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Abstract

Nowadays, microbes have been extensively optimized for production of L-tryptophan
(Trp) from renewable feedstocks. Numerous strategies have been investigated,
including tuning the gene expression levels and alleviation of negative regulations.
However, it has become apparent that development of a more efficient Trp producer
will be inconceivable without broader optimization of the corresponding enzymes.
Thus, the present thesis aims to develop new in vivo evolution, screening and

characterization methods for optimization of enzymes for Trp production.

A reliable in vivo screening approach is desired to link the mutations to cell growth or
to couple the inconspicuous intracellular molecules with a biomarker, for example, the
enhanced green fluorescent protein (eGFP). In the first part of this thesis, a novel
enzyme screening approach, namely plasmid-assisted growth-coupled and sensor-
guided in vivo screening (PGSS), is developed. This approach combines the advantages
of complementary auxotrophy-coupled screening with biosensor-driven in vivo
characterization. The efficiency of PGSS was first demonstrated for improving an
anthranilate (ANTH)-inhibited enzyme TrpC from E. coli (EcTrpC), which is
composed of indole glycerol phosphate synthase and N-(5-phosphoribosyl) anthranilate
isomerase. Based on a Trp-auxotrophic strain S028AEctrpC, a highly efficient ANTH-
resistant candidate EcTrpCS8QPIV-S60F-KOIQ a4 identified by using the PGSS approach.
Afterwards, the PGSS approach was employed to identify an ANTH-activated TrpC
from Aspergillus niger (AnTrpC). As a result, an enzyme variant (4nTrpCR¥78F) that
showed increased ANTH activation was discovered. Fed-batch fermentation
demonstrated that the strain SO28AEctrpC containing AnTrpCR*78" was able to produce
more Trp (35.36 g/L) than the strain containing AnTrpCWT (31.15 g/L), indicating that

CR378F

the variant AnTrp is more efficient for the Trp pathway.

To overcome limitations of screening performed under non-representative conditions,
PGSS is combined with the CRISPR/Cas9 technique, resulting in a novel strategy called
CRISPR/Cas9-facilitated engineering with growth-coupled and sensor-guided in vivo
screening (CGSS). The efficiency of this method was demonstrated for the optimization
of'a key enzyme in the chorismate pathway, namely 3-deoxy-D-arabino-heptulosonate-

7-phosphate (DAHP) synthase. E. coli possesses three isoenzymes of DAHP synthase:



Abstract

AroG, AroF, and AroH. The aim was to obtain AroG variants with increased resistance
against feedback inhibition by L-phenylalanine (Phe). Starting from a Trp-producing E.
coli strain (harboring the reference variant AroGS!%%F), all the endogenous DAHP
synthases were removed and the growth of the subsequent strain exhibited dependence
on the activity of introduced AroG variants. The different catalytic efficiencies of AroG
variants will lead to different intracellular concentrations of Trp, which can be
monitored by a Trp biosensor. Taking cell growth rate and the signal strength of a Trp
biosensor as selection criteria, several novel Phe-resistant AroG variants with higher
activities were identified. The replacement of AroG®!3%F with the best variant AroGP%-

D74 in a Trp-producing strain significantly improved the Trp production by 38.50%.

A high glucose conversion yield is a key parameter for cost-effective Trp production.
Theoretical analysis suggests that activation of galactose permease/glucokinase
(GalP/GIk) in a PTS-defective strain could result in an E. coli strain with significantly
increased Trp yield. To explore this possibility, a laboratory adaptive evolution (LAE)
approach was applied. To this end, a potentially GalP/Glk-dependent E. coli strain
G028 was developed, in which the pts/ gene was deleted and a tandem gene circuit with
promoter mutation (ptacM’-galP-pJ23119M"-glk) was integrated. Batch LAE of this
strain resulted in a promising candidate B3. However, B3 exhibited similar Trp yield
and production as S028. One conceivable explanation is that the PTS-defective strain
is forced to strengthen their growth rather than Trp synthesis in conventional LAE. Thus,
a continuous LAE system (auto-CGSS) was developed which combines CGSS-
facilitated in vivo mutagenesis with real-time measurement of cell growth and online
monitoring of fluorescence intensity, leading to a new promising candidate strain D8.
Fed-batch fermentation with D8 showed an increase of Trp yield by 23.07% compared
with that by B3 (0.16 vs. 0.13 g/g).

Finally, two selected gene variants (aroGP%°"’4 and AntrpC*7%F) were integrated into
the chromosome of Trp-producing strains S028G and DS to establish highly producing
strains SO28AARF and D8AA, respectively. These strains were evaluated in fed-batch
fermentations. Remarkably, SO28AARF reached a very high Trp concentration (51.19
g/L) after 65h of fermentation, which is 19.20% higher than that of the previously
reported strain S028GAfiuR:aroGP%°P7 (42.95 g/L). Fed-batch cultivations of DSAA
clones showed strong variations in growth and Trp production. The reason for the
variations is not clear. Nevertheless, one of the clones D8AA-1 exhibited a Trp yield
as high as 0.20 g/g (vs. 0.19 g/g with S028 AARF), representing the highest Trp yield
reported in the literature so far and making it attractive for industrial-scale Trp

bioproduction.

Vi



Zusammenfassung

In der Literatur wurden Mikroorganismen seit Jahren fiir die Produktion von L-
Tryptophan (Trp) aus erneuerbaren Rohstoffen optimiert. Verschiedene Ansédtze
wurden dabei untersucht: die Anpassung der Genexpression sowie der
Enzymkonzentration und die Abmilderung negativer regulatorischer Mechanismen.
Hierbei wurde deutlich, dass die Entwicklung von effizienteren Trp-Produzenten ohne
die umfassende Optimierung der zugehdrigen Enzyme nicht moglich sein wird. Das
Ziel dieser Arbeit ist folglich die Entwicklung von neuartigen in vivo Evolutions-,
Screenings- und Charakterisierungsmethoden zur Optimierung von Enzymen der Trp-

Synthese.

Ein zuverléssiger in vivo Screening-Ansatz muss Mutationen mit dem Zellwachstum in
Verbindung bringen kénnen oder unscheinbare intrazelluldre Molekiile mit Biomarkern,
wie etwa dem ,,enhanced green fluorescent protein® (eGFP), koppeln. Im ersten Teil
dieser Arbeit wurde hierfiir eine neuartige Genvarianten-Screening-Methode, die PGSS
genannt wird (aus dem Englischen: Plasmid-assisted Growth-coupled and Sensor-
guided in vivo Screening), entwickelt. Dieser Ansatz kombiniert die Vorteile von
komplementiren zell-autotroph-abhéngigen Screenings mit biosensor-basierten in vivo
Charakterisierungsmethoden. Die Effizienz von PGSS wurde hierbei zuerst bei der
Verbesserung eines durch Anthranilat (ANTH) inhibierten Enzyms TrpC aus E. coli
nachgewiesen, das aus der Glycerol-Phosphat-Synthase und der N-(5-phosphoribosyl)
Anthranilat-Isomerase besteht. Ausgehend von einem Trp-auxotrophen Stamm
S028AEctrpC konnte mit dem PGSS-Ansatz ein hocheffizienter ANTH-resistenter
Kandidat EcTrpCS38QPSOV-S60F-KOIQ jdentifiziert werden. AnschlieBend wurde PGSS
genutzt, um eine durch ANTH aktivierte TrpC-Variante von Aspergillus niger zu
identifizieren (AnTrpC). Hieraus resultierte die Entdeckung einer weiteren
Enzymvariante (AnTrpC?78F), die eine erhohte Aktivierung durch ANTH besitzt. In
anschlieBenden Fedbatch-Fermentationen konnte gezeigt werden, dass AnTrpCR*78F in
51 h mehr Trp (35.36 g/L) als der Wildtyp AnTrpCWT (31.15 g/L) produzierte. Dies
weist darauf hin, dass 4AnTrpCR378F in der Tat einen effizienteren Stoffwechsel zur Trp-
Produktion besitzt.

VI



Zusammenfassung

Um Limitierungen des Screenings zu iiberwinden, die aus der Durchfiihrung unter
nicht-reprasentativen Versuchsbedingungen resultieren, wurde PGSS mit der
CRISPR/Cas9-Methode kombiniert. Dies fiihrte zu einer neuen Methode, die CGSS
(aus dem Englischen: CRISPR/Cas9-facilitated engineering with Growth-coupled and
Sensor-guided in vivo Screening) genannt wird. Die Effizient dieser Methode wurde
zuerst bei der Optimierung der 3-deoxy-D-arabino-heptulosonat-7-phosphat (DAHP)-
Synthase, einem Schliisselenzym im Chorismatsftoffwechselweg, aufgezeigt. E. coli
besitzt drei Isoenzyme der DAHP-Synthase: AroG, AroF, und AroH. Ziel war es,
verschiedene  AroG-Varianten mit erhdhter Resistenz ~ gegeniiber einer
Feedbackinhibierung durch L-Phenylalanin (Phe) zu erhalten. Ausgehend von einem
Trp-produzierenden E. coli Stamm (mit der AroG-Referenzvariante AroGS!3%F),
wurden alle endogenen DHAP-Synthasen entfernt, was das Wachstum dieses Stamms
abhingig von den eingeschleusten AroG-Varianten machte. Die unterschiedlichen
katalytischen Aktivitéten der verschiedenen AroG-Varianten flihren zu unterschiedlich
hohen intrazelluldren Trp-Konzentrationen, die liber den Trp-Biosensor nachverfolgt
werden konnen. Unter Berticksichtigung der Wachstumsrate und der Signalstdrke des
Biosensorsignals als Selektionskriterien, konnten erfolgreich verschiedene neue Phe-
resistente AroG-Kandidaten identifizieren werden. Die Ersetzung von AroGS!*%F mit
der besten Variante AroGP*5P7A in einem Trp-produzierenden Stamm konnte die Trp-

Produktion signifikant um 38.50% steigern.

Ein hoher Glukoseumsatz und eine hohe Ausbeute sind Schliisselparameter fiir eine
kosteneffektive Trp-Produktion. Theoretische Uberlegungen legen nahe, dass die
Aktivierung der Galaktose-Permease/Glukose-Kinase (GalP/Glk) in einem PTS-
negativen E. coli Stamm mit einer signifikant erh6hten Trp-Ausbeute resultieren kann.
Um diese Uberlegung experimentell zu iiberpriifen, wurde ein ,,Laboratory Adaptive
Evolution* (LAE) Ansatz verfolgt. Hieraus folgte ein GalP/Glk-abhéngiger E. coli
Stamm G028, in dem das pts/-Gen deletiert wurde und ein Tandem-Gene-Circuit mit
einer Promotermutation (ptac’-galP-pJ23119""-glk) integriert wurde. Die
resultierenden Mutanten wurden unter satzweiser LAE einem Selektionsdruck
ausgesetzt und es wurde eine verbesserte Variante (B3) erhalten. Jedoch zeigte sich in
anschlieBenden Fedbatch-Fermentationen, dass die erreichten Produktionstiter des B3
Stamms nicht hoher als die von S028 waren. Eine mogliche Erkldrung hierfiir konnte
sein, dass die PTS-negative Variante durch das LAE eher dazu gezwungen wird, ihr
Wachstum als die Trp-Produktion zu stirken. Deshalb wurde ein weiteres LAE-System
entwickelt, das die CGSS-basierte in vivo Mutagenese mit einer Echtzeitmessung des

Zellwachstums und der Fluoreszenzintensitit kombiniert. Hierdurch wurde ein neuer

Vil



Zusammenfassung

Kandidat (D8) erhalten. Weitere Fermentationen mit D8 zeigten, dass der Stamm eine
um 23.07% erhohte Trp-Ausbeute als D3 hatte (0.16 vs. 0.13 g Trp/g Glukose).

Zuletzt wurden zwei ausgewihlte Genvarianten (aroGP°¢?74 and AntrpC®7%F) in das
Chromosom der Trp-produzierenden Stimme S028G und D8 integriert. Hieraus
resultierten die Staimme S028AARF und D8AA mit deutlich verbesserter Trp-
Produktion. Die Stimme wurden im Folgenden im Zulaufverfahren unter definierten
Bedingungen in Bioreaktoren nédher charakterisiert. Bemerkenswerterweise erreichte
der Stamm S028AAREF eine sehr hohe Trp-Konzentration (51.19 g/L) nach 65 h, was
etwa 19.2% hoher ist als beim vorherigen Stamm S028GAfiuR:aroGP"P71 (42.95 g/L).
Die Fermentationen zeigten jedoch auch hohe Schwankungen beim Wachstum und der
Trp-Produktion. Die Griinde hierfiir sind unklar. Nichtsdestotrotz, eine Variante
(D8AA-1) zeigte eine Trp-Ausbeute von 0.20 g/g (vs. 0.19 g/g bei SO028 AARF). Diese
Ausbeute stellt den bisher berichteten hochsten Wert dar, was den Stamm fiir die Trp-

Produktion im industriellen Mafstab attraktiv macht.
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Chapter 1
1 Introduction and objectives

1.1 Uses of L-tryptophan

L-Tryptophan (Trp) is a non-polar aromatic amino acid and plays an essential role in
the biosynthesis of proteins (Fig. 1.1). Trp is also a nutritionally essential amino acid in
humans, which serves several specific purposes on keeping nitrogen balance in adults

and contributing to growth in infants (Albanese et al., 1956; Singer, 2007).
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Figure 1.1: Structures of L-tryptophan and its derived bioactive compounds (adapted from Chen (2017)).

As shown in Fig. 1.1, Trp contains a a-carboxylic group, a a-amino group, and an indole
group. Specifically, the functional side chain indole group makes Trp a fundamental
precursor to a board range of biologically active compounds (Fig. 1.1). For instance,
Trp can be metabolized into various neurotransmitters, such as tryptamine (Williams et
al., 2014), serotonin (Mateos et al., 2009), and kynurenine (Badawy, 2017). Also, Trp
is used as a starting compound for the biosynthesis of antitumor drugs violacein and
deoxyviolacein (Fang et al., 2015; Rodrigues et al., 2013). It is not surprising that the
demand for Trp is increasing remarkably, with annual global production of Trp being
increased to 41,000 metric tons in 2019 (Wendisch, 2020). The remarkably increasing
demand for Trp inevitably requires the development of more effective production

methods. So far, Trp is mainly chemically synthesized from fossil feedstocks (Lee and
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Wendisch, 2017). However, considering the non-renewable fossil resources, a
promising alternative way is its bio-production, in which microbial cells produce Trp
from renewable feedstocks, including carbohydrates, such as glucose and glycerol (Li
et al., 2020). To date, bioproduction of Trp is mostly realized in Escherichia coli (E.
coli) because of its rapid growth, well-known metabolism, and robust behavior during

fermentation.

1.1.1 Bioproduction of L-tryptophan

In E. coli, the biosynthetic pathway of Trp can be divided into two parts: chorismate
pathway and Trp branch (Fig. 1.2). As shown in Fig. 1.2, the chorismate pathway
connects the glycolysis and the PP pathway and ends in the formation of chorismate. It
begins with the condensation of two molecules of phosphoenolpyruvate (PEP) and one
molecule of erythrose 4-phosphate (E4P) to form 3-deoxy-d-arabino-heptulosonate-7-
phosphate (DAHP) by DAHP synthetase. The condensation product DAHP is
subsequently converted into chorismate via seven steps catalyzed by the enzymes
encoded by aroB, aroD, aroE, aroK, aroL, aroA, and aroC, respectively. In Trp branch,
Trp 1s produced from chorismate in five steps catalyzed by the t7p operon (trpEDCBA)
encoded enzymes (Sprenger, 2006). Till now, considerable attention has been paid to
the sustainable production of Trp in microbial cells using the strategies of metabolic

engineering (Fujiwara et al., 2020; Huccetogullari et al., 2019a; Ikeda, 2006a).
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Figure 1.2: Simplified biosynthetic pathway of L-Trp in E. coli (adapted from Chen (2017) and Fig. 1
of Niu et al. (2018)). G6P glucose-6-phosphate, FOP fructose-6-phosphate, G3P glyceraldehyde-3-
phosphate, 6PGL 6-phosphoglucono-lactone, 6PG 6-phosphogluconate, RUSP ribulose-5-phosphate,
X5P xylulose-5-phosphate, R5P ribose-5-phosphate, S7P sedoheptulose-7-phosphate, E4P erythrose-4-
phosphate, PEP phosphoenolpyruvate, PYR pyruvate, ACoA acetyl coenzyme A, OAA oxaloacetic acid,
DAHP 3-deoxy-arabinoheptulosonate-7-phosphate, DHQ 3-dehydroquinate, DSA 3-dehydroshikimate,
SA shikimate, CHA chorismate, ANTH anthranilate, PHANTH phosphoribosyl anthranilate, I3GP indol-
3-glycerol phosphate, 3PHpyr 3-phospho hydroxypyruvate, L-Ser L-serine, L-Trp L-tryptophan.

Early attempts to develop efficient Trp-producing strains mainly relied on the
traditional approaches of random mutagenesis to introduce genetic variants in Trp-
producing strains so as to delete competing pathways or alleviate feedback inhibitions
(Chan et al., 1993; Tribe and Pittard, 1979). For instance, one of the most effective
production strains obtained by repeated random mutagenesis was able to form 54.6 g/L
of Trp (Azuma et al., 1993), which represents one of the competitive candidates for

industrial Trp bioproduction. A drawback of such approach is that unwanted mutations



Chapter 1  Introduction and Objectives

are regularly generated in the bacterial genome. With the advancement of rational
metabolic engineering, targeted modifications of a metabolic pathway, e.g., through
deletion, overexpression, and deregulation of target genes, have become feasible, and
these strategies have been widely applied in the development of many Trp-producing
microbial cell factories ( Zhao et al., 2012; Chen et al., 2018; Chen and Zeng, 2017,
Chen et al., 2018b). Zhao et al. (2012) carried out rational metabolic engineering on an
E. coli strain, and the resulting strain could produce 14.7 g/L of Trp with a glucose
conversion yield of 0.12 g/g. In the study of Chen and Zeng (2017), they (i) disrupted
the tryptophannase (TnaA)-catalyzed degradation pathway and the Trp-specific
importers TnaB and Mtr (Fig. 1.2), (ii) deregulated the feedback regulation (TrpCS¢%4),
attenuation (Pyc-trpES*""DCBA), and repression (AtrpR), (iii) enhanced enzymatic
activities of rate-limiting steps (PJ23119-psi-tac-aroGo'%%F), and (iv) increased the
availability of the precursor L-serine in the E. coli strain DY330. The resulting strain
S028 was capable of producing 40.3 g/L of Trp with a glucose conversion yield of 0.15
g/g. These studies demonstrate that rational metabolic engineering is preferentially

applied to develop efficient and industrially attractive producers.

However, the titer and yield of Trp production from glucose in these rationally designed
strains are often lower than those achieved in randomly mutated strains (Dodge and
Gerstner, 2002). It is presumably due to the fact that unrecognized but favorable gene
variants are generated during random mutagenesis. Floras et al. (1996) found that
inactivation of the PEP:sugar phosphotransferase system (PTS) in a strain generated by
conventional random mutagenesis conducive to higher glucose conversion yield (Floras
et al., 1996). The reason behind this may be due to that PTS requires the consumption
of 1 mol of PEP for each mol of internalized glucose. Inactivation of the PTS system
leads to enhance supply of PEP as precursor for Trp biosynthesis (Carmona et al., 2015;
Chen et al., 2018; Lu et al., 2012). So far, inactivation of the cytoplasmic components
of PTS system (e.g., ptsHlcrr operon) has been the representative strategy to repeal the
PTS-facilitated glucose transport system. Theoretically, over 80% of PEP can become
available in a PTS-negative strain compared to a PTS-positive strain which can be used
entirely for the synthesis of aromatic compounds (Chen, 2017) (Fig. 1.3B). However,
the PTS-negative strain turned out to be seriously impaired in its growth capability due
to impaired PTS-mediated glucose transport. As a promising strategy to restore the

glucose transport, activation of the secondary carrier-type facilitators, the galactose
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permease (GalP) and glucokinase (Glk) pathway, in PTS-negative strains has proven to
contribute to supporting their growth and increase the glucose conversion yield towards
Trp (Lu et al., 2012). As shown in Fig. 1.3B, the maximum theoretical Trp yield in a
GalP/Glk-dependent strain is calculated to be 0.45 g/g, which is approximately twice
that of a PTS-positive strain (0.23 g/g, Fig. 1.3A). It is, therefore, interesting to
experimentally investigate the potentially achievable Trp yield in a GalP/Glk-

dependent glucose utilization strain.
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Figure 1.3: Optimal metabolic flux distributions calculated for achieving maximum yield of L-
tryptophan (Trp) production in E. coli. (A) E. coli using the phosphoenolpyruvate:sugar
phosphotransferase system (PTS) for glucose uptake. (B) E. coli using the GalP/Glk pathway for glucose
uptake. (Chen, 2017).

1.1.2 Strategies for directed evolution and screening of enzyme variants

Protein engineering of rate-limiting enzymes for the overproduction of valuable
aromatic compounds often depends on directed evolution techniques. Directed
evolution of enzymes can be achieved either by introducing random mutagenesis in
vitro (e.g., error-prone PCR and site saturation mutagenesis, Table 2.1) or by genome-
wide mutagenesis in vivo (e.g., modified natural mutator, Table 2.2). In addition,

existing approaches such as semi-rational design regularly utilize the interrelated
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information among protein sequence, structure, and function, as well as computational
predictive algorithms (Amrein et al., 2017; Chen et al., 2009). This allows us to
preselect promising targets in silico and generate a small, high-quality library with
higher functional properties by narrowing the diversity of amino acids. Therefore, two
complementary strategies for engineering of enzymes TrpC and AroG are to be adopted:
directed evolution and semi-rational design. In general, mutations obtained from this
complementary approach are confined within the target sites that may not be enough
for the development of industrial production strains, which often require a simultaneous
modulation of multiple genes, such as the optimization of glucose uptake system in a
PTS-negative strain. In principle, in vivo genome-wide mutagenesis enables
simultaneous mutation and selection under living intracellular conditions, thereby
minimizing possible discrepancies between the function of an enzyme variant
developed in vitro and that generated under living cell state (d’Oelsnitz and Ellington,
2018). In addition, in vitro directed evolutionary approaches deal with the construction
of a gene variant library and screening of candidate enzyme variants separately and
generally require experimental manipulations, while continuous in vivo evolution
seamlessly integrates these processes into an intact evolutionary cycle (d’Oelsnitz and
Ellington, 2018). Therefore, in vivo continuous mutagenesis system is able to generate
mutations on the genomic scale under intracellular conditions that are more promising

in the development of high-performance producers.

Advanced metabolic engineering requires high-throughput screening methods to
facilitate the characterization of a large number of microbial strains generated by
directed evolution. Normally, cells that are auxotrophy for essential small molecules
can be selected based on this property. This can be employed as an efficient selection
and screening platform for directed evolution of target enzymes (Hall, 1981). Although
this screening approach provides the most readily discernible phenotype, cell growth
only represents an indirect indicator of the catalytic activity. Moreover, the growth-
coupled screening approach generally cannot achieve high throughput if the target
small-molecule, like the majority of intracellular metabolites, cannot be readily
detected. It is therefore important to use biosensors that enable quantification of
intracellular metabolites at high throughput by transducing the concentration of
inconspicuous small molecules into a readily detectable output such as a fluorescence

signal (Zeng et al., 2020). Therefore, this thesis is to propose a method to combine
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plasmid-assisted engineering with growth-coupled in vivo screening and biosensor-
driven in vivo characterization (PGSS) to ensure the selection of enzyme variants with
desired functions. However, the plasmid-facilitated mutagenesis approach is introduced
to confine the mutagenesis within the targeted plasmid so that the results, e.g., the Trp
specific production rate, from this approach are not relevant to the intracellular
environmental conditions of a host strain to be used for the bioproduction process.
Recently, the CRISPR/Cas9 technique has become a powerful genome-editing tool to
directly integrate target genes into the chromosome of a production strain (Fig. 2.2).
Thus, coupling the CRISPR/Cas9 technique with the PGSS approach is to be a better

alternative to overcome the above restrictions.

1.2 Objectives

The principal objective of this work is to design and construct a Trp producing strain
with robust growth and high efficiency in Trp production and yield by engineering key
enzymes involved in the Trp pathway. The targets include (1) anthranilate-resistant
EcTrpC enzyme and anthranilate-activated AnTrpC enzyme; (2) Phe-resistant AroG
enzyme; (3) the secondary carrier-type facilitators, GalP/Glk-facilitated glucose uptake

system.

To effectively in vivo screen and characterize enzyme variants, an approach of linking
plasmid-assisted protein engineering with growth-coupled and sensor-guided in vivo
characterization (PGSS) requires to be established and first used to develop the
enzymes EcTrpC and AnTrpC. In this approach, cell growth is directly linked to the
catalytic efficiency of TrpC enzymes, and the intracellular concentration of Trp is

monitored by a Trp sensor (Ptac-tnaC-eGFP) developed by Fang et al., (2015).

To ensure that the screening and characterization of gene variants are performed under
conditions that are relevant to the cultivation or intracellular conditions of the
production strain, CRISPR/Cas9-facilitated engineering of gene variants integrated
with growth-coupled and sensor-guided in vivo screening (CGSS) is to be developed
for engineering of AroG enzyme. Then, to introduce the genome-scale mutagenesis in
a continuous mode, a novel and scalable approach, CGSS-facilitate in vivo continuous
mutagenesis system with real-time measurement of cell growth and online monitoring
of the fluorescence intensity (auto-CGSS) is to be applied to continuously develop

GalP/Glk-dependent glucose utilization strains to increase glucose conversion yield

7
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further. Finally, integrative metabolic engineering should be performed for integrating
all selected enzyme variants into previously developed Trp-producing strains S028 and

DS8.



Chapter 2

2 Theoretical and technological backgrounds

In this chapter, strategies of metabolic engineering for Trp production in E. coli are
summarized. An overview regarding the development of in vitro directed evolution is
then provided, followed by a discussion of in vivo directed evolution. In addition,
development of colorimetric-, growth-, and biosensor-coupled screening techniques is
also summarized, as well as the theoretical and technological backgrounds of
CRISPR/Cas9-facilitated genome editing tools. Finally, the concept of CGSS-assisted

in vivo continuous mutagenesis is introduced.

2.1 Metabolic engineering of E. coli for L-Trp bioproduction

Metabolic engineering for the production of Trp has been reviewed in several
publications (Fujiwara et al., 2020; Huccetogullari et al., 2019a; Ikeda, 2006a). To
realize Trp overproduction (Fig. 2.1), metabolic engineering of Trp pathway requires
(1) alleviation of all restrictive regulations (repression, attenuation, feedback inhibition,
and feed-forward regulation) (Chen et al., 2018b; Ikeda, 2003; Oldiges et al., 2004); (ii)
deletion of competing pathways; (iii) enhancement and balancing of precursor
supplements in the shikimate pathway as well as the specific branch, like chorismate

(Ikeda, 2006a); and (iv) removal of Trp degradation pathway (Aiba et al., 1980).
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Figure 2.1: Main strategies applied in the metabolic engineering of E. coli for efficient biosynthesis of
Trp. The corresponding feedback-resistant enzymes are shown beside the arrows. The thick green arrows
indicate enhanced activity/flux of the corresponding reaction by gene overexpression and/or protein
engineering. The gray dotted arrows show the corresponding enzymes and/or pathways need to be
knocked out.

2.1.1 Metabolic engineering of restrictive regulations

Trp biosynthetic pathway in E. coli is highly regulated at multiple levels. So far, several
types of regulations in the Trp biosynthetic pathway have been identified, including
feedback and feed-forward regulations of enzyme activity, transcriptional repression
and attenuation of gene expression, and global regulators (Fig. 2.2). In the shikimate
pathway, 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) synthase consists of
three isoenzymes, e.g., AroG, AroH, and AroF, each of which is feedback-inhibited by
L-tyrosine, L-phenylalanine, and L-tryptophan, respectively (Umbarger, 1978). Among
them, feedback-resistant variants of AroG (AroG™") have been frequently developed
and applied for Trp synthesis in E. coli (Fig. 2.1), e.g., AroGP!*N (Kikuchi et al., 1997),
AroGS"8%F (Ger et al., 1994), AroG*'"P (Hu et al., 2003), AroG""*°" (Hu et al., 2003),
and AroGA202TPI46N (Ding et al., 2014). Besides, the shikimate dehydrogenase (AroE)
is inhibited by shikimate. To date, no feedback-resistant AroE enzyme has been
reported, so a supplementary expression of AroE has been performed to enhance the
catalytic activity of AroE (Diaz-Quiroz et al., 2018; Ghosh and Banerjee, 2015). In the
Trp branch pathway, the anthranilate synthase TrpE suffers from strong feedback
inhibition by the end-product Trp. Two feedback-resistant variants TrpES*" and
TrpEM?T have been developed for Trp synthesis (Fig. 2.1) (Caligiuri and Bauerle,

1991). Moreover, feed-forward regulation was discovered as a novel regulation in Trp
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biosynthesis. Specifically, the indole glycerol phosphate synthase (IGPs) domain of the
bifunctional E. coli TrpC enzyme is feed-forward inhibited by anthranilate (Fig. 2.2).
Strikingly, the TrpC IGPs domain from Saccharomyces cerevisiae and Aspergillus
niger is feed-forward activated by anthranilate (Chen et al., 2018). As expected, the
expression of the anthranilate-activated AnTrpC from A. niger in a previously
engineered Trp-producing strain resulted in a more robust strain with efficient Trp

production and improved Trp yield in the bioreactor.
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Figure 2.2: Selected parts of regulations in the Trp biosynthetic pathway.

