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ABSTRACT

L-Tyrosine which is one of the terminal metabolites of highly regulated aromatic amino-acid bio-
synthesis pathway in Escherichia coli is a precursor for synthesis of L-Dopa. In this study, we report
over production of L-Dopa by enhancing expression of rate limiting isoenzyme of shikimate kinase
(aroL), chorismate synthase (aroC), aromatic-amino-acid aminotransferase (tyrB) and 3-phosphoshi-
kimate 1-carboxyvinyltransferase (aroA) form a plasmid module harboring five enzymes under two
inducible promoters converting shikimate to tyrosine. 4-hydroxyphenylacetate-3-hydrolase (hpaBC)
which converts L-Tyrosine to L-Dopa was expressed constitutively from a separate plasmid mod-
ule. Feedback deregulated expression of 3-Deoxy-D-arabinoheptulosonate-7-phosphate (DAHP)
synthase (aroG*) replacing wild type aroG under its natural promoter led to enhancement of
L-Dopa production. Deletion of transcriptional repressor tyrR and links to other competing path-
ways improved titers of L-Dopa. We focused on having a balanced flux by constitutive expression
of pathway enzymes from plasmid constructs rather than achieving higher amounts of catalytic
protein by induction. We observed glycerol when used as a carbon source for the final strain led
to low acid production. The best performing strain led to decoupling of acid production and
product formation in bioreactor. Fed batch analysis of the final strain led to 12.5g/L of L-Dopa
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produced in bioreactor.

Introduction

Fifty years after the introduction of L-Dopa by George Cotzias
as the successful proven treatment of Parkinson’s disease and
dopamine-responsive dystonia it still remains the only stand-
alone drug available in the market.!"! The current L-Dopa
industry turnover is around 250 tons per year with a market
value of 101 million per year.m The bulk of L-Dopa produced
by different industries worldwide comes from catalytic asym-
metric hydrogenation of cinnamic acid which employs
[Rh(R,R)-DiPAMP)COD]"BF4~ catalyst and is known as
Monsanto process. The major drawbacks of the process are
poor yield and lack of enantioselectivity.”! Nevertheless, cata-
Iytic asymmetric synthesis of L-Dopa is going to be backbone
of industry for quite a while from now as the alternatives will
take time to emerge as viable industrial technologies in future.
Pathway engineering and simultaneous bio-process optimiza-
tion which has proven to be highly successful for many other
commercial metabolites such as tyrosine, phenylalanine, tryp-
tophan, and shikimic acid is a viable alternative which can
replace the tedious chemical synthesis of L-Dopa in future.
Despite the fact that high titers of amino acid and shiki-
mate have been obtained by pathway engineering the

production of L-Dopa had only partial success. The putative
reason which is most commonly overlooked is the energy
intensive character of the aromatic amino-acid biosynthesis
pathway (Fig. 1).*"®) Metabolic engineering strategies for
over production of metabolites have largely focused on
directing major carbon fluxes toward desired product forma-
tion. Primarily these have been achieved either by removing
fluxes from competitive pathways and over expression of
pathway enzymes or by combinations of the two.”™®! Over
expression of pathway enzymes are normally achieved when
respective genes cloned under a strong inducible promoter
are harbored in plasmid modules. However, since the global
circuitry of the cell is highly complex and all processes are
ultimately interwined, over expression of pathway enzymes
is only half way to the real solution. A major diversion of
carbon flux leads to perturbations in the overall steady state
of the cell. These perturbations propagate through the cell’s
metabolic and regulatory networks which lead to a diverse
range of interdependent, transient responses in the abun-
dance of metabolites, transcripts, and proteins.!”’ Over
expression of pathway enzymes for metabolite over produc-
tion have two major disadvantages: (i) molecular resources
have to be allocated for synthesis of higher amount of
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Figure 1. Pathway for aromatic amino biosynthesis in Escherichia coli. Since the pathway is involved in synthesizing aromatic compounds from open chain highly
oxidized substrates like glucose it is highly energy intensive. Energy requirement for conversion of Shikimate to L-Dopa has been provided for reference. The nega-

tive signs signify feedback/repression and positive signs signify induction.

