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ABSTRACT OF THE THESIS

Bioproduction of Ltyrosine and Ltyrosine derivatives by biosensing amadular

co-culture engineeringpproaches

By ZHENGHONG LI

Thesis Director:

Dr. Haoran Zhang

Producing aromatic compods, especially by using sustainable and
environmentally friendly methods, is of great research and application significances.
L-Tyrosineis one of 20 standard amino acids and is a key precursor for biosynthesis
of a wide range ofvaluable biochemicals. Téithesis research focuses on
constructing a microbial {tyrosine producer and utilizing it as a versatile platform
for bioproduction of valuadded Ltyrosine derivatives. For developing dyrosine
overproducer, key {tyrosine losynthesis pathway enzysiewere first over
expressed irE. coli. Subsequently, hiosensofassisted cell selection system was
established which, via utilization of a tyrosine biosensor protein TyrR, maintained
the growth of high performing cells in an g@nic population and remsed the
growth of the low performing cells. The experimental results showed that this method
resulted in a 5%old improvement of ktyrosine production. On the other hand,
overproduction of tyrosine derivativaacluding phenal 4-hydroxystyrene, caffei

acid and rosmarinic acid, were also investigated. Specifically, modulzulttwe



engineering approaches were utilized for hegiciency biosynthesis of these
products. The biosynthetic pathways for these products wereadiwdo separate
modulesgach of which was contained in one specialized E. coli strain. By using this
approach, phenol,-Bydroxystyrene, caffeic acid, and rosmarinic acid production
was improved for 5.3, 2.5, 1.2, and 38 folds, respectively. Moreovktctase
biosensors were udeén a growth regulation strategy in-calture system, which was
designed to automatically adjust the cell growth behavior based on the tyrosine
availability change. For-Aydroxystyrene and caffeic acid, the integrated use of
biosensors and modular -calture engineering resulted in 2.7 folds and 2.5 folds
production enhancement for-h§droxystrene and caffeic acid, respectively,
compared with ceulture systems without biosensor, and 6.9 folds and 2.9 folds
improvement comparedith the monoculture cordls. The accomplishments of this
thesis study demonstrate that biosensing and modutaultoe engineering are
valuable tools for future development of metabolic engineer and microbial

biosynthesis.
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Chapter 1 Introduction

1.1 Biosynthetic methods for clemical production

Nowadays, production of daily chemicals, especially for the aromatic

compounds, highly relies on the petroleum industry, which is netwable or

sustainable. Traditional methods of producing these compounds is also costly,

becausdhey often involve high temperature and/or pressure. Also, the solvent

and byproducts from the production processes can be detrimental to the

environmentandgep | eds heath. As

such,

mi

crobi

as a sustainable tool for produginmportant chemicals, including fuels,

commodity chemicals, specialty chemicals, and pharmaceutical chemicals.

Actually, it has been a long history for peoleise microbes to produce alcohols,

cheeses and sauces even before the microbes were discovdredscientific

sense. It is therefore of great significance to take advantage of these cell factories

and develop biosynthetic systems better than tradltiggedroleumbased

processes.
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Figure 1.1 Schematic illustration of biosynthesis pathways folhe compounds of interest.
DAHP (3-deoxy-D-arabino heptulosonate7-phosphate); DHS (3dehydroshikimate); SHK
(shikimate); S3P (SHK-3-phosphate); EPSP (&nolpyruvyl-shikimate 3-phosphate); CHK
(chorismate); 4HPP (4hydroxyphenolicpyruvate); 3,4DHPP (3,4
Dihydroxyphenolicpyruvate); SAA (salvianic acid A); TYR (L-tyrosine); pCA (p-coumaric
acid); 4HS (4hydroxystyrene); CA (caffeic acid); CACoA (caffeoyl CoA); RA (rosmarinic

acid); phenol (phenol).

Among the commonly used microbds, coli is consideredne of the best
biosynthetic tools due to the clear genetic background and the fast growth rate.
Also, E. coliis easy to manipulate and there are many available tools to engineer
E. colifor a specific biosynthetic system. This thesis itigased the bisynthesis
of a variety of important chemicals including simple compounds such as 1)
tyrosine, 2) phenol, 3) hydroxystyrene 4) caffeic acid, and complicated nature

products 5) rosmarinic acid. (Figure 1.1).

1.2 Thesis objectives

The overarching goabf this thesis research is to develop robust biosynthetic
systems for overproducing desired compounds with high performance. For this,
traditional metabolic engineering tools as new engineering strategies, such as
modular ceculture engineéng and biosesing, were introduced for enhancing
the biosynthetic ability. To this end, a tyrosine eperducing platform will be
first established by constructing bacterilin coli strains with an engineered
biosynthesis pathway and a biosensor askistd selectia system. A series of
downstream enzymatic steps were then introducdt tmlito convert tyrosine
to desired products. Namely, this study reconstituted the biosynthesis pathways

for heterologous production of vahaelded biochemicals showin Figure 1.1
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Figure 1.2 Monoculture and ceculture design.A) Monoculture design. B) Coeculture
engineering in a linear form.C) Caculture design in convergence form. Different host

strains were constructed for different modules of théiosynthesis pathway

1.2.1Modular ceculture engineering

Modular ceculture engineering is a newly developed approach for microbial
biosynthesis, which utilizes microbial -colltures to accommodate modularized
biosynthesis pathways. For biosynthesithefselected products ofisrstudy[1,

2], all the involved biosynthesis pathways were divided into separate modules,
respectively (Figure 1.2B and C). Each module was only responsible for one
portion of the bioproduction labor. Accordingly, a series ofcaltures were
rationally designed and constructed to accommodate the modularized pathways.
Each ceculturecontains multiple specializ&d coli strains that were engineered

to harbor the assigned biosynthetic pathway modules. The bioproduction by the
co-cultures was systematicalbptimized by changing several factors, including
inoculation ratio between the constituertatdture strains, ceulture cultivation
conditions, the limiting step of the pathway, etc. The engineeredltares were

characteried to gain insights for theo-culture growth and biosynthesis



behaviors. Specifically, the time profiles for stré@rstrain ratio, overall growth,
concentration of pathway substrates, intermediates, and products, overall

production yield, were analyzeshd compared.
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Figure 1.3Biosensor assisted high performing cell selection systef) Mechanism of
biosensor assisted cell selection system on high and low performing cells. B) Population

shift for biosensor assisted selection system.

1.2.2 Biosenseassisted high performing cedlelection

Using biosensors to select high performers among a cell population is another
emerging strategy that can effectively improve the production. The utilization of
biosensor is based on the fact that cells have different biosynthetic abiities
thouch they have the same genome configuration (the isogenic cells are naturally
different in terms of bioproduction performance). This can be explained by the
following reasong3]: 1) The gene copy numbers can be different from cell to
cell; 2) Theepigenetianodifications of each cell is not same; 3) The stability and
activity of mRNA are varied; 4) There is stochastic gene expression. To select the
cells with high biosynthetic ability, the biosensor systems are designed to
maintain the growth angropagatiorof high performing cells and repress the low
performing cells. They consist of three parts: signals, signal processing systems

and responses. In the biosensor assisted selection systems, signals are the



concentrations of the target compouncd thind wit biosensors, and responses
are usually the cell growth conditions. For signal processing, a biosensor binds
with the target metabolite and acts on a promoter that can specifically turn on/off
the expressionof an antibiotic resistance genesfetth promder) or a toxin

gene (offswitch promoter). Based on this design, the high performing cells with
higher concentration of the target compound can turn on the expression of
antibiotic resistance gene or turn off the expression of toxin to maatsonmal
growth status. Instead, low performing cells are repressed for growth by the
antibiotic or the toxin, which leads into a population shift in favor of the high

performing cells, as suggested in Figure 1[3B4].