Besides, the TrpR repressor facilitates the primary transcriptional repression and
regulates the expression of genes involved in Trp pathway such as the aroH gene, the
aroL gene, and the trpEDCBA operon (Fig. 2.2) (Klig et al., 1988; Lawley and Pittard,
1994). Deletion or mutation of TrpR is accordingly performed to eliminate the
transcriptional repression. A Trp operon leader, #7pL, also regulates transcription of the
trpEDCBA operon by sensing the intracellular Trp concentration. In this regard, trpL
leader was knocked out in a genetically modified E. coli strain for the production of
Trp derivatives (Henkin and Yanofsky, 2002). Except for these two types of regulations,
early publications found that several global transcriptional regulators determine the
expression of genes involved in central metabolism. A global transcriptional regulatory

network plays an extraordinary role by enabling an organism to modulate the
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expression of numerous genes in response to environmental and genetic perturbations.
For instance, the carbon storage regulator (CsrA) regulates about 25 genes in central
metabolism (Sabnis et al., 1995). Specifically, this regulator negatively modulates the
expression of PEP carboxykinase encoded by pckA and PEP synthetase encoded by
ppsA, and positively controls the expression of pyruvate kinases encoded by pykF
(Tatarko and Romeo, 2001). Therefore, deletion of the csr4 gene could lead to
accumulation of the precursor, PEP (Tatarko and Romeo, 2001; Yakandawala et al.,
2008). Moreover, the fructose repressor FruR, a DNA-binding transcriptional dual
regulator (catabolite repressor and activator) (Plumbridge, 1995), forces the direction
of carbon flow by activating transcription of genes encoding enzymes such as pyruvate
kinases. Inactivation of the global regulator FruR leads to PEP accumulation and
improves Trp production (Liu et al., 2016). Engineering of global transcriptional
regulators Fis (Nilsson et al., 1990; Ross et al., 1990), leucine-responsive protein (Lrp)
(Calvo and Matthews, 1994), cyclic AMP (cAMP) receptor protein-cAMP complex
(CRP-cAMP) (Man et al., 1997), and copper-responsive regulatory system
(CpxA/CpxR) (Yamamoto and Ishihama, 2006) have been reported and are considered
as a promising way to improve the metabolic flux in Trp pathway. Considering the
mechanism of restrictive regulations in the Trp biosynthetic pathway, combinatorial

modifications of these regulations are occasionally performed.

2.1.2 Metabolic engineering to enhance precursor supply

The biosynthetic pathway contributing to Trp biosynthesis is omnipresent in all
microorganisms. In principle, enhancing the supply of precursors leads to the common
synthesis pathway and the Trp branching pathway. The accumulation of PEP and E4P
precursors has been proposed as a restriction for the production of Trp (Li et al., 2020).
An early attempt was performed to enhance PEP precursor by disrupting the competing
pathways (Fig. 2.1), like PEP carboxylase encoded by the ppc gene and pyruvate
kinases encoded by the pykAB genes (Ikeda, 2006b), or phosphoglucose isomerase
encoded by the pgi gene (Mascarenhas et al., 1991). Modulations of the most extensive
PEP consumption system, PEP:carbohydrate phosphotransferase (PTS) system, were
also exploited to improve the availability of PEP (Fig. 2.1) (Postma et al., 1993). In
wild-type E. coli, almost 50% of PEP synthesized in glycolysis is simultaneously
converted into pyruvate (Flores et al., 2002), and merely 3% of PEP entered into the
biosynthetic pathway of aromatic compounds (Valle et al., 1996). In theory, switching

12
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off the PTS system in E. coli should convert up to 50% of the available PEP into the
aromatic compounds pathway (Baez et al., 2001; Floras et al., 1996). Due to the
physiological effects suffered from inactivation of PTS system such as defection of cell
growth, activation of a galactose permease (GalP) and glucokinase (Glk)-dependent
glucose utilization system (Lu et al., 2012), or heterologous expression of a glucose
facilitator (encoded by the glf gene) and glucokinase from Zymomonas mobilis
(Chandran et al., 2003) is suspected to be an alternative strategy for enhancing the
glucose utilization. In this regard, a PTS-negative strain was constructed, resulting in
an improvement in formation of L-phenylalanine (Gosset et al., 1996). Pathway
engineering also succeeds in Trp production by increasing supply of E4P precursor,
which is realized by overexpressing tktA gene-encoded transketolase or fal gene-
encoded transaldolase in the pentose phosphate pathway (Fig. 2.1) (Riiffer et al., 2004;
Wendisch, 2007).

Besides, the supply of intracellular L-serine and phosphoribosyl 5-pyrophosphate
(PRPP) likeward represents one bottleneck in Trp synthesis (Fig. 2.1) (Ikeda, 2006b).
In this regard, additional genetic modification of the genes involved in the serine
pathway (Ikeda et al., 1994) and the gene prs encoding phosphoribosyl 5-
pyrophosphate synthetase (Yajima et al., 1990) can make contributions to the increase
in Trp production (Fig. 2.1). Chorismate, the direct precursor to the Trp-branched
pathway, could be another bottleneck. Undoubtedly, in E. coli, the shikimate-sensitive
shikimate dehydrogenase (encoded by the aroE gene) can lead to a reduced supply of
chorismate (Dell and Frost, 1993). Indeed, an enormous amount of intracellular
shikimate was observed in our previous strains (Chen and Zeng, 2017; Chen et al.,
2018). The conversion of shikimate to chorismate is carried out by overexpression of

the genes aroCK and aroL (Fig. 2.1) (Zhang et al., 2015).

2.1.3 Metabolic engineering to improve microbial tolerance

During microbial production of solvent-related compounds, the accumulation of toxic
metabolites can negatively affect the cell homeostasis and limit metabolite production.
Mechanisms of solvent toxicity have been explored over the last decades
(Mukhopadhyay, 2015; Qi et al., 2019). For instance, the accumulation of by-products,
such as acetic acid and alcohol, could disturb the integrity of cell membrane and lead

to cell leakage (Heipieper et al., 1994). Consequently, improving the solvent tolerance
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of the microbial production strain through metabolic engineering has turned into an

essential aspect of the strategy.

Fundamentally, one of the methods to avoid cell membrane damage and to enhance
membrane integrity is alleviation of by-products formation, such as acetic acid, alcohol,
and lactic acid, omnipresent in E. coli during prolonged fermentation or under stress
conditions. In recent years, global transcription machinery engineering (gTME) has
been used to engineer transcriptional factors in prokaryotic and eukaryotic organisms
to enhance solvent tolerance (Guo et al., 2018c). Several transcriptional factors, such
as TATA-box binding protein (TBP)-associated factors (Sptl5), RNA polymerase
sigma subunit (¢’%), cAMP receptor protein (CRP), and histone-like nucleoid
structuring protein (H-NS) have been modified by gTME to improve strain tolerance
(Alperetal., 2006; Hong et al., 2010; Xue et al., 2019; Zhang et al., 2012). For example,
random mutagenesis was introduced into the 7poD gene, which encodes the primary
sigma factor 6’°, to obtain E. coli ¢’° mutants with enhanced exogenous ethanol

tolerance (Guo et al., 2018a).

Although the development of specific targets such as membrane-modifying enzymes,
redox enzymes, and transcriptional factors (Mukhopadhyay, 2015) has proven to be a
competent strategy to improve solvent tolerance, efflux pumps are also useful in
improving microbial tolerance. Efflux pumps provide a direct channel for draining the
intracellular solvents to the extracellular space and potentially force a pull on the
biosynthetic pathway. For instance, one of the solvent-tolerance transporters,
hydrophobic/amphiphile efflux family of resistance-nodulation-division (RND) pumps,
has been encountered in E. coli and used for the optimization of microbial tolerance
(Nikaido and Takatsuka, 2009; Ramos et al., 2002). In particular, the AcrAB-TolC
efflux pump, which belongs to the RND pump family, has been extensively investigated
and identified as a compelling candidate for an increase of the tolerance toward several
monoterpene hydrocarbons (Du et al., 2014). For instance, Doukyu and lida found that
an AcrAB-TolC efflux pump is required for the microbial tolerance and maximal
production of the aromatic compounds such as styrene oxide (Doukyu and lida, 2020)
in E. coli. It was also identified that the native E. coli aromatic acid exporters AacAB
export aromatic compound p-hydroxybenzoic acid (pHBA) (Van Dyk et al., 2004).
Moreover, the efflux pump YddG from E. coli is an inner membrane protein that

exports aromatic compounds (Fig. 2.1). It is essential to eliminate the growth inhibition
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caused by its excessive cytosolic accumulation and thereby contribute to cellular

homeostasis (Doroshenko et al., 2007).

2.2 Optimization of biomolecules by laboratory-directed evolution

Optimization of the biosynthetic pathway for overproduction of valuable aromatic
compounds relies upon techniques of directed evolution. Laboratory-directed evolution
is a general term to describe the various techniques used to generate enzyme variants
and to screen desired functions (Yuan et al., 2005). Usually, directed evolution can be
carried out either in vitro or in vivo. In vitro mutagenesis can be achieved by error-
prone PCR, DNA shuffling, or site-directed saturation mutagenesis (Sen et al., 2007),
whereas in vivo directed evolution is relied on intracellular modification of target genes,
i.e, modified natural mutators (Bridges and Woodgate, 1985), plasmid-facilitated
mutagenesis (Badran and Liu, 2015b), and target-specific mutagenesis (Jakocitinas et

al., 2018).

2.2.1 Laboratory-directed in vitro protein evolution

One of the primary goals of protein engineering is to confer a protein with desired
activities and functions. In the past few decades, chemical modifications and
nucleobase analogs have been the most commonly used mutagenesis approaches (Lai
et al., 2004; Pfeifer et al., 2005). These methods have generated many variants with
desired properties, but these methods only generate a narrow sequence of preference
with a low mutational potency. In vitro directed evolution has emerged as an impressive
technology in the development of biomolecules (Yuan et al., 2005). Directed evolution,
different from the chemical modification and ultraviolet irradiation, is able to obtain the
fittest variant under the controlled evolutionary pressure. Here the conventional
techniques and strategies of DNA mutagenesis and recombination (Sen et al., 2007)
and structure-based enzyme redesign (Lutz, 2010) for in vitro directed evolution of

enzymes are briefly summarized in Table 2.1.

Traditionally, in vitro directed evolution depends on a two-step protocol: (1) generation
of gene variant libraries by random mutagenesis, and (2) high-throughput screening and
selection of desired candidates (Fig. 2.3). However, screening such immense libraries
is a time-consuming process. Besides undesirable candidates are hard to be excluded
even with advanced screening approaches. Another strategy, rational protein design is

used at the molecular level to create a new or activity-enhanced protein (Sen et al.,
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2007). Rational protein design normally requires the availability of both the structure
of the enzyme and the knowledge of the relationship between its structure and function
(Korendovych, 2018) (Fig. 2.3). Recently, as more information about structure and
function in protein becomes available, combinatorial protein engineering through
directed evolution and rational design (semi-rational design) has been widely
recognized (Korendovych, 2018; Lutz, 2010) (Fig. 2.3). A semi-rational design
approach can generate a small, high-quality library through narrowing the diversity of
amino acids, which leads to libraries with more excellent functional properties (Amrein
etal., 2017; Chen et al., 2009). For instance, a semi-rational strategy has been adopted
to alter the Phe binding site in the AroG enzyme to alleviate its inhibition, by taking
advantage of the crystal structure of AroG complexed with its inhibitor Phe (PDB:
IKFL) (Ding et al., 2014).

1 Randomization
Enzyme A Enzyme B Enzyme C

—{Gene A Gene Bl Gene C}- [ Whole-gene ]

OO A-@

Metabolic pathway

NO

Structural/functional
information available?

Target enzymes and residues
for engineering

Rational design g
(Site-directed mutagenesis) ngh—t.hrough.put
screening available?
r ) e A
Construction of Semi-rational design
mutagenesis library (site-directed random +/-
- ~ L saturation mutagenesis)
v
s A s “
Screening and characterization Evaluation of enzyme
of enzyme variants variants in producing strain
\ J \ J

Figure 2.3: Schematic overview for choices of random mutagenesis, rational design, or semi-rational
design for protein engineering. Application of the preferred approaches for the development of
biomolecules based on the prior knowledge of its structure and function and the availability of screening
techniques (Adapted from Fig. 1 in Chica et al., (2005)).
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The fact is that semi-rational design is restricted with a small, high-quality library and
advanced high-throughput screening methods. Only a fraction of target variants can be
generated, and the information for unimproved variants is wiped out during directed
evolution. However, protein engineering through machine-learning-guided directed
evolution enables further optimization of protein functions by exploiting more
information. This approach also expands the number of properties for selection with a
higher fitness level (Yang et al., 2019). Theoretically, machine-learning approaches
predict how sequences or structures can be mapped to their functions in a data-driven
manner without the need for detailed information on metabolic pathways. By learning
the properties of characterized enzyme variants, such an approach could speed up the
process of directed evolution, and the selected target variants are expected to exhibit
improved properties (Wu et al., 2019). The efficiency of this method has been
demonstrated in development of human GB1 binding protein, and the results showed
that machine-learning-guided directed evolution could generate variants with higher
fitness. Together, these strategies offer promising tools and predictors for altering
protein functions such as substrate specificity, stereo-selectivity, and stability through

enzyme redesign.
2.2.2 Laboratory-directed in vivo protein evolution

In vitro directed evolution allows the control of mutagenesis rate and mutational
spectrum, whereas in vivo directed evolution enables the simultaneous performance of
mutation and selection under intracellular conditions (d’Oelsnitz and Ellington, 2018).
Theoretically, an ideal in vivo mutagenesis that enables efficient evolution is supported
by two significant features: (1) development of endogenous mutagenesis and (2)
fitness-coupled selection platform and screening threshold (Badran and Liu, 2015a).
This part highlights the latest developments in endogenous mutagenesis systems (Table
2.2), followed by comparisons of these technologies, including the modified natural

mutators, plasmid-facilitated mutagenesis, and target-specific mutagenesis.

2.2.2.1 Method of modified natural mutators

The method of modified natural mutators is based on modifications of naturally existing
mutation mechanisms (Table 2.2). Organism controls the fidelity of DNA amplification
through a series of overlapping proofreading, mismatch repair, and base selection.

These redundant DNA replications and precise error-prone repair systems have jointly
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produced a base substitution rate of chromosomal DNA of ~ 10 to 10°'* substitutions
per base pair per generation (s.p.bp.p.g) (Schaaper, 1993). Therefore, modification of
the DNA replication system or inactivation of the DNA repair system can offer a broad
mutation spectrum and a high mutagenesis rate. To this end, the DNA polymerase
dominant-negative proofreading subunit dnaQ926 and the error-prone repair DNA
polymerase Pol V are expressed in target platforms to suppress proofreading and
enhance error-prone lesion bypass, and the mutagenesis rate increases approximately
by 100-fold (Carlson et al., 2014). This mutation rate, however, is still several orders
of magnitude below the mutation rates achieved by the conventional in vitro

mutagenesis technologies.

More aspects of the error-prone repair system are considered to be modified to
strengthen the mutation rate. In theory, mismatch repair system reduces the mutation
rate of bacterial DNA replication by around 10° times (Schaaper, 1993), and it is not
wondering that the interruption of MutSL (specialized proteins monitor) and MutH
(excise mismatched nucleotides following DNA replication) and also dynamic
expression of Dam (DNA methylation) through a SeqA domain (hemimethylated
GATC-binding domain) leads to an average of 4.4x107 s.p.bp.p.g. Heterologous
expression of the cytidine deaminase CDA1 from Petromyzon marinu and impairment
of the uracil-DNA glycosylase (Ung) synergize by introducing the inhibitor of Ung,
Ugi, are beneficial for the mutation rate (2.0x10° s.p.bp.p.g). Besides that, impairment
of the export of mutagenic nuclease is an alternative strategy to advance the mutator
effect. Two significant determinants of base preference during DNA replication are the
catalytic alpha subunit of DNA Pol III and the concentration of intracellular ANTP. It
generally assumes perturbations affecting intracellular ANTP to affect the mutational
spectrum (Badran and Liu, 2015a). For instance, Badran et al., found that the activation
of transcriptional repressor EmrR leads to the down-regulation of emrAB, which is
acknowledged as the putative export of mutagenic nucleobase intermediates (Badran

and Liu, 2015a; Yang et al., 2004).
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2.2.2.2 Plasmid-facilitated mutagenesis

The plasmid-facilitated mutagenesis is introduced to confine the mutagenesis within the
targeted plasmid. Until now, most conventional directed evolution methods have primarily
linked the activity of target biomolecules to the growth of auxotrophic cells. More recent
developments, however, are relied on conditional phage replication, i.e., phage-assisted
continuous evolution (PACE, Fig. 2.4A) (Packer et al., 2017; Song and Zeng, 2017). In theory,
target enzyme variants are fused to a phage coat protein and then displayed on phage particles
to establish a connection between genotype and phenotype. This system employs a mutagenesis
plasmid (MP) that enables the mutation rate at ~2.3 substitutions per kbp per generation of E.
coli XL1-blue cells. During the continuous evolution, the activity of target enzyme variants on
the selection phage (SP; contains the gene of interest and all the phage genes without gene I1I)
is linked to the accessory plasmid (AP; contains an essential phage gene (g/I]) expression circuit)
(Fig. 2.4A). In this approach, the enzyme variants with the desired activity activate the
expression of gene /Il and accordingly increase phage propagation. Only the enzyme variants
with desired properties can be enriched after dozens of reinfection rounds (Brddel et al., 2018;
Packer et al., 2017). So far, some derivative approaches from the PACE method, such as split
T7 RNA polymerase variant-based PACE (activity-dependent activation of the expression of
gene III) (Pu et al., 2017), transcription activator-based PACE (promoter-dependent activation
of the expression of gene VI) (Brddel et al, 2016), DNA-binding PACE (evolution of
transcription activator-like effector nucleases) (Hubbard et al., 2015), protease-PACE
(evolution of protease against desirable cleavage sites) (Dickinson et al., 2014; Stano and Patel,
2004), and protein-binding PACE (evolution of protein-protein interactions) (Badran et al.,
2016) have been developed and applied to evolve a broad category of biomolecules. The
advanced approaches lead to new biomolecules with tailor-made properties and a defined

function that shed light on basic evolutionary processes.

Existing approaches, such as the PACE-assisted continuous evolution approach, require
specialized devices to maintain a continuous culture. These approaches are primarily limited by
the mutation rate, which is realized by the mutagenesis plasmid. These shortcomings also hinder
the extensive parallelization of directed evolution experiments to mine enzyme variants with
multiple functions. Another method, known as OrthoRep, has been proposed using a highly
error-prone orthogonal DNA polymerase (DNAP1)-DNA plasmid pair that mutates user-
defined genes at rates of ~1x107s.p.bp.p.g (Ravikumar et al., 2018) (Fig. 2.4B). The OrthoRep

approach composes of an orthogonal pl plasmid (contains target genes) and another

22



Chapter 2 Theoretical and technological backgrounds

mutagenesis plasmid (contains all essential genes for the expression of orthogonal TP-DNAP1)
(Fig. 2.4B). The mutagenesis plasmid with the strict orthogonal TP-DNAP1 autonomous
replication process is realized by modifying an ep-DNAP to the target pl plasmid. Using the
OrthoRep, Arjun et al. developed drug-resistant malarial dihydrofolate reductases (DHFRs) in
90 independent replicates. The results showed that the OrthoRep system bypasses the frequent
first-step adaptive mutations and paves the path for the selection of rare outcomes with new
biomolecular and cellular functions, especially in the investigation of drug resistance and
adaptation. To the best of our knowledge, the OrthoRep approach also supports a higher
engineerable mutation rate (~100,000-fold higher than the host genome in vivo) and is a fully
scalable platform without in vitro library construction. The OrthoRep could also easily handle
more sophisticated in vivo mutagenesis and selections, including dominant-negative selections
for new orthogonal tRNA/aaRS pairs or sequence-specific DNA binding proteins (Arzumanyan

etal., 2018; Tan et al., 2019).

Gene III

A
Selection phage (\P @!lnfecnous progeny

plIl is produced

XL1-blue cells

av

Gene variants Non-infectious progeny

®->pes

NO pIlIis produced

- Gene(s) of interest
"\-,
Orthogonal
Q
!
I \ TP DNAP1 —)
\
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s Orthogonal
'\ TP-DNAP1
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‘4\ (low error-rate) ‘_/‘
A' >
N Nucleus .~ . s
T - S. cerevisiae

Figure 2.4: Schematic overview of the PACE and OrthoRep approaches. (A) Phage-assisted continuous evolution
(PACE). MP represents a mutagenesis plasmid and AP represents an accessory plasmid. (Adapted from Figure 1
in Packer et al, (2017)). (B) OrthoRep: a system for the scalable, continuous evolution of user-defined
genes in vivo. The basis of OrthoRep is a DNA polymerase (TP-DNAPI1) that replicates a cytoplasmic
DNA plasmid p1, exemplified for S. cerevisiae. (Taken from Figure 1 in (Ravikumar et al., 2018)).
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2.2.2.3 Target-specific mutagenesis

Although the efficiency of the PACE and OrthoRep systems for the development of enzyme
variants with desired performances has been demonstrated, both approaches are limited to
specific host cells because of their unique mechanisms (Fig. 2.4). With the emergence of gene-
targeting technologies, more precise technologies for targeting specific locus are being
developed. For instance, TaGTEAM, namely targeting glycosylases to embedded arrays for
mutagenesis (Table 2.2), is a method based on resection and error-prone polymerase Pol C (ep-
Pol {) to create mutagenic ep-homologous recombination for targeted mutagenesis in vivo
(Finney-Manchester and Maheshri, 2013). By fusing a DNA glycosylase (MAG1) with a DNA
binding protein (fetR) and locating it at the targeted modified sites, the authors generated a 20-
kb region with increased point mutagenesis, and the mutation rate was calculated to be ~1077
per bp per generation. TaGTEAM represents a state-of-the-art method for target-specific
mutagenesis in S. cerevisiae, where in vivo mutagenesis is continuously performed without the

demand for rounds of genetic transformation.

A CasPER enables targeted mutagenesis

eqPCR products of gene variants Genome-scale mutations
N |
— . —
+ DSB repair/ integration
9-gRNA of gene variants

Cas
Cas9 Tl ansformation
gRl\A plasmid

B EvolvR enables continuously targeted mutagenesis

.7—‘-

— nCas) A — — .
Target is nicked EvolvR dissociates DNA polymerase binds

| l
_l_‘__si._tﬁﬂ__

Detaches from Displaced strand Error-prone displacement
Ligatable nick is cleaved strand synthesis

Figure 2.5: Conceptual illustration of the CasPER and EvolvR approaches for targeted mutagenesis. (A) CasPER
is based on the generation of mutagenized linear DNA fragments and the expression of gRNA plasmid for genome
integration. (Taken from Figure 1 in JakodCitinas et al. (2018)). (B) EvolvR system consists of a Cas9-guided
nickase (nCAs9) that nicks targeted locus and a fused DNA polymerase (PolI3M) that performs error-prone nick
translation. (Taken from Figure | in Halperin et al. (2018)).
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More recently, application of the CRISPR/Cas9 technology has received board approval for
genome engineering in a broad category of organisms. With the ability to target and integrate
the target DNA fragments through homologous recombination (HR), the technique of
CRISPR/Cas9 has been applied to integrate the gene variant library into the chromosome of
host strain, such as CasPER (Jakocitinas et al., 2018). The efficiency of the CasPER approach
was demonstrated for directed evolution of two essential enzymes in the mevalonate pathway
of S. cerevisiae, and the results illustrated that the production of isoprenoids of selected mutants
could be increased by up to 11-fold (Fig. 2.5A). The CRISPR/Cas9 technique is also a game-
changer for in vivo genetic diversification technology such as EvolvR (Halperin et al., 2018)
and CRISPR/Cas-mediated base editing (Kleinstiver et al., 2019; Molla and Yang, 2019).
EvolvR is a system that can continuously in vivo diversify all nucleotides at user-defined loci,
which can be achieved by directly generating mutations using manipulated DNA polymerases
ep-DNAP Poll targeted to loci via CRISPR-nickase Cas9 protein (Fig. 2.5B). This technology
has also demonstrated that the CRISPR-guided DNA polymerases enable multiplexed and
continuous diversification of user-defined genes. So far, various types of CRISPR/Cas-
mediated base editing are being developed, which can be subdivided into cytosine base editors
and adenosine base editors (Kleinstiver et al., 2019; Molla and Yang, 2019), and this approach
relies on the recruitment of cytidine deaminases to introduce mutations without double-stranded

breaks and donor templates (Hess et al., 2017).

2.3 Advances in biomolecule screening and selection

Most small biomolecules targeted for overproduction cannot be readily detected, and metabolic
engineers require advanced high-throughput screening methods to facilitate the directed
evolution of microbial strains. In this part, an overview of the development in growth,
colorimetric, and biosensor-coupled high-throughput screening techniques is provided (Fig.

2.6).
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Figure 2.6: Examples of three types of library screening and characterization techniques. (A) Growth
complementation-assisted library screening approach. (B) Colorimetric-based high-throughput screening
technique. (C) Biosensor-driven library screening and characterization approach.

2.3.1 Growth-coupled high-throughput screening

In bacterial or other unicellular organisms, cells need favorable nutrient conditions to support
their growth, such as carbon, nitrogen, phosphate, or other necessary compounds. Therefore,
strains that are auxotrophy for certain essential molecules can be efficient selection and

screening host cells for directed evolution of target enzymes (Hall, 1981) (Fig. 2.6A).

The auxotrophy for terminal components of the amino acid biosynthetic pathway has been
successfully applied for protein evolution because these pathways are strongly coupled to cell
growth (Fig. 2.6A) (Dietrich et al., 2010). An early study used aromatic amino acids-deficient
cells with disrupted chorismate mutase as a screening strain. Chorismate mutase variants were
introduced into the aromatic amino acids-deficient strains and then the cells were subjected to
directed evolution. After several rounds of error-prone PCR and DNA shuffling with fine-tuned
selection pressure, the catalytic efficiency of chorismate mutase was improved by tenfold over

the best variant characterized previously (Neuenschwander et al., 2007). The same strategies
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were also applied to develop the key enzymes of amino acid biosynthesis, such as aspartate
aminotransferase (Rothman and Kirsch, 2003) or alanine racemase (Ju et al., 2005). The
auxotrophy for intermediates in amino acid biosynthesis has been recently utilized for
applications in protein evolution. In E. coli, 2-ketobutyrate derived from threonine degradation
is essential for cell growth, but a more direct pathway to the 2-ketobutyrate is the citramalate
pathway. In theory, an isoleucine auxotrophic E. coli strain can convert fluxes toward the
citramalate biosynthesis pathway for the synthesis of 2-ketobutyrate. In this regard, an
isoleucine-deficient E. coli strain was constructed to express a heterologous citramalate
pathway, and then the cells were evolved to produce 2-ketobutyrate for the support of their
growth. The evolved strain exhibited a 9- and 22-fold increase in 1-propanol and 1-butanol

production, respectively (Atsumi and Liao, 2008).

2.3.2 Colorimetric-based high-throughput screening

Although cell auxotrophy-facilitated high-throughput screening is highly successful in protein
evolution, cell growth represents an indirect indicator for the catalytic activity. Even mediocre
performance variants can provide sufficient activity for the cells to restore their growth to wild-
type levels, and it is laborious to distinguish the best variants from mediocre ones. The
usefulness of this strategy seriously depends upon the end-products or intermediates that are
essential for cell growth. Fortunately, the relative cases of conducting colorimetric-based

screening approaches have been established (Fig. 2.6B) (Sylvestre et al., 2006).

Normally, photometric assays can be performed either through liquid cultures or on solid media.
Photometric assays through liquid cultures are robust and offer a higher sensitivity with a more
comprehensive linear detection range by dilution or concentration of samples, whereas
screening of colonies on solid media provides an increased throughput (Dietrich et al., 2010).
Interestingly, many end products or intermediate metabolites provide natural photophores as a
direct indicator for the detection of production titer. These photophores include L-phenylalanine
derivatives (phenyl azide, benzophenone, and trifluoromethylphenyldiazirine) (Wilson et al.,
1997), Monascus yellow hydrophobic pigments (Juzlova et al., 1996), and the well-known
carotenoids (lycopene, S-carotene, and astaxanthin) (Di Mascio et al., 1989), etc. To date,
lycopene is the primary carotenoid of focus for production in microbial organisms. Using
lycopene-derived red chromophore as an indicator, the directed evolution in lycopene-produced

E. coli strain has been conducted to improve lycopene synthesis (Kim and Keasling, 2001).

Unlike lycopene, the majority of primary and secondary metabolites are not natural

chromophores. For these molecules, enzyme-mediated catalysis can offer an alternative
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approach for indirect product detection. In this method, target molecules react with the
exogenously added regents and the specific enzymes to yield detectable photophores (Dietrich
et al., 2010) or traceable cofactors [e.g., ATP and ADP (Koresawa and Okabe, 2004), NAD and
NADP (Klingenberg, 1974), and free coenzyme A (Molnos et al., 2003)]. For instance, S-
adenosyl-L-methionine (SAM) as a universal methyl group donor can be catalyzed by multi-
enzymatic biotransformation to homocysteine, and the final product can be quantified with the
Ellman’s reagent (Hendricks et al., 2004). In the case of carboxylic acid reductases (CARs),
which catalyze the reduction of carboxylic acid substrates to the corresponding aldehyde with
the consumption of NADPH cofactor, the consumption of NADH or NADPH in CARs-

catalyzed reactions is an indirect indicator of substrate oxidation (Moura et al., 2016).

Although the enzymatic catalysis-facilitated indirect product detection is often highly robust
and more accurate than direct product detection, there are still some shortcomings in

colorimetric-based screening approaches:

1. Limitation of the linear range of detection. The linear detection range of the colorimetric
detection approach is typically limited to the milligram level. This detection range may
not be available for de novo synthesis products that have constantly been detected at the
microgram level;

2. Colorimetric-based detection assays are performed directly in the medium with cell
removal, production extraction, and sample dilution; these manipulations are at the
expense of diminished sensitivity;

3. Enzymatic catalysis-facilitated indirect product detection requires complicated reaction
reagents and specific enzymes. Selecting the most promising reaction conditions and
enzymes is highly desirable to complete a reaction.

2.3.3 Biosensor-driven high-throughput screening

Conventional work in directed evolution for small-molecule production concentrates on
conspicuous components; these molecules can be optically detected by the cell growth-
dependent methods or the colorimetric-based methods (Dietrich et al., 2010). In most cases,
growth-dependent detections are either non-specific or not optimal due to the required coupling
of growth and production, and the linear detection range of the colorimetric-based method is
limited to the conspicuous level (e.g., milligram level). These approaches cannot achieve a
higher throughput if the target small-molecules are inconspicuous compounds. In contrast to

the aforementioned selection approaches, biosensors enable the quantification with a higher
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throughput by transmitting the concentration of inconspicuous molecules into an easily

detectable output such as fluorescence signals (Fig. 2.6C) (Zeng et al., 2020).