protein and (ii) major carbon flux directed toward target
metabolite synthesis leads to perturbations in steady-state
metabolite pool of cell. When observed closely over expres-
sion of pathway enzymes partially antagonize diversion of
major metabolic fluxes toward target metabolite synthesis
and vice versa since molecular resources need to be allocated
for protein synthesis also. The following can be demon-
strated by a qualitative treatment provided in the book
Physical Biology of the Cell by Philips, Rob et al. where mul-
tiplying the energetic cost of making each amino acid by its
relative abundance in cell, it has been estimated that the
average energetic cost to synthesize an amino acid is roughly
1.2 ATP equivalent (under aerobic condition in Escherichia
coli) while incorporation of each amino acid to the growing
polypeptide chain roughly require 4 ATP equivalent which
include cost of attaching amino acid to t-RNA, and to
power the movement of ribosome. Addition of a single
amino acid to a growing polypeptide chain requires total 5.2
equivalent of ATP energy. Thus, it is clear that over expres-
sion of pathway enzymes has its own hidden cost which we
often tend to ignore."”) Furthermore, since active protein
degradation is not a regular phenomenon in E. coli excessive
accumulation of proteins causes irreversible changes in host
cellular homeostasis which cannot be restored by means of
pathway and regulatory oscillations.!!~'?!

For production of L-Dopa the strategies mentioned above
and their related problems have been grossly observed and
discussed by researchers. Munoz et al. reported improve-
ment of L-Dopa production in E. coli by replacement of
functional PTS system with over expression of galactose

permease (GalP) and glucokinase (Glk) and deletion of
transcriptional regulator tyrR which led to higher yield of
aromatics. 4-hydroxyphenylacetate 3-hydroxylase (hpaBC)
from E. coli, cyclohexadienyl dehydrogenase (tyrC) and cho-
rismate mutase (pheAcy) from Zymomonas mobilis were
over expressed under IPTG inducible “trc” promoter.
A feedback-resistant version of DAHP synthase (aroG) and
tktA encoding transketolase, both from E. coli were also
over expressed from a separate plasmid module. The final
strains lead to a maximum titer of 1.5g/L of L-Dopa in fer-
menter after 40-hr production phase.!’*! Recently Wei et al.
reported 8.67g/L of L-Dopa by knocking out glucose-6-
phosphate dehydrogenase gene (zwf), prephenate dehydra-
tase and its leader peptide sequence (pheLA), transcriptional
regulators (tyrosine repressor tyrR and carbon storage regu-
lator A c¢srA) and switching glucose transport from the
phosphotransferase system (PTS) to ATP-dependent uptake
by over expression of galactose permease (galP) and glucoki-
nase (glk). Multiplex automated genome engineering
(MAGE) was used to improve L-Dopa production and the
best strain after 40hr of fed batch study yielded 8.67g/L
of L-Dopa. The fermentation medium (pH 7.0) contained
10g/L of peptone and 5g/L of yeast extract while the gross
composition of feed was 500g/L of glucose, 25g/L of
tryptone, 50 g/L of yeast extract, 17.2g/L of MgSO,-7H,0,
7.5g/L of (NH4)SO4 and 18g/L of ascorbic acid. Thus, a
highly rich composition of media had been used which itself
may contains a heavy stock of tyrosine/tyrosine precursors.
Thus it is subtly impossible to obtain actual L-Dopa titers
converted from tyrosine synthesized by the strain from



tyrosine stocks already present in Yeast Extract and
Peptone. Furthermore, the study also includes over expres-
sion of hpaBC from plasmid under an indu-
cible promoter.!*

