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RESUM

Aquesta tesi respon a la necessitat de reduir els costos operacionals
associats a la producci6, a la purificacié i a la immobilitzaci6 de bio-
catalitzadors emprats en bioprocessos. Per a desenvolupar i validar les
diverses estratégies d'intensificaci6 de procés plantejades en el present
treball, s'han escollit tres biocatalitzadors —alcohol deshidrogenasa
(ADH), piruvat descarboxilasa (PDC) i lactat deshidrogenasa (LDH)—
els quals formen part d'un sistema biocatalitic proposat dins del projecte
europeu BIOCON-COg, per a sintetitzar acid lactic.

En aquest context, per tal d'obtenir els biocatalitzadors d'interés de la
manera més eficient possible, s'han integrat diversos procediments de
diferents camps, incloent métodes de clonacié de gens i processos de
produccié de proteines recombinants amb el bacteri Gram negatiu Esche-
richia coli, aixi com el desenvolupament d'un procés d'una tGnica etapa
de purificaci6/immobilitzacié de biocatalitzadors, basat en l'afinitat de
dominis proteics d'uni6 a carbohidrats cap a suports cel-luldsics de baix
cost.

En la primera part d'aquesta tesi, es va emprar la soca d'E. coli NEB 10-f
per a l'expressi6 dels tres enzims implicats en el sistema multienzimatic
proposat per a la sintesi d'acid lactic amb una cua d'histidines fusionada
al seu extrem N-terminal. El procés de producci6, basat en el sistema
d'expressié Pgap, va demostrar ser exités no només utilitzant medis de
cultiu complexos, sin6é també amb medis quimicament definits, suple-
mentats amb aminoacids, seguint una estratégia de cultiu en fed-batch
de dos etapes. Tot i aixi, per tal d'avaluar si es podien assolir millors
rendiments de produccid, els tres enzims d'interés es van clonar en un
vector d'expressié desenvolupat en el Grup de recerca, basat en el promo-
tor T5 lac, i es van produir posteriorment utilitzant una soca auxotrofica
derivada de la soca M15 a escala de reactor de laboratori mitjancant
cultius en fed-batch i amb un medi de cultiu definit lliure d'antibiotics.
D'aquesta manera, la soca M15AglyA va demostrar ser una soca hoste
més adequada i més robusta per a la produccié en grans quantitats dels
enzims necessaris, tot i que la soca NEB 10-8 també va resultar ser un
hoste microbia factible.

La segona part d'aquesta tesi es va centrar en la generaci6 de noves
variants dels enzims que contenien diferents moduls d'uni6 a carbo-
hidrats (en anglés CBM) fusionats als respectius extrems N-terminal,
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amb l'objectiu de desenvolupar un métode de purificacié/immobilitzacié
d'una tnica etapa que permeti recuperar els enzims produits amb una
alta especificitat i eficiéncia, mitjancant 1'as de suports d'immobilitzacié
de cellulosa, que no només sén econdmics siné que també permeten
evitar la preséncia de ions metallics, presents habitualment en mostres
processades amb resines d'afinitat que contenen metalls quelats.

Els tres enzims diana es van coexpressar amb éxit amb dos CBM dife-
rents —un d'ells provinent de la xilanasa 10A de T. maritima (CBMD9)
i un altre originari de la proteina estructural A del cellulosoma de C.
Thermocellum (CBM3)— emprant la soca d'E. coli M15AglyA. Les protei-
nes de fusid resultants es van produir amb éxit a altes concentracions
en un reactor de laboratori seguint la mateixa estratégia aplicada per
produir les variants amb cua d'histidina. Els resultats van mostrar que
la soca M15AglyA era capac¢ de produir amb la mateixa eficiéncia els
enzims fusionats amb els CBM com els fusionats a la cua d'histidines,
demostrant-se també que els dominis CBM no tenen un impacte negatiu
significatiu en la capacitat catalitica dels enzims.

Finalment, es va desenvolupar i caracteritzar el procés de purificacié/
immobilitzacié6 d'un sol pas dels enzims fusionats amb els CBM en
suports cellulosics de baix cost i d'alta selectivitat, incloent l'estudi de
l'estabilitat en condicions d'emmagatzematge dels derivats immobilitzats
i la determinacié de la capacitat de carrega maxima dels suports. Els
enzims fusionats amb CBM9 van demostrar que s'uneixen eficacment
a la cellulosa amorfa regenerada a altes carregues d'enzim, mentre que
els enzims fusionats amb CBM3 es van unir amb una afinitat més alta
a la cellulosa microcristal-lina. A més, el suport RAC també es va testar
per a la purificacié de les proteines mitjancant cromatografia liquida
de proteines, amb l'objectiu d'establir una alternativa a la cromatogra-
fia d'afinitat amb metalls quelats, mitjancant la qual només el domini
CBM9 va demostrar ser adequat com a cua de purificacié per als tres
enzims avaluats.
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SUMMARY

The present thesis responds to the need to reduce the operational
costs associated with the production, purification and immobilisation
of biocatalysts used in bioprocesses. The process intensification strate-
gies described have been developed and validated for three different
enzymes —an alcohol dehydrogenase (ADH), a pyruvate decarboxylase
(PDC) and a lactate dehydrogenase (LDH)— which are involved in a bio-
catalytic system proposed by the European BIOCON-CO: project, which
aims to synthesize lactic acid.

In this context, in order to obtain the biocatalysts of interest in the most
efficient way, the integration of several procedures from different fields
is attempted, including gene cloning methods and processes for the
production of recombinant proteins with the Gram-negative bacterium
Escherichia coli, and also with the development of a one-step biocatalyst
purification/immobilisation process, based on the affinity of carbohydra-
te—active protein domains towards low-cost cellulosic supports.

In the first part of this thesis, the E. coli strain NEB 10-8 was used for
the expression of the three enzymes involved in the multienzyme sys-
tem proposed to obtain lactic acid synthesis with a histidine tag fused to
their N-terminal end. The production process, based on the Pgap expres-
sion system, proved to be successful, not only by using complex culture
mediums but also with chemically defined medium supplemented with
amino acids, used in a two-step fed batch strategy. Nevertheless, aiming
to assess if higher production yields could be achieved, the three target
enzymes were cloned into an in-house developed expression vector, based
on the T5 lac promoter, and were subsequently produced by using one
auxotrophic M15-derived strain at bench-scale reactor through fed-batch
cultures and antibiotic-free defined culture medium. Thus, M15AglyA
strain proved to be a more suitable and more robust E. coli host strain
to produce the required enzymes at high titres, although the NEB 10-8
strain also resulted to be a feasible microbial host.

The second part of this thesis was focused on the generation of new
enzyme variants, containing different Carbohydrate—Binding Modules
(CBM) fused to their N-terminal end, aiming to develop a one-step puri-
fication/immobilisation method which enables to recover the enzymes
produced with high specificity and efficiency, by using cheap immobi-
lisation cellulosic supports while avoiding the presence of metal ions,
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usually present in samples processed with immobilized—metal affinity
resins.

The three target enzymes were successfully co-expressed with two diffe-
rent CBMs —one from T. maritima Xylanase 10A (CBM9) and one from
C. Thermocellum cellulosomal-scafolding protein A (CBM3)— in E. coli
M15AglyA strain. The resulting fusion proteins were successfully produ-
ced at high titres in a bench-scale reactor by following the same strategy
applied to produce the histidine—tagged variants. Results showed that
M15AglyA strain was able to produce CBM—fused enzymes as efficiently
as histidine-tagged ones, and it was also proved that CBM domains do
not have a significant negative impact in enzyme performance.

Finally, it was developed and characterised the one-step purification/
immobilisation process of the different CBM—tagged variants onto low-
cost and highly selective cellulosic supports, including the study of
storage stability of the immobilised derivatives and the determination of
maximum loading capacity of the supports. CBM9—fused enzymes pro-
ved to bind effectively to regenerated amorphous cellulose (RAC) at high
loads, whereas CBM3—tagged enzymes bound with higher affinity onto
microcrystalline cellulose (MC). Moreover, RAC support was also used
for protein purification by fast liquid protein chromatography (FPLC),
aiming to establish an alternative to metal affinity chromatography, by
which only CBM9 proved to be a suitable purification tag for the three
enzymes tested.

14



ara
AU
BSA

cAMP
CAP
CBM
CoA
(GAY/
DCU
DCW
DM
DTT
EC
EDTA
EG
Enz
EU
IBB
IDA
IMAC
IPTG
IY

LA

lac

LB
LIC
LPS
MC
MCF
MCS
NAD*
NADH
NADP
ODesoo
PAGE
PCR

ABREVIATIONS AND NOMENCLATURE
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1. INTRODUCTION

1. INTRODUCTION

According to the definition of the European Federation of Biotechno-
logy (EFB,1989), biotechnology is an integrated application of natural
and engineering sciences with the aim of using living organisms, cells
and their component parts for products and services. In other words,
biotechnology consists in the obtention of goods and services by using
biological tools.

Nowadays, biotechnology represents one of the most important highly—
developed technologies which enables the creation of novel products,
services and industrial processes in various facets of society and yet,
the origins of biotechnology date back to ancient times, being practi-
sed by agriculturalists who established better—quality species of plants
and animals by methods of cross—pollination or cross—breeding, and the
(unconscious) utilization of micro-organisms to produce products such as
cheese, yogurt, bread, beer and wine (Bhatia and Goli, 2018).

Nevertheless, later developments in molecular biology — mainly sin-
ce 1970s with the advent of recombinant DNA technologies — have
led to the arisen of the term "modern biotechnology", which comprises
applications far beyond breeding or fermentation, and involves genetic
engineering and cell manipulation, among other techniques.

The definition of biotechnology can be further divided into different
areas known as:

* Red biotechnology, which is related to medicine and human health.
It studies discovery of new drugs, construction of artificial organs
employing stem cells to replace/regenerate injured tissues, production
of vaccines and antibiotics, regenerative therapies and new diagnostics
(Sasson et al., 2005).

* Green biotechnology, which applies to agriculture and involves such
processes as the development of pest-resistant grains and the accelerated
evolution of disease-resistant animals. It also aims to progress in the dis-
covery of new fertilizers and biopesticides (Silveira et al., 2005).

+ Blue biotechnology, which encompasses processes in the marine and
aquatic environments, such as control the proliferation of noxious water-
borne organisms, explore and use marine biodiversity as a source of new
products, bioprospecting the environment and using molecular biology
and microbial ecology in marine organisms to obtain beneficial advan-
ces for humanity (Tramper et al., 2003).
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+ White biotechnology focuses on the production and processing of
chemicals, materials and energy using living cells, such as yeast, fungi,
bacteria, plants and enzymes for the industrial scale synthesis of pro-
ducts (Barcelos et al., 2018). It seeks to reduce the environmental impact
moving from oil-based to sustainable processes.

In addition, another biotechnology colours such as brown (desert biotech-
nology), purple (patents and inventions), or yellow (insect biotechnology)
can be found in some classifications (Kafarski, 2012).

Regarding white biotechnology, it is estimated that its implementation at
industrial scale can lead to the reduction of carbon dioxide emissions,
and water and energy consumption (Barcelos et al., 2018), and it can also
lead to a reduction in capital and operating costs. Its global market by
2019 was estimated to represent USD 260.4 billion (IMARC Group, 2021,
with a growth rate of 8.9%, including biofuels, production of chemicals
such as organic acids, alcohols, amino acids, vitamins and bioplastics,
some of which are produced entirely or almost entirely by white biote-
chnology processes.

Other products of great economic and industrial interest to white biotech-
nology are enzymes, among other recombinant proteins. In this context,
the expression of heterologous proteins using genetic recombination is
still the high point in the development and exploitation of modern bio-
technology.
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1. INTRODUCTION

1.1. Brief introduction to bioprocesses

A bioprocess can be defined as a specific process that uses complete
living cells or their components (e.g., enzymes) to obtain desired pro-
ducts. Bioprocess technology is therefore a vital part of biotechnology;,
that aims to produce target products at industrial scale with the desired
yield and quality (purity) of the end products, as alternative to the che-
mical production process developed so far, taking into advantage that
bioprocesses are considered to be energy saving processes, performed
under mild conditions (ambient temperature and pressure), that can
decrease emission of pollutants, employ carbon neutral raw materials
and use organic waste as raw materials, among other characteristics.

In general, bioprocesses consist of an ordered sequence of several indi-
vidual processes, which can be divided into i) upstream, ii) midstream
and iii) downstream processes, that refer to preparation, production and
purification, respectively.

The archetypical bioprocess is based on growth of a microorganism
under conditions which encourage the production of a value-added
product that can be recovered for its use. In this sort of bioprocesses,
upstream stage can be defined as the entire series of steps that goes from
early cell isolation and cultivation to cell banking (strain development),
whilst midstream is defined as culture expansion of the cells at the desi-
red scale until final harvest (fermentation), and the down stream part of
a bioprocess refers to the steps where the cell mass from the midstream
is processed to meet purity and quality requirements (separation and
purification).

Bioprocess development involves identifying the robust design space
for each bioproduct. The biological characteristics of cells and enzymes
often impose constraints on bioprocessing; knowledge of them is there-
fore an important prerequisite for rational engineering design (Doran,
2013).

All areas of bioprocess development—the cell or enzyme used, the cultu-
re conditions provided, the fermentation equipment, and the operations
used for product recovery—are interdependent, since improvement in
one area can be disadvantageous to another. Therefore, ideally biopro-
cess development should proceed using an integrated approach, that
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requires previous experiments to understand the interaction of parame-
ters of the specific bioprocess.

In Figure 1.1, some of the main considerations in bioprocess development
are shown, including some of those related to the strain development
and fermentation, as well as those for the separation and purification
(recovery) of final product.
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Figure 1.1. Schematic representation of the three major bioprocess stages (top), and some of the main
variables that are taken into consideration to improve microbial strain's production performance and to
reduce overall operation costs (bottom). Partially extracted from Nature Biotechnology (Lee and Kim,
2015).

1.2. The role of biocatalysts in bioprocesses

In chemical terms, catalysis is the acceleration of a chemical reaction
by a catalyst, which reduces the necessary activation energy needed
to convert a substrate to a product, without changing the extent nor
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1. INTRODUCTION

the equilibrium of the reaction. The catalyst is not consumed or altered
during the reaction so, theoretically, it can be used indefinitely to con-
vert the substrate into product.

Biocatalysis is referred to the use of a biological catalysts (enzymes,
whole cells, etc.) for the transformation of natural and non-natural com-
pounds. Over the years, biocatalysis has emerged as an alternative to
the classic chemical synthesis established in the industry for decades.
The environmental benefits associated to the use of biocatalysts includes
lower amounts of generated wastes and more efficient use of resources
and energy, among others. However, this is limited by the stability of the
catalyst, that is, its capacity to retain its active structure through time at
the conditions of reaction (Illanes, 2008).

1.2.1. The use of enzymes

Enzymes are a well-known kind of biocatalysts consisting in proteins,
often conjugated with other molecules (metal ions, carbohydrates, lipids,
etc.), which are crucial for live, as they are involved in all reactions that
took place inside a living organism. Not only enzymes have an impor-
tant role on life but also on most of bioprocesses performed to produce
foods and beverages, improvement of detergents and textile bleaching,
among others (Lobedanz et al., 2016).

The principal enzymes of industrial interest are used primarily for the
conversion of starch and in processes such as baking, fruit processing,
and brewing. Classes such as amylases, proteases, oxidases and lipases
may be cited as examples. The global enzyme market was valued at UsD
2.9 billion in 2008, rising to USD 4.4 billion in 2015, and reaching a value
of usp 10.7 billion in 2020, which is expected to expand at a compound
annual growth rate of 6.5% from 2021 to 2028 (Grand View Research,
2021).

The numerous advantages of enzymes led to its increased utilization in
the synthesis of a vast scope of target molecules over the last decades,
especially when processes with high regio- and enantio-selectivity are
required (Robinson, 2015; Hedstrom, 2010). However, many industries
are still reluctant to adopt enzyme biocatalysts in large—scale production
processes since the conditions under which these enzymes are expected
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to operate in industry are also very often far from those found in nature,
further affecting their activity and stability (Smith et al., 2015).

Therefore, since the performance of biocatalyst and its production contri-
bute to the final operating cost, it is advisable to explore diverse strategies
in order to improve biocatalyst yield, especially in those bioprocesses
focused on producing low value products, such as bulk chemicals, rather
than complex molecules such as therapeutical drugs and fine chemicals,
since operating costs must be minimised to grant the economic viability
of the bioprocess.

In this context, process intensification is of key importance, since it can
bring significant benefits in terms of process and chain efficiency, lower
capital and operating expenses, higher quality of products, less wastes
and improved process safety (Dimian et al., 2014). In the case of biopro-
cesses developed to obtain bulk chemicals by using enzymes, process
intensification can be achieved through different approaches:

* Biocatalyst modification (protein engineering) via rational design or
directed evolution, which is commonly used to create enzymes able to i
perform biotransformations under unnatural conditions, such as in orga-
nic solvents or reaction solutions with high concentrations of substrate
or product, to ii) improve enzyme stability under the desired reaction
conditions or even iii) to modify enzyme specificity towards substrates
of interest (Cherry and Fidantsef, 2003; Wu et al., 2021).

+ Improved heterologous production of enzymes in a suitable host,
what can lead to the obtention of high quantities of enzymes with the
use of inexpensive culture growth mediums. The production of the
required enzymes is a bioprocess itself, that can also be optimised and
intensified, as discussed below.

+ Enzyme purification is also an advisable strategy, that contribute
to prevent secondary undesired reactions that may be caused by other
molecules and compounds present in crude cell extracts, and to reduce
the implementation of excessive downstream steps. Besides, isolated
enzymes can be thoroughly characterised in terms of its catalytic capa-
bilities and in terms of the necessary components and conditions for its
in vitro activity and suitable applications.

+ Enzyme immobilisation into larger particles of inert support mate-
rials, which aims to promote a simple separation of the biocatalyst from
the product stream, allowing not only to recover the enzymes for subse-
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quent recycle but also to improve their operational stal82 bility and to
control the microenvironment of the biocatalyst (Ramesh et al., 2016).

1.3. Escherichia coli as a platform for recombinant protein pro-
duction

A wide range of expression systems exist for recombinant protein pro-
duction (RPP), which are mainly based on prokaryotic (bacteria) cells,
or eukaryotic systems —including fungi, yeast, insect and mammalian
cells, among others—.

Nevertheless, all of them have inherent advantages and drawbacks
(Waegeman and Soetaert, 2011), which are listed in Table 1.1, so therefo-
re, the selection of an appropriate expression system for RPP is probably
one of the most important and challenging part of an entire bioprocess.
An optimal expression system can be selected only if the productivity,
bioactivity, purpose, and physicochemical characteristics of the interest
protein are taken into consideration, together with the cost, convenience
and safety of the system itself (Yin et al., 2007).

Table 1.1. Advantages and drawbacks of most frequently used recombinant protein production host sys-
tems. Based on paper review (Yin et al., 2007).

Host system Advantages Disadvantages

Large knowledge base Protein solubility issues, refolding
Simple scale-up usually required

Bacteria Low cost and time l\.lo post-translational modifica-
Easy operation tions
High gene expression, tightly reg- High endotoxin content in Gram-
ulated and controlled negative bacteria
Eukaryotic protein processing, fa-
cilitates glycosylation and disul- G'ro'wth conditions may require op-
phide bonds timization

Veast Easy to scale up to fermentation Gene expression less easily con-

trolled
Simple media requirements
Glycosylation not identical to

Simple recovery of secreted prod- .
mammalian systems

uct
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Fungi

Insect cells

Mammalian cells

Low cost
Moderate to high production rate

Large quantities of product se-
creted

Rather easy genetic manipulation

Near mammalian protein pro-
cessing

Greater growth yield than mam-
malian systems

Highest level protein processing

Same biological activity than na-
tive proteins

Refolding sometimes required

Glycosylation not identical to

mammalian systems

More demanding culture condi-
tions than bacteria or yeast

Low growth rate

More demanding culture condi-
tions than bacteria or yeast

Low growth rate

Manipulated cells can be genet-
ically unstable

Low expression levels

Escherichia coli (E. coli] is a Gram-negative, facultative anaerobic and
non-sporulating bacterium, commonly found in the lower intestine of
warm-blooded organisms. E. coli cells are typically rod—shaped and
measures about 2—6 pm long and 0.25-1 pm in diameter, with a cell
volume of 0.6—0.7 pm?3. It was first described and isolated by Theodor

Escherich in 1885 (Allocati et al., 2013).

Figure 1.2. Low-temperature electron micrograph of a cluster of E. coli bacteria, magnified 10* times.
Extracted from Agricultural Research Service, the research agency of the United States Department of

Agriculture.
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E. coli is probably the most widely used prokaryotic system for the syn-
thesis of heterologous proteins thanks to their many advantages, such
high growth rates and high production yields —recombinant protein can
represent up to 50% of soluble proteins— achieved by using inexpen-
sive culture media, the wide knowledge of its metabolism and genome
and its easy transformation ability with exogenous DNA, among others
(Chen, 2012; Schumann and Ferreira, 2004; Tripathi, 2016).

Several E. coli strains have been established in industrial bioprocesses,
mainly E. coli BL21 and K-12 derived strains (Terpe, 2006). Additiona-
lly, thanks to its DNA structure and location, the bacterial genome can
be easily modified aiming to optimize the protein overexpression yield,
improve protein folding or minimize the side products formation.

Besides, along with chromosomal DNA, bacteria may also contain
expression vectors —generally plasmids— which are extra-chromoso-
mal and self-replicating DNA elements that contain the gene or genes
of interest that encode for target products. Moreover, expression vectors
used nowadays also contain multiple combinations of replicons, selec-
tion markers, transcriptional promoters and terminators and multiple
cloning sites (Tripathi, 2016).

To date, the vast majority of recombinant protein expression is plasmid—
based, primarily because higher gene dosages can be obtained compared
with chromosomally integrated recombinant genes; multiple copies of
the plasmid are present in the cell, e.g., between 500 to 700 copies in
the pUC—derived plasmids (Waegeman and Soetaert, 2011). Furthermo-
re, genetic manipulations are much more straightforward and less time
consuming on plasmids than on the cell genome.

On the other hand, plasmid maintenance imposes a metabolic burden
on the host cells, which results in a reduced growth rate and viabili-
ty (Chen, 2012). Moreover, plasmid selection markers such antibiotics
are commonly used to exert selective pressure to enhance stability of
plasmid—-bearing cultures. The potential risk of spreading antibiotics
resistance genes make large scale use of antibiotics highly undesirable,
what has prompted researchers to develop alternative methods to stabili-
se plasmid—bearing E. coli cultures (Vidal et al., 2008; Hagg et al., 2004).

Moreover, E. coli intracellular protein overexpression implies a multi-
ple-step downstream process to recover target products, which usually
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must be separated not only from the culture media mixture but also
from the rest of proteins and other non-protein cell parts. Downstream
steps could represent one of the major portions of total process cost
(Labrou, 2014) and sample processing limitations could represent a pro-
cess bottleneck.

1.3.1. Regulation of gene expression in Escherichia coli

A wide variety of expression vectors are commercially available to be
used for RPP, which can be sorted into different groups depending on
the promoter that contain; many promoters such as lac, tac, trc, T7, rha-
BAD araBAD, pr, PhyA, and PhoA have been successfully used for the
production of recombinant products in E. coli with relatively low to very
high expression levels (Schleif, 2010; Terpe, 2006; Huang et al., 2012).
Some of them are listed in Table 1.2.

Table 1.2. Some E. coli promoter systems commonly used for heterologous protein production.

Promoter system Base of regulation / induction Reference

Engineered lac promoter that utilizes T7 RNA
T7 RNA polymerase. (Studier and Moffatt,
polymerase High-level overexpression induced by adding 1986)

IPTG (0.05-2.0 mM)

Comprised by the fusion between the strong
coliphage T5 promoter Pnys and the lac opera-

tor. (Gentz and Bujard,
T5 lac promoter Transcription from this promoter can be con- 1985)
trolled by the lac repressor (tightly regulated). (Bujard et al., 1987)

High-level overexpression induced by adding
IPTG (0.05 - 2.0 mM)

pL strong bacteriophage A promoter is regu-
lated by the temperature-sensitive c/857 re-
pressor. (Elvin et al., 1990)

Controlled expression by shifting the temper-

Phage promoter
pL(A)

ature of cultures from 30 to 42°C.
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Tightly regulated by araC repressor, can fine-
tune expression levels in a dose-dependent

araBAD promoter (Guzmanetal,,
manner.

(Psan) 1995a)
Variable from low to high overexpression level

induced by adding L-arabinose (0.001 - 1.0 %)

The tetA promoter is tightly regulated by the

tetR gene, encoding the repressor, which reg-

ulates both its own synthesis and transcription
tetA promoter/opera-  of tetA.

(Skerra, 1994)

tor Variable from middle to high overexpression

level induced by anhydrotetracycline (200

ug-LY), independently on E. coli metabolic

state.

In general, a useful promoter system must be strong, has a low basal
expression level (i.e., it is tightly regulated), must be easily transferable
to other E. coli strains, and the induction must be simple and cost-effec-
tive, and should be independent on the commonly used ingredients of
culturing media.

In this context, the , comprised within the E. coli lacto-
se operon, is one of the most extensively used for heterologous protein
production. The lactose (lac) operon is required for the transport and
metabolism of lactose in E. coli and many other enteric bacteria, allowing
for the effective digestion of the disaccharide lactose when glucose is not
available through the activity of a f—galactosidase enzyme (Juers et al.,
2012). Gene regulation of the lac operon was the first genetic regulatory
mechanism to be clearly understood and thus, it has become a foremost
example of prokaryotic gene regulation.

The lac operon consists of three structural genes:

* lacZ, that encodes f—galactosidase. Apart from cleaving lactose to
form glucose and galactose via hydrolysis, this enzyme catalyses the
transgalactosylation of lactose to allolactose, and thus, the allolactose
can also be cleaved to the monosaccharides.

* lacY, which encodes a f—galactoside permease, a transmembrane
symporter that pumps S—galactosides (including lactose) into the cell
using a proton gradient in the same direction.
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* lacA, that encodes f—galactoside transacetylase, an enzyme that
transfers an acetyl group from coenzyme A (CoA) to the hydroxyl group
of the galactosides

In addition, lac operon is affected by the regulatory lacl gene, which
encodes the repressor protein of the system, that inhibits the expression
of the structural genes. The lac genes are organised into an operon, as
shown in Figure 1.3, oriented in the same direction and co-transcribed
into a single polycistronic mRNA molecule, and it is regulated by a two-
part mechanism that ensures that gene transcription only occurs when
necessary. Transcription of all genes starts with the binding of the RNA-
polymerase enzyme to the promoter, immediately upstream of the genes.

(Glucose) [(Lactose)

LacY

X
i

LacZ

(Galactose ) [ Allolactose )
LacZ

W x
|
1
P

lacl CAP
—

T —

(@] lacZ lacY lacA
— — DNA

Figure 1.3. Schematic representation of the lac operon regulation mechanism. P, promoter region; O, ope-
rator region; cAMP, cyclic adenosine monophosphate; CAP, catabolite activation protein; Lacl, repressor;
LacZ, f-galactosidase; LacY, permease.

The first control mechanism is the regulatory response to lactose. The
repressor protein encoded by lacl gene prevents RNA polymerase from
binding to the operator of the operon in absence of lactose. The lacl gene
coding for the repressor lies nearby the lac operon and is always expres-
sed (constitutive).

29



1. INTRODUCTION

When cells are grown in the presence of lactose, however, the lac
repressor is inactivated when it is bound by allolactose, causing an allos-
teric shift. Thus altered, the repressor is unable to bind to the operator,
allowing RNAX polymerase to transcribe the lac genes and thereby lea-
ding to higher levels of the encoded proteins.

The second control mechanism is a response to glucose, which uses
the catabolite activator protein (CAP) to greatly increase production of
R—galactosidase in the absence of glucose. Cyclic adenosine mono-
phosphate (cCAMP) is a signal molecule whose prevalence is inversely
proportional to that of glucose. It binds to the cap, which in turn allows
the CAP to bind to the CAP binding site, assisting the RNA polymerase
in binding to the lac promoter.

In the absence of glucose, the cAMP concentration is high and binding
of CAP-cCAMP to the DNA significantly increases the production of -
galactosidase, enabling the cell to hydrolyse lactose and release galactose
and glucose. The effect of glucose and lactose concentrations on the
transcriptional levels is described in Figure 1.4:

cAMP

lac | CAP P O lacZ _ lacY _ lacA
—_ . — DNA Low glucosg
lac genes strongly expressed Lactose available

lacl M p Lg“CI: lacZ _lacY _ lacA High glucose

= DNA .
@) lac genes not expressed Lactose unavailable
cAMP
lac1 CAP p Lg“d: lacZ _ lacY  lacA oNa  Low glucose
@) lac genes not expressed Lactose unavailable
lacl M P O  lacZ lacY lacA DNA High glucose
very low (basal) level of gene expression Lactose available

Figure 1.4. Schematic representation of the effect derived from lactose and glucose concentration on the
transcriptional levels of the lac promoter of E. coli. P, promoter region; O, operator region; cAMP, cyclic
adenosine monophosphate; CAP, catabolite activation protein; Lacl, repressor.
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Nevertheless, as previously mentioned, f—galactosidase is also able to
transform allolactose to galactose. Hence, if allolactose was used in any
lac operon—based expression system to induce the transcription of the
genes responsible for the overexpression of the heterologous target pro-
teins, it would be necessary to maintain allolactose (or lactose) levels
during all the process. Fortunately, induction of lac promoter can also be
achieved by adding non-hydrolysable lactose analogues, such as isopro-
pyl-8-D-1-thiolgalactopyranoside (IPTG), which only needs to be added
in a single pulse.

Even if the lac promoter is rather weak and rarely used for high level
production of recombinant proteins, many promoters were construc-
ted from lac—derived regulatory element, improving the strength of the
expression system by fusing the three structural genes of lac operon to
a stronger promoter, obtained from T7 and T5 coliphages (Polisky et
al., 1976; Studier and Moffatt, 1986; Bujard et al., 1987), or by genera-
ting synthetic promoterssuch tac (de Boer et al., 1983) and trc promoters
(Amann et al., 1983).

The other promoter used in this work is the ,
which is present in the pBAD vectors and is a useful alternative for hete-
rologous protein production in E. coli. When a gene is cloned downstream
of the Pgap promoter, its expression is controlled by the AraC protein,
which has the dual role of repressor/activator. Expression is induced to
high levels on media containing L-arabinose whilst expression is tightly
shut off on media containing glucose but lacking arabinose (Terpe, 2006).
In general, the araC-Pgap promoter system allows high-level expression,
tightly regulated protein expression, and very inexpensive induction.

The promoter is a part of the arabinose operon, which contains three
structural genes:

+ araA, that encodes L-arabinose isomerase enzyme, that converts
intracellular L-arabinose to L-ribulose.

+ araB, which encodes a kinase enzyme that phosphorylates L-ribu-
lose.

+ araD, that encodes an epimerase enzyme that that converts L-ribu-
lose-phosphate to D-xylulose-phosphate, that goes to pentose phosphate
metabolic pathway.

In E. coli, the Pgap promoter is adjacent to the araCp (P¢) promoter,
which transcribes the araC gene in the opposite direction. The cyclic
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AMP receptor protein CAP binds between the Pgap and Pc promoters,
stimulating transcription of both when bound by cAMP (Schleif, 1992).

The schematic representation of arabinose operon and its regulation is

provided in Figure 1.5:

(L-ribulose-5 phosphate )

o
(D-xylulose-5 phospha’y
— AraC |~ | AraC-arabinose
|

xlli

araC Pc CAP Pmw araB araA araD
¢ — > > = DNA

'Glucose’ ( L-arabinose '

L-arabinose

cAMP

{§¢

Figure 1.5. Schematic representation of the arabinose operon regulation mechanism. Pc and Py, p, promo-
ter regions; cAMP, cyclic adenosine monophosphate; CAP, catabolite activation protein; AraC, repressor;
AraB, kinase; AraA, isomerase; AraD, epimerase.

Transcription initiation at the Pgap promoter occurs in the presence of
high arabinose, that binds to to AraC. The AraC-arabinose dimer contri-
butes to activation of the Pgsp promoter. Additionally, CAP binds to two
CAP binding sites and helps activate the Pgap promoter, and thus, low
cAMP levels (high glucose concentrations) prevent CAP from activating
the Pgap promoter (Guzman et al., 1995a).

Without arabinose, and regardless of glucose concentration, the Pgapand
Pc promoters are repressed by AraC. The N-terminal arm of AraC inte-
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racts with its DNA binding domain, allowing two AraC proteins to bind
to the Oz and I1 operator sites. The two bound AraC proteins dimerize
and cause looping of the DNA, that prevents binding of CAP and RNA
polymerase, avoiding the transcription of the genes (Schleif, 1992). The
effect of glucose and arabinose concentrations on the transcriptional
levels is depicted in Figure 1.6:

cAMP | AraC-arabinose

araC  Pc CAPf l Peso  araB _ araA_ araD DNA Low glucose
— — — . .
I ara genes strongly expressed L-arabinose available
araC  Pc M Al;gC Peso  araB _ araA_ araD DNa High glucose
— — = . .
I ara genes not expressed L-arabinose unavailable
cAMP
araC  p. ' CAP AQC Pew  araB  araA_ araD_ DNA Low glucose
I ara genes not expressed L-arabinose unavailable

Figure 1.6. Schematic representation of the effect derived from L-arabinose and glucose concentration on
the transcriptional levels of the arabinose promoter of E. coli. Pc and Py, p, promoter regions; I, operator
site; cAMP, cyclic adenosine monophosphate; CAP, catabolite activation protein; AraC, repressor.

In bacterial strains which are deleted for ara genes, expression of the
cloned gene reaches maximal induction upon adding 0.001% (w/v) L-ara-
binose. However, in strains that can metabolize L-arabinose, 1% (w/v) is
necessary for full induction (Mayer, 1995). Moreover, it has been proven
to function under high cell density fermentation (Roman et al., 2020),
but the protein quality was shown to be lower than in low densities
(DeLisa et al., 1999).

1.3.2. High cell-density cultures as a process intensification stra-
tegy

Once an optimal expression system has been constructed, protein pro-
duction can be enhanced by increasing the production of protein per
cell per unit time (specific productivity), or by increasing the cell con-
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centration per unit time (cell productivity). In this context, various
culture techniques have been developed for growing recombinant and
non-recombinant E. coli strains in bioreactors, in which environmental
conditions that influence bacterial cell growth —pH, concentration of
dissolved oxygen (PO:), temperature, etc.— can be controlled. The three
classical operational strategies that have been followed most frequently
for RPP are: i) continuous, ii) discontinuous (batch) and iii) semi-conti-
nuous (fed-batch) fermentations.

When using E. coli as expression system for the heterologous production
of proteins, high cell-density cultures have been developed not only to
improve productivity, but also to provide advantages such as reduced
culture volume, enhanced downstream processing, reduced wastewa-
ter, lower production costs and reduced investment in equipment (Lee,
1996). Nevertheless, the main reason that justifies the pursuit of high
cell-density cultures relies on the fact that E. coli does not excrete prote-
ins into extracellular medium but tends to keep them in the cytoplasm
instead, having then a limited accumulation capacity. Thus, it is neces-
sary to reach high numbers of E. coli cells to obtain as much target
protein as possible.

In addition, the fusion of signal peptides to target proteins might affect
the mRNA stability and may cause protein degradation if targeted pro-
teins accumulate at the translocation site of the cell wall (Owiji et al.,
2018). Plus, obtaining diluted products in large final volumes may also
represent an important drawback for some volume-limited downstream
equipment, even if avoiding cell lysis could be seen a priori as an advan-
tage.

Regarding high cell-density cultures, fed-batch operating mode allows to
reach high cell concentration levels while helps to avoid the inhibitory
effect of high substrate levels —what may occur if operating in discon-
tinuous, for example—. Cell concentrations of greater than 70 grams
dry cell weight per culture litre can be routinely obtained by fed-batch
cultures if a balanced nutrient medium that contains all the necessary
components for supporting cell growth is used (Lee, 1996). However, this
cultivation approach has several drawbacks, including limited oxygen
transfer capacity, the formation of growth inhibitory by-products, and
limited heat dissipation, most of them caused because of the high cell
densities reached.
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Probably, the main characteristic of a fed-batch process is the control
of cell growth by limiting the amount of carbon source in the culture
medium,; the specific growth rate (p) of the bac terial culture can be
easily regulated by controlling the addition flux of a feeding medium
that contains the substrate —normally glucose or glycerol— at a certain
concentration. Thus, one of the main advantages that fed-batch strategy
brings to E. coli cultivation is the avoid of by products formation, that
may be produced due to an unrestricted cell growth.