1.2.3 Biosensebased growth redation sysem in coculture engineering

A biosensor can also be used as the growth regulatordnlttoe engineering
for dynamic balancing of the biosynthetic pathway. Specifically, pathway
intermediate concentration is used as the signal and t@ansstrain growth is
used as respons&he signal processing system is the similar to the biosensor
assisted selection system. When the pathway intermediate concentration is lower,
only upstream strains can grow and produce intermediate. Downstream strai
only grows and converts intermediafeeathe accumulated concentration of the
target intermediate is high enough torderess the cell growth via the sensing
and gene expression regulation function of the selected biosensor. When the
intermediate corentration is lower due to the downstreatrain consumption,
upstream cell gains growth priority and starts to accumulate intermediate again,

as suggested in Figure 1.4.
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Figure 1.4 Mechanism of biosenseassisted cell growth regulation system within ae

culture.

This growth regulatiosystem can maintain the upstream strain
advantageous when the concentration of intermediate is low and promote the
growth of the downstream strain when intermediate concentration is high. As
such, the biosyntheticathway can be dynamically balanced fargsoduction

optimization.

1.2.4 Insitu removal of product

As some biosynthesis products are toxic to cell growth, -@itunextraction
method was also tested in this research. There are many advantagasgfthis
in-situ extraction method5, 6]. Firstly, the organic solvent can reduce the
concentration of the product compound in aqueous phase and remove the toxicity
of product (e.g. phenol. Secondly;situ removal of product reduces the product
concentation in the aqueous phase, which psshe& enzymatic conversion

equilibrium toward the final compounds to improve the overall biosynthetic



ability. Also, this insitu product removal strategy is effective for alleviating the

feedback control of enzymatreactions .

1.3 Significance of thehesis

The significance of this research are several folds. First, the investigation of
tyrosinederived biochemical production generated new knowledge for microbial
biosynthesis of these valuable product with hefficiency. In particular, the
inclusion of heterologous enzymes and their functional expressida. inoli
promoted the understanding about the performance of individual pathway
enzymes and their collective behaviors in heterologous host.

Second, from th perspective of practical application, the success of this study
paved the way for large scale bioproduction of the involved products. Especially,
the bioreactor production study offered important protocols for high cell density,
high substate consumptio and high product production operations. This in turn
improved the availability of these products using a renewable, sustainable, and
costeffective method.

Third, this study provides critical knowledge for using modulacwture
engineeing to addresthe challenges of conventional mecwlture engineering.

To this end, the production advantages associated with engineecettures
were highlighted and the corresponding results showed how tbeltcoes led
to better biosynthesis perinance than tamonaeculture controls.

Lastly, this research crosses several research areas such as metabolic
engineering, biosensing, synthetic biology and bioprocess engineering, and

leverages the power of particular areas to others. As such, thet pfitbis work



promoted synergistic advances of these research areas, which is highly significant

for the future development of new engineering tools and methodologies.

1.4 Thesis organization

Chapter 2 describes the construction of a tyrosine overpragydatform
usng the biosensor assisted selection systems. Different biosensors and toxins
were used to establish effective selectin systems.

Chapter 4 and 5 disucss biosynthesis of tyrosine derivative phenyl. The
tyrosine producer constructed in Chaftevas used fophenol production using
a coculture strategy. Another pieonstructed tyrosine producer P2H was used
for phenol production from glycerol in monoculture by in situ product removal
strategy with resins, followed by the catalytic reactionptoduce alkylatd
phenol.

In Chapter 6, the aforementioned tyrosine producer P2H was used as the
upstream strain for producing caffeic acid anrlydroxystyrene using a growth
regulated biosensor in ewlture engineering. Downstream strains with the
tyrodne biosensor an adjust the growth automatically according to the
concentration change in the culture and thus facilitate the biosynthesis
optimization.

Biosynthetic pathways in Chapter 4 and 6 are all linear pathways using L
tyrosine as an intermediater the coculture systems, while some natural
products involve more complicated structure and convoluted pathways. In
Chapter 7, biosynthesis of rosmarinic acid, an ester of caffeic acid and salvianic
acid A, was accomplished. The involved divergeoaevergence pathways

highly challenging engineered with traditional metabolic engineering tools but



Ooffers a great platform to demonstrate the power of modulaultare
engineering.
Finally, Chapter 8summarizes the impacts of the experimental results and

discusses fuire study directions.
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Chapter 2 L-Tyrosine biosynthesis

2.1 Introduction

2.1.1 Backgrounds

L-Tyrosine (29-2-amino3-(4-hydroxyphenyl) propionic acjds one of 20
standard amino acids that are used for protein biosynthesis in Itefias
broadened use in multiple fields due to its good bioactivity. As a dietary
supplement, ttyrosine was found advantageous for people suffering stress, cold,
fatigueand sleep deprivation symptoms. It is alsatdigo alleviator as well as
an analgue to neurotransmitter and hormone, which leads to high medical value.

Besides, LHyrosine is also a versatile precursor for a series of aromatic
compounds that areidely applied in many different industrigg. Traditionally,
those aromatic deratives mainly rely on the production of petrolebased
industry. To this end, this thesis research aims to establish modtdaitae
systems for production of -tyrosine in E. coli, which provides us a more
sustainable and environmentally friendly @sg to those aromatic compounds.

Industrial L-tyrosine production relies on the protein hydrolysis in early times.
In 1820, Braconnot first extracteddlycine and ktyrosine from lamp muscle
hydrolysis solutions. Proteins were treated with acichfomo acids and then the
amino acids were extracted by ierchange resins. This method is limited by the
availability of raw material, complexity of reaction and separsttiechnology and
long manufacturing period. Three substitute methods are widedyrigge now.

1) Enzymatic reaction method.
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This method utilizes tyrosine phenol lyase (TPL) from microbes to convert
phenol, pyruvate, ammonia or phenolsérine to kLtyrosine. TPL with high
enzymatic reaction activity frofarwinia herbicolg Citrobacter intermediusand
Citrobactet freundii was well studied.Klebsiella aerogenesand Erwinia
herbicolawere first used by Lee and Hsio to produet/$oinefrom a twoestep
reaction from kLglycine. After 16 h of reaction, 26.3 gtirosine was produced
at a @.4% conversion rate of -glycine. However, this production system
fluctuated a lot due to the high inhibition effect efjlycine to TPL. Given the
low activity and stability of TPL, molecular biology tools for modifying the DNA
drew a lot research focusugene form KRIBB improved the activity of TPL by
high throughput screening from the library generated by random mutation and
DNA shuffling [8]. DNA seaiencing results suggested the mutation T129I and
T451A occurred on the functional region of the enzyand A13V, E83K and
T407A helped to improve the thermostability. In vitro experiments were
performed using the cell culture supernatant achieved 130 fgll-tgrosine

production and 94% conversion of phenol.

2) Fermentation

This method used selected naibes to convert carbon sources such as
glycerol, glucose and xylose totyrosine by fermentatiof@]. Early research
involved induced mutation for high-tyrosine producing strains by screening
strains with feedback control resistance tdytosine and kphenylalanine.
However, most microbes lacked the ability of lasgale accumulation of-L
tyrosine and traditional induced mutation methods were nettabvhodify all L-

tyrosine biosynthesis pathways. Recent research utilized metabolic engineering
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tools to redesign the metabolic pathways oftyrosine in Escherichia coli
Corynebacterium glutamicurBrevibacterium flavurandBacillus subtillis This

IS amilar to our research for building-tyrosine overproduction platform.