Three major control modals which have been universally
accepted, reported and targeted by all authors as the primary
determinants of regulation in the aromatic amino-acid path-
way are tyrR gene which is involved in transcriptional
repression of aromatic amino-acid biosynthesis and trans-
port, feedback regulation of 3-deoxy- D -arabino-heptuloso-
nate (DAHP) synthase (aroG) by phenylalanine and rate
limiting pathway enzymes encoded by aroL or aroK. tyrR
modulates expression of at least 8 unlinked operons. Seven
of these operons are regulated in response to changes in the
concentration of the three aromatic amino acids (phenyl-
alanine, tyrosine and tryptophan). These amino acids are
suggested to act as co-effectors which bind to the tyrR pro-
tein to form an active regulatory protein. Thus tyrR was
deleted in our current study to increase the production of
tyrosine which is a precursor to L-Dopa. Incorporation of
feedback deregulated version of 3-deoxy-D-arabino-heptu-
losonate (DAHP) synthase (aroG*) gene by replacing wild
type aroG, enhancing the expression of aroL and feedback
deregulated tyrosine synthase (tyrA*) increased L-Dopa
titers obtained from glycerol in this study. aroG converts
80% of the total DAHP synthesized from PEP and E4P to
drive synthesis of aromatic amino acid in E. coli. aroG is
highly sensitive to traces of phenylalanine that causes feed
inhibition of DAHP synthase. Improvement of glucose
transport by over expressing phosphoenolpyruvate synthase
(PpsA) and transketolase A (TktA) to increase E4P supply
for aromatic amino-acid synthesis has been reported to be
partially effective and hence was not a part of this study. All
these simultaneous modifications when taken together, how-
ever, did not translate in high L-Dopa productivity from
glucose or glycerol unlike other metabolites like Shikimate,
phenylalanine etc. Increasing copy numbers of pathway
enzymes, fine tuning of RBS, intergenic region engineering,
and enhancing RNA stability are some of the major strat-
egies in metabolic engineering and have been targeted
widely by researchers in developing high aromatic amino-
acid producing bugs."” In the course of our study we real-
ized that the key to extended production phases ultimately
depend on flux balancing. High productivity relies mainly
on an uninterrupted flow of flux maintaining a global steady
state of the cell."® In this regard Juminaga et al. designed
pathway modules for tyrosine over production in E. coli.
The bio-brick operons were constructed in two different
plasmid modules and they were ultimately transformed in
E. coli MG1655 strain. The final strain was tested in fer-
menter and the plasmid modules were induced by IPTG to
achieve higher expression of 10 pathway enzymes con-
structed in two plasmids to obtain 2 g/L of tyrosine from fed
batch fermentation."”) Thus all major works in this area
had fundamentally been focused on higher expression of
pathway enzyme rather achieving steady-state fluxes vital for
extended phase of production."*'*) More over as will be
subsequently observed in the result section over expression
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of enzymes is ultimately associated with more acetate gener-
ation which undermines cellular health in long hours of fer-
mentation.” High levels of protein inside the cell can
trigger cellular stress response which summarily can hinder
metabolite production.?!) In our current study to achieve
the goal of having balanced flux minimum required modifi-
cations were assembled for synthesis of shikimate from gly-
cerol rather than glucose in E. coli W3110 host genome and
connections to other non-essential competing pathways
diverting from E4P-PEP junction were removed. From
Shikimate to L-Dopa-the synthetic pathway was constructed
using two plasmids modules encoding total six genes. The
modules were assembled in the engineered W3110 host and
were tested for production. The promoters in the plasmid
were used as constitutive with no IPTG induction and fed
batch fermentation was performed using optimized feeding
strategies with glycerol as the carbon source. The leaky
expression of the promoters provided enough catalytic pro-
tein which leads to enhanced L-Dopa productivity in shake
flasks. Fed batch fermentation of the best performer was run
for 48 hr using a 2.5L broth using modified minimal media
containing 2% yeast extracts with a highest yield of 12.5g/L
of L-Dopa for an exponential feeding profile.

Materials and method
Details of cloning procedures and genome modifications

The base plasmid used in this work was pMALp2X from
NEB. pY3 (https://www.addgene.org/50606/) and pS3
(https://www.addgene.org/50596/) plasmids with their con-
structs'”) were kindly donated by Prof. Jay Keasling,
Lawrence Barkley National Laboratory. Both pRBSI, the
base plasmid for pY3 and pMALp2X have ampicillin resist-
ance as a selection marker. The ampicillin resistant gene in
PMALp2X was inactivated by inserting kanamycin resistance
cassette (from pET29a plasmid) in the unique Scal restric-
tion site present within coding sequence of the amp gene,
the vector so forth was called pMAL-Kan. The Dopa module
converting tyrosine to L-Dopa «called as pMAL-
Kan 4+ HpaBC (CS1) was constructed by cloning hpaBC
gene [4-hydroxyphenylacetate-3-hydrolase] which was PCR
amplified from BL-21DE3 E. coli strain (Fig. S1 in
Supplementary Material) between Ndel and EcoRI restriction
sites. The 5'-UTR region upstream to hpaC was used in its
native form. Choice of restriction sites Ndel and EcoRI auto-
matically excised the maltose binding fusion protein down-
stream to the promoter in pMALp2X vector. In another
construct pMAL-Kan + HpaBC +aroG* (CS2), feedback
resistant aroG* gene (amplified from the pS3 plasmid) with
a consensus ribosomal binding site of 5-AGGAGG-3' and
spacer sequence of 5'-CCATCC-3'*? was cloned between
EcoRI and Xbal restriction sites (Fig. 2). tyrR (transcription
regulator), pykF (gene responsible for directing the PEP flux
toward pyruvate to super pathway of Valine family amino-
acid synthesis) and serA (gene responsible for directing glyc-
erate-3-phosphate flux toward super family of Histidine
amino-acid biosynthesis) were deleted from wild-type E. coli
W3110 by P1 transduction [Details of lysate preparation and
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Figure 2. pMAL-KAN hpaBC (CS1) and pMAL-KAN hpaBC aroG* (CS2) were used as Dopa module in combination with plasmid pY3 in modified strains A and B.