E. coli cells produce the by-product acetate under anaerobic or oxygen-li-
miting conditions. Moreover, acetate is produced by E. coli cultures
growing in the presence of excess glucose even under aerobic condi-
tions (Lee, 1996; Han and Eiteman, 2019; Pinhal et al., 2019). Acetate is
produced when carbon flux into the central metabolic pathway exceeds
the biosynthetic demands and the capacity for energy generation within
the cell (overflow metabolism). An accumulation at high levels of ace-
tate reduces growth rate, biomass yield and maximum attainable cell
densities (Phue and Shiloach, 2005; Han and Eiteman, 2019). Therefore,
controlling the growth rate of the culture via substrate addition is essen-
tial.

Though, there are many strategies than can be applied to reduce the
formation of acetate in high cell-density cultures, including temperature
decrease, culture composition design and even microbial engineering,
among others (Lee, 1996; Lee and Kim, 2015; Pinhal et al., 2019).

When fed-batch operation mode is considered for growing E. coli cultures
at bench—scale reactors, one must consider that reaching high cell densi-
ties may take excessively long periods, given that reactors are normally
inoculated at low cell densities, with the addition of volume limited
shake-flask inoculum cultures. In this context, one of the simplest and
easiest ways to proceed is to perform a two-step process, consisting in a
first batch step followed by the fed-batch phase, allowing then to grow
cell inoculum at the maximum specific growth rate (p..,) during the
batch step with the nutrients initially present in the reactor, and subse-
quently sustaining cell growth —and therefore modulating it— during
the second step by using various regimes of nutrient feed, until fermen-
tation is complete.

Besides, substrate feeding can be added to the culture by following diffe-
rent approaches, such as constant flux addition, or increasing addition.
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In the second case, the flux increase can be gradual, stepped, lineal or
exponential. The main advantage of exponential feeding is that a certain
specific growth rate can be maintained along the process.

As any other step within the bioprocess, the production yield can be
enhanced by optimising the fed-batch culture process. Regarding E. coli
cultures, one of the key variables that should be considered is the maxi-
mum biomass concentration that can be achieved with a certain reactor
setup, since it is desirable to reach the highest number of cells, as exp-
lained above. Furthermore, another variable that should be taken into
consideration, especially when using strong expression promoters, is for
how long E. coli cells can be overexpressing the target protein before rea-
ching a metabolic collapse caused by the addition of the inducer (whose
concentration can also be optimised).

Hence, it is advisable to carry out two preliminary fed-batch cultures;
the first one should be performed without inducing protein overexpres-
sion, to assess the maximum biomass levels than could be reached, and
the second one should be performed by inducing protein overexpression
at low cell densities, aiming to determine the effective process time until
the metabolic collapse of the culture, and the maximum specific produc-
tion yield —i.e., the maximum amount of target protein produced per
unit of biomass— of the E. coli strain used. Next, the optimisation of the
production process would consist in adjusting the induction time aiming
to reach both maximum cell growth and metabolic collapse simulta-
neously.

As mentioned before, temperature is also an important variable that
can be used to control cell metabolism in a simple way. By lowering
the culture temperature from 37°C (considered optimum for E. coli) to
25-30°C, nutrient uptake and growth rate can be reduced, thus reducing
the formation of toxic by-products and the generation of metabolic heat.
Lowering culture temperature also reduces cellular oxygen demand,
which enables higher cell-densities to be obtained without the need for
pure oxygen (Lee, 1996). Furthermore, it is possible to reduce the forma-
tion of inclusion bodies for some proteins by growing recombinant cells
at lower temperatures (Miret et al., 2020).
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1.4. Enzyme purification and immobilisation as process intensi-
fication strategies

Biotechnology seeks to develop new protein—based applications and
their commercial exploitation, in which the quality and the purity gra-
de of final products is usually tightly related to their market value. The
purity grade of synthetised proteins is normally more important in fine
products rather than bulk ones, especially depending on their final use.
As mentioned before, those bioprocesses focused on producing low-va-
lued products at large scale seek to maximise biocatalyst yield to bring
biotransformations closer to industrial feasibility. The use of purified
enzymes and the possibility to recycle them through biocatalyst immo-
bilisation are therefore two interesting process intensification strategies
that might be considered.

1.4.1. Enzyme purification

Regarding the production of enzymes that are going to be used in bioca-
talytic processes, obtaining purified and isolated biocatalysts instead of
using crude cell broths is an advisable strategy, helping to prevent secon-
dary undesired reactions and reducing the implementation of excessive
downstream steps in the subsequent processes. In that context, the deve-
lopment of efficient and effective purification methods and materials is
then a requirement to bring these bioprocesses to techno—economic via-
bility.

The various steps in the downstream processing protocol are normally
divided into those that separate the protein and nonprotein parts of the
mixture and those that separate the desired protein from all other pro-
teins while retaining the biological activity and chemical integrity of
the polypeptide. These last steps are typically the most laborious and
difficult aspect of protein purification (Labrou, 2014). Downstream steps
exploit differences in chemical, structural and functional properties
between the target protein and other proteins in the crude mixture. A
wide variety of protein purification methods that can be combined to
generate a suitable purification scheme are available. Usually, one execu-
tes a series of purification steps, and only rarely proteins can be purified
in a single step. Therefore, developing an efficient and a cost—effective
single-step purification process is one of the most challenging tasks of
bioprocess engineering.
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Chromatography is certainly the principal operation in downstream pro-
cessing, especially affinity chromatography, which is a quite effective
purification method thanks to the highly selective biological interactions
established between one molecule (the ligand) immobilised to a surface
and another molecule (the target) present in a mobile phase as part of
a complex mixture, providing a fast and often single step purification
process (Urh et al., 2009; Labrou, 2014). In addition, the interaction is
typically reversible, and the target molecule captured can be desorbed
from the adsorbent support, recovering a highly purified product.

Many affinity interactions are used to purify enzymes, but probably one
of the most typically used is immobilised-metal affinity chromatography
(IMAC), in which the ligand is a metal chelator to which a metal ion has
been bound (Regnier et al., 2020). E. g., supports functionalized with
Co?* or Ni?* ions are capable to bind histidine-bearing peptides, espe-
cially those proteins with a poly-histidine tag fused to one of their ends
(Crowe et al., 1996). Bound proteins are eluted by decreasing the buffer
pH or increasing imidazole concentrations (Tripathi, 2016).
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Figure 1.7. Purification of proteins using polyhistidine affinity tags and nickel-nitriloacetic acid (NiZ*-
NTA) functionalised matrix.

However, these kinds of resins used to purify histidine—tagged prote-
ins contribute significantly to the final downstream cost, what brings to
contemplate other alternatives, especially for industrial-scale processes
in which large cell lysate volumes must be processed. Additionally, the
presence of metal ions in final product, that can be released to the mobi-
le phase, is not compatible with processes focused on pharma or food
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industries, whose commercialised products must overcome strict purity
requirements.

Downstream processing has thus been challenged with demands of high
yields, resolving power, and cost efficiency, what has triggered remarka-
ble developments in improvising process tools and innovative strategies
for protein separation and yet, there is room for improvement, and
advances in downstream techniques are of key importance, since they
can have a significant economic impact in the whole bioprocess develop-
ment, together with evolved upstream and midstream techniques.

1.4.2. Enzyme immobilisation

In 1971, during the first Enzyme Engineering Conference, immobilised
enzymes were defined as "“enzymes physically confined or localised in a
certain defined region of space with retention of their catalytic activity,
and which can be used repeatedly and continuously” (Khan, 2021).

Immobilised enzymes are currently the object of considerable interest,
due to their benefits over free enzymes in solution. There are several
reasons for the preparation and use of immobilised enzymes, in addition
to a more convenient handling of enzyme preparations. Immobilised
enzymes are more robust and more resistant to environmental changes.
More importantly, the heterogeneity of the immobilised enzyme sys-
tems allows an easy recovery of both enzymes and products, multiple
reuses of enzymes, continuous operation of enzymatic processes, rapid
termination of reactions, improved operational and storage stability, and
greater variety of bioreactor designs (Cao, 2011; Homaei et al., 2013).

The properties of immobilised enzyme preparations are governed by
the properties of both the enzyme and the carrier material. The spe-
cific interaction between the latter provides an immobilised enzyme
with distinct chemical, biochemical, mechanical and kinetic properties
(Tischer and Wedekind, 1999). It stabilises structure of the enzymes,
thereby allowing their applications under harsh environmental condi-
tions (pH, temperature, organic solvents), and thus enable their uses in
non-aqueous enzymology, and in the fabrication of biosensors (Dwevedi
and Kayastha, 2011).

Alternatively, biocatalyst immobilisation might also refer to the whole
cells with enzymes inside or outside to constitute a whole cell system.
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1. INTRODUCTION

Here, contrary to enzyme immobilisation system in which an enzyme is
attached to a solid support, the target living cells are immobilised in a
whole cell system with preservation of their metabolic activity (Lin and
Tao, 2017).

Biocatalyst immobilisation is especially appropriate in those biotransfor-
mations whose downstream processes require less unit operations or a
free-allergen product (especially useful in the food and pharmaceutical
industries), and when the enzyme production represents a significant
cost to the process. Besides, immobilisation facilitates to perform pro-
cesses in other reactor configurations than discontinuous (batch) stirred
tank reactors, enabling the operation in continuous reactors, packed bed
reactors, plug-flow reactors or fluidized bed reactors, among others.

On the downsides of immobilisation, there is the loss of total or par-
tial enzymatic activity during the attachment of the biocatalyst and the
added cost that the carrier and the immobilisation process represents.
Furthermore, placing the enzymes in confined regions of space, as it is
a small pore, entails that the substrate/s transport is governed by mass
transfer effects.

These various phenomena, referred to as diffusional limitations, can lead
to a reduced reaction rate, i.e., to a reduced efficiency as compared to the
soluble enzyme. In stirred tanks,external diffusion plays a minor role as
long as the reaction liquid is stirred sufficiently. Further, partition effects
can lead to different solubilities inside and outside the carriers. Partition
must be taken into account when ionic or adsorptive forces of low con-
centrated solutes interact with carrier materials. The most crucial effects
are observed in porous particles due to internal diffusion. Reaction rate
is then limited by the concentration gradient and catalytic activity can
get significantly reduced (Tischer and Wedekind, 1999).

There exist different enzyme immobilisation methods that can be sor-
ted into those which use a solid pre-existent support or those based on
carrier-free immobilisation. On the one hand, immobilisation methods
performed without prefabricated carriers tend to become cheaper,
since the enzyme molecules are immobilised to themselves with a rea-
gent (cross-linking) or confined by different techniques (encapsulation,
entrapment or use of ultrafiltration membranes). However, carrier-free
techniques usually present some important drawbacks at industrial-scale
processes, such as poor mechanical properties (cross-linking and encap-
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sulation), high mass transfer limitations (entrapment and cross-linking),
difficult recovery of the derivatives compared to enzymes immobilised
onto solid supports (cross-linking, encapsulation) or non-improvement of
stability (containment by ultrafiltration membranes) (Tischer and Wede-
kind, 1999; Illanes, 2008).

On the other hand, immobilisation techniques based on the attach-
ment of enzymes to preexistent supports usually allow easiest reuse of
enzymes in conventional reactors, since their mechanical properties are
more robust, and the size of the particles is more uniform. The enzy-
me binding can be achieved by covalent bonds by promoting chemical
reaction between the superficial amino acid residues of the enzymes
and the functional groups of the support. This immobilisation method
may produce multipoint strong bonds which usually stabilises the enzy-
me structure, resulting in an improvement of stability (dos Santos et
al., 2015). However, the irreversible immobilisation also presents some
drawbacks, including the loss of catalytic activity caused when the cova-
lent bonds interact with the active site of the enzymes, and the finite use
of the support once the enzyme is deactivated, among others.

Alternatively, enzyme binding can be achieved by non-covalent interac-
tions, based on Van der Waals and hydrophobic forces, or ionic bonds.
Nevertheless, non-covalently immobilised enzymes can be released from
the support depending on the reaction conditions (Illanes, 2008).

Regarding the supports used to immobilise biocatalysts, knowledge of
the structural characteristics is helpful for achieving a high performance
biocatalyst; the affordability, the chemical composition, the mechanical
strength, the hydrophilicity, the particle size, the porosity and the maxi-
mum enzyme loading are some of the crucial features to be taken into
consideration, although the development of a suitable immobilisation
procedure often follows empirical guidelines (trial and error strategy)
(Dos Santos et al., 2015).

In addition, even if the available set of materials for enzyme immobili-
sation is vast and new carriers with modern functionalities continuously
appear, one of the major drawbacks that still presents biocatalyst immo-
bilisation relies on the support costs, which can increase the price of the
biocatalyst more than 4-fold. (Datta et al., 2013; Basso and Serban, 2019).
Therefore, the final choice to use immobilised enzymes depends on the
economic evaluation of costs associated with their use versus benefits
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obtained in the process. The final implementation strongly depends on
the use of newly developed immobilisation supports, derived from low-
cost and high-available materials, such as cellulose or activated carbon,

among others.

A brief overview of the existing immobilisation methods is provided

below in Figure 1.8:

Immobilisation Methods

Attachment to (prefabri- Crosslinking: Encapsulation / inclusion:
cated) carriers: - Direct crosslinking - Membrane devices
- Covalent binding - Crystallisation + crosslinking - Microcapsules
- Ionic binding - Co—crosslinking - Liposomes /
- Adsorptive binding - Copolymerisation after reversed micelles
- Metal binding chemical modification - Organic solvents
- (bio)Affinity binding
Covalent Crosslinking Encapsulation
/=
Q 7
) A/
Non-covalent Entrapment | Ultra filtration
Q U membranes
|
|
|
I

Figure 1.8. Overview of the different immobilisation methods.

1.5. Carbohydrate—Binding Modules
Carbohydrate—Binding Modules (CBM) are well-described as

non-

catalytic domains involved in substrate binding of many carbohydra-
te—active enzymes (Levy and Shoseyov, 2002), which have shown high
affinity for a wide range of polysaccharides. The requirement of CBMs
existing as modules within larger enzymes sets this class of carbohydra-
te—binding protein apart from other non-catalytic sugar binding proteins

such as lectins and sugar transport proteins.
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CBMs were previously defined as cellulose-binding domains (CBDs),
based on the initial discovery of several modules that bound cellulose,
and were classified depending on their amino acid similarity (Tomme
et al., 1988; Gilkess et al., 1988). However, additional modules in car-
bohydrate—active enzymes are continually being found that bind other
carbohydrates apart from cellulose, hence the need to reclassify these
polypeptides using more inclusive terminology (Boraston et al., 2004).

Currently, thousands of CBMs have been divided into 89 different fami-
lies based on amino acid sequence, binding specificity, and structure
(Oliveira et al., 2015). To date, more than 3-105 CBM domains are inclu-
ded in these families, plus other 2240 non-classified modules.

In recent years the practical use of CBMs has been established in diffe-
rent fields of biotechnology, and the number of published articles and
patents is constantly on the rise. Three basic properties have contributed
to CBMs being perfect candidates for many applications: i) CBMs are
usually independently folding units and therefore can function autono-
mously in chimeric proteins; ii) the attachment matrices are abundant
and inexpensive and have excellent chemical and physical properties;
and iii) the binding specificities can be controlled, and therefore the right
solution can be adapted to an existing problem (Shoseyov et al., 2006).

CBMs have considerable capacity for hydrogen—bond formation between
their polar residues and the hydroxy groups of carbohydrates. Indeed,
an extensive network of direct and indirect hydrogen bonds is formed
between the protein and the carbohydrate.

Nevertheless, not all CBM domains can bound any carbohydrate com-
pound. In this context, another useful classification of CBMs was
proposed, in which these protein modules have been grouped into three
types (Figure 1.9) (Boraston et al., 2004; Armenta et al., 2017):

+ Type A (surface—binding) includes members of cBM families 1, 2a,
3, 5 and 10 that bind to insoluble, highly crystalline cellulose and/or
chitin. Their binding sites are planar and rich in aromatic amino acid
residues creating a flat platform to bind to the surfaces of crystalline
polysaccharides and show little or no affinity for soluble carbohydrates.
The interaction of Type A modules with crystalline cellulose is associa-
ted with positive entropy, demonstrating that the thermodynamic forces
that drive the binding of CBMs to crystalline ligands are relatively uni-
que among carbohydrate—binding proteins.
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* Type B (glycan—chain—-binding) are the most abundant form of CBMs
reported to date and include examples from families 2b, 4, 6, 15, 17,
20, 22, 27, 28, 29, 34 and 36. Type B binding sites appear as extended
grooves or clefts comprised of binding subsites, which typically interact
with individual glycan chains rather than crystalline surfaces, showing
increased affinities for penta- and hexa-saccharides and negligible inte-
raction with oligosaccharides with a degree of polymerization of three
or less.

* Type C (small-sugar—binding) currently include examples from fami-
lies 9, 13, 14, 18 and 32. Type C binding sites are short pockets that bind
optimally to mono-, di- or tri-saccharides, as well as the reducing ends
of small sugars. Type C CBMs can bind to several cellulose allomorphs
and the insoluble fraction of oat spelt xylan.

Amporphous Type A
regions “planar”

gzt

Type C Crystalline
“exo" : regions

Figure 1.9. Schematic representation of different CBM types binding with different regions of a polysac-
charide substrate. Extracted from CAZypedia (Lammerts van Bueren and Ficko-Blean, 2021).

1.5.1. Carbohydrate—Binding Modules as immobilisation tags

Some reports have affirmed the feasibility of employing a CBM as an
affinity tag for enzyme immobilisation and processing. In those studies
carbohydrates were used as an affinity support for enzyme immobili-
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sation, with high capacity, while retaining enzymatic activity; in some
instances, increased enzymatic activity was reported (Kauffman et al.,
2000; Levy and Shoseyov, 2002; Oliveira et al., 2015). Other studies
have shown that a CBM serving as a fusion partner may have additio-
nal values. In the expression of CBM-lipase fusion protein in yeast, for
example, it was shown that CBM also enhanced secretion (Ahn et al.,
2004).

Moreover, surface-exposed CBMs can be an efficient means of whole-ce-
11 immobilisation. Whole-cell immobilisation by cellulosic material was
first demonstrated when an E. coli surface-anchored CBM, was attached
to cellulose. The cells bound tightly to cellulose at a wide range of pHs,
and the extent of immobilisation was dependent on the amount of surfa-
ce anchored CBM (Levy and Shoseyov, 2002).

The dominant impediment to the use of current commercially availa-
ble generic affinity tags in large—scale bioprocessing is cost. Therefore,
those affinity tags that bind to an inexpensive, chemically and hydrod-
ynamically robust chromatographic resins are highly desirable. Hence,
the main advantage of using CBMs for enzyme immobilisation is the
substitution of expensive functionalised carriers for a more affordable
immobilisation supports such as cellulose, what can bring biotransfor-
mations closer to economically feasibility, specially at industrial scale,
where large amounts or immobilisation resins are required. Moreover,
cellulosic supports are usually inert and show good mechanical proper-
ties.

1.5.2. Carbohydrate—Binding Modules as affinity purification
tags

As mentioned, bioprocessing is the major application for CBMs, given
that large—scale recovery and purification of biologically active molecu-
les continue to be challenges for many biotechnological products.

Biospecific affinity purification (affinity chromatography) has become
one of the most rapidly developing divisions of immobilised affinity
ligand technology. Affinity chromatography is a quite effective puri-
fication method, thanks to the highly selective biological interactions
established between one molecule (the ligand) immobilised to a surface
and another molecule (the target) present in a mobile phase as part of
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a complex mixture, providing a fast and often single step purification
process (Urh et al., 2009).

Many protein entities have been expressed fused to CBMs, establishing
CBMs as high-capacity purification tags for the isolation of biologically
active target peptides at relatively low cost. The interaction established
between CBMs and carbohydrates are typically reversible, and the tar-
get CBM—fused molecules captured can usually be desorbed from the
adsorbent support, recovering a highly purified product (Shoseyov et al.,
2006).

For example, the affinity of a family—-9 CBM (CBM9, Figure 1.10) for
mono- and disaccharides has important consequences for its practical
application as an affinity tag. Glucose and cellobiose can be used to
desorb CBM9 from cellulose and, thus, the low cost and availability
ofcellulose and these competitive eluents make CBM9 an attractive
candidate for use as a purification tag. Many CBMs have been used as
purification tags thanks to their highly specificity. The most frequently
used CBMs are those that bind to cellulose, especially CBM3 (Morag et
al., 1995; Wan et al., 2011; Myung et al., 2011) and CBM9 (Boraston et
al., 2001; Kavoosi et al., 2004; Ye et al., 2011), but many others have been
studied (Sugimoto et al., 2012; Wang et al., 2012).

Figure 1.10. Schematic representation of a family—9 CBM (CBM9) of an endo-f-1-4-xylanase A from T.
maritima (TmXyn10A) (left), and the interactions established between the amino acid residues and carbo-
hydrate (right). Extracted from Protein Data Bank (PDB 1I8A) through Mol* Viewer (Sehnal et al., 2021).

46



2. CONTEXT AND OBJECTIVES

2.1. Context of the thesis work

The research work performed along this PhD thesis has been included
in the BIOCON-CO: project (grant agreement number 761042), which
is a four-year project financed by the European Commission under the
program Horizon 2020. BIOCON-CO: stands for BlOtechnological pro-
cesses based on microbial platforms for the CONversion of CO: from
iron steel industry into commodities for chemicals and plastics.

The thesis work described in the following sections has been performed
at the Universitat Autonoma de Barcelona (UAB, Bellaterra, Spain), into
the Bioprocess Engineering and Applied Biocatalysis Research Group,
which has an extended background in biochemical engineering.

2.1.1. The Research Group

Bioprocess Engineering and Applied Biocatalysis Research Group (ENG-
4BIO) is located at Department of Chemical, Biological and Environmental
Engineering of the Escola d'Enginyeria from UAB. The research work of
the group is mainly focused on process development for recombinant
protein production in E. coli and their subsequent use in biocatalysis.
Moreover, the group has acquired an increasing know-how in the deve-
lopment of enzymatic synthesis processes to produce biologically active
products and in biocatalyst immobilisation.

Previous works within the group related to recombinant protein produc-
tion consisted in:

+ Media formulation for aldolase production (Durany et al., 2004)
(Vidal et al., 2008).

+ Implementation of glucose-limited fed-batch operation processes
(Pinsach et al., 2008).

+ Development of a model of the whole recombinant production pro-
cess with high celldensity E. coli cultures (Calleja et al., 2014) (Calleja et
al., 2016).

* Development of an expression system based on glycine auxotrophy
to ensure plasmid stability avoiding antibiotic supplementation (Vidal et
al., 2008) (Pasini et al., 2016).
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Likewise, most recent research related to enzyme biocatalysis and bioca-
talyst immobilisation consisted in:

+ Development of a hybrid enzyme—nanoparticle complex obtained
by enzyme immobilisation onto magnetic particles (Masdeu et al., 2018).

+ Trimethyl-e-caprolactone synthesis with an immobilised glucose
dehydrogenase and an immobilised cyclohexanone monooxygenase
(Solé et al., 2019, a).

+ Co-immobilisation of a monooxygenase and a glucose dehydroge-
nase on different supports for application as a self-sufficient oxidative
biocatalyst (Solé et al., 2019, b).

- Enzymatic synthesis of a statin precursor by immobilised alcohol
dehydrogenase with a coupled cofactor regeneration system (Garcia-Bo-
fill et al., 2021, a).

* Biocatalytic synthesis of vanillin by an immobilised eugenol oxidase
(Garcia-Bofill et al., 2021, b).

2.1.2. BIOCON-COz2 project

BIOCON-CO:2 has a consortium of recognized industry experts and
leading academic organisations, comprised of eighteen industrial and
academic partners based in seven countries all over Europe, as well as
an industry partner from Israel. The consortium comprises five SMEs
(small and medium enterprises), five large industries, four research and
technology organisations and four universities (Figure 2.1), being the
UAB one of them.

Figure 2.1. BIOCON-CO: consortium partners. UAB pointed out in red.
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The main objective of BIOCON-COz project is to develop and validate
in industrially relevant environment a flexible platform to biologically
transform CO: into added-value chemicals and plastics. The project
aims to capture at least 4% of the total market share at medium term
(1.4 Megatonnes CO: per year) and 10% at long term (3.5 Mtonnes) con-
tributing to reduce EU dependency from fuel oils and support the EU
leadership in CO: reuse technologies. The versatility and flexibility of
the platform, based on three main stages—CO: solubilisation, bioprocess
and downstream—, has been assessed by developing several technolo-
gies and strategies for each stage that will be combined as puzzle pieces.
The specific objectives of the project have been divided into ten work
packages (WP).

BIOCON-CO: has attempted to develop four microbial cell factories
(MCFs) based on low-energy biotechnological processes using CO2 from
iron and steel industry as a direct feedstock to produce commodities
with application in chemicals and plastics sectors using different biolo-
gical systems:

+ Clostridia fermentative process for C3-C6 alcohols production based
on anaerobic metabolism.

+ Oligotropha carboxidovorans fermentative process for 3-hydroxypro-
pionic acid (3-HP) production based on aerobic metabolism.

+ One-pot biocatalytic production of formic (methanoic) acid by using
recombinant resting E. coli cells.

+ One-pot biocatalytic synthesis of L-lactic (2-hydroxypropanoic) acid
by using a multi-enzymatic system.

The technologic, socio-economic and environmental feasibility of the
processes has been assessed to ensure their future industrial imple-
mentation, replicability and transfer to other CO2 sources, such as gas
streams from cement and electricity generation industries.

BIOCON-CO:2 aims to overcome the current challenges of the indus-
trial scale implementation of the biotechnologies routes for CO:z reuse
by developing engineered enzymes, immobilisation in nanomaterials,
genetic and metabolic approaches, strain acclimatization, engineered
carbonic anhydrases, pressurized fermentation, trickle bed reactor using
advanced materials and electrofermentation.

The main role of ENG4BIO Group within BIOCON-CO: project is to
develop a from
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CO:z and ethanol using a multienzymatic system (Figure 2.2), which
involves the action of three different enzymes in a one-pot reaction:

+ Alcohol dehydrogenase from Saccharomyces cerevisiae (ScADH),
responsible for converting ethanol into acetaldehyde by an oxidative
reaction

+ Pyruvate decarboxylase from S. cerevisiae (ScPDC), used to trans-
form acetaldehyde into pyruvate by adding a CO2 molecule.

+ Lactate dehydrogenase from Thermotoga maritima (TmLDH), which
reduces pyruvate to lactic acid.

The system includes the recycling of nicotinamide adenine dinucleotide
(NAD) cofactor, which works as electron donor/acceptor in reduction-oxi-
dation (redox) reactions. At first, one molecule of NAD" is reduced to
NADH to allow the oxidation of ethanol and afterwards, one NADH
molecule is required to reduce one molecule of pyruvate into lactate
(Figure 2.2). This way, the cofactor is recycled, avoiding the need of
adding it continuously along the reaction time.

0) H Pyruvate 0 OH
A\ decarboxylase N/
COz + C C
TPP, Mg?* |
CHs (|3= O
CHs
acetaldehyde pyruvic acid
NADH + H*
Alcohol Lactate
dehydrogenase dehydrogenase
NAD*
?H O\\C /OH
C|:H2 [
CHs ?H_OH
CHs
ethanol lactic acid

Figure 2.2. Schematic representation of the multienzymatic system designed for L-lactic acid production

by using CO2 and ethanol as substrates.
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The development of the system described is included inside BIOCON-CO:2
WP5. However, the role of UAB did not only include the development of
this system itself but it also included the production and immobilisation
at up—scale of the enzymes involved in, aiming to obtain high quantities
of robust biocatalysts (reusable and stable) in a self-sufficient way.

Finally, UAB was also involved in the process of lactic acid polymerisa-
tion to obtain polylactic acid (PLA), based on esterification reaction by
using a lipase. This part of the research was included in WP6.

2.1.3. Enzymes involved in L-lactic acid production

(ADHs, EC 1.1.1.1) constitute a large family
of oxidoreductase enzymes responsible for the reversible oxidation of
primary alcohols into their corresponding aldehydes and the oxidation
of secondary alcohols into ketones, with the concomitant reduction of
NAD or NADP cofactors (Figure 2.3). These enzymes have been iden-
tified not only in yeasts, but also in several other eukaryotes and even
prokaryotes (De Smidt et al., 2008).

Figure 2.3. Schematic representation of alcohol dehydrogenase natural reaction.

The alcohol dehydrogenase from Saccharomyces cerevisiae (ScADH) have
been studied intensively for over half a century; most of the work on
yeast ADH genetics is due to the analysis of Christel Drewke and Michael
Ciriacy, who revealed the existence of four different isoenzymes in yeast
(ADH 1, 2, 3 and 4) (Drewke and Ciriacy, 1988). Later studies confirmed
the existence of three more.

Yeast ADH1 is a tetramer of four identical subunits —homotetramer—
with 347 amino acid residues each and a total calculated mass of 147396
Da (almost 150 kDa, 37 kDa per monomer).
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Zinc atoms are essential for maintaining the quaternary structure of
the enzyme and both zinc and the coenzyme are bound at, or near to,
each of the four reactive cysteines (Figure 2.4) (Leskovac et al., 2002).
The important role of the zinc atom in alcohol oxidation is to stabilise
the alcoholate ion for the hydride transfer step in the reverse direction,
working as an electron attractor, which gives rise to an increased electro-
philic character of the aldehyde, consequently facilitating the transfer of
a hydride ion to the aldehyde (Leskovac et al., 2002; Baker et al., 2009).

Figure 2.4. X-ray diffraction image (2.40 A) of alcohol dehydrogenase 1 from S. cerevisiae (SCADH) in its
homotetrameric structure (left), and the interactions of one of the active sites (right), using trifluoroetha-
nol (ETF) as substrate, ligated to the catalytic zinc (Zn). Extracted from Protein Data Bank (PDB 4W6Z)
through Mol* Viewer (Sehnal et al., 2021).

Pyruvate decarboxylase (PDC, EC 4.1.1.1) catalyse the non-oxidative
decarboxylation of pyruvate yielding acetaldehyde and carbon dioxide
during alcoholic fermentation (Figure 2.5) (Konig, 1998). Most of the
produced acetaldehyde is subsequently reduced to ethanol, but some is
required for cytosolic acetyl-CoA production for biosynthetic pathways.
Nevertheless, some PDC isoenzymes —PDCI1 included— are also able to
decarboxylate more complex 2-oxo acids that comes from transaminated
aminoacids, during amino acid catabolism (Lehmann et al., 1973) (Dic-
kinson et al., 2003). Apart from yeasts, PDC enzymes have also been
found in plant seeds and a few bacteria.
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Figure 2.5. Schematic representation of pyruvate decarboxylase natural reaction.

All the PDCs from yeast and bacteria studied so far are tetramers in the
native state and built up of identical or almost identical subunits with
molecular masses of about 60 kDa. Each PDC1 monomer from S. cere-
visiae (ScPDC) weights specifically 61495 Da (61.5 kDa, 563 amino acid
residues), constituting a 246 kDa homotetramer, and was discovered by
Neuberg and Karczag and subsequently isolated and partially purified
(Boiteux and Hess, 1970; Arjunan et al., 1996).

The catalytic activity of PDC depends on the presence of the cofactor
thiamine diphosphate (ThDP), which is bound mainly via a divalent
metal ion (magnesium in most cases) to the protein moiety at the inter-
face of two subunits (Figure 2.6). PDC is a very powerful tool in the
enzymatic synthesis of chiral amines by combining it with transamina-
ses when alanine is used as amine donor (Alcover et al., 2019).

Figure 2.6. X-ray diffraction image (2.30 A) of pyruvate decarboxylase 1 from S. cerevisiae (ScPDC) dime-
ric structure (left), and the substrate-binding region of one subunit (right), based on the interactions
established between magnesium (Mg), water (H20), thiamine diphosphate (ThDP) and the amino acid
residues. The space channel generated by the interaction of the two binding regions allows the entry of
substrate. Extracted from Protein Data Bank (PDB 1PVD) through Mol* Viewer (Sehnal et al., 2021).
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Lactate dehydrogenase (LDH, EC 1.1.1.27) catalyses the last step in
anaerobic glycolysis, consisting in the conversion of pyruvate to lactate,
with the concomitant oxidation of NADH to NAD* (Figure 2.7) (Osten-
dorp et al., 1996).

Figure 2.7. Schematic representation of lactate dehydrogenase natural reaction.

In general, with few exceptions, the protein has been found to be a homo-
tetramer with a subunit molecular mass of approximately 35 kDa. LDH
from T. maritima (TmLDH) represents a 144 kDa homotetramer, compo-
sed of 4 identical subunits of 319 amino acid residues (34994 Da), which
is found to be the most thermostable LDH isolated so far. NADH coen-
zyme and the effector fructose 1,6—bisphosphate contribute to confer a
long-term stability of the enzyme at temperatures up to 80°C (Hecht et
al., 1989). Surprisingly, apart from the major tetrameric fraction, about
10% of the recombinant protein occurs as a stable homooctamer (Osten-
dorp et al., 1996).

Figure 2.8. X-ray diffraction image (2.10 A) of L-lactate dehydrogenase from T. maritima (TmLDH) in its
homotetrameric structure (left), and the substrate—binding region of one subunit (right), using oxamic
acid (OXM) as substrate, ligated to the catalytic cadmium (Cd). Extracted from Protein Data Bank (PDB
1A5Z) through Mol* Viewer (Sehnal et al., 2021).
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2.2. Objectives of the thesis work

The main objective of the present work is to develop a process for the
production of purified recombinant enzymes, which has been assessed
by producing the three enzymes required to perform the one-pot bioca-
talytic system to obtain L-lactic acid. This main goal can be translated
into several specific objectives, which should be divided between project
requirements and further research work. Broadly speaking, this thesis
is entirely focused on recombinant protein production (RPP) process
intensification, starting with heterologous overexpression in E. coli and
moving on to enzyme purification/immobilisation. The specific objecti-
ves are:

+ The evaluation of the production of the three enzymes involved in
L-lactic acid synthesis at bench—scale reactor, with an N—terminal histi-
dine tag and with the E. coli NEB 10-f strain, by using a defined culture
medium.

+ The production of these three enzymes with the E. coli M15AglyA
strain at bench—scale reactor, by cloning the genes of interest into an
in-house developed expression vector and using an antibiotic-free defi-
ned culture medium.

+ The comparison of the production yields achieved with both bac-
terial strains, among the different production strategies followed to
overexpress the three histidine—tagged enzymes.

+ The generation of new enzyme variants by fusing different carbo-
hydrate—binding modules (CBM) to the N-terminal end of the three
enzymes of interest, and the assessment of their correct expression with
E. coli M15AglyA strain.

* The production of the CBM—tagged at reactor scale enzymes by using
the antibiotic-free defined culture medium.

+ The development and characterisation of a one-step purification/
immobilisation process of the different CBM—tagged variants onto low-
cost cellulosic supports, including the study of storage stability of the
immobilised derivatives and the determination of maximum loading
capacity, depending on the support and the CBM used.

+ The development of a fast liquid protein chromatography (FPLC)
purification method by using the same cellulosic supports, and the
comparison of the purification yields achieved between cellulose- and
nickel-based purification supports.
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3. MATERIALS AND METHODS

3.1. Bacterial strains

Several Escherichia coli strains have been used along the thesis work, for
vector propagation, cloning and for the overexpression of the recombi-
nant proteins designed. All bacterial strains used are presented below.

3.1.1. Escherichia coli DH5q

E. coli DH5a is a commercial strain form Invitrogen™ (Thermo Fisher
Scientific, Waltham, MA, USA) widely used for routine cloning appli-
cations thanks to its high transformation efficiency. Like many cloning
strains, DH50 has several features that make it useful for recombinant
DNA methods, being some of them (Grant et al., 1990):

+ The endAl mutation inactivates an intracellular endonuclease that
degrades plasmid DNA, achieving cleaner preparations of DNA.

+ The hsdR17 mutation eliminates the restriction endonuclease of
the EcoKI restriction-modification system, so DNA lacking the EcoKI
methylation will not be degraded, preventing cleavage of heterologous
DNA by an endogenous endonuclease.

* AlacZ)M15 is the alpha acceptor allele needed for blue-white scree-
ning with many lacZ based vectors.

+ The recAl deficiency eliminates undesired homologous recombina-
tion.

Genotype: F-980lacZAM15 A(lacZYA-argF)U169 recAl endAl hsdR17(rg",
my*) phoA supE44 L thi-1 gyrA96 relAl.

