fold,
respectively [69]. This demonstrates the importance of controlling the fermentation parameters in
pDNA production.

In a batch fermentation strategy all nutrients are provided in the beginning of the experiment
and no nutrients are added during cultivation. The application of batch processes in controlled
fermenters has led to an increase of pDNA yield per volume [67]. However, this approach has
fundamental disadvantages that result in limited pDNA vyields. This is due to substrate inhibition and
salt precipitation at high nutrient concentrations in the batch medium [67]. Furthermore, the growth
rate in batch fermentations cannot be controlled directly; it is therefore unlimited, while steadily
changing during fermentation, and ceases only when one or more nutrients are depleted or if
metabolic byproducts (such as acetate) inhibit growth of the cells [67].

In a fed-batch strategy, nutrients are continuously or semi-continuously fed, while effluent is
removed discontinuously. The fermentation begins with a batch mode containing a non-inhibitory
concentration of substrate. The cells grow at pmax until the substrate is exhausted, at which point the
nutrient feeding begins [67]. More importantly, feeding mode is associated with growth rate (u) control,
while in batch mode the growth rate is not controlled (u = ymax) [70]. High growth rates have been
associated with acetate production, plasmid instability, and lower percentages of super-coiled plasmid.
On the other hand, a reduced growth rate alleviates growth rate dependent plasmid instability by
providing time for plasmid replication to synchronize with cell division [67]. Using a fed-batch strategy
it is possible to control the growth rate in a specific value (u < ymax), resulting in high pDNA vyield and
high quality of the final product [70]. Also, fed-batch fermentation results in higher biomass yields
because substrate is supplied at a rate that allows its almost total consumption [67]. As a result,
conversion of substrate to biomass is very efficient and residual substrate concentration is
approximately zero, never reaching inhibitory concentrations. Also, metabolic overflow from excess
substrate is reduced, avoiding excessive formation of inhibitory acetate [67].

In spite of the benefits of a fed-batch strategy it is known that the success of a fermentation
strategy is clearly strain and/or plasmid dependent. In the previously reported study, using a fed-batch

fermentation strategy MG1655AendAArecA and DH5a accumulated substantial amounts of acetate
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(~18 and 20 g/L, respectively) and produced low amounts of pDNA (~50 and 40 mg/L, respectively),
while GALG20 accumulated low amounts of acetate (~7 g/L) and produced a high amounts of pDNA
(~160 mg/L) [71]. These results highlight the importance of strain genetic background in the choice of

the fermentation strategy.

1.5.3 Temperature

Generally, lower growth rate favors reduced selection against plasmid-containing cells
because plasmid presence reduces the maximum growth rate. While the optimal temperature for E.
coli growth is 37°C, lower temperatures (such as 30°C) may be used in the batch phase of fed-batch
fermentation. Lower temperatures cause reduced maximum specific growth rate and reduced plasmid
copy number [72]. This combination reduces metabolic burden and plasmid loss during the batch
phase by minimizing growth difference between plasmid-containing and plasmid-free cells.

Consistent with this, a recent report compared 35°C versus 37°C growth during the batch
phase, with subsequent fed-batch production at 37°C under restricted growth rate [73]. Production
yields with 35°C batch phase growth were dramatically improved (250 mg/L versus 50 mg/L) [73].

Moreover, Carnes et al. [74] demonstrated that higher yields are obtained with pUC origin
plasmids grown at 37°C or at 30°C with a shift to 37 or 42°C at mid-exponential phase to induce
plasmid-copy-number amplification. These plasmids are of high copy number and are temperature-
sensitive, with copy numbers increasing with temperature. The initial temperature set point of 30°C
aims to keep the plasmid copy number at a minimum, thus reducing the metabolic load while
accumulating biomass [74]. Temperature shifts to 37°C or 42°C were performed at ODgy=60 to
increase the plasmid copy number prior to harvest [74]. Surprisingly, volumetric plasmid yields were
670 mg/L when shifted to 37°C, and 1070 mg/L when shifted to 42°C. This strategy allowed the
cultures to reach higher cell densities, ultimately exceeding ODggonm=100 with no loss of cell viability
[74].

1.6 Downstream processing

A key challenge in the development of cost-effective manufacturing processes is improving the
yield of downstream purification steps. Large-scale purification of pDNA is difficult due to the complex,
dynamic structure of pDNA, viscous process streams, and the presence of impurities (e.g., RNA,
genomic DNA) with similar properties to the desired product [11].

The choice of the host strain to solve problems associated with the purification process is
essential in order to obtain a final high yield and quality plasmid DNA process. Several researchers
have taken a different approach and sought to improve downstream purification by engineering the E.
coli host strain to reduce the amount of contaminating genomic DNA and RNA in the cell lysate [11].
The separation of RNA from DNA is particularly challenging because of the similar physicochemical
properties of both nucleic acids. One strategy for RNA removal is digestion of cell lysates with RNase
A, which allows the resulting small RNA fragments to be more easily separated from DNA. Cooke et

al. [75] integrated the gene coding for RNase A into the chromosome of E. coli IM107 under the
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control of an IPTG-inducible promoter. This strategy was particularly successful because the RNase A
is robust enough to withstand the conditions of high pH encountered during alkaline lysis [75].

As mentioned previously, to address removal of host genomic DNA as well as RNA, Hodgson
and Williams [32] developed E. coli hosts expressing periplasmic chimeric proteins that degrade both
nucleic acids. These chimeras include the plasmid-safe phage T5 D15 exonuclease linked to RNase A
or S [32]. The exonuclease specifically degrades linear and denatured DNA while not affecting the
fidelity of supercoiled plasmid DNA [32]. This approach significantly reduces the viscosity of the lysate,
easing the later stages of purification [32].

The supercoiled plasmid form is also another important parameter to measure in the quality
and control of the final product. Molecular biology and genetic studies have been performed in order to
improve supercoiled plasmid yields. The DNA gyrase and sigma factor gS (rpoS) genes were
observed to play an important role in the regulation of plasmid topology and could be potential gene

mutation targets to increase the fraction of supercoiled plasmids produced [25].

1.7 The impact of zwf overexpression on plasmid DNA biopharmaceutical

production by Escherichia coli

The goal of this project is to study the impact of zwf overexpression on plasmid DNA
biopharmaceutical production. As mentioned before, the Pentose Phosphate Pathway is a logical
target for genetic engineering strategies to increase plasmid DNA yield because of the potential to
increase carbon flux to nucleotide precursors (Figure 10).

The zwf gene encodes for the first enzyme of the oxidative Pentose Phosphate Pathway
(glucose-6-phosphate dehydrogenase, G6PDH) which is responsible for the conversion of D-glucose
6-phosphate and NADP™ into 6-phospho-D-glucono-1,5-lactone and NADPH. Therefore, G6PDH
(encoded by zwf) and RpiA will increase metabolic flux of G6P towards Ru5P.

Overexpression of zwf has already been investigated as a strategy to increase carbon flux to
the PP pathway. Williams et al. [54] verified that simultaneous overexpression of zwf and rpiA in DH5a
appeared to increase plasmid amplification rate (mg pDNA/L/ODggo/hr) but not final specific yield
(mg/L/ODgq), in fed-batch fermentations using complex medium with glycerol as the carbon source.
However, overexpression of zwf alone did not show any effect on fermentation productivity (both
volumetric and specific. It was also reported by Wang et al. [34] that PP pathway genes (zwf and gnd)
were significantly downregulated in early stationary phase growing E. coli cells carrying a plasmid.

Given the previous results, in this work it is intended to study the effect of zwf and rpiA
overexpression. In order to overexpress the zwf gene three promoter replacements were performed,
with three different strengths. The promoters used are constitutive meaning that their activity is
dependent on the availability of RNA polymerase holoenzyme, but is not affected by any transcription
factors [76]. These are recognized by E. coli 6° RNAP. ¢’’is the major E. coli sigma factor so there
should be RNAP present to transcribe these promoters under most growth conditions (although

maximally during exponential growth) [76].
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The promoter sequences will be obtained from the Anderson promoter collection [77], a well-
characterized collection of E. coli 6”° constitutive promoters recovered from a library screen by Chris
Anderson. The zwf and rpiA promoter replacements will be performed in MG1655A4endAApgi, an
intermediate strain of the process of GALG20 (MG1655AendAArecAApgi) construction. It is not
possible to use the latter due to the absence of recA gene, reducing the recombination efficiency. After
the promoter replacements the resulting strains will be assessed through baffled shake-flask
cultivations using glucose as the main carbon source and the well-known pVAX1GFP plasmid. Finally,
plasmid DNA production by the different strains will be quantified and a comparative study with
GALG20 will be performed.
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2 Materials and Methods
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2.1 Strains

The host strain used as the basis of this work is MG1655AendAApgi. This strain was
constructed by Geisa Goncalves, former PhD student at IST. This strain is the result of an
intermediate step in the GALG20 (MG16554endAArecAApgi) construction, lacking the recA gene
knockout. The strains used in this project are presented in Table 5. In spite of originated from previous

studies, GALG20rpiA5, GALG20rpiA10 and GALG20 were constructed again in this project starting
from MG1655AendAApgi.