calculation of phage titer available in Section 4.2] employing
method described by Thomason et al. and hence was desig-
nated as Strain A.**! The corresponding donor mutants for
performing transduction were purchased from E. coli
Genetic Resources at Yale CGSC (http://cgsc2.biology.yale.
edu/), as shown in Table 1. The plasmid pCP20 (replicates
only at 30°C or below) which had a heat sensitive origin of
replication and express FLP recombinase at high tempera-
tures (37°C and above) (https://cgsc2.biology.yale.edu/Site.
php?ID=64621) was used to remove the kanamycin cassette
inserted while performing transduction as selection
marker.**! (Fig. S2 in Supplementary Material confirms the
removal of kanamycin cassette after the deletion of tyrR
gene by FLP recombination.).

Furthermore, Strain B was constructed by knocking in
aroG* (gene encoding feedback deregulated DAHP synthase,
Figs. S3 and S4 in Supplementary Material confirm the inte-
gration of aroG* with chloramphenicol cassette and success-
ful removal of chloramphenicol cassette.) in the E. coli
W3110 strain as described by Tyagi et al.**! along with all
other modifications mentioned before. Strain A was desig-
nated S1 after the transformation of CS2 and pY3 plasmids
while Strain B was transformed with CS1 and pY3 plasmids
and hence so forth called Strain S2. The third combination
of only E. coli W3110 transformed with CS1/CS2 and pY3
were used as controls and were called C1 and C2, respect-
ively (Table 2). The lists of the primers, plasmids and the
mutants and their applications have been summarized in
Tables 3 and 4.

HPLC analysis

HPLC analysis was performed using an Agilent 1260
Infinity Series HPLC system equipped with PDA detector
and Refractive index detector (RID). Agilent ZORBAX
Analytical Eclipse Plus C18 (4.6 mm x 150 mm, 5pm) col-
umn was used for L-Dopa, Tyrosine analysis at 280-nm
wavelength with a flow rate of 0.5mL/min. The separation

Table 1. List of strains used to transfer deletions in Escherichia coli W3110.

Name of the Selection
donor strain Mutated gene cassette

tyrR760(del)::kan tyrR transcriptional regulator Kanamycin
serA764(del):kan serA L-serine biosynth pathway Kanamycin
talA784(del)::kan talA sedoheptulose pathway Kanamycin
pheA762(del):kan pheA phenylalanine biosynthesis Kanamycin
pykF751(del)::kan pykF pyruvate synthesis Kanamycin

was optimized using gradient flow of two simultaneous buf-
fers. Buffer A was water, methanol, and acetic acid in
80:19:1 ratio with final pH being 2. Buffer B was 70%
methanol and water.!**! Glycerol and acetate were separated
and estimated using Aminex Column from BioRad. 5-mM
sulfuric acid was used as isocratic buffer for separation.
Acetate was detected and quantified at 210-nm wavelength
using PDA. Glycerol estimation was performed by RID
simultaneously.