3.1.2. Escherichia coli TOP10

E. coli TOP10 (Invitrogen™) cells were used as an alternative to E. coli
DH5a cells in first cloning experiments, even if both genotype characte-
ristics are similar. The mcrA mutation supports efficient transfection of
methylated DNA.

Genotype: F-mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 recAl
araD139 A(ara-leu)7697 galU galK ArpsL(Str®) endAl nupG.
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3.1.3. Escherichia coli NEB 10-f8

E. coli NEB 10-8 was intended to be used as a polyvalent and transversal
strain, assessing its capability to be effectively employed for multiple
purposes, from molecular biology to protein production. NEB 10-f is
a commercial strain from New England BioLabs® (Ipswich, MA, USA)
derived from DHI10B cells (Thermo Fisher Scientific). Despite that its
genotype characteristics make it useful for recombinant DNA methods,
especially plasmid cloning, it was used for protein overexpression ins-
tead, taking advantage of its araD139 mutation, which makes it unable
to metabolize arabinose. This characteristic can be useful for applying
arabinose as an inducer for protein expression, through the inducible
araBAD promoter (Pgap). NEB 10-8 strains used in this work were kind-
ly sheared by Dr. Marco W. Fraajie, from Groningen University (RUG,
Netherlands).

Genotype: A(ara-leu) 7697 araD139 fhuA AlacX74 galK16 galE15
el4- ¢80dlacZAM15 recAl relAl endAl nupG rpsL (StrR) rph spoT1
A(mrr-hsdRMS-mcrBC).

3.1.4. Escherichia coli M15AglyA

E. coli M15AglyA strain (Vidal et al., 2008) was used for protein overex-
pression at high cell density cultures. This thiamine-dependent strain
is derived from E. coli M15 (Qiagen, Hilden, Germany), which contains
a M15 deletion in the lacZ gene (Beckwith, 1964; Villarejo and Zabin,
1974). M15AglyA includes the deletion of the glyA gene, which encodes
for the enzyme serine hydroxymethyl transferase (SHMT). This enzyme
is responsible for the reversible interconversion between L-threonine and
glycine plus acetaldehyde and the reversible interconversion between
serine and glycine (Stover et al., 1992).

Genotype: F- ¢80AlacM15 thi- lac- mtl- recA+ KmR AglyA.

The use of this auxotrophic strain with a complementary vector which
contains glyA gene allows to avoid the use of antibiotics as selection
markers.
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3.2. Plasmids

The expression systems used during the thesis are presented below.

3.2.1. pBAD

The pBAD vector system is based on the araBAD operon, which controls
E. coli L-arabinose metabolism (see Section 1.3, Escherichia coli as a plat-
form for recombinant protein production). The gene of interest is placed
into the pBAD vector downstream of the araBAD promoter (Figure 3.1),
which drives expression of the gene of interest in response to L-arabino-
se and is inhibited by glucose. Precise control of expression levels makes
this system ideal for producing problematic proteins, such as proteins
with toxicity or insolubility issues (Guzman et al., 1995b).

pBAD vector contains the following key features:

* The araBAD promoter drives transcription of the gene of interest
when L-arabinose is present and glucose is absent. This promoter also
controls araC expression.

+ The ribosome-binding site (RBS) and translation initiation element
from T7 bacteriophage. This allows for efficient production of the protein
of interest.

* ORF: The open reading frame of the gene of interest.

+ The rrnB terminator signal sequence stops the transcript made from
the gene of interest, preventing run-on transcription.

+ Ampicillin resistance gene allows the plasmid to be maintained by
ampicillin selection in E. coli.

+ pBR322 origin of replication. Plasmids carrying this origin exist in
medium copy numbers in E. coli.

+ araC encodes the regulatory protein of the E. coli araBAD operon.
araC inhibits expression from the araBAD promoter in the absence of
L-arabinose or the presence of glucose and activates transcription in
the presence of L-arabinose and the absence of glucose (see Section 1.3,
Escherichia coli as a platform for recombinant protein production).
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pBR322

Figure 3.1. Schematic representation of pPBAD expression vector (3990 bp). Features: araBAD promoter;
RBS, ribosome binding site; ORF, open reading frame; rrnB transcriptional termination region; Amp,
ampicillin resistance; pBR322 replication origin; araC gene.

3.2.2. pVEF

The pVEF plasmid is an expression vector derived from an in-house
developed plasmid (Pasini et al., 2016), which was obtained from the
commercial pQE-40 vector (Qiagen). In this plasmid, the gene of interest
is placed after an IPTG-inducible T5 promoter, derived from T5 phage,
which has a double a lac operator (lacO) repression module that provides
a tightly regulated expression of recombinant proteins (Figure 3.2), since
lacl repressor is expressed constitutively (see Section 1.3, Escherichia coli
as a platform for recombinant protein production).

Besides, noteworthy among its features:

+ T5 promoter allows for a strong overexpression of the protein of
interest.

+ The RBS with a high transcription level, followed by a Smal restric-
tion site that enables to clone the genes of interest right after the RBS, by
using SLIC technique.
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* lacl-glyA cassette, regulated by a constitutive promoter (J23110),
provides a constant level of lacl repressor as well as a constitutive ove-
rexpression of SHMT enzyme.

+ Two transcriptional termination regions: the t, from phage lambda
and the rrnB terminator signal from T1 phage.

+ ColE1 replication origin: medium copy number (15-60 copies per
cell).

+ Ampicillin resistance is conferred by a f-lactamase coding sequence
(bla gene).

pVEF
5555 bp

Figure 3.2. Schematic representation of pVEF expression vector (5555 bp). Features: T5 promoter; lacO,
two lac operator regions; RBS, ribosome binding site; Smal restriction site; Lto, lambda to transcriptional
termination; J23110 constitutive promoter; lacl gene; glyA gene; rrnB transcriptional termination; bla,
ampicillin resistance gene; ColE1 replication origin.

In the present work, target enzymes were cloned into the pVEF vector.
Below, it is shown a schematic representation corresponding to the two
different variants of newly cloned vectors (Figure 3.3) In all cases, enzy-
me-coding DNA sequences were cloned right after the Smal restriction
site. On the one hand, a 6x histidine-tag (18 bp) was fused to the 5’ region
of target genes (Figure 3.3 top) and, on the other hand, different DNA
sequences coding for four carbohydrate—binding modules (CBM) were
fused instead (Figure 3.3 bottom), spacing these tags from target enzy-
mes with a linker (36 bp).
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The enzyme—coding DNA sequences corresponded to ScADH (1047 bp),
ScPDC (1692 bp) and TmLDH (960 bp), whilst CBM—coding sequences
corresponded to CBM2 (315 bp), CBM2.2 (336 bp), CBM3 (462 bp), CBM9
(567 bp)

pVEF_His-Enz

pVEF_CBM-Enz

Figure 3.3. Schematic representation of pVEF expression vector containing a hisitidine—tagged enzyme
coding DNA sequence (top) or a CBM-tagged enzyme coding sequence (bottom). Features: T5 promoter;
lacO, two lac operator regions; RBS, ribosome binding site; Lto, lambda to transcriptional termination;
J23110 constitutive promoter; lacl gene; glyA gene; rrnB transcriptional termination; bla, ampicillin resis-
tance gene; ColEl replication origin; His, 6x histidine sequence; CBM, carbohydrate—binding module
sequence; Lnk, linker sequence; Enz, enzyme sequence.
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3.2.3. pUC57

The pUC57 is a common used plasmid cloning vector isolated from E.
coli DH5a strain, in which the DNA fragments corresponding to CBM3
from CtCipA (Clostridium thermocellum cellulosomal—scafolding protein
A), to CBM2 from CcEngD (Clostridium cellulovorans endoglucanase D),
to CBM2 from AcEng5 (Actinomyces sp. 40 glycosyl hydrolase 5 , from
now on CBM2.2) and CBM9 from TmXyn10A (Themotoga maritima endo-
1,4-B8-xylanase 10A) were cloned by GenScript® Biotech (Piscataway, NJ,
USA) considering codon usage optimization for E. coli.

pUCS57 vector (Figure 3.4) contains the following key features:

* lac promoter drives transcription of the gene of interest when lactose
is present and lacZ gene codifies for N-terminal fragment of the f-galac-
tosidase.

+ MCS: multiple cloning site, containing restriction sites for several
enzymes, is split into the lacZ gene.

+ Ampicillin resistance is conferred by a -lactamase coding sequence
(bla gene).

* pMBI1 high—copy—number replication origin (100-300 copies per
cell).

pMB1

Figure 3.4. Schematic representation of pUC57 expression vector (2710 bp). Features: lac promoter; MCS,
multiple cloning site; bla ampicillin resistance gene; pMB1 replication origin.
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3.3. Molecular biology techniques

Basic molecular biology techniques related to recombinant DNA tech-
nology have been used in this work. All molecular biology reagents,
FastDigest restriction enzymes and DNA purification kits were purchased
form Thermo Fisher Scientific™ (Waltham, MA, USA), unless otherwise
stated, and were used by following standard operating procedures (SOP)
described in laboratory and in the manufacturer’s instructions. Below,
different methods and proceedings are exposed.

3.3.1. DNA amplification

The polymerase chain reaction (PCR) has been used to amplify specific
DNA regions. PCR was invented in 1983 by the American biochemist
Kary Mullis, who stated that "lets you pick the piece of DNA you're inte-
rested in and have as much of it as you want" (Mullis, 1990). The PCR
method relies on thermal cycling, exposing reactants to repeated cycles
of heating and cooling to permit different temperature-dependent reac-
tions —specifically, DNA melting and enzyme-driven DNA replication
—(Garibyan and Avashia, 2013).

PCR employs several components and reagents that include:

- DNA template, containing the target region to be amplified.

+ Two primers, which are short single strand DNA fragments (oligonu-
cleotides) that are a complementary sequence to the target DNA region.
Each primer binds to the 3' end of the sense and the anti-sense strands
of the DNA, serving as an extension point for the DNA polymerase to
build on.

+ The DNA polymerase is the enzyme that links individual nucleoti-
des together to form the PCR product.

+ Deoxynucleoside triphosphates (ANTPs), the building blocks from
which the DNA polymerase synthesizes a new DNA strand.

In this work, all DNA sequences were amplified by PCR using a Phusion
Flash High-Fidelity PCR Master Mix, which has a low mutation rate
and creates blunt ends in DNA sequences that are suitable for the SLIC
technique. PCR reactions were performed in an Applied Biosystems™
MiniAmp™ Thermal Cycler (Thermo Fisher Scientific), and amplified
DNA was purified with a GeneJET PCR purification Kit.
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Altogether, the genes corresponding to the three enzymes involved in
L-lactic acid production —which were obtained from a pBAD vector
shared by Dr. Fraaije (RUG)— were cloned into a pVEF expression vec-
tor, firstly with a six-histidine coding sequence fused to N-terminal and
afterwards, with four different CBM sequences. Common PCR was
performed for poly-histidine-tagged enzymes amplification, whereas
it was required to perform a two-step overlap-extension PCR for clo-
ning CBM-tagged enzymes, including a 36-nucleotide linker fragment
between CBMs and enzyme sequences, whose DNA sequence was 5’
AGCGCGGGCAGCAGCGCGGCGGGCAGCGGCAGCGGC 3'. All the
primers designed to amplify the genes of interest by PCR are listed in
Tables 3.1 and 3.2.

Table 3.1. List of all oligonucleotides used as primers in polymerase chain reactions for DNA amplifi-
cation of histidine—fused enzymes. Tm, melting temperature in °C, GC, guanine—cytosine content in%.
Codon corresponding to first histidine residue pointed out in bold (blue), first codifying codon pointed out
in bold and stop codon underlined. Fw, forward, Rev, reverse.

Size Tm GC

Name (sense) 5’ to 3’ DNA sequence (bp) °C) (%)
Frag.For. (Fw) AGGAGAAATTAACCCATGGGCAGCAGCCATCAT 33 68 48
ScADH (Rev) CTAATTAAGCTTCCCTITATTTAGAAGTGTCAACAACG 37 61 35
ScPDC (Rev) CAGCTAATTAAGCTTCCCTITACTGCTTGGCA 31 64 45
TmLDH (Rev) CTAATTAAGCTTCCCTTAGCCGCTGGTGTTTTGG 34 65 47

Table 3.2. List of all oligonucleotides used as primers in polymerase chain reactions for DNA ampli-
fication of CBM—fused enzymes. Tm, melting temperature in °C, GC, guanine—cytosine content in%.
Overlapping region between the two DNA fragments of each construct pointed out in bold (green), first
codifying codon pointed out in bold and stop codon underlined. Fw, forward, Rev, reverse.

Size Tm GC

Name (sense) 5’ to 3’ DNA sequence (bp) ) (%)
CBM3-linker (Fw) AGGAGAAATTAACCCATGAACCTGAAAGTGGAA 33 63 39
CBM2-linker (Fw) TAAAGAGGAGAAATTAACCCATGCCGAGC 29 62 45
CMB2.2-linker (Fw) ~ AGGAGAAATTAACCCATGCCGACCACCC 28 66 54
CBM9-linker (Fw) AGGAGAAATTAACCCATGGTGGCGACCG 28 66 54
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Linker-ScADH (Rev)  GGATAGACATGCCGCTGCCGCT

Linker-ScADH (Fw) CGGCAGCGGCATGTCTATCCCAGAAACTCA

ScADH (Rev) CTAATTAAGCTTCCCTTATTTAGAAGTGTCAACAACG
Linker-ScPDC (Rev) TTTCAGACATGCCGCTGCCGCT

Linker-ScPDC (Fw) CGGCAGCGGCATGTCTGAAATTA

ScPDC (Rev) CAGCTAATTAAGCTTCCCTTACTGCTTGGCA
Linker-TmLDH (Rev) CAATCTTCATGCCGCTGCCGCTG

Linker-TmLDH (Fw) ~ GCAGCGGCATGAAGATTGGTATC

TmLDH (Rev) CTAATTAAGCTTCCCITAGCCGCTGGTGTTTTGG
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Annealing step lasted 30 seconds and the temperature depended on
the design of the primers, while elongation step temperature was fixed
on 72°C and time varied depending on the length of the fragment (30
second per each 1000 bp). Temperature profiles of PCR methods are
represented in Figure 3.5 A for common PCR and in Figure 3.5 B for

overlap—extension PCR.

98°C  98°C
30" 10" 72°C 72°C
65.69°c/ 30"/Kbp 107
30"
l x30 cycle ‘ 4°C
98°C  98°C 98°C  98°C

30"

30" 10" 72°C 72°C 3011 10" 72°C
90" 10" 65-69°C/ 30"Kbp
45°C
35"

x20 cycle ‘ l x30 cycle

72°C

10"

Figure 3.5. Temperature profile and number of cycles of polymerase chain reaction methods employed

for common PCR (A) and for overlap-extension PCR (B).
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3.3.2 DNA isolation and manipulation

Plasmid DNA isolation is an essential technique used in molecular
cloning in order not only to construct new clones but to analyse the ones
obtained. For the extraction of plasmid DNA from recombinant strains,
commercial GeneJET Plasmid Miniprep Kit was used. The DNA extrac-
tion is based on the alkaline lysis method developed by H.C. Birnboim
and J. Doly (Birnboim and Doly, 1979), which consists in a denaturation
of chromosomal DNA and proteins under alkaline conditions (pH 12.0-
12.5), while plasmid DNA is bound to a resin and eluted afterwards
using a low-ionic-strength buffer.

The enzymatic restriction of DNA was employed for linearizing the
pVEF vector prior to enzyme cloning, and for checking the correct clo-
ning of the new constructs obtained. The digestion of DNA was carried
out using restriction enzymes. Enzyme and DNA concentrations depen-
ded on the specific application, and so did temperature and reaction
time. Nevertheless, the restriction process was usually performed at
37°C for 30 minutes, and a deactivation step of 5 minutes at 85°C was
applied when necessary.

In general, a restriction enzyme unit is defined as the amount of enzyme
required to completely digest 1 mg of DNA in 60 minutes under opti-
mum conditions. The endonucleases used on that purpose, are listed
below in Table 3.3:

Table 3.3. List of all restriction enzymes used along this thesis work. Cleavage sites are indicated with
arrows (| 1).

Enzyme Cleavage site

. 5'..CCClGGG..3'
3'..GGGTCCC...5
5. T|CTAGA..3'
Xbal 3’ AGATCTA..5’
‘ol 5'..CLTCGAG..3
3'..GAGCT1C..5
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The length of all DNA fragments resulting from PCR reactions were
checked by agarose gel , which promotes DNA
separation according to the length of the DNA fragments by applying a
constant voltage, by which DNA fragments travel from the positive cell
electrode to the negative one during the time of exposure.

1% agarose gels were prepared by mixing 0.5 g of commercial TopVision
agarose tablets in 50 mL 5 mM Lithium acetate buffer (LA) and SYBR™
Safe as DNA staining reagent (5 pL). Samples were prepared with 6x
DNA loading dye and loaded into the gel. Electrophoresis gels were run
at 200 V in LA buffer for 15 minutes. GeneRuler DNA Ladder Mix was
loaded as standard molecular weight marker.

3.3.3 Enzyme cloning

Fusion proteins were cloned into a previously Smal linearized pVEF vec-
tor using a variation of the sequence- and ligation-independent cloning
(SLIC) method (Jeong et al., 2012; Islam et al., 2017) (Figure 3.6 A). SLIC
is a molecular biology technique derived from previously developed liga-
tion-independent cloning (LIC) method (Aslanidis and Jong, 1990}, which
was based on the 3'-to-5' exonuclease activity of T4 DNA polymerase
and has been used as a high-throughput method due to its uniformity
and cost—effectiveness.

However, LIC requires a specifically designed vector containing a long
stretch of sequence that lacks a particular deoxynucleoside triphosphate
(Jeong et al., 2012), whereas SLIC overcomes the sequence restraint of
LIC and allows the assembly of multiple overlapping fragments simul-
taneously as a simple, cost—effective, time-saving, and versatile cloning
method.

One-step SLIC allows inserting a gene of interest into any vector at
any position regardless of sequence variations of the genes of interest
since there is no need to digest inserts with restriction endonucleases.
By modulating the junction between the homologous and gene-specific
regions of PCR primers for the insert, one can delete or add any addi-
tional sequences, such as a restriction enzyme site or a tag sequence,
providing a robust basis for high-throughput gene cloning (Jeong et al.,
2012; Islam et al., 2017).
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Briefly, two separate T4 DNA polymerase reactions for linearized vector
and insert were carried out containing in 10 pL final volume, 40-50 ng
of either linearized vector DNA or the corresponding insert DNA in 1:2
molar ratio (Figure 3.6 B). Reaction buffer was composed of 200 mM
Urea, 20 mM DTT, 33 mM Tris-acetate (pH 7.9), 10 mM Magnesium ace-
tate, 66 mM potassium acetate, 0.1 mg-mL?! BSA and 2.5 U of T4 DNA
polymerase.

Both were incubated at 12°C for 10 minutes. Ethylenediaminetetraace-
tic acid (EDTA) (45.5 mM) was added in each tube to stop the reaction
and the tubes were incubated at 75°C for 10 minutes afterwards. The
two reactions were then mixed and annealed progressively using a tem-
perature decrease ramp of 2.4°C-min™ for 20 minutes, from 72 to 24°C
(Figure 3.6 B).

SO
+ —
~

Linearised vector Insert with = 15 bp homology = Newly cloned vector
(pVEF : Smal) to the vector ends

5 -CAGTTTCCC | GGGAAACC -3

3'-GTCAAAGGG | CCCTTTGG -5 \x y‘
pVEF : Smal

10’

<

+ EDTA 4 Mix both tubes for

T the annealing step 75— 259C
Insert

Urea 12°C
DTT 10’ 5
T4 DNA pol.

10’

75°C

10’
Cloned vector ready to use

for cell transformation

B
pVEF : Smal
Urea 12°C
DTT 10’
T4 DNA pol.

<

+ EDTA

Figure 3.6. Schematic diagrams of one-step SLIC. General overview (A). Homologous regions are in the
same color. The Smal restriction site is indicated. (B) Step-by-step SLIC procedure.
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3.3.4. DNA transformation

The conversion of one genotype into another by the introduction of
exogenous DNA is termed transformation, which was first reported in
Streptococcus pneumonia in 1928 by Frederick Griffith. The mechanism
is marked by two phases, the first phase involves the uptake of the DNA
across the cellular envelope and the second phase involves the setting up
of the DNA in the cell as a stable genetic material.

Transformation of heterologous DNA into E. coli was achieved by a phy-
sicochemical method, based on the capability of calcium ions (Ca?*) to
create pores in the cell membrane; the repulsion between foreign DNA
and the bacterial cell, owing to negative charges on them both, are over-
come by these divalent cations, which do not only mask the negative
charge of DNA but also cause changes in the membrane permeability. It
has been reported that DNA binds to the lipopolysaccharide (LPS) recep-
tor molecules on the competent cell surface, and the divalent cations
generate coordination complexes with the negatively charged DNA mole-
cules and LPS (Bergmans et al., 1981, Asif et al., 2017). Additionally, the
heat shock step strongly depolarizes the cell membrane of CaClz—treated
cells, helping to deal with the barriers to DNA uptake.

Chemical competent cells were prepared as follows: 50 pL of cell stock
of the desired bacterial strain were grown in 250 mL shake-flask cultu-
res with 10 mL Lysogeny broth medium (LB) (37°C, 200 rpm, overnight).
1 mL of first cultures was used to inoculate 500 mL Erlenmeyer flasks
with 50 mL LB, under same culture conditions. When cell growth rea-
ched and OD6oo of approximately 0.4 (two hours after inoculation), cells
were harvested by centrifugation (4000 rpm, 4°C, 10 minutes) and were
resuspended in 30 mL of ice—cold 0.1 M CaCl: solution. Afterwards, a
second centrifugation step was applied, and the resulting cell pellet was
resuspended in 2 mL calcium solution. Once homogenized, 2 mL (1:1
v/v ratio) of ice—cold 0.1 M CaCl: solution containing glycerol (40% w/w)
were added. Finally, competent cells were aliquoted into pre-chilled
eppendorf tubes (100 pL each) and were kept under ultra-refrigeration
conditions (-80°C).

Competent cells were checked by seeding 50 pL of each cell stock prepa-
red in LB-agar plates supplemented with 100 mg-L-* ampicillin (incubated
in a Sanyo MIR-154 incubator, 37°C, overnight), expecting to observe no
colonies in any case.
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For the heat-shock transformation, the following steps were followed:
100 pL of E. coli competent cells were transformed by with 10 puL of
SLIC product as follows: Competent cells were taken out of -80°C and
thawed on ice (approximately 20 minutes). 10 pL of SLIC product were
added to the aliquots and the cell- DNA mixture vas incubated on ice
for 10 minutes. Tubes were then placed into a 42°C water bath for 60
seconds and were transferred to the ice for 2 minutes afterwards. Fina-
lly, 390 pL of LB medium without antibiotic were added to the bacteria
and tubes were incubated at 37°C for 45 minutes.

Both positive and negative controls of the transformation were perfor-
med by adding 10 pL of circular pVEF (at 10 ng-pL!) and 10 pL of sterile
deionized water, respectively. Additionally, 10 pL of the SLIC negative
control (linearized plasmid without insert) were added to a third control
tube.

Finally, transformed clones were selected using LB-agar plates with 100
mg-L* ampicillin (37°C, overnight) and transformations were confirmed
by colony-PCR and by plasmid restriction pattern (Sections 3.3.1 and
3.3.2, respectively).

3.3.5. DNA sequencing

Eventually, all the genes obtained by PCR and all the different constructs
generated along this thesis work were sequenced and verified using an
ABI 3130XL DNA sequencer device from Applied Biosystems™ (Thermo
Fisher Scientific), at IBB facilities (Institute of Biotechnology and Biome-
dicine, UAB, Spain), via Genomic and Bioinformatics Service (SGB).

The Sanger method was applied for DNA sequencing, based on the use
of a thermostable polymerase that allows a cyclic sequencing reaction
(Sanger et al., 1977). The primers designed for PCR amplification (Tables
3.1 and 3.2) were also used for DNA sequencing, with the addition of
one forward—sensed primer based on pVEF vector, whose homologous
region is placed 166 bp prior to RBS. Its corresponding sequence was 5’
CGAAAAGTGCCACCTGACGT 3' and it was used aiming to determi-
nate with higher accuracy the DNA region corresponding to the start of
transcription.
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3.4. Growth medium composition

Along this thesis work, different culture mediums have been used for
cell growth. Complex mediums were used at early stages of the research,
for molecular biology experiments, first cell stocks generation and for
preliminary production studies in well plates and in shake flasks.
Afterwards, a defined and antibiotic-free minimum medium (DM) with
glucose as carbon source was used for final cryostock generation and for
protein overexpression at bioreactor scale.

All reagents used for medium preparation were purchased from Sig-
ma-Aldrich (St. Louis, Mi, USA), unless otherwise stated.

3.4.1. Complex mediums

(LB) —which has come to colloquially mean Luria—
Bertani medium—, containing 10 g-L'! peptone, 5 g-L'! yeast extract and
10 g'L'! sodium chloride (NaCl), was used for molecular biology expe-
riments, for first cell stocks generation and for preliminary production
screenings. LB was also used for Petri dish cultures, for which bacterio-
logical grade agar was added to a final concentration of 15 g-L-1. In all
cases LB medium was sterilised by autoclaving (121°C, 30 minutes).

(TB) medium, containing 23.6 g-L'! tryptone, 11.8 g-L!
yeast extract, 4 g-L! glycerol (by adding 8 mL-L* of a 50% w/w glycerol
solution), 9.4 g-L'1 KzHPOs4, 2.2 g-L-* KH2POs4, was used for preliminary
protein overexpression experiments performed in Erlenmeyer flasks. TB
medium components were sterilised by autoclaving (121°C, 30 minutes).

3.4.2. Defined mediums

The defined minimum medium (DM) is a glucose mineral medium used
for final cryostock generation and for protein overexpression at sha-
ke-flask and bioreactor scale. This medium has been widely used inside
the research Group (Durany et al., 2004, Vidal et al., 2008, Pasini et al.,
2016). The diverse components of the DM were prepared separately as
stock solutions as listed below (Tables 3.4 and 3.5):
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Table 3.4. List of all stock solutions used for DM preparation.

Component Concentration (g-L™)

Glucose 400
MgSO;, - 7H,0 400
(NH4)2SO4 300
KoHPO, 52.8
KH2PO4 10.4
Nacl 8
FeCls 50
Thiamine 50
CaCl; - 2H,0 100

Additionally, a trace elements solution (TES) was prepared:

Table 3.5. List of all TES components and their final concentration in stock preparation.

Component Concentration (g-L?)

AICl3 0.04
ZnSos- 7H,0 1.74
CoCl;- 6H,0 0.16
CuSos - H,0 1.55

H3BOs 0.01
MnCl; - 4H,0 1.42
NiCl; - 6H,0 0.01

Na;MoO4 0.02
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Glucose, phosphates (macro-elements) and ammonium sulphate stock
solutions were sterilised by autoclaving (121°C, 30 minutes) while TES
and the rest of the solutions were sterilised separately by filtration using
a 0.2 pm syringe filter. All components were mixed once the heat of
autoclaved solutions decreased to room temperature (24°C).

Nevertheless, it was also required to prepare an additional stock solution
of glycerol (500 gL, sterilised by autoclaving at 121°C for 30 minutes)
that was used as carbon source in cultures where E. coli NEB 10-f8 con-
taining a pBAD vector was grown, mainly because the araBAD operon
is inhibited by glucose (see section 1.1.1.2). Moreover, NEB 10-8 cells
required the addition of three amino acids when DM was used, as pre-
viously described (Miret et al., 2020). For that reason, three concentrated
amino acid stock solutions were prepared as described below (Table 3.6),
which were sterilised by filtration using a 0.2 pm syringe filter.

Table 3.6. List of the tree amino acid stock solutions prepared.

Component Concentration (g-L)

L-valine (L-val) 7.04
L-leucine (L-leu) 14
L-isoleucine (L-ile) 10.4

Defined medium used for shake-flask cultures —including cultu-
res for protein overexpression experiments and the preparation of the
inoculums for the bioreactor processes— was prepared from sterile
concentrated stock solutions. The list of all components and their final
concentration are listed below (Table 3.7):
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Table 3.7. DM composition for shake-flask cultures.

Component Concentration (g-LY)

Glucose 10
MgS0s - 7H,0 0.2
(NH4):504 4
K2HPO,4 13.2
KH2PO4 2.6
NaCl 2
FeCls 0.025
Thiamine 0.1
CaCl, - 2H,0 0.005
TES 3mLL'/0.72 mL-Lt*
L-val ** 0.07
L-leu ** 0.21
L-ile ** 0.104

* TES proportion decreased in flask cultures where NEB 10-§ strain was grown.
**DM had to be supplemented with amino acids in cultures where NEB 10-§ strain was grown.

For E. coli NEB 10-8 overexpression experiments in shake-flask cultures,
a second DM that contained glycerol instead of glucose was prepared at
the same final concentration. The use of the two DM prepared for this
specific case is described in section 3.5.1.

Defined medium used for batch stages performed during bioreactor
processes was prepared as follows (Table 3.8):
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Table 3.8. DM composition for bioreactor cultures at batch phase.

Component Concentration (g-L?)

Glucose 20
MgS0, - 7H,0 0.5
(NH4),S04 6
K2HPO4 13.2
KH2PO4 2.6
Nacl 2
FeCls 0.025
Thiamine 0.2
CaCl, - 2H,0 0.005
TES 3mLL'/0.72 mL-Lt*
L-val ** 0.28
L-leu ** 0.84
L-ile ** 0.416

* TES proportion also decreased in bioreactor cultures where NEB 10-§ strain was grown.

**DM had to be supplemented with amino acids in cultures where NEB 10-f strain was grown.

For the bioreactor production processes in which a fed-batch strategy
was followed, a concentrated feeding solution was added after the end
of batch phase to reach high cell densities. Its composition is described
in Table 3.9. Once again, For E. coli NEB 10-f cultures, a second feeding
medium that contained glycerol instead of glucose was prepared at the
same final concentration. The use of the two DM prepared for this spe-
cific case is described in Section 3.5, Cultivation conditions.
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Table 3.9. Concentrated feeding solution used in fed-batch processes.

Component Concentration (g-L?)

Glucose 500
MgS0s - 7H,0 9.5
FeCls 0.5
Thiamine 0.02
CaCl; - 2H;0 0.1
TES 60 mL-L*

L-val * 1.68
L-leu * 5.02
L-ile * 2.56

*DM had to be supplemented with amino acids in cultures where NEB 10-8 strain was grown.

3.4.3. Medium supplements

The antibiotic used and the inducers employed for protein overexpres-
sion were prepared, sterilised by filtration (0.2 pm) and stored in aliquots
at -20°C as stock solutions:

Table 3.10. Medium suplements.

Component Concentration (g-L?)

Ampicillin 100
IPTG 23.83
L-arabinose 200
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3.5. Cultivation conditions

Prior to perform all the overexpression experiments that have been
carried out along this work, different ready-to-use cell bank cryostocks
were established for all the E. coli strains employed for that purpose. In
addition, stocks were prepared with both complex and defined mediums.
This way, bacterial cells were stored at -80°C in a mixture of culture
media with glycerol (25% v/v final concentration).

For , a single colony was picked from plate cultures,
and cells were grown in 50 mL Erlenmeyer flasks containing 5 mL of the
desired medium —LB or DM— (37°C, 140 rpm, overnight). Afterwards,
5 mL of previous culture were transferred to a new flask containing 30
mL of culture medium, starting at an ODseoo of approximately 0.5. Same
culture conditions were kept and after six hours the biomass was separa-
ted from the culture media by centrifugation at 5000 rpm for 10 minutes
at 4°C in an Avanti™ ]20 centrifuge (Beckman Coulter, Brea, CA, USA)
in 50 mL falcon tubes. Culture medium was discarded, and the resulting
pellet was resuspended with 5 mL of fresh medium. Once homogenized,
5 mL of an autoclaved glycerol solution 50% (v/v) were added. The final
mixture was aliquoted in cryovials containing each 1 mL of the final cell
bank stock.

In all cases where complex medium was used, cultures were supplemen-
ted with ampicillin (0.1 gL' final concentration) as selection marker,
aiming to avoid the loose of the plasmid transformed in each case.

After molecular biology experiments by which new transformants were
obtained, it was required to perform a previous

with the aim to establish a ready-to-use cell bank
cryostock with the most productive E. coli M15AglyA colonies.

Well plate cultures were seeded with transformed colonies from LB-agar
plates. Protein production screenings were carried out (2 mL LB medium
with 0.1 g-L't ampicillin, 24°C, 24h, 140 rpm, 0.4 mM IPTG) and more
productive candidates were used to generate the final stock.

Before generating cell bank stocks, M15AglyA colonies were adapted to
DM by performing a in 100 mL Erlen-
meyer flasks with 30 mL of DM (overnight at 37°C and 140 rpm of
agitation).
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3.5.1. Shake-flask cultures

For flask—scale cultures, inoculums were prepared by adding 100 pL of
the corresponding cryostock into a 50 mL Erlenmeyer flask with 10 mL
of culture medium. Growth was performed overnight at 37°C with 140
rpm of agitation.

For protein overexpression experiments in flasks, all the cultivations
were performed for triplicate at 24°C and 140 rpm. 250 mL Erlenmeyer
flasks containing 50 mL of culture medium were used and inoculum
was added to start the production process at an ODeoo of approximately
0.5 in all cases.

Induction step: For the protein overexpression experiments performed
with complex medium the corresponding inducer was added with a sin-
gle pulse at a final concentration of 0.06 g-L! for the expression systems
induced with IPTG and at a concentration of 0.1 g-L'! for the expression
vectors induced with L-arabinose, and all cultures were supplemented
with ampicillin (0.1 g-L1).

However, when DM was employed the induction step was performed in
a different way according to the expression vector used; on the one hand,
for E. coli NEB 10-f strain transformed with pBAD vectors, a medium
replacement was needed. Cultures started with the glucose-based DM
and after 24 hours of growth, the biomass was centrifuged (5000 rpm, 10
minutes, 4°C) and the resulting pellets were resuspended with 10 mL of
fresh glycerol-based DM. A second centrifugation process was carried
out under the same conditions and pellets were resuspended in 50 mL of
glycerol-based DM. Finally, a pulse of L-arabinose was added at a final
concentration of 0.1 g-L't. Overexpression experiments ended 24 hours
after the medium replacement.

On the other hand, cultures performed with E. coli M15AglyA containing
a pVEF vector did not need any medium change. For that, a pulse of
IPTG was added after 6 to 8 hours of growth at a final concentration of
0.25 mM (0.06 g-'LY), and the overexpression experiments ended at 24
hours of growth.

In all cases, inductor was added in two of the three flasks, whereas the
third culture was not induced (negative control) and samples before and
after the induction step were taken from all flasks.
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3.5.2. Bioreactor cultures

Bioreactor cultivations were carried out by following two different pro-
cess approaches; for some overexpression experiments a batch strategy
was chosen whereas for some other experiments fed-batch processes
were carried out. Nevertheless, in all bioreactor cultivations an Appli-
kon ez-Control (Applikon Biotechnology®, Delft, Netherlands) was used,
equipped with pH, dissolved oxygen (POz2) and temperature probes. The
digital control unit (DCU) controlled the pH, stirring, temperature and
dissolved oxygen of the culture.

, a5 L vessel was used. In all cases the tem-
perature was maintained at 24°C along the process, regardless of the
culture medium used, and the pH was kept at 7.00 + 0.05 by adding
NH:OH 15% (v/v) and 2 M H2SOs4 solutions; NH4* from base addition
did also serve as the nitrogen source for biomass growth. Airflow of 1
vvm was applied and oxygen saturation level was controlled through the
stirring (450-1100 rpm); it was set to a POz of 60% for E. coli M15AglyA
strain and 30% for NEB 10-8 strain. In the latter case, ampicillin (0.1
mg-mL1) had to be added in all cases.

For fermentations with TB medium, pre-inoculum cultures were pre-
pared in 50 mL Erlenmeyer flasks with 15 mL of LB plus 100 pL of the
corresponding cryostock, (37°C, 140 rpm, overnight and ampicillin 0.1
g-L1). Inoculum cultures started at an ODsoo of 0.2 in duplicate 500 mL
Erlenmeyer flasks, using 100 mL of LB per flask and the corresponding
volume of pre-inoculum supplemented with the antibiotic (24°C, 140
rpm). Cultures were kept under incubation for 4 to 6 h, until the biomass
concentration overtook an ODsoo of 1.