Table 5 — Strains used in this project and the corresponding genotype.

SUEE Genotype Reference
GALG20 MG1655AendAArecAApgi [78]
MG1655AendAApgi F- A —ilvG rfb-50 rph1AendAApgi [78]
GALG20rpiA5 MG1655AendAArecAApgi rpiA* [50]
GALG20rpiA10 MG1655AendAArecAApgi rpiA” [50]
GALG20zwf3 MG1655AendAArecAApgi zwf' This work
GALG20zwf5 MG1655AendAArecAApgi zwf' This work
GALG20zwf10 MG1655AendAArecAApgi zwf This work
2.2 Plasmids

To construct the different strains three plasmids were used (Figure 11 and 12). The first one,
pKD13 plasmid (Figure 11), contains a Kanamycin resistance gene [79]. The second one, pKD46
plasmid (Figure 12) [80, 81], contains the Red recombinase gene from phage A and an Ampicillin
resistance gene. The third one, pCP20 plasmid (Figure 12) [81, 82], was built by cloning of the FLP
recombinase and carries Chloramphenicol and Ampicillin resistance genes. These constructions were
performed at MIT and provided by Geisa Gongalves, former PhD student at IST.

Priming site 1 31..50
| FRT1 51..98
1]

KanR 111..905

pPKD13

AmpR 2146..3006 3434 bp

\ \FRT 21273..1307
\ Priming Site 2 1308..1324
R6K gamma origin 1678..2076 Aflll Mutation site 1354..1359

Figure 11 — Representation of pKD13 plasmid.
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bet protein 1666..2451 CI857
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1L.3 3118..3387 | o
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Figure 12 — Representation of pKD46 and pCP20 plasmids [81].

To quantify plasmid DNA production by the different strains, a fourth plasmid, pVAX1GFP
(83697 bp), was used. This plasmid (Figure 13) was obtained by modification of the commercial
plasmid pVAX1llacZ (6050 bp, Invitrogen), by replacement of the B-galactosidase reporter gene by the
enhanced Green Fluorescent Protein (eGFP, referred to as GFP thereafter) gene [83]. This plasmid
contains a Kanamycin resistance gene for bacterial selection and the human cytomegalovirus (CMV)
immediate-early promoter, for expression in human cells. It also has a pUC origin of replication lacking
the rop gene, which exerts control mechanisms to keep the copy number low. With such modification,

pUC plasmids can reach copy numbers of more than 500 copies per cell [1].

pUClorigin 3018..3691

CMVipromoter 137..724

pVAX1-GFP

|
3697 bp )}

Kan 1924..2718

BGH\polyAlsignal 1527..1751
Kan\promoter 1786..1836

Figure 13 — Representation of pVAX1GFP plasmid.

2.3 Media, chemicals and other reagents

For cell growth, the medium used was LB (Luria-Bertani) from Sigma Aldrich (Molecular
Biology tested). Some of the cell growths need the addition of antibiotics: Ampicillin (100 pg/mL),
Kanamycin (30 pg/mL) and Chloramphenicol (50 pg/mL). These were obtained from Calbiotech.
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The agar plates were made using LB-agar from NZYtech.

For PCR reactions, the Taq polymerase used was Nova Taq Hot Start Master Mix Kit
(Novagen). The DNA ladder used was the 10 kb DNA Ladder Ill from NZYtech. Agarose used in
electrophoresis gel was the SeaKem LE from Lonza.

For the electrocompetent cells protocol, L-arabinose 0.2% (Merck) was used.

In the P1 transduction protocol three solutions were used: 0.1M CaCl, (Merck ®), 10 mM
MgSO,4(Merck ®), 0.1 M sodium citrate (Merck ®) pH 7.

To perform the shake-flask cultivations a complex medium was used. This medium contains a
basal cultivation medium [Glucose (Panreac ®), 20g/L; Bacto peptone (BD ®), 10 g/L; yeast extract
(BD ®), 10 g/L; (NH,)»,S0, (Panreac ®), 3 g/L; K,HPO, (Panreac ®), 3.5 g/L; KH,PO, (Panreac ®),
3.5 g/L] with a final pH of 7.1. After autoclaving the basal cultivation medium the following components
are added: Seed supplement solution, 8.3 mL/L (thiamine (Sigma Aldrich ®), 199 mg/L; MgSO,
(Sigma Aldrich ®), 1.99 g/L); Trace elements solution, 1 mL/L (FeClz*6H20, 27 g/L; ZnCl,, 2 g/L;
COCl,*6H,0, 2 g/L; Na;M0042H,0, 2 g/L; CaCl,*2H,0, 1 g/L; CuCl,*2H,0, 1.3 g/L; H3Bos, 0.3 g/L;
1.2N HCI, 100 mL/L) [78]. This complex medium is then supplemented with 30 pg/mL of kanamycin.

2.4 PCR Primers

To perform this study several primers were used. Priming site sequences are represented by
small case letters. Homology sequences are represented by capital letters and correspond to the 5’
and 3’ flanking regions of the target sequence. Promoter sequence is represented by underscored

letters.

In order to evaluate if the previous mutational steps of MG1655 relative to endA and pgi genes

were correct, four different primers were used.

Primer sequence for endA_ck_rev
GGTTCAGGATGATAAATGCG
Tm=49.7°C

Primer sequence for endA_ck_fwd
CGTCTATCGCTGTGTTCAC
Tm=51.1°C

Primer sequence for pgi_ck_rev
TAGGCCTGATAAGACGCGAC
Tm=64.1°C

Primer sequence for pgi_ck_fwd
TCTGTGACTGGCGCTACAAT
Tm=63.5°C
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The primers related to rpiA promoter replacement were designed by Luis Carreira, former MSc
student at IST and ordered from StabVida. These were designed with the goal of testing different

promoter strengths, from a mild one (0.51) to a stronger one (1.00).

Primers sequences for rpiAFwd:
CGTTGTATGCTTATTTGCGGGGCGAAAGGGGATGCCTGCCATTGCGCGATATTTTATGGgtgtaggct
ggagctgcttc

Tm=94.5°C

Primer sequences for rpiASRev:
CGCCCATCCTACTGCTTTTTTCAATTCATCCTGCGTCATGATCGTTTCGCCTGTGGTATGA(gctagca
ttatacctaggactgagctagctgtcagcccgtcgacctgcagtt

Tm=93.4°C, Promoter strength=0.51

Primer sequences for rpiA10Rev:
CGCCCATCCTACTGCTTTTTTCAATTCATCCTGCGTCATGATCGTTTCGCCTGTGGTATGAgctagca
ctgtacctaggactgagctagcgtcaacccgtcgacctgcagtt

Tm=94.8°C, Promoter strength=1

Primer sequences for rpiA_ck Rev
GCGGTGGAACCTGTACCTACAC
Tm=66.5°C

Primer sequences for rpiA_ck Fwd
GAACGGTGAACTGGTGCG
Tm=65.6°C

For the zwf promoter replacement, primers were designed using ApE software and obtained
from STABvida.

Primer sequences for zwf_Fwd
TTACCCAATGGAAAACGATGATTTTTTTATCAGTTTTGCCGCACTTTGCGCGCTTTTCCC
gtgtaggctggagctgcttc

Tm=89°C

Primer sequence for zwf_Rev3
TCTCCTTAAGTTAACTAACCCGGTACTTAAGCCAGGGTATACTTGTAATTTTCgctagcattgtacctaggac
tgagctagccgtaaatccgtcgacctgcagtt

Tm=86°C, Promoter strength=0.33
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Primer sequence for zwf_Rev5
TCTCCTTAAGTTAACTAACCCGGTACTTAAGCCAGGGTATACTTGTAATTTTCgctagcattatacctaggac

tgagctagctgtcagtccgtcgacctgeagtt
Tm=85°C, Promoter strength=0.51

Primer sequence for zwf_Rev10
TCTCCTTAAGTTAACTAACCCGGTACTTAAGCCAGGGTATACTTGTAATTTTCgctagcactgtacctagga

ctgagctagccgtcaatccgtcgacctgcagtt

Tm=86°C, Promoter strength=1

Primer sequence for zwf_ck_fwd
GCCTGTGTGCCGTGTTAATG
Tm=54°C

Primer sequence for zwf_ck_rev
GCAGCAATTTACGACGCGCA
Tm=59°C

To verify if the recA gene knockout was performed two primers were used. These were also

designed by Luis Carreira.