GC-MS analysis

For targeted metabolite detection and quantification GC-MS
analysis of broth supernatant were performed. High-purity
analytical grade L-Dopa, tyrosine, pyruvate, and Shikimate
were purchased from Sigma and Hi-Media. The broth super-
natants were filtered using 0.2-uM syringe filters and 500 uL
were lyophilized in 2 mL amber glass GC vials. To the dried
residues 50 uL of 2mM methoxylamine in pyridine was
added and incubated at 37°C for 1hr to block keto func-
tionalities in metabolites by oxime formation. Finally a neat
aliquot of 100 uL BSTFA was added to the sample and incu-
bated at 60°C for 1hr. 1pL of the derivatized sample was
injected and analyzed in Shimadzu QP-2010 Plus GC with
Thermal Desorption System TD 20 Gas Chromatograph
Mass Spectrometer. The observed peaks were matched to
compounds using NIST metabolic library. The mixture of
the metabolite standards was treated similarly.*”)
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Table 2. Details of strains and plasmid combinations used in this study.

Plasmid modules

Basic strain Modified strain Genomic level modifications incorporated Final strain
W3110 Strain A ApykF AtyrR AserA pY3 Cs2 S1
W3110 Strain B ApykF AtyrR AserA aroG™ pY3 cs1 S2
W3110 a1 No pY3 Cs1 @
W3110 Q No pY3 Cs2 (@]
Table 3. List of important primers used in this study.
Serial no. Name of primers Sequence Application Reference
1 hpaBC forward CATATGAAACCAGAAGATTTCCGCGCCAG Cloning of hpaBC gene. Current study
hpaBC reverse GAATTCTTAAATCGCAGCTTCCATTTCC
2 Pet kan forward AAAACTCACGTTAAGGGATT Insertion of kanamycin gene in Current study
Pet kan reverse ATTTAACGCGAATTTTAACAAAAT pMAL P2X Vector
3 aroG knockin forward ATTGGAAGTATTGCATTCACTAAGATAAGTA- Knockin of aroG* in place of Tyagi et al.?*
TGGCAACACTGGAACAGACATGAATTAT- native aroG gene.
CAGAACGACA
aroG knockin reverse TGGTGATTCATCGGATACGCCACTCTGACG-
GCGCATCCGACAATTAAACCATGGGAAT-
TAGCCATGGTCC
4 aroG knockin confirmation forward TCCAGGATTAATCCGTTC Confirmation of aroG* Tyagi et al.?”
aroG knockin confirmation reverse GAGTCGGCTTTTTTGTTG gene knockin.
5 tyrR deletion confirmation forward TGCCCGTTTTTCCGTCTT Confirmation of tyrR Tyagi et al.**
tyrR deletion confirmation reverse GATGAAATCACCACCGAG gene deletion.
6 pykF confirmation forward GGGGTACCTGTCTAACAAGTTG Confirmation of pykF Current study
pykF confirmation reverse CGGGATCCGACAGTCTTAGTCTTT gene deletion.
7 serA confirmation forward TCGCGACGCAAACGTTCATAT Confirmation of serA Current study

serA confirmation reverse

AGACTCGCAAAGTAGAATGCG

gene deletion.

Table 4. List of plasmid constructs used in this study.

Serial no. Name of the plasmid Application in current study Selection markers and “Ori” Genes cloned
1. pMAL P2X New England Biolabs Dopa Module Ampicillin, pBR322-ori-F Promoter: tac hpaBC
2. pMAL p2X KAN Dopa Module Kanamycin, pBR322-ori-F Promoter: tac hpaBC, aroG*
3. pY3 Vector Backbone: pRBS-01,1"”! Tyrosine Module Ampicillin, p15a Promoter: lacUV5 tyrB, tyrA, aroC
Promoter: pTRC aroA, aroL
4. pKD46, Dr. Jean Pierre Ap, A Red recombinase https://cgsc2.biology.yale.edu/ -
Hernalsteens, Belgium expression Site.php?ID =64672
5. pCP20, Dr. Jean Pierre ApCm, FLP recombinase http://cgsc2.biology.yale.edu/ -
Hernalsteens, Belgium expression Site.php?ID =64621
6. pUCaroG™chl ! Cloning of the aroG™ with Ampicillin pUCaroG™chl

chlor cassette

Carbon-dioxide estimation

We need to look at the precise distribution of various gly-
cerol fluxes in different hours of fermentation. Therefore,
carbon dioxide measurement was critical. The concentration
of carbon dioxide in exit gas was measured in percentage
using an Ametek DYCOR process mass. The process mass
spectrometer was previously calibrated with varying argon
concentration.