3) Chemical synthesis

Although chemical synthesis strategy dfylrosine was design in 19th century,
the method was widely used after 1950s. Organic synt[igi®f amino acids
was not limited to kyrosine; it can also produce unnatural amino acid with
special structures. Chemicgynthesis produced both-tprosine and Lyrosine,
although further separation effort isneeded. This method is still widely used today

and produces miibn tons per year.

2.1.2 L-Tyrosine biosynthesis pathway

E. coli has been proved one of the most raobusterologous host for-L
tyrosine overproduction due to the amenability in DNA manipulation and high
versatility in suiting the need of various generesgion. Ltyrosine production
in E. coliinvolves multiple native pathways. Figure 2.1 shows the bibggis of
L-tyrosine from different carbon sources. In this studyyrosine biosynthetic

pathways enzymes were modified and overexpressed in vivo.
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Figure 2.1 Schematic presentation of tyrosine biosynthesis pathwayE4P (erythrose4-P);

PEP (phosphoeolpyruvate); DAHP (3-deoxy-D-arabino heptulosonate7-phosphate);
DHQ(3-dehydroquinate); DHS (3dehydroshikimate); SHK (shikimate); S3P (SHk3-
phosphatg; EPSP (5enolpyruvyl-shikimate 3-phosphate); CHA (chorismate); TYR (L-
tyrosine). PTS: glucose uptakeystem, xyl: xylose uptake system.

E. coliis naturally capable of converting several different carbon sources to
aromatic amino acids via the shikimagtathway. This thesis research used D
glucose and Exylose as carbon sources&ucose and Exylose carbe obtained
by hydrolysis of lignocellulosic biomass, so they are available in large quantities
and low cost. More importantly, use of these renewalldan substrates
generates less pollution compared to the petroleum industry. For catabolism of D
gluco® and Dxylose, these sugars are first converted tglizose ghosphate
(G6P) and Dxylulose 5phosphate (X5P), which are subsequently introduced to

both glycolysis pathway and pentose phosphate pathway (PPP). The resulting
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intermediates phosephoenolpyate (PEP) and {8rythose 4phosphate (E4P)
combine with each other and enter the shikimate pathway, forming chorismate.
From chorismate, it branches3@romatic amino acids-tyrosine, L:-tryptophan

and L-phenylalanine.

2.1.3 Previous work for dtyrosinebiosynthesis irkE. coli

There have been extensive efforts fetytosine overproduction i&. colifor
in the past. Significant success has beehieved for converting renewable

feedstocks to ityrosine employing various engineering strategies.

Santos et al. developed a hitjitoughput screening method fortyrosine
production, resulting in 0.204 gtiyrosine/g glucosgl1]. Further adaptin of the
global transcription machinesngineering improved the production to 9.7 g/L
[12]. Na et alused an sRNA inhibition method to repress the competing pathway
of L-tyrosine, which, in combination with the conventional methods for
overexpressing dtyrosine biosynthesis pathway genes, achieved a yield of 0.1 g
L-tyrosine/g glucos¢l3]. Juminaga et alobtained a high dtyrosine yield by
overexpressing nearly all-tyrosine pathway genes and optimization of the
promoters and copy numbers for the ilwea genes, leading to 2.17 g/L- L
tyrosine production and 0.43 g-tirosine/g glucose yield14]. Xiao & al.
established a novel biosensor based population quality control (PopQC) method
using selection pressure to repress the growth of kiydsine praucers in the

population, resulting in a 0.05 gtirosine/g glucose yielf8].
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2.2 Experimental design

To establish a ityrosine producer as a platform for biosynthesis of other L
tyrosine derivatives, this study overexpressed a series of genes incuoBg
aroD, aroE, aroL, aroA, aroCAlso, aroG and ayrA genes were modified to
generatdeedback ontrol resistance to yieldroG™ andtyrA®™ [15]. To further
elevate the production of-tyrosine, the biosensorassisted selection system was

introduced.

In previous desigf3], tetracycline was added as the selection pressure and
the E. coli subpopulation with high tyrosine production can activate the
expression of tetracycline exporter gee#\ This leads to better survival for the
high performing cells compared with low performing cells as shown in Figure
2.2A. However, this degn can beproblematic when applied to larger scale
production, because 1) the addition of tetracycline results in high process cost; 2)
tetracycline concentration per cell is decreased when the cell culture grows into a
high cell density level and thus rexks the election pressure and 3) when L
tyrosine concentration is too high and oversaturates the biosensor, the biosensor
switch are kept on at the max level and loses the function of regulating the gene
expression. This thesis work utilizes the simidancept ofthe PopQC method

but proposes a new approach to achiexgrasine bioproduction ik. coli.
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Figure 2.2 Biosensor assisted selection system desighkisPopQC method for selecting high
performing cell in Xiao et al. design. B) new design for bisensor systems adopted by this
study. Differences are i) toxin was used instead of tetracycline for selection pressure. ii)
promoter of biosensor system was changed froRPmtr to Parop. iii) aromatic amino acid

exporter was used to reduce intracellular cocentration of L-tyrosine.

To address these issues, we designed a new biosensor system based on the
concept of Xiao et al. As Figure 2.2 A shows, the promoté&:. ablinative gene
aroP promoter[16] with a L-tyrosinetyrR complex binding region is used to
control the expression die growth regulatdnipA gene[4] which is a toxic gene
inhibiting the cells growth and propagatidi7]. When the intracellular
concentration of iyrosine is high enough, it interacts with the TyrR proteins to
form a hexamerral the resulting complexcts on the binding boxes next to the
aroP promoter to repress tHepA expression. As such, for the high performers
(high L-tyrosine production), HipA level is low and the cell growth is not
inhibited. For the low performers (low-tyrosine production), i growth is
limited due to the unrepressed expression of thixié gene.

By adopting théhipA gene as the selecting pressure instead of tetracycline,
we could avoid the first two issues described above associated with theradditi

of tetracycline. For th third issue, this thesis will utilize an aromatic amino acid
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exportefl8]. The purpose here is to reduce the intracellular concentration of L
tyrosine so that it can be maintained within the sensing range of the biosensor.
Even when the extracellular ceentration is high, the exporter can keep the
intracellular concentration of -tyrosine at a low level, which alleviate the

oversaturation issue of biosensor.

2.3 Materials and methods

2.3.1 Plasmids and strains

All E. colistrans as well as plasmids used in this study are presented in

Table 2.1. Primers used in this study were listed in Appendix.