Primer sequence for recA_ck_rev
GAAAAGACAGTTGGCAAAGGTTC
Tm=64.8°C

Primer sequence for recA_ck_fwd
CGAGTCTTGTACCGGTGGTT
Tm=63.9°C

2.5 Generation of Kanamycin cassette

For construction of the rpiA kan-cassette a PCR was performed using the different rpiA
primers containing the different promoters (section 2.4). The PCR reactions were performed in 50 pl
reactions containing Platinum PCR Supermix High Fidelity (45uL), pKD13 plasmid (2 ul), primer
rpiAFwd (1.5 pl, 10uM stock), primer rpiAbRev and rpiAlORev separately (1.5 pl, 10uM stock). After
the PCR reactions, the resulting products were analyzed by 1% agarose gel electrophoresis. The
extraction of the Kan-cassette from the gel was performed using QlAquick Gel Extraction Kit from
Qiagen®. After the gel extraction, the concentrations of the product were measured using NanoVue

Plus Spectrophotometer (GE Healthcare®).
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In order to obtain the Kanamycin cassette containing the different zwf promoters the

procedure was the same.

2.6 Gel electrophoresis

Gel electrophoresis analyses were performed using horizontal electrophoresis tanks from
VWR® and Electrophoresis Power supply — EPS 301 from Amersham Pharmacia Biotech using a
voltage of 100-120V and duration of 1h-1h30, depending of the size of the gel. Gels are stained for 30
minutes with ethidium bromide (EtBr) and then observed in an Eagle Eye Il ® Stratagene trans-

illuminator, under UV light.

2.7 Electrocompetent cells

The purpose of this protocol is to make competent cells to introduce foreign DNA by
electroporation. Electroporation uses short high-voltage pulses to overcome the barrier of the cell
membrane. By applying an external electric field, which just surpasses the capacitance of the cell
membrane, transient and reversible breakdown of the membrane can be induced. This transient,
permeabilized state can be used to load cells with a variety of different molecules, either through
simple diffusion in the case of small molecules, or through electrophoretically driven processes
allowing passage through the destabilized membrane - as is the case for DNA transfer [84].

The first step of this protocol was to prepare a seed culture (5 mL) and incubate it overnight at
appropriate conditions with LB medium and antibiotics/inducers if necessary (according to the step of
the promoter replacement protocol). The next day, an appropriate volume of cells was transferred to a
sterile 50 mL shake flask with LB medium, in order to start with an ODgqonm=0.1. This cell culture was
supplemented with antibiotics/inducers if necessary, and incubated at appropriate conditions. When
the culture reached an ODgynm=0.5, 40 mL were transferred to a sterile Falcon tube (50mL) and
centrifuged at 11,000 rpm for 15 min, at 4°C. After that, the supernatant was discarded and the pellet
was resuspended in 40 mL of chilled ddH,O and centrifuged again at the same conditions. This
washing step was performed three times. After the last centrifugation, the supernatant was discarded
and the pellet resuspended in an appropriate volume of chilled ddH,O (according to the number of
aliquots needed) and divided into several 50 pL aliquots. Finally the cells are ready to be
electroporated. The electroporation cuvettes must be maintained for 1 hour in ethanol and then dried

(if they are re-used). After that they must be put on ice, together with the ddH,0.

2.8 Promoter replacements

The promoter replacement protocol was adapted from the method described by Datsenko and
Wanner [85]. The method was the same for rpiA and zwf promoter replacements, differing only in the

kanamycin cassette used. The sequences of the promoters used are represented in Table 6. Reported
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activities of the promoters are given as the relative fluorescence of these plasmids in strain TG1 grown

in LB media to saturation [77].

Table 6 — Sequences of the promoters used in the promoter replacement protocol [77].

Promoter sequence Measured Strength

tttacggctagctcagtcctaggtacaatgctagc 0.33
ctgacagctagctcagtcctaggtataatgctagce 0.51
ttgacggctagctcagtcctaggtacagtgctagc 1

This procedure is based on the Red system which has showed to be very efficient. The basic
strategy is to replace a chromosomal sequence with a selectable antibiotic resistance gene that is
generated by PCR by using primers with 36-nt homology extensions (H1 and H2, Figure 14). This is
accomplished by Red-mediated recombination in these flanking homologies achieved by the
transformation of cells with a plasmid containing the A-RED recombinase (pKD46 plasmid, Amp®).
After selection of the transformed colonies, the resistance gene can be eliminated by using a helper
plasmid expressing the FLP recombinase (pCP20 plasmid, AmpR and CmR), which acts on the directly
repeated FRT (FLP recognition target) sites flanking the resistance gene. The Red and FLP helper
plasmids can be simply cured by growth at 37°C because they are temperature-sensitive replicons
[85].

Step 1. PCR amplify FRT-flanked resistance gene

&
FRT
Pl Antibiolic resistance FRT

%
P2 :

Step 2. Transform strain expressing A Red recombinase
H1 H2
| Gene A E Gene B [ Gene C

Step 3. Select antibiotic-resistant transformants

FR

T FRT
— Antibiotic resistance
M@m ’2 Gena C |

Step 4. Eliminate resistance casselte using a FLP expression plasmid

FRT

| Gene A %Z Gene C I[

Figure 14 - Simple gene disruption strategy. H1 and H2 refer to the homology extensions or regions. P1
and P2 refer to priming sites [85].

The first step of this procedure was the generation of the Kanamycin cassette containing the
desired sequence (rpiA or zwf new promoter), which protocol is already described in section 2.5. The

resulting kanamycin cassette is shown in Figure 15.
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Homology New Priming Priming Homology
region promoter site 1 site 2 region

5 [ | | [ Kan" > [

61 bp 35bp 1294 bp 60 bp

Figure 15 - Kanamycin cassette used in the promoter replacements (1450 bp).

This Kan-cassette contains a kanamycin resistance gene surrounded by FRT (FLP recognition
target) sites to facilitate later excision of the Kanamycin resistance gene. The reverse primer used in
the PCR reaction contains one homology sequence, the new promoter and a priming site coincident
with the start of the Kan" gene. The forward primer contains a priming site and a homology sequence
coincident with the terminus of the Kan® gene. Therefore, by performing the PCR reaction the product
obtained consists on a kan-cassette flanked by large stretches of homology to the area in the genome
that is targeted, as well as the promoter sequence on the upstream side (Figure 15).

After the generation of the kan-cassette, the first step of the protocol is to electroporate
MG1655AendAApgi cells with pKD46 plasmid, which contains the A-RED recombinase. In order to do
that, after the electrocompetent cells protocol (section 2.7) the cells were electroporated with 1 pL of
the pKD46 plasmid, using a 2,500 V pulse for 5 seconds. After the pulse, 350 pL of LB medium were
immediately added and the cells were incubated at 30°C for 1 hour, in order to recover from the shock.
After the recovery step, the cells were centrifuged at 12,000 g for 4 minutes and the majority of the
supernatant was discarded. The remaining (ca. 100 pL) supernatant was used to resuspend the cell
pellet which was plated onto LB/Amp100 plates and incubated overnight at 30°C.

After electroporation with pKD46 plasmid, the cells are capable of producing the A-RED
recombinase, which will allow kan-cassette insertion in the target genome by homologous
recombination. Therefore, the following step is electroporation with the appropriate kan-cassette (rpiA
or zwf). Therefore, a colony containing the pKD46 plasmid (AmpR) was picked and grown at 30°C and
250 rpm overnight, in 5mL LB/Amp100 medium. The next day, an appropriate volume of cells was
transferred to a sterile 50 mL shake flask with LB/Ampl100 medium, in order to start with an
ODgoonm=0.1. Also, 500 pL of L-arabinose (0.2%) were added to the culture in order to induce
recombinase production. After the electrocompetent cells protocol (section 2.7) the cells were
electroporated with 1 pL of the kan-cassette. After the pulse, 350 pL of LB medium were immediately
added as well as 0.7 pL of ampicillin (200mg/mL) and 8.8 pL of L-arabinose (0.2 %). Subsequently,
the cells were incubated at 30°C for 2 hours, in order to recover from the shock. After the recovery
step, the cells were centrifuged at 12,000 g for 4 minutes and the majority of the supernatant was
discarded. The remaining supernatant was used to resuspend the cell pellet and cells were plated
onto LB/Kan30 plates and incubated at 37°C overnight.

The next day a colony PCR was performed in order to verify if the kan-cassette was inserted.

The PCR conditions are described in section 2.10.
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The final step of this protocol is the removal of the kanamycin resistance gene using pCP20
plasmid (AmpR and CmR). For that, the resulting cells from the previous step were grown in 5ml
LB/Kan30 at 37°C and 250 rpm overnight. The next day, the eletrocompetent cells protocol was the
same as described previously (section 2.7) and then the cells were electroporated with 1 pL of the
pCP20 plasmid. After the pulse, 350 yL of LB medium were immediately added and the cells were
incubated at 30°C for 1 hour, in order to recover from the shock. After the recovery step, the cells were
centrifuged at 12,000 g for 4 minutes and the majority of the supernatant was discarded. The
remaining supernatant was used to resuspend the cell pellet and cells were plated onto LB/Cm50
plates and incubated at 30°C overnight.