The whole volume of inoculum cultures (200 mL) was used to inocu-
late the reactor, that contained 3.5 L of TB culture medium (also with
antibiotic at 0.1 g'L'!). The induction was performed 4 hours after the
inoculation, and the process ended at 22—-24 hours, when all substrates
were consumed and cellular metabolism decreased notably, reaching a
final culture volume of around 3.7 and 3.8 L. Culture was induced by
adding a single pulse of 1 mL-L! of a 20% (w/w) arabinose solution (final
concentration of 0.2 g-L-!) for NEB 10-§ strains, and a single pulse of
2.5 mL-L! of 100 mM IPTG solution (0.25 mM final concentration) for
M15AglyA strains.
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For batch processes with DM, pre-inoculum cultures were prepared in 50
mL Erlenmeyer flasks with 15 mL of DM plus 100 pL of the correspon-
ding cryostock, (37°C, 140 rpm, overnight). Inoculum cultures started at
an ODgqg of 0.2 in duplicate 500 mL Erlenmeyer flasks, using 100 mL of
DM per flask and the corresponding volume of pre-inoculum (24°C, 140
rpm). Cultures were kept under incubation for 4 to 6 h, until the biomass
concentration overtook an OD6oo of 1.

Inoculum volume was added to the reactor with 4 L of DM, starting
at an ODeoo of approximately 0.1. Culture growth was kept overnight,
and the induction phase occurred afterwards (at 16—17 hours of process)
by adding a single pulse of IPTG (0.25 mM final concentration). Batch
processes stopped when all glucose was consumed, and cell metabolism
decreased, what happened after 26—28 hours process.

In all cases, samples before and after the induction were taken and pro-
tein content and enzyme activity were measured afterwards.

were performed in the same bioreactor equip
than for batch cultures, and culture conditions were similarly set and
controlled, with the modification of pure oxygen addition after the maxi-
mum stirring was achieved in the cascade control for POz maintenance.
A 2 or a 5 L vessel were used, and temperature was maintained at 37°C
and pH at 7.0 £ 0.05 by adding NH+OH 15% v/v and 2 M H2SO4 solutions.
Airflow of lvvm was applied, and oxygen saturation level was set to a
PO:z of 60% for M15AglyA strains and of 30% for NEB 10-8, controlled
through a cascade of stirring (450—1100 rpm) and pure oxygen addition
after maximum stirring was reached (setup images in Figure 3.7). Ini-
tial batch phase was started by transferring 200 mL of inoculum to 800
mL of DM, with 20 g-L! of glucose. Afterwards, once the initial gluco-
se was totally consumed, the substrate limiting fed-batch phase started
by adding exponentially the feeding medium through a preprogrammed
exponential addition, using the following equation (Eq. 1):

80



u - X - VO . e(u'At)
Yx/s * So

F

Where:

+ F is the feeding flux (mL-min-?).

+ p is the fixed specific growth rate (0.2 h-)

+ At is the time interval in which the feeding flux is applied (1 h).

+ X is the predicted biomass concentration (g-L!) in the bioreactor at
the end of the time interval.

* Vy is the culture volume (L) at the beginning of the time interval.

* Yx/s is the biomass/substrate yield (set at 0.3 g-g1).

+ So is the concentration of substrate —glucose or glycerol— in the
feeding medium (~500 g-L1).

For processes with M15AglyA, induction phase started by adding a pulse
of 100 mM IPTG (2.5 mL-L?, 0.25 mM final concentration) when the
culture surpassed a biomass concentration ODsoo = 100, and the whole
process ended when cell growth stopped and glucose accumulation was
detected, reaching in all cases a final culture volume of approximately
2 L.

On the other hand, for processes with NEB 10-8 cells, two different
addition media were used: one for a first fed-batch growth phase and
another for the induction phase, being the first one the same glucose—
based medium used for M15AglyA and the second one a glycerol-based
and amino acid-supplemented DM (see Table 3.9) changing at this point
the specific growth rate (p) from 0.2 to 0.05 h-1. This approach was deve-
loped and described by J. Miret (Miret et al., 2020), who after the first
fed-batch phase applied a a step of 1 h without feeding and with a linear
decreasing of temperature to 24 °C, that was followed by a second fed-
batch phase, in which the induction was carried out by adding arabinose
at a final concentration of 0.2 g-L! in the bioreactor.

Once the induction phase started, the above mentioned NH,OH solution
used as a corrector agent was switched by a NH+OH solution containing
the amino acids L-leu, L-ile and L-val at a concentration of 90, 45 and
30 gLt respectively. That fact was required since the proportion amino
acid vs carbon source in the base medium could not be met in the fee-
ding medium due to solubility issues.
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Figure 3.7. Schematic representation of the bioreactor setup (top) and a picture of the actual bioreactor

setup ( ).

3.6. Enzyme recovery

Biomass was separated from the culture media by centrifugation at 7000
rpm for 20 min at 4°C in an Avanti™ J20 centrifuge (Beckman Coul-
ter, Brea, CA, USA). For shake-flask overexpression experiments 50 mL
falcon tubes were used whereas for bioreactor production 500 mL cen-
trifugation tubes were employed. The pellet was divided into several
aliquots and kept frozen at -20°C. When needed, the aliquot of interest
was resuspended in 50 mM Tris—HCI (pH 7.50) buffer and lysed using
an OneShot cell disruptor (Constant Systems Ltd, Daventry, UK), for
2 cycles at 1.47 kbar pressure. Phenylmethylsulphonyl fluoride (PMSF)
was added as protease inhibitor, unless otherwise stated at final concen-
tration of 0.1 mM (17.42 mg-L1). Cell debris and insoluble fraction was
removed by centrifugation at 13000 rpm for 30 min at 4°C. Cell lysate
for further usages was stored at -20°C in 50 mL falcon tubes.
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3.7. Analytical methods

3.7.1. Biomass measurement

The biomass concentration was measured in terms of absorbance at 600
nm of wavelength (ODgqo) using a HACH® D3900 (Hach, Loveland, CO,
USA) spectrophotometer, diluting the samples in an absorbance lower
than 0.9 with distilled water. Biomass concentration expressed as dry
cell weight (DCW) was calculated considering that 1 ODg( unit is equi-
valent to 0.3 g DCW-L! (Pinsach et al., 2008; Miret et al., 2020). All
samples were measured for duplicate.

3.7.2. Substrates and by-products concentration measurement

In all cases, 1 mL of culture sample was centrifuged (13000 rpm, 3
minutes, 24°C) and filtered (0.45 pm) to remove biomass prior to the
analytic procedures.

The resulting supernatant was then used for

, using an YSI 20170 system (YSI Inc., Yellow
Springs, OH, USA). All samples were diluted with distilled water to a
glucose concentration lower than 10 g-L'! and were analyzed for dupli-
cate.

Supernatant was also used for

, by high-performance liquid chromatography (HPLC)
Ultimate 3000 (Thermo Scientific) equipped with a Dionex UltiMate
3000 variable wavelength detector. An ICSep COREGEL 87H3 (Transge-
nomic® Omaha, NE, USA) 7.8 x 300 mm column was employed, using
a 6 mM H2SOu4 solution (pH 2.0) as mobile phase (0.3 mL-min-t, 40°C).

3.7.3. Total protein content and enzyme titre determination

Total intracellular protein content present in cell lysates were determi-
ned with the Bradford method and relative amount of target enzymes
was determined by protein electrophoresis.

The was carried out with Coomassie Protein Assay
Reagent Kit (Thermo Scientific) and bovine serum albumin (BSA) as pro-
tein standard, following manufacturer’s instructions. The assays were
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performed in 96-microwell plates, by mixing 200 pL of Coomassie rea-
gent with 7 pL of a sample (diluted with distilled water if needed). A
Multiskan™ FC equipment (Thermo Scientific) was used for the absor-
bance reading (595 nm) 15 minutes after the mixture of the components.

BSA serial dilutions between 0.4 and 0.1 mg-mL! were used to genera-
te a regression line that allowed to determine the concentration of the
analyzed samples as a function of their absorbance, and all samples
were analyzed for duplicate (BSA included).

For , samples were subjected to sodium dode-
cyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis to
determine the percentage of target enzymes among the rest of intracellu-
lar soluble proteins present in the lysates obtained.

For that, NuPAGE® 12% Bis Tris gels MES-SDS as running buffer were
used, following the manufacturer’'s manual (Invitrogen™). Samples were
prepared by mixing 5 pL of sample buffer (4X) with 3 pL of miliQ water,
2 pL of NuPAGE® sample reducing agent (10X) and with 10 pL of the
sample (with a protein concentration of approximately 0.4 mgmL).
After 10 minutes of incubation at 70°C, 15 pL of each vial were loaded
into the gel. Blue Prestained Precision Plus Protein standard (Bio-Rad
Laboratories, Hercules, CA, USA) was used as molecular weight marker
(5 L), and protein migration was promoted by the electric current gene-
rated (200 V, 40 minutes) in a Mini-PROTEAN II apparatus (Bio-Rad).
Afterwards, gels were rinsed with distilled water and then covered with
a 40% (v/v) methanol and 10% (v/v) acetic acid aqueous solution, used for
gel fixation for one hour.

After fixation, gels were washed again and then covered with Bio-Safe™
Coomassie (Bio-Rad) for at least 2 hours, and the excess of dye was remo-
ved from gel with distilled water for 2 more hours. Finally, the relative
amounts of target proteins could be quantified by densitometry using the
Bio-Rad Gel Doc™ EZ System and the specific software Image Lab™.

3.7.4. Enzymatic activity assessment

The production yield of all the target proteins overexpressed was not
only measured in terms of protein concentration but also in terms of
enzymatic activity. All measurements were carried out by using a Cary-
50Bio UV-visible spectrophotometer (Agilent Technologies, Santa Clara,
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CA, USA). For soluble enzyme samples, a 2 mL and 1 cm-depth polys-
tyrene BRAND® UV cuvettes (Sigma Aldrich) were used at final assay
volume of 1.5 mL; for immobilised enzyme samples 3.5 mL quartz cuve-
ttes HELLMA® 100-QS (Hellma Analytics, Miilheim, Germany) with
magnetic stirring were used, at final assay volume of 3 mL. All activity
values samples were analysed for triplicate, and the temperature was
controlled and set at 25°C for all measurements.

One unit of enzyme activity (AU) is defined as the amount of enzyme
required to catalyse the conversion of 1 pmol of substrate per minute at
25°C.

(ADH) activity present in lysates and in immo-
bilised derivatives was determined by following spectrophotometrically
the formation of NADH at 340 nm of wavelength —being the molar
extinction coefficient (¢) of S-NADH of 6.22 mM1-cm™'— as a consequen-
ce of the enzyme conversion of ethanol to acetaldehyde that requires the
presence of NAD* as cofactor. The reaction mixture contained ethanol
at 543.6 mM, - NAD* at 7.5 mM, 20 mM of phosphate buffer (pH 8.80),
and 50 pL of enzyme sample.

(PDC) activity was measured by following
spectrophotometrically the depletion of NADH at 340 nm of wavelength
(e = 6.22 mM1-cm-!) caused by the conversion of acetaldehyde to etha-
nol (which is a coupled reaction performed by ADH) that requires the
presence of NADH as cofactor. The reaction mixture contained 33 mM
sodium pyruvate, 0.11 mM - NADH, 3.5 AU-mL! ScADH (commercial)
and 0.1 mM TPP and 0.1 mM MgClz in citrate buffer200 mM (pH 6.0),
plus 50 pL of enzyme sample.

(LDH) activity was also measured by following
spectrophotometrically the depletion of NADH at 340 nm of wavelength
(e = 6.22 mM1-cm) but due to the conversion of pyruvate to lactate. In
this case, reaction mixture contained 33 mM sodium pyruvate, 0.11 mM
R- NADH, 50 mM of phosphate buffer (pH 7.6) and 50 pL of the sample.

In all cases, enzyme activity was determined once the difference of
absorbance at 340 nm per minute was measured, using the following
equation (Eq. 2):
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Where:
+ AAbs-At! is the difference in absorbance per minute.
* V, is the total assay volume (mL).
+ L is the depth of assay cuvette (1 cm).
+ ¢ is the molar extinction coefficient (mM-1-cm).
* Ven, is the volume of enzyme sample added to the assay.

3.8 Biocatalysts immobilisation

Immobilisation experiments performed in this work were carried out
by immobilising the three enzymes fused whether to the CBM3 domain
from C. thermocellum or the CBM9 domain from T. maritima. Immo-
bilisation experiments were performed aiming to establish a one-step
purification/immobilisation process for the CBM—fused enzymes, based
on affinity interactions between CBMs and cellulosic supports. Micro-
crystalline cellulose (MC) and regenerated amorphous cellulose (RAC)
were used.

3.8.1 Regenerated amorphous cellulose preparation

Regenerated amorphous cellulose (RAC) cellulose was prepared from
Avicel® PH-101 (Sigma) and Avicel® PH-200 —which was kindly donated
by DuPont™ N&B (New York, NY, USA)— by following a well-described
procedure (YH et al., 2006), consisting in acid treatment of microcrysta-
lline cellulose at low temperature.

Firstly, 20 g of cellulose was suspended in 200 mL of cold distilled water
(4°C), 10 mL aliquots of the suspension were mixed with 40 mL of 85%
(v/v) orthophosphoric acid (HsPO4) in 50 mL falcon tubes, that were kept
under refrigeration (4°C) and roller agitation. Afterwards, each falcon
tube was diluted and mixed in 500 mL of ice—cold distilled water and
the whole volume was vacuum filtered. RAC was rinsed out for a second
time with the same volume of water, and 2 mL of 2 M sodium carbonate
(NazCOs) were added to neutralise any rest of acid. A last wash step with
500 mL of water was performed and the support was filtered again.
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RAC was suspended in distilled water at a ratio of 10 grams of recovered
support per litre and was stored under refrigeration (4°C). 1.5 mg of 2%
(w/v) sodium azide (NaN3) solution was added to avoid microbial conta-
mination.

3.8.2. Immobilisation of fusion proteins to cellulosic supports

Immobilisation experiments were performed with 9 mL of cell lysate
(see Section 3.6, Enzyme recovery) containing CBM3- or CBM9—fused
enzymes and 1 mL of filtered support. Immobilisation processes were
carried out at room temperature (24°C) with roller bottles and all expe-
riments were done for triplicate. Supernatant and suspension activities
were analysed over time until a steady state was reached and in all cases
the activity of a blank (no support) was also monitored to ensure that the
enzyme activity was not affected by protocol’s conditions.

Several samples were taken along the experiment time and enzyme acti-
vity was measured for triplicate. Error bars correspond to standard error
of all activity measurements.

Immobilisation yield (IY) and retained activity (RA) were calculated
using the following equations (Eq. (3) and (4), respectively):

IY (%) = A‘Zi‘s”- 100 3)
RA (%) = W 100 (4)

Where:

+ A, is the initial enzyme activity offered.

+ Ag, is the remaining enzyme activity measured in supernatant at the
end of experiment .

+ Ay is the enzyme activity of the suspension (supernatant plus
support) measured at the end of experiment.

In order to determine the immobilisation parameters, small amounts
of enzyme were loaded (< 50 AU-mL?! of support) so that diffusional
limitations were minimized. Nevertheless, for maximum load capacity
assessment, cell lysate volumes used were higher than 9 mL since grea-
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ter enzyme amounts were required to determine the maximum activity
units that can be immobilised in 1 mL of cellulosic support, accepting
this way the presence of diffusional limitations.

3.8.3. Immobilised derivatives storage stability

Immobilised derivatives were recovered by vacuum filtration and were
resuspended in fresh 50 mM Tris-HCI pH 7.50 buffer. Samples were
kept under refrigeration and activity was measured after 1 ,2 ,3 4, 7,
15 and 30 days for blank samples and immobilised derivatives, aiming
to determine the half-life time of both soluble and immobilised forms
under storage conditions. Before measuring enzyme activity, samples
were tempered (24°C) and homogenised at roller bottles.

3.8.4. Eluent screening

CBM-tagged ScADH soluble enzymes obtained from cell lysates (2 mL)
were incubated at room temperature (24°C) under roller agitation with
different Tris-HCl pH 7.50 buffer solutions containing 3.6 M D-sorbi-
tol, 10.2 M glycerol, 13.4 M ethylene glycol (EG), 1 M D-glucose, 0.9 M
D-mannitol, 1 M Polyethylene glycol (PEG), and 3.2 M Xylitol at final
volume of 10 mL. Enzyme activity of each vial was analysed for 2 h to
assess enzyme stability towards these compounds, that were conside-
red as possible eluent candidates. All experiments were performed by
triplicate, including a negative control (blank) containing 2 mL of CBM-
ScADH soluble enzymes and 8 mL of Tris-HCI buffer.

Same compounds were subsequently used in an elution screening expe-
riment of CBM9-ScADH fusion protein from RAC support, unless for
D-sorbitol, which showed unsuccessful results at stability tests. 0.4 mg
(0.375 mL) of a CBM9-ScADH immobilised derivative were incubated
under the same conditions reported for stability test, at a final volume
of 10 mL. The enzyme activity of the immobilised derivative suspen-
ded in Tris-HCI buffer was measured prior to start the eluent screening
experiment, to check that samples kept ADH activity, and after mixing
1896 with the different solutions, supernatant activity was measured for
1 h, to assess the elution capability of each compound. Once again, all
candidates were tested by triplicate.

88



3.9. Fast liquid protein chromatography

Fast liquid protein chromatography (FPLC) method was used for protein
purification (Figure 3.8). An AKTA™ Pure 150 equip from Cytiva (Upp-
sala, Sweden) with a Pharmacia XK-16/20 column (30 mL) was used in
all purification processes, unless otherwise stated. Process was carried
out at room temperature (24°C) and all fractions were collected and sub-
sequently analysed by Bradford assay, by SDS-PAGE electrophoresis and
by activity assay.

Histidine—tagged enzymes were purified by

(IMAC) with FPLC by using 10 mL of a crosslinked
agarose derivatized with iminodiacetic acid (IDA) from ABT (Madrid,
Spain) and functionalised with Ni?* ions.

The column bead was conditioned with 2.5 column volumes (CV) of 50
mM imidazole and 500 mM NaCl in 50 mM Tris-HCI buffer (pH 7.50)
and 20 mL of cell lysate containing the target histidine—tagged enzymes
were loaded onto the column at 1 mL-min! —establishing a residence
time of 20 minutes—. Column was washed with 4 CV of the same solu-
tion used for equilibration, and finally target enzymes were eluted with
2 CV of 500 mM imidazole in 50 mM phosphate buffer (pH 7.50).

A second step consisting in a size-exclusion chromatography was requi-
red to remove imidazole (desalting) by using a Pharmacia XK-16/70
column packed with 120 mL of Sephadex® G-10 support (Merck Life
Science, Darmstadt, Germany) . Colum was conditioned with 2 CV of 10
mM phosphate buffer (pH 7.50) and sample was loaded onto the column
at 3.5 mL-min-l.

For purification of CBM—-fused enzymes, a

process based on previous reports (Boraston et al.,
2001) was carried out, using 15 mL of Avicel® PH-200-derived RAC. 10
mL of the clarified cell lysate containing the target CBM—fused protein
were loaded at 0.5 mL-min! onto the column —previously conditioned
with 2 CV of 50 mM Tris-HCI buffer, pH 7.50—. The column was first
washed with 5 CV of 200 mM NaCl in 50 mM Tris-HCl buffer, pH 7.50
(5 mL-min-!) and with 3 CV of 50 mM Tris-HCI buffer, pH 7.50 (5 mL
‘min-!) afterwards. The bounds between CBMs and RAC were desorbed
with 3 CV of 2 M glucose in 50 mM Tris-HCI buffer, pH 7.50 (2 mL

‘min-).
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Figure 3.8. Picture of the actual FPLC setup.
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4. RESULTS I: HISTIDINE-TAGGED ENZYMES OVEREXPRES-
SION IN E. COLI

Abstract

The bacteria E. coli is the main workhorse used for cloning, molecular
biology and recombinant protein expression purposes. Hence, using one
single E. coli strain to develop all these tasks could result in a simplifi-
cation of the production process of a newly cloned protein of interest.
In this work, the E. coli strain NEB 10-f was intended to be used as a
polyvalent and transversal strein, assessing its capability to be effecti-
vely used for the expression of the histidine—tagged enzymes involved
in L-lactic acid synthesis, obtaining between 20 and 54 mg of target
enzymes per gram of biomass by following a two-step fed-batch strategy
with defined culture medium. Nevertheless, aiming to assess if higher
production yields could be achieved with a typically—used E. coli strain,
the three target enzymes were cloned into an in-house developed expres-
sion vector by following a sequence- and ligation-independent cloning
method (SLIC). Afterwards, the re-sulting fusion proteins were produced
by using the auxotrophic M15AglyA strain, with an antibiotic-free mini-
mum culture medium. Specific production range varied from 45 and
41 mg of His-ScADH and TmLDH per gram of biomass, up to 85 mg-g!
DCW of His-ScPDC, corresponding to 7300, 2400 and 1900 AU-g'DCW,
respectively. Finally, production parameters were compared not only
between the two E. coli strains but between the different production
strategies followed to produce histidine—tagged enzymes.
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4. RESULTS I: HISTIDINE-TAGGED ENZYMES OVEREXPRES-
SION IN E. COLI

4.1. Overexpression studies with the NEB 10-§ strain

Given the multi enzymatic system designed to produce lactic acid (des-
cribed in Section 2.1, Context of the thesis work), it was firstly necessary
to obtain enough amount of the three enzymes involved in it before
trying to produce the target molecule. In that context, the easiest and
fastest way to proceed with the biocatalysts production was to use the
existing recombinant protein production (RPP) platform, already develo-
ped by the project partner (Rijksuniversi-teit Groningen, RUG) responsible
for enzyme engineering.

This specific platform in which ScADH, ScPDC and TmLDH were ove-
rexpressed consisted in the bacterial E. coli NEB 10-§ strain, with the
three corresponding genes cloned into the pBAD vector (each one for
separate), which expression is regulated by the L-arabinose-inducible
PBAD promoter (see Section 3.2, Plasmids).

Although NEB 10-f strain is widely used for molecular biology tasks
thanks to its high cloning efficiency;, it is not usually employed to obtain
high titres of proteins at reactor scale —where other E. coli strains such
as BL21 and K-12 derived strains are preferred (Terpe, 2006)—, since
NEB 10-8 strain requires an extra amino acid supply. However, using
molecular biology strains to obtain high titres of a newly cloned protein
of interest without needing to switch to a classical production strain
would definitely result in a simpler development of the RPP process,
especially if the main objective relies on using the overexpressed prote-
ins rather than optimising an industrial production process.

Therefore, the first objective of the experiments compiled in this chapter
of results was to produce successfully the three enzymes, all of them
containing an N-terminal hexa-histidine tag in NEB 10-8. Firstly, preli-
minary experiments were performed with Terrific broth (TB) complex
medium at shake-flask scale, aiming to assess the correct overexpres-
sion of the target enzymes and to generate a cell stock to start working
with. Afterwards, enzyme production was scaled-up to bench reactor,
and finally it was tested the viability to produce the three enzymes by
following a two-step fed-bach approach, using glucose and glycerol as
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main carbon sources of a defined minimum medium (DM) developed
specifically to fulfil NEB 10-f8 requirements (Miret et al., 2020).

Besides, it was considered interesting to evaluate the production capa-
bility of E. coli NEB 10-f strain depending on the culture medium used
(complex or defined) and the production scale, aiming to assess if the
use of defined culture mediums is not only a cost—effective but a more
productive option, in contrast to complex mediums.

Thus, in addition to the fermentation processes, most relevant produc-
tion parameters calculated for each of the three enzymes of interest are
presented, trying to draw general conclu-sions that may help to elucidate
the behaviour of E. coli NEB 10-§ strain in RPP processes.

As can be noticed in the following sections, production processes were
carried out at a temperature of 24 or 37°C depending on the culture stra-
tegy followed. Shake-flask and reactor—scale batch production processes
were performed at 24°C, as a strategy to reduce not only the forma-
tion of toxic by-products but also of inclusion bodies, by lowering the
nutrient uptake and growth rate, since induction took place with high
concentrations of substrate (see Section 1.3, Escherichia coli as a platform
for recombinant protein production). On the other hand, fed-batch cul-
tures were always performed at 37°C, trying to avoid excessive duration
of the first batch phase (where protein overexpression was not induced),
and using instead the limitation of feeding influx to regulate cell meta-
bolism during the fed-batch phase of the process.

4.1.1. Shake-flask overexpression experiments with complex
medium

As mentioned, first preliminary experiments were carried out at flask
scale with complex TB medium, as described in Section 3.5, Cultiva-
tion conditions. The evolution of overexpression processes is depicted in
Figure 4.1:
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4. RESULTS I

A: His-ScADH

B: His-ScPDC
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C: His-TmLDH

Figure 4.1. E. coli NEB 10-§ flask cultures performed to produce histidine—tagged ScADH (A), ScPDC (B)
and TmLDH (C) enzymes with TB medium at flask scale. Profiles along time of biomass DCW (A} and
glycerol (o) (g-L1), specific activity (¢ ¢ ¢) (AU-g''DCW) and specific mass production (¢ ¢ ¢) (mg-g'DCW).
Induction phase indicated. Culture conditions: 24°C, pH 7.0, 140 rpm, 0.1 g-L'* L-arabinose, 0.1 g-L-! ampi-
cillin. Error bars correspond to stand-ard error of culture duplicates.

Regarding the development of the processes, similar timings were obser-
ved among the three cases, reaching in all cases between 4 and 5 grams
of biomass per culture litre, with maximum specific growth rates (Jmax)
between 0.4 and 0.5 h'l. Even if glycerol was not totally exhausted in
none of the cases, it was decided to stop cultures after 24 hours.

Preliminary overexpression experiments at shake-flask scale showed
promising results, obtaining more than 4 mg of active target enzymes in
all cases. According to protein electrophoresis (results not shown), target
enzymes represented up to a 13% of total protein content. These results
suggest that protein overexpression was correctly repressed in absence
of the inductor L-arabinose.
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4.1.2. Batch production processes at bench—scale reactor with
complex medium

After achieving the overexpression of the three candidate enzymes in
NEB 10-f strain, the following experiments were carried out, aiming to
assess the protein overexpression at reactor scale, to determine if produc-
tion yields could be improved with the scale-up from flasks to reactor,
with controlled POz and pH conditions TB medium.

Fermentation parameters followed along the batch cultures, and most
relevant production parameters calculated for each fermentation are
depicted in Figure 4.2.

Regarding the development of the processes, similar timings were obser-
ved among the three cases, and initial glycerol was totally exhausted
in all fermentations. However, profile curves corresponding to speci-
fic mass and specific activity productions showed different tendencies
among the three cultures; A positive shift was observed at the end of
His-ScPDC and His-TmLDH producing processes (Figures 4.2 B and C,
respectively), whereas it seemed that His-ScADH production started to
slow at the end of the culture (Figure 4.2 A).
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A: His-ScADH

B: His-ScPDC
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C: His-TmLDH

Figure 4.2. E. coli NEB 10-f batch cultures performed to produce histidine—tagged ScADH (A), ScPDC
(B) and TmLDH (C) enzymes with TB medium. Profiles along time of biomass DCW (A) and glycerol (e)
(g-L1), specific activity (¢ ¢ ¢) (AU-g''DCW) and specific mass production (¢ ¢ ¢) (mg-g''DCW). Induction
phase indicated. Culture condi-tions: 24°C, pH 7.0, 450—-1100 rpm, 30% POz, 0.2 g-L'* L-arabinose, 0.1 g-L-1
ampicillin. Error bars correspond to standard error of three sample measurements.

Below, most relevant production parameters calculated for each enzyme
are shown in Table 4.1. Nevertheless, the intention of the author is not to
establish a comparison among the different enzymes overexpressed, but
to discuss the differences observed among the two culture scales (flasks
and reactor) used for protein production.
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Table 4.1. Production parameters calculated for histidine—tagged ScADH, ScPDC and TmLDH enzymes
using E. coli NEB 10-f strain and TB medium in 50 mL shake flask and 5 L batch cultures. Shake-flask
culture conditions: 24°C, pH 7.0, 140 rpm, 0.1 g-L'! L-arabinose, 0.1 g-L-* ampicillin; * correspond to the
standard error of culture duplicates. Reactor conditions: 24°C, pH 7.0, 450-1200 rpm, 30% POy, 0.2 g-L!
L-arabinose, 0.1 g-L-* ampicillin; + correspond to the standard error of three sample measurements.

Results showed that, in general, specific production increased from flask
to reactor cultures. In mass terms, histidine—tagged ScPDC and TmLDH
specific productions were 5- to 3-fold higher than shake-flask values,
although His-ScADH vyield decreased. Besides, in terms of enzyme spe-
cific production, the three processes showed improved yields in contrast
to flask cultures, possibly due to the better control of culture variables
that bioreactor setup can offer.

Though, it was observed a significant increase in enzyme specific activi-
ty for ScADH and a decrease for ScPDC enzyme when scaling up their
production. These results can somehow point out a low reproducibility
of production (and protein folding) efficiency of this microbial platform
in TB medium cultures. Besides, it is widely reported that in some cases
the heterologous production of some eukaryotic enzymes in bacterial
strains can lead to lower production yields and lower productivities,
especially for enzymes such as ScPDC, to the best knowledge of the
author.
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4.1.3. Shake-flask overexpression experiments with defined
medium

As previously stated, it was considered interesting to assess the viability
to produce the three enzymes by using minimum defined medium (DM)
instead of using complex medium. This change was promoted mainly
because the use of chemically defined minimum mediums is one alter-
native that grants a better reproducibility and control of performance in
cell culture, better productivity and product quality as well as improved
communication and transfer of the formulation, fulfilling new quality
and regulatory requirements of biotechnology industry (Whitford et al.,
2018). Moreover, using DM allows to control cell growth by limiting the
carbon source, what enables to conduct effectively fed-batch cultures for
process intensification.

The defined medium used contained glucose as a carbon source, and it
also had to be sup-plemented with leucine, isoleucine and valine ami-
no acids, since the NEB 10-8 strain is auxotroph for the two first acids
and, in addition, this auxotrophy also affects the genes involved in the
biosynthesis pathway of valine. Thus, first growth phase with glucose
as carbon source was followed by a medium switch to glycerol-based
medium —supplemented with arabinose— to avoid glucose-mediated
carbon catabolite repression of the araBAD promoter.

Nevertheless, prior to produce the target enzymes with E. coli NEB 10-,
cells were adapted to defined medium through a three-step cell growth
at flask—scale (see Section 3.5, Cultivation conditions). This process was
useful to i) check that E. coli cells grew correctly with DM, reaching
an exponential phase of growth, and ii) estimate the maximum specific
growth rate (p,.y) of the strain under the setup conditions, by following
the cell growth along the three cycles of the adaptation process for each
variant.

The adaptation resulted in the generation of the cell cryostocks that were
used as pre-inoculums in subsequent production experiments with DM.
Biomass evolution throughout the culture cycles showed that cell growth
with DM occurred as expected, presenting similar profiles from cycle
to cycle (see Figure 8.1, from the Appendix section). Therefore, cultures
derived from the third step were used to generate the corresponding cell
banks.
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First overexpression experiments with DM were carried out at flask
scale, aiming to assess the enzyme production with the new culture
medium. As previously stated, it was required to perform a medium
exchange (see Section 3.5, Cultivation conditions) from glucose— to glyc-
erol-based culture medium, necessary to induce protein overexpression.

Three flasks were inoculated with the corresponding variants, and two
of them were induced afterwards, whilst the third culture remained as a
negative control. Process parameters followed along the cultures and cal-
culated specific productions of each enzyme are shown below in Figure
4.3 and in Table 4.2.

A: His-ScADH
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B: His-ScPDC
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C: His-TmLDH

Figure 4.3. E. coli NEB 10-§ flask cultures performed to produce histidine—tagged ScADH (A), ScPDC (B)
and TmLDH (C) enzymes with DM at flask scale. Profiles along time of biomass DCW (A), glucose (®) and
glycerol (o) (g-L1), specific activity (¢ ¢ ¢) (AU-g''DCW) and specific mass production (¢ ¢ ¢) (mg-g ' DCW).
Induction phase (and medium replacement) indicated. Culture conditions: 24°C, pH 7.0, 140 rpm, 0.1 g-L!
L-arabinose, 0.1 g-L'1 ampicillin. Error bars correspond to standard error of culture duplicates.
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Table 4.2. Production parameters calculated for histidine—tagged ScADH, ScPDC and TmLDH enzymes
using E. coli NEB 10-f strain and DM in 50 mL shake flask cultures. Culture conditions: 24°C, pH 7.0, 140
rpm, 0.1 g-L'1 L-arabinose, 0.1 g-L'! ampicillin. + correspond to the standard error of culture duplicates.

Production parameter His-ScADH His-ScPDC His-TmLDH
Specific production (mg Enz-g™*DCW) 675 35+1 34+3
Specific production (AU-gDCW) 3065 + 32 2764 + 16 3190+ 92
Specific activity (AU-mgEnz) 465 809 90+3

Promising results were obtained, since NEB 10-§ cells proved to overex-
press correctly target enzymes by using DM and at higher production
yields than with complex medium, apparently. Differences observed
between the two media and between induced and control shake-flask
cultures are shown in Figure 4.4:

Figure 4.4. E. coli NEB10-8 specific activity (AU-g"'DCW) and specific mass (mgEnz-g"'DCW) produc-
tion values obtained in 50 mL flask cultures performed to produce histidine—tagged ScADH, ScPDC and
TmLDH enzymes with DM and TB mediums. Culture conditions: 24°C, pH 7.0, 140 rpm, 0.1 g-L'! L-arabi-
nose, 0.1 g-'L't ampicillin. Error bars correspond to standard error of culture duplicates.
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As can be seen in Figure 4.4, higher yields were reported for flask cul-
tures with defined medium rather than for flask cultures with complex
medium in all cases. Moreover, remarkable differences were shown in
contrast to negative controls.

According to SDS-PAGE (not shown), His-ScADH enzyme corresponded
to a 11% of total protein content in the supernatant of induced cultures
with DM. Similar values were reported for His-TmLDH enzyme (16%
of relative quantity), and even higher were observed among His-ScP-
DC producing cultures (30% of relative quantity). Similar differences
between induced cultures and negative controls than those observed in
flasks with complex medium were reported, what meant that overex-
pression system was correctly repressed in absence of arabinose.

4.1.4 Fed-batch production processes at bench—scale reactor with
defined medium

Finally, after having achieved positive results in flask—scale production
tests with the use of defined medium, following experiments aimed to
assess the production of target enzymes at 2 L reactor scale. The fermen-
tation process consisted of a batch phase with glucose as carbon source
and a subsequent fed-batch phase, in which a first exponential gluco-
se—based feeding was combined with a later glycerol-based feeding, as
described in Section 3.5, Cultivation conditions. The shift of the culture
feeding solution meant the beginning of the induction phase, as happe-
ned with shake-flask cultures.

His-ScADH was the first enzyme produced at reactor scale and was
used as a model enzyme, whilst histidine—tagged ScPDC and TmLDH
enzymes productions were useful to validate the reproducibility of the
process platform.

Fermentation parameters followed along the fed-batch culture, and enzy-
me specific activity and specific mass production analysed afterwards
are depicted in Figure 4.5, and the evolution of the fed-batch cultures
performed to obtain the other two histidine—tagged enzymes are provi-
ded in Figures 8.2 and 8.3 of the Appendix section.
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Figure 4.5. E. coli NEB 10-8 fed-batch culture performed to produce His-ScADH enzyme with DM. Profi-
les along time of biomass DCW (A) (g), glucose () and glycerol (o) (g-L1), specific activity (¢) (AU-g'DCW)
and specific mass production (¢#) (mg-g'DCW). Batch, fed-batch and induction phases indicated. Culture
conditions: 37°C, pH 7.0, 450-1100 rpm, 30% POz, 0.2 g-L'! L-arabinose, 0.1 g-L! ampicillin. Error bars
correspond to standard error of three sample measurements.

The fed-batch culture was developed as expected; NEB 10-8 cells grew
during batch phase at a biomass/substrate yield (Yxs) of 0.35 gDCW-g-!
of glucose, and afterwards, the feeding with glucose was added and bio-
mass grew at a p of 0.2 h! | until the desired biomass concentration was
reached. At that point, glucose was shifted for glycerol, and the culture
was induced by adding arabinose to the culture. In Figure 4.5, biomass
values are provided as total grams of DCW instead of gDCW-L! | since it
was considered more accurate considering that volume was not constant
during fed-batch phase.

As can be seen, specific production profiles still showed an increasing
trend at the end of the process, meaning that probably, production yields
could be further optimised. As example, Miret et al. achieved signifi-
cantly higher His-ScADH production yields when a linear decreas-ing
of temperature from 37 to 24°C was applied, and the results obtained
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were published together with the production of a fusion protein phosphi-
te dehydrogenase-cyclohexanone monooxygenase, as a validation of the
developed production platform (Miret et al., 2020).