Media

Modified minimal media was used for all cell cultures except
otherwise mentioned. With all the mentioned modification
assembled under E. coli W3110 chassis, it was observed that
in minimal media the growth of the final strain is compro-
mised. Although a number of parameters can be considered
during media design, the experiments and their outcomes
will be fairly large and uncertain. The following puzzle was
solved by supplementation of yeast extract as potential

source of amino acids and vital micro-nutrients to assist
growth initially. The following recipe gave us the best result:

Media composition

Sodium citrate (2.4g/L), NaCl (2g/L), MgSO, (1g/L),
NH,CI (2.5g/L), K,HPO, (3g/L), FeSO, (200 uM), Vitamin
C (4g/L), thiamine (0.1g/L), pyridoxine hydrochloride
(0.1g/L), yeast extract (2g/L), peptone (2g/L), glycerol
(25g/L) and trace metal solution (1X) (see Section 4.1.3 for
justification of addition of 2g/L of yeast extract
and peptone).

Trace metal composition

100X consists of CaCl, (1.5mg/L), ZnSO, (12mg/L), H3BO;
(3mg/L), CuCl,4H,0 (2mg/L), MnClL,.4H,0 (15mg/L),
CoCl, 6H,0 (2.5mg/L), Na,Mo00,2H,0 (2.5mg/L), and
EDTA (5mg/L). Iron was found to be a limiting nutrient
and L-Dopa production depends on adequate Fe> sup-
ply.[zs] Wei et al. reported addition of peptone up to 10 g/L,
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Table 5. Parameters of fermentation.

Table 6. Details of shikimate pulse experiment.

Fermentation

Concentration of Interval of pulsing/total

parameters Description of settings Flask no. shikimate in pulse no. of pulses
Temperature 37°C Shik C No pulse -
pH Set points 7, 1(N) HCl and 4% ammonia solution were Shik 1 0.1gm/L 2hr/5
used in acid and base pumps, respectively, to adjust Shik 2 0.2gm/L 2hr/5
pH automatically. Shik 3 0.5gm/L 2hr/5
Dissolved Overnight agitated sterilized media was set at 100% DO
oxygen (DO) enriched. Minimum set point value for DO was 40%.
Agitation Cascaded with DO up to 1200 RPM. 0.3-0.5% O, enrich-
ment was necessary after OD value reached 25 and
onwards. After 28 hr O, enrichment was stopped due
to higher DO values.
Feed Composition of feed: 2% yeast extract, 40% glycerol. For 0.35
normal constant fed batch fermentation initial feed rate 'g
was 15 mL/hr. For exponential feeding the rates were © 030
15 mL/hr, 17.835 mL/hr, 21.21 mL/hr, 30 mL/hr. Q
Broth volume Initially 2.5 liters final 4.0 liters (approx). 5 sssl
|
§ 0.20 -
yeast extract up to 5g/L in their modified media compos- s
ition and up to 50 g/L of yeast extract, and 25 g/L of peptone E L
in feed for production of L-Dopa in bioreactor. In contrast, B gial
our designed media contains very less yeast extract and the 5
possibility of L-Dopa produced from existing tyrosine stock 0.05 |-
in yeast extract is negligible. It is to be noted that no com- pe % p=s == % 36
ponent of yeast extract have corresponding peak at 280 nm Time (Hrs)

at the retention time of L-Dopa (5.1 min) in HPLC profile.
This was verified by blank media profiles using same HPLC
method used to quantify L-Dopa.

Fermentation optimization

Fermentation optimization is very crucial in metabolic
engineering as it provides a closer look at various fluxes.
Even qualitative analysis of fluxes can provide vital insight
to decouple various parameters involved in production, e.g.,
growth, CO, production, substrate consumption, product
formation. Different feeding strategies can be optimized hav-
ing a closer look at the CO, production rates, acid produc-
tion and residual substrate levels at different hours of
fermentation. The studies were performed in New
Brunswick BioFlo® 310 fermenter with a vessel capacity of
5.0 liters. The bioprocess studies were performed in fed
batch mode. A single colony from agar plate were picked up
and inoculated in LB containing antibiotic ampicilin and
kanamycin to obtain primary culture. The primary culture
was used to inoculate 250 mL secondary culture having
media composition described in Section 2.4 with the men-
tioned antibiotics and grown overnight. An inoculum size of
10% of the total media volume in the fermenter was used
for seeding. The fermentation parameters are summarized in
the Table 5.