The next day, a clone was isolated and plated onto a LB plate and incubated overnight at
43°C. The high temperature will induce FLP recombinase which will promote homologous
recombination with the FRT sites in the target genome and subsequently remove the Kan-cassette.
The high temperature will also cure all helper plasmids. The next day, several colonies were picked
and plated onto LB/Amp100, LB/Kan30 and LB/Cm50 plates and incubated overnight at 30°C. This
step is important in order to verify if the plasmids are fully cured. Finally, if no colonies the next day,
the cells have lost all the plasmids and are ready to be used in further experiments. Therefore, the
correspondent colonies were picked from the previous LB plate and a colony PCR was performed in
order to verify if the mutational steps were successful. A sequencing step is also needed to ensure no
unintended mutations.

2.9 P1 Transduction

P1 transduction (Figure 16) is used to transfer genetic material such as genes or mutations
from one strain of bacteria (the donor) to another (the recipient). Fragments of ~100 kb can be
transferred by the P1 bacteriophage [86]. The phage is first grown with a strain containing the
elements to be moved, and the resulting phage lysate is used to infect a recipient strain. During
growth and encapsidation of its DNA into the phage head, the phage occasionally packages the DNA
of its bacterial host rather than its own phage chromosome into the protein capsid. Therefore, the
lysate will contain bacterial DNA as well as phage DNA, and genetic recombination, catalyzed by
enzymes of the recipient strain, will incorporate the bacterial fragments into the recipient chromosome
[86]. The infected recipient bacteria are plated on a medium that selects for the genome segment of
the donor bacteria. All of this would not work if the infectivity of the phage could not be controlled, as
phage released from neighbor cells would infect and lyse the bacteria that had been infected with
transducing particles [86]. Therefore, control of P1 infectivity is very important and is achieved by
growing in the presence and absence of Calcium [86]. Sodium Citrate works as a chelator and it
lowers the concentration of free calcium, essential for phage adsorption to the bacteria, thus

minimizing secondary infection by residual phage [86].
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Figure 16 - lllustration of the P1 transduction mechanism [87].

This protocol was used to perform the endA and recA knockouts in MG1655. The strains used
as donor cells are from the Keio collection [88]: JW2912-1 [AendA720:kan] and JW2669-1
[ArecA774::kan]. The first part of the protocol is the preparation of the donor phage stock. A5 mL LB
culture tube of the donor cells with antibiotic was prepared, as well as a 5 mL LB culture tube with
recipient cells without antibiotic, and incubated overnight at 37°C and 250 rpm. The next day, a 5 mL
tube was prepared containing LB medium with 0.1% glucose (25 pL of 20% glucose), 5 mM CaCl,
(250 pL of 0.1M CaCl,), and the antibiotic. This solution was then inoculated with 30 pyL of the donor
cells and incubated at 37°C until the ODggonm Was between 0.15-0.25. When the cells reached that
ODegoonm Value, P1 phage (ATCC #25404-B1) was added to the culture (5-10 pL) and incubated for 5-6
hours in order to allow the phage to infect and lyse the donor cells. After that, if cell debris were visible
(if not, it must be incubated overnight proceeding with the protocol in the following day), 100 uL of
chloroform were added to the culture and mixed by vortex for 1 minute. The chloroform Kills the
remaining live donor cells as well as helps in the precipitation of cell debris. Since chloroform is denser
than water, two separate phases are formed. Then, 1 mL of the aqueous phase was transferred to an
eppendorf and centrifuged at maximum speed for 2 minutes. The supernatant was then transferred to
a new eppendorf. Next, 50 yL of chloroform were added and the culture was mixed vigorously with
vortex. The chloroform may or may not completely dissolve into the aqueous phase. Then, the culture
was centrifuged again for 2 minutes at maximum speed. Finally, the supernatant was stored as donor
phage stock at 4°C, being stable for at least 3 weeks.

The next step of the protocol is the preparation of the recipient cells. First, a 50 mL LB shake-
flask was inoculated with 5 mL of stationary-phase recipient cell culture from the previous step and
incubated at 37°C until the ODgoonm Was approximately 0.8-1.2 (mid-exponential phase cells). After
that, the cells were harvested by centrifugation at 4,000 g and 4°C for 15 minutes. The supernatant
was discarded and the pellet was resuspended in 500 yL of 10 mM MgSO, + 10 mM CacCl,. This
solution was then divided into five 100 uL aliquots and 0, 30, 50, 70 and 120 uL of the donor phage
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stock were added to each aliquot. The 0 pL sample is a control to make sure that the recipient cells
will not grow on the antibiotic plate and give any false positives. The aliquots were incubated at 30°C
for 30 minutes, to allow the donor phage to infect the recipient cells. Next, 100 pyL of 0.1 M sodium
citrate (pH 7.0) were added to each aliquot and mixed. This stops the infection process. Subsequently,
the cells were centrifuged at 7000 rpm for 1 minute. The supernatant was discarded and the pellet
was resuspended in 100 yL 0.1 M sodium citrate (pH 7.0). Then, the cells were centrifuged at 7,000
rpm for 1 minute, the supernatant was discarded and one more washing step was performed. After the
final centrifugation, the cells were resuspended in 100 pL of 0.1 M sodium citrate (pH 7.0) and plated
onto four LB plates with antibiotic (kanamycin, in this case). Also, 100 pL of the donor phage stock
were plated onto a LB plate with antibiotic, as a negative control for the possibility that donor cells
survived the chloroform killing during the preparation of the donor phage stock. Finally, all the plates
were incubated at 37°C overnight.

The next day, the colonies obtained in the previous step were re-streaked onto fresh LB plates
with antibiotic since the original plates are covered with bacteriophage. The plates are incubated at
37°C overnight, and the resulting colonies are ready to be used for further experiments. A colony PCR

was performed in order to verify if the knockout was successful.

2.10 PCR conditions

Colony PCR reactions to verify the insertions and knockouts were performed in 25 pL
reactions containing Nova Taqg Hot Start Master Mix Kit (12.5 pl), primer forward (1 upl, 10uM stock),
primer reverse (1 pl, 10uM stock) and ddH,O (10.5 ul). Each colony was picked with a sterile tip and
resuspended in 10.5 ul of ddH,0, followed by the addition of the other components. In this case, the
primers used were “check” according to the gene being tested (section 2.4). The PCR program was
adapted to the specific primers used, varying only the annealing temperature: a 95°C incubation for 15
minutes; denature at 94°C for 30 seconds, annealing at proper annealing temperature for 30 seconds
and extend at 72°C for 1 minute, being this cycle repeated 30 times; and a final extension at 72°C for
10 minutes.

The annealing temperatures used for the different primers were: pgi (64°C), endA (57°C),
rpiA_ck (61°C), rpiA (66°C), zwf (61°C), recA (60°C).

The equipment used for PCR reactions was TGradient from Biometra ®.

2.11 Restriction analyses

The restriction analyses were performed using 1000 ng of DNA. A double digestion with EcoRl
and Ncol was performed as well as two single digestions with Pstl and EcoRl (Promega ®).
Restriction reactions were done with 0.5 pL of enzyme (10u/puL), 1 pg of plasmid DNA and 5 pL of
Buffer H within 25 pL reaction volume. The buffer was selected based on the maximum activity

registered by each pair of enzymes. The mixture was then incubated for 2 hours at 37°C.
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2.12 Cell Banks

The desired cells were grown overnight in a 5 mL LB tube (with antibiotic, if necessary). The
next day 500 pL of the culture were transferred to a shake flask with 50 mL LB (with antibiotic, if
necessary). When the cells reached an ODggonm=1, 200 pL were transferred to a cryotube and 200 pL

of Glycerol (30%) were added. The cells were then stored at -80°C.

2.13 Transformation of cells with pVAX1GFP plasmid

After the construction of the different strains these were electroporated with the pVAX1GFP
plasmid in order to further evaluate plasmid DNA production. After the electrocompetent cells protocol
(section 2.7) the cells were electroporated with 1 pL of the plasmid (2,500 V pulse) and incubated at
37°C for 1 hour in order to recover from the shock. After that, the cells were plated onto LB plates

supplemented with kanamycin and incubated overnight at 37°C.

2.14 Shake-flask cultivations

To perform shake-flask cultivations a complex medium was used (section 2.3). The first step
was the preparation of an overnight culture. The selected colonies were picked and incubated
overnight in a LB tube with 5 mL of basal cultivation medium, 41.5 uL of seed supplement solution, 5
UL of trace elements solution (1 mL/L), 500 uL of glucose (20g/L) and 5 pL of kanamycin (30 pg/mL).
The next day, the ODgoonm Was measured and an appropriate volume of cells (in order to start
cultivation with an ODggonm = 0.1) was transferred into a shake-flask containing 45 mL of basal
cultivation medium, 415 pL of seed supplement solution, 50 pL of trace elements solution (1 mL/L), 5
mL of Glucose (20 g/L) and 50 pL of kanamycin (30 uyg/mL). The cells were incubated at 37°C and
250 rpm. This culture was grown for 24 hours and the ODgynm Was measured every hour during the
first 12 hours and the final sample taken at 24 hours, in order to construct a growth curve. Sampling
for DNA quantification was performed after 12 hours of growth. This experiment was performed four

times.