Biosensors typically use a diversity of modes to detect many inconspicuous molecules of
interest, such as transcription factors-based biosensors, RNA riboswitches-based biosensors, or
coupled enzyme reactions-based biosensors. Besides, these natural biosensors and their
constituent domains are supposed to be edited and modularized for the design of novel
biosensors (Coulet and Blum, 2019). These novel biosensors, therefore, can monitor the
concentration of intracellular metabolites and are widely applied in protein evolution (Williams
et al., 2016). Individual variants expressed with metabolites-induced biosensors are initially
observed as colonies on the solid agarose medium, and the detection of fluorescence intensity
further confirms the variants with better performance (e.g., larger colony size or more
chromophore synthesis) through flow cytometry. By coupling biosensor-based screening of
enzyme variants, the screening of variants on solid medium ensures increased sensitivity.
However, these approaches rarely achieve the throughput (e.g., 10° variants per experiment)
required for effective screening in an extensive library (Dietrich et al., 2010). To date, this gap
has been partially minimized by massive automation, parallelization, and high-throughput of
library screening approaches, such as fluorescence-activated cell sorting (FACS) or

microfluidic fluorescence-activated droplet sorting (FADS).

FACS is a single-cell analysis method and can analyze the distribution of cellular properties
within a broad set of mutation libraries (e.g., 10°~10'° variants per assay) (Naeem et al., 2017;
Olsen et al.,, 2003). The cells are sorted and followed by a secondary screening if the
fluorescence intensity of the single cell is over the preset threshold valve. For instance, a FACS
platform was applied for high-throughput screening and sorting of the monoamine oxidase
mutant library, and the result showed that the FACS approach could enrich the library with
functional variants at a higher rate than other methods such as the growth-based method (Sadler
et al., 2018). Although FACS is an ultra-high-throughput approach, overlapping profiles and
aberrant fluorescence can lead to a high rate of false positives during sorting. This shortcoming
of the conventional FACS approach can be remedied by the microfluidic flow sorting system
known as microfluidic fluorescence-activated droplet sorting (mFADS) (Baret et al., 2009;
Vallejo et al., 2019). To date, the microfluidic flow sorting system has become one of the most
flexible and widely used screening platforms for the compartmentalization assays in droplets.
An individual variant is compartmentalized in an emulsion droplet, and the variants can be

sorted using di-electrophoresis in a fluorescence-activated manner (as in FACS) with the sorting
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rates up to 2000 droplets s™. In this context, the mixtures of E. coli strain that express the
reported enzyme B-galactosidase variants were compartmentalized with a fluorogenic substrate.
The analysis of the sorting variants revealed that the false positive error rate of the sorted
variants is much lower than that of the FACS approach (< 1 in 10* droplets). Such an efficient
and effective microfluidic sorting approach will offer an opportunity in the development of

biomolecules, where comprehensive libraries are functionally screened.

2.4 CRISPR/Cas9-mediated genomic DNA editing

The technique of CRISPR/Cas9, which stands for Clustered Regularly Interspaced Short
Palindromic Repeats and CRISPR-associated protein 9, is one of the genomic editing

technologies that represents an efficient tool to delete, insert, or alter the genomic DNA at

specific locations (Fig. 2.7A) (Ran et al., 2013; Hsu et al., 2014).
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Figure 2.7: (A) CRISPR/Cas9 technique-facilitated genomic engineering (Adapted from Fig. 2 in Hsu et al.,
(2014)). (B) The gRNA plasmid pTagAmpR.

Usually, a two-plasmid based CRISPR/Cas9 technology is designed to apply a precise genome
editing (Jiang et al., 2015). In this two-plasmid system, one is the pCas9 plasmid for expression
of Cas9 protein, and the other is the plasmid pTagAmpR for expression of a single guide RNA
and a DNA donor fragment (Fig. 2.7B). The Cas9, which belongs to the family of RNA-guided
endonucleases, is guided and localized to specific DNA sequences via its gRNA sequence and
direct base-pairs with the DNA target (Fig. 2.7A). The binding of Cas9 nuclease and the
adjacent protospacer motif (PAM) within target locus helps to control Cas9-mediated double-

strand breaks (DSBs). Using the cell’s own DSBs repair system, genes are deleted or inserted
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by homologous recombination. As shown in Fig. 2.7B, the pTagAmpR plasmid contains a short
guide RNA sequence (N20 sequence) and a donor DNA fragment (e.g., homologous
recombination arms and the genes to be inserted). Researchers can design short guide RNA
sequence (N20 sequence, shown in Fig. 2.7B) with the aid of the web-based tool Cas-Designer
(Bae et al., 2014; Park et al., 2015). Specifically, the pCas9 plasmid includes the sgRNA
sequence of pMBI1, and inoculation of IPTG can induce Cas9 nuclease to cleavage the

pTagAmpR plasmid.

In practice, the pCas9 plasmid is first transferred into the host strains by electroporation. To
prepare the electrocompetent cells, the cells expressed with pCas9 plasmid are cultivated with
L-arabinose to induce Cas9 protein expression. Afterwards, the gRNA plasmid pTagAmpR is
electroporated into the corresponding electrocompetent cells. On the following day, the
resulting engineered cells are verified by using colony PCR. To cure the plasmid pTagAmpR
in the positively engineered cells, the expression of Cas9 protein is induced with IPTG. The
resulting engineered cells with pCas9 plasmid can be used for further genome editing, or be

cured to remove the pCas9 plasmid by growing them overnight at 37 °C.

2.5 Auto-CGSS-assisted in vivo continuous mutagenesis

In vivo continuous mutagenesis approaches for the development of target molecules, such as
the PACE and OrthoRep, have been extensively designed and applied. However, these
approaches mostly focus on confining the mutations within the target molecules on the plasmid.
In theory, the development of aromatic compounds-producing strains requires molecular
engineering at the genome-scale, but these approaches are not available for genome engineering.
To get rid of this shortcoming, an approach EvolvR was designed (Halperin et al., 2018).
EvolvR is a system that can continuously diversify all nucleotides in vivo at user-defined loci,
and it can be realized by the direct generation of mutations using manipulated DNA
polymerases ep-DNAP Poll, which targeted to loci via CRISPR-nickase Cas9 protein. However,
especially for aromatic compounds-producing strains, it requires systematic engineering of the
pathway for the overproduction of aromatic compounds. Thus, it is attractive to design an in
vivo continuous mutagenesis approach by which the mutations can be introduced not only at
user-defined loci but also the other genome-scale locus, such as the auto-CGSS approach in this

thesis (Fig. 2.8).
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Figure 2.8: CGSS-facilitated in vivo continuous mutagenesis coupled with real-time measurement of cell growth
and online monitoring of fluorescence signal (auto-CGSS) as a novel approach for strain development.
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As shown in Fig. 2.8, as an example for elucidation of the concept, the auto-CGSS approach is
applied to develop the GalP/Glk-dependent strain. In this approach, the promoter variant library
of genes galP and glk is integrated into the chromosome of host strain by CRISPR/Cas9
technique. Afterwards, the promoter mutants are continuously evolved in vivo in an auxostat
vessel by using a mutagenesis plasmid (MP, pJC184). To characterize promoter mutants, the
cell growth is measured in real-time with a cell density meter (Ultrospec 10, Biochrom), and
the fluorescence intensity is online monitored by a flow cytometer (CytoFLEX, Beckman
Coulter). Theoretically, only the GalP/Glk-facilitated glucose utilization system regains its
ability, and the corresponding mutants with desired performances will remain dominant during

the continuous evolution.
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3. Materials and methods!

3.1 Strains, plasmids, and primers

3.1.1 Strains

The E. coli strains used in this study are listed in Table 3.1.

Table 3.1: E. coli strains used in this study

Strain Characteristic Source

DY330 W3110AlacU169 gal490 ACI11857 A(cro-bioA) (Yu et al., 2000)
3028 DY330::rpsL(StrR) AaroF AaroH Amtr AtnaA AtnaBAAAar  (Chen and Zeng,

OH::P23119-rpst-tac-aro G318 -ser AH3HANSHP, rpES*FDCBA  2017)

S0284nTrpCWT® S028 AtrpR::AntrpC"T This study
S0284nTrpCRF S028 AtrpR::Antrp CR378F This study
S028GM1 (S028G)  S028AaroG513F:: aroGPeP74 This study
S028TS S028 AtrpR:: Piuc-tnaC-eGFP (Trp sensor) This study
G028 S028TSAptsl::Pc-galP-P2s119-glk This study

B3 S028TSAptsi::Pracmrs-galP-P 3 1our3-glk This study
G028JC S028TSAptsiAglk::Cm®/pCasOMT-pIC184 This study

D8 S028TSApisi::Pracuri-galP-Py231 1omri-glkM” This study
S028GGMT S028GM1AfiuR:: aroGPP This study
S028AAWT S028GGMTAtrpR::AntrpC"™ This study
S028AARF S028GGMTAtrpR:: AntrpCR378F This study
DSAA D8AtrpR:: Antrp CR7SF AfruR:: aroGPOP74 This study

! Parts of this chapter were reported as the same or with minor changes in M. Chen et al., (2019).

33



Chapter 3 Materials and Methods

3.1.2 Plasmids

Plasmids used in this study are listed in Table 3.2.

Table 3.2: Plasmids used in this study

Plasmid Characteristic Source

pJ23119 AmpR, Pj23;19, multiple cloning sites Lab stock

pJLK AmpR, PMB1, Pj;3;19.rspr-rspL-Km (Chen and Zeng, 2017)
pJLC AmpR, PMBI, Pj23;19.pst-rpsL-CmR Lab stock
pET22b(+) pET vector Novagen

pTrc99A Vector with ¢rc promoter (Amann et al., 1988)
pIBB24 Derived from pZS*24MCS with new multiple clone site Lab stock

pJC184 CmR, L-arabinose-induced in vivo mutagenesis plasmid (Badran et al., 2015)
pTrpSen Trp biosensor, TnaC-eGFP (Fang et al., 2015)

pRed-Cas9-recA

pCas9

pCasoMT

pTargetF

pTagAmpR

pCas9-AntrpC""
pCas9-Antrp CR37F
paroGN20-CmR
pCmN20-aroGMT
pfiuRN20-aroG%
pN20-pts]
pN20-glk

pCmN20-galPMT

AmpR, all-in-one plasmid for the expression of Cas9 protein,
RecA recombination protein, sgRNA sequence, and donor
DNA fragment

Expressing Cas9 protein and offering sgRNA-pMB1 for
removing pTargetF donor plasmid

Expressing Cas9 protein and offering sgRNA-Cm® for
removing pJC184 mutagenesis plasmid

Plasmid for expressing sgRNA or with offering donor DNA,
Spectinomycin resistance

Plasmid for expressing sgRNA or with offering donor DNA,
Ampicillin resistance

pRed-Cas9-recA-trpR-sgRNA @ AtrpR::Prac-AntrpC"'T
pRed-Cas9-recA-trpR-sgRNA AtrpR::Puc-AntrpCB78F
pTagAmpR aroG-sgRNA AaroG::Pj23119-rpsi-CmR
pTagAmpR CmR-sgRNA ACmR::P23119-mpst-cmr-aro GPXP7X
pTagAmpR fiuR-sgRNA AfiuR::P23119-rpsi-cmr-aroGP*6P74
pTagAmpR pisl-sgRNA

pTagAmpR glk-sgRNA

pTagAmpR CmR—SgRNA ACmR::Pjr31190ur —galP— Praemr —glk

(Zhao et al., 2016b)

(Jiang et al., 2015)

This study

(Jiang et al., 2015)

This study

This study
This study
This study
This study
This study
This study
This study

This study

Table to be continued on next page

34



Chapter 3 Materials and Methods

Table 3.2: Plasmids used in this study

Plasmid Characteristic Source

pET-aroGS!50F pET22b inserted with aroGS'%F gene This study
pET-aroGP*P7X pET22b inserted with aroGP*P”* gene variants This study
pTrc-EctrpC PTrc99A inserted with E. coli trpC gene This study
pTrc-AntrpC"T PTrc99A inserted with AntrpC"" gene This study
pTrc-AntrpCH’ PTrc99A inserted with AntrpCR75F gene This study

2 trpR-sgRNA, sgRNA with an N20 sequence for targeting the #pR locus. The other sgRNAs were presented in

the same way.

3.1.3 Primers

Primers used in this study are listed in Table 3.3.

Table 3.3: Primers used in this study

Primer Sequence
lam-out-F gaggtaccaggcegeggtttgate
lam-out-R gttgccgatgtgcgegtactg

TrpSen-check-F
TrpSen-check-R
pTAC-CI
pTagCl
pTargR
EcTrpC-1F
EcTrpC-1R
AnTrpC-FF
AnTrpC-FR
AnTrpC-TIR
AnTrpC-TIF
AnTrpC-seq

Xbal-6H-AnTrpC

catccggctcgtataatgtgtgg

catggcaaacttgaagaagtcg

gccatccagtttactttgecagg

ttgagtgagctgataccgetcge

actagtattatacctaggactgagctagctgtcaag
cacgcattgccgecatttataaacattacgettcggeaatttcggtgctgactgatgagaaatat
atggcggcaatgegtgctggatcgaaatcatcacggatcacgcc SNNSNNSNNSNNcgctttettgeacteea
ttaaagaggagaaaggtaccatggcggactcecggactegtcg
tcgagggggggcccggtaccctagagteeectcacggectgeac
cagactttggcgaacggcacgcaagtcg
gagggcttgacgaacaggceccgecattctgNNKaaggaattcgttttcgacgaatatcag
accatcggagagccgctgttg

ggatcctctagatgataattcagaaggagatatacatatgcaccaccaccaccaccacgeggactccggactcgtecgate

Table to be continued on next page
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Table 3.3: Primers used in this study

Primer

Sequence

AnTrpC-6H-Sall

N20-TrpR

trpR-out-FF
trpR-out-FR
trpR-out-RF
trpR-out-RR
dtrpR-AntrpC-F

dtrpR-AntrpC-R

N20-trpR-RR
N20-trpR-FF
trpR-check-F
aroG-fus-R
D67X-F

D67X-R
aroG-S180F-F
aroG-S180F-R
Xbal-serd

aroG-His-HindIIl

D67M-F

D67M-LPR
D67M-PIR

D67M-GAR

atgatcgtcgacctactagtggtggtggtggtggtggagtcecctcacggectgeac

gctcagtectaggtataatactagtTCAGGTTTAACAACGGTAA Agttttagagctagaaatagcaag
ttaaaataaggctagtccg

caaacgctacaccagcggtaaggag

tgeggatcagtaacgacgtceccatteecgtggegete

ctgcgecagtggetggaagaggtgttegctgaaaageg

gtggcgattgaagetggcatcgatg
ccgacgttgatgagcgecacggaatggggacgtcgttactgatccgeacgggcaattcecgacgtetgtgtggaattg

cagcaacacctcttccagecactggegeagetcgacgggegeggetttcacaccgtaccetaggtctagggeggeg
gatttg

cttaccgctggtgtagegtttgaaaaaagcaccgactcggtgccacttttte

catcgatgccagcttcaatcgccacaagacgaaagggectcgtgatacg
gattaccagactatcgcctcggceaate

ggcatcggtgatgctettaccgtagg

ggaacagacatgaattatcagaacNNKNNKttacgcatcaaagaaatcaaagagttacttcctectgtege

gttctgataattcatgtctgttccagtgttgce
gcatcagggcttttttgtccggteggctte
gaagccgaccggacaaaaaagccctgatge
gagcggataacaattccectc

cgceggaagctttcattagtggtggtggtegtegtggccegegacgegcettttactgeatte

ttacgcatcaaagaaatcaaagacttacttcc

ctetttgatttctttgatgcgtaaaggcaagttctgataattcatatgtatatctee

ctetttgatttctttgatgcgtaaaatagggttctgataattcatatgtatatctce

ctetttgatttctttgatgegtaaagececgttctgataattcatatgtatatctee

Table to be continued on next page
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Table 3.3: Primers used in this study

Primer

Sequence

Tsen-trpR-IF

Tsen-trpR-IR

up-aroH-out

Cm-delG-R

Notl-pTac-aroG

aroG-spel

u-rpsLp-tac

fruR-N20

fruR-out-FF

fruR-out-FR

fruR-out-RF

fruR-out-RR

FruRN20-F
FruRN20-R
pstl-out-1

pstl-out-2

pstl-N20

pstl-CIN

pstl-C2N

glk-N20

u-glk-out

glk-out-d

ggataaaccgacgttgatgagcgecacggaatggggacgtegttactgatccgeacggetgttgacaattaatcatcegge
tcg

tcaatcgcttttcagcaacacctcttccageccactggegeagetcgacgggegeggctttcttttacttgtacagetcgtcecat
gce

ggggcgttggtgtaaagattattgeectcacectgtacgggtgagggegtagagagattacgeggecgcettctagagttg
gtatcttcccagectatgecaggeateggtgatgcetettaccgtaggecageacctgaagtcagecccatacg
agtgcagceggcecgcetgttgacaattaatcatcggcetegtataatgtgtaggggaattgtgageggataac
tgcggceactagtttattacccgegacgegcttttac
ttgtgtgaggacgttttattacgtgtttacgaagcaaaagctaaaaccaggagctatttactgttgacaattaatcatcggeteg

gctcagtectaggtataatactagt AGCCCAGCTGCCACGGCGTTgttttagagctagaaatagcaagtta
aaataaggctagtceg

agtcggtgcttttttccggecgtcattcacaate

gaacgggagtgcgectgecgttaataacatagettg

cctacggtaagagcatcaccgatgec

cagcatcacttcttttgtcagccecggceatg

aaagaagtgatgctgaagacgaaagggcctcgtg

aaaaaagcaccgactcggtgccac
tcccgggttcttttaaaaatcagtcacaagtaaggtagggttatgatttcagttgacagetagetcagtee
tettctcctaageagtaaattgggecgceatetegtggattageagattgtatttgatgectgggcatgeg

gctcagtectaggtataatactagtCTGCCAGCTATTACGCTGGAgttttagagctagaaatagcaagtta
aaataaggctagtccg

acgtacgaaacgtcagcggtc
acggttacgctaccggacag

gctcagtectaggtataatactagtCTCCCTGTAAATATCGATCTgttttagagctagaaatagcaagttaa
aataaggctagtccg

atttacagtgtgagaaagaattattttgactttagcggagcagttgaagacgeggcecgcttctagagttg

agacgtgcegttggtgccgcccacatcaccgactaatgeatactttgtcatatttgatgectgggeatgeg

Table to be continued on next page
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Table 3.3: Primers used in this study

Primer Sequence

glk-Cl ctattccttatgcggggtcag

glk-C2 atcgggatcgecatcgatac

glk-out-FF tcatttgatgcatcatcgegtgcaacegtgg

glk-out-FR cttttctagactcgagtcttcaactgctccgetaaagte

glk-out-RF ctcgagtctagaaaagaggagaaatactagatgacaaagtatgcattagtcggtg

glk-out-RR tegtettcacctcgactggegtaaatgtgecaccggaaccgag

Cm20glk-FOR tgatgcatcaaatgaaaaaaagcaccgactcggtgccac

CmN20glk-REV tcgaggtgaagacgaaagggccte

Xhol-galP-MT ;tgt;a:g;%gagcagttgaagactcgagNNNNNNattaatcatcggctc gNNNNNtgtgtaggcgggagaagg
Xhol-galP-WT ctttagcggagcagttgaagactcgagttgacaattaatcatcggetcgtataatgtgtaggcgggagaaggagatatac
galP-Xbal-WT gtatttctcctcttttctagagcetagcaatttacctaggactgagetagetgtcaattaatcgtgagegectatttcgeg
galP-Xbal-MT fgzt;tctcctcttttctagagctagcaNNNNNcctaggactgagctachNNNNNttaatc gtgagcgectattt
pBla gtctcatgageggatacatatttg

glk-check-F aacagccatgccggaageatgacg

glk-check-R aagttcagcagttgcgtcggctg

tac-galP-check
J23119-glk-check

galP-innercheck-R

ccgaggcegattttcatcaccacaatcag

cggctctgaacgtactgtttatcctg

attgccgggatgataatcacacccag
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3.2 Media

3.2.1 LB, SOB, synthetic medium, and LB agar plates

LB medium: 10 g/L tryptone, 5 g/L yeast extract, and 5 g/ NaCl. The pH was 7.0 (adjusted
with 5 M NaOH). It was sterilized by autoclaving at 121°C for 20 min. For preparing LB agar
plates, 15 g/L agar was used. Unless otherwise stated, LB liquid medium was used for overnight

cultivations.

SOB (Super Optimal Broth) medium: 20 g/L tryptone, 5 g/L yeast extract, 0.5 g/LL NaCl, 1 g/L
MgClz and 1 g/ MgSOs4. The pH was adjusted to 7.2 with 5 M NaOH. It was sterilized by
autoclaving at 121°C for 20 min. The SOB medium was used for the recovery of E. coli cells

after heat shock transformation or electroporation.

Synthetic medium (SynM): 30 g/L glucose, 20 g/L. (NH4)2S0O4, 0.5 g/LL MgSOa4, 3 g/l KH2POs,
12 g/ KoHPOg, 2 g/L NaCl, 2 mg/L biotin, 5 mg/L DL-calcium pantothenate, and 100x trace
elements (Table 3.4). The pH was adjusted to 7.2 with 5 M NaOH. For preparation of SynM,
salt solution (10x), 60% glucose stock solution, and concentrated trace element solution (100x)
were autoclaved separately, and the components of biotin and DL-calcium pantothenate were
sterilized by filtration. These components were then mixed, and autoclaved H,O was added for

adjusting the volume. The SynM was used for cultivation of cells during continuous evolution.

3.2.2 M9 minimal medium

M9 minimal medium was used for the selection and screening of E. coli mutants. The

preparation was done as follows:

I. A 10x M9 salt solution was prepared by dissolving 75.2 g Na,HPO4-2H,0, 30 g
KH>POs, 5 g NaCl, 5 g NH4Cl in 1 L ddH»0. After adjusting the pH to 7.2, it was then

autoclaved.

2. 100 ml of 10x M9 salt solution from step 1 were mixed with 7 mL of 60% glucose
(autoclaved), 1 mL of 1 M MgSO4 (autoclaved), 0.3 mL of 1 M CaCl: (autoclaved), 1
mL of 1 g/L biotin (filter sterilized), 1 mL of 1 g/L thiamin (filter sterilized), and 10 mL

of 100x% trace elements solution (Table 3.4.).
3. The volume was adjusted to 1L with sterilized ddH>O.

For preparing M9 agar plates, 100 mL of 10x M9 stock solution with 15 g/L agar were

autoclaved. Once the medium was cooled down to about 50 °C, other components as
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mentioned above were added into the medium immediately and then mixed them

completely and poured it into Petri-dishes.

Table 3.4: Components of 100% trace element solution.

No. Components Work Con. (mg/L)
1 MnSO4-2H,0 12.5
2 AlCl;-6H0 12.5
3 FeSO4-7TH20 50
4 CoCl3-6H,0 8.75
5 CaCl,-2H,0 50
6 ZnS047TH20 2.5
7 CuCl-2H,0 1.25
8 H3;BO; 0.625
9 NaMoO4-2H,0 2.5

3.2.3 Fermentation media

Seed medium (Table 3.5) and fermentation medium (FM-III, Table 3.6) were prepared
according to those described by Gu et al., (2012) and Chen and Zeng (2017). To prepare 1 L of
the seed medium (Table 3.5), a certain amount of each of the following components:
MgSO4-7H20, KH2PO4, (NH4)2SO4, yeast extract, and monosodium citrate was dissolved in
900 ml of ddH>O. After autoclaving, 50 mL of 60 % glucose (autoclaved), 1.5 mL of 10 g/L
FeSO4-7H>0 (filter sterilized), and 10 mL of 10 g/L vitamin B; (filter sterilized), were added.
The final volume was set to 1 L with autoclaved ddH>O, and the pH was adjusted to 7.0 with 5
M NaOH.

FM-III medium (Table 3.6) was mostly used in batch fermentation of E. coli strains in shake
flasks. To buffer the pH during fermentation, 30 g/L CaCO3; were used in the FM-III medium.
It is noteworthy that the concentration of (NH4)2SO4 (8 g/L) was doubled, compared to that (4
g/L) in the FM-II medium reported by Chen and Zeng (2017). The composition of the
fermentation medium (FM-B) in bioreactors is given in Table 3.7. Preparation of the media

FM-III and FM-B were similar to that of the seed medium as described above.
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Table 3.5: Components of the seed medium.

No. Components Work Con. (g/L)
1 Glucose 30
2 MgSO4-7H,0O 0.5
3 KH,PO4 1.5
4 (NH4)2S04 10
5 Yeast extract 15
6 FeSO4-7TH20 0.015
7 Monosodium citrate 0.5
8 Vitamin B, 0.1

Table 3.6: Components of the fermentation medium (FM-III) in shake flasks.

No. Components Work Con. (g/L)
1 Glucose 30
2 MgSO4-7H20 0.5
3 KH,PO4 3
4 KoHPO,4 12
4 (NH4)2S04 8
5 Yeast extract 1
6 Monosodium citrate 2
7 CaCO; 30

Table 3.7: Components of the fermentation medium (FM-B) in bioreactors.

No. Components Work Con. (g/L)
1 Glucose 30
2 MgSO4-7H20 0.5
3 KH,PO4 2
3 (NH4)2S04 4
5 Yeast extract 1
6 Monosodium citrate 2
7 Trace elements Table 3.4
8 Biotin 1x10*
9 DL-calcium pantothenate 5x10
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3.3 Molecular cloning methods

3.3.1 Genomic DNA and plasmid isolation

Isolation of genomic DNA from E. coli was performed using the genomic DNA isolation kit
NucleoSpin® Tissue (Macherey-Nagel, Germany). Moreover, the extraction of plasmid DNA
was carried out using the NucleoSpin® Plasmid kit (Macherey-Nagel, Germany). Unless
otherwise stated, isolations were carried out by following the protocol outlined in the manual

that comes with the kit.
3.3.2 Recombinant DNA techniques

DNA amplification, purification, digestion, and ligation were carried out according to the
standard protocol (Russell and Sambrook, 2001) and the instructions of the kits. More
specifically, Phusion High-Fidelity PCR Master Mix (Thermo Scientific) was used to amplify
a DNA fragment with the requirement of higher fidelity, whereas, DreamTaq™ Hot Start Green
PCR Master Mix (Thermo Scientific) was used for doing colony PCR. When the PCR product
is very specific, a PCR clean-up was carried out according to the manual of the NucleoSpin gel
and PCR clean-up kit (Macherey-Nagel, Germany). Otherwise, gel-purification was performed
to recover desired DNA fragments from agarose gels after PCR amplification where the kit was
also used. When necessary, the DNA product was treated with Dpnl to get rid of PCR templates.
In this study, plasmid construction was mostly carried out by using the In-Fusion HD Cloning

Kit (Clontech Laboratories, Inc.).
3.3.3 Colony PCR

Colony PCR was used for pre-check if the transformants containing a desired plasmid
construction or a desired DNA construction in the chromosome. The temperatures for the
denaturation, annealing, and extension were set accordingly. In this study, unless otherwise
stated, the product Hot Start Green PCR Master mix (2x) from Thermo Scientific was used for
colony PCR. Each colony PCR reaction with a total volume of 10 uLL was set up and performed
as follows:
1. Cells from single colony on agar plate were picked and transferred them into 4.4 pL of
ddH;O in PCR tube.
2. 0.3 pL of each of the corresponding forward and reverse primers (10 uM) were added
into the mixture from step 1.

3. 5 uL of Hot Start Green PCR Master mix (2x) was added into the mixture from step 2.

42



Chapter 3 Materials and Methods

4. PCR reaction was run in a thermocycler with a program set according to the instruction
of the product user guide.

5. PCR product was checked with agarose gels electrophoresis.

3.4 Transformation of E. coli

To do genome editing, the plasmid and/or linear dsDNA fragment has to be transferred into the

competent cells of a host strain, which was done through electroporation in this study.

3.4.1 Preparation of electroporation-competent cells

The procedure for preparation of electroporation-competent cells was modified from the
methods reported by Yu et al. (2000) and Chen and Zeng (2017). Cyro-stock cells or single
colony were inoculated into LB medium and grown at 30 °C overnight. The overnight culture
was then inoculated at a 50-fold dilution into 10 mL of fresh SOB medium with 20 mM of L-
arabinose in a 50 mL conical tube. Then the cells were grown at 30 °C, 250 rpm. When the
ODsoo reached 0.4-0.6, induction was carried out by incubating the culture at 42 °C for 15 min
with shaking. After that, the culture was chilled on ice for 10 min with occasional shaking. Cells
were harvested from the culture by centrifugation at 4 °C, 5000 rpm for 10 min. After washing
with 1 ml pre-cooled sterilized water three times, the pellets were re-suspended in 200 pL pre-
cold 10% glycerol, and divided into two reactions for transformation or stored at -80 °C for

further use.
3.4.2 Electroporation

For the electroporation, a certain amount of desired DNA (plasmid or linear dsDNA) eluted in
H>O was added to the electrocompetent cells and mixed sufficiently. The mixture was later
transferred into a 0.2 cm gap sterile electroporation cuvette. The electroporation was performed
at 2.5 kV, 1.8 pF with a pulse controller of 200 Q. Afterwards, the reaction mixture was
transferred from the cuvette into ImL SOB medium. The cells were recovered by incubating at
30 °C for 2 hours. After that, 100 uL of the cells were spread on the agar plates with appropriate

antibiotics and grown at 30 °C.

3.5 Cultivation conditions

During cultivation, if necessary, antibiotics were added at working concentrations as follows:
50 pg/L kanamycin (Kan), 100 pg/L ampicillin (Amp), 34 png/L chloromycetin (Cm), and 50
ug/L streptomycin (Sm).
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3.5.1 Cultivation conditions on 96-well deep well plate

The cultivation conditions for characterization of the enzyme variants on 96-well deep well
plate were modified from those reported in (Zhang et al., 2019). Generally, 300 uL. M9 medium
or FM-III medium containing the appropriate antibiotics were prefilled into each well of a deep
96 well plate (Eppendorf® Deepwell Plate 96). After inoculating with transformants of interest,
the plate was sealed with a gas-permeable seal and incubated at 37°C, 300 rpm for 24 hours.
The cultures were then analyzed by measuring the OD600 and fluorescence intensity.
Specifically, 100 pL of each of the cultures were used for the measurement of ODego, and 100
uL of each of the cultures were sampled for measuring the fluorescence signal. According to
the results of both the OD and the specific fluorescence intensity, the candidates which had
higher specific fluorescence intensity as well as high OD were selected. These candidates were
then double-checked with another round of characterization in deep 96 well plate under the
same conditions as used for the first round. Finally, the candidates that had the best growth and
strongest fluorescence intensity were selected for further characterization, i.e., fed-batch

fermentation.