Specific production values calculated for the three fed-batch fermenta-
tions with DM are listed in Table 4.3. Results showed that the three
target enzymes were successfully produced, although different specific
production values were obtained depending on the enzyme.

Table 4.3. Production parameters calculated for histidine—tagged ScADH, ScPDC and TmLDH enzymes
using E. coli NEB 10-f strain and DM in 2 L fed-batch cultures. Culture conditions: 37°C, pH 7.0, 450-1100
rpm, 30% POz, 0.2 g-'L'! L-arabinose, 0.1 g-L-* ampicillin. Error bars correspond to standard error of three
sample measurements.

Production parameter His-ScADH His-ScPDC His-TmLDH
Specific production (mg Enz-g™*DCW) 54+2 25+1 19+2
Specific production (AU-g*DCW) 2575+5 226+13 1240+9
Specific activity (AU-mgEnz) 47+0 9+1 6410

Finally, it was considered interesting to compare the production yields
obtained for one of the enzymes (His-ScADH), depending on the fermen-
tation approach followed, aiming to assess if the change of the production
strategy from TB batch to DM fed-batch cultures was as effective as
expected, even if none of the processes were optimised. Therefore, the
parameters compared among the different strategies depended on the
production process, i.e., on final volume and total biomass reached.

As can be seen in Table 4.4, calculated values suggest that a fed-batch
strategy with DM should be considered the most effective process to
obtain His-ScADH enzyme. Regarding the enzyme concentration (mg
‘L1), almost a 20-fold increase was reported, corresponding to a 11-fold
higher volumetric productivity. In terms of activity units, around a 5-fold
increase was measured in final concentration (AU-L!), what meant a 2.3-
fold increase in volumetric productivity.
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Table 4.4. Productivity parameters calculated for His-ScADH enzyme using E. coli NEB 10-§ strain at
bench—scale reactor, depending on the culture medium used. + correspond to the standard error of three
sample measurements.

However, this productivity increase from batch to fed-batch cultures did
not happen for the other two enzymes produced, especially in terms of
enzyme activity. For example, 380 AU-L1-h! of ScPDC were produced
with TB medium, whereas 7 AU-L1-h! were produced in fed-batch cul-
ture with DM. Moreover, 1070 AU-L-1-h'! of TmLDH were produced with
TB medium, whilst 372 AU-L-1-h'! were obtained with DM (Figures 8.2
and 8.3, respectively).

The production downshift observed between the two operational modes
could be caused by some differences, including i) the effect of tempe-
rature, which may affect to protein folding capability, and ii) the effect
of a possible amino acid imbalance in DM, which may hinder protein
synthesis pathway.

These results suggest that probably RPP with E. coli NEB 10-f stain is a
more robust expression system with the use of complex culture medium
and at lower culture temperatures, rather than with DM, where high
amounts of amino acids must be added as medium supplement, with all
that implies (low solubilisation, increased final costs, etc.).

Thus, considering that the aim of this work is to produce recombinant
enzymes with defined mediums and additionally avoiding the use of
antibiotics, it would be interesting to explore other alternatives to pro-
duce the three enzymes, which are requested at high loads to perform
biocatalytic processes.
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4.2. Changing E. coli host strain from NEB 10-8 to M15AglyA

Although the three enzymes of interest were successfully overexpressed
with the E. coli NEB 10-8 strain, the vicissitudes associated RPP based
on fed-batch fermentations with DM such as the need to change the
carbon source in the middle of the process and the amino acid supple-
mentation requirements, led to the decision to switch the microbial cell
factory (MCF) for another E. coli strain more suitable for heterologous
protein production by using the desired operational setup (fed-batch cul-
tures with DM).

In that sense, a well-characterized and previously developed in our labo-
ratory E. coli M15-derived strain (Vidal et al., 2008, Pasini et al., 2016)
was chosen to overexpress target proteins. This enabled us to introduce
a key feature; this mutant strain contains a deletion of the glyA gene,
which encodes for serine hydroxymethyl transferase (SHMT), a 46 kDa
enzyme involved in the main glycine biosynthesis pathway in E. coli
when glucose is used as carbon source (Plamann and Stauffer, 1983).
SHMT enzyme catalyses the reversible interconversion between serine
and glycine, plus, it also catalyses the reversible conversion between
L-threonine and glycine (Florio et al., 2010). This strain was successfully
used in the past to overproduce DHAP-dependent aldolase FucA (Pasini
et al., 2016), among other recombinant proteins.

The decision to change the MCF to produce target enzymes did not only
affect to the E. coli strain selected but also to the plasmid into which
genes of interest were cloned. The perspective of a fresh start was given
as an opportunity to upgrade certain aspects of the production process,
being one of the most interesting the possibility to induce protein overex-
pression with IPTG instead of L-arabinose by changing the regulatory
operon, what led to a significant simplification of the process, since it
was avoided the use of glycerol as carbon source.

Moreover, there was already developed one pQE-40-derived vector
with the lacl-glyA cassette included, regulated by a constitutive pro-
moter (J23110), which also contained an ampicillin-resistance gene, as
previously described (see Section 3.2, Plasmids). The use of this vector
in combination with the auxotrophic strain allowed us to apply selecti-
ve pressure with two different mechanisms (ampicillin resistance and/
or auxotrophy), depending on the need. Thus, ampicillin was used for
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molecular biology experiments in which complex medium was used, but
was avoided in subsequent overexpression experiments with DM.

The aim of the experiments described below was to establish the RPP
platform based on the auxotrophic E. coli M15AglyA strain and the use of
DM and test the viability of the new transformants to express the three
histidine—tagged enzymes in an active and soluble form.

Therefore, DNA fragments corresponding to histidine—tagged enzymes
were cloned into the pVEF vector designed for protein overexpression
by using a variation of the SLIC method (Jeong et al., 2012, Islam et al.,
2017), as previously explained (Section 3.3, Molecular biology techni-
ques). Once the cloning was achieved for all the target proteins, well-plate
overexpression screening experiment with the resulting M15AglyA trans-
formant colonies were conducted to corroborate the capability of the
cells to produce the target enzymes. In addition, colonies who showed
higher overexpression levels were picked to generate the cell banks used
for the subsequent production processes.

4.2.1. Molecular biology: cloning target genes into pVEF vector

Firstly, DNA fragments corresponding to the three histidine—tagged
enzymes included in pBAD vectors were amplified by PCR (Figure 4.6)
to obtain enough DNA to use in subsequent cloning experiments.

bp M 1 2 1 2 M M1 M 1
6000 —

3000 —
3000 —

1000 —

500 — 1000 —

Figure 4.6. Agarose 1% DNA electrophoresis gel with amplified DNA fragments corresponding to PCR
products of His-ScADH (1047 bp), His-TmLDH (960 bp) (left) and His-ScPDC (1692 bp) ( ). Simulation
of expected bands included. Lane M: molecular weight standard (bp).
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Initial cloning experiments were performed with DNA fragments corres-
ponding to encoding sequences for ScADH and TmLDH enzymes, which
were the first to be obtained by PCR. Aiming to compare the trans-
formation efficiency of two different E. coli strains by the heat-shock
method, DH5a and TOP10 competent cells were transformed with the
resulting SLIC products, and in all cases several colonies were grown in
agar plates, shown in Figure 4.7

Figure 4.7. Petri dishes with LB-agar medium containing E. coli DH5a (top) and TOP10 (bottom) com-
petent cells transformed with pVEF_His-ScADH (blue) and pVEF_His-TmLDH (red) vectors obtained via
SLIC method. Culture conditions: 37°C, 0.1 g-L-! ampicillin.

In order to assess the efficiency of the transformation, some colonies of
each petri dish were tested via PCR, being all of them positive, as can
be observed in DNA electrophoresis gels shown in Figure 4.8. However,
an amplified DNA band in negative control of PCR was detected, that
corresponded to His-ScADH fragment, most probably due to a mani-

111



pulation mistake. Afterwards, one positive colony of each E. coli strain
transformed with the two pVEF vectors were checked again via Xhol
restriction digest (Figure 4.9).

Figure 4.8. Agarose 1% DNA electrophoresis gels with colony PCR products corresponding to His-ScADH
(1047 bp) (left) and to His-TmLDH (960 bp) (right) amplified fragments, from picked E. coli DH5a and
TOP10 trans-formants. Negative control of PCR performed with the two pairs of oligonucleotides. Lane
M: molecular weight standard (bp).

bp M12345678MC M1 234 5 6 7 8 M

3000 —

1000 —
500 —

Figure 4.9. Simulation of expected restriction pattern, including the simulation of pVEF (without insert)
pattern re-striction cut by Xhol (left). Agarose 1% DNA electrophoresis gel with pVEF_His-ScADH and
pVEF_His-TmLDH pattern restrictions cut by Xhol (right). Lanes M: molecular weight standard (bp);
lanes 1 to 4: negative controls (uncut plasmids); lanes 5 and 6: pVEF_His-ScADH obtained from DH50 and
TOP10 cells, respectively, digested with Xhol; lanes 7 and 8: pVEF_His-TmLDH obtained from DH50 and
TOP10 cells, respectively, digested with Xhol.

Results obtained did not only suggest that both strains were suitable for
plasmid DNA transformation, but it could also be assessed that SLIC
technique was highly efficient, since all colonies picked from different
plates incorporated the pVEF vector, with the corresponding inserts
correctly cloned. Thus, these were considered key results, as they proved
that this methodology was useful to establish a fast and versatile cloning
procedure, enabling to transform DNA inserts to E. coli cells with a
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high grade of success. In addition, positive results were also achieved for
His-ScPDC coding DNA sequence (Figure 4.10), which was cloned into
pVEF vector and subsequently transformed into E. coli DH5a competent
cells.

bp M1 M1 M2 34 bp M1 2 M1234
6000 — 6000 —
3000 — 3000 —
- --
1000 — ' 1000 —
v

Figure 4.10. Agarose 1% DNA electrophoresis gel with amplified DNA fragments corresponding to PCR
product of His-ScPDC (1692 bp) (left). Lanes M: molecular weight standard (bp); lane 1: amplified DNA
fragment prior to SLIC; Lane 2: negative colony PCR product after SLIC; Lanes 3 and 4: positive colony
PCR products after SLIC. And agarose 1% DNA electrophoresis gel with pVEF_His-ScPDC pattern restric-
tions cut by Xbal ( ). Lane M: molecular weight standard (bp); lanes 1 and 3: negative controls (uncut
plasmids); lanes 2 and 4: pVEF_His-ScPDC digested with Xbal. Simulation of expected bands included
for both experiments.

As can be seen in Figure 4.10, two positive colonies —among the three
picked— derived from E. coli DH5a transformation with SLIC product
showed correct DNA amplification and correct pattern restriction. Thus,
results obtained in His-ScPDC cloning were useful to prove the robust-
ness of SLIC method once again, that definitely turned out to be an
effective and cost-saving cloning method.

Finally, the region of interest of the three newly cloned pVEF vectors
were analysed by Sanger sequencing, showing no mutations.

The schematic structure of the new plasmid constructs obtained via
SLIC that incorporated histidine—tagged ScADH, ScPDC and TmLDH
enzymes is shown below in Figure 4.11, and more detailed information
is provided in Section 3.2, Plasmids.
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pVEF_His-Enz

ColE1 rrnB

Figure 4.11. Schematic representation of pVEF expression vector containing a hisitidine-tagged enzyme
coding DNA sequence. Features: T5 promoter; lacO, two lac operator regions; RBS, ribosome binding
site; Lto, lambda to transcriptional termination; J23110 constitutive promoter; lacl gene; glyA gene; rrnB
transcriptional termination; bla, ampicillin resistance gene; ColE1 replication origin; His, 6x histidine
sequence; Enz, enzyme sequence.

4.2.2. E. coli M15AgIyA transformation and expression screening

Once the molecular biology experiments were satisfactorily accompli-
shed, proving that E. coli DH5a cells were able to produce the recombinant
enzymes in induced cultures, it was required to change the host stra-
in to overcome the subsequent overexpression experiments. Therefore,
M15AglyA competent cells were transformed with the three vectors since
production processes at reactor scale were meant to be performed with
M15AglyA strain.

Firstly, an overexpression screening was performed to determine that
M15AglyA clones resulting from transformation were able to produce
the target proteins, and to pick the most productive ones among several
colonies randomly chosen for each of the variants. The corresponding
SDS-PAGE gels are provided below:
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Figure 4.12. SDS-PAGE of E. coli M15AglyA final samples of the screening experiment for His-ScADH
overexpression. Lane M: molecular weight standard (kDa); lanes 1 to 11: induced cultures. Culture condi-
tions: 2 mL LB, 24°C, 24 h, 140 rpm, 0.4 mM IPTG. His-ScADH (37 kDa) corresponding band indicated
with arrow.
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Figure 4.13. SDS-PAGE of E. coli M15AglyA final samples of the screening experiment for His-ScPDC
overexpression. Lane M: molecular weight standard (kDa); lanes 1 to 10: induced cultures. Culture con-
ditions: 2 mL LB, 24°C, 24 h, 140 rpm, 0.4 mM IPTG. His-ScPDC (63 kDa) corresponding band indicated
with arrow.
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Figure 4.14. SDS-PAGE of E. coli M15AglyA final samples of the screening experiment for His-TmLDH
overexpression. Lane M: molecular weight standard (kDa); lanes 1 to 12: induced cultures. Culture condi-
tions: 2 mL LB, 24°C, 24 h, 140 rpm, 0.4 mM IPTG. His-TmLDH (34 kDa) corresponding band indicated
with arrow.
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Overexpression screening experiments were useful to determine that
minor differences were observed among the tested clones of the same
variant. However, the relative amount of target enzymes with respect to
total protein content of the cell lysates varied significantly between the
different constructs, according to protein electrophoresis.

Regarding His-ScADH relative content (Figure 4.12), between 14 and
16% of relative band intensity was measured in all samples, whilst
around 20% of relative intensity was measured for His-ScPDC produ-
cing cultures (Figure 4.13). Finally, slightly lower values were shown
for His-TmLDH (Figure 4.14), with almost a 10% of intensity. Howe-
ver, significant variances in total protein content can be seen among
the His-TmLDH producing colonies, even if it was tried to standardise
the biomass concentration of the samples loaded onto the electrophore-
sis gel. Thus, to determine the most productive clone, the intensity of
the bands corresponding to target protein were normalised by the total
intensity of each lane.

In conclusion, the change of the E. coli host strain was successfully
achieved, since all M15AglyA variants transformed with the newly clo-
ned pVEF vectors were able to overexpress the proteins of interest. To
conclude the molecular biology work, the colonies that showed higher
overexpression yields for each of the three histidine—tagged target enzy-
mes were chosen to establish the working cell cryostocks, as mentioned
before.

4.3. Histidine—tagged enzymes production with the M15AglyA
strain

As previously stated, the decision to change the MCF to produce target
enzymes came with substantial modifications in production procedures
respect to previous processes with NEB 10-8 strain, which were expec-
ted to lead to simpler and more efficient RPP processes.

The use of the auxotrophic M15-derived strain transformed with the
generated pVEF vectors brought i) the use of glucose as the sole carbon
source, avoiding the medium shift, and ii) the end of antibiotic addition
as selection marker, which were considered the two main improvements
respect to previous methodology. Besides, M15AglyA strain was already
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reported as an efficient recombinant protein producer E. coli strain (Vidal
et al., 2008, Pasini et al., 2016).

In this section, the results obtained for histidine—tagged enzymes pro-
duction with the M15AglyA strain and antibiotic-free defined medium
(DM) are presented. First preliminary experiments consisted in protein
overexpression assessment at flask scale, whose corresponding results
are presented for the three enzymes of interest (ScCADH, ScPDC and
TmLDH). The aim of these lower—scaled cell cultures was to check that
the new MI15AglyA transformants were able to grow in DM without
using ampicillin as selection marker, meaning that correct constitutive
expression of SHMT enzyme was occurring —encoded by glyA gene
of pVEF—, and to corroborate the correct overexpression of the three
enzymes in a soluble and active form, what was only tested previously
in well-plate screenings with LB medium.

Considering that considerable amounts of target enzymes were required
by the whole project to attempt the obtention of lactic acid through the
designed multi-enzymatic system, the three enzymes shall be produced
at reactor scale with high-density cell cultures. Therefore, production
processes were scaled up to bench—scale reactor and general protocols
developed in the group were applied to obtain the enzymes.

On the one hand, batch fermentations were performed at 24°C (alike
shake-flask cultures) aiming to slow cell metabolism and to promote the
correct solubilisation of target enzymes, since insoluble inclusion bodies
could be formed under accelerated cell growth conditions at higher tem-
peratures (37°C), as previously reported for these type of proteins in
other E. coli expression systems (Miret et al., 2020).

Batch processes were delimited by the total consumption of the ini-
tial amount of glucose contained in DM, what occurred approximately
around 24 hours after the inoculation of reactor, and results obtained
were useful to compare production yields between M15AglyA and NEB
10-8 strains.

On the other hand, fed-batch fermentations were carried out at 37°C,
and exponential growth phase was limited by controlling the addition
of concentrated feeding solution with a pre-set specific growth rate (p)
lower than the calculated at 24°C in batch cultures, aiming to slow down
cell metabolism, as an alternative to temperature decrease, what could
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have been led to excessive process duration of batch phase. Fed batch
processes were delimited by the decrease of cell growth, possibly caused
by limiting phenomena such as oxygen transfer limitations, side-pro-
ducts accumulation, etcetera.

Fed-batch processes were also scaled-up from 2 to 5 litre vessels, what
allowed us to obtain significantly higher enzyme titres than with
batch fermentations. Finally, results provided in this section have been
compared according to their dependence; specific production values —
dependent on the construction of the expression system— are provided
as average values obtained from all bench—scale processes, whilst pro-
ductivity values —dependent on culture volumes and cell densities, i.e.,
the production process— are compared among the different approaches.
Specific enzyme activity of recovered proteins was also evaluated for
each of the enzymes.

Nevertheless, prior to produce the enzymes of interest with E. coli
M15AglyA strain, transformed cells were adapted from complex medium
(LB), used in molecular biology experiments, to DM, used to produce the
recombinant proteins at reactor scale. This adaptation process to defined
medium consisted in the same three-step flask—scaled cell cultures car-
ried out previously for NEB 10-f cells, ending up with the generation of
the working cell banks required to establish the fully antibiotic-free—
based production process with DM.

Biomass concentration levels were measured to check if E. coli cells grew
as expected with defined medium throughout the culture cycles, and
the resulting profiles are shown in Figure 8.4 of the Appendix section.
Results showed that cell growth in DM was correct, presenting similar
profiles of biomass from cycle to cycle. In addition, maximum speci-
fic growth rates (py.x) reached during exponential growth phase were
calculated in the last step of the adap-tation process for each variant,
obtaining p.x values of around 0.3 h! for the three variants. Therefo-
re, cultures derived from the third step were used to generate the cell
cryostocks.

118



4.3.1. Shake-flask overexpression experiments

Once the cell stocks were available for RPP with DM, and before to
carry out any production process at reactor scale, it was performed an
overexpression experiment at flask scale with DM to assess the enzyme
production, considering that first overexpression screening at well-plate
scale was performed prior to the adaptation from LB to DM.

Same approach applied for NEB 10-8 strain was followed; three flasks
were inoculated with the corresponding variants, and two of them were
induced afterwards, keeping the third as a negative control. Process
parameters followed along the cultures and calculated specific produc-
tions (before and after induction) are shown below in Figure 4.15:
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4. RESULTS I

A: His-ScADH

B: His-ScPDC
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C: His-TmLDH

Figure 4.15. E. coli M15AglyA flask cultures performed to produce histidine—tagged ScADH (A), ScPDC
(B) and TmLDH (C) enzymes with DM. Profiles along time of biomass DCW (A), glucose () and acetate
(o) (g-L-Y), specific activity (¢ ¢ ¢) (AU-g'DCW) and specific mass production (¢ ¢ ¢) (mg-g''DCW). Induction
phase indicated. Culture condi-tions: 24°C, pH 7.0, 140 rpm, 0.25 mM IPTG. Error bars correspond to
standard error of culture duplicates.

Preliminary overexpression experiments at shake-flask scale showed
promising results, obtaining between 4 to 6 milligrams of target enzy-
mes, depending on the case. Moreover, it could be checked the strong
repression of expression system before the addition of IPTG, which was
also corroborated with the comparison of specific production parameters
between induced cultures and negative controls.

However, as can be observed in Figure 4.15, glucose was not totally
consumed in none of the cases and acetate accumulation reached almost
inhibitory levels. Thus, it was expected to obtain higher yields with reac-
tor—scale fermentations, in which parameters such as pH and dissolved
oxygen are controlled, what could avoid excessive deviations from opti-
mum culture conditions.
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Below, most relevant production parameters calculated for each enzyme
are listed in Table 4.5. As previously stated for protein overexpression
with NEB 10-f strain, it was not intended to compare these values among
the three enzymes, but to obtain reference production val-ues for each of
the variants. Therefore, the intention is to present the results obtained,
which will be compared to other production scales later on.

Table 4.5. Production parameters calculated for histidine—tagged ScADH, ScPDC and TmLDH enzymes
using E. coli M15AglyA strain and DM in 50 mL shake flask cultures. Culture conditions: 24°C, pH 7.0, 140
rpm, 0.25 mM IPTG. * correspond to the standard error of culture duplicates.

Production parameter His-ScADH His-ScPDC His-TmLDH
Specific production (mg Enz-g *DCW) 45+3 616 42+3
Specific production (AU-g*DCW) 5700 + 100 3200+ 55 1470+ 14
Specific activity (AU-mgEnz) 24 +2 53+1 350

Results obtained were useful to conclude that target enzymes overex-
pression was successfully achieved in all cases, proving that auxotrophic
E. coli M15AglyA strain was capable to produce recombinant proteins
by using antibiotic-free DM, strengthen previous results (Pasini et al.,
2016). In addition, specific production yields of induced cultures were up
to one order of magnitude higher than negative controls, validating the
regulation of the expression vector.

4.3.2. Batch production processes at bench—scale reactor

The next step taken was to scale up the production of the three histi-
dine—tagged enzymes to bench scale by following a batch strategy as
described in Section 3.5, Cultivation conditions. ScCADH was the first
enzyme produced at reactor scale and was used as a model enzyme to
analyse the behaviour of M15AglyA cells in batch and fed-batch cultures,
aiming to establish the final operating conditions of the production plat
form, whilst ScPDC and TmLDH enzymes were useful to validate the
reproducibility of the process platform.

However, considering the large number of fermentations performed,
only ScADH producing cultures will be shown hereinafter, although
results obtained in all production processes are provided in the following
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tables. Thus, the rest of the figures corresponding to the production of
ScPDC and TmLDH enzymes are provided in Figures 8.5 and 8.6 of
the Appendix, respectively. Fermentation parameters followed along the
batch culture, and enzyme specific activity and specific mass production
analysed afterwards are depicted in Figure 4.16:

Figure 4.16. E. coli M15AglyA batch culture performed to produce His-ScADH enzyme with DM. Pro-
files along time of biomass DCW (A), glucose (®) and acetate (o) (g-L!), specific activity (¢) (AU-g'DCW)
and specific mass production (¢) (mg-g"'DCW). Batch and induction phases indicated. Culture conditions:
24°C, pH 7.0, 450-1100 rpm, 60% POz2, 0.25 mM IPTG. Error bars correspond to standard error of three
sample measurements.

More than 1 gram of target enzyme was produced (230 mg-L), correspon-
ding to more than 1.5-105 alcohol dehydrogenase activity units (3.5-104
AU-L1) . Regarding the development of the process, exponential growth
phase occurred at a p.x of 0.28 h! until induction moment (12 h), being
this value slightly higher than p,,,x measured in flask cultures (0.24 h-1),
probably due to the improvement in oxygen transfer from flasks to reac-
tor. Although acetate accumulation was detected during exponential cell
growth, it was partially consumed during the last stage of the fermenta-
tion, when glucose was almost totally exhausted.
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Finally, regarding the evolution of specific production profiles, it could
be considered that maximum values were not reached during the batch
process, since profile curves did not seem to be flattened, which was
also reported for ScPDC an TmLDH enzymes (see Section 8.1 of the
Appendix). In their corresponding batch fermentations, almost 2 grams
of ScPDC were obtained (450 mg-L!), whilst 1 gram of TmLDH was
produced (205 mg-L1), corresponding to 8.8-104 and 6-10 total AU, res-
pectively (2-104 and 1.4-10* AU-L) .

Below, specific production results obtained for the three batch fermenta-
tions are listed in Table 4.6:

Table 4.6. Production parameters calculated for histidine—tagged ScADH, ScPDC and TmLDH enzymes
using E. coli M15AgIyA strain and DM in 5 L batch cultures. Culture conditions: 24°C, pH 7.0, 450-1100
rpm, 60% PO2, 0.25 mM IPTG. % correspond to the standard error three sample measurements.

Production parameter His-ScADH His-ScPDC His-TmLDH
Specific production (mg Enz-g’DCW) 35+2 78 +2 31+3
Specific production (AU-gDCW) 5266 + 58 3509 + 67 2175+ 52
Specific activity (AU-mgEnz) 1512 45+ 1 692

4.3.3. Fed-batch production processes at bench—scale reactor

Finally, histidine—tagged enzymes were produced at bench scale by
following a fed-batch strategy, whose main objective was to improve
process productivities in comparison with batch cultures. As previously
mentioned, fed-batch cultures were carried out at 2 and also at 5 L sca-
le. This increase in culture volume was considered interesting to assess
if similar productivity values could be obtained, regardless of the final
volume. However, considering that the main objective was to obtain the
three enzymes to work with, fed-batch processes were not optimised to
try to obtain even higher enzyme titres.

His-ScADH enzyme was successfully produced in both fed-batch cultu-
res, resulting in the culmination of the hole production process, which
was also validated with the production of His-ScPDC and His-TmLDH
enzymes. For that reason, after this first approximation to the production
in fed-batch cultures with antibiotic-free DM, it can be concluded that
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the three histidine—tagged enzymes were successfully produced with
the platform developed.

Production parameters followed along the two His-ScADH producing
processes are shown below in Figure 4.17, while the processes conducted
to obtain the rest of enzymes (ScPDC and TmLDH) are provided in the
Appendix section (Figures 8.7 and 8.8, respectively).

A:2 L
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B:5L

Figure 4.17. E. coli M15AglyA fed-batch cultures performed to produce His-ScADH enzyme with DM with
a 2 L vessel (A) and a 5 L vessel (B). Profiles along time of biomass DCW (A) (g), glucose () and acetate (o)
(g-L1), specific activity (¢) (AU-g'DCW) and specific mass production (#) (mg-g''DCW). Batch, fed-batch
and induction phases indicated. Culture conditions: 37°C, pH 7.0, 450-1100 rpm, 60% POz, 0.25 mM
IPTG. Error bars correspond to standard error of three sample measurements.

Similar behaviours were observed between the two processes, showing
a calculated Yx/s of 0.29 g-gt and of 0.34 g-g'! during batch stages of the
2 L (Figure 4.17 A) and the 5 L (Figure 4.17 B) processes, respectively.
This slight difference between the two processes could be explained by
the accumulation of acetate observed at the end of batch phase in the 2
L bench-scale reactor.

On the other hand, regarding the development of fed-batch phases, spe-
cific growth rates (p) of 0.18 and 0.20 h'! were determined for the 2 L and
the 5 L bench—scale reactors, respectively. In both cases, glucose star-
ted to accumulate approximately 5 hours after the induction of protein
overexpression —and so did acetate— as a consequence of metabolic
collapse caused by induction, even if none of the two processes reached
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the peak of maximum production yield, since the corresponding profiles
still showed an increasing tendence at the end of the fermentations.

Specific production results obtained for the three enzymes in the diffe-
rent fed-fatch cultures are listed in Tables 4.7 (2 L) and 4.8 (5 L):

Table 4.7. Production parameters calculated for histidine—tagged ScADH, ScPDC and TmLDH enzy-
mes using E. coli M15AglyA strain and DM in 2 L fed-batch cultures. Culture conditions: 37°C, pH 7.0,
450-1100 rpm, 60% POz, 0.25 mM IPTG. + correspond to the standard error three sample measurements.

Production parameter His-ScADH His-ScPDC His-TmLDH
Specific production (mg Enz-g™*DCW) 38+1 87+3 361
Specific production (AU-g*DCW) 5600 + 26 1760+ 6 2362 + 28
Specific activity (AU-mgEnz) 1461 200 66+ 1

Table 4.8. Production parameters calculated for histidine—tagged ScADH, ScPDC and TmLDH enzy-
mes using E. coli M15AglyA strain and DM in 5 L fed-batch cultures. Culture conditions: 37°C, pH 7.0,
450-1100 rpm, 60% POz, 0.25 mM IPTG. * correspond to the standard error three sample measurements.

Production parameter His-ScADH His-ScPDC His-TmLDH
Specific production (mg Enz-g™*DCW) 450 85+3 41+1
Specific production (AU-g™*DCW) 7336+ 34 2381+13 19307
Specific activity (AU-mg™Enz) 163+1 28+0 470

As explained above, the change of the production strategy from batch
to fed-batch cultures, was not only useful to obtain higher amounts of
target enzymes but to compare the productivities reported, even if none
of the processes was optimised. In general, same specific yields were
calculated for fed-batch fermentations compared with batch processes,
since all these parameters are not dependent on the culture strategy
applied but on other considerations such the E. coli strain and the expres-
sion system, and similar specific activities were achieved for each of the
enzymes produced among all the cultures, even if significant differen-
ces were observed in some cases. Thus, specific production yields were
consistent enough to be considered as an average value for each of the
enzymes of interest (Table 4.9), regardless of the culture strategy.
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Table 4.9. Average production parameters calculated for histidine—tagged ScADH, ScPDC and TmLDH
enzymes using E. coli M15AglyA strain and DM. * correspond to the standard error of the average value
calculated among the different production processes.

Production parameter His-ScADH His-ScPDC His-TmLDH
Specific production (mg Enz-g"DCW) 39+3 84+3 363
Specific production (AU-g™'DCW) 6070 + 640 2550+ 510 2160+ 125
Specific activity (AU-mgEnz) 153+5 31+7 61+7

As can be observed, specific productions varied from one enzyme to
another, meaning that probably the optimisation of the process should
actually be aborded individually for each target enzyme, even if values
within the same range were obtained for all recombinant proteins. Regar-
ding the specific mass productions obtained, around 40 milligrams of
ScADH and TmLDH were produced per biomass gram, whilst more than
80 milligrams of ScPDC were obtained. Nonetheless, in terms of moles
of enzyme, specific production was near to 1 micromole of enzyme per
biomass gram, yielding from 1.1 to 1.3 pmol-g"'DCW.

Regarding the operational mode followed, volumetric productivity values
increased notably when production processes were scaled up from batch
to fed-batch cultures, which is basically one of the main reasons why
fed-batch processer are developed. In this case, results are provided in
separate tables for each enzyme, aiming to lighten the data burden and
to emphasise that comparison shall be done between the different pro-
cesses but not between the three enzymes.

Productivity values calculated for His-ScADH, His-ScPDC and His-
TmLDH enzymes are listed in Tables 4.10, 4.11 and 4.12, respectively, in
which higher values are highlighted in bold:

Table 4.10. Productivity parameters calculated for His-ScADH enzyme using E. coli M15AglyA and DM in
bench-scale reactor cultures. + correspond to the standard error of three sample measurements.

Fed-batch

Production parameter

Volumetric productivity (mg Enz-L™-h?) 11+1 54+2 48+0

Volumetric productivity (AU-L™-h™?) 1700 + 19 7870 * 36 7760 + 35
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Table 4.11. Productivity parameters calculated for His-ScPDC enzyme using E. coli M15AglyA and DM in
bench-scale reactor cultures. + correspond to the standard error of three sample measurements.

Fed-batch

Production parameter

Volumetric productivity (mg Enz-L-h?) 17+0 104 +3 116+ 3

Volumetric productivity (AU-L-h?) 781+8 2100+7 3230+ 18

Table 4.12. Productivity parameters calculated for His-TmLDH enzyme using E. coli M15AglyA and DM
in bench—scale reactor cultures. + correspond to the standard error of three sample measurements.

Fed-batch

Production parameter

Volumetric productivity (mg Enz-L'-h?) 71 35+1 60+1

Volumetric productivity (AU-L*-h?) 505+ 12 2303 + 30 2822+ 10

In general, fed-batch cultures led to an increase of one order of magnitude
in enzyme productivities, and so was observed for enzyme titre (mg-L!)
and enzyme activity (AU-L!), which increased in the same proportion.
Besides, it can be observed that higher productivities were calculated
for fed-batch processes at 5 L scale, rather than at 2 L scale, unless for
His-ScADH production, in which no significant differences were obtai-
ned. Thus, fed-batch cultures proved to be the most effective strategy
tested, since remarkably higher enzyme titres were produced, even if
production processes were still far from being optimised, what would be
interesting to address in further experimental work.

4.4. Comparison of production parameters between NEB 10-f
and M15AglyA strains

Finally, it was considered interesting to compare the production para-
meters obtained between the two E. coli strains used in this chapter of
results. Once again, His-ScADH enzyme was used as a reference protein,
and those results obtained in fed-batch cultures performed with DM
were compared, since this was the desired production approach that
must be established to fulfil the project requirements.
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Even if NEB 10-8 specific production yield was slightly higher, higher
amounts of His-ScADH enzyme were produced with M15AglyA strain
(2.7 and 3.6 grams, respectively), obtaining then higher enzyme titres
and higher volumetric productivities. In addition, differences between
the two strains were even higher in terms of activity units, obtaining
four times more alcohol dehydrogenase AU with the auxotrophic E. coli
strain, what led to an almost 5-fold increase in volumetric productivity.

Regarding the specific production values obtained for the other two
enzymes of interest, similar differences between the NEB 10-8 and the
M15AglyA strains were shown, as can be seen in Figure 4.18.

As mentioned, results suggest that the auxotrophic strain proved to be a
more robust MCF, although production yields obtained also varied from
one enzyme to another. Nevertheless, it has also been proved that the
initially proposed expression platform based on NEB 10-8 strain could
be a useful alternative for some specific processes in which coexists
molecular biology experiments with protein production, resulting in a
simplification of the production pathway of a newly cloned protein, from
the plasmid construction to the obtention of grams of product.

According to the results obtained, it can be concluded that the use of
E. coli M15AglyA strain as MCF together with the IPTG-inducible pVEF
expression vector resulted in a better option for RPP, rather than NEB
10-8 strain with the arabinose-inducible pBAD vector.
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Figure 4.18. Comparison of specific production values obtained in fed-batch cultures performed to pro-
duce histidine—tagged ScADH, ScPDC and TmLDH enzymes with DM, between E. coli NEB10-f and
M15AglyA strains. Specific activity (AU-g"'DCW), specific mass (mg-g'DCW) production values and spe-
cific enzyme activity (AU-mg-Enz) of the three enzymes. Culture conditions for NEB 10-8: 37°C, pH 7.0,
450-1100 rpm, 30% PO2, 0.2 gL' L-arabinose, 0.1 g-L-! ampicillin. Culture conditions for M15AglyA:
37°C, pH 7.0, 450-1100 rpm, 60% POz, 0.25 mM IPTG. Error bars correspond to standard error of three
sample measurements.
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4.5. Conclusions

Overexpression experiments of the three enzymes requested for L-lactic
acid synthesis with the NEB 10-f strain showed promising results, obtai-
ning higher production yields for cultures with defined medium rather
than for cultures with complex medium, not only at flask scale but also
at reactor scale in all cases. Therefore, a two-step fed-batch strategy that
combined the use of glucose and glycerol as the two main carbon sour-
ces was successfully followed to obtain high loads of target enzymes.

However, aiming to avoid the medium shift and the amino acid supple-
mentation, the microbial host strain was changed for a typically—used E.
coli strain for RPP. The auxotrophic E. coli M15AglyA strain, transformed
with a pOE-40-derived vector that contained the lacl-glyA cassette, was
chosen to overexpress the tree histidine-tagged enzymes.

Molecular biology experiments led to the correct cloning of the three
corresponding DNA sequences into the pVEF plasmid by following an
optimised SLIC method, which turned out to be an effective and cost-sa-
ving technique. The use of the newly coned vectors in combina-tion with
the auxotrophic strain allowed us to apply selective pressure without the
need to use antibiotic, and the use of IPTG instead of L-arabinose led to
simpler fermentations, since it was avoided the use of glycerol as carbon
source.