2.15 Plasmid DNA quantification

Plasmid DNA quantification was performed using High Pure Plasmid Isolation Kit from
(Roche®) and NanoVue Plus Spectrophotometer (GE Healthcare ®) equipment. During the cell
growth, 1 mL of the culture was obtained after 12 hours of growth and used to purify PVAX1GFP
plasmid. The sample was then centrifuged at 12000 rpm for 10 minutes and the supernatant
discarded. The pellet was then stored at -20°C. To perform the isolation of the plasmid with Roche Kit,

an appropriate volume of water was added to the cell pellet in order to start with an ODggonm=4 with
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1mL of sample. After the isolation protocol, the plasmid concentration was quantified using NanoVue

Plus Spectrophotometer (GE Healthcare ®).
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3 Results and discussion
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3.1 Kan-cassette amplification

The first step for promoter replacement was the amplification of rpiA and zwf kan-cassettes.
This was performed as previously described (section 2.5) using pKD13 plasmid. This plasmid contains
the kanamycin resistance gene as well as the FRT regions necessary to do the promoter
replacements. Therefore, the product of this PCR will be the kan-cassette containing the specific
promoter of each gene (rpiA or zwf) as illustrated in section 2.8 (Figure 15). After the PCR reaction,
the resulting product was analyzed in an agarose gel electrophoresis, being the result presented in

Figure 17.
SIZE (bp)

Figure 17 - Agarose gel analysis of PCR result to amplify rpiA kan-cassette. The different lanes represent
2 different pKD13 stocks and two different rpiA kan-cassette (rpiA5 (lane 1 and 2) and rpiA10 (lane 3 and
4)).

As seen in Figure 17, the kan-cassette sizes are correct (1450 bp) and so the PCR product
was extracted using QIAquick Gel Extraction Kit from Qiagen®. After the gel extraction, the
concentrations of each kan-cassette (strengths: 0.51 and 1) were measured using NanoVue Plus
Spectrophotometer (GE Healthcare®).

To obtain the kan-cassette containing the different zwf gene promoters (strengths: 0.33, 0.51
and 1) the procedure was the same. After the PCR reaction, the resulting product was analyzed in an

agarose gel electrophoresis, being the result presented in Figure 18.

Figure 18 - Agarose gel analysis of PCR result to amplify zwf kan-cassette. The different lanes
represent 3 different zwf kan-cassettes in duplicates (zwf3 (lane 1 and 2), zwf5 (lanes 4 and 5) and
zwf10 (lane 7 and 8)).
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Again, as seen in Figure 15, the kan-cassette size is correct (1450 bp) and so the PCR
product was extracted from the gel. After that, the concentrations of each kan-cassette (zwf3, zwf5

and zwf10) were measured using NanoVue Plus Spectrophotometer (GE Healthcare®).

3.2 Assessment of MG16554endAApgi strain’s genotype and pKD46 plasmid’s

sequence

The first goal of this project was to perform the rpiA promoter replacements on
MG1655AendAApgi strain. However, the first attempts were all unsuccessful. Different approaches
were tried by changing some parts of the protocol but the insertion of the kan-cassette was not
achieved. After several attempts in changing the experimental conditions, it was decided to test the
materials used such as the starting strain’s genotype and the pKD46 plasmid. This plasmid is
essential for the insertion of the kan-cassette since it contains the gene that codes for the A-RED
recombinase, being essential for the homologous recombination between the kan-cassette and the
genome to occur.

The genotype of the starting strain was confirmed by verifying the endA and pgi genes
knockouts. Therefore, colony PCR reactions were performed using endA and pgi primers (section 2.4)
under the conditions presented in section 2.10.

Concerning the pgi gene, it was confirmed that the knockout was previously done successfully
as the gene is absent. However, in the case of the endA gene assessment it was verified that all of the
colonies tested contained this gene and so the endA knockout was not successfully achieved.
Therefore, the next step was the endA gene knockout using P1 transduction (section 2.9). This
procedure was successful and the final colonies were tested by colony PCR and agarose gel analysis

in order to verify if the two genes were absent. The result is represented in Figure 19.
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Figure 19 - Agarose gel analysis of Colony PCR result to assess endA and pgi genes knockout. The first 4
lanes represent 4 different colonies tested for endA gene knockout and the last 3 lanes represent the same
colonies tested but for pgi gene knockout.

As seen in Figure 19 the two knockouts were successful since the different lanes represented

contain bands correspondent to fragment sizes of approximately 300 bp. This indicates that both
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genes are absent since it is known that the original pgi gene length is 1650 bp [57] and endA gene
length is 708 bp [42]. Therefore, the strain’s genotype is the expected and the cells were ready to be
used in the next procedures.

After several failed experiments it was hypothesized that pKD46 plasmid’s sequence might not
be correct. Therefore, a restriction analyses was performed in order to confirm the sequence of the

plasmid, by comparison with another pKD46 stock (donated by a lab colleague).
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Figure 20 - Agarose gel analysis of a restriction analysis of pKD46 plasmids. a) Restriction analysis of
pKD46 plasmid, old stock (lane 1, non-digested; lane 2, double digestion with EcoRI/Ncol); b) Restriction
analysis of pKD46 plasmid, new stock (lane 1, non-digested; lane 2, digested with EcoRI; lane 3,
digested with Pstl).

In Figure 20a) the restriction analysis of pKD46 plasmid’s initial stock is represented. The
result of double digestion with EcoRI/Ncol enzymes should be the presence of three fragments with
4155 bp, 1509 bp and 665 bp. However, only two fragments are present, one with approximately 1400
bp and another with approximately 2200 bp. This demonstrates that the plasmid sequence is not
correct. Therefore, another restriction analysis was performed with a new stock of pKD46 plasmid and
the result is represented in Figure 20b). Digestion with EcoRI should originate two fragments of 4820
bp and 1509 bp, while digestion with Pstl should result in two fragments of 6082 bp and 247 bp. In
Figure 20b) lanes 2 and 3, is possible to verify the presence of the expected bands, although very
faded, except the fragment of 247 bp resultant from the Pstl digestion, which is not visible. This can be
the result of low amounts of DNA which can give rise to very faded bands.

This experiment demonstrated that the pKD46 plasmid used in the first promoter replacements
attempts was not correct, explaining the failures. Therefore, this stock was discarded and the new one

was used in the further experiments.

3.3 rpiA promoter replacements

The rpiA promoter replacements were performed on the MG1655AendAApgi strain. The
protocol (section 2.8) was executed and after the transformation step with the respective kan-cassette

(rpiA5 and rpiA10) a colony PCR was performed in order to verify if it was inserted in the genome. For
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that, rpiA_ck primers were used (section 2.4), which amplifies the region of interest, approximately
1500bp, represented in Figure 21 (40 bp upstream and downstream of the target region). After the
PCR reaction, the resulting product was analyzed in agarose gel electrophoresis, yielding the gel in

Figure 22.
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Figure 21 — Representation of the expected results for kan-cassette insertion and no insertion.
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Figure 22 - Agarose gel analysis of a Colony PCR result to assess rpiA promoter replacement. The
different lanes represent 9 different colonies tested (lanes 1 to 5, rpiA5; lanes 6 to 9, rpiA10).

As seen in Figure 22 only two colonies show a positive result (lane 5 and 7, rpiA5 and rpiA10
respectively) being represented a fragment of approximately 1500 bp correspondent to the insertion of
the kan-cassette (Figure 21). However, a negative result is also present (a band correspondent to a

fragment of approximately 300 bp) which can be due to the presence of cells with the insertion of the
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kan-cassette and cells without it (mixed colonies). Therefore, these two colonies were re-streaked
onto new LB/Kan30 in order to try to obtain isolated colonies. The next day, a PCR analysis was
performed with a few of the new colonies and the resulting product was analyzed in agarose gel

electrophoresis, yielding the gel in Figure 23.
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Figure 23 - Agarose gel analysis of a Colony PCR result to assess rpiA promoter replacement. The
different lanes represent 10 different colonies tested (lanes 1 to 5, rpiA5; lanes 6 to 10, rpiA10)

As observed in Figure 23 most of the new isolated colonies show a positive result, since a
band correspondent to a 1500 bp fragment is present. The lower band correspondent to a negative
result is also absent. Therefore, the next step was the removal of the kanamycin resistance gene of
two of the positive colonies (rpiA5 and rpiA10) using pCP20 plasmid (section 2.8). After the procedure
the resultant colonies (chloramphenicol resistant) were plated onto a LB plate and incubated overnight
at 43°C in order to cure all the plasmids and activate the recombinase that will perform the excision of
the kan-cassette. The next day a colony PCR was performed to verify if the experiment was
successful and the resulting product was analyzed in agarose gel electrophoresis. The expected result

is represented in Figure 24 and the obtained result in Figure 25.
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Figure 24 — Representation of the expected result of kan-cassette insertion and removal.
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Figure 25 - Agarose gel analysis of a Colony PCR result to assess kanamycin gene removal for rpiA
promoter replacement. The different lanes represent 8 different colonies tested (lanes 1 to 4, rpiA5;
lanes 5 to 8, rpiA10).