3.5.2 Continuous evolution of strains with GalP/Glk-dependent glucose utilization

In vivo continuous mutagenesis experiment was performed as described in (Packer et al., 2017)
with minor modifications. Briefly, the donor plasmid pCmN20-ga/P"" was first transformed
into the RO1 host cells (Table 3.1) by electroporation, and then the resultant cells (RO1:
pCmN20-galPM") were inoculated into the SOB medium with 10 mM L-arabinose and cultured
for three hours at 30 °C. Auxostat vessel containing SynM with 15 pg/mL chloramphenicol and
25 pg/mL kanamycin was inoculated with the starter cultures (resuspended three times with
SynM medium) and grown at 30 °C while mixing via a magnetic stir bar. Once the mutants
grew to ODgoo = 0.8, the inlet flow of fresh media (SynM with 10% w/v arabinose, 15 pg/mL
Cm, and 25 pg/mL Kan) was set at a rate of 60-80 mL/h, and the outlet flow of the auxostat
culture was set at a rate of 100 mL/h with the waste needle set at the height of 30 mL. To realize
the real-time measurement of ODgoo and monitoring of the fluorescence signal, the OD
measurement device and the flow cytometer were connected tandem to the auxostat vessel. The
total flow rate through each lagoon was automatically set based on cell growth to keep the cell
growth at around 0.8 during the evolution process. The final evolutionary samples were selected

from the auxostat and further screened on the SynM agar plates.
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3.5.3 Fermentation with complex medium

The conditions for batch fermentation in shake flasks were reported previously (Chen and Zeng,
2017). All the batch fermentations were carried out at 37 °C and 250 rpm. In practice, an
isolated clone was pre-cultured with 5 mL of LB medium in a conical flask (50 mL) overnight.
The pre-culture was then inoculated into 10 mL of seed medium in a baffled shake flask (100
mL) with an initial ODgoo=0.2. After growing it for 4-6 hours, the seed culture was transferred

into 30 mL of fermentation medium (FM-III) at an initial ODgoo=0.1.

For fed-batch fermentation in bioreactors, the pre-culture and seed culture were performed as
done for batch fermentations but with 10 mL of LB medium (in 100 mL baffled shake flask)
and 50 mL of seed medium (in 300 mL baftled shake flask), respectively. The fermentations
were carried out in a highly instrumented and automated 4-parallel 1.5 L bioreactor system
(DASGIP parallel bioreactor system, Eppendorf, Germany) with an initial working volume of
500 mL. The concentration of glucose was controlled during the fermentation via adding
feeding solution at a variable feed rate. Especially, to avoid the case of glucose depletion (<1
g/L) or excess (>30 g/L), the feeding rate was automatically increased from 0 to 6 mL/L.h by
DASGIP system during the exponential and early stationary phases. Afterward, the glucose
concentration was measured manually with a YSI glucose analyzer, and then the feeding rate
was adjusted accordingly to maintain the glucose concentration at around 10 g/L. Fermentations
were performed at 37 °C and with pH 6.8 which was controlled with 25% NH4OH. The
dissolved oxygen was controlled at 30% of air saturation by orderly varying the agitation speed,
the oxygen content, and the aeration rates. When required, antibiotic(s) and inducer(s) were

added in medium(s) and feeding solution(s).

3.6 Analytic methods
3.6.1 Analysis of metabolites by HPLC

In this study, the accumulation of two intermediates of the tryptophan pathway, namely 3-
dehydroshikimate (DSA) and shikimic acid (SA), were analyzed during fermentations. Their
concentrations in the fermentation samples can be analyzed by using HPLC as reported by Lin
(2017). In general, they are able to be separated by the Aminex HPX-87H column (300 x 7.8
mm column) (Bio-Rad, Hercules, USA) when operated at 60°C with 5 mM H>SO4 as mobile

phase at a flow rate of 0.6 ml/min. All these two components have good absorbance at 210nm.
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3.6.2 Analysis of extracellular Trp

The extracellular concentration of Trp was measured by a simple and sensitive
spectrophotometric method reported by Nagaraja et al., (2003). Lin had scaled down the volume
of each reactant in this method and developed a protocol making it easier to be applied (Chen,
2017). The preparation of each solution and a detailed protocol were also described here as

follows:
Solutions:

1) 0.2 % PPDD (100 ml): dissolve 0.2 g PPDD in 100 ml of 5 % (V/V) HCl and store it in
the dark at room temperature.

2) 0.5 % sodium nitrite (NaNO») in water: store it at -20°C for short term storage (if
possible, prepare it freshly).

3) 3 % sulfamic acid (H3NOsS, 100 ml): dissolve 3g H3NSO3 in 100 ml of ddH>O and
store it at room temperature

4) 1:1 sulfuric acid (H2SO4) (in a glass container): mix 96-98% concentrated H>SO4 with

an equal volume of deionized water.

Protocol: (total volume for each reaction is 1.0 ml, the reaction can be carried out in 1.5

EP tubes)

1) Mix 0.12 ml of 0.2 % PPDD and 0.24 ml of 1:1 H>SOs, vortex and chill it down on the
ice.

2) Add 0.08 ml of pre-cooled 0.5 % NaNO; into the mixture from step 1 (on ice).

3) Add 0.04 ml of 3% H3NSOs into the mixture from step 2 and mix them completely by
vortex. Then keep it on ice for at least 10 min.

4) Add 0.1 ml of Trp standards or pre-diluted samples to the mixture from step 3 and mix
them completely by vortex. Then keep it on ice for more than 20 min.

5) Add 0.42 mlof 1:1 HoSO4 to the mixture from step 4 and mix them completely by vortex.

6) Measure the absorption at 520 nm with a microplate reader in 96-well microplates (200

ul sample for each well).

3.6.3 Measurement of fluorescence intensity

Single colony (or 3 ul of cryo-stock) of each of the strains to be studied was inoculated into LB
medium and grown at 37°C, 220 rpm overnight. Cells from each overnight culture were
harvested by centrifugation (4 °C, 5000 rpm for 10 min) and followed by washing them with
the M9 medium (Chapter 3.2.2) three times. After that, cells of each were re-suspended in fresh
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M9 medium and inoculated with the same initial ODggo into 10 ml of fresh M9 medium in a 50
mL conical tube. After 10 hours of cultivation, cells were subjected to fluorescence analysis
using CytoFLEX Flow Cytometer (Beckman Coulter, USA). To do so, after washed three times
with PBS buffer, cells from each culture were diluted 100-fold, and then were used for
measuring eGFP fluorescence (MFI of 10,000 events) using a flow cytometer at an excitation
wavelength of 488 nm. All data were processed with the Beckman Flow software, and
electronic gating was used to separate positive signals from the instrument and water sample
background. For fluorescence intensities, a medium fluorescence unit (MFU) was calculated

for each culture.

3.7 Enzyme assay

3.7.1 Protein expression and purification

Protein expression and purification protocols were performed in a manner similar previously
published with minor modifications (Chen et al., 2018). Concentration of purified protein was
analyzed according to Bradford’s method using bovine serum albumin as standard and a

prefabricated assay from Bio-Rad Laboratories (Hercules, CA).

3.7.2 Assay of indole-3-glycerol phosphate synthase activity

In E. coli and A. niger, TrpC shares the same subunit, indole-3-glycerol phosphate synthase
(IGPs). Therefore, in vitro assay of IGPs activities of the enzymes AnTrpC and EcTrpC were
performed as described in (Chen et al., 2018) but with minor modifications. The activity of
IGPs was measured by monitoring the formation of IGP via absorbance at 278 nm (Zaccardi et
al., 2012) with a molar extinction coefficient value of 5500 M™! em™! (Kirschner et al., 1987).
To investigate the activation or inhibition of anthranilate on the activity of IGPs, the activities
were measured in the presence of different concentrations (from 0 to 2 mM) of anthranilate.
The complete reaction mixture contained 4 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer (pH 7.4), 180 uM 1-(2-Carboxyphenylamino)-l-deoxyribulose 5-
phosphate (CdRP), and 80 pg purified enzyme with or without anthranilate. With a total volume
of 0.2 mL, reactions were performed in a cuvette at 30°C. Enzyme and anthranilate were pre-
mixed and equilibrated to 30°C for 2 min, after that, the substrate CARP was added to start the
reaction. The substrate CdRP was chemically synthesized by adopting the method reported by
Kirschner et al., (1987).
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3.7.3 Assay of 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) synthase activity

3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) synthase (L-phenylalanine repressible,
AroQ) is a key enzyme of the chorismate pathway for the synthesis of aromatic amino acids
(AAA). Enzyme kinetics of DAHP synthase was performed as described in (Schoner and
Herrmann, 1976) but with minor modifications. The enzyme activity was measured by
monitoring the disappearance of PEP via absorbance at 232 nm with a molar extinction
coefficient value of 2544.5 M! cm™! (Fig. 3.1). To investigate the effect of Phe on the activity
of AroG, the activities were measured in the presence of different concentrations (from 0 to 40
mM) of Phe. The complete reaction mixture contained 10mM Bis-tris propane (BTP) buffer
(pH 7.0), 50 uM MnSO4, 600 uM PEP, and 500 uM E4P with or without Phe. Reactions were
carried out in a total volume of 0.2 mL in a cuvette at 25°C. The mixture (without PEP) and the
substrate PEP were equilibrated to reaction temperature, separately, and the reaction was started

by adding the substrate PEP.
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Figure 3.1: Standard curve of PEP with the absorbance at 232 nm measured in the cuvette.
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4. Growth-coupled and sensor-guided in vivo screening of

multifunctional TrpC enzyme variants

4.1 Introduction

Development of an efficient Trp-producing microbial cell factory is a challenging work owing
to complex and negative regulations of Trp pathway involved, such as attenuation, repression,
and feedback inhibition (Fig. 2.2). Specifically, a feed-forward regulation (e.g., inhibition and
activation) was recently discovered as a novel regulation of Trp operon in E. coli (Fig. 2.2)
(Chen et al., 2018). To deregulate the Trp pathway, especially to develop a feed-forward-
resistant or feed-forward- activation enzyme, the semi-rational design has been applied in this
work for engineering of anthranilate-sensitive enzyme TrpC, making it more efficient for Trp

pathway.

Anthranilate (ANTH) is the first intermediate of the Trp branch pathway in E. coli. As
illustrated in Fig. 2.1, it is subsequently converted into the final product Trp by a series of
enzymatic reactions (They are TrpD, TrpC, TrpB, and TrpA). A previous study discovered that
the indole glycerol phosphate synthase (IGPs) of bifunctional enzyme TrpC of E. coli (EcTrpC)
is feed-forward inhibited by anthranilate, and another TrpC of Aspergillus niger (AnTrpC) is
feed-forward activated (Chen et al., 2018). In E. coli, EcTrpC consists of two isoenzymes: N-
(5-phosphoribosyl) anthranilate isomerase (PRAI) and IGPs, whereas, in A. niger, the
trifunctional enzyme AnTrpC is composed of three isoenzymes: anthranilate synthase
component II (AS II), IGPs, and PARI, for which the AS II domain is essential for the activation
(Chen et al., 2018). It was also found that, although the catalytic efficiency of AnTrpC was not
satisfactory in contrast to that of EcTrpC, expressing AnTrpC in a Trp-producing E. coli S028
made the strain more efficient in Trp production (Chen et al., 2018). One conceivable
explanation is that the enzyme EcTrpC suffers stronger feed-forward inhibition from
anthranilate and cannot be conducive to Trp synthesis. In this regard, it was of great attraction

to develop EcTrpC and AnTrpC using semi-rational design, making the anthranilate-resistant
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enzyme variant EcTrpC and enhanced anthranilate-activation enzyme variant are more

efficiency for Trp pathway.

Semi-rational design is of elemental significance for development of efficient bioprocesses.
While impressive progress has been made in the design of the enzyme variant library, the
availability of reliable and highly effective screening methods is becoming increasingly
essential (Dietrich et al., 2010). To date, enzyme variants obtained from conventional
approaches can hardly be phenotypically distinguished (Ren et al., 2018). For example,
insufficient phenotypic characterization, especially that based merely on the cell growth rate,
makes it challenging to identify the best performer among the improved enzyme variants (Ren
et al., 2015). Also, using a biosensor alone requires high-throughput screening equipment such
as FACS, and the generated overlapping profiles and aberrant fluorescence from FACS can
cause a high rate of false positives during sorting. In theory, a reliable in vivo screening
approach is desired to link the change of interest caused by an induced mutation on a target
gene to a change in cell growth (Lu et al., 2012; Zhu et al., 2017) and the expression strength
of a reporter gene via a biosensor (Binder et al., 2013; Fang et al., 2016). In this chapter, a
method of linking plasmid-assisted engineering with growth-coupled and sensor-guided in vivo
screening (PGSS) was therefore proposed to ensure that enzyme variants are selected with
desired functions. To implement the PGSS approach, the Trp synthesis pathway in the host
strain was blocked by knocking-out the EctrpC gene to design a Trp-auxotrophic strain. Then
this auxotrophic strain was employed for engineering of EcTrpC and AnTrpC enzymes (Fig.
4.1A).

4.2 Design of an auxotrophic host cell for library screening and in vivo

characterization

In the part of this work, a screening platform was designed, in which the growth of the
auxotrophic strain is directly coupled to the catalytic efficiency of TrpC variants, and the
intracellular Trp concentration is monitored by the fluorescence intensity via a Trp sensor (Fig.

4.1A).

To this end, Trp synthesis was first blocked by knocking out the gene EctrpC to design a Trp
auxotrophic strain S092. Subsequently, the Trp sensor (Puc-tnaC-eGFP) was introduced into
the auxotrophic strain to construct strain S093 (Fig. 4.1A). Afterward, the Trp necessity was
tested for the cell growth by cultivating S093 in the M9 medium without amino acids. Without
Trp synthesis, S093 was not able to grow in the synthetic medium (Fig. 4.1B). More results

subsequently revealed that the auxotrophy is relieved by complementation of lost enzymatic
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function after reintroducing the enzyme EcTrpC in S093 (Fig. 4.1B). The fluorescence signal
from the S094 cells (S093:ptac-EctrpC) could also be detected (Fig. 4.1C). These results
suggested that the strain is auxotrophy for the essential Trp molecule. It provided what is the
readily discernible phenotype and could be used for the library screening. To investigate the
threshold of evolutionary pressure (anthranilate), the effects of varying concentrations of
extracellular anthranilate on the growth and fluorescence intensity of S094 were also examined.
It was found that the growth and fluorescence intensity were suppressed entirely when the
concentration of anthranilate was increased above 45 mM (Fig. 4.1A and B). It suggested that
the wild type strain will be wiped out during library selection when the threshold valve is set to
50 mM. Nevertheless, since AnTrpC is feed-forward activated by anthranilate, no adaptive
selection is imposed on the AnTrpC variants. Thus, it was necessary to demonstrate whether
the growth and the fluorescence intensity of S093 are strongly correlated with the relative

enzyme activity of AnTrpC.

A biosynthetic pathway expressed at different levels of a key enzyme can cause different
concentrations of the final target. The growth of S093 was therefore determined at different
concentrations of extracellular Trp addition (0-14 mM) in M9 medium. As indicated in Fig.
4.1D, the growth and fluorescence intensity of auxotrophic strain varied as a function of the
concentrations of extracellular Trp. When the concentration of extracellular Trp ranged from 0
to 4 mM, the growth (R? = 0.9901) and the fluorescence intensity (R?> = 0.9925) of S093 were
correlated strongly with the concentration of extracellular Trp. With an increased concentration
of extracellular Trp, however, S093 showed a comparable growth and fluorescence intensity
(Fig. 4.1D). These results demonstrated that the strong correlation between the cell growth and
fluorescence intensity with the catalytic efficiency of the enzyme TrpC could highlight the
sensitivity and selectivity of the screening platform. It can be employed to facilitate the

engineering of EcTrpC with the desired performance.
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Figure 4.1: (A) Plasmid-assisted engineering of enzyme variants integrated with growth-coupled and sensor-
guided in vivo screening of candidate enzyme(s) (PGSS) as an efficient approach for protein and pathway
engineering; Effects of anthranilate on (B) the growth and (C) the fluorescence intensity of the Trp-auxotrophic
strain S092, S092::P~tnaC-eGFP (S093), and S093::EctrpC (S094); (D) The correlation of growth and
fluorescence intensity of the strain S093 with the addition of extracellular Trp. The coefficient of determination
(R?) was calculated in the range of 0-4 mM Trp. Results were derived from three independent experiments.

4.3 PGSS-assisted engineering of anthranilate-inhibited EcTrpC

4.3.1 Library construction and high-throughput screening

After testing the sensitivity and selectivity of the screening platform, one set of EctrpC gene
variants was constructed using codon saturation mutagenesis on a few rational target residues,
e.g., S58, P59, S60, and K61. As observed in Fig. 4.2A, these residues are actively involved in
the anthranilate binding sites. Using the entire plasmid ptrc-EcTrpC as a template (Table 3.2),
the mutagenesis libraries were first generated by using a pair of synthesized mutagenesis
primers (e/GPs-1-F and elGPs-1-R, Table 3.3), and then they were transferred into the strain
S093. Afterwards, the resulting mutants were screened and characterized using the PGSS

approach.

During library screening and selection, 96 mutants that produced a bigger colony and stronger
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fluorescence intensity on the M9 agar plate supplemented with 50 mM anthranilate were
selected for further characterization. After 30 hours of cultivation, it was discovered that 20
mutants exhibited a high Trp production than those of other mutants (data not shown). Thereby,
the sequences of EctrpC gene variants in the selected mutants were examined. The alignment
of sequences revealed that there were mainly three types of mutations at selected positions: 45%
for the variant EcTrpCS8QPV-SO0E-K6IQ (QVEQ), 45% for the variant EcTrpCS>8QP39L-S60R-K61C
(QLRC), only 10% for the variant EcTrpCS38A-P9F-S60V-K6IR (AEVR) (data not shown). These
mutants were then subjected to a re-characterization using fermentation in shaking flasks. An
increased Trp production was confirmed for the strain EcTrpCRVEQ after 20 hours of
fermentation, while the strains EcTrpCURE and EcTrpCAFVR turned out to be false positives
(data not shown). As given in Fig. 4.2B, the IGPs domain of EcTrpC is connected with the
PRAI1 domain by a helix. Also, the anthranilate-binding-sites in the IGPs domain are adjacent
to this helix. Therefore, it was assumed that the mutations EcTrpCRC and EcTrpCAFVR
generated in the IGPs domain might affect the stability of the protein structure. Indeed, as
observed in Fig. 4.3A, only the isoenzyme IGPs of the enzyme variants QLRC and AFVR were
expressed, while another isoenzyme, phosphoribosyl-anthranilate isomerase (PRA1), was lost.
The truncated expression could neither lead to an intact catalytic activity of EcTrpC, nor an
increase in the Trp production. Thus, the enzyme variant QVFQ was selected as a better

candidate for further studies.

A RI186(R191)
L191(L196) -
iy L.188(L193)
S60(S64 ANT
R el [P
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S58(S62) FO3(F98)

Figure 4.2: (A) Comparison of the anthranilate binding sites of elGPs from E. coli (residues are shown in green)
and MAGPs from M. tuberculosis (residues are shown in red) (Chen, 2017). ANT: anthranilate. (B) Crystal
structure of TrpC from E. coli. The 58" to 61% residues (SPSK) for the wild-type enzyme EcTrpC is shown in red.
The helix for the connection of IGPs and PRAi domains is shown in pink.

4.3.2 Characterization of selected enzyme variant QVFQ

To elucidate the effect of anthranilate on the enzyme activity of the variant QVFQ, the catalytic
activity of the purified enzyme variant QVFQ-6His (Fig. 4.3A) was investigated in the presence
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of different concentrations of anthranilate. The plot of the activity of QVFQ against anthranilate
showed that the activity was significantly decreased with the increase in anthranilate
concentration (Fig. 4.3B). The specific activity of the variant QVFQ was 3.03%0.05
pumol/min/mg without the addition of anthranilate, which was 23.17% higher that of the wild-
type (2.47+0.07 pmol/min/mg). Also, it was revealed that 52% of the activity of QVFQ was
inhibited by 3 mM anthranilate, but the activity of the wild type was nearly completely lost
under the same condition. The inhibition constant (ICso, 50% inhibitory concentration) of
QVFQ for anthranilate was estimated to be about 2.22 mM, while it was approximately 1.12
mM for the wild-type EcTrpC. This result demonstrated that the enzyme variant QVFQ

alleviated the inhibition against a higher concentration of anthranilate.
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Figure 4.3: (A) SDS-PAGE of the wild-type and enzyme variants of the EcTrpC. M: PageRuler™ plus prestained
protein ladder. (B) Effect of anthranilate on the wild-type enzyme EcTrpC and enzyme variant QVFQ. The data
were derived from three independent experiments.

The initial rates of substrate turnover were recorded over a substrate range of 0.004 to 0.3 mM
CdRP for the enzyme variant QVFQ, and the kinetic data are summarized in Table 4.1. The
catalytic constant (kcar) for QVFQ decreased by about 25% compared to the wild-type enzyme,
and the Michaelis constants (km) for QVFQ also decreased by about 27%. The decrease in kcat
and kn for QVFQ is most probably because the anthranilate-binding-sites are adjacent to the
catalytic sites that are surrounded by S sheets (Fig. 4.2B), and the alternation of sequences can
influence the catalytic activity. Nevertheless, it was found the catalytic efficiency (kca/km) for
QVFQ is similar to that of the wild type, and this result is consistent with the similar production
of Trp between the strain EcTrpC2"!? and the wild-type strain (data not shown). Although the
catalytic efficiency of QVFQ showed no advantages, anthranilate-resistant enzyme variant
QVFQ might be a better candidate for enhancing strain tolerance against a high concentration

of anthranilate when the enzyme variant is applied to an industrial scale.
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Table 4.1: Apparent kinetic constants of the wildtype and enzyme variant QVFQ of EcTrpC enzymes

CdRP
Enzyme -1 11
k,, (uM) Ko, (5)  K,/k,Ms)

WT 8.37+0.15 0.04+0.01 430.11
QVFQ 6.14+0.04 0.03+0.01 439.74

Note: CdRP, 1-(2-Carboxyphenylamino)-1-deoxyribulose 5-phosphate
4.4 PGSS-assisted engineering of anthranilate-activated enzyme AnTrpC

4.4.1 Library construction and high-throughput screening

After testing the feasibility of the PGSS-assisted screening platform, it was applied to develop
another enzyme TrpC, anthranilate-activated enzyme TrpC of A. niger (AnTrpC), to enhance
its catalytic activity. One set of AntrpC gene variant libraries was first generated by codon
saturation mutagenesis on a rational target residue (Figs. 4.4A and B). Although the crystal
structure of AnTrpC from A. niger with the substrate CdRP is not available, the protein sequence
alignment of AnTrpC protein with other TrpC proteins such as EcTrpC from E. coli, M¢TrpC
from Mycobacterium tuberculosis, SsTrpC from Sulfolobus solfataricus, and ScTrp31 from
Saccharomyces cerevisiae revealed several parallels among their catalytic centers (Fig. 4.4A).
Specifically, according to the available crystal structure of SsTrpC with its substrate CdRP
(PDB: 1LBL), the Arg378 residue in AnTrpC was supposed to be a homologous residue with
the Argl82 residue in the catalytic site of SsTrpC (Figs. 4.4A and B). In this respect, the residue
(Arg378) of enzyme AnTrpC was selected for codon saturation mutagenesis with a pair of
primers (AntrpC-T1F and AntrpC-TIR, Table 3.3) by amplification of the whole plasmid p#rc-
AntrpC (Table 3.2). Then the resulting plasmid was transferred to the strain S093.
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Figure 4.4: (A) Alignment of the TrpC sequences from E. coli (P00909), Sulfolous solfatarious (Q6121), M.
tuberculosis (POWFXT), A. niger (P05328), and S. cerevisiae (P00937). The residues of the conserved binding site
of substrate CdRP is highlighted in a black triangle. (B) Key residues involved in the substrate CdRP binding sites
of SsTrpC from S. solfatarious. (C) Heat map of the fluorescence intensity (also known as medium fluorescence
unit, MFU) of the selected AnTrpC mutants. A total of six samples in H1:N7-N12 wells are presented as reference
control (wild-type AnTrpC). The sample in each well presents one mutant, and the wells in red color indicate that
the mutants have higher activity.

After 15 hours of cultivation, it was found that the M9 agar plate yielded hundreds of mutants
with different colony sizes and different strengths of fluorescence intensity (also known as
medium fluorescence unit, MFU) (data not shown). After phenotypes confirmation on the M9
agar plate, a total of 186 candidates AnTrpCR*7*X were selected and then tested by cultivation
with M9 medium in two 96 deep-well plates. After 10 hours of cultivation, all mutants
AnTrpCR78X were subjected to the measurement of fluorescence intensity. All MFU intensities
were represented by a heat map (Fig. 4.4C). As shown in Fig. 4.4C, a total of 16 mutants
AnTrpCR¥7X produced higher MFU intensities (over 2400) than those obtained by other
mutants and the wild-type strain AnTrpCWT (Fig. 4.4C, H1:N7~12). All 16 mutants giving
higher fluorescence intensities were further investigated using batch-fermentation with FM-III

medium in a 96 deep-well plate. It was noticed that the specific Trp production rate of 15 out
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of the 16 candidates was significantly higher than that of the wild-type strain, while one of the
candidates showed a decreased specific Trp production rate (Fig. 4.5). Overall, the increased
MFU intensity and specific Trp production rate of the mutants demonstrated the selectivity and
sensitivity of the screening platform. After evaluating the candidates, the mutated genes AntrpC
from these candidates were isolated for sequencing. The sequencing results showed that the
mutants with a higher Trp production rate had the same mutation Arg378Phe, whereas the
mutation Arg378lle in the A8 candidate resulted in a reduction of specific production rate (Fig.
4.5). To provide more direct evidence, an enzyme assay was performed on the purified protein

of the enzyme variant AnTrpCR378F,
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Figure 4.5: Results of the Trp production rate from all 16 candidates AnTrp as well as the wild-type strain.
The specific production rate of the wild-type strain (5.05 mg/g DCW/h) was set as a screening threshold.

4.4.2 Characterization of the selected variant AnTrpCR373F

It was assumed that the higher specific production rate of Trp (qup) observed in the strain
AnTrpCR78F indicated an enhancement in the anthranilate-activation of the corresponding
enzyme variant AnTrpCR*78F. To support this hypothesis, the strain 4nTrpC*78F was cultivated
at different extracellular concentrations of anthranilate, and the qup of the strain AnTrpCR378F
under different conditions was determined. As observed in Fig. 4.6A, a scatter plot relating
extracellular anthranilate to the qup shows a stronger linear correlation with R?> = 0.954 for
AnTrpCR¥78 when the concentrations of extracellular anthranilate are in the range of 0 to 0.5
mM. However, the qup of the strain remained constant with a further increase in the
concentration of anthranilate (Fig. 4.6A). It was revealed that the qup depends mainly on the
catalytic activity of variant AnTrpC.

CR378F

CWVT and AnTrpCR378F were selected for anthranilate

To characterize AnTrp in vitro, AnTrp
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activation test. To this end, the enzyme activity was measured in a wide range of anthranilate
concentrations up to 2.0 mM with 180 uM of substrate CdRP (Fig. 4.6B). In accordance with
the previous study, the activity of AnTrpC®7®F was also activated with the increasing
concentration of anthranilate (range from 0 to 0.75 mM), but the activation effect was off when
anthranilate concentration was over 1.0 mM (Fig. 4.6B). Interestingly, AnTrpCR*"8F exhibited a
1.67-fold higher specific activity than that of the wild-type in the absence of anthranilate but
under 180 uM of substrate CdRP (Fig. 4.6B). Also, the enzyme activity of AnTrpC78F was
still around 1.68~2.88-times higher than that of the wild type at higher concentrations of
anthranilate (range from 1.0 to 2.0 mM) (Fig. 4.6B). This result, therefore, indicated why the
strain AnTrpCR378F has higher qup and MFU intensity than that achieved by the strain AnTrpCVT.
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Figure 4.6: (A) A scatter plot relating extracellular anthranilate concentration to the Trp production rate of the
strains AnTrpCW¥T and AnTrpCRF. (B) Effect of anthranilate on the specific activity of the variant AnTrpCR378F and
the wild-type AnTrpC enzyme. The concentration of substrate CdARP was 180 uM. The data were derived from
three independent experiments.

CR378F

4.4.3 Expression of the enzyme variant AnTrp in Trp producing strain

CR378F

To investigate the impact of enzyme variant AnTrp on development of Trp-producing

CR3 78F CWT

strain, the gene variant Antrp and wild-type gene Antrp were individually integrated
into the chromosome of the previously constructed Trp-producing strain S028 by substitution
of the TrpR repressor (Fig. 2.2) with the aid of CRISPR/Cas9 technology, whereby the strains
AnTrpCR7F and AnTrpCVT were generated. In practice, a pair of primers (Cas9-N20-FOR and
trpR-N20-REV, Table 3.3) was initially used to amplify an all-in-one plasmid pRed-Cas9-rec4
backbone (Table 3.2) for introducing the target sgRNA sequence, from which the 20 bp spacer
sequence specific for &7rpR gene was synthesized within the primers. To construct the donor
dsDNA fragment, two homologous arms and the target gene sequence (4ntrpC) were amplified

separately and then fused by fusion PCR with the primers (trpR-out-FF and trpR-out-RR, Table
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3.3). The gel purification of the fusion PCR fragment was integrated into the target sgRNA
plasmid, resulting in two plasmids, pCas9-AntrpC"" and pCas9-AntrpC?7F (Fig. 4.7).
Subsequently, both sgRNA plasmids were separately transferred into strain S028 to facilitate
genome editing. Next, a comparison of fermentation parameters obtained by fed-batch
fermentation of the strains AnTrpC*78F AnTrpCWT, and S028 was performed in the part of this

work.
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Figure 4.7: The plasmid pCas9-AntrpCR378". The donor DNA contained in this plasmid is composed of the whole
gene variant AntrpCR37%F, the upper and the lower homologous recombination fragments.