Table 2.1 Plasmids and strains used in Chapter 2

Plasmids Description

pPACYCDuetl1 carrying theE. coliaroB gene

pB1l under the contilmf the proD promoter
(PproD)
pBD pPACYCDuet1 carrying theE. coliaroB and

aroD genes under the control thfe proD

promoter (PproD)

pBDE pPACYCDuet1 carrying theE. coliaroB, aroD
andphpCAT genes under the control thfe

proD promoter (PproD)
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pSE1l pET21c carrying th&ipAgene under the

control of themtr promoter (fntr)

pBS2 pET28a carrying the proD promot@proD)
and thearoE, aroL, aroA, aroC, tyrA®" and

aroG® genes

pBS8 pET21c carrying theroP promoter

pBS9 pBS8 carrying thé. coli hipA gene

Strains Description

T™M2 E. BL&I(OE3)carrying peT21c

BST E. BL&I(OE3)carrying BS9

TPS1 E. BL&UDOE3) carrying pBSandpBS9

TPR1 E. BL&IUOE3) carrying pB3 and pET21c

TPS2 E. BL&IOE3) carrying pBS2pBD and
pBS9

TPS3 E. BL&U(OE3) carrying pBS2pBDE and
pBS9

To construct an ityrosine producer, a strong constitutive promoter proD was
used[19]. A previously constructed plasmid pPH(4] was adapted for over
expression ofaroE, aroL, aroAand aroC genesunder the control of promoter

proD. A DNA fragment containing the genggA™ and aroG* was PCR
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amplified with primers ZLPR1TA and ZLPR2TA using thHe coli P2H
chromosomal DNA as the template. The PCR product was digested with
Spel/Hindlll followed ly ligation with pPHOGL treated with the same enzymes to
make plasmid pBS2. For pBDE construction, a commercial synthesized DNA
fragment of gene aromatic amino a@gdpCATwas digested with Hindlll and
Xhol and ligated to plasmid pBD treated with Bzame estriction enzymes.

To select for the high-tyrosine producers, the promoter of thecoli aroP
gene was utilized. The promoter fragment was PCR amplified with primers
ZLPR1AP and ZLPR2AP using K12(DER)2] chromosome as the template and
assembledo pET21c by Sphi/Ndel sites to generate pBS8. Plasmid pBS9 was a
pBS8 derivative with inclusion of the. coli hipA gene by digesting both pBS8

and a previously constructed plasmid pBEising Ndel and Xhol sites.

2.3.2 Cultivation conditions

All E. cdi strains were cultivated in 3 mL MY1 medium in 32 at 250 rpm.
1 L MY1 medium was comprised of 5g glucose, 0.5 g yeast extract, 2.Q@QINH
5.0 g (NH)2SQi, 3.0 g KHPQy, 7.3 g KHPQy, 8.4 g MOPS, 0.5 g NaCl, 0.24 g
MgSQs, 40 mg L-tyrosine, 40 mgphenylalame, 40 mg tryptophan, 10 mg 4
hydroxybenzate and trace elements. The working concentrations of trace elements
were 0.4 mg/L NgEDTA, 0.03 mg/L HBOs, 1 mg/L thiamine, 0.94 mg/L Zngl
0.5 mg/L CoCJ, 0.38 mg/L CuCJ, 1.6 mg/L MnC}, 3.77 mg/L C&l2, and 36
mg/L FeC}[20, 21] The antibiotics were used in the following concentration: 50

mg/L kanamycin, 34 mg/L chloramphenicol and 100 mg/L ampicillin.

ForL-t yr osi ne pr oduc elv) éverngbtuB culiureseot theo n ,

desirecE. colistrains were inoculated in MY 1 medium with necessary antibiotics
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and incubated in 3?C for 10 h. The cells were then harvested through
centrifugation and rsuspended in the fresh MY1 medium withiaial ODeoo

of 0.6. After 48 h cultivation, the culture samples were taken for HPLC analysis.

For the Ltyrosine biosenseassisted cell selection system characterization,
strain BST and TM2 were constructed by transformation of plasmid pBS9 and
pET21c nto BL21(DE3), repectively. To test the growth regulation without the
biosensor system, overnight culture with £dbf 0.3 was inoculated into fresh
MY1 medium containing 2 g/L glucose. @9 was measured after 18 h

cultivation.

2.3.3 Metabolites quanidation

Quartification of the pathway metabolites was conducted using Angilent 1100
HPLC with a DAD detector. 1.0 mL culture sample was centrifuged at 10000 rpm
for 5 min, and the supernatant was filtered through 0.45 pm
polytetrafluoroethylene membra syringe filtes (VWR International). 10 pL of
filtered sample was injected into a column from ES Industries Inc. (HyperSelect
ODS Plus C18 column 46150 mm, 5-tyrosing qudntificatioh. The
following gradient was utilized for elution: 0 mihQ0% solvent A; 5nin, 95 %
solvent A; 6 min, 75% solvent A; 10 min, 10% solvent A:1BL min 100%

solvent A.

2.4 Results and discussion

2.4.1 Biosensoeassisted selection system fotyrosine oveiproduction

E. colistrainTPR1was constructed astyrosine oveiproducer. This strain

was engineered to ovexpress key enzymes of the tyrosine biosynthesis pathway
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from a medium copy plasmid pBS2. The TPR1 culture was grown on 5 g/L
glucose for Ltyrosine bioproduction. As shown kigure 2.3A, 136 mg/L of L
tyrosinewas produced after 48 h cultivation. On top of this efforts, a biosensor
assisted high performing cell selection system was utilized. Specificallg, an
coli toxin genehipA was placed under the control of tecolib sroPge ne 6 s
promoter. This promoteepresses gene expression in the presenceybkine
through the regulation by transcriptional regulator TyrR. The activation of the
hipA gene expression generate toxic product and inhibit the growth of the host
stran. The constructed &oP-hipA opero was introduced into the BL21(DES3)
strain with an intact chromosom#&yrR gene. Based on this design, high
concentration of ttyrosine in the higiperforming cells represses the tokipA
gene expression and thus dat disrupt normal cell growth. In agparison, the
low-per f or mi ng cell séo gr owt h shoul d be
expression of toxidipA gene. As a result, the population of the engineered
upstream strain would be dominated by hmgrforming cés for enhancing
production of L-tyrosine.

After the establishment of the biosensssisted cell selection system, an L
tyrosine responses test was performed for the resutticgliBST. Specifically,
cell growth in the presence of different centration of ktyrosine was analyze
E. coli strain TM2 without the biosensasssisted selection system was
constructed as the control group. As shown in Figure 2.3Byrdsine
concentration had no significant influence on cell growth in the contrahst
without the biosensor. In comson, for the strain with the biosensor, the cell
density exhibited an increasing trend as thyrbsine concentration increase.

These results clearly confirmed that the constructed biosesswmted cell
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selection sgtem indeed had the desiredyltosine sensing and growth regulation

functions.
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Figure 2.3 Engineering E. coli for L-tyrosine production. A) L-Tyrosine production of
different E. coli strains. B) Correlation between cell growth and different concentrations of
L-tyrosine. E. coli strains without and with the biosensorassisted cell selection system were

compared.

In order to examine the functionality of biosenagsisted cell sestion for
supporting Ltyrosine production, plasmid pBS9 harboring the biosensor system
was used to gendmathe new Ltyrosine producing strain TPS1. It was found that
the production of Hyrosine was significantly improved to 577 mgiL,
demonstrating thetrength of the adopted cell selection strategy. Compared to
TPR1, L-tyrosine production in strain TPS1 svamproved by 4.4 folds. Further
modifications of the TPS1 strain was also attempted by-ex@ressing another
2 pathway genearoB andaroD. The resulting TPS2 strains produced 552 mg/L
of L-tyrosine, indicating no significance production improvement féasons
that L-tyrosine production was not improved can be the following. First,
biosensoassisted cell selection system was saturated at higbsimer
concentration in the culture. As suggested in Figure 2.3B, whgmokine
concentration was beyon@@ mg/L, the cell growth showed no obvious response
to higher L:tyrosine concentration. The possible explanation is that biosensor was

already activeed to the maximum level due to the high tyrosine concentration,
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and further increase of tyrosine concetdra did not make any positive impact

on cell growth regulation. On the other hand, enzymatic conversion catalyzed by
AroB and AroD might not be theate limiting steps compared to the other
pathway genes. Overexpression of these genes thus did not llemefiterall
production.