As observed in Figure 25 the kanamycin resistance gene was successfully removed from all
the colonies tested since the bands represent a fragment with approximately 300 bp which is
correspondent to the size of the scar left by the removal of the kan-cassette. Some of these colonies
were then plated onto LB/Kan30, LB/Amp100 and LB/Cm50 plates in order to verify if the cells do not
have any antibiotic resistance. Finally, the colonies that did not grow in any of the antibiotics were
picked again from the previous LB plate and submitted for sequencing and seed stocks were made

and stored at -80°C. The results of the sequencing are presented in Figure 26 and Figure 27.

1 [N N A NN T ANCAGE
115 | T CTACA AR T AR CT TCEACTGCACET CEACGEATTGACGECTAECTCARTCCTAGETACAGTECTAGCTCATACCACAGGCGARACGATCATGACGCAGEATGAATTGR
231 |ARANAGCAGTAGEATEEGCEECACT TCAGTATETICAGCCCEECACCATIGT TGETETAGGTACAGET TCCACCECACCACT TN

Figure 26 - Sequencing result for a rpiA5 colony. The orange color highlights the presence of the
promoter with strength of 0.51. The blue, grey and green colors highlight the presence of homology,
priming site and FRT regions, respectively.

g’ & 10 & 20 & 30 & 40 & 50 & a0 & 70 & 80 & 30 * 100 L Ll * 120 &

251 G-CA{.'ITCAGTATGTTCAGCCCGGCACCATTGTTGGTGTAGGTACAGGTTCCACCGCACNCNNNN’NT\‘

Figure 27 - Sequencing result for a rpiAl10 colony. The orange color highlights the presence of the
promoter with strength of 1. The blue, grey and green colors highlight the presence of homology, priming
site and FRT regions, respectively.

The sequencing results were positive and it is possible to verify that the new promoter was

successfully inserted in both cases (rpiA5 and rpiA10) and there are no unintended mutations.

Therefore, these cells are ready to be used in the next procedures. The following step was to perform
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the recA gene knockout in order to obtain GALG20rpiA5 and GALG20rpiA10 strains
(MG1655AendAArecAApgi rpiA’).

3.4 zwf promoter replacements

The zwf promoter replacements were performed with the same procedure as for rpiA promoter
replacement, on the MG1655AendAApgi strain. The protocol (section 2.8) was executed and after the
transformation step with the respective kan-cassette (zwf3, zwf5 and zwfl0) a colony PCR was
performed in order to verify if it was inserted in the genome. For that, zwf_ck primers were used
(section 2.4), which will amplify the region of interest with approximately 1500bp (40 bp upstream and
downstream of the target region). The expected result is represented in Figure 28 and the obtained

result in Figure 29.
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Figure 28 — Representation of the expected result for kan-cassette insertion and no insertion.

Figure 29 - Agarose gel analysis of a Colony PCR result to assess zwf promoter replacement. The
different lanes represent 6 different colonies tested (lanes 1 and 2, zwf3; lanes 3 and 4, zwf5; lanes 5 and
6, zwf10) and a negative control (lane 7).
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As seen in Figure 29 only four of the 6 colonies tested show a positive result (lanes 1, 3, 5 and
6) being represented a fragment of approximately 1560 bp correspondent to the insertion of the kan-
cassette. However, a negative result is also present (a band correspondent to a fragment of
approximately 345 bp) which can be due to the presence of cells with the insertion of the kan-cassette
and cells without it (mixed colonies). Therefore, one positive colony of each strain was re-streaked
onto a new LB/Kan30 plate in order to obtain isolated colonies. A PCR analysis was performed with a
few of the new colonies and the resulting product was analyzed in agarose gel electrophoresis,

yielding the gel in Figure 30.

Figure 30 - Agarose gel analysis of a Colony PCR result to assess zwf promoter replacement. The
different lanes represent 8 different colonies tested (lanes 1 to 3, zwf3; lanes 4 to 6, zwf5; lanes 7 and 8,
zwf10).

With the previous procedure, colonies with only the positive result (1560 bp) were obtained. In
Figure 30 it is possible to observe that the negative result (345 bp) is now absent and so the cells are
ready to be used in the next experiments.

The next step was the removal of the kan-cassette from one positive colony of each strain
(zwf3, zwf5 and zwf10) using pcp20 plasmid (section 2.8). After the procedure the resultant colonies
(chloramphenicol resistant) were plated onto an LB plate and incubated overnight at 43°C in order to
cure all the plasmids and activate the recombinase that will perform the excision of the kan-cassette.
The next day a colony PCR was performed to verify if the procedure was successful and the resulting
product was analyzed in agarose gel electrophoresis. The expected result is represented in Figure 31

and the obtained result in Figure 32.
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Figure 31 — Representation of the expected result for kan-cassette insertion and removal.
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Figure 32 - Agarose gel analysis of a Colony PCR result to assess kanamycin gene removal for zwf
promoter replacement. The different lanes represent 9 different colonies tested (lanes 1 to 3, zwf3; lanes
4to 7, zwf5; lanes 8 and 9, zwf10).

It is possible to conclude that the kan-cassette was successfully removed from all the colonies
tested since the bands represent a fragment with approximately 345 bp which is correspondent to the
size of the scar left by the removal of the cassette (Figure 31 and Figure 32). Some of the these
colonies were then plated onto LB plates supplemented with the different antibiotics used during the
promoter replacement protocol (chloramphenicol, kanamycin and ampicilin) in order to verify if the
cells do not have any antibiotic resistance. Finally, the colonies that did not grow in any of the
antibiotics were picked again from the previous LB plate, submitted for sequencing and grown again in
LB medium overnight. Next day seed stocks were made and stored at -80°C. The results of the

sequencing are presented in Figure 33, 34 and 35.
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1 O A G AN TAN T TT T T T TCNT AACATGATCAGTGTCAGATTT T ACCCART GEARAACEATCATI T I TT TATCAG T TT1CCCGEACTITGEECECITIT
144 | AR ARG CEARC T ECAGE T CEAGGEAT T TACGGC TAEC I CAGTCCTAGETACAATGCTAGCGAAAR TTACAAGTATACCCTGGECT TAAGTACCGEGT TAGT TAACT TAAGGAGAR T GACAT GECGETARCE

Figure 33 - Sequencing result for a zwf3 colony. The orange color highlights the presence of the promoter
with strength of 0.3. The blue, grey and green colors highlight the presence of homology, priming site and
FRT regions, respectively.

10 % 20 % 30 *+ 40 % S0 % & % 70 % 80 * 90 % 100 % 110 * 120 % 130 % 1

1 [NNHHNHAGT GHNNNNNNT 1T CHT AR CATGATCAGT S TCAGAT T T TACCCARTEAARRACEATCATTTTTT TATCACTITTGCCECACTTTCCECECTTTTCCCRN NG EC I e IEC T C C NSO

139 AR TG E A T AT CEACEEACT GACAGC TAGCTCAGTCCTAGE TATAAT GCTAGC A AR AT TACAAGTATACCCTGECT TAAGTACCEGGT TAGTTAACT TAAGGAGAA TEACRTECH
277|GTARCECARACAGCCCAGRCCTETGACCTGETCATTTTCAGCECGARAGECEACCTTECGCETCETARRATTGCTINNY

Figure 34- Sequencing result for a zwf5 colony. The orange color highlights the presence of the promoter
with strength of 0.5. The blue, grey and green colors highlight the presence of homology, priming site and
FRT regions, respectively.

10+ 20 0+ 30 *+ 40+ 50 * &0 ¢+ 70+ &0+ 90+ 100 + 110 * 120 + 130  * 1

GHNANTTTTTTTCNTARCATGATCAGTGTCAGATTTTTACCCARTGEARRACGATGATTITTITATCAGTITTECCECACTITGCECECTTTICCCEIGTNEECICEACCTEE T CENNE T
TTACAAGTATACCCTGGCTTARGTACCGEETTAGTTARCT TARGGAGARTGACATSG
CGETAACGCARRCAGCCCARECCTGTGACCTGETCATTTTCRGCRCGARAGECEACCTTGOGCENCNANAATTGCTHNNN

Figure 35 - Sequencing result for a zwf10 colony. The orange color highlights the presence of the
promoter with strength of 1. The blue, grey and green colors highlight the presence of homology,
priming site and FRT regions, respectively.
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It is possible to observe that in the case of zwf5 colony, there is a mismatch in the priming site
region. However, since this mutation does not alter the reading frame it is not necessary to eliminate it.
In the case of zwf3 and zwf10 colonies there are no unintended mutations present. Therefore, these
cells are ready to be used in the next procedures. The following step is to perform the recA gene
knockout in order to obtain GALG20zwf3, GALG20zwf5 and GALG20zwfl0 strains
(MG1655AendAArecAApgi zwf").