Fig. 4.8C shows that fed-batch cultivation of both strains AnTrpCR*7* and AnTrpCV T exhibited
the same growth pattern before the post exponential phase (10-36h). Also, they had a significant
growth rate than that of the strain S028 (data not shown). As predicted, a high formation of
biomass could, therefore, directly lead to a high Trp production of the strains AnTrpCR?*7®" and
AnTrpCWT (Fig. 4.8A). It should be noted that AnTrpCR*7*F contains two copies of #pC genes,
homologous EctrpC gene from E. coli and heterogeneous gene variant AntrpC?7%F form A.
niger. The results from Figs. 4.8A and C indicate that, although both the strains AnTrpCR378F
and AnTrpCWV! had the same biomass formation (data not shown), AnTrpCR*"F produced a
higher amount of Trp than that of the reference strain AnTrpCW' during the log phase.
Especially in the post log phase (in 30h), AnTrpC?78F produced 20.29+1.02 g/L of Trp, which
is 45.34% higher than that of the reference strain (13.96+1.02 g/L). It was suggested that the

CR378F

increased Trp production of AnTrp is mainly due to the higher catalytic activity of the

enzyme variant AnTrpCR378F

rather than the increased gene copy number. Apart from this,
during the mid-log phase (23-36h), the specific formation rate of Trp and the productivity of
AnTrpCR78F were also remarkably higher than those of AnTrpCWT (Figs. 4.8E and F), e.g.,

0.61+0.02 vs. 0.47+0.01 g/L/h for productivity and 22.25+1.32 vs. 19.6140.32 mg/gDCW/h for
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qup in 30h. An explanation is that anthranilate could well activate the catalytic efficiency of the
variant AnTrpCR3 7 and consequently enhanced the qup and productivity, as confirmed by the

in vitro assay (Fig. 4.6).

It was also noticed that although the same amount of biomass (approx. 36.40+0.37 g/L, Table
4.2) and the same level of Trp yield (approx. 0.19 g/g, Table 4.2) were obtained in both strains
AnTrpCR78F and AnTrpCWT, AnTrpCR7F formed a higher production of Trp (36.19+0.21 g/L,
Table 4.2) at 51 h than that of AnTrpCVT (33.40+0.37 g/L, Table 4.2) because AnTrpCR*78F
exhibited high productivity of Trp during the stationary phase (Fig. 4.8F). It was further

validated that the variant AnTrpCR378F

is more efficient for Trp biosynthesis. Furthermore, the
Trp yield of AnTrpCR3¥78F was almost 1.27-fold higher than that of the parental strain S028 (Fig.
4.8D and Table 4.2), e.g., 0.19 g/g vs. 0.15 g/g in 54h, and it was consistent with the previous
results that anthranilate-activated AnTrpC enzyme contributes to the Trp yield (Chen et al.,
2018). Notably, it was observed that, in comparison of AnTrpCW!, fed-batch fermentation of
AnTrpCR378F resulted in the reduction of the production of SA and DSA (Figs. 4.8G and H).
This result indicated that in AnTrpC?*7¥F, more intermediates SA and DSA were redirected into
the Trp pathway due to the higher catalytic efficiency of the variant AnTrpCR*78F. Collectively

protein engineering based on the PGSS approach was, therefore, more favorable to generate an

anthranilate-activated variant AnTrpCR378F,

Table 4.2: Comparison of fermentation parameters obtained by fed-batch fermentation of S028 derivative strains

strains ODeoo DCW GlcC* Trp qrrp Yield Vp
(g/L) (g/L) (gL) (mg/gDCW/h) (g Trp/gGle.) (g/L/h)
S028 102.10+0.14  35.74+0.05 164.66+1.93 24.04+£0.20  12.46+0.38 0.15 0.45+0.01
AnTrpCVT  106.30+£0.42  37.21+0.05 176.72+2.76 33.40+0.37  16.62+0.13 0.19 0.62+0.01
AnTrpCR7F  101.40+1.97  35.49+0.69 195.62+1.61 36.19£0.21  18.88+0.16 0.19 0.67+0.01

The engineered Trp-producing strains were cultivated in a highly instrumented and automated 4-paralleled 1.5 L
bioreactors system DASGIP for 54 hours; The initial glucose concentration was 30 g/L; The initial inoculation
ODgoo was 0.1. The data represents the mean + SD from three measurements. GlcC* is the calculated cumulative
consumption per reactor volume; qrrp, specific production rate of Trp; Yield, Trp production vs. glucose consumed;
Vp, volumetric productivity.
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Figure 4.8: Fed-batch fermentation results of the strains S028 (Black and circle), AnTrpC%T (Red and square),
and AnTrpCRF (Blue and triangle). (A) Trp concentration; (B) Residual glucose concentration; (C) Cell growth;
(D) Overall Yield (g Trp/g glucose); (E) Specific formation rate of Trp (qrrp); (F) Productivity; and Accumulation
of the intermediates (G) dehydroshikimate (DSA) and (H) shikimate (SA).
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4.5 Discussion

4.5.1 PGSS approach for generation of TrpC variants with desired performance

To date, a variety of approaches have been developed for screening and characterization of
mutagenesis libraries, e.g., growth-coupled, colorimetric-based, and biosensor-driven high-
throughput libraries screening (Arnold and Georgiou, 2003; Leemhuis et al., 2009; Dietrich et
al., 2010). In the part of this study, an enzyme variant screening approach was proposed, namely
Plasmid-assisted Growth-coupled and Sensor-guided in vivo Screening (PGSS). This approach
combines the advantages of cellular auxotrophy and in vivo sensor-driven screening of enzyme
variants and provides a higher threshold valve for identification of the feed-forward-resistant
EcTrpC variants and the feed-forward-activated AnTrpC variants with higher catalytic

efficiency.

In a previous study, in vitro assay revealed that approx. 60% of the activity of the enzyme
EcTrpC was inhibited under 1 mM anthranilate (Chen et al., 2018). After site-directed
mutagenesis of EcTrpC, the experimental results revealed that the anthranilate sensitivity of
EcTrpC variants (e.g., I8V, S60A, S60G, and L188F) was significantly reduced. However,
concomitantly, the catalytic efficiency of these enzyme variants was remarkably decreased
(Chen, 2017). An approach based on PGSS-assisted protein engineering for generation of
anthranilate-resistant EcTrpC variants with higher catalytic efficiency was therefore proposed
in this study. Similarly, an enzyme variant EcTrpC?V? identified by the PGSS approach
exhibited a stronger resistance to anthranilate compared to that of the enzyme variant
EcTrpCS6%4 but also showed a negligible decrease in the activity of EcTrpCVF? (Fig. 4.3B).
Nevertheless, since EcTrpCRV? had a similar catalytic efficiency (kca/km) to that of the wild-
type EcTrpC (Table 4.1), this variant could, therefore, offer a higher tolerance resistance to the

higher enrichment of anthranilate when the fermentation is scaled up to the industrial level.

On the contrary, the specific activity of the enzyme AnTrpC was determined to be 0.19+ 0.04
umol/min/mg (Fig. 4.6B), which is about 13 times slower than that of the wild-type enzyme
EcTrpC (2.54 £ 0.09 umol/min/mg). Also, as observed in Fig. 4.6B, the specific production
rate of Trp in this study showed a stronger linear correlation with the activity of the enzyme
AnTrpC. To increase the catalytic efficiency of AnTrpC, PGSS-based protein engineering was
thus employed to develop enzyme AnTrpC. In theory, the anthranilate-activated enzyme
AnTrpC could, to some extent, lead to suffering no evolutionary inducers such as inhibitors
during the engineering of the enzyme variants. To address this limitation, two criteria, the

growth rate and the signal strength of biosensors, were introduced to create a stringent threshold
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valve. The specific production rate of Trp was also adopted as a further criterion when
characterizing the strains AnTrpC®7®X, Using the PGSS approach, a novel anthranilate-

(3R378F

activated enzyme variant AnTrp was successfully identified, and it exhibited a higher

specific activity than that of the reference enzyme AnTrpCWT

in the presence of 0.5 mM
anthranilate (Fig. 4.6B). Significantly, replacing the enzyme AnTrpCV' with the newly
identified enzyme variant AnTrpCR*7F in the Trp producing strain improved the Trp production
by 13.51% (36.19+£0.21¢g/L) in a simple fed-batch fermentation (Fig. 4.8 A and Table 4.2). As
shown in Fig. 4.4B and Fig. 4.9, in addition to the residues R378, other residues such as T454-
S455-F456, C477-A478-L479, and E503-A504, are likely to be exposed to the binding site of
the substrate CARP with the enzyme AnTrpC. It is, therefore, interesting to carry out the random

mutagenesis at these target binding sites and explore more desired candidates with higher

catalytic efficiency by the PGSS approach.
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Figure 4.9 Alignment of TrpC sequences from E. coli (P00909), Sulfolous solfatarious (Q06121), M. tuberculosis

(POWFX?7), A. niger (P05328), and S. cerevisiae (P00937). The residues of the conserved binding sites of substrate
CdRP with the enzyme AnTrpC are highlighted in a black triangle and capital letter.

4.5.2 Further prospects and optimizations of the PGSS approach

In this chapter, a plasmid-based approach to growth-coupled screening and sensor-guided
characterization (PGSS) was developed and successfully applied to develop EcTrpC and

AnTrpC enzymes with desired performances. However, PGSS approach still undergoes some
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shortcomings: (1) the proposed threshold valve of this approach is insufficient. The experiments
from this chapter indicated that some false-positive variants were selected during library
screening, e.g., EcTrpCURC EcTrpCACMR, and AnTrpCR*7L This limitation, especially for
target enzymes such as the enzyme AnTrpC that are not subjected to evolutionary pressure, is
more likely to be resolved with the help of in vivo continuous evolution. With the continuous
evolution system, undesired candidates are diluted out, and the desired candidates are remained
in the culture vessel because of the “Survival of the fittest”. In theory, the efficiency of in vivo

continuous evolution was supported by three major aspects (Tan et al., 2019):

1. Endogenous mutators, i.e., dna(926 gene, a dominant-negative variant of DNA Pol III
proofreading domain;
2. Fitness-coupled continuous evolutionary pressure;
3. Environment maintaining continuous culture, e.g., pH, especially for the pH-dependent
Trp-producing strains.

(2) This approach largely depends on auxotrophic strains and also on the availability of
biosensors. The majority of biomolecules, particularly the intermediates from the amino acid
synthesis pathway, are not essential for cell growth. Accumulation of the intermediates even
appears to be toxic to the cells. In this regard, a heterologous pathway can be introduced to
transform the non-essential biomolecules into the molecules that are required for cell growth.
For instance, chorismate, one of the intermediates from the aromatic pathway, has been widely
used as a feedstock for the synthesis of the value-added compounds such as phenol, p-
aminobenzoic acid, 2,3-hydroxybenzoic acid (Huccetogullari et al., 2019b). It is therefore
assumed to convert the chorismate to the cell essential aromatic amino acid such as Trp by
introducing Trp biosynthetic pathway. The concentration of Trp thus can be used as an indirect
indicator for the evaluation of the engineered chorismate pathway. The PGSS approach also
relies on the availability of biosensors. Although many natural or synthesized amino acids-
responsive biosensors, e.g., tryptophan (Fang et al., 2016), arginine (Verma et al., 2017;
Whitfield et al., 2015), lysine (Eggeling et al., 2015; Zhou and Zeng, 2015), glutamate
(Wendisch et al., 2016), and branch amino acids (Mustafi et al., 2012)-responsive biosensors,
have been widely applied in the protein engineering, other amino acids and also their
derivatives-responsive biosensors are still rarely explored. Thus, it is imperative to develop
other biosensors to the extent of the application of the PGSS approach. The dynamic range and

specificity of biosensors must also be taken into account.

(3) This approach requires further integration of gene variants at the genomic scale to assess

target candidates. Since the so-called desired enzyme variants are generated from the plasmid-
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based variant library, the characterization results, e.g., the specific production rate of Trp, from
this approach are not relevant to the intracellular environmental conditions of a host strain that
is to be used for bio-production process. The instability of plasmid can affect the cell growth
and provide false-positive candidates during library screening. Therefore, further time-
consuming integration of gene variants on a genome level is required to evaluate target
candidates. Recently, the CRISPR/Cas9 technique has been developed to become an ideal
genome-editing tool to quickly and effectively integrate the target gene into the chromosome
of a production strain. Thus, coupling the CRISPR/Cas9 technique with the PGSS approach
will be a better alternative to overcome the restrictions mentioned above. With the assistance
of the CRISPR/Cas9 technique, the gene variants can be directly integrated into the

chromosome of a host strain for further in vivo characterization.
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Chapter 5

5. CRISPR/Cas9-facilitated engineering with growth-coupled and

sensor-guided in vivo screening of AroG enzyme variants>

5.1 Introduction

Developing an efficient in vivo library screening approach for target identification is one of the
primary tasks of protein engineering and pathway optimization. In previous work, an enzyme
variant library screening and selection approach, namely the PGSS approach, was developed
for the identification of TrpC variants, EcTrpCS38QPV-S60E-K61Q and 4nTrpCR78F. However,
insufficient phenotypic characterization of this approach makes it challenging to identify the
best performer among the improved enzyme variants. The subsequent in vitro and in vivo
characterizations of the best performer identified from the screening may not apply to a real
bio-production process with the host microorganism. For these reasons, it is interesting to
develop an approach that combines the integration of gene variants of a targeted enzyme
directly into the chromosome of the host microorganism. In this way, the in vivo screening and
characterization of the enzyme variants are carried out under conditions that are more relevant

to the cultivation and intracellular environments of a host strain.

Recently, the CRISPR/Cas9 technology for genome editing has made significant advances and
received extensive attention (Cho et al., 2018; Zhang et al., 2018). Among others, it is applied
for the engineering of microbial production strains (Jiang et al., 2015; Schuster et al., 2019).
Because of its simplicity and efficiency, CRISPR/Cas9 is an ideal genome-editing tool for
effectively integrating gene variants of a target enzyme into the chromosome of a production
strain (Guo et al., 2018b). To cope with this technology, a reliable in vivo screening method
based on the PGSS approach is desirable to link the change of interest caused by an induced
mutation on a target gene to the change in cell growth (Lu et al., 2012; Zhu et al., 2017) and the

expression strength of a reporter gene via a biosensor (Binder et al., 2013; Fang et al., 2016).

2 The major results of this chapter have been published in Chen, M., Chen, L., & Zeng, A. P. (2019).
CRISPR/Cas9-facilitated engineering with growth-coupled and sensor-guided in vivo screening of enzyme
variants for a more efficient chorismate pathway in E. coli. Metab Eng Commun, 9, €00094.
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In this study, a method of linking CRISPR/Cas9-facilitated engineering with growth-coupled
and sensor-guided in vivo screening and characterization (CGSS) is proposed for protein
engineering (Fig. 5.1). Generally, using CGSS, it is able to effectively evaluate the variants of
the target gene with the relatively low and genetically stable expression in the chromosome of
a particular host under relatively real production conditions. /n vitro constructed mutation
library of the target gene is integrated into the chromosome by lambda-Red recombination
system with the facilitation of the CRISPR/Cas9 technology for higher efficiency. To make the
mutation of the target gene position-regardless, an expression cassette of a marker gene, usually
an antibiotic-resistant gene, is used to replace the whole endogenous target gene and to offer
sgRNA targeting sites (Fig. 5.1). To maximize the biological effectiveness and reliability of
this method, the special host is (a) preferably derived from a target chemical producer, and (b)
its growth is somehow linked to the change of the target gene, which is also directly/indirectly
controlled the expression of a reporter through a biosensor. In short, positive mutants will be
selected according to the growth rate and the expression of the reporter gene at first and further

evaluated in a real production process according to the performance of the corresponding strains.

To demonstrate this method, the optimization of a vital enzyme of the chorismate pathway for
the biosynthesis of L-tryptophan was performed as an example. 3-Deoxy-D-arabino-
heptulosonate-7-phosphate (DAHP) synthase is a key enzyme for engineering microbes for
efficient biosynthesis of aromatic amino acids (AAAs): tryptophan (Trp), phenylalanine (Phe),
and tyrosine (Tyr) (Chen and Zeng, 2017; Wu et al., 2018). It is under feedback inhibition by
the end products (Ogino et al., 1982; Sprenger, 2006). For instance, in E. coli, all the wild-types
of DAHP synthase, encoded by the genes aroG, aroF, and aroH, are subject to feedback
inhibition by Phe, Tyr, and Trp, respectively (McCandliss et al., 1978; Schoner and Herrmann,
1976). Therefore, the engineering of feedback-resistant DAHP synthase is required for
constructing efficient pathways for producing AAAs and their derivatives (Sprenger, 2006). In
this study, CGSS is proposed and demonstrated for semi-rationally engineering and screening
feedback-resistant DAHP synthase to obtain a more efficient chorismate pathway for Trp

production in E. coli (Fig. 5.1).
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Figure 5.1: (A) CRISPR/Cas9-facilitated engineering of gene variants integrated with growth-coupled and sensor-
guided in vivo screening and characterization of candidate enzyme(s) as a novel approach (CGSS) for protein and
pathway engineering. (B) Conventional screening and characterization approach of protein engineering. The
middle part illustrates the enzyme(s) in pathway engineering and the identification of key enzyme(s) and residues
for the construction of the mutagenesis library. The two approaches share it. The significant advantages of CGSS
are the integration of the gene variants (genotype) directly into the chromosome of the production strain and in
vivo evaluation (screening and characterization) of the variants through the phenotype such as cell growth rate and
concentration of the relative metabolite using a biomolecular sensor. It can be done under cultivation conditions
related to the real conditions of the engineered enzyme and the corresponding production strain. The conventional
approach involves expression typically (e.g., using plasmid) of the mutagenesis library in a host differently from
the production strain, in vitro and in vivo screening and characterization under conditions which have little to do
with the real culture and intracellular environment of the production strain.

5.2 Proof-of-concept of the CGSS method

For proof-of-concept of the proposed CGSS method, a screening strain that contains a Trp
biosensor and lacks DAHP synthase activity was first constructed for screening variants of
DAHP synthase. To this end, the genes aroH and aroF in our previously developed Trp-
producing E.coli strain S028\ (Chen and Zeng, 2017) were knocked out. Deleting the aroG3/%"
from this mutant made the strain auxotrophic for aromatic amino acids (AAAs). Consequently,
the growth of the mutant is linked to the DAHP synthase activity upon its re-introduction (Fig.
5.2). In principle, an engineered DAHP synthase with a higher activity should lead to a faster
accumulation of Trp, which in turn stimulates the expression of a report gene regulated by the

Trp biosensor (Fang et al., 2016).

5.2.1 Generation of aromatic amino acids-deficient strain

The Trp biosensor is composed of tnaC, which encodes the leader sequence of tnaCAB operon
(Bischoff et al., 2014); the eGFP protein was fused to the upstream of naC. In order to avoid
causing instability by using too many plasmids, the Trp-biosensor was integrated into the
chromosome at the locus of the gene #7pR, which led to the strain of WS001. To do so, the
plasmid pN20-t7pR was constructed from pTagAmpR plasmid (Fig. 2.7B) with the primers

69



Chapter 5 CRISPR/Cas9-facilitated engineering of AroG enzyme variants

pTargR and TrpR-N20 (Table 3.3) for expressing gRNA targeting the ##pR gene. The donor
DNA fragment Trp-Sensor was amplified from the plasmid pSentrp (Fang M et al., 2017) with
the primers 7Tsen-trpR-IF and Tsen-trpR-IR (Table 3.3).

In order to construct aromatic amino acids (AAA)-auxotrophic strain (WS002), the sole DAHP
synthase of strain WS001 was removed by replacing the gene aroGS*’F" with the antibiotic
resistance gene Cm® which offers sgRNA targets for the CRISPR/Cas9 technology in further
genome-editing, generating the strain WS002 (Fig. 5.2). In this regard, the plasmid pN20-aroG
(Fig. 5.3) was constructed at first from the plasmid pTagAmpR plasmid with the primers
pTargR and AroG-N20 (Table 3.3) for expressing gRNA targeting the gene aroG. The donor
DNA fragment Pj23119-pse-cmR was amplified from the plasmid pJLC (Table 3.2) with the
primers up-aroH-out and Cm-delG-R (Table 3.3).
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Figure 5.2: Design and implementation of CGSS in screening and characterization of feedback-resistant AroG
(AroG™) enzyme variants. In E. coli, DAHP synthase (AroG, AroF, and AroH) is a key rate-limiting enzyme of
the pathways for aromatic amino acids (AAAs) biosynthesis. An AAAs-auxotrophic strain (strain WS002) was
constructed by disrupting the DAHP synthase and used as a platform for screening aroG gene variants, which were
individually integrated into the chromosome of E. coli using the CRISPR/Cas9 technology. In the presence of a
high Phe concentration, only strains that express AroG™ with good resistance to Phe can produce enough AAAs
sustaining cell growth. These strains were further characterized using the strength of the fluorescence intensity
(medium fluorescence unit, MFU) of Trp biosensor (Piw.-TnaC-eGFP) representing the productivity of Trp.

5.2.2 Characterization of the aromatic amino acids-auxotrophic strain

As expected, the auxotrophic strain WS002 was not able to grow in the M9 medium without
the addition of any of the aromatic amino acids Phe, Tyr, and Trp (data not shown). Then, we

tested if the strain with feedback resistant DAHP synthase will behave differently from the one
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having the wild-type DAHP synthase in terms of cell growth and expression of the reporter

gene in a defined medium containing a high concentration of enzyme inhibitor.

To this end, the wild-type gene aroG and the feedback-resistant gene aroG/%F (Ger et al., 1994)
were introduced into the chromosome of the strain WS002 at the locus of the gene CmR using
the CRISPR/Cas9 technique with the plasmids pCm-aroG"” and pCm-aroG3'%F (Fig. 5.3),
respectively. To construct pCm-aroG"7 (Fig. 5.3), the plasmid pN20-CmR was constructed at
first with the primers pTargR and Cm-N20 (Table 3.3) by using the template pTagAmpR (Table
2.2). Afterward, the DNA fragments V-N20CmR, F-CmR, F-aroG, and F-serA were generated
from the plasmid pN20-CmR, the plasmid pJLC, the genome DNA of E.coli W3110, and the
plasmid strpO15A (Chen and Zeng 2017), respectively. Then four fragments (V-N20CmR, F-
CmR, F-aroG, and F-serA) were fused to construct the final plasmid pCm-aroG"” by using In-
Fusion HD Cloning kits (Clontech® Laboratories, Inc.). The plasmid of pCm-aroG5/%F was
constructed using mutagenic primers (Table 3.3) to amplify the whole plasmid pCm-aroG"7.
The recombinants were spread on the M9-agar medium containing 25 mM Phe without Tyr and
Trp. 0.1 mM IPTG was also supplemented into the medium for the following reasons. The first
one is to repeal Lacl-repression and thus induce the expression of genes for the #7p biosynthetic
pathway since it is regulated by the regulator Lacl. The other is to induce the expression of
sgRNA which guides Cas9 to cut the donor plasmids from which the gene of interest can also

be expressed.

serA-Fus-R pCm-aroG
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serA-Fus-F

Figure 5.3: The plasmid pCm-aroG. The donor DNA contained in this plasmid is composed of a part of the gene
Cm?, the whole wildtype gene aroG, and a part of the gene ser4.
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The results showed that after introducing the gene aroG>'*’F" into the host, many recombinants
grow up with a strong fluorescence intensity under the conditions mentioned above (Fig. 5.4).
Several colonies were selected for further characterization. It turned out that these colonies all
have the same mutation S180F. These recombinants were designated as WS004. No colony was
observed when the wildtype gene aroG was integrated with the plasmid pCm-aroG” " under the
same conditions (Fig. 5.4). Presumably, the activity of the wild-type AroG is severely inhibited
by Phe, resulting in the block of the biosynthesis of AAAs and leading to no growth. It could
be, however, also possible that the recombineering efficiency is too low. To eliminate the latter
possibility, the recombinants with the gene aroG"7 were also grown on LB-agar medium with
IPTG. From the complex medium, many colonies were obtained (Fig. 5.4). They were further
confirmed by colony PCR and designated as WS003. The strain WS003 and WS004 were re-
checked on M9-agar medium with and without 25 mM Phe (Fig. 5.4). The strain WS003 was
found to grow on the medium without Phe, but no growth was observed on the medium with
Phe (Fig. 5.4). As expected, the growth of the strain WS004 did not show a notable difference
in the media with or without Phe. These results suggested that CGSS is an approach useful to
facilitate the engineering of enzymes with desired performance, such as a higher activity and a
higher inhibitor tolerance. It is thus used in the following to obtain AroG variants with further

improved tolerance against Phe.

LB I M9 + 25 mM Phe

WS003 (AroG™")

WS004 (AroG3'%)

Figure 5.4: Comparison of the growth and fluorescence of the two strains WS003 and WS004 generated by
introducing aroG"" and aroGS'3%F, respectively, into the chromosome of strain WS002 under different growth
conditions. The fluorescence intensity of colonies grown on the agar plate was detected under UV light. Left,
complex medium (LB-agar); middle, M9-agar (without any amino acids); right, M9-agar with 25 mM of Phe.
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5.3 CGSS for screening Phe-resistant AroG variants

To demonstrate the usefulness of the CGSS method established above for obtaining more
resistant AroG variants, a mutation library of AroG, was first generated. For this purpose, a
semi-rational strategy was adopted, which makes use of information from the crystal structure
of AroG complexed with its inhibitor Phe (PDB: 1KFL) (Fig. 5.5A). The residues D6 and D7
involved in the binding of Phe were selected as targets to perform saturation mutagenesis. To
construct pCm-aroG™ (Fig. 5.3), the desired plasmid containing gene variants was constructed
using mutagenic primers (Table 3.3) to amplify the whole plasmid pCm-aroG"”. Finally, the
gene variants were integrated into the chromosome of auxotrophic strain WS002, and then the

mutants were screened with the CGSS.

Figure 5.5: (A) Key residues involved in the Phe binding sites of AroG from E. coli. (B) The fluorescence
induction for the variant AroG P*P7X on reduced M9-agar (without Tyr and Trp) with the addition of 25 mM Phe
and 0.1 mM IPTG.

It was noteworthy that the procedures of screening and selection of AroG™ variants were
similar to the PGSS approach, in which the variant AroG P*"P7X that had a relatively a bigger
size and a higher fluorescence intensity (Fig. 5.5B) was forced to further in vivo characterization.
After confirmation of the phenotypes, the mutated genes aroG from 20 candidates were isolated
for sequencing. The sequencing results showed that there are only 6 different variants of AroG
among the 20 candidates (Table 5.1). They are AroGPSSP7A AroGPSL-DP - AroGPSP-D7
AroGPFPV AroGPSVP7C and AroGPS Pt with the number of occurrences being 7, 6, 4, 1,
1, and 1, respectively (Table 5.1). Batch-fermentations were then carried out in FM-III medium
in 50 mL conical tubes with the strains carrying these 6 recombinants and compared them with

the wild-type strain WS003 and the strain WS004 with the variant AroG!%%F. As shown in
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Table 4.1, 19 of the mutants had a higher Trp production compared to the strain WS004. It
suggested that the efficiency of generated positive mutants is remarkable. Moreover, it was
found that the strains carrying the variant AroGP°9P74 AroGPLP™? or AroGPFP7! which had
the higher frequency of occurrence in the 20 candidates (Table 5.1), had also a higher Trp
productivity (Fig. 5.2). Notably, the first two mutants exhibited much higher productivity than
the reference strain (AroGS!8F). Also, the relationship between Trp productivity and the
strength of fluorescence intensity was investigated. The strain with a stronger fluorescence
intensity also has a higher Trp productivity (Fig. 5.2). These results suggested that the variants
AroGPSSD7A " AroGPL-DPTY "and AroGP®PP™! have a higher catalytic efficiency than the variant
AroGS'8% ynder the test conditions. To provide more direct evidence, enzyme assay was done
with the purified protein of these variants.

Table 5.1 Comparison of fermentation results with E. coli strains containing the variants AroGW¥T, AroGS!8F,
and AroG™ grown on FM-III with 25 mM of Phe.

D Mqtated Number of DCW Trp
residues occurrence? (g/L) (g/L)
N1 WT - 0.786%0.145 N. D.
N2 S180F - 0.71440.045 0.248+0.025
N3  D6L-D7P 6 0.983+0.118 0.604+0.018
N4  D6F-D7V 1 0.987+0.007 0.309+0.047
N5 D6V-D7C 1 1.071+0.094 0.157+0.004
N6 D6P-D71 4 1.001+0.009 0.448+0.089
N7  D6F-D7L 1 1.015+0.156 0.368+0.017
N8 D6G-D7A 7 1.102+0.105 0.670+0.005

a"Number of variants” refers to all the 20 candidates examined; The fermentations were performed with a single
clone for each AroG mutant; N. D., not detectable. The average value + standard deviation is based on three
independent experiments.

5.4 Characterization of selected AroG™" variants in vitro

To examine if the higher Trp productivity and stronger fluorescence intensity observed in the
strains is due to improved Phe-tolerance of the corresponding AroG variants, the inhibition

behavior of the variants AroGP®6P7A AroGPLP7P and AroGP®PP7! was investigated.