To address the biosensor saturation issue at higlokine concentration, the
aromatic amino acid export&hpCAT[18] was overexpressed using plasmid
pBD. Plasmid pBDE was then transformed iBtocoli and the resultingtsain
TPS3 was used for tyrosine production. It was found that thgrdsine
production by this strain reached 775 mg/L which is 5.9 folds highé¢heof
starting strain TPS3. In fact, the aromatic amino acid exporter enabled the cell to
maintain a lowerdvel of intracellular concentration of-tyrosine. Thus, the
biosensor was not saturated, and the cell selection system could work as expected
to sekect for high tyrosine producing cells. Notably, further analysis of the
intracellular L:tyrosine concentradn change before/after the exporter was

introduced will be helpful to characterize the effectiveness of the adopted strategy.

2.4.2 investiate these of other tyrosine biosensor and growth regulators

The biosenseassisted selection method was provecw methodology in
metabolic engineering. To expand its application, other metalvefmnsive
gene promoters and growth regulators were examimgtdaise in tyrosine over
production. The promoters and regulators tested are listed in Table 2.2.

Table 2.2 Summary of the promoters and growth regulators that can be used for

biosensorassisted cell selection system

targetmolecules Effectiveness
Sensing system




24

arop-TyrR L-Tyrosine Effective
arop-TyrR L-Phenylalanine Effective
mtr-TyrR L-Tyrosine Effective
mtr-TrpR L-Tryptophan Effective
mphAMphR Erythromycin Effective
dmpDmpR Phenol Effective
nah-NahR Anthranilic acid Effective
Growth regulators Inhibition mechanism Effectiveness

SRNA

(pyrH/dnaE/fabA)

SRNA (rpoC)

asRNA (rpoC)

gltxX

hipA

mlitB

Providing  oligonucleotides
binding on trascriptional

initial region

Providing oligonucleotides
binding on  transcriptional

initial region

Providing oligonucleotides
binding on transcriptional
initial region

Gene misharging E. coli
tRNA:®"with glutamate
Gene inhibiting the
macromolecular synthesis

Gene causing cell lysis

Not effective

Slightly effective

Not effective

Slightly effective

Effective

Effective

Arop-TyrR sensing system has good response ttyrasine and L

phenylalanine as an effvitch biosensof16, 22] Promoter of gene mtr, which

Is an L-tyrosinetransporter, is adtyrosineresponsive and acts as answitch
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for tyrosine and an ofwitch for L-tryptophan with the presence of TyrR and
TrpR. respectivelyf16]. Promoters of redans mph[23, 24]anddmp[25, 26]

were verified to be responsive to erythromycin and phenol with MphR and DmpR,
respectively. Thenah regulon promotef27, 28] can be used toesign the on

switch biosensor selection system for anthranilic acid. Feavotth biosensors,
antibiotics resistance genes can be used as a growth regulator. In the cases of off
switch biosensors, toxins can be used as growth inhibitors.

The smalRNA (sRNA) strategy13] uses a DNA fragment that can express
oligonucleotidedo bind with the transcription initial region (TIR) of the target
gene to prevent the expression. Notably, a scaffold structure following the anti
sense sRNA facilitate the comhtion of the Hfg protein, which increases the
affinity of SRNA and target DNAstrands. We used the sRNA to downregulate
some essential genes to interrupt the cell growth. Small RNA of PyrH (uridine
monophosphate kinase, gene for pyridine biosyntheg9)], FabA @-
hydroxyacytacyl carrier protein dehydratase/isomeragene for fatty acid
biosynthesis)30], RpoC (gene for RNA31L,B2 éand mer as e
DnaE (gene for DNA p38]) HomeveraoslyesRNAIfdr s ubun
rpoC gene showed a little gndgh inhibition and others showed no significant
repression when sRNAs were induced. Similarly, in an asRNA dEAgRNA
fragment is also expressed to interact the TIR for gene downregulation . The
difference is that two arms located on both sides tifsense RNA fragment were
assembled. The complimentary two arms can form hair pin structure, which can
stabilize the antsense binding and prevent the rapid degradation of the asRNA.
The asRNA targetig therpoC was tested but no obvious growth inhibitiovas

observed. GengltX was then tried as a toxin. This gene can cause the mischarge
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effect of the amino acid glutamate onto the tRRARNd the regular protein
synthesis will be perturbd85]. GenehipA[17] can convert the cells to dormant
state to make cells maintain a low metabolic rate without growth or propagation.
GenemltBis also a toxin that can kill cell by causing cell lysis. All the three genes
were proved to be working to a variableextt

To summarize the use of the biosensor séadi selection system, all the
sensing promoters and toxins provide abundant tools in the biosensor system. By
changing the sensing promoter, we can work on different target compounds for
production impovement. By varying the growth inhibitor, we can acfei
different levels of inhibition. For example, HipA and MItB are both toxins to cell
but the influence on cell is different due to the different inhibition mechanism.
HipA toxin enables the cells togersister, which means the cells are not killed
but kept alive with a low metabolic rate. On the contrary, MItB kills cells by lysing
the membrane structure and dead cells will release the intracellular nutrients and
metabolites to feed other living ce[l36]. These toxins can largely broaden our

tools formetabolic engineering by adjusting the cell growth conditions.

2.5 Discussion

In this chapter, adtyrosine producing system was established. Fhgdsine
biosynthesis pathway involves only dagenous enzymes, which are easier to
manipulate for epression inE. coli. For this, LTyrosine pathways genes were
cloned and overexpressed on plasmid. SpecificaloB, aroD, aroE, aroL, aroA,
aroC, tyrA andaroG were all cloned into the plasmids and introduced into the

host strain. AlsotyrA andaroG genes were modified to resist feedback control,
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providing large metabolic flux to -tyrosine. Besides these conventional
metabolic engineering strategies, a biose@assisted approch was used to select
high L-tyrosine producer to enhance the overall bitdsgtic ability of L-tyrosine.
With the biosensor assisted selection systenrtyrdsine concentration was
improved from 136 mg/L to 577 mg/L.

However, the bisensor could be saturated with high concentration-of L
tyrosine in the cell culture. Alsché metabolite mass transfer from cytosol to the
intracellular environment can affect the biosensor performance. For example,
when the concentration in the cell ecwk is high, low performing cells could
assimilate the environmentattizrosine so that thtracellular concentration is
high enough to activate the biosensor switch . As a result, low producing cells can
also maintain regular growth and propagationfurther improve the iyrosine
production, an aromatic amino acid exporter was adopted dacee the
intracellular concentration of tyrosine. The exporter can maintain the intracellular
concentration of iyrosine to a lower level, stimulating the cellptoduce more
L-tyrosine. As such, only those cells with truly high biosynthetic ability can
survive in the culture. It was shown in this chapter that 775 mg/l-tpfdsine
could be produced by the exporter producing strain, which was 5.9 folds
improvemet compared to the startingtirosine producing strain. These results
demonstrated the griepotential of this method for metabolic engineering.

On the other hand, the biosensaisisted cell selection system was not limited
to producing native metalites. Previous literature indicated various systems that
can be employed for applicatitime biosenseassisted cell selection system. We
have constructed a series of biosensor systel icoli, and the results were

shown in Table 2.2. Among those, samsor of phenol was discussed in a later
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chapter. Moreover, the efiwitch biosensor cansa be adapted to use with the
growth inhibitor.