3.5 Knockout of the recA gene

The final step in the construction of the different strains was the recA gene knockout. As
mentioned before, this mutation is necessary in order to reduce undesirable homologous
recombination events which could lead to both changes in the plasmid DNA as well as formation of
plasmid multimers, causing an increase in plasmid-free cells [32].

Deletion of recA gene was performed by P1 transduction as explained in section 2.9. After
infection with P1 phage the cells were plated onto LB/Kan30 plates and the day after analyzed by
colony PCR in order to verify if the kan-cassette insertion was successful. The resulting product was

then analyzed in agarose gel electrophoresis, yielding the gels in Figure 36 and 37.
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Figure 36 - Agarose gel analysis of a Colony PCR result to assess kan-cassette insertion to perform recA
gene knockout. The different lanes represent 6 different colonies tested (lanes 1 and 2, rpiA5; lanes 3 and
4, rpiAl10; lanes 5 and 6, MG16554endAApgi).
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Figure 37 - Agarose gel analysis of a Colony PCR result to assess kan-cassette insertion to perform recA
gene knockout. The different lanes represent 8 different colonies tested (lanes 1 to 3, zwf3; lanes 4 to 6,
zwf5; lanes 7 and 8, zwf10).

A positive result, correspondent to the kan-cassette insertion, is represented by a band of
2372 bp, whereas a negative result, correspondent to no kan-cassette insertion, is represented by a
band of 2040 bp (original recA gene). As seen in Figure 36 and 37 both bands are present, as well as
some unspecific bands and one at 978 bp which corresponds to the size of the scar that results from
gene knockout. The presence of these unexpected bands can be due to the presence of cells with the
kan-cassette insertion as well as cells without it (mixed colonies), therefore, one colony of each strain
was re-streaked onto a new LB/Kan30 plate. After this step, a new colony PCR reaction and agarose
gel electrophoresis analysis was performed with a few of the new colonies but the result was the

same, with the three bands present. Given that, colonies containing the kan-cassette were selected
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and then subjected to transformation with the pCP20 plasmid in order to remove the Kanamycin
resistance gene. Next day, resultant colonies were plated onto LB plates and incubated overnight at
43°C in order to cure all the plasmids and activate the recombinase that will perform the kan-cassette
excision. Finally, a colony PCR reaction was performed to verify if the gene knockout was successful
and the resultant product was then analyzed in agarose gel electrophoresis, yielding the gel in Figure
38.
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Kan-cassette removal — 978 bp
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Figure 38 - Agarose gel analysis of a Colony PCR result to assess kan-cassette removal and recA gene
knockout. a) The different lanes represent 9 different colonies tested (lanes 1 and 2, rpiA10; lanes 3 and 4,
rpiA5; lanes 5 and 6, zwf10; lanes 7 and 8, zwf5; lane 9, zwf3); b) the different lanes represent 4 different
colonies tested (lane 10, zwf3; lanes 11 to 13, MG16554endAApgi).

As observed in Figure 38, the different lanes present a band correspondent to the kan-
cassette removal (978 bp) as well as other bands with approximately 2000 bp. Colonies 1to 3, 7to 9
and 13 were plated onto LB/Kan30 and LB/Cm50 plates and incubated overnight at 30°C in order to
verify if the cells do not have any antibiotic resistance. Next day, the colonies that did not grow in any
of the antibiotics are ready to be used in further experiments. These colonies were then grown again
in LB medium overnight and seed stocks were made and stored at -80°C.

In the case of colonies 4 to 6 and 10 to 12, the results of the agarose gel analysis present
some bands above 2000 bp. Therefore, colonies correspondent to lane 5 and 6 (zwfl0) were re-
streaked onto new LB plates and incubated overnight at 43°C to try to obtain an isolated positive result

and eliminate the possible remaining cells containing the kan-cassette.
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Figure 39 - Agarose gel analysis of a Colony PCR result to assess kan-cassette removal and recA gene
knockout, after a second 43°C incubation. The different lanes represent 3 different colonies tested (lane
1, rpiA5; lanes 2 and 3, zwf10).

After the second 43°C incubation step, the agarose gel analysis performed (Figure 39)
presented an isolated positive result. Therefore, the correspondent colonies (zwf10) were plated onto
LB/Kan30 and LB/Cm50 plates and incubated overnight at 30°C to verify if the cells were antibiotic
resistant. The colonies that did not grow in any of the plates were picked again from the previous LB
plates and grown overnight in LB medium and seed stocks were made and stored at -80°C. In
addition, the cells were submitted for sequencing which results confirmed the knockout of recA gene.

After the sequencing steps and the assessment of the sizes of the modified regions by PCR
analysis it is possible to conclude that the strains were successfully constructed containing the
desirable modifications without unintended mutations. Therefore, these are ready to be evaluated

through shake-flask cultivations.

3.6 Shake-flask cultivations

After the construction of the different strains it was necessary to evaluate cell growth behavior
as well as pDNA production. In order to do that, all the strains were electroporated with pVAX1GFP
plasmid (Kan®) and cultivated in shake-flasks. Therefore, the strains used in shake-flask cultivations
were: GALG20, GALG20rpiA5, GALG20rpiA10, GALG20zwf3, GALG20zwf5, GALG20zwf10.

The growth curves of the different strains are represented in Figure 40.
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Figure 40 —Growth curves of the different E.coli strains used in the shake-flask cultivations.

As seen in Figure 40, all the strains showed a similar growth behavior, reaching stationary
phase after approximately 6 hours. GALG20rpiA5 presented the highest growth rate (0.71+0.02 h'l)
while GALG20zwf10 presented the lowest (0.54+0.15 h™) (Table 7). Taking into consideration the
standard deviation, the values obtained are reasonable and close to the ones described in previous
studies [50,78].

Table 7- Growth rate of the strains used in the shake-flask cultivations in comparison with values
obtained in previous studies.

Growth rate from previous

Strain Growth rate (h'l) ) 1
studies (h™)
GALG20 0.68+0.05 0.77+0.05 [78]; 0.85 [50]
GALG20rpiA5 0.71+0.02 0.90 [50]
GALG20rpiAl0 0.64+0.09 0.89 [50]
GALG20zwf3 0.68+0.05 -
GALG20zwf5 0.67+0.04 -
GALG20zwf10 0.54+0.15 -

The final ODgoonm Value achieved was lower than expected, in all the strains. This might be due
to problems in the cultivation conditions, such as temperature or agitation shifts, different lots of the
components or different shake-flasks which can cause alterations in the aeration, among others.
These parameters are hard to control and can be responsible for differences between studies. In

addition, although the strains used have the same genotype as the ones from previous studies, in this
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project they were constructed again starting from MG1655 strain. This might also add some variability

to the study.

3.7 pDNA quantification

After the shake-flask cultivations pDNA production by the different strains was quantified using
NanoVue Plus Spectrophotometer (GE Healthcare ®). pVAX1GFP plasmid was purified from the
different strains using Roche kit and then its concentration was measured.

In order to obtain relevant information about pDNA productivity two parameters were
determined. Specific plasmid yield (mg/g DCW) indicates plasmid productivity per gram of cells while
volumetric plasmid yield (mg/L) is relative to the total productivity of the cell culture. The first
parameter is very important since it demonstrates which cells produce higher amounts of DNA, while
the second is dependent on the growth behavior of the cell (more biomass formation, more plasmid
DNA produced). In Figure 41 and Figure 42 is represented the volumetric plasmid yield (mg/L) and the
specific plasmid yield (mg/g DCW), respectively, of each strain after 12 hours of growth.

Volumetric plasmid yield (mg/L)

Figure 41 — Volumetric plasmid yield (mg/L) calculated for the different strains used in shake-flask
cultivations.
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Figure 42 — Specific plasmid yield (mg/g DCW) calculated for the different strains used in shake-flask
cultivations

As observed in Figures 41 and 42, all the strains produced similar amounts of DNA. In order
to have a better understanding of the values obtained in this study, in Table 8 these values are

compared with the ones obtained in previous studies.