As shown in Fig. 5.6, all variants are significantly less sensitive to the inhibitor Phe, while the
wild-type AroG is extremely sensitive to it. In the presence of 0.5 mM Phe, the wild-type AroG

almost completely lost its activity, whereas all the variants retained more than 80% of their
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activities under the same conditions. Compared to AroGS'8% all three variants AroGP6-P74,
AroGPSP7P - and AroGPPP™! have a weaker sensitivity to Phe when the concentration of Phe
was higher than 10 mM (Fig. 5.6B). They also exhibited higher specific activities in the
presence of more than 20 mM Phe (Fig. 5.6A). These results explain why the strains with these
three variants performed better than the positive control in terms of the Trp production when
they were cultivated in medium containing a very high Phe concentration (Table 5.1). As shown
in Fig. 5.6A, the specific activities are significantly different between these three variants
generated by the substitution of the same residues D6 and D7. Among them, the variant
AroGPSS-D7A had the highest specific activity, which is nearly twice as high as that of the variant
AroGPPP™! regardless of the Phe concentration. Besides, several feedback-resistant variants
have been published so far, e.g., D146N, L175D, P150L, S180F, and A202T/D146N, but these
enzyme variants were reported to be less sensitive to the lower concentration of Phe (1 mM),
and the further information on how these variants act against the higher concentration of Phe
(over 10 mM) is still rarely investigated. Among them, one of the reference enzyme variants
S180F (Ger et al., 1994) has been applied by many engineers on an industrial scale for AAA
biosynthesis because only 10% of enzyme activity is inhibited in the presence of 20 mM Phe
(Chen and Zeng, 2017; Chen et al., 2018). Beyond our expectations, the performance of the
variant S180F in this study was not consistent with the reported one, where 65% of the activity
of S180F was lost at the same concentration of Phe, and in contrast, only 45% of the activity of
AroGPSSD7A wag inhibited (Fig. 5.6B). These results suggested that the variant AroGP%6-D7A s
more efficient for the chorismate pathway for the bio-production of aromatic amino acids and

their derivatives.
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Figure 5.6: Effects of Phe on the activity of enzyme AroG“" and its variants AroGS'3F, AroGPS-"P7P AroGPOP-D7!,
and AroGPSSP7A (A) Specific activities; (B) Relative activities. Results were derived from three independent
experiments.
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5.5 Improvement of the chorismate pathway and Trp biosynthesis

To explore the impact of our best variant AroGP®6P7A on strain development for the
biosynthesis of aromatic amino acids, the reference gene variant aroG>*’F" in strain S028 was
substituted with gene variant aroG?%“P74 whereby the strain S028GM1 was generated. In
practice, the sgRNA plasmid pN202-CmR was first constructed using the same strategy as other
plasmids did (Fig. 2.7) with primers pTargR and CmR-N202 (Table 3.3). The donor DNA

-aroGP%-P74yas obtained from two rounds of PCR. The first round was

fragment P23119-rpsi-tac
to add the tac promoter to the gene aroG P74 by amplifying the plasmid pET-AroG P66-D7A
with the primers Notl-pTac-aroG and aroG-spel (Table 3.3). The second round was to flank
the upstream homologous arm using the primers u-rpsLp-tac and aroG-fus-R and the PCR
product from the first round as the template to replace the promoter of PJ23179-rpst-cmr-aroGP®%
D74 by the same one with S028 (Py23119-rpsi-tac-aroG>1%F). The plasmid pN202-CmR and the

fragment P.23119-rpst-tac-aroGP0e P74

were co-transformed into the strain WS005/pCas9 to
generate the strain S028GMI1. The capacity of Trp production of strain S028GMI1 was
compared to that of the reference strain S028 by performing a simple fed-batch fermentation in

bioreactors.
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Figure 5.7: Fed-batch fermentation results of the strains S028 (black and circle) and S028GM1 (blue and square).
(A) Cell growth; (B) Glucose concentration; (C) Trp production; (D) Overall productivity, (E) Formation rate of
Trp (qrrp), and (F) Accumulation of the intermediates shikimate (SA, open circle or square) and dehydroshikimate
(DSA, solid circle or square). All results are based on two independent fed-batch fermentations.

Table 5.2: Comparison of the performances of the strains S028 and S028GM 1 for L-Trp production in fed-batch
fermentations

strains ODeoo DCW GlcC* Trp qrrp Yield Vp
(g/L) (g/L) (g/L) (mg/gDCW/h) (g Trp/g Gle.)  (g/L/h)
S028 94.22+0.48 32.98+£0.17 124.82+11.80  17.35+1.16  14.22+0.02 0.14 0.47+0.01
S028GM1  92.00+1.42 32.20+0.49 176.69+10.60  24.03+1.02  20.17+0.13 0.14 0.65+0.01

Fed-batch fermentations were performed in 1.5 L bioreactors at 37°C and pH 6.8; the initial glucose concentration
was 30 g/L; the initial inoculation ODeoo was 0.1. Results are given as means + standard deviations. * GlcC is the
calculated cumulative consumption per reactor volume.
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As shown in Fig. 5.7C and Table 5.2, the strain S028GM1 produced a significantly higher
amount of Trp than the reference strain after the lag phase (about 10 h) until the end of the
fermentation. At the end of the fermentation (37h), S028GM1 produced 24.03+1.02 g/L, which
is 38.50 % higher than that (17.35+1.16 g/L) of the strain S028 (Table 5.2). The concentrations
of glucose were controlled at nearly the same level for both strains during the whole
fermentation. It was found that S028GM1 had a slightly faster growth rate (0.211 h'') than the
strain S028 (0.184 h'!, Fig. 5.7A) at the beginning of the exponential growth phase. The
enhanced DAHP synthase activity has obviously contributed to the higher growth rate to a
certain extent. A higher biomass formation rate could reasonably result in higher productivity
for the strain S028GM1 (Fig. 5.7D and Table 5.2). However, its higher Trp production can be
considered to be mainly due to the enhanced DAHP synthase activity directly, because the
specific Trp formation rate of the strain S028GM1 was remarkably higher than that of the strain
S028 (20.17+0.13 vs. 14.22+0.02, Fig. 5.7E and Table 5.2) during the whole fermentation.
Besides, during the fermentation, S028 GM1 accumulated higher amounts of the intermediates
SA and DSA (Fig. 5.7F) of the chorismate pathway than the reference strain S028. Both of the
intermediates accumulated by the strain S028GM1 are about 36% higher than that of strain
S028 at the end of fermentation. It suggests that more metabolic flux was redirected into the
chorismate pathway in the strain S028GM1 than in the reference strain due to the difference
between the variants AroGP%P74 and AroGS'¥F, These results clearly showed that AroGP%%-
D7A is more efficient for the chorismate pathway to the bio-production of aromatic amino acids

and their derivatives.

5.6 Conclusions

Protein engineering in the context of metabolic engineering is of fundamental importance for
the development of efficient bio-processes. While impressive progress has been made in the
design of the enzyme variant library, the availability of reliable and highly effective screening
methods is becoming increasingly important. In this work, a novel approach to integrate
CRISPR/Cas9-facilitated engineering with growth-coupled and sensor-guided in vivo screening
and characterization (CGSS) is developed to facilitate protein engineering. This approach has
been successfully demonstrated in engineering and screening of 3-deoxy-D-arabino-
heptulosonate-7-phosphate synthase (AroG), with the aim to discover chromosome-context
variants AroG that are more resistant to Phe and thus more suitable for the biosynthesis of
aromatic amino acids like Trp. With two selected mutation points based on structural

information, new variants (AroGP%P7A AroGPSLP"™ and AroGP®*P™") were revealed to be
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more resistant to Phe than the Phe-resistant variant AroG>'8% reported so far in the literature.
The replacement of AroGS!%F with AroGP6-P7A in a previously engineered Trp producing E.
coli strain (S028) remarkably increased the Trp production by 38.5 % in simple fed-batch
fermentations. Since CGSS is based on the integration of the AroG-encoding enzyme variants
into the chromosome, it can also be simultaneously used to optimize the expression level of the
engineered enzyme in the strain, i.e., by constructing the corresponding gene using different
promoters and/or ribosome binding sites. Nevertheless, the CGSS approach relies on in vitro
laborious construction of gene variant libraries followed by transformation into host cells for
directed evolution, and these manipulations are at the expense of greatly diminishing the
quantity and quality of gene variants. The in vivo continuous mutagenesis enables simultaneous
mutation and selection under intracellular conditions without library construction and
transformation, which has yielded extraordinary success in the identification of industrial and
therapeutic enzymes as well as the optimization of valued compounds-producing industrial
strains. Thus, a new approach was proposed by taking advantage of the in vivo continuous

mutagenesis and the CGSS method in the next chapter.
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Chapter 6

6. CGSS-facilitated optimization of GalP/Glk-dependent glucose

utilization strain for high yield biosynthesis of Trp

6.1 Introduction

In principle, directed evolution is a general term to illustrate various approaches used to
generate enzyme variants, screen and select the desired candidates, and characterize their
functions and performances (Yuan et al., 2005). This approach can be carried out either in vitro
or in vivo. Frequently, existing approaches (e.g., CGSS) rely on in vitro laborious construction
of gene variant libraries followed by transformation into host cells for directed evolution, while
in vivo continuous genome-wide mutagenesis enables simultaneous mutagenesis and selection

under intracellular conditions (d’Oelsnitz and Ellington, 2018).

It is noteworthy that the plasmid-facilitated in vivo mutagenesis approach, e.g., phage-assisted
continuous evolution (PACE) (Dickinson et al., 2014; Bryson et al., 2017), was introduced to
confine the mutagenesis within the target plasmid. Nevertheless, applying the modified natural
mutators (e.g., MP pJC184) allowed mutations to occur within or outside of user-defined genes
(Badran et al., 2015a), and this could help to address a wide range of targets that require a
simultaneous modulation of multiple genes, e.g., for the synthesis of metabolites like Trp that
requires multiple precursors. Also, screening of such a plasmid library of enzyme variants is
usually performed in a host strain under conditions not relevant to the actual conditions of the
subsequent production strain. Thus, further genomic-context integration of gene variants in the
production strain is required. With the advent of gene-targeting technologies (e.g.,
CRISPR/Cas9 technique), more precise technologies for engineering of genes or enzymes at a
specific locus have been developed, such as CGSS, CasPER (Jakocitnas et al., 2018), and
EvolvR (Halperin et al., 2018) (Fig. 2.5). Therefore, with the advantage of genome-context
integration of gene variants, the cell auxotrophy-coupled screening, and biosensor-driven in
vivo characterization, a state-of-the-art approach, namely auto-CGSS, is proposed in this

chapter. By implementing this approach, the CGSS approach is integrated into an in vivo
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continuous mutagenesis system, of which the evolution process is coupled with real-time
measurement of cell growth and online monitoring of the fluorescence intensity (Fig. 2.8 and

Fig. 6.6).

Continuous evolution of the GalP/Glk-dependent glucose utilization system in PTS-negative
strain was carried out as an example to demonstrate this method. The carbon source glucose is
commonly used in the fermentation industry, and a high glucose conversion yield is a
fundamental parameter for cost-effective production. So far, various strategies have been
applied (Chen and Zeng, 2017; Panichkin et al., 2016) to achieve the maximum theoretical yield
of E. coli (0.227 g Trp/g glucose, Fig. 1.3A), involving disruption of competing pathways,
removal of feedback and feed-forward regulations, flux optimization of rate-limiting Trp
biosynthetic pathway, and optimization of exporters’ abilities (Fig. 2.1). Besides, inactivation
of the phosphotransferase system (PTS) is a compelling strategy used in optimization of the
pathway for overproduction of value-adding compounds derived from PEP, such as Trp (Fig.
6.1) (Carmona et al., 2015; Chen et al., 2018; Lu et al., 2012). Nevertheless, PTS-negative
strains show severe impairments in their growing capabilities. Early studies have revealed that
activation of the secondary carrier-type facilitators, the galactose permease (GalP) and
glucokinase (Glk) pathway in the PTS-defective strain is able to regain glucose transport, and
consequently restore its growth (Lu et al., 2012). Activation of the GalP/Glk-dependent glucose
utilization pathway also contributes to the glucose conversion yield of Trp (Lu et al., 2012). As
presented in Fig. 1.3B, the maximum theoretical yield for the GalP/Glk-dependent strain is
calculated to be 0.454 g Trp/g glucose, which is approximately twice of that in the PTS-positive
strain. It is, therefore, of great benefit to explore the potential achievable Trp yield in the

GalP/Glk-dependent glucose utilization strain by employing direct evolution approach.

6.2 Design and characterization of GalP/Glk-dependent glucose utilization
strain

To examine the potential Trp yield of the GalP/Glk-dependent strain, co-expression of enzymes
GalP and Glk was performed in a PTS-defective strain. In theory, this engineered strain should
lead to an accumulation of PEP, which stimulates the conversion of PEP to the Trp synthesis

pathway (Fig. 6.1, shown in blue arrows).

In E. coli, the bacterial PTS system, which transports and phosphorylates its sugar substrates,
depends on several cytoplasmic phosphoryl transfer proteins: Ptsl protein (EI), Histidine
protein (HPr), Enzyme IIA (EIIA), Enzyme IIB (EIIB), and the integral membrane sugar
permease (EIIC) (Fig. 6.1). The phosphoryl group of PEP is transferred to the PtsI protein, HPr
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protein, and Enzyme EII at a conserved histidine residue and subsequently forms glucose-6-
phosphate (Postma, 1996) (Fig. 6.1). To block the translocation of the phosphoryl group in the
PTS system, the PTS system was deactivated in a rationally constructed strain S028TS/pCas9
(TS: Trp sensor) by disrupting the Ptsl enzyme (also known as Enzyme I). The resulting strain
was named as S028TSApstl/pCas9 (Table 3.1). Afterward, the donor DNA fragment of prac-
galP-pJ23119-glk in the plasmid pglkN20-GGWT (Table 3.2) was integrated into the
chromosome of the strain S028TSApstl/pCas9 using the CRISPR/Cas9 technique, resulting in
the strain S028 TSApst::GG"T (G028).

To evaluate the glucose uptake rate and growth rate of the PTS-defective strain G028, it was
cultivated in the M9 medium with glucose as the sole carbon source. After almost 60h of
cultivation, the growth of G028 only reached an ODggo of 0.21+0.02 (the initial ODgoo was 0.10).
This result demonstrated that in the PTS-defective strain, the glucose uptake was seriously
blocked and thus the cell growth was severely hindered. However, this result was inconsistent
with the early report that overexpression of the glucose facilitator Glf from Zymomonas mobilis
and the housekeeping enzyme Glk restored the glucose transport efficiently (Knop et al. 2001;
Chandran et al. 2003). It was assumed that non-functional GalP/Glk-dependent glucose
transporter was expressed in the G028 strain since the transcription of both genes galP and glk
were controlled under two stronger promoters, pfac and pJ23119, respectively. This resulted in
the dysfunctional or unbalanced co-expression of the gal/P and glk genes. To validate this
hypothesis, the plasmid pIBB24-ptac-galp-pJ23119-glk was transferred into the
S028TSAptsl/pCas9 to develop a strain S028TSAptsl::pIBB24GG (Table 2.2). It should be
mentioned that expression of the target genes on the pIBB24 plasmid ensures that the target
genes are expressed at the corresponding level. After 60 hours of cultivation, the growth of the
strain S028TSAptsl::pIBB24GG was still severely hampered in the M9 medium. Nevertheless,
the growth of the PTS-positive strain S028TS/pIBB24GG was determined at 1.24+0.21, which
is 8% lower than that produced by the strain S028TS/pIBB24 (data not shown). The similar
growth for both strains indirectly implied that maintaining the modulation expression of galP
and glk genes is a better strategy to accomplish the biofunction of the GalP/Glk-dependent

glucose transporter.
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Figure 6.1: The GalP/Glk-facilitated glucose utilization system in the PTS-negative Trp-producing E. coli strain.
To achieve a PTS-negative E. coli strain, one of the two cytoplasmic phosphoryl transfer proteins, Ptsl, also known
as El, was first disputed, and then the GalP/Glk-facilitated glucose uptake system was integrated into the PtsI-
inactivated strain. The resultant GalP/Glk-dependent strain makes the metabolic flux forced into the Trp pathway.
To support the cell growth, one of the essential precursors of the TCA cycle, pyruvate, can be synthesized from
the PykA/F-assisted bypass pathway and also from the TrpE-facilitated bypass pathway.

6.3 CGSS-facilitated promoter engineering of GalP/Glk-dependent glucose

utilization pathway

To alleviate the decreased glucose utilization rate and growth retardation caused by the
dysfunctional of GalP/Glk enzymes, our previously developed CGSS approach was applied to
engineer the promoters of ga/P and glk, resulting in combinatorial promoter mutants with

reliable modulated expression (Fig. 6.2).

In bacteria, the promoter initiates the transcription of a particular gene. It consists of two short
sequence elements, approximately 10 (-10 element) and 35 (-35 element) nucleotides upstream
from the transcription start site (Sharan et al., 2007). Mutations in the promoter sequences,
especially at the -35 and -10 elements, could provide the constitutive promoters with a broad
spectrum of strength, which is critical for protein engineering (Alper et al., 2005). Thus, it was
proposed to apply the CGSS approach to replace the wild-type promoter (ptac-galp-pJ23119-
glk) of the G028 with the promoter variants. For this purpose, the glk gene of the strain
S028TSAptsl/pCas9 was replaced by an antibiotic resistance gene Cm” using the target gRNA
plasmid pglkN20-Cm® (Table 3.2) and the CRISPR/Cas9 technique, resulting in the strain
S028TSAptsIAglk::Cm®/pCas9 (G028Cm). The insertion of the Cm” gene is intended to offer
the sgRNA target sequence for CRISPR/Cas9 application in further promoter engineering. As

expected, the strainG028Cm was not able to grow in the M9 medium (data not shown). After

84



Chapter 6 CGSS-facilitated optimization of GalP/Glk-dependent glucose utilization strain

the characterization of the strain G028Cm, a mutagenesis library of the promoters was
constructed (Fig. 6.2). In detail, N20 sequence of the glk gene in the plasmid pgl/kN20-GGWT
was replaced by the N20 sequence of the Cm” gene, resulting in the plasmid pCmN20-GGWT.
Using the pCmN20-GGWT DNA plasmid as a template, a random mutagenesis sequence was
inserted into the -35 and -10 elements of the ptac and pJ23119 promoters with the synthesized
mutation primers glk-out-FR/Xhol-galP-MT and glk-out-RF/galP-Xbal-MT (Table 3.3),
respectively, generating the plasmid library pCmN20-GGMT. The promoter variants were then
integrated into the chromosome of the G028 strain using the CRISPR/Cas9 technique (Fig. 6.2).
Finally, the mutants were screened and selected by using the complementary growth-coupled

screening and Trp biosensor-based in vivo characterization (Fig. 6.2).
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Figure 6.2: CGSS-facilitated engineering of the promoter variants for genes galP/glk and growth-coupled and
sensor-guided in vivo screening of candidates. The left part illustrates the construction of the plasmids for the
promoter variants of galP/glk genes, pCmN20-galPMT. To construct the promoter variants, the random mutagenesis
sequences (NNN) were introduced into the -35 element and -10 element of the ptac promoter of the galP gene and
the pJ23119 promoter of the glk gene. The right part illustrates how the CGSS approach facilitates the integration
of the promoter variants of galP/glk genes into the chromosome of the growth-deficient galP/glk-dependent strain,
and this is followed by the growth complementation-assisted in vivo screening and Trp sensor (ptac-tnaC-eGFP)-
guided in vivo characterization.

After 48 hours of cultivation, approximately 400 mutants with different sizes and various
strengths of fluorescence intensity were generated on the M9 agar plate (data not shown). After
confirming the phenotype of those mutants, a total of 84 promoter mutants with relatively
bigger colony size and higher fluorescence signal were selected and re-checked in the M9
medium with a 96 deep well plate. A total of six samples in the H row (N1-N6 wells) were used
as the positive control of strain S028 with a functional PTS, and the other six samples in the H
row (N7-N12 wells) were used as the negative control of strain G028 (Figs. 6.3A and B). The

growth rate and the fluorescence intensity (MFU) of all mutants are presented in heat maps
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(Figs. 6.3A and B). As shown in Figs. 6.3A and B, 12 of the mutants with a higher growth (e.g.,
over 1.25) were coupled with a stronger fluorescence intensity (colored in green in Fig. 6.3B).
Although other mutants, such as mutants in the F row (N11-N12 wells) in Fig. 6.3A exhibited
a higher growth (around 1.0), their fluorescence intensities (Fig. 6.3B) were not detectable due

to fact that accumulation of Trp was inconspicuous
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Figure 6.3: Heat maps of cell growth (ODsoo) (A) and fluorescence intensity (MFU) (B) of selected E. coli strains
with mutated promoters for the enzymes GalP/Glk. A total of six samples in the H row (N1-N6 wells) are positive
controls (strain S028 with a functional PTS). The other six samples in the H row (N7-N12 wells) are negative
controls (strain G028 with a defective PTS). Measurements of ODgoo (C) and fluorescence intensity (D) of the
S028 and selected mutants A1-12 from the second round of screening. The cells were cultured with FM-III medium
in shake flasks. All the data are from two independent biological samples.

These results indicated the advantage of the growth and biosensor-coupled in vivo screening
and characterization approach compared to the dialogue-oriented approaches, e.g., cell growth

complementation-assisted library screening.

Batch-fermentations of the 12 mutants with the positive (S028) and negative (G028) controls
were then carried out in F-III medium in 50 mL conical tubes. As shown in Figs. 6.3C and D,

consistent with the previous results, the negative control strain G028 was not able to grow in
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the M9 medium, and therefore, the cell growth and MFU was not detectable. Batch culture of
all the mutants resulted in a higher growth and fluorescence intensity than those obtained with
negative control (Figs. 6.3C and D). The efficiency of the CGSS approach for generating
positive mutants was proved to be remarkable. Among these mutants, four of them, A5, A7,
A10, and A11, showed a more significant advantage of growth compared with the others (Figs.
6.3C). However, the growth and MFU of these mutants were still lower than that of the positive
control (S028). These results suggested that these mutants should be further optimized in order

to achieve a better Trp production.

6.4 Batch mode laboratory adaptive evolution of the GalP/Glk-dependent E.

coli strain

To improve the performance of GalP/Glk-dependent mutants further, mutants (A1-12) with a
relatively high MFU were subjected to in a batch mode of adaptive evolution. Specifically, after
cultivation for 4 days at 30°C, 10uL of culture was sub-cultured into 3 mL fresh M9 medium
in 50 mL shake flasks. After five rounds of adaptive evolution, the resulting mutants were plated

on M9 agar plate for further characterization.

A total of 84 mutants exhibiting a higher fluorescence intensity and a bigger colony size were
selected and inoculated into a 96 deep-well plate. After 15 hours of cultivation, their cell growth
rate and fluorescence density were measured. As shown in Figs. 6.4A and B, 10 of the mutants
restored their growth to the same level as the strain S028 (in red, Fig. 6.4A), and these mutants
also obtained a similar fluorescence intensity to the strain S028 (in red, Fig. 6.4B). After
confirmation of the phenotype, promoter sequences of the genes gal/P and glk in these mutants
were examined. The sequencing results showed that there were almost 6 types of mutations
(Fig. 6.4C). Among them, the mutant pairs B1 and B8, B2 and B10, B3 and B5, B7 and B9 had
each the same mutations (Fig. 6.4C). Thus, the strains B1, B2, B3, B7, B4, and B6 were selected
for characterization by batch fermentation in shake flasks. Batch fermentation of strain B3
resulted in a higher production of Trp than that achieved with other strains cultured under the
same conditions (data not shown). Therefore, the strain B3 together with the strain S028, was

adopted for further evaluation by fed-batch fermentation.
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Figure 6.4: Heat maps of cell growth (ODsoo) (A) and fluorescence density (MFU) (B) of the selected mutants
after batch mode adaptive evolution. A total of four samples in the row H (N1-N4 wells) are positive control (PTS-
dependent strain S028). The samples N5-N8 and N9-N12 in row H are negative control (GalP/GIkMT-dependent
strain G028a) and negative control (PTS-defective strain G028), respectively. (C) The mutation sequence of the
promoter variants regarding the pfac promoter of the galP gene and the pJ23119 promoter of the glk gene.

As depicted in Fig. 6.5, fed-batch fermentation of the strain B3 suffered growth retardation
severely before the stationary phase (within 30 hours, Fig. 6.5A). This result indicates that the
central glucose utilization PTS system is preferable for supporting the growth of E. coli.
Surprisingly, similar productions of Trp were observed in both strains B3 and S028 within the
same period (Fig. 6.5B), indicating that with the less biomass formation and glucose
consumption (Fig. 6.5C), the yield of Trp (Fig. 6.5D) and the specific formation rate of Trp
(Fig. 6.5E) of strain B3 were higher than that of the positive control. However, after the mid-
exponential phase, the strain B3 gradually regained its ability to utilize glucose to the level of
S028 (Figs. 6.5A and B). The average biomass of the strain B3 during the stationary phase was
determined to be 28.46+2.31 gDCW/L, which was approx. 25 % less than that of the strain

S028 (Fig. 6.5A). Considering that the strain B3 still underwent the higher glucose uptake rate
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during the stationary phase (4.10 g/L/h from 40 to 50h) but produced a similar amount of Trp
as the strain S028 (Fig. 6.5B), this resulted in the reduction of the Trp yield of the strain B3
(e.g.,0.14 g/g vs. 0.15 g/g at 50h, Fig. 6.5D). According to the previous reports, the increase in
glucose consumption rate is because of the sensory mutation introduced into the GalP and Glk
enzymes or the deletion of GalR repressor during the adaptive evolution (Aguilar et al., 2018).
Therefore, the genes galP, glk, and galR were sequenced. The results revealed that no mutation
was generated in the galP, glk, and galR genes. These results demonstrated that other potential
glucose uptake pathways might be activated instead of the GalP/Glk pathway, e.g., the galactose
transporter MgIBAC and the maltose MalABC transporter system (Alva et al., 2020).

Overall, increasing in the glucose uptake rate of the strain B3 did not significantly improve the
yield of Trp, but it showed benefits in other aspects such as the accumulation of intermediates.
As seen in Figs. 6.5G and H, lower accumulation of extracellular SA and DSA was observed
in the strain B3 during the entire fermentation process. It was believed that lower accumulation
of intermediates indicates an increase in Trp production, especially during the stationary phase.
However, the pyruvate production increased dramatically to 2.95 g/L after the exponential
phase (Fig. 6.5K), which is approximately five-fold higher than that obtained with strain S028
and indicates the potential importance of this intermediates in supporting its growth. As
displayed in Fig. 6.1, several pathways are involved in pyruvate synthesis, such as the Ptsl-
assisted PTS system, PykA/F-assisted bypass pathway, and the TrpE-facilitated bypass
pathway (Fig. 6.1). We hypothesize that the strain B3 was evolved to activate the pathways of
pyruvate synthesis for supporting its growth instead of Trp production. Therefore, a more
efficient evolutionary method should be established for further development of the GalP/Glk-

dependent E. coli strain.
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Figure 6.5: Fed-batch fermentation results of the strains S028 (red and square) and B3 (black and circle). (A) Cell
growth; (B) Trp production; (C) Residual glucose; (D) Overall yield; (E) Formation rate of Trp (qrrp); (F)
Productivity. Accumulation of the intermediates shikimate (G), dehydroshikimate (H), and pyruvate (K). The
initial inoculated ODggo was 0.45.

6.5 Auto-CGSS-facilitated continuous evolution of GalP/Glk-dependent Trp-
producing strain

To obtain a better GalP/Glk-dependent Trp producer with a higher product yield, the strain
G028 was optimized by integrating the CRISPR/Cas9-facilitated in vivo mutagenesis with an

automatic continuous evolutionary system (Fig. 2.8 and Fig. 6.6).

Based on a continuous evolutionary system (Fig. 6.6) established by Dr. Chengwei Ma of our
group, further optimization and updating were conducted by integration with the CGSS-
facilitated in vivo continuous mutagenesis system. The efficiency of this system was
demonstrated through development of the GalP/Glk-dependent glucose utilization strain. As
illustrated in Fig. 6.2 and Fig. 2.8, the promoter library integrated by (pCmN20-GGMT) was
integrated into the chromosome of the strain S028TSAptsIAglk:: Cm®/pCas9-pJC184 (G028JC)
in the same way as outlined in the aforementioned CGSS approach. The resulting cells were
inoculated into a vessel containing a synthetic medium with corresponding antibiotics. The

growth of the promoter mutants was monitored in real-time by a cell density meter. As soon as
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the ODsoo reached a set point of 0.8, the cultivation system was operated in an auxostat mode,
in which the fresh culture supplemented with antibiotics and 10% w/v L-arabinose was supplied
via a dedicated inlet, and the depleted medium and cells were pumped out to a waste container
(Fig. 6.6). The feeding of L-arabinose was aimed to induce the expression of mutators in the
mutagenesis plasmid (pJC184) to conduct genome-context random mutagenesis and thus to
accelerate the mutation rate during continuous evolution. Moreover, the flow rates of fresh
medium (inlet) and waste (outlet) were dynamically and automatically controlled in response
to the real-time monitored cell density so that a constant cell density at around 0.8 was
maintained. The real-time fluorescence intensity monitored by the flow cytometer was used as

an indicator for intracellular concentration of Trp.
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Figure 6.6: Improvement of GalP/Glk-dependent E. coli in an automatic continuous evolutionary system. During
the continuous evolution, the flow rates of the fresh medium inlet and the waste culture outlet are dynamically
regulated by peristaltic pumps in response to the real-time measured optical density of the culture. The real-time
fluorescence intensity monitored by the flow cytometer is used as an indicator for intracellular concentration of

Trp.
For real-time in vivo characterization of the mutants, the evolution vessel was directly
connected to a cell density meter (Ultrospec 10, Biochrom) and a flow cytometer (CytoFLEX,
Beckman Coulter) for real-time monitoring the cell growth and fluorescence intensity,
respectively. As observed in Fig. 6.7A, after almost 45h of cultivation, the ODsoo reached 0.8.
Simultaneously, the cultivation system was switched to an auxostat mode. Moreover, Fig. 6.7B
showed that, as the evolution continued up to 126h, the fluorescence intensity reached to the
maximum level (~11,446 MFU) and then decreased to a stable level (~8,000-9,000 MFU). The
possible reason might be that the PTS-disrupted cells were primarily evolved to support its
growth rather than Trp production, and thus the cells with the advantage in growth might
become dominant in the late evolutionary phase (~306-378h, Fig. 6.7A).

Subsequently, six samples from the first phase (labeled with triangles in Fig. 6.7B) were

selected and their fluorescence intensity and Trp production were characterized via batch

91



Chapter 6  CGSS-facilitated optimization of GalP/Glk-dependent glucose utilization strain

fermentation in shake flasks. The best-characterized mutant G028c was then forced to the
second round of continuous evolution for further improvement of its performances. In this
round, the ODgoo of the new mutants reached 0.8 after only 20h of cultivation and the
fluorescence intensity increased to the maximum level (~13,541 MFU) in a short period (~390-
438h), but encountered the same issue as the first phase, in which the fluorescence intensity
decreased significantly in the final stage (Fig. 6.7B). Therefore, four samples from the second
phase (labeled with squares in Fig. 6.7B) were further characterized. To this end, the samples
from different time points were plated on the synthetic agar medium and grown for 30 hours.
Afterwards, a total of 20 single colonies from each sample were selected and together with the
positive controls (S028TS/pCas9, B3, and G028c) cultivated in a 96 deep-well plate with F-III

medium. After 10 hours of cultivation, their growth and fluorescence intensity were measured.
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Figure 6.7: Real-time measurements of fluorescence intensity (A) and ODggo (B) of the mutants during the whole
process of continuous evolution. The process was performed in two stages, from which the best-characterized
mutant from the first phase (0-380h) was forced to the second phase of continuous evolution (381-550h) for further
development of the stain. the data points in (A) marked with triangles or squares indicate that the samples at those
time points were selected for the characterization. The data points in (B) labeled with arrows indicate the time
points for induction of 0.1% w/v L-arabinose.
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Figure 6.8: Heat maps of cell growth (ODsoo) (A) and fluorescence intensity (MFU) (B) of the selected mutants
from the second phase of continuous evolution. A total of twenty samples in rows A/B (N1-N10 wells), rows C/D
(N1-N10 wells), rows E/F (N1-N10 wells), and rows G/H (N1-N10 wells) are presented as single colonies from
four different time points. A total of four samples in rows A/B (N11-N12 wells), rows C/D (N11-N12 wells), and
rows E/F (N11-N12 wells) are presented as the positive controls: S028, B3 and G028c, respectively. Measurements
of the growth (C) and the fluorescence intensity (D) of S028, B3 and mutants D1-10. The cells were cultured with
FM-III fermentation in shake flasks. All the data are from two independent biological samples.