Expression of toxin genbkipA can convert the cells to dormant persisters,
which can be used as a good tawlgrowth repressor instead of killing cells. On
the contrary, genenltB expression can caeiscell lysis. Experimental results
suggested a cell density drop aftetB was induced. These growth inhibitors
provide a versatile toolbox to exploit for diffetdavel of cell growth regulation,
which will facilitate the use of biosensassisted celkelection system in the

future
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Chapter 3 Phenol biosynthesis

3.1 Introduction

3.1.1 Background

Phenol is an important commodity chemical with weltognized industrial
values and enormous global market. Current production is reported to be 8.9
million tons a year all over the world. Phenol was also named carbolic acid
because it was first dievered by German chemist Runge F. from coaPtaenol
is also well known for its use as a sanitizer. Phenol is also a good precursor for
many industrial products. Phenol and itglerivativesare important for
manufacturing resins, polycarbonates, epoxies, bakelite, nylon, detergents,

herbicides such as phenaoxgrbicides, and numeropsarmaceutical drud87].

Currently, phenol production relies heavily on utilization of petrochemicals,
which often raises economiganvironmental, and sustability concerns. To
produce phenol from renewable feedstocks, microbes can be engineered to
convert L-tyrosine to phenol by decarboxylation carried out by enzyme tyrosine

phenol decarboxylase (TPL).

3.1.2 Industrial productioof phenol

Phenol wadirst extracted from coal tar followed by the chemical synthesis
methods. In the middle 1960s, cumene process was adopted for producing phenol
and acetone. After decades of development, 90% of phenol is synthesized from

this metlod [38]. Other industrial penol production methods of involve


https://en.wikipedia.org/wiki/Derivative_(chemistry)
https://en.wikipedia.org/wiki/Pharmaceutical_drug
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oxidation of benzene and toluene, hydrolysis of chlorobenzene and hydrolysis of

benzenesulfonate.
1) Hydrolysis of benzenesulfonate.

As an early commercial process developed by Bayer antsdido in 1900s,
benzenestibnate is first synthesized with benzene and sulfate. The
benzenesulfonate is then reacted with a strong base. The conversion is represented
below[39]. However, the benzenesulfonate pathway required high consumption
of sulfate ad sodiumhydroxide. This method is gradually eliminated due to the

high environmental hazard.

@ H2SO4 OSOBH Base

Figure 3.1 Hydrolysis of benzenesulfonate

OH

2) Cumene process

In this method, cumene is synthesized from benzene and propene in the
presence of AIGI The reslting product is then treated with acid to form phenol

and acetone.

AICI3 Oz, H* OH 0

propene T )’I\
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Figure 3.2 Cumene process

3) Hydrolysis of chlorobenzene

This method is similato hydrolysis of benzenesulfonate. Chlorobenzene is

hydrolyzed to phenol using either base or st

OH
NEOH + NaCl

\ O/OH + HCI

Figure 3.3 hydrolysis of chlorobenzene

ol

4) Oxidation of benzene and toluene

The direct oxidation of benzene to phenol is theoretically possibleasunot
been commercialized 1, 42] Using the toluene instead of benzene is considered

a more sustinable method for producing phenol.

O e
—
O, OH
O/ - @ + COp + H,0
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Figure 3.4 oxidation of benzene and toluene

5) Coal pyrolysis

Phenol can also be recovered from the byproduct of coal pyrolysis. This

process relies on the coal production i
3.1.3 Bimynthesis pathways of phenol

Chemical synthesis of phenol soften involves chemicals thatnate
considered 06greenod or sustainabl e. Pr c
compounds from biomass has received increasing interest. Using microbes such

asE. coli to produce phenol is considered as a potential alternative.

Glucose or
other Carbon ||— >
Source

AroE

Ent
4HPP¢ CHK ICHK
TyrAfr
TyrB II l UbiC lPChB

YclBCD

h ol Phenol Phenol

=

Figure 3.5 Phenol biosynthesis ii. coli through 3 pathways.DAHP (3-deoxy-D-arabino
heptulosonate7-phosphate); DHS (3dehydroshikimate); SHK (shikimate); S3P (SHK3-
phosphate); EPSP (Eenolpyruvyl-shikimate 3-phosphate); CHK (chorismate); 4HPP (4
hydroxyphenolicpyruvate); TYR (L-tyrosine); 4HB (4-hydroxybenzoic acid); ICHK (iso-

chorismate); SAL (salicylate).
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There are 3 pathways for biosynthesis of phenBl icoli, as shown in Fjure
3.5[43]. Carbon sources is first assimilated from the mecdameh converted to
chorismate by shikimate pathway. Then the chorismate can be converted to L
tyrosine and then phenol by tyrosine phenol lyase (TPL). Alternatively,
chorismite can be conwved to phenol via 4hydroxybenzoic acid or salicylate,
respectively.In this thesis, the biosynthesis pathway througfyrbsine were

adopted for phenol bioproduction.

3.1.4 Previous work for phenol biosynthesigincoli

All the three metabolic paways for phenol biosynthesiskn colihave been
studied in previous literature. Kiet al. construct a biosynthesis pathway from
glucose to phenol via intermediatetyrosine in a sSRNA regulated-tyrosine
producer5]. With the assistant of an-situ product removal method for phenol
extraction, 3.79 g/L of phenol was produced with a yield of 0.02 g/g glucose in
biphasic feebatch bioreactor. Nodat al. established a chorismigoducing
platform and used it to produtel g/L phenol through tyrosimenol lyase (TPL)
[44]. Miao et al. developed the pathway from-hydroxybenzoic acid and
produced 9.51 g/L phenol from glucose and yeast extract with a yield of 0.06 g/g
glucose using high density cultivation and gpbha® phenol extraction strategy
[45]. Moreover, Reret al. produced phenol from through salicylate and achieved
472 mg/L phenol production using glucose, glycerol and yeast extract as the
carbon substratgg6]. Thompsonret al. compared all three pathways mfienol
producing and concludedhdt the salicylatelependent pathway had a higher
production yield (35.7 mg/ g) t han t

cultivation conditiong43].

h e
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3.2 Experimental design

An L-tyrosine producer was constructed as described in Chapter 2. Genes
aroB, aroD, aroE, aroL, aroA, aro@ere overexpressed irkE. coliAlso, aroG
and ayrA genes were modified to generate feedback control resistance to yield
aroG® andayrA®". To further elevate the provision oftyrosine, the biosensor
assisted selectiossystem was introduced. For tyrosipeenol conversion, thpl
gene can be conveniently added to such a system for phenol production from
glucose. Specifically, a plasmid maining thetpl gene was constructed for

functional expression of the tyrosinegptol lyase fronP. multocidain E. coli

Also, phenol bioproduction by emerging-colture engineering approach was
also tested. Engineered-calture has been shown be a robust platform for
overcoming the challenges in recent metabolic engingergsearch. For
comparison, conventional monoculture approached and adoptedltore

engineering approach was both adopted, as designed in Figure 3.6.

upstream e. coli

Co-culture

Tyrosine
synthesis

Monoculture

[k con I

Tyrosine _
Phenol synthesis \ tyrosine */
.

! —
<----
k L-tyrosine

—_— e Phenol

N /

downstream e. coli
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Figure 3.6 Monoculture and coculture designs for phenol production.

3.3 Material and methods

3.3.1Plasmids and strains

All E. colistrains as well as plasmids used in this study are presented in

Table 3.1. Primers used in this study were listed in Appendix.