Result and discussion
Shikimate pulse experiment

To establish that the pY3 and Dopa module together can
channelize major shikimate flux toward L-Dopa a shikimate
pulse experiment was designed where five flasks including a
control were inoculated with wild type W3110 strain

Figure 3. Product profiles for L-Dopa due to different concentrations of shiki-
mate pulsed.

carrying the two plasmid pathway modules (Strain Cl1) in
LB media. Different concentration of shikimate pulses were
given to all the flasks after 6 hr of inoculation when the cells
were in mid-log phases against a control which was not
pulsed. The resulting supernatant was estimated for L-Dopa.
Table 6 provides the details of shikimate pulsing. From the
pulsing experiment, it was clear addition of shikimate pulses
did increase L-Dopa productivity. Further addition of pulse
above 0.5g/L did not lead to any further improvement. The
reason may be shikimate transporters either being saturated
or in due course of metabolic slowdown of the cell. It is to
be further mentioned that no induction was performed and
the natural leaky expression from the promoters supplied
enough catalytic proteins to shift Shikimate flux toward
L-Dopa. However, due to metabolic stress and the media
being LB the final ODs were only around 2.5 in all flasks.
The two modules combined can thus divert major shikimate
fluxes to L-Dopa under constitutive expression of the pro-
moters harbored in the pathway modules, as shown in
Figure 3.

Shake flask studies

Shake flask studies were performed using Strain A and B
transformed with plasmids CS2 and CS1 consecutively and
Y3 construct. All shake flask studies were performed using
media recipe described in Section 2.4. However, glycerol and
glucose as carbon source were used and compared for the
production. The pH readings were obtained at different time
intervals along with optical density to check acid production
with time.
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Figure 4. (A) Production profiles of L-Dopa in different strains. Uninduced S2 cultures with low production rates but longer production phases translated into
higher titers of L-Dopa than induced cultures of S2. (B) Targeted metabolite analyses showed S2 cultures both induced and uninduced had no tyrosine or pyruvate
accumulation unlike both induced and uninduced S1 cultures. (C) S2 strain streaked on a normal Luria Agar plate after 36 hr in contrast to a normal Luria Agar plate

streaked with Escherichia coli DH5a strain.

L-Dopa production under induced/uninduced systems

All constructed combinations were studied individually with
and without induction. It was observed that there was sig-
nificant level of L-Dopa accumulation in S1 and S2 cultures.
However, the levels of L-Dopa were higher for S2 across all
evaluated assemblies after 24hr under induced and unin-
duced condition. Productivities of the top performer S2 and
S1 were analyzed under induction (Fig. 4A). The broth of
the induced culture was less dark in color for S1 compared
to S2 (darkening of the culture, because of the protein
expression and activity coded by hpaBC gene) and there was
less L-Dopa accumulation. Performing induction should
have translated into higher levels of protein buildup inside
the cell including that of 4-hydroxyphenylacetate-3-hydro-
lase but this has not added any further improvement in
production of L-Dopa. The plausible reason behind the
observation was realized when pntAB (NAD (P) transdehy-
drogenase) and DDC genes (aromatic amino-acid decarb-
oxylase) were cloned downstream to the hpaBC gene to
further improve L-Dopa production and for extending the
final product up to dopamine in separate experiments. In
both the cases, the expression of hpaBC was downregulated
resulting in development of very light brown color com-
pared to intense browning for S2 on Luria Agar plates and
development of light band for hpaB expression in SDS
PAGE. The fact that because S1 actually contained aroG*
cloned downstream to the hpaBC in CS2, this might have
hampered hpaBC expression like observed before, thereby
leading to only partial conversion of tyrosine into L-Dopa.
If the CS2 construct was reversed, i.e., aroG* cloned directly
after “tac” promoter followed by hpaBC downstream the

>

“tac
browning of the plates became even lesser. So obviously
only hpaBC in CSI proved to be the best option. Possible
explanation of the observed result may be the stability of the
polycistronic mRNA and probable inhibition of translation
due to mRNA secondary structures.!”*>%! Targeted metabol-
ite analysis (Fig. 4B) revealed that S2 contained almost negli-
gible amount of Shikimate, pyruvate and most importantly
no tyrosine but there was acetate accumulation in all broths.