Table 8 — Plasmid DNA productivity of the different strains used in shake-flask cultivations in comparison
with values obtained in previous studies.

pDNA (mg/L), pDNA (mg/g pDNA (mg/g DCW),
pDNA (mg/L)
previous studies DCW) previous studies
90.1 +1.9[78] 10.3£0.5[78];
GALG20 16.8+4.8 59+21
125 [50]* 13.3 [50]*
GALG20rpiA5 39.8+9.3 30 [50]* 57+19 3.8 [50]*
GALG20rpiA10 194 +8.2 90 [50]* 50+23 9.6 [50]*
GALG20zwf3 16.0+9.1 - 4929 -
GALG20zwf5 15.8+3.7 - 51+11 -
GALG20zwf10 15.2+6.1 - 46+0.9 -

*values obtained after 24 hours of growth

Relative to volumetric plasmid yield, GALG20rpiA5 appears to have higher productivity in
comparison with the other strains. This value was expected since this strain also had higher biomass
formation, achieving the highest ODggo,m Values in comparison with the other strains (Figure 40).
Therefore, with more cell biomass, more total pDNA is produced. GALG20rpiA10 had a lower

volumetric yield, since it had a lower growth rate. Concerning specific plasmid yield, both GALG20rpiA
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strains show a similar productivity. Wang et al. [34] performed a study in which overexpression of the
rpiA gene in E. coli BL21 caused a 3-fold increase in plasmid copy number of a ColE1-derived plasmid
during continuous culture, using defined medium and glucose as the carbon source [34]. However,
since the strain used was different, the values obtained are not directly comparable. In a more recent
study, it was demonstrated that increased production of Ribose-5-phosphate Isomerase permitted a
faster plasmid replication until a certain point, where it becomes similar to GAL20 [50]. The calculated
values were higher than the ones in this project (Table 8), however these were obtained after 24 hours
of growth, while the ones relative to this study were obtained only after 12 hours of growth. In the
previous study it was observed a 3.5 fold increase in the specific pDNA yield of GALG20 between 12
and 24 hours, while GALG20rpiA5 and GALG20rpiA10 displayed a 2.6 and 1,022 fold increase [50].
Regarding the productivity after 12 hours of growth, all the strains presented a value of approximately
4 mg/g DCW and 30 mg/L. Taking this into consideration, it is possible to conclude that the values
obtained in the two studies are similar and the small differences can be explained by variability in the
experimental conditions, as mentioned before.

GALG20zwf3, GALG20zwf5 and GALG20zwfl0 strains had very similar volumetric and
specific productivities. The values presented in the literature are not comparable since the strain used
was DH5a, but it is documented that the overexpression of zwf gene alone had no effect on
fermentation productivity [54]. In this case it is possible to verify that there is no significant increase in
specific plasmid productive. Relative to volumetric yield, these strains were the ones with the lower
values in comparison with the other strains.

GALG20 strain was expected to have high specific and volumetric plasmid DNA productivities.
Since the main via of utilization of carbon in this strain is the PPP, glycolysis is down-regulated, and
low amount of acetate is formed, which can be an advantage for pDNA production. Using a fed-batch
strategy, this strain achieved productivities of ~160 mg/L [78]. However, the plasmid productivities of
this strain in this study were lower than expected. As mentioned before, control of the cultivation
parameters is difficult in the case of shake-flask cultivations and so differences between experiments
are expected.

The results obtained in this study were, in general, between acceptable values. However,
there were some changes in the protocol used that might explain the observed differences. Although
the growth conditions were the same as in previous studies [50, 78] small unintended differences can
have a big influence on the final results. Perhaps some of the components used in the growth media
are from a different brand or a different lot which can influence its activity and consequently cell
growth. Another important aspect is the plasmid DNA purification method. In this case, plasmid DNA
purification and quantification was performed using Miniprep Kit from Roche® and NanoVue Plus
Spectrophotometer (GE Healthcare ®), respectively. In the previous studies used as comparison [50,
78] plasmid DNA was quantified from crude alkaline lysates prepared from cell pellets (ODggonm = 10)
using the hydrophobic interaction HPLC method described before by Diogo et al. [21]. This method is
much more precise and reduces plasmid DNA losses during the procedure, therefore resulting in
higher amounts of DNA. Another possible reason related to plasmid purification method might be the

capacity of the Miniprep column. It was hypothesized that the column might become clogged or
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saturated and was losing pDNA. To test that hypothesis, instead of purifying a sample with ODgggpm=4,
samples with ODggppm=1 and ODeggonm=2 Were used. But the difference in the results was not significate
which indicates that this might not be the problem. Also, the use of NanoVue Plus Spectrophotometer
is associated with the occurrence of errors in the measurements. To test that, some plasmid DNA
samples were quantified using a standard spectrophotometer and ODagonm Was measured. The
concentration of pDNA was calculated and the values obtained were superior relative to Nanodrop
measurements with a ratio between 1 and 2. This demonstrates that the use of NanoVue Plus
Spectrophotometer was not the best approach to quantify plasmid DNA, being important to compare
results from the two methods. Finally, it is also known that shake-flask cultivations are not a very
precise method to evaluate plasmid DNA productivity due to the lack of control over important

parameters such as pH and dissolved oxygen.
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4 Conclusions and future work
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Plasmid DNA market is expected to increase in the next years, being necessary to create a
system with high productivity and low costs. Several studies have been performed with the goal of
improving both upstream and downstream processes of plasmid DNA production process. However
there is still no consensus on what strategy is the best in all parameters.

The goal of this project was to verify the influence of zwf gene overexpression on plasmid
DNA production on GALG20 strains. In order to that, three promoter replacements were performed
using three different strengths (0.33, 0.51 and 1). There are a few previous studies that indicate that
overexpression of this gene would have a positive impact on pDNA production by increasing the
reducing power available for pDNA [52]. However, in this study a high productivity by these strains
was not observed. On the contrary, they showed a similar or worse behavior when compared to the
other strains evaluated. Williams et al. [54] verified that simultaneous overexpression of zwf and rpiA
in DH5a appeared to increase plasmid amplification rate (mg pDNA/L/ODggo/hr). On the other hand,
overexpression of zwf alone as well as zwf and thioredoxin (trxA) did not show any effect on
fermentation productivity [54]. Therefore, as future work, it is necessary to investigate the influence of
simultaneous overexpression of rpiA and zwf genes in GALG20 strains. It was previously observed
that GALG20rpiA strains have an increased plasmid amplification rate [34,50] so it would be useful to
test whether these strains overexpressing also zwf gene would produce higher amounts of plasmid
DNA relative to GALG20.

The other strains evaluated in this study did not present any significant result. Highest
volumetric plasmid yield was obtained by GALG20rpiA5 strain (39.8 mg/L) while the lowest was
obtained by GALG20zwfl10 (15.2 mg/L). Relative to specific plasmid yield, GALG20 presented a
productivity of 5.9 mg/g DCW followed by GALG20rpiA5 with 5.7 mg/g DCW. Again, GALG20zwf10
gave the lowest values with only 4.6 mg/g DCW. In comparison with previous studies all the strains
had lower productivities than expected, in particular GALG20. The differences observed might be
explained by the difficulty in controlling certain growth parameters. Although the growth medium was
the same, certain parameters are difficult to control and small changes to the protocol can have big
influences on the final plasmid DNA productivity.

There are several feeding strategies that can be used in the process of pDNA production.
However it is known that productivity data obtained from shake flask experiments often fail to predict
the outcome of pDNA production in bench-scale bioreactors [54]. The lack of control of important
parameters such as pH and dissolved oxygen can lead to high concentrations of accumulated acetate
which can be toxic and inhibit biomass formation [69]. In addition, it was observed that plasmid
degradation can occur at the end of the fermentation in shake flasks as well as the formation of nicked
plasmids and multimers [67, 70]. In this study lower productivities were observed relative to previous
studies, which might be due to the limitations of shake-flask cultivations and difficulties in controlling
important parameters. Therefore, it would be important to test the strains constructed in this study
using batch and fed-batch strategies. Growth conditions should also be optimized in order to try to
obtain higher plasmid DNA productivities. Finally, precise plasmid DNA purification and quantification

methods must be used in order to obtain reliable values.
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In conclusion, there are still a lot of studies to perform in order to identify a strategy that
increases plasmid productivity and quality, reducing the production costs. In addition to modifying
genes related to plasmid productivity it is also necessary to increase stability and safety. It is known
that plasmid productivity reaches a plateau in which the cells cannot produce higher quantities.
Williams et al. [54] hypothesized that it was probably determined by the efficiency of the replication
origin and the percent of initiated replication cycles that are completed. The amplification slope may be
set by a limiting factor, perhaps a protein or nucleotide necessary for plasmid DNA replication [54].
Given that, the genes responsible for these mechanisms have been analyzed, such as genes involved
in DNA replication. For instance, topA (Topoisomerase ), polA (DNA Polymerase 1), ligA (DNA ligase)
and gyrAB (DNA gyrase) are some of the genes that have been tested by overexpression or knockout.
Therefore, a combination of several strategies must be performed in which different upstream and
downstream processes are evaluated, namely fermentation strategy, ideal host strain and effective

purification methods, with the goal of creating the best system for plasmid DNA production.
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