Table 3.1 Plasmids and strains used in Chapter 3

Plasmid Description

S

pACYCDuetl carryingtheE. coliaroB gene under the

pBl
control ofthe proD promoter (PproD)

pBD PACYCDuetl1 carrying theE. coliaroB andaroD genes
under the control ahe proD promoter (PproD)

pBS2 pET28a carrying the proD promot@proD)and thearoE,
aroL, aroA, aroC, tyrA™" andaroG® genes

pBS5 pET28acarrying the codowptimizedTpl gene

pBS6 pUC57 carrying the codeoptimizedTpl gene with a
constitutiveZymomonas mobiligyruvate decarboxylase
promoter (Ppdc)

pBS7 pET28a carrying the ptdpromoter andhe Tpl gene

pBS8 pPET21c carrying tharoP promoter
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pBS9 pBS8 carrying thé. coli hipAgene

pBS10 pBS2 carrying a Chireplacing Kaf

pBS14 pET21c carryingimpRregulon andetAgene under the
control ofPdmppromoter

pBS15 pPET21c carryingetAgene under theontrol ofPmtr
promoter

pRA pET21c carryingpobRoperon andetAgene under the
control ofPpobpromoter
pUCBsT kan) caEr.r yaiorbh rtchEe, ar
ar oA, armgboigdnes under the ¢

pSP2
constitutive Zymamenascmaolk
promoter (Ppdc)

pBR32 AmpR and Tek

2

pYCL pET28a carrying th&. coliW ycIBCDgenes that is under
the control of the proD promoter (PproD)

Strains Description

BH2 E. Bb?21i( pEWBHAY gqpah e A

T™M2 E. BLAU(DE3)carrying pET21c



BST

TPS1

TPR1

TPS2

TPR2

YPD1

YPD2

YPD3

YPD4

MPS1

MRR1

DPS1

LSDU

LSRU

LSDD

LSRD

YU3R
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E. BL&U(OE3)carrying BS9

E. BLE1UDES3) carrying pBS2ndpBS9

E. BLE1UDES3) carrying pB3 and pET21c

E. BLE1UDES3) carrying pBS2pBD andpBS9

E. BL&1UDES3) carrying pBS2pBD andpET21c

E. BL&UDOE3) carryingpET21c, pBS5

E. BL&UDOE3) carryingpET21c, pBS6

E. BL&UDOE3) carryingpET21c, pBS7

YPD3 carrying pACYCDuetl

BL21(DE3)carrying BS5, pBS9 and BS10

BL21(DE3)carrying BSb5, pET21cand BS10

D H 5darrying pBS14

BL21(DE3)carrying BS2, and [BS15

BL21(DE3)carrying BS2, and [BR322

BL21(DE3)carrying BS7, and B8S14

BL21(DE3)carrying BS7, and BR322

BH2 carrying pSP2, pRA and pBD
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YU33 BH2 carrying pSP2, pBR2 and pBD

DY3-D BL21 carrying pYCL, pBS14, and pACYCDuet

The construction of tyrosine related plasmids is described in Chapter 2. For
the tyrosinephenol pathway, thélpl gene fromP. multocidawas codon
optimized and synthesized by Bio Basic Inc, UBRsmids pBS5 and pBS6 were
constructed by inserting tAgl gene to Ndel/Xhol digested pET28a and-p&;
respectively. Th&pl gene was then PCR amplified by primers ZLPR1TL and
ZLPR2TL and ligatd to pET28#8roC vector by Spel and Xhol to generate pBS7.
Plasmid pBS10 was constructed by replacing theRkgame of a previously
constructed plasmid pBS2 with the €mene. Specifically, the Chifragment
was amplified by primers ZLPR1KC and ZLPR2KCGCings pACYCDuetl as

template and inserted into pBS2 usingoKhnd EcoNI.

4 .3.2 Cultivation conditions

All E. colistrains were cultivated in 3 mL MY1 medium in %7 at 250 rpm.
1 L MY1 medium was comprised of 5g glucose, 0.5 g yeast extract, 2.Q@INH
5.0 g (NH)2SQy, 3.0 g KHPQy, 7.3 g KHPQ, 8.4 g MOPS, & g NaCl, 0.24 g
MgSQs, 40 mg L-tyrosine, 40 mg phenylalanine, 40 mg tryptophan, 10 mg 4
hydroxybenzate and trace elements. The working concentrations of trace elements
were 0.4 mg/L NgEDTA, 0.03mg/L HsBOs, 1 mg/L thiamine, 0.94 mg/L Zngl
0.5 mg/L CoCJ, 0.38 mg/L CuC, 1.6 mg/L MnC}, 3.77 mg/L CaCl and 3.6
mg/L FeC}. The antibiotics were used in the following concentration: 50 mg/L

kanamycin, 34 mg/L chloramphenicol and 100 ma#hpicillin.
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For phenol monocul ture ckofthadesiredd. cul t i v
coli strains was inoculated in LB medium with necessary antibiotics & 8.

The cells in overnight culture were then harvested through centrifugation-and re
supended in the fresh MY1 medium with an initial ®of 0.6. After 48h
cultivation, the culture samples were taken for HPLC analysis.

For phenol production usirg. colii E. colico-cultures, glycerol stock of the
desirecE. colistrains was inoculat in LB medium with necessary antibiotics in
37 °C. The upstream andownstream cells in overnight culture were then
harvested through centrifugation andstespended in the fresh MY1 medium
according to inoculum ratio with an initial @8 of 0.6, folloned by 48 h
cultivation at 37C.

To test the growth response to pbkrthe OvernightE. coli strain DPS1
cultures was centrifuged and-saspended in 2ml fresh M9 medium with 0.2
initial inoculation OB at different concentrations of phenol, the culture was

then subjected to optical density analysis at 600 nm afteirigubation at 37C.

3.3.3 Metabolites quantification

Quantification of the pathway metabolites was conducted using Angilent 1100
HPLC with a DAD detector. 1.0 mL culture sample was centrifuged at 10000 rpm
for 5 min, and the supernatant was filetrethrough 0.45 pm
polytetrafluoroethylene membrane syifilters (VWR International). 10 pL of
filtered sample was injected into a column from ES Industries Inc. (HyperSelect
ODS Plus C18 column 486150 mm, 5 ¢ #yjosink and phermlt h L

quantification. The following gradient was utilized for elutidd:min, 100%
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solvent A; 5 min, 95 % solvent A; 6 min, 75% solvent A; 10 min, 10% solvent A;

11-16 min 100% solvent A.

3.4 Results and discussion

3.4.1 Phenol monoculture construction

For phenol production through thgrosinedependent pathway, only one
heterologous enzyme is needed for converting tyrosine to phenol. Therefore,
plasmid pBS5 containing tyrosine phenol lyase gepg was consucted and
transformed to both-tyrosine producing strains without and wikie biosenser
assisted cell selection system, respectiveljhe resulting strains, MPS1 and
MPR1, were then cultivated in MY1 medium for 48As shown in Figure 3.7,
the phenolproduction was detected in both mecwdture strains. Interestingly,
MPS1 shaved lower phenol production than MPR1. On the other hand, the
overall flux through Ltyrosine in both strains was lower than the original L
tyrosine producer strain. In fact, tipeevious result in Chapter 2 indicated that
more than 4 folds increase of ¢gine flux was achieved using the biosensor
assisted cell selection system (577 mg/L vs. 130 mg/L). However, in phenol
production system, the total flux of towards phenol in shr@in without the
selection system was comparable to the strain with theadelttion system. This
can be explained as follows. The introduction of the tyreseresing cell
selection system in fact favored the growth of the cells with better tyrosine
accumulation capability (high tyrosine intracellular concentration can help the
cells to grow better in the presence of the cell selection mechanism). However,

this does not necessarily help select for high phenol producing cells. From this
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point of view, he phenol production is not improved by introduction of the

biosensoiassistedtell selection system using tyrosine as the sensing target.