It was found that, after 10 hours of cultivation, the average growth rate of the mutants sampled
at the time point of 462h (G/H: H1-H10) was higher than those sampled at the early time point
(C/D: H1-H10), but the average fluorescence intensity (MFU) was much lower (6480.3+872.7
vs. 10230.7+1136.6) (Figs. 6.8A and B). The results indicated that the PTS-defective cells are
preferentially evolved to synthesize the fundamental molecules to support its growth rather than
Trp synthesis. Moreover, in comparison to the strain G028c (E/F: N11-N12) and the reference
strain S028TS/pCas9 (A/B: N1-N12), a total of 10 mutants shared a higher fluorescence
intensity (over 10000, Fig. 6.7B). They were again subjected to characterization by cultivation
in FM-III medium in shake flasks for hours. As observed in Figs. 6.8C and D, batch
fermentation of all those mutants resulted in a comparable growth rate but with a higher

fluorescence intensity than that of the positive strain (S028 and B3). Obviously, the strain D8
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showed the best performance in Trp production and therefore it was selected as the candidate

for further evaluation by fed-batch fermentation.
6.6 Characterization of the strain D8 in fed-batch fermentation

To examine the performance of the promising mutant D8 for the biosynthesis of Trp, fed-batch
fermentation was carried out in bioreactors. In the meanwhile, the fermentation with strain S028
was used as the reference. The plasmid pJC184 was removed from the strain to avoid undesired

mutations in subsequent experiment.

As observed in Figs. 6.9A and B, the strain G028 (Table 3.1), in which the chromosome was
integrated by a tandem gene circuit (ptac-galp-pJ23119-glk) but without adaptive evolution,
was not able to completely utilize the carbon source glucose to support its growth (9.12+0.04
at 58h). Nevertheless, as expected, a significant improvement in the glucose uptake rate of D8
(Fig. 6.9B) resulted in a substantial formation of biomass (Fig. 6.9A and Table 6.1). It was
noteworthy that the growth of D8 was remarkably impaired compared to that of the reference
strain S028 (Fig. 6.9A and Table 6.1). The biomass formation of D8 (22.89+0.20 g/L) was
32.02% less than that of S028 (33.67+0.10 g/L, Table 1). However, D8 resulted in a similar
production of Trp as that obtained with strain S028 at the end of fermentation. Reasonably, the
overall specific production rate of Trp (qrrp) of strain D8 was significantly higher than that of
S028, especially in the stationary phase (Fig. 6.9D). As shown in Table 6.1, the overall specific
production rate was increased by 45% (25.28 vs. 17.38 mg/g pcw/h) calculated at the end of the
fermentation. Moreover, the average production yield of D8 was calculated to be 0.16 g/g
during the stationary phase (40-67h, Fig. 6.9E), which is 13.10% and 22.56% greater than that
achieved by S028 (0.15 g/g, Fig. 6.9E) and B3 (0.13 g/g, Fig. 6.5D), respectively. The
improvements in qTrp and production yield demonstrated that the evolved D8 mutant has much

favorable traits for Trp production.

It is noted that the yield of strain D8 was significantly higher than that of S028 (0.16 g/g vs.
0.15 g/g, P <0.001), but the formation of Trp was completely congruent for both strains. In this
context, the concentration of two intermediates (SA and DSA) from the Trp synthesis pathway
was determined by HPLC to explore the potential mechanisms behind. Figs. 6.10G and H
indicate that throughout 30 to 47h, the trends of SA and DSA formation in D8 were similar to
those in S028. It was also found that the Trp production of the strain D8 was slightly low (Fig.
6.9C) because of its insufficient glucose conversion rate (Fig. 6.9E). After 50h of cultivation,
with the improvement of glucose conversion yield, more intermediates in D8 were converted

into the Trp synthesis pathway (Figs. 6.9G and H). This resulted in an increase of Trp
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production (38.77+0.02 g/L), and consequently reached the same level as strain S028 (Table
6.1). Therefore, it was attractive to mine potential mutations that led to an improvement in the

Trp yield of the strain D8 by comparative genomic DNA analysis.

Table 6.1: L-tryptophan fed-batch fermentation parameters of the strains S028 and DS.

strains ODeoo DCW GleC* Trp qtrp Yield Vp
(g/L) (g/L) (gL) (mg/gDCW/h) (g Trp/gGle) (g/L/h)
S028 96.20+0.28 33.67+0.10 261.33+7.35 39.20+0.78  17.38+0.40 0.15 0.59+0.01
D8 65.40+0.57 22.89+0.20 240.81+0.18 38.77+0.02  25.28+0.71 0.16 0.58+0.01

Fed-batch fermentations were performed in a highly instrumented and automated 4-paralleled 1.5 L bioreactors
system DASGIP for 67 hours; the initial glucose concentration was 25 g/L; the initial inoculation ODggo was 0.45.
Results are the means + standard deviations in two independent measurements. * GlcC is the calculated cumulative
consumption per reactor volume.
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Figure 6.9: Fed-batch fermentation results of the strains S028 (black and circle), G028 (blue and triangle), and
D8 (red and square). (A) cell growth; (B) residual glucose; (C) Trp production (D) specific production rate of Trp
Trp production (qrrp); (E) overall yield of Trp and the yield, “***’ designates P < 0.001; (F) Productivity.
Accumulation of the intermediates dehydroshikimate (DSA) (G) and shikimate (SA) (H).
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6.7 Inactivation of Mlc repressor to activate the expression of PTS genes

In order to elucidate potential mutations that resulted in the behaviors of D8, the whole genome
of D8 was sequenced by using the Next-Generation Sequencing (NGS) approach. With the
genomic information of E. coli W3110 as a control, pairwise genome alignment of the E. coli
W3110 and D8 was conducted and the results revealed that a total of 15 genes in the D8 strain
were modified and 5 genes were deleted (Appendix A: Table Al). Among them, three genes

are of great interest because of their functions in glucose utilization and cell growth.

In particular, one of the genes that are directly related to PTS system is found to be deleted in
the mutant D8: mlc (also known as dgs4, EcoCyc ID: G6852). Mlc is a dual transcriptional
regulator that controls the expression of a number of genes encoding enzymes of the E. coli
phosphotransferase (PTS) and phosphoenolpyruvate (PEP) systems (Plumbridge, 2001; S.Y.
Kim et al., 1999). In particular, Mlc represses the expression of two genes ptsG and manXYZ
which encode respectively the two transporters EIICBGIlc and EITABCDM® involved in the
uptake of glucose (Plumbridge, 2001; Plumbridge and Kolb, 1993). In E. coli, PtsG-facilitated
PTS is the major glucose transporter (Fig. 6.1). As shown in Figs. 6.10A and B, in the absence
of glucose, PtsG (EIICBY") is predominately phosphorylated and Mlc is bound to its operators;
in the presence of glucose, the dephosphorylated-form of PtsG interacts directly with Mlc and
induces the transcription of Mlc-regulated genes (ptsGH) by displacing Mlc from its target
sequences. As well as being the major uptake system for mannose, the manXYZ operon encodes
three proteins EITABCDM?" to form the enzyme II of the mannose PTS, the latter also transports
glucose efficiently (Fig. 6.10C) (Plumbridge, 1998). Plumbridge found that a mutation in the
mlc gene resulted in a threefold activation of manX expression (Plumbridge, 1998). It was
assumed that the deletion of m/c gene in D8 could also result in derepression of manX and ptsG
expression (Figs. 6.10.B and C). As shown in Fig. 6.1 and Fig. 6.10B, an activation of manX
and ptsG expression also leads to the accumulation of glucose-6-phosphate, and the
accumulated Glc-6-P can be subsequently converted to PEP by the Glycolysis pathway. This
indicates that inactivation of Mlc repressor could be one of the important strategies to lead to
increased availability of PEP, and it also explains why the fed-batch fermentation of D8 resulted
in a higher Trp yield (Table 6.1). However, further experiments are required to confirm this

hypothesis.
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Figure 6.10: Models for PtsG and ManXYZ regulations. PtsG (EIICBGlc) and ManXYZ (EITABCDM#") are
shown as a membrane-anchored EIIC domain and a soluble EIIB domain. (A) In the absence of glucose, PtsG or
ManXYZ is predominately phosphorylated and Mlc is bound to its operators. In the presence of glucose, EIIBY'®
or EIIBM™ becomes dephosphorylated, Mlc binds to the EIIB domain and Mlc controlled genes are activated
(adapted from J Plumbridge (2001)).

6.8 Structure-based analysis of the enzyme variant of GalP for glucose
permeation

The galP gene in D8 was found to have three mutations of Lys137Thr, Prol195Ala, and
Phe204Leu compared with that in the strain W3110 (Appendix A: Table Al). The promoter
sequence of the strain D8 also coincided with that of the strain B3 (Fig. 6.4C). In this regard, it
was attractive to explore how these mutations affect the structure of the GalP protein and its

transport capability.

The prototypical H/Galactose symporter GalP, a specialized membrane channel for the
transport of sugars into and out of cells, are members of the Major Facilitator Superfamily (MFS)
(Zheng et al., 2010). To date, many of the available crystal structures have been determined for
the MFS, e.g., symporter STP1 form Arabidopsis thaliana (PDB: 6H7D), xylose transporter
XylE from E. coli (PDB: 4JA3), and glucose/H+ symporter GlcPse from Staphylococcus
epidermidis (PDB: 4LDS), but the crystal structure for GalP symporter is not yet available.
Therefore, a homology model of GalP was carried out using Modeller version 9.24 (Webb and
Sali, 2016) with the crystal structure of 4. thaliana STP10 as the structural template (Paulsen
et al., 2019). The model was based on the STP10 rather than the GlcPse structure that has the
highest alignment identity (38.95%), because the crystal structure of STP10 in complex with
glucose is available. Afterward, docking of flexible ligand glucose to the GalP-symporter was
performed with AutoDock Vina (Trott and Olson, 2010), which is integrated into Chimera
(Pettersen et al., 2004). The homology model of GalP and the result of docking were presented
in Fig. 6.11.
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Figure 6.11: A 3D model of GalP was generated based on the crystal structure of Arabidopsis thaliana symporter
STP10 (PDB: 6H7D). (A) The structure (viewed from the periplasmic face) represents an outward-facing
conformation in complex with D-glucose. The glucose-binding sites were predicted by the molecular docking, in
which the binding residues are shown in the sticks. (B) Comparison of the glucose binding sites of GalP (blue) and
STP10 (pink). The binding residues in blue are presented to the modeled structure of GalP, and the corresponding
residues in STP1 are shown in pink. (C) Side view of modeled GalP structure in a ribbon representation. In this
view, the intracellular helical bundle (ICH) domain is shown in orange, where the mutated residues in GalP are
presented in pink sticks.

As depicted in Figs. 6.11A and C, the outward-facing conformation of the modeled GalP
symporter consists of the N- and C-terminal domains, each domain with six transmembrane
helices, and both domains are connected by a long loop, namely the intracellular helical bundle
(ICH) domain (Fig. 6.11C, in orange). According to early studies, although it has two short
helical segments, the ICH domain is an extended and flexible structure that determines the
change between inward and outward conformations (Iancu et al., 2013; Paulsen et al., 2019).
Fig. 6.11A shows that glucose could be docked into the homology model of GalP at the potential
binding site, and as shown in Fig. 6.11B, the predicted glucose binding-sites were almost 100%
conserved in the template structure (STP10, in pink). These results indicated that similar

glucose binding sites exist in GalP.

In the homology model of GalP, the glucose binding sites are located at the interior hydrophilic
cavity surrounded by the N- and C-domains, and as shown in Fig. 6.11C, the mutation site T137

is located at the Helix V in N-domain. As observed in Fig. 6.12A, the backbone g-ammonium
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group (NH3") of wild-type K137 is bound to the carboxyl group of residue P2, while the location
of mutated residue T137 is out of H-bonding distance of the P2 residue (Fig. 6.12B). It is
assumed that although the mutated residue Thr137 is far from the predicated glucose binding
sites, the hydrophilic amino acid Thr may have an indirect effect on the hydrophilic cavity, e.g.,

an increase in the affinity of glucose-binding.

]

Figure 6.12: Possible interactions between the mutated residues and its adjacent parts. (A) For the predicted wild-
type residue K137, its backbone e-ammonium group (NH3") is attached to the carboxyl group of the residue P2,
while (B) the mutated residue T137 is out of the H-binding distance of the P2 residue. In comparison to the wild
type, the other two mutated A195 and L.204 residues are still bound to the adjacent residues to form the flexible
ICH domain.

Moreover, Fig. 6.11C shows that the other two mutated residues Ala195 and Leu204 are located
in the ICH domain. Compared to the wild-type model of GalP, there is no significant change of
conformation of the helical bundle in the mutated model of GalP (Fig. 6.12B), and this indicates
that the flexible conformation of ICH domain is necessary for the stabilization of hydrophilic
cavity. Looking into the mutated residues, the long-chain Pro at the position of 195 was mutated
to Ala and the aromatic acid Phe at the position of 204 was changed to a branched-chain amino
acid Leu, which is supposed to result in the increase of the flexibility of helical bundle and
lower the energetic barrier of the transition between the inward and outward conformations.
Collectively, the mutated residues Thr137, Alal95, and Leu204 are supposed to be conducive
to the flexibility of the ICH domain and the affinity of glucose-binding, and further experiments

are required to confirm this hypothesis.
6.9 Decease of cell growth by interruption of the pentose phosphate pathway

As a key enzyme in the pentose phosphate pathway (PP pathway), the NADP"-dependent
glucose-6-phosphate dehydrogenase (Zwf) was found to be mutated in D8, in which the residue
E165 was replaced by a stop codon. PP pathway is a metabolic pathway parallel to glycolysis,
and it is mainly used for generation of ribose 5-phosphate (R5P). RSP is mainly used in the
synthesis of nucleotides and nucleic acids, and the deficiency of RSP therefore will lead to the

insufficiency of nucleotides and nucleic acids synthesis. The process of DNA duplication and
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cell division will consequently be influenced. This might partially explain why D8 exhibited a

severe growth deficiency.
6.10 Conclusions

In vivo continuous mutagenesis, as a method for the directed evolution of biomolecules, has
been extensively explored for enhancing enzymatic activity, the generation of novel functional
enzymes, and the optimization of valued compounds-producing strains. In this study, the
CGSS-facilitated in vivo continuous mutagenesis (CMCGSS) was proved to be able to evolve
the GalP/Glk-dependent strain to utilize the glucose and increase glucose conversion yield. To
investigate the potential Trp yield in GalP/Glk-dependent glucose utilization strain, the
promoter mutants S028Aptsl::GGMT were generated by deletion of the gene pts/ and integration
of GalP and Glk promoter variants. The strains S028Aptsl::GGMT were first forced to the batch
adaptive evolution, and one of the candidates B3 was identified. However, the fed-batch
cultivation of the strain B3 exhibited a similar pattern of Trp yield and production to that of the
strain S028. In this regard, a novel and scalable CGSS-facilitated in vivo continuous
mutagenesis system with real-time measurement of cell growth and online monitoring of
fluorescence intensity was established for continuous evolution of the mutants
S028Aptsl::GGMT. As expected, one best candidate D8 was identified and the fed-batch
fermentation results indicated that the average yield of strain D8 was higher than that of strain
B3 by 22.56% (0.16 g/g vs. 0.13 g/g) during the stationary phase and the specific Trp production
rate of D8 was increased to 26.64+0.21 mg/gDCW/h. These results demonstrated that in vivo
continuous mutagenesis is more efficient compared to the traditional adaptive evolution and

indicated the utility of an in vivo mutagenesis approach.
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Chapter 7

7. Engineering microbial cell factories: Assembling of selected

enzyme variants in Trp-producing strains for Trp overproduction

7.1 Introduction

As demonstrated in Chapter 5, engineering of one of the DAHP synthase isozymes,
phenylalanine-sensitive AroG enzyme, is one of the crucial strategies for efficient biosynthesis

GD6G—D7A

of Trp. Using the CGSS approach, an AroG variant, Aro , was screened and it was

GS'8%F in terms of the Phe

proved to be more powerful than the originally used variant Aro
resistance (Fig. 5.6) in vitro and facilitating Trp biosynthesis in vivo (Table 5.2). As presented
in Table 5.2, using AroGP%9P7A enabled the strain S028G (also named as S028GM 1) to produce
24.03+1.02 g/L of Trp in 37 hours, which is 38.50 % higher than that produced by the strain
S028 (17.35+1.16 g/L) where the variant AroGS!3% was used. As shown in Fig. 5.6, the specific
activity of AroGP6-P7A was notably higher than that of AroGS!®" under identical assay
conditions. These led us to believe that the increased activity of DAHP synthase resulted in the
increased Trp production. It subsequently raised the hypothesis: an improved Trp production
could be done by further increasing the activity of DAHP synthase in the strain S028G.
Although the mutation D6G-D7A in AroG did not make it completely resistant to Phe, it
showed very strong resistance to Phe: approximately only 40% of the enzymatic activity at the
presence of an extremely high concentration of Phe (20 mM Phe, Fig. 5.6). Since the
intercellular concentration of Phe of the strain S028G might not be extremely high (<20 mM),
it was reasonable to believe that introducing another copy of aroGP*“P74 could significantly
increase the activity availability of DAHP synthase in the current strain S028G. In this regard,

another copy of aroGP*“P’4 was introduced to the strain S028G resulting in the strain

S028GGMT.

Results showed that S028G accumulated notable intermediates SA and DSA (Fig. 5.7), it was
assumed that the strain S028GGMT would accumulate them even worse. Nevertheless, the
heterogeneous expression of AnTrpCR3"8 would be a solution to that issue. As illustrated in

Chapter 4, either additionally expressing AnTrpC™ T or AnTrpCR*78F especially the later, made
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the strain produced much fewer intermediates SA and DSA. In addition, it promoted Trp yield
by 26.4 % compared to that of the parent strain S028 (0.19 g/g vs. 0.15 g/g, Table 4.2).
Therefore, the strain SO028AARF as well as S028AAWT was constructed and characterized in
this study.

Moreover, Trp yield could be enhanced by other strategies, i.e., enhancing the supply of
precursors such as E4P and PEP (Fig. 2.1). As revealed in Fig. 2.1 and Fig. 6.1, the availability
of PEP for Trp biosynthesis could be achieved by replacing PEP-dependent sugar transport
system, namely PTS system, with the PEP-independent GalP/Glk-facilitated glucose uptake
(Carmona et al., 2015; Chen et al., 2018; Lu et al., 2012). Indeed, fermentation results of strain
D8 which obtained by applying that strategy showed an increased Trp yield than that of the
PTS-positive strain (Fig. 6.9). In a microbial cell factory, a high glucose conversion yield is an
essential parameter for cost-effective production. In this regard, A Trp-producing microbial cell
factory was designed for a high flux towards the biosynthesis of Trp by integrating the candidate
modules as mentioned above. To this end, the strain D8AA was constructed and characterized

by fed-batch fermentation in this work.

7.2 Trp production improved by increasing the activity of DAHP synthase
and knocking out the fruR gene

Increasing the activity of DAHP synthase was hypothesized to be an effective strategy for

GD6GD 74

improving the Trp production in the strain S028G. Therefore, another copy of aro was

introduced into this strain at the loci of the fruR gene with the following reasons.

Fructose repressor (FruR), also known as catabolite repressor activator (Cra), is a dual
transcriptional regulator that modulates the direction of carbon flow through different central
pathways of energy metabolism. Particularly in the presence of glucose, the intracellular
fructose 1-phosphate interacts with the FruR repressor to prevent its binding to the target
operons, thereby activating the gluconeogenic pathway and the Krebs cycle of energy
metabolism (Ramseier et al., 1995; Saier Jr and Ramseier, 1996). It was found that the deletion

of the fruR gene led to an increase in chorismate production (Liu et al., 2016).

The replacement of the fiuR gene in the strain S028G by the gene variant aroG”*“?74 was done
by using the CRISPR/Cas9 technique. To this end, the target plasmid pfiuRN20-aroG* was
first constructed based on the plasmid pCmN20-aroG% (Table 3.2), whereby the CmN20
sequence was modified to fruRN20 sequence and the homology recombination arms were also

altered accordingly (Fig. 2.7). The final plasmid pfiuRN20-aroG? was then transferred into

104



Chapter 7 Engineering microbial cell factories for Trp overproduction

the competent cells of S028GM1/pCas9 for targeted genome editing, resulting in the strain
S028GGMT. The comparison of the performance of the strain SO028GGMT and the reference

strain S028G were carried out with fed-batch fermentations.

As shown in Fig. 7.1 and Table 7.1, S028GGMT showed good reproducibility of Trp formation,
specific production rate, and production yield. In particular, SO28GGMT exhibited the same
Trp production pattern as the reference strain before the mid-log phase (0-25h). After that,
S028GGMT produced Trp more efficiently than the reference strain. As a result, 42.95+0.91
g/L of Trp was achieved by S028GGMT in 65h, which is almost 18.85% higher than that
achieved by S028G (36.04+1.17 g/L, Table 7.1). As a comparable cell density was obtained for
both S028G (30.21£1.10 gDCW/L) and S028GGMT (26.67+0.10 gDCW/L) (Fig. 7.1A and
Table 7.1), it was reasonable that the specific formation rate (24.77+0.23 mg/gDCW/h, Table
7.1) obtained by S028GGMT is higher than that (18.35+0.48 mg/gDCW/h) obtained by S028G.
Moreover, the production yield of Trp (0.16 g/g, Table 7.1) for both strains is almost equal,
indicates the Trp pathway after AroG required optimization.

The results also revealed that the average specific production rate (qup) and the average Trp
yield of the strain SO28GGMT were similar to those obtained with S028G during the stationary
phase (Figs. 7.1E and F). These results also coincided with the previous result that the variant
AroGPSSP7A ¢ould neither promote the specific production rate nor the yield in strain S028G
(Fig. 5.7), indicating the native Trp enzymes could not further streamline the metabolic flux.
As illustrated in Fig. 2.1, enhancing the catalytic efficiency of ##p operon could be done by
many ways, including removing other metabolic controls (e.g., feed-forward inhibition) in the
Trp biosynthetic pathway, engineering of the Trp exporter (YddG), and increasing the
availability of precursors (e.g., L-serine). Interestingly, the productivity of Trp of S028GGMT
was greater than that of S028G until the end of fermentation, and this difference was more
noticeable during the stationary phase (Fig. 7.1D). For example, the average productivity of
Trp of S028GGMT was calculated to be 0.72+0.05 g/L/h from 35h to 62 h, which is 38.46%
higher than that of S028G (0.52+0.03 g/L/h) (Fig. 7.1D). Therefore, the increased Trp
productivity of S028GGMT could be one of the main factors for the improvement of Trp

production because of the enhanced enzyme activity of AroGPSSD7A,

As shown in Figs. 7.1G and H, the trends in the formation of SA and DSA revealed that the
concentrations of SA and DSA in S028GGMT were higher than that of reference strain
throughout the fermentation process. In addition to the improved Trp production, this suggested

S028GGMT was able to rewire metabolic flux into the chorismite pathway more efficiently
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than the reference strain S028G. In one of the early reports, metabolomics analysis showed that
the deletion of fruR significantly enhances the metabolic flow through glycolysis, the pentose
phosphate pathway and the TCA cycle, increasing levels of key intermediates (e.g., SA and
DSA) and substrates (e.g., L-glutamine and L-serine) for Trp biosynthesis (Liu et al., 2016). In
this regard, to what extent the introduction of an extra enzyme variant AroGP®9P7A resulted in
an increase of the metabolic flux towards chorismate synthesis seems to not easy to conclude.
However, the flux could not be very efficiently converted into the Trp pathway might due to
the low catalytic efficiency of the #7p operon and the complicated regulations (e.g., feed-forward
inhibition), thus led to the accumulation of SA and DSA (Figs. 7.1G and H). This also indicated

GD6G-D7A

why the variant Aro could not promote Trp yield. It reasonably led us to overexpress

the AnTrpCR7®F variant.

Table 7.1: Comparison of the performances of E. coli S028G derivative strains in fed-batch fermenter cultures

strains ODsoo DCW GleC* Trp qrrp Yield Vp
(g/L) (g/L) (gL) (mg/gDCW/h) (g Trp/gGle.) (g/L/h)
S028G 86.31+3.14 30.21+1.10 192.73+10.47  36.04+1.17  18.35+0.48 0.16 0.55+0.01
S028GGMT  76.20+0.28 26.67+0.10 275.32+11.42  42.95+1.26 24.77+0.23 0.16 0.66+0.01
S028AAWT  86.30+0.14 30.21+0.05 246.26+2.89 46.05+£0.38  23.45+0.23 0.19 0.71+0.01
S028AARF  75.50+1.27 26.43+0.44 276.70+3.11 51.19£0.40  29.80+0.74 0.19 0.79+0.01

Fed-batch fermentations were done in a highly instrumented and automated 4-paralleled 1.5 L bioreactors system
DASGIP for 65 hours; the initial glucose concentration was 36 g/L; the initial inoculation ODsoo was 0.45.
Experiments were performed in two biologically independent experiments. * GlcC is the calculated cumulative
consumption per reactor volume; qrrp, specific production rate of Trp; Yield, Trp production vs. glucose consumed;
Vp, volumetric productivity.
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Figure 7.1 Fed-batch fermentation of the strains S028G (black and circle) and S028GGM (blue and square). (A)
Cell growth; (B) Residual glucose concentration (g/L); (C) Trp production (g/L); (D) Overall productivity (g/L/h),
(E) Formation rate of Trp (qryp, mg/g DCW/h), (F) Yield of Trp (g Trp/ g glucose) and Accumulation of the
intermediates shikimate (G) and dehydroshikimate (H). The inoculated ODgoo was 0.45.
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7.3 Overexpression of AnTrpCR7%F in strain S028GGMTA#rpR

Subsequently, the gene AntrpC was integrated into the chromosome of the strain S028GGMT
to enhance the flux in the direction of Trp biosynthesis. To this end, the all-in-one plasmids
pCas9-AntrpC"" and pCas9-AntrpC*78" (Table 2.3) were constructed and used for the
chromosome integration of AntrpC"T and AntrpC®*7%F" in the strain SO028GGMT, respectively.
The resulting strains SO28AAWT and S028AARF, together with the strain S028GGMT, were

then carried out by fed-batch fermentation to evaluate their performances.

As seen in Fig. 7.2A, the trends of growth of the strains SO28AAWT and S028 AARF were
similar to that of the strain SO028GGMT. Moreover, a high biomass formation could provide a
high Trp formation titer during the stationary phase (Figs. 7.2C and E). Remarkably,
S028 AARF produced 51.19+0.40 g/L of Trp (Table 7.1), which is 19.19% and 13.04% higher
than those obtained by the strains SO028GGMT (42.95+1.26 g/L, Table 7.1) and S028AAWT
(46.05+ 0.38 g/L, Table 7.1), respectively. It suggested that the metabolic flux for the
biosynthesis of Trp was more streamlined after additionally overexpressing the AntrpC"” or
AntrpC®78 and the deletion of #pR gene in the strain S028GGMT. Recently, many attempts
have been reported to develop a Trp-overproducing strain by defined genetic modifications
(Chen and Zeng, 2017; Chen et al., 2018). Among these engineered strains, one of the strains
S028 could produce around 40 g/L of Trp within 65 hours (Chen and Zeng, 2017). To our best
of knowledge, the Trp producing capability of the strain SO28AARF is the best one among

those rationally designed strains reported so far.

Additionally, the specific formation rate of Trp in the strain S028AARF (29.80+0.74
mg/gDCW/h, Table 7.1) showed an advantage over those of the strains S028GGMT
(24.77+0.23 mg/gDCW/h, Table 7.1) and S028AAWT (23.45+0.23 mg/gDCW/h, Table 7.1).
Also, it was notable that Trp yield for both strains SO28AAWT and S028 AARF increased to
around 0.19 g/g at 65h (Fig. 7.2F and Table 7.1), whereas, it was 0.16 g/g for the reference
strain S028GGMT. These results obviously showed overexpressing the AntrpC" " or AntrpCR378
in the strain S028GGMT improved the Trp yield very significantly (by approximately 20%).
This result coincided with the previous result that the overexpression of the enzyme AnTrpC
had a beneficial effect on the yield of Trp (Fig. 4.8). As expected, less accumulation of
intermediates SA and DSA in the strain SO28AARF (Figs. 7.2.G and H). It reflected that
integrating the variant AnTrpCR?*7*F made the #7p operon more effective. The performance of
S028AARF in terms of the increased Trp production titer, rate, yield, and the decreased

concentration of SA and DSA makes it more attractive for its industrial application.
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Figure 7.2 Fed-batch fermentation of the strains SO028GGMT (black and circle), SO28AAWT (red and square),
and S028 AARF (blue and triangle). (A) Cell growth; (B) Glucose concentration; (C) Trp production; (D) Overall
productivity, (E) Formation rate of Trp (qrrp), and (F) Production yield of Trp. Accumulation of the intermediates
shikimate (G) and dehydroshikimate (H). The fed-batch fermentation was performed in a 1.5-L bioreactor. The

initial ODggp was 0.45.

7.4 Integration of AroG”*¢?’A and AnTrpC®*’*F in strain D8

As observed above, additional expression of AroGP%P7A and AnTrpCR*7F can lead to a better

performance (as shown in Figs. 4.6E and 5.6C), since they are able to enhance the chorismate
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pathway and the #7p operon, respectively. In addition, to increase the availabilities of precursors
has been proved to be a common and effective strategy for strain improvement in terms of
production titer, yield, and productivity (Carmona et al., 2015; Chen et al., 2018; Lu et al.,
2012). Indeed, the engineered strain D8 showed an increase of Trp yield (Table 6.1) after

inactivation of the PEP-dependent PTS because of an increased availability of PEP. To further
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enhance the Trp production of the strain DS, aro and Antrp were subsequently
integrated into its chromosome, resulting in a strain designated as DS8AA. Thereafter, a
comparison of the strain DSAA and the strain S028AARF was carried out by fed-batch

fermentations.