The three enzymes of interest were successfully overexpressed at bench—
scale reactor with the auxotrophic strain and antibiotic-free DM through
batch and also fed-batch cultures. Although similar specific production
yields were obtained, volumetric productivity values increased notably
when production processes were scaled up from batch to fed-batch cultu-
res, obtaining in all cases high amounts of the histidine—tagged ScADH,
ScPDC and TmLDH enzymes, both in mass and activity units. Yet, there
is space for improvement through process optimisation.

Finally, although the NEB 10-f strain proved to be viable to produce
newly cloned enzymes, it can be concluded that M15AglyA strain is a
more suitable and more robust MCF to produce the required enzymes at
high tires.
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5. RESULTS II: CARBOHYDRATE-BINDING MODULE-TAG-
GED ENZYMES PRODUCTION IN E. COLI

Abstract

Two different carbohydrate—binding modules (CBM) were successfully
fused to the three enzymes of interest by following the same method
used to clone the histidine—tagged enzymes onto the expression vector.
The resulting fusion proteins were produced at high titres in a bench—sca-
le reactor using the auxotrophic M15AglyA strain, with the antibiotic-free
minimum culture medium. The specific production range varied from
50 to 70 mg of target protein per gram of biomass, obtaining around 45
mg-g! of CBM-ScADH variants, with a specific activity of >65 AU-mg,
and up to 70 and 77 mg-g! of CBM—fused ScPDC and TmLDH enzymes,
respectively, with a specific activity between 20 to 28 AU-mg. In this
chapter, production parameters of the overexpressed enzymes were also
compared with the histidine—tagged variants, aiming to evaluate the
effect of the fused CBM tags on the catalytic capacity of the enzymes.
Results showed that M15AglyA strain was able to produce CBM—fused
enzymes as efficiently as histidine—tagged ones, and that CBM domains
do not have a significant negative impact in enzyme performance.
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5. RESULTS II: CARBOHYDRATE-BINDING MODULE-TAG-
GED ENZYMES PRODUCTION IN E. COLI

5.1. Generation of target CBM—fused proteins

Once the three target enzymes were successfully overexpressed with the
auxotrophic E. coli M15AglyA strain, the next objective was addressed;
the obtention of an expression system in M15AglyA strain able to pro-
duce the three enzymes of interest with carbohydrate—binding module
(CBM) tags fused to N-terminal end of each enzyme. This decision was
taken considering all the possible applications that CBMs can bring in
enzyme immobilisation and purification (see Section 1.5, Carbohydra-
te—Binding Modules), compared to the traditional histidine tags. I.e., the
fusion of a CBM domain may represent a significant step forward in
economic and environmental viability of a hypothetical industrial-scale
production process.

Some CBM domains have been used as fusion tags, showing not only
their highly specificity towards carbohydrates, but other properties such
as enhanced protein folding and solubility, as well as increased protein
overexpression yields (Oliveira et al., 2015 Shoseyov et al., 2006, Ye et
al., 2011). Therefore, a CBM3 domain from C. thermocellum, two CBM2
domains —one from C. cellulovorans and another from Actinomyces
(CBM2 and CBM2.2, respectively)—, and a CBM9 domain from T. mari-
tima have been tried to fuse to each of the enzymes of interest.

The new constructs were cloned into the pVEF vector designed for pro-
tein overexpression by using the same methodology employed to clone
the histidine—tagged enzymes, with minor differences, as explained in
Section 3.3, Molecular biology techniques. The aim of the experiments
described below was to demonstrate that the proposed RPP system,
based on the auxotrophic E. coli M15AglyA strain and the use of defi-
ned medium (DM), can be used to successfully express the designed
CBM-fused enzymes in an active and soluble form, which are meant to
contribute to a cheaper and more environmentally friendly downstream
process.

Once the cloning was achieved for all the CBM—fused proteins, the well—
plate overexpression screening experiment with the resulting M15AglyA
transformant colonies was carried out to corroborate the capability of
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the cells to produce the target enzymes. In addition, the colony of each
construct who showed the greater over-expression levels was picked to
generate the cell bank for the subsequent production processes.

5.1.1. Molecular biology: cloning target genes into pVEF vector

Firstly, DNA fragments corresponding to the four chosen CBM domains
were amplified by PCR (Figure 5.1), prior to use them in subsequent clo-
ning experiments.

bp M1 2 3 4 M 1 2 3 4

3000 —

1000 —
500 —

Figure 5.1. Simulation of expected amplified DNA fragments by PCR (left) and 1% agarose DNA elec-
trophoresis gel with actual PCR products (right). Lane M: molecular weight standard (bp); lanes 1 to 4:
PCR products corresponding to CBM2 (351 bp), CBM3 (492 bp), CBM9 (603 bp) and CBM2.2 (372 bp),
respectively.

ScADH was used for the initial fusion experiments with all the CBM
candidates. E. coli DH50 competent cells were transformed with the
resulting SLIC products, and in all cases several colonies were grown in
agar plates, e. g., 101 colonies with the CBM3-ScADH construct cloned
were grown in LB-agar plates, and 9 randomly picked colonies were
checked by colony PCR (Figure 5.2), obtaining 7 positive colonies, which
were correctly transformed.
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Figure 5.2. Agarose 1% DNA electrophoresis gel with colony PCR products corresponding to CBM3-
ScADH amplified fragment (1570 bp). Lane M: molecular weight standard (bp); Positive colonies detected
in lanes 1to 4 and 7 to 9.

Afterwards, three positive colonies (Figure 5.2, lanes 7 to 9) were chec-
ked again via Xbal restriction digest (Figure 5.3). The transformed
plasmid of the two positive cases was ex-tracted and sequenced, showing
no mutations.

bp M12 1 2 3 4 5 6 M

6000 —
3000 —

1000 —

Figure 5.3. Simulation of pVEF_CBM3-ScADH pattern restriction cut by Xbal (left). Lane 1: negative con-
trol (uncut plasmid); lane 2: expected restriction pattern. Agarose 1% DNA electrophoresis gel with actual
re-striction patterns (right). Lanes 1,3 and 5: negative controls; lanes 2 and 6: correct restriction patterns;
lane 4: incorrect restriction pattern; lane M: Molecular weight standard (bp).

Regarding the rest of the generated constructs (with CBM2, 2.2 and 9),
several positive colonies were obtained in all cases, e.g, 56 DH5a colo-
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nies were grown with the CBM2.2-ScADH construct, and 12 of them
were checked by PCR (Figure 5.4), obtaining 10 positive cases. Thus,
molecular biology experiments led to the correct cloning of the four
DNA constructs into the expression vector, what reinforced the robust-
ness and the effectiveness of the cloning method, since it proved to be
useful not only with relative short DNA fragments but with almost 2000
bp-long fragments.

M 1 2 3 4 5 6 7 8 9 10 11 12

Figure 5.4. Agarose 1% DNA electrophoresis gel with colony PCR products corresponding to CBM2.2-
ScADH amplified fragment (1452 bp). Lane M: molecular weight standard (bp); Positive colonies detected
in lanes 2 to 4 and 6 to 12.

A fraction of the transformed E. coli DH5a cultures used for plasmid
extraction were induced with IPTG aiming to assess the viability of
new transformants, in terms of protein expression and enzyme activity
levels. Alcohol dehydrogenase enzyme activity and the corresponding
overexpressed fusion proteins were measured at satisfactory levels for
the CBM3-— and CBM9—fused ScADH constructs, whereas CBM2- and
CBM2.2-ScADH could not be correctly overexpressed, even if pVEF
vector contained the correct DNA sequences cloned onto it. Thus, the
results obtained in the expression test performed with ScADH variants
led to discard two CBM domains for the following enzymes to be cloned.

Therefore, ScPDC and TmLDH enzymes were fused only to CBM3 and
CBM9 domains, following the same procedure that was used previously.
On the one hand, regarding , more than 30 colonies of
DH5a cells transformed with CBM-ScPDC constructs were grown in
plates. In both cases, plasmid DNA of one of the positive colonies was
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extracted, obtaining correct restriction patterns with Xbal digestion, and
finding no mutations in any of the DNA sequences analysed. In addition,
PDC activity was detected for both variants after adding a pulse of IPTG
into the flask cultures.

On the other hand, CBM-TmLDH cloning also resulted in several trans-
formed colonies, obtaining several positive colonies as well, for each of
the variants. Finally, the cultures derived from positives colonies were
induced with IPTG showing LDH activity in all cases.

The schematic structure of the new plasmid constructs obtained via SLIC
that incorporated CBM—fused ScADH, ScPDC and TmLDH enzymes is
shown below (Figure 5.5), and more de-tails about them are provided in
Section 3.2, Plasmids.

pVEF_CBM-Enz

ColE1 rrnB

Figure 5.5. Schematic representation of pVEF expression vector containing a CBM-tagged enzyme
coding sequence. Features: T5 promoter; lacO, two lac operator regions; RBS, ribosome binding site; Lto,
lambda to transcriptional termination; J23110 constitutive promoter; lacl gene; glyA gene; rrnB transcrip-
tional termination; bla, ampicillin resistance gene; ColE1 replication origin; CBM, carbohydrate—binding
module sequence; Lnk, linker sequence; Enz, enzyme sequence.
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5.1.2. E. coli M15AglyA transformation and expression screening

Once E. coli DH5a cells were able to produce the recombinant fusion
proteins in induced cultures, the production process at reactor scale was
meant to be performed with M15AglyA cells, which is the RPP platform
chosen to produce the target enzymes at larger scale. Thus, competent
cells of the later strain were transformed with the new expression vec-
tors, aiming to overexpress the corresponding proteins of interest.

E. coli M15AglyA overexpression screening was performed to determine
that all clones were able to produce the target proteins, and to pick the
most productive one among several colonies randomly chosen for each
of the CBM—fused enzymes, as was performed previously with the his-
tidine—fused versions. The corresponding SDS-PAGE gels are provided
below:

kDa M 1 2 3 4 5 6 7 8 9 10 11

250 —
150 —
100 —
75—
50 <— CBM3-ScADH

37—

25—
20—

kDa M1 2 3 4 5
250 —
150 —
100 —
75—

50 <— CBM9-ScADH

37—

25—
20—

Figure 5.6. SDS-PAGE of E. coli M15AglyA final samples of the screening experiment for CBM3-ScADH
overex-pression (top). Lane M: molecular weight standard (kDa); lanes 1 to 10: induced cultures; lane 11:
negative con-trol. And for CBM9-ScADH ( ). Lane M: molecular weight standard (kDa); lanes 1 to
4: induced cultures; lane 5: negative control. Culture conditions: 2 mL LB, 24°C, 24 h, 140 rpm, 0.4 mM
IPTG. CBM3-ScADH (55 kDa) and CBM9-ScADH (64 kDa) corresponding bands indicated with arrows.

139



5. RESULTS II

1 2 3 4 5 6 M kDa

— 150
— 100
CBM3-ScPDC— — 75

—50
— 37

—25
— 20

1 2 3 4 5 6 M kDa

— 150

CBM9-ScPDC—> — 190

—50
— 37

—25
— 20

Figure 5.7. SDS-PAGE of E. coli M15AglyA final samples of the screening experiment for CBM3-ScPDC
overexpression (top). Lane 1: negative control; lanes 2 to 6: induced cultures; lane M: molecular weight
standard (kDa). And for CBM9-ScPDC (bottom). Lane 1: negative control; lanes 2 to 6: induced cultures;
lane M: molecular weight standard (kDa). Culture conditions: 2 mL LB, 24°C, 24 h, 140 rpm, 0.4 mM
IPTG. CBM3-ScPDC (80 kDa) and CBM9-ScPDC (88 kDa) corresponding bands indicated with arrows.
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kDa M 1 2 3 4 5 6
100 —
75—

50— <«— CBM3-TmLDH

37 —

25—
20—

CBM9-TmLDH —

Figure 5.8. SDS-PAGE of E. coli M15AglyA final samples of the screening experiment for CBM3-TmLDH
overexpression (top). Lanes 1 to 5: induced cultures; lane 6: negative control; lane M: molecular weight
standard (kDa). And for CBM9-TmLDH (bottom). Lanes 1 to 5: induced cultures; lane 6: negative control.
Culture conditions: 2 mL LB, 24°C, 24 h, 140 rpm, 0.4 mM IPTG. CBM3-TmLDH (53 kDa) and CBM9-
TmLDH (57 kDa) corresponding bands indicated with arrows.

The screening experiment was useful to determine that minor differences
were observed between clones of the same variant, but the percentage
of recombinant protein with respect to total protein content (determined
by SDS-PAGE) varied significantly between the different constructs; for
CBM—fused ScADH, a 34% of relative band intensity was observed for
CBM3-ScADH (Figure 5.6 top) and a 40% was achieved for CBM9-ScADH
(Figure 5.6 bottom). Similar values were obtained for ScPDC enzyme,
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reaching a 35—-37% of relative intensity for CBM3—fused version (Figure
5.7 top) and a 50 to 60% for CBM9-ScPDC (Figure 5.7 bottom). However,
lower values were shown for 7Tm , with a 15% of intensity
for the best CBM3-TmLDH producer candidate —the rest of samples
represented a 6%— (Figure 5.8 top) and with a 22% of relative content
for CBM9-tagged enzyme in the best case (Figure 5.8 bottom).

5.2. CBM—tagged enzymes production with the M15AglyA strain

As previously stated, one of the goals of this thesis is related to the
obtention of the three enzymes involved in acid lactic synthesis —ADH,
PDC and LDH—, with different CBM tags fused to them, aiming to eva-
luate and characterize their purification/immobilisation in a single-step
process, to assess if these domains can be used as fusion tags for that
purpose.

Therefore, to carry out the subsequent experiments, it was required to
produce all fusion proteins (six variants in total) through fermentation
processes with E. coli. However, considering the large number of diffe-
rent productions and that this work is part of a European project, which
also includes the supply of enzymes for the subsequent development
of the proposed MCEF, it was not able to study each production case in
depth and optimize them. Instead, general protocols of the group were
applied to obtain the enzymes.

It was also considered interesting, given the large volume of data obtai-
ned, to assess whether the fusion proteins may affect to the behaviour of
E. coli M15AglyA cultures. Thus, not only the fermentations are presen-
ted, but an attempt has been made to draw the most general conclusions
possible and try to find any tendence or pattern, although it would be
necessary to perform more cultures to obtain more statistically reliable
data, which would be possible to do in coming studies.

Prior to produce the six fusion proteins of interest with E. coli M15AglyA
cells at reactor scale, E. coli cells were adapted from complex (LB) to defi-
ned medium (DM), ending up with the generation of all the working cell
banks required to establish the fully antibiotic-free—based production
process. Cell growth measured during the adaptation process to defined
medium is shown in Figure 8.9 of the Appendix section.
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All cultures showed similar growth rates along the whole adaptation pro-
cess. The specific growth rate values obtained for CBM—fused variants
were also similar to the ones measured during the adaptation of histi-
dine—tagged ones. Thus, adaptation to DM was considered satisfactory.

Afterwards, CBM-fused enzymes were produced in the bench-scale
reactor by following a batch strategy as described in Section 3.5, Culti-
vation conditions. Once again, were set up to produce
the six CBM—tagged enzymes at 24°C. The main reason was that during
batch phase E. coli cells grew at maximum p, given that glucose was not
at a limiting concentration, but the opposite. Hence, the decrease of cul-
ture temperature was used to slow cell metabolism and try to avoid the
formation of inclusion bodies, which has been already reported for these
proteins in other E. coli expression systems (Miret et al., 2020).

5.2.1. Alcohol dehydrogenase from Saccharomyces cerevisiae

In this context, were the first pair of fusion pro-
teins that were produced, given that ScADH was stablished as model
enzyme along this work. Process parameters were followed along the
two processes, whose end was determined by the total con-sumption
of glucose. Enzyme specific activity and specific mass production were
analysed afterwards.

As can be seen in Figure 5.10, both CBM-ScADH variants were success-
fully produced. Similar total amounts of target protein were produced
for both cases (1.26 grams of CBM3-ScADH and 1.32 grams of CBM9-
ScADH), even if slightly higher total enzyme activity units were obtained
for CBM3—tagged enzyme (8.6-10* and 7.8-10* AU, respectively). These
results were of key importance since they validate the viability of the
proposed RPP system, proving to be able to produce such complex pro-
teins in a soluble and active form at high titres, by using the selected
antibiotic-free defined medium.
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A: CBM3-ScADH

B: CBM9-ScADH

Figure 5.10. E. coli M15AglyA batch cultures performed to produce CBM3-ScADH (A) and CBM9-ScADH
(B) fusion proteins with DM. Profiles along time of biomass DCW (A), glucose (e) and acetate (o) (g-LY),
specific activity (¢) (AU-g''DCW) and specific mass production (¢ (mg-g-1DCW). Batch and induction
phases indicated. Culture conditions: 24°C, pH 7.0, 450-1100 rpm, 60% POz, 0.25 mM IPTG. Error bars
correspond to standard error of three sample measurements.
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Regarding the development of the processes, maximum specific growth
rates (fmax) Of 0.34 and 0.25 h'! were reached during exponential growth
phase, for CBM3-ScADH (Figure 5.10 A) and for CBM9-fused variant
(Figure 5.10 B), respectively.

Below, main production parameters calculated for each variant are
shown in Table 5.1. Nevertheless, some of these values, which are given
in milligrams of enzyme, cannot be compared between the two variants,
even if they are relevant results form a process—development point of
view, since the resulting recombinant proteins have different molecular
weight —CBM3-ScADH weights 55 kDa whereas CBM9-ScADH weights
64 kDa—. Otherwise, values expressed in activity units (AU) or micro-
moles (pmol) can be compared, since the same activity test is performed,
and mass values were normalised to the number of mols of enzyme.

Table 5.1. Production parameters calculated for CBM—fused ScADH enzymes using E. coli M15AglyA and
DM in batch cultures at 5 L-reactor scale. Culture conditions: 24°C, pH 7.0, 450-1100 rpm, 60% POz, 0.25
mM IPTG. * correspond to the standard error of three sample measurements. Comparable parameters
are presented in bold.

Production parameter CBM3-ScADH CBM9-ScADH
Total biomass (g DCW) 26.3%0 241+0
Final volume (L) 4.76 4.67
Enzyme activity (AU-L?) 1.81-10* + 1500 1.67-10% £ 120
Enzyme titre (mg Enz-L?) 264+ 19 284 +25
Specific production (AU-g'DCW) 3270 + 200 3232+23
Specific production (mg Enz-g'DCW) 48+ 3 55+5
Specific production (umol Enz-g'DCW) * 0.87+0 0.86+0
Specific activity (AU-mgEnz) 69+6 59+0
Specific activity (AU-umol™Enz) * 3749 + 36 3742 + 27

* Considering a molar weight of 55 kDa for CBM3-ScADH and of 64 kDa for CBM9-ScADH.
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As shown in Table 5.1, similar values were obtained for the two variants
in all parameters calculated. In addition, slight differences are not sig-
nificant if the + error is considered. Regarding the specific production
values, almost 0.9 micromoles of both variants were produced per gram
of biomass, and same values of alcohol dehydrogenase activity were pro-
duced, yielding more than 3200 AU-g"'DCW.

Finally, regarding the specific activity of the proteins produced, it can
be stated that none of the two CBM domains fused to ScADH enzyme
seemed to affect to its correct catalytic activity, since one mol of each
fusion protein corresponded to the same ADH activity units. Thus, both
candidates were considered suitable to be produced at bench—scale reac-
tor with the auxotrophic E. coli strain by using the antibiotic-free DM.

5.2.2. Pyruvate decarboxylase from Saccharomyces cerevisiae

variants were the following pair of fusion proteins
tested for production at reactor scale. Biomass, glucose and acetate pro-
files along the fermentation time are shown in Figure 5.11, and so are
enzyme specific activity and specific mass production. The rest of the
production parameters that were calculated for both variants are listed
in Table 5.2.

Once again, both candidates were successfully produced at bench—scale
reactor (5 L) with the auxotrophic E. coli strain by using the antibio-
tic-free DM; 1.46 g of CBM3-ScPDC and 1.1 g of CBM9-ScPDC were
obtained, corresponding to more than 4-10% and 2.2-104 total AU, respec-
tively.

Regarding the two fermentations, similar final biomass levels were rea-
ched for both variants at the end of the processes (Table 5.2). In addition,
a Mmax Of 0.22 ht was calculated in both cases during the exponential
growth phase (Figure 5.11).
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A: CBM3-ScPDC

B: CBM9-ScPDC

Figure 5.11. E. coli M15AglyA batch cultures performed to produce CBM3-ScPDC (A) and CBM9-ScPDC
(B) fusion proteins with DM. Profiles along time of biomass DCW (A), glucose (®) and acetate (o) (g-LY),
specific activity (0) (AU-g*DCW) and specific mass production (¢#) (mg-g''DCW). Batch and induction pha-
ses indicated. Culture conditions: 24°C, pH 7.0, 450-1100 rpm, 60% POz, 0.25 mM IPTG. Error bars
correspond to standard error of three sample measurements.
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Table 5.2. Production parameters calculated for CBM—fused ScPDC enzymes using E. coli M15AglyA and
DM in batch cultures at 5 L-reactor scale. Culture conditions: 24°C, pH 7.0, 450-1100 rpm, 60% POz, 0.25
mM IPTG. * correspond to the standard error of three sample measurements. Comparable parameters
are presented in bold.

Production parameter CBM3-5cPDC CBM9-5cPDC
Total biomass (g DCW) 210 22.7+1
Final volume (L) 471 4.68
Enzyme activity (AU-L?) 8.6:10% + 734 4.72-10% + 166
Enzyme titre (mg Enz-L?) 309+17 175t6
Specific production (AU-g™*DCW) 1920 + 165 971+ 34
Specific production (mg Enz-g"*DCW) 69+1 49+1
Specific production (umol Enz-g'DCW) * 0.87+0 0.55+0
Specific activity (AU-mgEnz) 27.7+2 20+1
Specific activity (AU-pumol™Enz) * 2214 £ 190 1750 + 62

* Considering a molar weight of 80 kDa for CBM3-ScPDC and of 88 kDa for CBM9-ScPDC.

As shown in Table 5.2, higher values were obtained for the CBM3—fused
variant in all parameters calculated, even if CBM9—fused variant also
showed satisfactory recombinant protein production (RPP) yields. Most
remarkable differences were observed in terms of specific production, sin-
ce activity production (AU-g"'DCW) of CBM3—fused variant was almost
2-fold higher than CBMY9, and molar production (pmol Enz-g'DCW)
was 1.6-fold higher. Though, considering the difference in specific mass
between the two variants, minor differences were observed. CBM3-ScP-
DC enzyme showed a 26% increase in specific activity, respect to the
CBM0 variant.

5.2.3. Lactate dehydrogenase from Thermotoga maritima

Parameters measured along the fermentation of CBM-TmLDH variants
are shown below in Figure 5.12:
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A: CBM3-TmLDH

B: CBM9-TmLDH

Figure 5.12. E. coli M15AglyA batch cultures performed to produce CBM3-TmLDH (A) and CBM9-TmLDH
(B) fusion proteins with DM. Profiles along time of biomass DCW (A), glucose (®) and acetate (o) (g-LY),
specific activity (¢) (AU-g'DCW) and specific mass production (¢) (mg-g'DCW). Batch and induction pha-
ses indicated. Culture conditions: 24°C, pH 7.0, 450-1100 rpm, 60% PO2, 0.25 mM IPTG. Error bars
correspond to standard error of three sample measurements.
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Once again, high loads of target proteins were produced. The two fer-
mentations showed similar profiles along time and the total consumption
of glucose was also achieved at same process time, and acetate produced
was totally depleted from culture medium in the two cases.

Table 5.3. Production parameters calculated for CBM—fused TmLDH enzymes using E. coli M15AglyA and
DM in batch cultures at 5 L-reactor scale. Culture conditions: 24°C, pH 7.0, 450-1100 rpm, 60% POz, 0.25
mM IPTG. * correspond to the standard error of three sample measurements. Comparable parameters
are presented in bold.

Production parameter CBM3-TmLDH CBM9-TmLDH
Total biomass (g DCW) 36.7%1 300
Final volume (L) 4.68 4.60
Enzyme activity (AU-L?) 7.5-10% + 700 1.03-10* £ 544
Enzyme titre (mg Enz-L?) 410+9 511+26
Specific production (AU-g*DCW) 951 + 89 1563 + 82
Specific production (mg Enz-g'DCW) 52+1 774
Specific production (umol Enz-g'DCW) * 0.99+0 1.36+0.1
Specific activity (AU-mg™Enz) 18+2 20+1
Specific activity (AU-umol™Enz) * 963 +90 1154 + 61

* Considering a molar weight of 53 kDa for CBM3-TmLDH and of 57 kDa for CBM9-TmLDH.

The results obtained showed that CBM9—fused enzyme was produced
more efficiently than CBM3 variant. A 37% increase in specific molar
production (pmol Enz-g'DCW) and a 64% increase in specific activity
production (AU-g"'DCW) were reported for CBM9-TmLDH variant, res-
pect to CBM3-TmLDH (Table 5.3).

Nevertheless, regarding the specific activity of both fusion proteins,
similar values were obtained in both cases, even if slightly higher values
were reported for CBM9-tagged enzyme (differences are not significant
if the + error is considered). Still, both processes were considered satis-
factory since there was produced a significant amount of active enzyme
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to work with and none of the two CBM domains fused to TmLDH enzy-
me seemed to have any impact on catalytic activity.

Below, it is briefly presented a general discussion of production tests
based on batch fermentations, whose main results are provided in Figure
5.13.

Figure 5.13. E. coli M15AglyA specific activity (AU-g"DCW) and specific molar (pmol-g''DCW) produc-
tion values obtained in batch cultures performed to produce CBM-tagged ScADH, ScPDC and TmLDH
enzymes with DM, and specific enzyme activity (AU-pmol'Enz) of the six fusion proteins overexpressed.
Culture conditions: 24°C, pH 7.0, 450-1100 rpm, 60% POz, 0.25 mM IPTG. Error bars correspond to stan-
dard error of three sample meas-urements.

In general, E. coli M15AglyA strain variants were able to produce more
than one gram of active and soluble target product in all cases, corres-
ponding to approximately 0.9-1 micromole of enzyme, fulfilling the
obtention of enough amount of enzyme for the subsequent immobilisa-
tion experiments. Focusing on E. coli production among the two variants
of each enzyme, there is not a clear relation between the CBM tag used
and the production yields obtained, meaning that both CBM domains
can be considered suitable candidates to be used in RPP as fusion tags.

However, the suitability of the two CBM used in this study should be
evaluated for each enzyme individually, since different results were
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obtained in each case; ScADH variants showed no significant differen-
ces among them, whereas ScPDC and TmLDH production values varied
depending on which CBM was fused to them (Figure 5.13).

In addition, it can be deduced through the specific production profiles
(Figures 5.10 to 5.12), that E. coli cells did not reach metabolic collap-
se in none of the fermentations, since the corresponding curves do not
bend at the end of the cultures but show an ascendant tendence instead,
except maybe for CBM9-ScPDC variant (Figure 5.11 B). Therefore, maxi-
mum production yields may not have been reached. Nevertheless, the
objective of these experiments was far from process optimization, as
mentioned above.

Finally, one common fact that was observed in all fermentations is that
target protein overexpression mechanism was strongly repressed, since
cell lysate samples corresponding to pre-induction showed minor enzy-
me activity values (basal activity), which increased notably along the
induction phase of the fermentations, as expected.

5.3. CBM—tagged ScADH fed-bach production studies

Aiming to implement the production of CBM—tagged enzymes at indus-
trial scale, the following studies at bench—scale reactor that were carried
out consisted in the preliminary study of their production in fed-batch
fermentations, with high cell densities cultures. The scale-up of the
CBM-tagged enzymes production was useful to assess if higher produc-
tivities could be achieved compared to batch processes, since fed-batch
duration was not limited by the depletion of initial glucose but could be
extended until the metabolic collapse of the culture or until an insuffi-
cient oxygen transfer capacity in the reactor.

In this context, ScCADH was used again as model enzyme, thanks to the
high activities produced in batch cultures and the similarity of produc-
tion yields obtained previously for the two CBM tested. Therefore, two
fed-batch fermentations were performed to produce the CBM-tagged
ScADH variants. Nonetheless, given that the intention was not to find
the maximum production, fed-batch processes were not deeply analysed
and subsequently optimised, and so, same general protocol used to pro-
duce histidine—tagged enzyme was followed (see Section 3.5, Cultivation
conditions).
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Fed-batch fermentations were carried out at 37°C, aiming to avoid an
excessive process du-ration and considering that E. coli growth is favou-
red at this temperature, rather than at 24°C. However, it was set a specific
growth rate of 0.2 h'! by controlling the addition of concentrated feeding
solution to prevent an unrestrained cell growth. Thus, setting a p lower
than the calculated at 24°C in batch cultures, may allow to emulate the
metabolic state of batch cultures.

Afterwards, production yields calculated in fed-batch processes were
compared to the ones obtained in batch cultures to check if production
yields were improved. Furthermore, specific productions and specific
activities were also compared with histidine—tagged variant to deter-
mine if the E. coli M15AglyA strain could produce CBM—fused proteins
as efficiently as histidine—tagged and to evaluate the effect of the CBM
fused tags to catalytic capacity of ScCADH enzyme.

5.3.1. CBM-ScADH production in fed-batch cultures

As mentioned above, a fed-batch strategy was followed to overexpress
the two CBM—fused ScADH variants. Fermentation parameters followed
along the two processes are shown below:

A: CBM3-ScADH
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B: CBM9-ScADH

Figure 5.14. E. coli M15AglyA fed-batch cultures performed to produce CBM3-ScADH (A) and CBM9-
ScADH (B) fusion proteins with DM. Profiles along time of biomass DCW (A), glucose () and acetate (o)
(g-LY), specific activity (¢) (AU-g'DCW) and specific mass production (#) (mg-g'DCW). Batch, fed-batch
and induction phases indicated. Culture conditions: 37°C, pH 7.0, 450-1100 rpm, 60% POz, 0.25 mM
IPTG. Arrows indicate the stop (|) and the resume of the feeding (1) when needed. Error bars correspond
to standard error of three sample measurements.

Regarding the development of the processes, batch phase lasted for about
18 hours. Fed-batch phase duration was also similar in both cases, rea-
ching the desired biomass concentration for culture induction in about 8
to 10 hours of exponential growth. Specific growth rate (p) of 0.15 h'! was
calculated during exponential feeding addition for CBM3-ScADH variant
(Figure 5.14 A), whereas a p of 0.18 h'! was determined for CBM9—fused
variant (Figure 5.14 B). The differences between the pre-set p (0.2 h!)
in feeding addition and the experimentally measured p could be due to
the coefficient of cell maintenance (Vidal Conde, 2007), which was not
considered in the design of the feeding addition profile.

Besides, CBM9-ScADH culture (Fig. 5.14 B) showed an accumulation
of glucose at the early stage of fed-batch phase, probably caused by an
acetate accumulation at the end of batch phase. Thus, feeding was sto-
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pped until glucose concentration decreased below 5 g-L'! and acetate was
completely exhausted.

Main production parameters calculated for each variant are shown in
Table 5.4. As previously explained, some of the results provided which
are considered relevant cannot be compared between the two variants,
since the resulting recombinant proteins have different specific mass,
whereas some other results, expressed in enzyme AU or pmol, can be
compared.

Table 5.4. Production parameters calculated for CBM—fused ScADH enzymes using E. coli M15AglyA and
DM in fed-batch cultures at 2 L-reactor scale. Culture conditions: 37°C, pH 7.0, 450-1100 rpm, 60% POz,
0.25 mM IPTG. * correspond to the standard error of three sample measurements. Comparable parame-
ters are presented in bold.

Production parameter CBM3-ScADH CBM9-ScADH
Total biomass (g DCW) 61.8%0 90+0
Final volume (L) 2.0 1.96
Enzyme activity (AU-L?) 1.02:10° + 1130 1.16-10° + 1640
Enzyme titre (mg Enz-L?) 1550 + 107 1780 + 21
Specific production (AU-g*DCW) 3316+ 42 2528 + 36
Specific production (mg Enz-g'DCW) 50.7+3 38.7+0
Specific production (umol Enz-g 'DCW) * 0.93+0.1 0.61+0
Specific activity (AU-mg™Enz) 65.4+1 65.3+1
Specific activity (AU-umol™Enz) * 3580 + 53 3860 + 59

* Considering a molar weight of 55 kDa for CBM3-ScADH and of 64 kDa for CBM9-ScADH.

As shown in Table 5.4, similar values were obtained for the two variants
in most of the parameters calculated, as was reported for batch cultures
(Table 5.1). 3.13 grams of CBM3-ScADH and 3.48 grams of CBM9-
ScADH were produced, and similar total enzyme activity units were
also achieved (2.05-105 and 2.27:105 AU, respectively). However, a 30%
increase of specific activity production and a 52% increase of specific
molar production were calcu-lated for CBM3—tagged variant, compared
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to CBM9-ScADH, even if the second variant showed slightly higher spe-
cific activity.

After this first checking of the production in fed-batch cultures with DM,
it can be concluded that both CBM domains fused to SCADH enzyme
were successfully produced, and that results obtained were very simi-
lar between them, even if some operational issues were reported in the
two processes. Yet, better results could certainly be obtained in future
experiments, by optimizing some operational parameters such as the
moment of induction.

As explained, the change of the production approach from batch to fed-
batch cultures, was useful to assess if improved production yields could
be reached, even if both processes were not previously optimised. In
general, same specific yields were calculated for fed-batch fermenta-
tions compared with batch processes, and similar specific activity of the
fusion proteins produced were achieved (Tables 5.1 and 5.4).

However, fed-batch strategy led to an increase in enzyme titre (mg-L!)
of one order of magnitude, and a 5.9- to 6.3-fold increase was reported
in alcohol dehydrogenase activity produced per culture litre (AU-L!), for
CBM3- and CBM9-ScADH enzymes, respectively. Moreover, volumetric
productivity of enzyme activity was triplicated for CBM3—tagged variant
and was almost quadruplicated for CBM9-ScADH. Finally, volumetric
productivity expressed in mass terms (mg-L-1-h-1) was also triplicated in
both cases.

Thus, fed-batch cultures were proved to be the most effective strate-
gy tested, since remarkably higher titres were produced, meaning that
this approach brings a more efficient use of time and defined culture
medium.

5.3.2. Comparison between histidine— and CBM—tagged ScADH
variants

Finally, the comparison between the three variants of SCADH enzyme
was focused on E. coli M15AglyA specific production yields (pmol-g'D-
CW and AU-g''DCW) and the specific molar activity (AU-pmol?) of
each variant, which are the three comparable parameters, as previously
explained. The corresponding values obtained in 2 L fed-batch fermen-
tations are provided in Figure 5.15.
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On the one hand, similar specific production values were obtained
among the three variants; M15AglyA strains produced 1.04 pmol of His-
ScADH, 0.87 pmol of CBM3-ScADH and 0.86 CBM9-ScADH per gram
of DCW. Besides, similar total enzyme amounts were produced of each
ScADH variant, obtaining 3.58, 3.13 and 3.48 grams of enzyme, respec-
tively. These are promising results, since they proved that CBM—tagged
enzymes can be produced at high tires with the chosen RPP system, at
similar yields than histidine—tagged enzymes.

Figure 5.15. E. coli M15AglyA specific activity (AU-g"DCW) and specific mass (mg-g"'DCW) production
values obtained in fed-batch cultures performed to produce histidine— and CBM-tagged ScADH enzymes
with DM, and specific enzyme activity (AU-pmol-Enz) of the three fusion proteins. Culture conditions:
37°C, pH 7.0, 450-1200 rpm, 60% POz, 0.25 mM IPTG. Error bars correspond to standard error of three
sample measurements.

On the other hand, specific activity production varied among the three
variants, since more than 5000 AU of the histidine—tagged ScADH variant
were produced per gram of biomass, whilst approximately 3300 and
2500 AU-g'DCW were obtained for CBM3— and CBM9—tagged variants,
respectively. In addition, specific enzyme activity of His-ScADH variant
was 1.4-fold higher than CBM—fused ones, showing up to 5400 AU per
micromole of enzyme.
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Even if these results could suggest that CBM domains negatively affect
the catalytic capability of SCADH enzyme, the resulting CBM-tagged
enzymes could be produced at high concentrations in a soluble and
functional form as well, and total produced activity values still fluctua-
ted within the same magnitude order. Besides, CBM tags can provide
significant advantages in subsequent purification and immobilisation
processes. It must be considered that the cost of cellulosic supports is
between 3 and 50-fold lower than functionalised agarose beats (depen-
ding on the supplier). Hence, the decrease in enzyme specific activity
shall be considered an affordable compromise, aiming to develop a more
sustainable and cost—effective downstream process which would also
expand the range of possible applications, since metal ions would be
avoided from final products.