Mono culture production

100
5 tyrosine
g 80 [ H phenol
60
5 .
o 40
)
e 20
o
0

sensor No Sensor

Figure 3.7 phenol production by E. coli monocultures without (MPR1) and with (MPS1)

the biosensorassisted cell selction system.

Also, in E. colistrain harboring the biosensassistectell selection system,
use of L:tyrosine in the cells is twiplds. First, L-tyrosine is the precursor of
phenol biosynthesis and is consumed by the enzymatic reaction to ppbeunce.
On the other hand,-tyrosine binds with TyrR sensor protein and tasulting
hexamer complex interacts with the corresponding gene promoter and represses
the HipA toxin expression to support normal cell growth. Therefore, the
introduction of thetyrosinesensing cell selection system in fact favored the
growth the cells wh better tyrosine accumulation capability (high tyrosine
intracellular concentration can help the cells to grow better in the presence of the
cell selection mechanism). Howeyéhis does not necessarily help select for high
phenol producing cells. Frothis point of view, the phenol production is not

improved by introduction of the biosensassisted cell selection system using
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tyrosine as the sensing target.There is subtldetfi between Lyrosine

formation and consumption under the selection pressisrshown in Figure 3.8.

TYR TYR-tyrR Bind.ing to r.e.press
> complex —  hipA toxicity

Tpl J'

e Better cells
survival
=
High phenol
production
Figure 3.8 schematic illustration of the tyro:

biosensorassisted cell selection system

4.4.2 Coculture engneering for phenol production

Since the use of the biosensmsisted cell selection strategy was not
suitable for phenol production in the context of the monoculture, the biosynthetic
system was redesigned. To this end, the modutaultore engieering strategy
was adopted fophenol biosynthesis. Specifically, twi®. coli strains were
recruited to accommodate the whole phenol biosynthesis pathway. The upstream
strain is responsible for producing tyrosine from carbon source, and the
downstream séin was engineered to convéytosine to phenol. Such a design
provides the following advantagdd7, 48] 1) The biosenseassisted cell
selection system can be used in the upstream strain for enhancing tyrosine
formation; the downstream is solely respitate for phenol production wWiout
the use of the biosensor. This avoids the issues of favoring the formation of

tyrosine accumulator cells but not the phenol producing cells, as encountered in
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the moneculture ;2) The metabolic burden associated witlereexpression of

theentrepphway i s di vi

ded

bet ween two strai

fitness and biosynthesis performance; 3) Using two E. coli strains in one system

offers a straightforward method for pathway balancing by adjusting the

subpoptations of the ceculture strans; 4) The downstream strain is dedicated to

functional expression of the heterologotdd gene, which improves the

bioconversion efficiency of the associated reaction.

To implement the strategy of -@ulture engineeng, plasmid pBS5

expressing tdtpl gene was transformed into downstream strain. The resulting

strain YPD1 was caultivated with the upstream strains TPR1 and TPS1,

respectively. Different inoculum ratios were used for adjusting the biosynthetic

capabilties of the pathway modulesdabioproduction optimization.

W/O biosensor assisted selection
system

>

N
o
(@]

H tyrosine M phenol

[y
w1
o

wu
o

Production (mg/ L)
o
o

o

19:1 9:1 4:1 11 1:4 1.9 1:19

inoculation ratio

B With biosensor assisted selection

600

= 500
oo
£ 400
S 300
o
S 200
o]
2 100
[«

0

system

M tyrosine M phenol

19:1 9:1 4:1 1:1 1:4 1.9 1:19
inoculation ratio

Figure 3.9 Phenol and tyrosine concentrations for TPR1:YPD1 and TPS1:YPD1 €0

cultures

As shown in Figure 3.9A, overly high inoculation of the upstream stain led to

excessive accumulatiaof the pathway intermediate tyrosine. High inoculation

of the downstream strain generated strong tyrosine consumption power and low

tyrosine accumutai on; but i

t also |imted the
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and cause insufficient supply of tyrosirBased on these two effects, the phenol
concentration increased and then decreased with the inoculation ratio variation
between the caulture strans. The highest phenol production for TPR1:YPD1
co-culture without the biosensaissisted cell selectiosystem was 75 mg/L,
which was achieved at inoculum ratio of 4:1. As mentioned in Chapter 2, there is
an reaction equilibrium for 4yrosine conversio to phenol. The phenol
production can be largely improved if thetyrosine provision is improved. To

this end, a more powerful tyrosine producer with biosefssisted selection
system was used as the upstream strain. As shown in Figure 3.9B, after the
biosensor system was incorporatéite tyrosine accumulation was increased
tremendously, and the overall ggfol production was improved at most of the
inoculation ratios. The highest phenol production was improved to 121 mg/L. In
addition, due to the enheed tyrosine supply capability of the upstream strain,
less upstream strain cells are needed for phenduptimn. As such, the optimal
inoculum ratio shifted from 4:1 to 1:4. These results confirm that more powerful
upstream tyrosine provider enabled tlmvnstream consumer to make more the

final product.
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Figure 3.10 Phenol bioproduction by ceculture (A) TPR1:YPD2, (B) TPS1:YPD2, (C)
TPR1:YPD3 and (D) TPS1:YDP3. TPR1 and TPS1 are the strains without and with the

biosensorassisted cell selection systemespectively. YPD2 and YPD3 are the strain using

the pdc and proC promoter (with different strengths) toexpresstpl gene, respectively.

Co-culture engineering can also be combined with the other traditional

metabolic engineering tools, such asmjmation of the gene promoters and copy

number, and gene knockouts etc., for biosynthesis improvemehtis lchapter,

high L-tyrosine accumulation of 450 mgAwvas observed, indicating the rate

limiting step was no more the upstream provision-bfriosine but the conversion

to phenol. To this end, two constitutive promotepsicandPproCwere used to

contrd the tpl gene expression, respectively, yielding two new downstream

strains, YPD2 and YPD3. As shown in Figure 3.10 (A) and (B), for theiltare

using the downstream strain YPD2 with Bygdcpromoter, the phenol production

results were similar tausing T7 promoter (Figure 3.9). Both -@miltures

without/with the biosensor produced 1020 mg/L phenol, suggesting the
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downstream conversion rate limited the overall production of phenol regardless
of tyrosine provision. As shown in Figure 3.10 (A) @), (for the cecultures

using the downstream strain YPD3 with tAproC promoter[19], the phenol
production was largely elevated, and the highest phenol concentration was 210
mg/L at the inoculum ratio of 9:1. Also, the accumulation of tyrosine was reéduce
tremendously (500mg/L to 180mg/L) compared with thecatiures using the

Ppdcpromoter. The ttyrosine accumulation was kept a low level, indicating that

its supply was the bottleneck step for thecotiures using th@procCpromoter.

Figure 3.11 Pkenol biosynthesis using the TPR2:YPD4 and TPS2:YPD4 exulture
systems. GenearoB and aroD of the upstream shkimate pathway were oveexpressed in
the upstream strains TPR2 and TPS2.

Efforts for improving Ltyrosine flux was made to further impropéerol
production by introducing additional copies of the shikimate pathway geoBs
andaroD. New upstream strains TPR2 andTPS2 strains carrying geni@and
aroD was then ceultivated with YPD4 strains. As shown in Figure 3.11, the
overexpression of th aroB and aroD genes generated no improvement for
phenol production. In fact, the final product concentrations were lowered,
comparing Figure 3.11A and Figure BQ This was also due to the limited

availability of L-tyrosine concentration. After the inttuction of the biosensor






























































































































































































































































































