For a biological replicate, two single clones that designated as DSAA-1 and DSAA-2 were
picked out to evaluate their performances. Surprisingly, these clones showed strong variations
in growth and Trp production (Figs. 7.3A and B). As seen from Fig. 7.3B, D8AA-2 had severe
growth retardation. Its growth began to restore after 30h of retardation, and reached a final
biomass concentration of 22.33+0.10 gDCW/L (Table 7.2). Because of the delayed exponential
growth phase, DSAA-2 only produced 17.13+0.70 g/L of Trp. Furthermore, the Trp yield on
glucose obtained by DSAA-2 was very low (0.10 g/g, Table 7.2). Unlike DS8AA-2, the growth
of D8AA-1 reached up to the stationary phase (60.12+0.74, Table 7.2) in 30h of cultivation
without obvious retardation. DSAA-1 was able to reach a final Trp production of 41.49+0.53
g/L with a yield of 0.20 on glucose in 63h (Table 7.2).

Table 7.2: Comparison of the strains SO28AARF and D8AA for L-Trp production in fed-batch fermentations

strains ODsoo DCW GleC* Trp qrrp Yield Vp
(g/L) (g/L) (g/L) (mg/gDCW/h) (g Trp/g Gle.)  (g/L/h)
S028AARF  92.20+0.28 32.27+0.10  260.92+1.21  48.27+0.29  23.74+0.07 0.19 0.77+0.01
D8AA-1  66.20+0.84  23.17+0.29  212.77+0.89  41.49+0.03  28.83+0.35 0.20 0.67+0.01
D8AA-2  63.80+0.28 22.33£0.10  174.80+0.21  17.13+0.70  12.17+0.44 0.10 0.27+0.01

Fed-batch fermentations were performed in 1.5 L bioreactors at 37°C and pH 6.8 for 63 hours; The initial glucose
concentration was 35 g/L; The initial inoculation ODggo was 0.45. The data represent the means + SD from three
measurements. * GlcC is the calculated cumulative consumption per reactor volume.

110



Chapter 7 Engineering microbial cell factories for Trp overproduction

; 100- -
507 o psaA-1 A40
-+ DSAA-2 3
401 = S028AARF 801 2 304
_ 2
T30 g 60] 5
=S =) =, 20-
& 201 O 40 =
Z 10
2 10
10{ A 201 g C
04 e . T — (I S aE—————— ————————
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 S0 60 70
Time(h) Time (h) Time (h)
0.251 100+
1.04
3 £ 30 ~
g 0.201 % % 0.8
O E
@ 0.15 g 60+ 2061
£ z
;0.10- E 40 £ 0.4-
= £ 2
2 0.051 = 201 £ 0.2-
- D E
0.00 0.0 — —

g
S
=

T T T T T T 1 0 T T T T T T T T
10 20 3q 40 50 60 70 0 10 20 30 40 50 60 10 20 30 40 50 60
Time(h) Time(h) Time(h)

Figure 7.3 Fed-batch fermentations of the strains SO028 AARF (black and circle) and D8AA (red and square). (A)
Cell growth; (B) Glucose concentration; (C) Trp production; (D) Specific formation rate of Trp (qrp); (E)
Production yield of Trp; and (F) Overall productivity.

To further validate the variations of D8AA, three new single clones were selected for the second
batch of fermentation. Indeed, the stronger variations in growth and Trp formation were also
found in clones DS8AA-3, -4, and -5 (Fig. 7.4). Among them, similar trends of growth and Trp
formation were observed for DSAA-2, -3, and -5 (Fig. 7.4), and similar results were observed
for DSAA-1 and -4 (Fig. 7.4). The cultivation conditions for these clones were identical in all
the two repeating fermentations. Moreover, to confirm the unity of the DSAA clones, three
single clones from the Cyro-stocks of D8AA-1 and -3 were selected and forced to batch
fermentation in shake flasks. The results showed that all progeny clones from DSAA-I
exhibited similar growth trends to the parental strain DEAA-1, while all clones from D8AA-3
still suffered severe growth retardation (data not shown). The significant variations in growth
and Trp production of DSAA clones were considered to be due to unknown mutations generated
on the PTS-negative strain D8 regardless of the cultivation conditions. So far, the reason for the
variations is not clear with our knowledge. Therefore, to characterize the genetic basis of DSAA
clones exhibiting the variations in growth and Trp production, the genome sequences of the

DSAA-1 and D8AA-3 clones are to be determined and compared.
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Figure 7.4 Cell growth (A) and Trp production (B) of the strain D8AA during fermentations in bioreactor. DSAA-

1 and -2, single colonies 1 and 2 were selected for the first fermentation; D8 AA-3, -4, and -5, single colonies 3, 4,
and 5 were selected for the second fermentation. The initial glucose was 35 g/Land the initial OD600 = 0.45.

Compared with the parent strain D8, Trp concentration (41.49+0.03 g/L, Table 7.2) and yield
(0.20 g/g, Table 7.2) achieved by DS8AA-1 were both significant improved (by 7.03% and 21%,

CR3 78F and

respectively). These results again demonstrated that additional expression of AnTrp
AroGP9P7 facilities the biosynthesis of Trp, making it a powerful strategy for the
improvement of Trp-producing strain. Also, expression of the enzyme variants in the strain D8
contributed to the glucose conversion yield. The results showed that Trp yield of DSAA-1 (0.20
g/g, Table 7.2) is remarkably higher than that of SO28AARF (0.19 g/g, Table 7.2). It was
consistent with the previous result that activation of GalP/Glk-facilitated glucose uptake system
in PTS-negative strain could be beneficial for the Trp yield (Fig. 6.9E). Although the Trp
production of DS8AA-1 exhibited a lower level than that of SO28AARF (41.49+0.03 g/L vs.
48.27+0.29 g/L, Table 7.2), as expected, the qrp of DSAA-1 (28.83+0.35 mg/gDCW/h) is 1.22-
fold higher than that of SO028AARF (23.744+0.07 mg/gDCW/h, Table 7.2). Since both strains

contained the enzyme variants AnTrpC?*7*F and AroGPS-P7A, an improved qrrp could be mainly

resulted from the increased availability of PEP.

The cause of a lower Trp production is the lower biomass formation level of DS AA-1. Biomass
achieved in the fed-batch cultivation of D8AA-1 was 23.17+£0.29 gDCW/L (Table 7.2), which
was 28.20% lower than that of the strain SO28AARF (32.27+0.10 gDCW/L, Table 7.2). As
discussed in Chapters 7.2 and 7.3, to some extent the biomass formation level is one of the
critical parameters for the efficient formation of Trp in terms of the production and productivity
(Fig. 7.1A and Fig. 7.2A). Thus, further development of DSAA could be identifying and

removing the inhibition factor(s) involved in biomass formation.
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7.5 Conclusions

Enzyme engineering has been widely used for Trp-producing strain improvement towards a
higher titer, rate, and yield (Chen, 2017; Ger et al., 1994; Ikeda, 2006b; Carmona et al., 2015).
In the previous chapters, two enzyme variants AroGP®9P’ and AnTrpCR*7F with desired
functional characteristics were successfully selected using the growth-coupled screening and
sensor-guided in vivo characterization. They were proved to be a benefit for improving Trp
production effectively but separately. In this chapter, a genetically stable and Trp-producing
microbial cell factory SO28AARF was successfully developed by the integrations of AroGP%%-
D7A and AnTrpCR*7*F, The engineered strain SO28AARF exhibited the advanced production
capacity to the previously reported strains. Specifically, the strain S028AARF produced
51.194+0.40 g/L of Trp with the overall productivity of 0.79+0.01g/L/h, the specific production
rate of 29.80+0.74 g/g DCW/h, and the formation yield of 0.19 g/g (Table 7.1). Considering the
strain D8, which has an inactivated PTS system and an engineered GalP/Glk-facilitated glucose

uptake system, had a much higher glucose conversion yield than the parent strain. Both of

GD6 G-D74 CR3 78F

aro and Antrp were also reasonably integrated into the chromosome of D8 for
developing the strain D8AA. Surprisingly, fed-batch cultivations of DSAA clones showed
strong variations in growth and Trp production (Figs. 7.4A and B). So far, the reason for the
variations is not clear with our knowledge. Nevertheless, one of the clones D8AA-1 exhibited
a Trp yield as high as 0.20 g/g (vs. 0.19 g/g with SO28AARF), representing the highest Trp
yield reported in the literature so far and making it attractive for industrial-scale Trp

bioproduction.
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Chapter 8

8. Summary and perspectives

The main objective of this work was to design and construct Trp producing E. coli strain(s)
with more robust growth and more efficiency in Trp production and yield by the engineering
of key enzymes involved in the Trp pathway. To effectively in vivo screen and characterize
enzyme variants for the above purpose, three approaches for library screening and
characterization were developed and examined for engineering enzyme variants with desired
performances and characteristics. Subsequently, integrative metabolic engineering was
performed to assemble the enzyme variants into a previously constructed Trp-producing strain

S028 (Chen, 2017). The main results are summarized below.
8.1 Summary of this thesis

8.1.1 Plasmid-based growth-coupled screening and sensor-guided in vivo characterization

of TrpC variants

In a previous study from our group (Chen et al., 2018), the bifunctional enzyme TrpC of E. coli
(EcTrpC) was discovered to be feed-forward inhibited by anthranilate. Furthermore, TrpC of A4.
niger (AnTrpC) was found to be feed-forward activated by anthranilate. Engineering of TrpC
to alleviate the inhibition or further increase the activation is thus one of the critical issues to
develop a more efficient Trp biosynthetic pathway. In Chapter 4, an efficient approach was
proposed which combines the complementary cell-auxotrophy coupled screening and
biosensor-driven in vivo characterization. The effectiveness of this approach was demonstrated

for the engineering of enzymes EcTrpC and AnTrpC.

Starting from the strain S028, a Trp-auxotrophic strain S093 was designed, in which the cell
growth is linked directly to the catalytic efficiency of TrpC variants, and the intracellular
concentration of Trp is monitored by the fluorescence intensity via a Trp sensor. Subsequently,
the necessity of Trp for the cell growth was tested by cultivating the strain S093 in the M9
medium. It was found that S093 was unable to grow in synthetic medium, while the auxotrophy
was alleviated by supplementation of the lost enzymatic function. Moreover, the growth and

the fluorescence intensity of S093 cells were found to correlate strongly with the extracellular
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Trp concentration in a range from 0 to 4 mM (Fig. 4.1D). These results revealed that the
developed platform offered a higher selectivity and a more robust sensitivity screening

threshold for the engineering of TrpC.

After testing the sensitivity and selectivity of the screening platform, one set of EctrpC gene
variant libraries was constructed by codon saturation mutagenesis on the rational target residues
(S58-P59-S60-K61, Fig. 4.2A). Using the PGSS approach, a highly efficient anthranilate-
resistant candidate, EcTrpCS38QPOV-S60FKOIQ (B TrpnCQVEQ)  was successfully identified. In
vitro enzyme assay also indicated that only 52% of its activity was lost under 3 mM of
anthranilate. In contrast, the activity of the wild-type enzyme was inhibited entirely under the
same condition (Fig. 4.3B). Also, the catalytic efficiency (kcat/km) of EcTrpCoV"Q was similar
to that of the wild-type enzyme (Table 3.1). To some extent, it suggested that the anthranilate-
resistant mutant EcTrpC?V!Q is a better candidate for enhancing strain tolerance against a high
concentration of anthranilate when the strain is applied to the industrial scale. After testing the
feasibility of the PGSS approach, it was subsequently employed to develop another
anthranilate-activated enzyme AnTrpC. In the part of this work, the catalytic site Arg378 of
AnTrpC was selected for codon saturation mutagenesis, and then the resulting mutants were
also screened and evaluated using the same procedure as above. One of the mutants,
AnTrpCR78F was identified that showed increased Trp formation. In vitro enzyme assay also
revealed that the variant AnTrpC?*78F had more potential of the activation effect. Subsequently,
the performances of the strain AnTrpCR*7*F were compared with that of the reference strain
AnTrpCWT and the parental strain S028 by carrying out fed-batch fermentation in bioreactors.
As presented in Fig. 4.8, fed-batch fermentation of AnTrpCR*7® enabled the production of
35.36+0.81 g/L of Trp, which is 13.52% higher than that produced by AnTrpC%T (31.15+1.01
g/L, Table 4.2) at 51 h, indicating that the variant AnTrpCR?*7*F is more efficient for the Trp
biosynthetic pathway.

8.1.2 CRISPR/Cas9-facilitated engineering with growth-coupled screening and sensor-

guided in vivo characterization of AroG variants

One of the isozymes of DAHP synthase, AroG enzyme, is feedback inhibited by the
phenylalanine in E. coli. Engineering of the enzyme AroG to eliminate the feedback inhibition
is another critical issue to develop a more efficient Trp biosynthetic pathway. In Chapter 5,
another approach was developed which combines the integration of gene variants directly into

the chromosome of the host cell with in vivo screening and characterization of the enzyme
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variants. To demonstrate this method, the optimization of the enzyme AroG in the Trp pathway

was implemented as an example.

Starting from the strain S028 (harboring a reference AroG variant, AroG3'%%F), an aromatic
amino acids-auxotrophic strain was first developed by removal of all the endogenous DAHP
synthases. As expected, the auxotrophic strain was not able to grow in the M9 medium even
when the wild-type enzyme AroG was reintroduced, but the auxotrophic strain was able to
restore its growth by reintroducing the reference variant AroGS!8F (Fig. 5.4). Consequently,
the growth of the auxotrophic strain was directly linked to the activity of the introduced AroG
variants. In principle, an engineered enzyme variant AroG with a higher activity should lead to
a faster accumulation of Trp, which in turn stimulates the expression of a report gene regulated

by a Trp biosensor.

To demonstrate the utility of this auxotrophic strain to achieve AroG variants with higher
resistance and catalytic efficiency, a mutation library of the aroG gene was first generated. To
this end, the saturation mutagenesis was adopted to the Phe-binding sites D6 and D7 of AroG
protein and then introduced them into the target plasmid pCm-aroG”". The aroG gene variants
were then integrated into the chromosome of the auxotrophic strain by the technique of
CRISPR/Cas9. After several rounds of screening and characterization, one of the mutants,
AroGPSSP7A was identified. In vitro enzyme assay showed that the variant AroGP®¢-P7A
exhibited a higher specific activity at the presence of 10 mM Phe compared to other variants
and the reference variant AroGS'3%F (Fig. 5.6). Thereafter, the replacement of AroG3'3% with
the best variant (AroGP%P74) in a Trp-producing strain S028 was performed, resulting in the
strain S028GM 1. The strain was then carried out together with the reference strain S028 by fed-
batch fermentation in bioreactors to examine the impact of the variant AroGP%PA on Trp
production. Fig. 5.7 shows that the strain S028GM1 was able to remarkably increase the Trp
production by 38.5% compared to the strain S028 at 37h (24.03+1.02 g/L vs. 17.35+1.16 g/L).
These results demonstrated that the variant AroGP*6P7A is more efficient for the chorismate

pathway and demonstrates the high efficiency of the CGSS approach.

8.1.3 CGSS-facilitated optimization of GalP/Glk-dependent glucose utilization system

A high glucose conversion yield is an essential parameter for cost-effective production. It was
assumed that activation of galactose permease/glucose kinase (GalP/Glk) in a PTS-negative
strain could provide an alternative glucose utilization system with an increased Trp yield.
Indeed, the maximum theoretical Trp yield in a GalP/Glk-dependent strain was calculated to be

0.45 g/g, which is approximately twice that of a PTS-positive strain (0.23 g/g, Fig. 1.3).
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To investigate the potential achievable Trp yield in the GalP/Glk-dependent glucose utilization
strain, one of the phosphoryl transfer proteins, Ptsl protein (EI, Fig. 6.1), was first removed
from the strain S028TS/pCas9. Afterward, a tandem gene circuit ptac-galp-pJ23119-glk was
integrated into the chromosome of the PTS-negative strain, resulting in the strain
S028AptsI::GGWVT (G028). However, it was revealed that after 70 hours of cultivation, G028
suffered severe growth retardation (data not shown). One conceivable explanation was that the
co-expression of galP and glk genes was disturbed or unbalanced since the transcription of both
genes galP and glk were controlled under two stronger promoters, ptac and pJ23119,
respectively. Therefore, using the CRISPR/Cas9 technique, the promoter variants were
integrated into the ptac and pJ23119 promoters to realize the modulation expression of galP
and glk genes, resulting in the promoter mutants S028Aptsl::GGMT (G028a). The resulting
mutants were further subjected to batch adaptive evolution, and one promising candidate B3
was obtained, and it proved to be advantageous for the Trp yield in shake flask cultivation (data
not shown). However, in a subsequent test in fed-batch fermentation, it was found that the yield
(0.13 g/g in 50h, Fig. 6.5) and production titer (28.17+0.05 g/L in 50h, Fig. 6.5) of the strain
B3 exhibited similar values to those of the reference Trp-producing strain S028. One
conceivable explanation is that the PTS-negative strain is to synthesize intermediates for
supporting their growth rather than Trp synthesis. In this regard, a continuous evolution of the
GalP/Glk-dependent glucose utilization strain with the aid of a continuous mutagenesis method

was conducted to evolve the strain with the desired phenotype and function.

In the part of this work, a novel and scalable continuous evolution approach with real-time
measurement of cell growth and online monitoring of fluorescence intensity was established
for the adaptive evolution of the GalP/Glk-dependent glucose utilization strain (Fig 6.6). Unlike
conventional discrete evolution methods, this approach enables a broader and genome-wide
random and continuous mutagenesis of strains. In this regard, the promoter library (pCmN20-
GGM") was integrated into the chromosome of S028TSAptsIAglk::Cm® /pCas9-pJC184
(G028JC) strain in the same way as described in Chapter 6.3. The resulting promoter mutants
were then inoculated in the cultivation vessel for further adaptive evolution (Fig. 6.6). The
growth of the promoter mutants was monitored in real-time (every 10 min). As soon as the
ODsoo reached to approximately 0.8, the system was operated in an auxostat mode. For real-
time in vivo characterization of the mutants, the cultivation vessel was connected directly to a
cell density meter and a flow cytometer to monitor the cell growth and fluorescence intensity
in real-time, respectively. In the scheme for continuous evolution, the inlet flow rate of the fresh

medium and the outlet flow rate of waste culture were dynamically regulated via a peristaltic

118



Chapter 8 Summary and Perspectives

pump in response to the real-time monitored cell density so that a constant cell density at around
0.8 was maintained. In this case, the mutants with desired properties were to be enriched in the
cultivation vessel, but the undesired mutants were to be excluded from the vessel (Fig. 6.6). As
expected, a new promising candidate D8 was identified. Subsequently, fed-batch fermentation
of the strain D8 found that the Trp yield of D8 showed 22.56% higher than that of strain B3
(0.16 g/g vs. 0.13 g/g, Fig. 6.9). Also, the specific Trp production rate of D§ was simultaneously
increased to 26.64+0.21 mg/g DCW/h (Fig. 6.9). These results demonstrated that in vivo
continuous mutagenesis method is superior to the conventional discrete method and that the

developed approach for in vivo mutagenesis approach is highly efficient.

8.1.4 Engineering microbial cell factories: Assembling of selected enzyme variants in Trp-

producing strains

In Chapter 7, iterative metabolic engineering was applied to integrate the gene variants

GPICP A and AntrpC?78F) into the chromosome of previous Trp-producing strain S028G

(aro
or D8 to develop a Trp-overproducing microbial cell factory. A comparison of the performance

of strain DSAA to strain SO28 AARF was performed in the part of this work.

Using one of the previous Trp-producing strains S028G as starting strain, the gene variants

GD6 G-D74 CR3 78F

aro and Antrp were subsequently integrated into the chromosome of the host
strain to develop a Trp-hyperproducing strain SO28 AARF. The performance of SO28 AARF was
further evaluated in well-controlled fed-batch fermentation. Remarkably, that after 65 hours of
cultivation, SO28 AARF was able to produce a very high Trp production (51.19+0.40 g/L, Table
7.1), which is approximately 19.19% higher than that of S028GGMT (42.95+0.26 g/L) and
about 13.04% more than that of SO028AAWT (46.05+0.38 g/L). Moreover, the Trp yield of
S028AARF was raised to 0.19 g/g at 65h (Fig. 7.2F), which is almost 20% higher than that of
S028G. To date, many attempts have recently been reported to develop a Trp overproducing
strain through defined genetic modifications or directed evolution (Chen and Zeng, 2017; Chen
et al., 2018; Panichkin et al., 2016). Among these engineered strains, one of the Trp-producing
strains S028 was reported to produce around 40 g/L of Trp within 65 hours of cultivation (Chen
and Zeng, 2017). Thus, the engineered strain SO28AARF exhibited the merits of comparable

production capacity to the previously reported strains.

In addition to the biosynthetic pathway itself, to increase the availabilities of precursors (eg.,
PEP, E4P, and L-Ser) has been proved to be a common and effective strategy for improving
production titer (Carmona et al., 2015; Chen et al., 2018; Lu et al., 2012). Indeed, a previous
study on the strain D8 showed an increase of the Trp yield due to the availability of PEP (Table
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6.1). To further enhance the Trp yield and Trp formation, aroG?°¢?’4 and AntrpC*7%" were
also subsequently integrated into the chromosome of strain D8, resulting in the strain D8AA.
Thereafter, a comparison of the performance of the strains DSAA and S028 AARF was carried
out using fed-batch fermentation. Surprisingly, fed-batch cultivations of DEAA clones showed
strong variations in growth and Trp production (Figs. 7.4A and B). Since the cultivation
conditions for DSAA clones were identical in all fermentations, the significant variations of
D8AA clones were suspected due to unknown mutations generated on the PTS-negative strain
D8 regardless of the cultivation conditions. So far, the reason for the variations is not clear with
our knowledge. Therefore, to characterize the genetic basis of DSAA clones exhibiting the
variations in growth and Trp production, the genome sequences of the DEAA-1 and DSAA-3
clones are to be determined and compared. Nevertheless, fed-batch cultivation of clone DSAA-
1 exhibited a higher level of Trp yield (0.20 g/g, Table 7.2) than SO28AARF (0.19 g/g, Table
7.2); however, final titer of Trp formation in DSAA-1 was less than that in SO28AARF
(41.49+0.03 g/L vs. 48.27+0.29 g/L at 63h). Reasonably, the Trp yield achieved in DSAA-1 is
higher than that reported in literature so far, making it attractive for industrial-scale Trp

bioproduction.

8.2 Outlook for future work

8.2.1 Further prospects and optimizations of the CGSS approach

As an efficient approach for in vivo screening and characterization of enzyme variants, CGSS
approach facilitates the integration of gene variants into the chromosome of the host
microorganism and examines the performance of enzyme variants under intracellular

environments.

The targeted microbial genome editing has recently played a prominent role in protein
engineering. For instance, the multiplex automated genomic engineering (MAGE) approach
could simultaneously target many genes for genome engineering (Wang et al., 2009). However,
it suffered low editing efficiency and a lack of traceability. Owing to the simplicity and high
efficiency of the technique of CRISPR/Cas9, multiplex genome editing has become possible
for engineering of various industrial microbes. On the basis of MAGE, several approaches have
emerged for efficient construction of large-scale and trackable libraries through combination
with CRISPR/Cas9 (Reisch and Prather, 2015; Ronda et al., 2016). For instance, CRISPR
enabled trackable genome engineering (CREATE) technique was developed with the capacity
of highly efficient CRISPR editing, DNA barcoding, and multiplexed rational design, and it has

been applied in site-directed saturation mutagenesis of target enzymes, reconstruction of
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adaptive laboratory evolution, and identification of stress tolerance genes (Garst et al., 2017).
Based on CREATE, an iterative CREATE strategy (iCREATE) was adopted for engineering of
the utilizing pathway of sugar mixture to achieve a tolerance against conventional hydrolysate
inhibitors in E. coli (Liu et al., 2018). Collectively, the capacity of multiplex genome editing
involved in these approaches can be integrated into the CGSS approach to achieve a broad range

of targets that require a simultaneous modulation of multiple genes.

Nevertheless, CRISPR/Cas9-facilitated dsSDNA break repair induces cellular stress responses
and leads to increased off-target mutagenesis rates. Insufficient understanding of sgRNA
sequence design may reduce the efficiency of Cas9 protein-facilitated cleavage at the select loci.
Therefore, due to the restricted efficiency of transformation and recombination, the CGSS
approach can only be applied in less than two site mutations for protein engineering. Typically,
the number of theoretical mutation colonies for random mutagenesis of two residues should be
more than 380 in order to cover all possibilities, when 95% reliable coverage is required.
However, Fig. 5.5B shows that the maximum amount of enzyme mutants generated by using
agar plate-based screening was approximately 400. If the number of mutations continues to
increase, the number of colonies generated on the agar plate may not cover all theoretical
possibilities. Ideally, the aforementioned drawback can be optimized by enhancing the
efficiency of transformation and recombination, by increasing the gene variant library in
genome context, or by linking the CGSS approach with the naturally modified mutators such
as MP plasmid (pJC184, Badran and Liu, 2015a), MutaT7 (Moore et al., 2018), and
polymerases DNAP Po/3 M (Halperin et al., 2018) (Table 2.2). In this regard, combining the
CGSS approach with the naturally modified mutators makes generation of the random
mutagenesis within the specific, well-defined DNA regions without construction of gene

variants in vitro and followed by transformation of gene variants.
8.2.2 Further improvements of continuous evolution approach

In Chapter 6, a CGSS-facilitated continuous automatic adaptive evolution platform was
developed and successfully demonstrated in evolving the GalP/GIK-dependent glucose

utilization strain.

As reported in Fig. 6.9, fed-batch fermentation of the strain D8 resulted in an increase of Trp
yield (0.16 g/g at 65h), which is 13.10% higher than that of the strain S028. However, obviously,
it is almost 2.5-fold as low as the maximum theoretical yield (0.45 g/g, Fig. 1.3B). Due to the
fact that no evolutionary pressure was imposed on the Trp biosynthetic pathway during

continuous evolution, the PTS-negative cell was forced to enhance its growth rather than the
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Trp synthesis. In this regard, additional evolutionary pressures such as the auxotrophy for Trp
synthesis are to be imposed during the continuous evolution of the strain GGM'. In practice, the
target enzymes in Trp pathway, such as AroCK enzymes or TrpEDCBA operon, can be
considered to be knocked out from the GGMT strain, resulting in a double-auxotrophic strain
(Trp- and PTS-auxotrophic strain). In this regard, only the GalP/Glk-facilitated glucose
utilization system regains its ability and the corresponding mutant contains the key enzyme
variants with desired performances; the mutants will remain dominant during the continuous
evolution. Correspondingly, the inlet flow rate of the fresh medium and outlet flow rate of the
waste culture are dynamically regulated in response to the fluorescence intensity instead of cell
density, so that only the fluorescence intensity of candidates over a threshold remains dominant
in the cultivation vessel, whereby the threshold can be manually adjusted in accordance with

the fluorescence intensity of the mutants.

Although precise control of the cultivation parameters (e.g., pH, temperature, and nutrient
conditions) and the characterization methods (e.g., optical density and fluorescence intensity)
have been achieved by continuous evolution, single-phase continuous cultivation systems are
susceptible to microbial contamination (Faassen and Hitzmann, 2015). Microdroplet-assisted
continuous cultivation can effectively address this problem by compartmentalization, i.e., by
encapsulating microbial cells in droplets on the scale of microliters or even nanoliters (Bowman
and Alper, 2019; Zeng et al., 2020). For instance, a microbial microdroplet culture system
(MMC) has been developed by Jian et al., (2019) for automated high-throughput cultivation
and adaptive evolution of microorganisms (Jian et al., 2019). Moreover, cultivation of microbes
is necessary for microbial sorting, identification, and screening. Therefore, development of
sorting approaches is demand for identification of mutants with desired performance during
continuous evolution, i.e., the fluorescence-activated cell sorting (FACS) or microfluidic
fluorescence-activated droplet sorting (mFADS). To date, the compartmentalization assays in
droplets make the microfluidic flow sorting system the most flexible and widely used screening
platform. In practice, individual mutants are compartmentalized into emulsion droplets, and the

mutants can be sorted by dielectrophoresis in a fluorescence-activated manner (as in FACS).

8.2.3 Further developments of the Trp-producing strain DSAA

As discussed in section 7.4, inefficient Trp production of D8AA-1 may be caused by
insufficient formation of biomass. Indeed, a sufficient specific formation rate of Trp was
observed during the production phase and thus it is expected that Trp production of the strain

S028AARF could be enhanced by generating more biomass (Fig. 7.2). Therefore, it is
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promising to further develop D8AA-1 to generate sufficient biomass for an increased

productivity of Trp.

As presented in Fig. 6.1, disruption of the PTS system in E. coli aims to block the conversion
of PEP to pyruvate and switch PEP to the Trp pathway. Since pyruvate is an essential precursor
for many intermediates and for energy metabolism in the TCA cycle. Thus, activation of the
enzymes involved in pyruvate formation is one of the promising strategies for supporting the
growth of PTS-negative strain. These enzymes include pyruvate kinases encoded by pykA4 and
pykF, anthranilate synthase encoded by TrpE, and carboxylase encoded by ppc (Fig. 6.1 and
Fig. 1.2). In theory, overexpression of these enzymes in the PTS-negative strain can to some
extent contribute to recovery of cell growth to the same level as the PTS-positive strain.
However, with this strategy, the precursor of PEP will be mainly used for the energy
metabolism to support cell growth rather than Trp biosynthesis (Fig. 1.3). Therefore, there is a
need to establish a dynamic regulation at the key node of PEP in a PTS-negative strain. With
this dynamic regulation, enzymes like PykAF could be activated during the growth phase;
subsequently, PykAF could be inactivated and another enzyme involved in the Trp pathway
such as AroG is switched on once the cell enters into the stationary phase. In this case, PEP is
mainly utilized for Trp biosynthesis during the stationary phase. So far, various well-
characterized models for stationary phase-responsive regulation of gene expression have been
developed and applied for microbial production, e.g., stationary phase sigma factor RpoS
(Hengge-Aronis, 1993), quorum sensing (QS) (Miller and Bassler, 2001), and
growth/stationary phase-dependent promoter and degradation degron (Gao et al., 2019).
Specifically, Gao et al., (2019) designed a dynamic control circuit using a growth/stationary
phase-dependent promoters and degrons for shikimic acid production. It was found that
uncoupling cell growth from the production phase has significant potential for shikimic acid
production. Thus, applying these stationary phase-responsive regulators at the node of PEP for
dynamically controlled expression of enzymes PykAF and AroG in PTS-negative strain is a

promising strategy for microbial production of Trp.
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