Finally, the

were compared among their three variants. However, as previously
stated, this comparison was done to try to find general conclusions or a
possible tendence in regard to the correlation between the enzyme acti-
vity and the fusion tags, and thus, this comparison was not addressed to
the production processes but was focused only on the specific enzyme
activities measured in final products.

In this context, results do not show a clear relation between the N-ter-
minal tag used and the specific activities obtained, as happened when
production yields were analysed. On the one hand, ScADH and TmLDH
enzymes were more active in their histidine—tagged versions, rather than
with CBM domains fused to them, e. g., 2200 AU were measured per
pmol of His-TmLDH enzyme, whilst approximately 1200 and 1000 AU
were measured for CBM9- and CBM3- TmLDH variants, respectively.

On the other hand, ScPDC enzyme showed higher specific activity in its
CBM3—-tagged version (2200 AU-pmol!), which corresponded to 1.3-fold
increase in specific activity, compared to His-ScPDC variant. Hence, the
differences between the tree enzymes and the lack of a clear behaviour
hinder the conception of a general conclusion, meaning that the adequa-
cy to use any of the two CBM domains should probably be evaluated for
each enzyme individually.

One possible hypothesis that would explain the differences observed
in specific activity values between the three variants of each enzyme
is that the fusion of CBM domains at N-terminal end probably may
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alter, in a major grade than histidine tag, key space regions such as the
catalytic centre or the substrate—binding region, or may affect to the
interaction between the monomers —ScADH, ScPDC and TmLDH are
actually tetrameric enzymes, as previously described— that shape the
quaternary structure of the proteins.

Three-dimensional images of the enzymes tested (Figure 5.16) help to
comprehend that the relative position of the amino- and carboxyl-ter-
minal ends vary among each protein, and that the orientation of the
N-terminus (where CBM domains are fused) vary among the three enzy-
mes. E.g., TmLDH amino-terminal ends are oriented towards the inner
region (Figure 5.16 C), and probably the fusion of a heavy-weighted tag
such as CBM domains should be tried at C-terminal end instead.

A: ScCADH B: ScPDC

C: TmLDH

Figure 5.16. X-ray diffraction images of ScCADH (2.40 A) (A), ScPDC (2.40 A) (B) and TmLDH (2.10 A) (C)
enzymes obtained from SWISS-MODEL (Bienert et al., 2017, in their homotetrameric quaternary struc-
ture. N- and C-terminal ends indicated with arrows.
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Unfortunately, as said before, the work described in this document is
part of a time—limited and well-delimited European project. Therefore,
it was not possible to deeply address the study of CBM tags effects on
enzyme structures. Nevertheless, it would be an interesting question to
explore in future experiments.

5.4. Conclusions

Molecular biology experiments led to the correct cloning of the four
DNA constructs into the pVEF plasmid vector, consisting in the fusion
of the alcohol dehydrogenase from S. cerevisiae with four different CBM
domains. Once again, SLIC technique turned out to be an effective and
cost—saving method, since DH5a cell colonies were grown in LB-agar
plates in all cases after cell transformation process, what reinforced the
robustness and the effectiveness of the cloning method.

Two of the newly E. coli DH5a transformed variants were able to ove-
rexpress the target enzyme, corresponding to CBM3— and CBM9-tagged
versions. These two CBM domains were also successfully fused to
pyruvate decarboxylase and lactate dehydrogenase enzymes, and E. coli
M15DglyA cells were transformed with the resulting plasmids.

The six fusion proteins could be also overexpressed at high titres in a
bench—scale reactor with the auxotrophic strain and DM via batch fer-
mentations. SCADH variants showed no significant differences between
the two variants, whereas ScPDC and TmLDH production values varied
depending on the CBM. More than one gram of target product was pro-
duced in all cases, fulfilling the obtention of enough amount of enzyme
for the subsequent immobilisation experiments.

Finally, it was compared the specific enzyme activity of the CBM—tag-
ged enzymes respect to their histidine—tagged versions, and different
results were obtained for each of the enzymes tested, even if in all cases
total produced activity fluctuate within the same magnitude order.

It can be theorised that the relative position of the fused CBM domains
at N-terminal end may affect to tertiary and quaternary structure of
the peptides, and thus, to their catalytic activity. Nonetheless, definitely
satisfactory results were obtained, since there were obtained six diffe-
rent CBM—tagged enzymes in a soluble and active form, meaning that
the objective was achieved.
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6. RESULTS III: ONE-STEP PURIFICATION/IMMOBILISATION
OF CBM-FUSED ENZYMES

Abstract

CBM-fused proteins obtained by recombinant protein production at
bench-scale processes were bound to a low-cost and highly selecti-
ve cellulosic support by one-step purification/immobilisation process.
CBM9-fused enzymes proved to bind effectively to regenerated amor-
phous cellulose (RAC) at high loads, whereas CBM3—tagged enzymes
bound with higher affinity onto microcrystalline cellulose (MC). The best
results with both tags were obtained with ScADH enzyme —more than
100 mg'mL! support were immobilised, retaining almost total activity
offered—. In addition, RAC support was also used for protein purifica-
tion, aiming to establish an alternative to metal affinity chromatography.
CBM9 domain proved to be a suitable tag for enzyme purification in
all tested biocatalysts using glucose as eluent. However, CBM3—tagged
enzymes were not efficiently desorbed using the methodology developed
for CBM9—tagged variants. Once again, the best results were achieved
for ScADH enzyme, with a recovery yield of >92% and almost a 10-fold
higher purity grade.
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6. RESULTS III: ONE-STEP PURIFICATION/IMMOBILISATION
OF CBM-FUSED ENZYMES

6.1. Immobilisation of CBM—fused enzymes into cellulosic
support

As described in the introduction of this work (Section 1.4, Enzyme puri-
fication and immobilisation as process intensification strategies), one
approach commonly used to bring biotransformations closer to indus-
trial feasibility is biocatalyst immobilisation. The use of immobilised
derivatives containing biocatalysts does not only allow to reuse them but
can also improve their stability towards several reaction conditions such
temperature, pH, or solvents, thereby increasing the biocatalyst yield
(Tischer and Wedekind, 1999).

However, one of the main drawbacks that characterises enzyme immo-
bilisation is the cost of commercial supports used, which contribute
significantly to the final downstream cost. Therefore, the use of cheap
immobilisation supports such as cellulose stands as a promising alterna-
tive, especially for industrial-scale processes focused on the production
of low—valued final products.

The experiments described below were carried out aiming to establish
a one-step purification/immobilisation process for the CBM—fused enzy-
mes that have been successfully overexpressed and produced in E. coli
(see Section 5.2, CBM—tagged enzymes production with the M15AglyA
strain). The immobilisation method is then based on affinity interac-
tions between CBMs and cellulosic supports. The characterization of the
CBM3- and CBM9—fused enzymes affinity towards cellulose was per-
formed by immobilising the enzymes produced at bench—scale reactor
onto a regenerated amorphous cellulose (RAC) support.

Firstly,immobilisation experiments were carried out loading low amounts
of enzyme aiming to avoid diffusional limitations, so that immobilisation
parameters such as retained activity could be determined without the
effect of this sort of hindrances. Afterwards, the stability of both immo-
bilised and soluble enzymes under storage conditions (50 mM Tris-HCl
buffer pH 7.50, 4°C) was studied. Finally, the maximum enzyme loading
capacity of RAC support was analysed for both CBMs by increasing the
offered enzyme quantities.
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Though, considering that diverse CBM families can be established accor-
ding to the type of compounds by which these domains present a greater
binding affinity (Section 1.5, Carbohydrate—Binding Modules), CBM3—
tagged enzymes were also immobilised to non—treated microcrystalline
cellulose (MC), since CBM3 domains are characterized to bind with
higher affinity towards crystalline cellulose supports, whereas CBM9
domains rather bind to amorphous cellulose instead (Oliveira et al.,
2015).

6.1.1. CBM3—fused enzymes

First batch experiments were carried out to

of CBM3—tagged enzymes towards the amorphous
cellulose. The enzyme activities measured along the immobilisation
processes of the three enzymes are depicted in Figure 6.1, whereas the
immobilisation parameters calculated are listed in Table 6.1.

The experiments performed revealed the high affinity of the carbohydra-
te—binding module towards the cellulosic support, as well as the short
time needed to establish the union between them, since the equilibrium
was reached after five to ten minutes of incubation in all cases. Even if
almost total binding of target protein was achieved for two of the three
enzymes tested, the retained activity of the immobilised derivatives
varied significantly among the three cases (Figure 6.1 and Table 6.1). In
all cases, blank samples (lysate without support) kept a high percentage
of initial activity (> 75-80%), what meant that experiment conditions
were suitable, in terms of enzyme stability.
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A: CBM3-ScADH B: CBM3-ScPDC

C: CBM3-TmLDH

Figure 6.1. Enzyme activities measured along the immobilisation processes of CBM3-ScADH (A),
CBM3-ScPDC (B) and CBM3-TmLDH (C) with 1 mL of RAC support. Blank (o), suspension (eoe), super-
natant (A), retained activity of immobilised derivatives (#44) and supernatant activity after wash (9).
Experiment conditions: 50 mM Tris-HCl pH 7.50 buffer, 24°C, roller agitation. Error bands correspond to
the standard error of three replicates.

Table 6.1. Immobilisation parameters calculated for CBM3—fused enzymes onto RAC support. Experi-
ment conditions: 50 mM Tris-HCI pH 7.50 buffer, 24°C, 1 mL RAC support, roller agitation. + correspond
to the standard error of three replicates.

Enzyme Total protein Enzyme offered Enzyme offered 1Y RA Rt.ec-overed
offered (mg) (mg-mL-1RAC) (AU-mL-1RAC) (€)) (%) activity (%) *
ScADH 25+0 0.4+0 29+1 98+1 86+2 74+3
ScPDC 1.5+0 0.2+0 49+1 98+1 43+3 46+3
TmLDH 114+1 3.8+0 50+2 85+3 777 32+1

IY: immobilisation yield; RA: retained activity. * Activity recovered after sample filtration.

164



Results showed a slight deactivation of CBM3—fused ScADH (Figure 6.1
A) due to the immobilisation process, but all activity was maintained in
the final immobilised derivative (86.1%). On the contrary, a progressive
activity loss was observed during the immobilisation of ScPDC enzyme
(Figure 6.1 B) —which also showed no activity in supernatant—, who-
se derivative retained a 45.6% of total offered activity. Although this
fact may indicate the presence of diffusional limitations, it could not
be checked since the experiment was carried out at activity test thres-
hold detection. Finally, 7mLDH suspension (Figure 6.1 C) kept the whole
activity (91.5%) during the experiment, but the recovered support after
filtration showed low retained activity (32%). Moreover, a 14.7% of total
LDH activity remained in the supernatant fraction, probably due to an
excessive enzyme loading. This fact occurred because all the experi-
ments were set up according to enzyme activity of the samples, and
not to the total amount of target protein offered. I.e., it is possible that
the amount of enzyme offered (3.8 mg) exceeded the maximum loading
capacity (Table 6.1).

Protein analysis was estimated for the three experiments and the results
obtained are listed in Table 6.2. Briefly, total protein content of blank
and supernatant was calculated by measuring their protein concentra-
tions, and the amount of enzyme immobilised to RAC was estimated by
measuring the difference of relative intensity of the band corresponding
to target enzyme (in SDS-PAGE) between the blank samples and the
supernatant samples (Figures 6.2, 6.3 and 6.4).

Table 6.2. Protein analysis of immobilisation experiments of CBM3—fused enzymes onto RAC support.
Experiment conditions: 50 mM Tris-HCI pH 7.50 buffer, 24°C, 1 mL RAC support, roller agitation. + corre-
spond to the standard error of three replicates.

Enzyme
Total protein content in the
Total protein Initial in final Total protein Total enzyme immobilised
Enzyme offered enzyme content supernatant immobilised immobilised* derivative
(mg) (%)

ScADH 25+0 15+1 2.1+0 0.4+0 0.34+0 85
ScPDC 1.5+0 13+0 1.2+0 0.3+0 0.2+0 67
TmLDH 11.4+1 33+1 8+1 3.4+0 3.1+0 91

* Calculated from SDS-PAGE differences between blank and final supernatant samples.
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Figure 6.2. SDS-PAGE of the immobilisation experiments of CBM3-ScADH fusion protein onto cellulo-
sic RAC support. Lanes M: molecular weight standard (kDa); lanes 1 and 2: clarified cell extract before
and after diluting, respectively; lanes 3, 5 and 7: blank samples of each replicate; lanes 4, 6 and 8: final
supernatant samples of each replicate. CBM3-ScADH (57 kDa) corresponding band indicated with arrow.

kDa M1 2 3 4 56
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Figure 6.3. SDS—PAGE of the immobilisation experiments of CBM3-ScPDC fusion protein onto cellulosic
RAC support. Lane M: molecular weight standard (kDa); lanes 1 and 2: clarified cell extract before and

after diluting, respectively; lanes 3 and 5: blank samples of two replicates; lanes 4 and 6: final supernatant
samples of two replicates. CBM3-ScPDC (80 kDa) corresponding band indicated with arrow.
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1 2 3 4 5 6 7

¢— CBM3-TmLDH

Figure 6.4. SDS—PAGE of the immobilisation experiments of CBM3-TmLDH fusion protein onto cellulo-
sic RAC support. Lane 1: clarified cell extract; lanes 2, 4 and 6: blank samples of each replicate; lanes 3, 5
and 7: final supernatant samples of each replicate. CBM3-TmLDH (53 kDa) corresponding band indicated
with arrow.

Regarding the protein content analysis (Table 6.2), in all cases the
high specificity of the binding between CBM3 domain and the cellu-
losic support was demonstrated, since total protein content difference
between initial and final supernatant samples were close to the amount
of target protein offered to support. This fact can be clearly observed in
protein electrophoresis (Figures 6,2, 6.3 and 6.4), where a remarkable
decrease of the bands corresponding to target enzymes can be seen in
all three cases.

For example, it was estimated that 0.37 mg of CBM3-ScADH enzyme
were offered (Table 6.1), and according to SDS-PAGE (Figure 6.2), and
relative content in supernatant decreased from 14.6% to 0.7%, what
means that approximately 0.34 mg of target protein were bound to RAC
(Table 6.2), which corresponded to the 86% of total protein immobilised
(0.4 mg). Moreover, this value coincides with what was measured by
activity assay, since mass balance showed a IY of 92% (0.34 of 0.37 mg)
whereas a IY of 98% was estimated by activity assay (Table 6.1).

Protein analysis also revealed a high specificity for the rest of the enzy-
mes towards RAC; almost all CBM3-ScADH enzyme offered —0.17 mg
of 0.2 mg— was attached to RAC, increasing the enzyme content from
13 to 67% after immobilisation (Table 6.2). Regarding CBM3-TmLDH,
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3.11 mg of enzyme from the 3.8 mg offered (82%) were bound to RAC,
reaching more than 91% of enzyme content in the final immobilised
derivative (Table 6.2). Moreover, the IY obtained by activity assay was
close to the value obtained by protein analysis (85%).

The enzyme storage stability assessment of both soluble enzymes
and immobilised derivatives is depicted in Figure 6.5:

A: CBM3-ScADH B: CBM3-ScPDC

C: CBM3-TmLDH

Figure 6.5. Stability of CBM3-ScADH (A), CBM3-ScPDC (B) and CBM3-TmLDH (C) fusion proteins, solu-
ble (o) and immobilised onto RAC support (o), under storage conditions (50 mM Tris-HCI buffer pH 7.50,
4°C). Error bars correspond to standard error of three replicates.

On the one hand, the experiment revealed the notorious high stability
of TmLDH enzyme (Figure 6.5 C), whose immobilised derivative kept
the whole activity a fortnight after the beginning of the experiment and
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the soluble enzyme only suffered a 20% activity loss. Nevertheless, it
should be mentioned that this fact was somehow expected, considering
that TmLDH enzyme was isolated from an extremophile organism. On
the other hand, results showed that the immobilisation process allowed
a 5.5-fold increase of half-life time for ScADH enzyme —from 32 to 174
hours— (Figure 6.5 A), which turned out to be the less stable protein
among all soluble ones, under the tested conditions.

On the contrary, immobilisation process did not result in an increased
stability of ScPDC enzyme (Figure 6.5 B), being the half-life of immo-
bilised derivative a 20% lower than soluble one (84 and 105 hours,
respectively).

The of CBM3—fused enzymes on
RAC support was determined by increasing the offered enzyme quantities
to the support (Table 6.3). In this case, due to mass transfer limitations,
steric hindrances and other possible phenomena commonly associated
to highly loaded immobilisation supports, retained activity values were
underestimated (Wingard et al., 1976). Thus, retained activity coefficient
previously assessed with no-limiting conditions (Table 6.1) was used to
calculate the theoretical final retained activity of the high-loaded deriva-
tives by assuming to be equal in all cases, since it is not dependent on
enzyme amount (Garcia-Bofill et al., 2021, b). For experiments with MC,
retained activity coefficient was also calculated previously, obtaining a
95% RA for CBM3-ScADH, an 86% for CBM3-ScPDC and a 92% for
CBM3-TmLDH (Table 6.3).

Additionally, the maximum loading capacity of CBM3—tagged enzymes
on MC support was also determined, by performing the same experi-
ments concurrently with the two types of cellulose, aiming to explore
other alternatives with CBM3 domains. As mentioned, maximum capa-
city was assessed by increasing the amount of enzyme offered to 1 mL of
support, and experiments stopped once IY decreased significantly from
100% (< 90%), meaning that a remarkable percentage of enzyme offered
remained unbound in the supernatant.
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Table 6.3. Results obtained of maximum enzyme loading capacity of CBM3—fused enzymes onto amor-
phous (RAC) and microcrystalline (MC) cellulosic supports. Experiment conditions: 50 mM Tris-HC] pH
7.50 buffer, 24°C, 1 mL RAC support, roller agitation. + correspond to the standard error.

Enzyme offered Iy Enzyme immobilised Theoretical RA Measured RA
Enzyme Support (AU-mL1 (AU-mL+1 (AU-mL1 (AU-mL1
support) support) support) support)
501+4 100+ 0 501+0 431+11 743
RAC 1002 +9 100+ 0 1001+ 0 861 +22 400+6
. o
(RA:86%) 5012433 8645 43114263 3710+ 110 962 £90
9963 + 50 50+1 4976 + 84 4284 + 219 686 + 80
ScADH
501+3 100+ 0 501+0 476 +2 239+1
MC 1003 + 4 100+0 1002+ 0 952+4 537+7
(RA-95%) 5012544 10040 5001+ 1 4751+ 20 1741+75
10025 + 5 94+0 9468 £ 2 8995 + 40 1282 +33
49+1 98+1 48+0 210 23+2
RAC
200+ 10 79+1 1592 68+5 42+2
(RA: 43 %)
546+ 17 42+2 228+ 12 98 + 15 108 £ 13
ScPDC
49+1 100+ 0 49+0 42+0 44+1
McC
250+ 24 88+1 220+3 189+ 0 174 +3
(RA: 86 %)
501+47 72+8 363+42 3110 219+9
50+2 85+3 43+2 33+3 16+1
RAC
(RA: 77 %)
100+ 2 721 731 56+ 7 54+0
TmLDH
50+1 92+1 46+1 42+0 39+1
McC
(RA: 92 %)
100 + 2 76+1 76+ 1 69+3 26+1

IY: immobilisation yield; RA: retained activity. Theoretical RA coefficients (2™ column) were determined
under no diffusional-limiting conditions.
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In most of the cases, it was observed that maximum loading value
increased among two consecutive experiments (Table 6.3), even if both
were performed at high loads (IY lower than 100%), what could reveal
that multi-layer immobilisation is occurring. For example, 3710 + 110
AU'-mL! of CBM3-ScADH were bound to RAC when 5000 AU-mL! were
offered, reaching a IY lower than 100% (86%), what would indicate that
maximum loading capacity was already reached. However, when higher
amounts were offered (10000 AU-mL!) the final immobilised activity
obtained was 15% higher (4284 + 220 AU-mL?).

This phenomenon has already been reported in other immobilisation
processes (Solé et al., 2019, Garcia-Bofill et al., 2021, a). Besides, it
was proved that these supposed multi-layered derivatives could keep
bound all the immobilised protein after their recovery, since the activi-
ty measurement of the filtered volume —which comprised the filtered
supernatant and the subsequent wash— did not vary significantly from
the last measure of supernatant prior to filtration step. For that, the
maximum loading values obtained inside the range of activities tested
are presented in bold in Table 6.3 and are shown in Figure 6.6, together
with their corresponding mass values:

Figure 6.6. Maximum enzyme loading capacity (AU-mL!) of CBM3-fused enzymes onto amorphous
(RAC) and microcrystalline (MC) cellulosic supports (bars), and their corresponding mass values (mg) (o).
Experiment conditions: 50 mM Tris-HCl pH 7.50 buffer, 24°C, 1 mL RAC support, roller agitation. Error
bars correspond to the standard error.
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Regarding the experiments with MC support, higher maximum loadings
were obtained compared with the ones obtained with RAC, even if diffe-
rences between the two supports varied among the enzymes tested. For
ScADH enzyme, maximum retained activity was 2.2-fold higher for MC
support in contrast to RAC, which also corresponded to higher amounts
of enzyme immobilised (mg-mL). Similar results were obtained for ScP-
DC enzyme, showing a 3-fold increase in activity immobilised compared
with RAC, that corresponded to a 2.3-fold increase in totall amount of
immobilised enzyme (21.5 vs 9.2 mg-mL). However, minor differences
were obtained for TmLIDH, with which a 20% increase in maximum
loading was reached with MC support, corresponding with an increase
of the same proportion in terms of enzyme amount (6.3 vs 7.5. mg-mL!
for RAC and for MC, respectively).

In summary, results obtained for CBM3-tagged enzymes immobili-
sation experiments demonstrated that the most suitable strategy with
CBM3 fusion tag would be using microcrystalline cellulose instead of
amorphous.

6.1.2. CBM9—fused enzymes

The of CBM9—tag-
ged enzymes onto the amorphous cellulose (Figure 6.7) confirmed once
again the high affinity of CBMs towards cellulose. As happened with
CBM3 domain, the equilibrium was reached after just five to ten minu-
tes of incubation for the three enzymes.
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A: CBM9-ScADH B: CBM9-S¢PDC

C: CBM9-TmLDH

Figure 6.7. Enzyme activities measured along the immobilisation processes of CBM9-ScADH (A),
CBM9-5¢PDC (B) and CBM9-TmLDH (C) with 1 mL of RAC support. Blank (o), suspension (eoe), super-
natant (A), retained activity of immobilised derivatives (¢44) and supernatant activity after wash (9).
Experiment conditions: 50 mM Tris-HCI pH 7.50 buffer, 24°C, roller agitation. Error bands correspond to
the standard error of three replicates.

The totality of blanks and almost all suspension samples kept the who-
le initial activity offered, having only observed a slight deactivation of
CBM9-fused TmLDH protein (14%) in suspension measurements (Figu-
re 6.7 C), meaning that experiment conditions were suitable, as it was
already assessed for CBM3-tagged proteins.

Total binding of target protein was achieved for ScADH enzyme (Figure
6.7 A), and so occurred for TmLDH, since activity measured in super-
natant could be considered residual (6.5%). However, it was measured
a 14% of initial ScPDC activity in final supernatant samples (Figure 6.7
B), what meant that probably the maximum loading capacity of RAC
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support was exceeded, as occurred with CBM3-TmLDH enzyme (Figure
6.1 C).

Immobilisation yield and retained activity coefficients (Table 6.4) were
calculated for the three enzymes, and protein analysis (Table 6.5) was
checked by following the same method used with CBM3—tagged prote-
ins. In this case, electrophoresis gels with which relative intensity bands
of target proteins were calculated are shown in Figures 6.8, 6.9 and 6.10.

Table 6.4. Immobilisation parameters calculated for CBM9—fused enzymes onto RAC support. Experi-
ment conditions: 50 mM Tris-HCI pH 7.50 buffer, 24°C, 1 mL RAC support, roller agitation. * correspond
to the standard error of three replicates.

Enzyme Total protein  Enzyme offered Enzyme offered 1Y RA Rc.ec.overed
offered (mg) (mg-mL-1RAC) (AU-mL-1RAC) (%) (%) activity (%) *
ScADH 24+0 0.2%0 16+3 1000 98+2 92+4
ScPDC 154+1 2+0 46+ 6 84+2 85 16 55+8
TmLDH 83+0 1+0 43+1 94 +2 79+4 77 £5

1Y: immobilisation yield; RA: retained activity. *Activity recovered after sample filtration.

Table 6.5. Protein analysis of immobilisation experiments of CBM9—fused enzymes onto RAC support.
Experiment conditions: 50 mM Tris-HCl pH 7.50 buffer, 24°C, 1 mL RAC support, roller agitation. + corre-
spond to the standard error of three replicates.

Enzyme
Total protein content in the
Total protein Initial in final Total protein Total enzyme immobilised

Enzyme offered enzyme content supernatant immobilised immobilised* derivative

(mg) (mg) (mg) (mg) (%)
ScADH 2+0 12+1 1.8+0 0.21*0 0.21*0 100
ScPDC 154+1 13+0 14.2+0 1.2+0 09+0 75
TmLDH 83+0 12+1 75%0 0.8+0 0.8+0 100

* Calculated from SDS-PAGE differences between Blank and final supernatant samples.

Results showed that high retained activities were achieved in all cases,
but not all the recovered derivatives maintained all the activity (Table
6.4). On the one hand, the immobilised derivatives of SCADH enzyme
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kept a 92.4% of the activity after the recovery process, and a 75% of
activity recovery was achieved for CBM9-TmLDH. However, ScPDC
enzyme derivatives only conserved a 55% of total activity offered, even
if suspension samples kept the totality of activity.

Protein analysis strengthened what was measured via enzyme activity
test; CBM9-ScADH presence in lysate decreased from 12.2% to 1.1% of
relative content, according to protein electrophoresis (Figure 6.8), and
0.21 mg of target protein from 0.24 mg offered were calculated to have
bound to RAC (Table 6.5), meaning that almost a 90% of target enzy-
me was recovered in immobilised derivative. ScPDC analysis revealed
that approximately 0.9 mg of target enzyme were immobilised, which
corresponded to the 45% of total offered (2 mg). Finally, 0.8 mg of CBMO9-
TmLDH were bound to support (Table 6.5), which corresponded to the
80% of total enzyme offered (1 mg-mL!), matching also with the relati-
ve intensity differences observed between blank and final supernatant
samples, measured via electrophoresis (Figure 6.10).

In all cases the high specificity of CBM9—tagged enzymes towards RAC
was proved, increasing the relative enzyme content from 12—-13% in ini-
tial lysates to 100, 75 and 100% in the recovered derivatives, for ScCADH,
ScPDC and TmLDH, respectively.

kDa M 1 2 3 4 5 6 M

250 —
150 —

100 —

75—
¢— CBM9-ScADH

50 —

37—

25—

Figure 6.8. SDS—-PAGE of the immobilisation experiments of CBM9-ScADH fusion protein onto cellulosic
RAC support. Lanes M: molecular weight standard (kDa); lanes 1, 3 and 5: blank samples of each repli-
cate; lanes 2, 4 and 6: final supernatant samples of each replicate. CBM9-ScADH (63 kDa) corresponding
band indicated with arrow.
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kDa M1 2 3 4 5 M
250 —

150 —

100 — ¢——— CBMO9-ScPDC
75 —

50 —
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Figure 6.9. SDS—-PAGE of the immobilisation experiments of CBM9-ScPDC fusion protein onto cellulosic
RAC support. Lanes M: molecular weight standard (kDa); lane 1: clarified cell extract; lanes 2 and 3: blank
samples of two replicates; lanes 4 and 5: final supernatant samples of two replicates. CBM9-ScPDC (88
kDa) corresponding band indicated with arrow.

kDa M1 2 3 4 5 M
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Figure 6.10. SDS—-PAGE of the immobilisation experiments of CBM9-TmLDH fusion protein onto cellulo-
sic RAC support. Lane 1: clarified cell extract; lanes 2, 3 and 4: final supernatant samples of each replicate.
CBM9-TmLDH (55 kDa) corresponding band indicated with arrow.
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The enzyme storage stability assessment of both soluble enzymes
and immobilised derivatives is depicted in Figure 6.11:

A: CBM9-ScADH B: CBM9-ScPDC

C: CBM9-TmLDH

Figure 6.11. Stability of CBM9-ScADH (A), CBM9-ScPDC (B) and CBM9-TmLDH (C) fusion proteins,
soluble (o) and immobilised onto RAC support (o), under storage conditions (50 mM Tris-HCI buffer pH
7.50, 4°C). Error bars correspond to standard error of three replicates.

Results showed that the immobilisation process allowed the enhancement
of enzyme stability in all cases. On the one hand, ScADH and ScPDC
soluble forms were quickly inactivated, being their half-life times of 14
and 16 hours, respectively. Nevertheless, the stability increase achieved
with immobilisation was different among the two of them, leading to a
stability improvement of 2.9 folds for CBM9-ScADH (Figure 6.11 A), and
of 11 folds for ScPDC enzyme (Figure 6.11 B). ScCADH derivative, which
seemed to be inactivated faster than ScPDC one, finally retained a 40%

177



6. RESULTS III

of initial activity after 15 days, whereas the second one, which retained
a 70% of activity after 96 hours, ended up completely inactivated.

On the other hand, TmLDH soluble enzyme activity slowly decreased
and was finally stabilised at around a 60% of initial activity at the end of
the experiment (Figure 6.11 C). In this case, enzyme stability of immo-
bilised derivative was similar to soluble form, even if the final activity
measured was slightly higher than soluble (66%). Once again, the obtai-
ned results consolidate CBM domains as feasible one-step purification/
immobilisation tags thanks to the improvement of enzyme stability once
the fusion peptides are bound to the support.

The of CBM9—fused enzymes
on RAC support was also assessed (Table 6.6). However, the maximum
loading capacity on MC support is not compiled in this work, since it
has already been reported that CBM9 domains —and more precisely the
same CBM9 domain used in this work— exhibit greater affinity towards
amorphous cellulose rather than crystalline (Morag et al., 1995). The
maximum loading values obtained —inside the range of activities tested
—are presented in bold in Table 6.6.

Results obtained revealed that 1 mL of RAC support was able to bind
up to 8300 AU of CBM9-ScADH enzyme from cell lysate, which would
correspond to approximately to 115 mg of target protein. Additionally,
310 UA-mL* of CBM9-ScPDC and 151 AU-mL"! of CBM9-TmLDH fusion
proteins, corresponding both to 10 mg, could also be bound to RAC. As
happened with CBM3-tagged variants, multi-layer immobilisation could
have occurred during the experiments, since it was observed an increase
in maximum loading capacity between consecutive experiments that
showed an IY lower than 90%. This phenomenon can be clearly seen
whithin the range of AU tested for SCADH enzyme and, additionaly,
results obtained for CBM9-ScPDC also goes in line whith this hypotesis.
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Table 6.6. Results obtained of maximum enzyme loading capacity of CBM9—fused enzymes onto RAC
support. Experiment conditions: 50 mM Tris-HCI pH 7.50 buffer, 24°C, 1 mL RAC support, roller agita-
tion. * correspond to the standard error.

Enzyme offered Enzyme immobilised Theoretical RA Measured RA
(GUR R (AU-mL1 (AU-mL1 (AU-mL1
support) support) support) support)
16+3 100+0 16+0 160 15+1
54+0 1000 54+0 531 53+0
3797 + 142 99+0 3751+7 3667 + 64 1656+ 9
+ + + + +
ScADH 5907 + 101 100+1 5885+ 1 5750 + 100 3738+ 45
(RA:98%)  g017+316 9740 7790+ 8 7613+136 4155+ 103
10062 + 84 74+0 7494 £ 652 7326+ 171 4151 + 649
11112 + 189 63+0 7028 + 34 6871+ 117 2585+ 93
16051 + 273 53+1 8472 £136 8282 + 141 3554 + 440
154 +4 92+1 142 +1 1203 88+1
ScPDC
36310 87+0 317 %1 267+7 282+6
(RA: 85 %)
501+15 731 368+6 3108 204 £ 56
43+1 94 +2 40+1 32+2 31+2
TmLDH
246+ 7 722 177 5 140+ 7 42+4
(RA: 79 %)
346+ 8 551 1908 151+ 8 60+ 14

1Y: immobilisation yield; RA: retained activity. Theoretical RA coefficients (1st column) were determined
under no diffusional-limiting conditions.
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6.2 Comparison between CBM3 and CBM9 domains as immobi-
lisation tags

The results obtained with the immobilisation experiments validate the
strategy of using CBM-tagged enzymes as a promising system for one
step purification/immobilisation process thanks to i) the high specificity
of CBM domains towards cellulosic supports compared to the other pro-
teins present in E. coli lysates and ii) the high retained activities obtained
in the final immobilised derivatives. However, each domain has proved
to be more suitable for a different sort of cellulose; CBM3—fused enzy-
mes proved to bind more effectively towards microcrystalline cellulose,
whereas CBM9—tagged enzymes bound with greater affinity to amor-
phous cellulose.

Below, it is presented a brief comparison between the two CBM domains
used in this work as immobilisation tags. Maximum enzyme loadings of
CBM-fused enzymes obtained in this study are shown in Figure 6.12:

Figure 6.12. Maximum enzyme loading capacity (AU-mL-!) of CBM—fused enzymes onto amorphous
(RAC) and microcrystalline (MC) cellulosic supports (bars), and their corresponding mass values (mg-mL-1)
(o). Experiment conditions: 50 mM Tris-HCI pH 7.50 buffer, 24°C, 1 mL RAC support, roller agitation.
Error bars correspond to the standard error.

Results depicted in Figure 6.12 makes graphically evident what was alre-
ady stated above; maximum enzyme loads vary significantly depending
on the cellulose support used and the CBM domain fused to target enzy-
mes. In all cases best results were obtained by using RAC with CBM9
domain and using MC with CBM3—fused enzymes. Thus, in terms of
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AU, similar loadings were achieved with CBM9 tag onto RAC and with
CBM3 domain onto MC support, except for TmLDH enzyme, with which
a 2-fold increase in maximum loading was observed for the immobi-
lisation of the CBM9—fused version onto RAC. Nevertheless, in terms
of milligrams, minor differences were shown to bound to each of the
supports tested. Regarding ScPDC enzyme, a 1.8-fold increase in total
amount of protein immobilised was calculated for the immobilisation of
CBM3-S5¢PDC enzyme onto MC, in contrast to CBM9-ScPDC onto RAC.

In conclusion, both CBM—tagged variants were proved to be suitable
for one-step purification/immobilisation process, retaining in almost all
cases a high percentage of the activity offered, and improving in most of
them the enzyme storage stability.

6.3. Use of Carbohydrate—Binding Modules as purification tags

As previously mentioned, CBM domains can be used as an alternative of
traditional metal—chelated resins used in protein purification processes.
Their usage would enable us to recover highly purified soluble target pro-
teins and overcome the hindrances of IMAC methods such as high-cost
resins and metal ions presence in recovered product. The feasibility of
CBM—fused enzymes purification by cellulose affinity chromatography
would also bring to light the versatility of the cellulose as a support for
both i) one-step immobiliation/purification and ii) enzyme purification.

For that purpose, it was decided to set up a fast protein liquid chro-
matography (FPLC) method to recover CBM—fused enzymes in soluble
form after removing the undesired proteins from cell lysates, based on
the reversibility of the bound between cellulose and the protein. Howe-
ver, it was necessary to perform a preliminary screening study prior to
FPLC experiments, aiming to determine which compound would be the
most suitable eluent. In this context, a wide range of compounds have
been reported to elute CBM domains from cellulosic supports; CBM3
domain has been successfully eluted with ethylene glycol (Wan et al.,
2011, Myung et al., 2011), EDTA (Hong et al., 2008) or trimethylamine
(Morag et al., 1995), whereas CBM9 domain has been eluted with gluco-
se (Boraston et al., 2001, Kavoosi et al., 2004). Nonetheless, some of these
compounds could not be used in our case of study since they would
significantly compromise enzyme activity due to their denaturing effect.
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Prior to compare the efficiency of purification process depending on
which CBM is fused to target enzyme, brief stability and elution scree-
nings were performed with some of the compounds mentioned above;
some polyalcohols, whose hydroxyl (OH) groups could be useful to
unbound CBM domains from cellulose (see Section 1.5, Carbohydrate—
Binding Modules), and glucose, which has already been used as eluent
in previous reports (Boraston et al., 2001).

Related to the support used in FPLC purifications, RAC obtained from
Avicel® PH-101 —which has a particle size of approximately 50 pm—
was unviable for FPLC performance, because the cellulose bread ended
up compacting and column flowthrough collapsed. For that reason, the
same cellulose support but with higher particle size (Avicel® PH-200,
~180 pm, see Section 3.9, Fast Liquid Protein Chromatography) was
employed. For that, subsequent experiments were performed with RAC
derived from Avicel® PH-200 cellulose.

6.3.1. Eluent screening

As mentioned, first experiments were focused on the screening of seve-
ral compounds to be used as eluent before starting with FPLC processes.
Therefore, prior to assess the eluting capability of each of the compounds
picked, an enzyme stability study was carried out. The two CBM—fused
versions of ScCADH enzyme were incubated at room temperature (24°C)
with different solutions that contained the selected compounds at 75%
of their maximum solubility in water (see Section 3.9, Fast Liquid Pro-
tein Chromatography). Though, the screening was only performed with
ScADH because of two reasons: i) it proved to be the less stable enzyme
(under the tested conditions) and it was probable that any of the com-
pounds could have more impact on its stability rather than on the other
two and ii) since protein elution is dependent on the interaction between
the support and the CBM, it was only required to evaluate the desorp-
tion of each CBM domain from RAC support once and thus, iii) SCADH
has been used as model enzyme along this work.

The evolution of ADH activity of the two CBM—fused variants along the
time experiment is shown in Figure 6.13:
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A: CBM3-ScADH B: CBM9-ScADH

Figure 6.13. Stability of CBM3-ScADH (A) and CBM9-ScADH (B) fusion proteins (in soluble form). Enzy-
mes were incubated in 50 mM Tris-HCl pH 7.50 buffer —blank (o)—, containing 3.6 M D-sorbitol (m);
10.2 M glycerol (¢); 13.4 M ethylene glycol (e); 1 M D-glucose (¢); 0.9 M D-mannitol (¢); 1 M Polyethylene
glycol (PEG) (A) and 3.2 M Xylitol (V) solutions. Experiments conditions: 24°C, roller agitation. Error bars
correspond to standard error of three replicates.

As can be seen in Figure 6.13 A, stability of CBM3-ScADH was signi-
ficantly affected by the presence of ethylene glycol (EG), and samples
incubated with sorbitol also showed low stability after long incubation
periods, decreasing up to the 36% of the inicial value. On the contrary,
enzyme stability was improved for the rest of compounds, in comparison
with the control sample, especially for samples incubated with glycerol.

On the other hand, CBM9-ScADH stability was improved in samples
incubated with glycerol and with polyethylene glycol (PEG), retaining
almost the totality of inicial activity after 2 h. However, enzyme activity
was clearly affected not only by the presence of EG but also sorbitol,
whilst the rest of compounds tested showed similar stability than con-
trol samples.

Considering the results obtained in stability tests, sorbitol and ethylene
glycol (EG) waere discarded, and the rest of the compounds tested were
used to carry out the desorption batch experiment, as described in Sec-
tion 3.8, Biocatalysts immobilisation). However, it should be mentioned
that EG was the only compund found in literature that has been effi-
ciently used to desorb CBM3 domains from cellulose (Wan et al., 2011,
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Myung et al., 2011), to the best knowledge of the author, apart from
denaturing compounds. Nevertheless, considering the results obtained
in stability tests (Figure 6.13), EG could not be considered to recover
CBM3-fused ScADH enzyme, since the objective of the present study is
not only to purify the enzymes but to obtain them in their active form,
as already mentioned.

Considering this, desroption studies were carried out whit the CBM9—tag-
ged variant, and the suitability of the subsequent developed purification
process for CBM9-ScADH was evaluated afterwards to purify CBM3—
tagged enzymes. Therefore, a first elution study was performed with
CBM9-ScADH fusion protein and the results obtained are shown in
Table 6.7, in which activity values of inicial derivatives are listed, as well
as the activity measured in the supernatants and the remaining activity
immobilised onto the support after the experiment.

Table 6.7. Enzyme recovery parameters obtained for CBM9-ScADH enzyme elution from RAC support by
using different compounds as eluent. Experiment conditions: 50 mM Tris-HCI pH 7.50 buffer, 24°C, roller
agitation. * correspond to the standard error of three replicates.

Immobilised Final supernatant

O activity Support activity Total balance

Eluvent —mmM o
(av) %) (av) (%) (%) (%)
Glycerol 302+6 1002 289+9 96+3 39+1 13+0 109
D-glucose 197 +12 1006 1652 84+1 6+0 30 87
PEG 81+6 100+ 8 1+0 1+0 78+4 9% +5 98
Xylitol 378+3 1001 221 6+0 251+28 66+7 72
D-mannitol 2431 100+0 27+0 11+0 148 +3 61+1 72

Regarding the percentage of activity recovered in the supernatant after
one hour of incubation, only glycerol and glucose proved to be suitable
candidates for protein desorption from RAC. However, the high viscosi-
ty of the elution buffer with minimal concentration of glycerol needed to
desorb CBM9—fused enzyme from RAC support (75% v/v) was incompa-
tible with the FPLC system performance and, went glycerol was diluted
up to 50% to reduce the viscosity, it was only achieved a 11% of enzyme
recovery.
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Therefore, glycerol was discarded for the following experiments, being
glucose the sole compound that was tested as eluent in FPLC experi-
ments, which turned out to be satisfactory results, since glucose is a
relatively cheap and highly available chemical compound, and it would
be easy to remove from final product. Thus, it was decided to develop a
FPLC process for CBM9—tagged enzyme purification by using glucose as
eluent compound.

6.3.2. Purification of CBM9—fused enzymes

Once it was determined that glucose would be used as eluent in FPLC
purification processes, first experiments were carried out with the
same protein used in the previous screening. CBM9-ScADH affini-
ty purification process was performed for triplicate, and the resulting
chromatogram and the corresponding SDS—PAGE gel documentation is
shown in Figures 6.14 and 6.15, respectively, whereas the purification
metrics are provided in Table 6.8.

Figure 6.14. Chromatogram of three consecutive CBM9-ScADH FPLC purifications on pre-treated Avi-
cel® PH-200 support (RAC). Enzyme recovered in each fraction () and the corresponding relative activity
(A) plotted. Experiment conditions: 15 mL column volume, 10 mL sample volume, 24°C, pH 7.50. Loading
buffer: 50 mM Tris-HCI; wash: 200 mM NaCl in 50 mM Tris-HCI; elution: 2 M glucose in 50 mM Tris-HCI.
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FPLC purification resulted in a 93 + 3% recovery of activity in average.
A trivial ScADH fraction within the clarified lysate load was lost in the
column flow-through (2.4%) and no activity was measured at any of the
column washes. As expected, glucose solution was effective in desorbing
all specifically bound target enzyme, which eluted from the column in a
single and clear peak (Figure 6.14). In addition, it was proved that RAC
support can be reused in consecutive purification batches, since process
efficiency and product recovery did not vary significantly among the
three experiments performed.

Table 6.8. Results obtained for FPLC—based CBM9-ScADH purification processes. * correspond to the
standard error of three replicates.

Eraction Total activity Total protein Specific activity  Purification
(AU) (%) (mg) (%) (AU-mg! protein) factor
Lysate 4117 £ 99 100+5 381+9 100+ 2 10.8+0 -
Flow-
98+ 4 2+0 341+7 90+2 0.3+0.1 -
through
Wash 04+0 0+0 210 0+0 0.2+0 -
Elution 3813+ 129 93+3 36+2 9+0 106.5+9 10+1

kDa M12 3 4M567 8 M9101112
250 —
150 —
100 —
75 —
<— CBM9-ScADH
50 —

37—

25—
20—

15—
10 —

Figure 6.15. SDS—PAGE of the FPLC purifications of CBM9-ScADH fusion protein onto cellulosic RAC
support. Lanes M: molecular weight standard (kDa); lanes 1, 5 and 9: clarified cell extract prior to column
loading; lanes 2, 6 and 10: column flow through; lanes 3, 7 and 11: column wash; lanes 4, 8 and 12: puri-
fied CBM9-ScADH eluted with 50 mM Tris-HCI buffer containing 2M glucose. CBM9-ScADH (64 kDa)
corresponding band indicated with arrow.
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In that case, both mass and activity balances were correct, since the sum
of all fractions corresponds to 379 mg of total protein (99.5% of initial
offered) and to 3930 AU, that means a 95.4% of total (Table 6.8). Regar-
ding the target enzyme, it has been estimated that 37 mg were recovered
among all the fractions —29 mg in elution— from the 47 mg that were
offered (78.5%). According to SDS-PAGE, CBM9-ScADH purity in elution
fractions is about 80% (Figure 6.15, lanes 4, 8 and 12).

Once it was checked that glucose was suitable for CBM9—tagged protein
elution in FPLC —it had already been demonstrated in batch experi-
ments during eluent screening actually—, same procedure was followed
for the rest of the enzymes.

CBMO9-ScPDC purification experiment was carried out by duplicated
(Figure 6.16) to prove that the method was suitable for a wide range
of CBM9—fused enzymes, apart from ScADH. Purification metrics are
given in Table 6.9, and the corresponding SDS—PAGE gel is shown in
Figure 6.17.

Figure 6.16. Chromatogram of two consecutive CBM9-ScPDC FPLC purifications on pre-treated Avicel®
PH-200 support (RAC). Enzyme recovered in each fraction (e) and the corresponding relative activity (A)
plotted. Exper-iment conditions: 15 mL column volume, 10 mL sample volume, 24°C, pH 7.50. Loading
buffer: 50 mM Tris-HCI; wash: 200 mM NaCl in 50 mM Tris-HCI; elution: 2 M glucose in 50 mM Tris-HCI.
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Table 6.9. Results obtained for FPLC—based CBM9-ScPDC purification processes. * correspond to the
standard error of two replicates.

Fraction Total activity Total protein Specific activity Purification
(AU) (%) (mg) (%) (AU-mg1 protein) factor
Lysate 108 +6 100+ 5 118+2 100+1 09+0 -
Flow-
21+3 203 97.4+2 82+2 0.3*0 -
through
Wash 3310 3+0 1.1+0 1+0 29+0 -
Elution 80+8 74+7 12.5+0 11+0 6.4+1 70

kDa M1 2 3 4 5 6 7 8

250 —
150 —
100 —

75— CBMO9-ScPDC

50 —
37—

25—
20—

Figure 6.17. SDS-PAGE of the FPLC purifications of CBM9-ScPDC fusion protein onto cellulosic RAC
support. Lane M: molecular weight standard (kDa); lanes 1 and 5: clarified cell extract prior to column
loading; lanes 2 and 6: column flow through; lanes 3 and 7: column wash; lanes 4 and 8: purified CBM9—
ScPDC eluted with 50 mM Tris-HCI buffer containing 2M glucose. CBM9-ScPDC (83 kDa) corresponding
band indicated with arrow.

CBM?9-ScPDC purification was satisfactorily performed, achieving a 74 +
7% recovery, corresponding to 80 + 8 AU from 108 + 6 AU offered (Table
6.9). The rest of the activity was detected mainly in flowthrough frac-
tion (21 + 3 AU), meaning that this percentage of target protein was not
correctly immobilised, even if maximum load capacity of RAC support
was not exceeded. Taking this into account, it can be stated that almost
all activity immobilised to the column could be recovered afterwards in
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elution step, and the sum of the activity measured in all fractions (106.8
AU) coincided with total activity offered (Table 6.9).

Regarding mass balances, total protein loaded onto the column also mat-
ched with the sum of the fractions —118 and 111.7 mg, respectively
— (Table 6.9). However, 11 mg of target protein were calculated to be
present in elution fraction, corresponding to 44% of total offered (25
mg), being this percentage notably lower than measured via activity test,
possibly due to measurement errors during protein analysis procedures.
CBM9-ScPDC enzyme was recovered with an 85% purity grade accor-
ding to SDS-PAGE (Figure 6.17).

Last affinity purification processes were performed by using the CBM9—
fused TmLDH enzyme, which was the last one to be tested. 10 mL of
cell lysate containing 491 + 19 AU (180 + 23 mg) of CBM9-TmLDH fusion
protein were loaded onto the FPLC column (Figure 6.18), yielding an 86
+ 7% of activity recovery (Table 6.10), with a purity grade of 76% (Figure
6.19).

Figure 6.18. Chromatogram of two consecutive CBM9-TmLDH FPLC purifications on pre-treated Avi-
cel® PH-200 support (RAC). Enzyme recovered in each fraction (e) and the corresponding relative activity
(A) plotted. Experiment conditions: 15 mL column volume, 10 mL sample volume, 24°C, pH 7.50. Loading
buffer: 50 mM Tris-HCI; wash: 200 mM NaCl in 50 mM Tris-HCI; elution: 2 M glucose in 50 mM Tris-HCI.
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Table 6.10. Results obtained for FPLC-based CBM9-TmLDH purification processes. + correspond to the
standard error of two replicates.

Eraction Total activity Total protein Specific activity  Purification
(AU) (%) (mg) (%) (AU-mg'l protein) factor
Lysate 491 +19 100+ 4 180 £ 23 100 £ 13 270 -
Flow-
58+3 12+0 1685 94+3 04+0 -
through
Wash 2+1 04+0 1.2+0 1+0 1.8+1 -
Elution 424 + 33 867 24 £ 4 1312 180 6.6t1

kDa M 123 45 6 7 8

250 —
150 — [
100— s
75—  w- |l e |
50 — ' !.u < CBMY-TmLDH
37— R =1*

Figure 6.19. SDS-PAGE of the FPLC purifications of CBM9-TmLDH fusion protein onto cellulosic
RAC support. Lane M: molecular weight standard (kDa); lanes 1 and 5: clarified cell extract prior to
column loading; lanes 2 and 6: column flow through; lanes 3 and 7: column wash; lanes 4 and 8: puri-
fied CBM9-TmLDH eluted with 50 mM Tris-HCI buffer containing 2M glucose. CBM9-TmLDH (51 kDa)
corresponding band indicated with arrow.

On the one hand, activity balance was correct, since total activity units
of cell lysate coincided with the sum of all fractions (490.8 and 490.7 AU,
respectively). Elution fraction contained 423.7 AU, that corresponded to
86.4% of total activity loaded (Table 6.10). On the other hand, protein
balance was also satisfactory; 195 mg were estimated to be recovered,
whereas 180 mg were calculated to be offered to the column (Table 6.10).
Finally, concerning the target enzyme, 20.5 mg were recovered, which
represented the 81% of total estimated (25.3 mg), being this relative per-
centage similar enough to the obtained via activity analysis.
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Even if satisfactory results were obtained for the purification of the three
CBM9-tagged enzymes, there were detected some impurities in elution
samples, especially for SCADH and ScPDC purification processes (Figu-
res 6.15 and 6.17, respectively), which could be broken fractions of the
fusion proteins that contained the CBM9 domain and remained attached
to the support until the elution step, although it was not determined to
what corresponded. E.g., in Figure 6.17 there were detected two more
bands in elution samples, with a relative intensity of 10% approximately.
The sizes of those bands are similar to molecular weights of both CBM9
domain and ScPDC enzyme (26 and 62 kDa in gel, respect to 21 and 61
kDa in theory), what could be showing that a fraction of the fusion pro-
tein was split in two parts. This fact would also explain the unbalance
mentioned above and coincides with what was observed for CBM9-
fused ScADH enzyme (Figure 6.15). However, all purification processes
were performed by adding protease inhibitor (PMSF) to cell extract to
precisely prevent the breaking of the fusion protein.

6.3.3. Purification of CBM3—fused enzymes

Considering the high yields achieved in FPLC purification processes for
CBM9-fused enzymes, and the satisfactory performance of RAC support
used as column bead, same purification procedure was tested to purify
CBM3-tagged enzymes using glucose as eluent. The studies were carried
out not only with RAC but also with MC, given the positive results obtai-
ned during immobilisation experiments of CBM3—tagged enzymes. First
experiments were carried out by loading 10 mL of a clarified cell lysate
containing 5850 + 316 AU of CBM3-ScADH enzyme, corresponding to
440 + 23 of total protein (Figure 6.20, Table 6.11). The experiment was
performed by duplicate and similar results were obtained in both pro-
cesses; a 6% of total loaded activity was recovered in elution fraction
(350 £ 1 AU) and neither the flow-through nor the wash fractions presen-
ted any enzyme activity (Table 6.11), disregarding then a loss of target
protein in previous fractions. Elution step resulted in the appearance of a
peak in the chromatogram, but notably smaller than expected, meaning
that glucose solution was unable to unbind the majority of CBM3—fused
enzyme from cellulose, at least for that concentration and under the tes-
ted conditions (Figure 6.20).
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6. RESULTS III

Figure 6.20. Chromatogram of two consecutive CBM3-ScADH FPLC purifications on pre-treated Avi-
cel® PH-200 support (RAC). Enzyme recovered in each fraction (o) and the corresponding relative activity
(A) plotted. Experiment conditions: 15 mL column volume, 10 mL sample volume, 24°C, pH 7.50. Loading
buffer: 50 mM Tris-HCI; wash: 200 mM NaCl in 50 mM Tris-HCI; elution: 2 M glucose in 50 mM Tris-HCI.

Table 6.11. Results obtained for FPLC—based CBM3-ScADH purification processes. + correspond to the
standard error of two replicates.

Eraction Total activity Total protein Specific activity  Purification
(AU) (%) (AU-mg! protein) factor
Lysate 5854 +316 100+5 440+ 23 100+5 13.3+0.7 -
Flow-
4+0.1 0.1+0 83+7 19+2 0.05+0 -
through
Wash 68 £ 15 1.2+0 94+1 21+0 0.73+0 -
Elution 350+1 6+0 8.8+0 20 39.7+0 3+0
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Protein analysis confirmed what was observed by chromatography, given
that elution fraction only contained the 2% of total protein, when target
overexpressed protein usually represents the 15-20% of total protein
content. Moreover, when microcrystalline cellulose was used instead of
RAC, only a 1% of initial activity (61 of 6404 AU loaded) was recove-
red, which is in accordance with results obtained from immobilisation
process, i.e., the more affinity towards substrate, the stronger bound is
established, and the harder to desorb CBM3—fused proteins.

Regarding that protein balance could not be correctly calculated for
CBM3-ScADH enzyme, the following experiment was carried out by
using CBM3-ScPDC fusion protein, but this time it was added to the
procedure a final step that promoted protein denaturalization by loading
sodium hydroxide (NaOH) onto the chromatography column (Figure
6.21), aiming to determine if CBM3—fused proteins remained bound to
the support after elution step. Thus, protein balance and process para-
meters are listed in Table 6.12, and the corresponding electrophoresis gel
is shown in Figure 6.22.

Figure 6.21. Chromatogram of CBM3—-ScPDC FPLC purification on pre-treated Avicel® PH-200 support
(RAC). Enzyme recovered in each fraction (e) and the corresponding relative activity (A) plotted. Experi-
ment condi-tions: 15 mL column volume, 10 mL sample volume, 24°C, pH 7.50. Loading buffer: 50 mM
Tris-HCI; wash: 200 mM NaCl in 50 mM Tris-HCI; elution: 2 M glucose in 50 mM Tris-HCl; denaturation:
1 M NaOH in distilled water. Error bars correspond to the standard error of three measurement replicates.
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6. RESULTS III

Once again, no activity was measured in any of the fractions collected
and a clear and single peak was obtained when NaOH was added to
RAC (Figure 6.21), which corresponded to CBM3-ScPDC fusion protein,
as was confirmed by SDS-PAGE (Figure 6.22).

Table 6.12. Results obtained for FPLC—based CBM3-ScPDC purification process. + correspond to the
standard error of three measurement replicates.

SN Total activity Total protein Specific activity  Purification
(AU) (%) (mg) (%) (AU-mg! protein) factor
Lysate 2924 + 100 100+3 1206 1005 24+1 -
Flow-
53+3 2+0 1072 89+2 0.5+0 -
through
Wash 26%1 0x0 1+0 10 26+0 -
Elution 1+0 0+0 0+0 0+0 2.64+0.5 0.1+0

1 2 3 4 5 M kDa
— 250
— 150
— 100
CBM3-ScPDC — — 75

—50

— 37

— 25

Figure 6.22. SDS—PAGE of the FPLC purification of CBM3-ScPDC fusion protein onto cellulosic RAC
support. Lane M: molecular weight standard (kDa); lane 1: clarified cell extract loaded to column; lane
2: fraction corresponding to column flowthrough; lane 3: column wash; lane 4: elution fraction; lane 5:
purified and denatured CBM3-ScPDC enzyme desorbed with 1 M NaOH solution. CBM3-ScPDC (79 kDa)
corresponding band indicated with arrow.

For this experiment, having presumably recovered all proteins that were
loaded onto the column, it made sense to check the protein balance
(Table 6.12). It was estimated that 127 mg of total protein were recovered
among all the fractions, corresponding to the 106% of initial value (120
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mg), which can be considered a coherent estimation. 18.8 mg of total
protein were measured in denatured fraction, and it was estimated that
16.3 mg corresponded to target protein, what represented the 68% of
total offered (24 mg). Differently from the previous case, no activity was
measured in elution fraction, and no peak was neither detected.

Finally, same procedure followed for ScPDC enzyme was used for
CBM3-TmLDH purification (Figure 6.23). In this case, 429 + 24 AU (135
+ 6 mg) were loaded onto the column (Table 6.13) and as expected, no
activity was recovered in elution fraction (0.25% of total), whereas the
protein peak appeared when sodium hydroxide was added, as happened
with CBM3-ScPDC enzyme. It was also detected the presence of target
protein in column flowthrough, even if no activity was measured in that
fraction.

Figure 6.23. Chromatogram of CBM3-TmLDH FPLC purification on pre-treated Avicel® PH-200 support
(RAC). Enzyme recovered in each fraction (e) and the corresponding relative activity (A) plotted. Experi-
ment conditions: 15 mL column volume, 10 mL sample volume, 24°C, pH 7.50. Loading buffer: 50 mM
Tris-HCI; wash: 200 mM NaCl in 50 mM Tris-HCI; elution: 2 M glucose in 50 mM Tris-HCI; denaturation:
1 M NaOH in distilled water. Error bars correspond to the standard error of three measurement replicates.
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Table 6.13. Results obtained for FPLC-based CBM3-TmLDH purification process. * correspond to the
standard error of three measurement replicates.

S Total activity Total protein Specific activity ~ Purification
(AU) (%) (mg) (%) (AU-mg1 protein) factor
Lysate 429 + 24 100+5 135+6 100+ 4 3.2+0 -
Flow-
31+1 7+0 114+7 84+5 04+0 -
through
Wash 0+0 00 150 1+0 0.1+0 -
Elution 1+0 0.3+0 121 9+1 0.1+0 0+0

According to mass balance, almost 31 mg of target protein were desorbed
from RAC when NaOH was added, corresponding to the 60% of total
CBM3-TmLDH offered (53 mg), and the sum of all fractions correspon-
ded to 86% of total protein loaded. In this case, SDS-PAGE also proved
that the protein peak of denaturation fraction corresponded to the target
enzyme (Figure 6.24).

1 23 45M kDa

— 150
- — 100

B B w — 75

CBM3-TmLDH —>ws . wa™ —50
! e w =37

- — 25

~ —20

—15

Figure 6.24. SDS-PAGE of the FPLC purification of CBM3-TmLDH fusion protein onto cellulosic RAC
support. Lane M: molecular weight standard (kDa); lane 1: clarified cell extract loaded to column; lane
2: fraction corresponding to column flowthrough; lane 3: column wash; lane 4: elution fraction; lane 5:
purified and denatured CBM3-TmLDH enzyme desorbed with 1 M NaOH solution. CBM3-TmLDH (47
kDa) corresponding band indicated with arrow.
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6.4. Comparison between CBM domains and histidine as purifi-
cation tags

As mentioned at the early beginning of this chapter, the final goal of all
the experiments described in the previous sections was to establish a one-
step purification/immobilisation process for the CBM—fused enzymes,
whose versatility and reversibility could also be exploited to substitute
the use of IMAC purification process with histidine—tagged enzymes, for
the reasons provided. Hence, once all the information obtained in these
experiments was processed and analysed, there was nothing left to do
but compare purification yields between the two methods.

Histidine—based purification experiments were performed as described
in Section 3.9, Fast liquid protein chromatography, by using a cross-
linked agarose support derivatized with iminodiacetic acid (IDA). Yet,
aiming to be as much concise and brief as possible, only final yields will
be provided below (Table 6.14).

Table 6.14. Process parameters obtained for the FPLC-based purification experiments of ScADH, ScP-
DC and TmLDH enzymes, by using CBM domains and histidine as purification tags. * correspond to the
standard error of replicates.

Purification yield Purification Purity grade
(%) factor (%)
CBM3 60 30 -

ScADH CBM9 92+3 101 802
histidine 71+0 7+2 90+1

CBM3 0+0 00 87*+0

ScPDC CBM9 74+ 8 7+1 87+1
histidine 89+1 4+0 92+0

CBMS3 00 00 83*+0

TmLDH CBM9 86+7 71 80+3
histidine 791 5+1 88+0

* Purity grade according to SDS-PAGE bands corresponding to denatured protein fraction.
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According to the results obtained, it can be concluded that the methodolo-
gy deveoped to recover purified CBM—tagged enzymes is only applicable
for CBM9 domain, since it was not possible to desorb CBM3 domain nei-
ther form RAC nor MC supports with glucose after its immobilisation,
although it could be recovered with denaturing conditions. Thus, prior
to use CBM3 domain as purification tag it would be necessary to carry
out additional studies to explore other compounds different from glucose
to desorb CBM3 domain from cellulose, apart from EG, which was not
suitable in this case due to enzyme inactivation.

Therefore, CBM9 domain proved to be a suitable option for protein
purification with cellulosic supports, since high purification yields and
purification factors were achieved with this tag for the enzymes tested.
Nevertheless, elution samples of histidine—tagged enzymes also retained
a remarkable percentage of initial activity and showed higher purity
grades for the three enzymes evaluated. In summary, considering the
list of drawbacks that can be overcome by using RAC instead of IMAC
purification resins, CBM9 domain is a real and feasible alternative to
polyhisitdine tag, since the overall performance of both purification
approaches can be equated, with same order of magnitude yields.

6.5. Conclusions

CBM domains tested in this work were proved to be suitable for one-
step purification/immobilisation process, thanks to the high specificity
of these domains towards cellulosic supports. Even if SCADH enzyme
was the most efficiently immobilised protein onto both RAC and MC
supports —not only with high retained activities obtained in the final
immobilised derivatives but also with high enzyme loadings—, ScPDC
and TmLDH enzymes showed promising results too. However, maximum
load capacity of cellulose support was strongly dependent on the CBM
fused; CBM3—tagged enzymes proved to bind more effectively towards
microcrystalline cellulose, whereas CBM9—tagged enzymes bound with
greater affinity to RAC.

Concerning the feasibility of CBM domains to be used in FPLC-based
purification processes, the obtained results revealed that CBM3—fused
enzymes are not applicable for purification process based on the affinity
interaction, under the developed conditions for CBM9—tagged enzymes,
since fusion proteins could not be easily desorbed from RAC, under the
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tested conditions. For that purpose, a CBM9—fused strategy would be
a better option, allowing both a single purification process and a one-
step purification/immobilisation process. Additionally, it can be also
concluded that CBM9 tags are more suitable and cheaper alternative to
traditional polyhistidine tag used to purify proteins by IMAC chroma-
tography.
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7. OVERALL CONCLUSIONS

In this thesis several process intensification strategies have been explo-
red, aiming to integrate them transversely for improving the bioprocess
metrics of the production of the three enzymes of interest. In this con-
text, the studied methodologies and the most significant results obtained
consisted in:

* The heterologous production of the three enzymes in E. coli cells, with
the main goal to develop a fed-batch production process based on the
use of chemically defined minimum culture mediums. NEB 10-f stra-
in showed promising results; enzyme overexpression was successfully
achieved when following a two-step fed-batch strategy that combined
the use of glucose and glycerol as the two main carbon sources. Higher
volumetric productivities were achieved for SCADH enzyme, in contrast
to batch cultures with complex medium, in mass but also in activity ter-
ms (11- and 2.3-fold increase, respectively). Nevertheless, this increased
productivity did not happen for the rest of target enzymes. The results
suggest that production downshift observed between the two operatio-
nal modes could be caused by the effect of temperature and/or by the
effect of a possible aminoacid imbalance in defined medium during the
fed-batch stage.

Therefore, M15AglyA strain was used as microbial host aiming to pro-

duce the three enzymes in a more straightforward way, avoiding the
medium shift and the amino acid supplementation. Target enzymes
were cloned into the in-house-developed pVEF plasmid, what allowed
the use of antibiotic-free defined culture medium. The three enzymes
were successfully produced at bench-scale reactor with the auxotrophic
strain through batch and fed-batch cultures. In general, around 40 mg-g!
DCW of ScADH and TmLDH were produced, whilst more than 80 mg-g!
DCW of ScPDC were obtained, yielding from 1.1 to 1.3 pmol-g'DCW.
Fed-batch processes led to an increase of one order of magnitude in
volume productivity.
* The fusion of four CBM domains to ScCADH enzyme via rational design
aiming to develop a cost- and time-effective one-step purification/immo-
bilisation method. Two of the variants (CBM3- and CBM9-ScADH) could
be correctly overexpressed in E. coli and were subsequently fused to
ScPDC and TmLDH enzymes. The six fusion proteins were successfu-
lly produced in a soluble and active form in the M15AglyA strain by
following a batch strategy with the antibiotic-free defined medium.
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In general, more than one gram of active and soluble target product
was produced in all cases, corresponding to approximately 0.9-1 pmol
of enzyme. Regarding the production yields achieved, similar results
were obtained for the two ScADH variants, whereas ScPDC and TmLDH
production values varied depending on the CBM. In all cases, specific
activity values (AU-umol!) among the variants of each enzyme showed
minor differences.

Finally, it was attempted to produce the two ScADH variants in fed-
batch cultures, to compare the yields obtained with the histidine—tagged
version, with which slightly better results were shown. Specific enzyme
activity values of the CBM—tagged enzymes were compared respect to
their histidine—tagged versions, and different results were obtained for
each of the enzymes tested, even if in all cases total produced activity
fluctuate within the same magnitude order.

+ The development of a one-step purification/immobilisation process
for the two CBM domains fused to the enzymes, which proved to be
suitable candidates, thanks to their high specificity towards cellulosic
supports. Promising values were obtained in all cases, since most of the
fusion proteins tested retained high percentages of activity after their
immobilisation, especially for ScADH variants, which sowed the highest
retained activity values. Results also showed that immobilised derivati-
ves were more stable than soluble enzymes under storage conditions, in
most of the cases. Maximum enzyme load capacity was strongly related
on the CBM fused; CBM3—tagged enzymes proved to bind more effecti-
vely towards microcrystalline cellulose, whereas CBM9—tagged enzymes
bound with greater affinity to RAC.

* The development of a FPLC—-based purification process as another pos-
sibility different from immobilisation. The results obtained revealed that
CBM3-fused enzymes are not applicable for protein purification, under
the tested conditions, since fusion proteins could not be easily desorbed
from neither RAC and MC supports. On the other hand, CBM9—tagged
enzymes were recovered by using glucose as eluent. Purification factors
of 10, 7 and 6.6 were obtained for CBM9-tagged ScADH, ScPDC and
TmLDH enzymes, respectively, with a final purity grade between 80
and 88%. These values are found within the same range than the obtai-
ned for histidine—tagged variants, meaning therefore that the developed
process stands as a suitable and cheap alternative to traditional IMAC
chromatography methods.
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8. APPENDIX

8. APPENDIX

8.1. Results I

8.1.1. Adaptation of NEB 10-f cells to defined medium

A: His-ScADH B: His-ScPDC

C: His-TmLDH

A Biomass #1
A Biomass #2
A\ Biomass #3

Figure 8.1. Shake-flask cultures performed to adapt E. coli NEB 10-8cells to DM medium. Biomass DCW
(g'L'!) measured along time for histidine—tagged ScADH (A), ScPDC (B) and TmLDH (C) variants, during
the first (black), second (grey) and third (white) growth cycles. Culture conditions: 37°C, pH 7.0, 140 rpm.
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8.1.2. Fed-batch production processes at bench—scale reactor and
defined medium

Figure 8.2. E. coli NEB 10-§ fed-batch culture performed to produce His-ScPDC enzyme with DM. Profi-
les along time of biomass DCW () (g), glucose (®) and glycerol (o) (g-L!), specific activity (¢) (AU-g'DCW)
and specific mass production (¢) (mg-g''DCW). Batch, fed-batch and induction phases indicated. Culture
conditions: 37°C, pH 7.0, 450-1100 rpm, 30% POq, 0.2 g-L'! L-arabinose, 0.1 g-L-1. Error bars correspond
to standard error of three sample measurements.
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Figure 8.3. E. coli NEB 10-§ fed-batch culture performed to produce His-TmLDH enzyme with DM. Profi-
les along time of biomass DCW (A) (g), glucose () and glycerol (o) (g-L1), specific activity (¢) (AU-g"'DCW)
and specific mass production (#) (mg-g'DCW). Batch, fed-batch and induction phases indicated. Culture
conditions: 37°C, pH 7.0, 450—-1100 rpm, 30% POz, 0.2 g-L! L-arabinose, 0.1 g-L'%. Error bars correspond
to standard error of three sample measurements.
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8.1.3. Adaptation of M15AglyA cells to defined medium

A: His-ScADH B: His-ScPDC

C: His-TmLDH

A Biomass #1
A Biomass #2
A\ Biomass #3

Figure 8.4. Shake-flask cultures performed to adapt E. coli M15AglyA cells to DM. Biomass DCW (g-L-1)
measured along time for histidine—tagged ScADH (A), ScPDC (B) and TmLDH (C) variants, during the first
(black), second (grey) and third (white) growth cycles. Culture conditions: 37°C, pH 7.0, 140 rpm.
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8.1.4. Batch production processes at bench—scale reactor

Figure 8.5. E. coli M15AglyA batch culture performed to produce His-ScPDC enzyme with DM. Profi-
les along time of biomass DCW (A), glucose (o) and acetate (o) (g-L!), specific activity (¢) (AU-g'DCW)
and specific mass production (¢) (mg-g'DCW). Batch and induction phases indicated. Culture conditions:
24°C, pH 7.0, 450-1100 rpm, 60% POz2, 0.25 mM IPTG. Error bars correspond to standard error of three

sample measurements.
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Figure 8.6. E. coli M15AglyA batch culture performed to produce His-TmLDH enzyme with DM. Profi-
les along time of biomass DCW (A), glucose (o) and acetate (o) (g-L!), specific activity (¢) (AU-g'DCW)
and specific mass production (¢) (mg-g'DCW). Batch and induction phases indicated. Culture conditions:
24°C, pH 7.0, 450-1100 rpm, 60% POz, 0.25 mM IPTG. Error bars correspond to standard error of three

sample measurements.
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8.1.5. Fed-batch production processes at bench—scale reactor

Figure 8.7. E. coli M15AglyA fed-batch cultures performed to produce His-ScPDC enzyme with DM with
a 2 L vessel (top) and a 5 L vessel (bottom). Profiles along time of biomass DCW (A) (g, glucose (o) and
acetate (o) (g-LY), specific activity (0) (AU-g''DCW) and specific mass production (¢) (mg-g''DCW). Batch,
fed-batch and induction phases indicated. Culture conditions: 37°C, pH 7.0, 450-1100 rpm, 60% POz, 0.25
mM IPTG. Error bars correspond to standard error of three sample measurements.
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Figure 8.8. E. coli M15AglyA fed-batch cultures performed to produce His-TmLDH enzyme with DM with
a 2 L vessel (top) and a 5 L vessel (bottom). Profiles along time of biomass DCW (A) (g, glucose () and
acetate (o) (g-LY), specific activity (¢) (AU-g"'DCW) and specific mass production (¢) (mg-g'DCW). Batch,
fed-batch and induction phases indicated. Culture conditions: 37°C, pH 7.0, 450-1100 rpm, 60% POz, 0.25
mM IPTG. Error bars correspond to standard error of three sample measurements.
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8.2. Results 11

8.2.1. Adaptation of M15AglyA to defined medium

A: CBM3-ScADH CBM9-ScADH

B: CBM3-ScPDC CBMO9-ScPDC

C: CBM3-TmLDH CBM9-TmLDH
A Biomass#l A Biomass#2 A Biomass#3

Figure 8.9. E. coli M15AglyA shake-flask cultures performed to adapt the new transformants to DM.
Biomass DCW (g-L'1) measured along time for CBM-ScADH (A), CBM-ScPDC (B) and CBM-TmLDH (C)
variants, during the first (black), second (grey) and third (white) growth cycles. Culture conditions: 37°C,

pH 7.0, 140 rpm.
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