Thus, our observation strongly contrasts that of Wei et al.
where PHAH is indicated as the rate-limiting enzyme for
L-DOPA biosynthesis in this strain. However, S1 broth
strikingly contained a fair amount of Shikimate very less
pyruvate and even tyrosine. If both S1 and S2 were induced
there is actually a spike in increase in L-Dopa production
which continued for 10-12 hr after induction but eventually
flattened out in both the cases. However, the induced cul-
tures of S2 were darker in color than uninduced cultures
but actually contained less L-Dopa. It is important to note
that the enzyme 4-hydroxyphenylacetate-3-hydrolase is a
robust enzyme having a broad spectrum of aromatic sub-
strates. Increased enzyme levels also lead to a greater no. of
other byproducts.”’ 2! In the constitutive system where
there was no induction, production from S2 sustained for
20 hr producing higher titer values of L-Dopa. L-Dopa titers
obtained from C2 induced were somewhat comparable with
titers obtained from SI but for C1 no significant titers of
L-Dopa were obtained. This confirms incorporation of feed-
back deregulated aroG* is crucial to obtain higher titers of
L-Dopa. The amounts of phenylalanine present in yeast
extract can feedback regulate wild type DAHP (aroG) activ-
ity. The better performer S2 was hence selected for further
studies. The slow production of L-Dopa on plate can be
observed by the intense browning developed on Luria agar
plates (Fig. 4C) in due course of time. Furthermore, the bet-
ter performance of S2 under uninduced condition of Luria
agar plates testifies the result obtained in liquid broth.
Table 7 shows best titers of L-Dopa obtained using different
conditions and assemblies.

Analysis of acetate generation depending

on carbon source

Acetic-acid generation is one of the major problems encoun-
tered during production of aromatic amino acid. In fact,
acetic-acid generation leads to drop in pH, affects cellular
health and is a major issue in long hours of fermentations.
Glucose, glycerol, and combination of glucose + glycerol
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Table 7. List of maximum titers of L-Dopa obtained from different assemblies and conditions.

Strain (base strain W3110) Genomic modifications

Plasmid module

Media and condition Final L-Dopa titer in gm/L

al No CS1 and pY3 LB and shikimate pulse of 0.5gm/L 0.35
C1 No CS1 and pY3 Modified minimal, induced 0.22
(@] No CS2 and pY3 Modified minimal, induced 0.44
S1 Atyr ApykF AserA CS2 and pY3 Modified minimal, induced 0.55
S2 Atyr ApykF AserA aroG* CS1 and pY3 Modified minimal, uninduced 0.95
iy L-Dopa production study in fermenter
8r —— Glycerol

—e— Glucose+Glycerol
—m— Control

pH values
o

10
Time (Hrs)

Figure 5. pH profiles at different hours in shake flask depending on different
carbon sources used.

were tested as viable carbon source for L-Dopa production
against a control with no glucose and glycerol and their
marked effect on acetate generation during L-Dopa produc-
tion were observed under uninduced condition. L-Dopa pro-
duction was slightly better if glycerol was used as a carbon
source over glucose. However, there was fairly marked effect
on acetate generation and pH drop in cultures. It was
observed that for glucose pH dropped up to 4.2; however, for
glycerol the final pH was around 5.3 (Fig. 5). In fact, the
steady drop in pH may be the plausible reason behind
reduced L-Dopa production when glucose was used as carbon
source. The trend in pH drop was same as that of glucose
when glucose + glycerol were the carbon source. The results
question the utility of glucose as a carbon source for metabol-
ite over production. Bren et al. reported that glucose is a very
poor source of carbon in presence of glutamate, arginine, and
proline because of reversed diauxic shift that retard growth
and increase acid production. The reversed diauxic shift has
been attributed to imbalance in carbon nitrogen ratio that
results in higher levels of o-keto glutarate and declining
cAMP levels.***! Since the media contains arginine, glu-
tamate, proline due to addition of yeast extract and peptone
glucose turned up to be a poor source of carbon in our cur-
rent study. Hence, by switching from glucose to glycerol pro-
duction is not affected but has certain impact on pH drop
observed in this study. Most of the current literatures in
metabolic engineering for metabolite production report the
use of glucose. However, glycerol can also be a better carbon
source for metabolite production and to put it more precisely
glycerol actually turned out to be a better choice as carbon
source for L-Dopa production for our engineered strain.

During first 8 hr of inoculation no significant product for-
mation was observed. There were no major changes in exit
gas CO; levels, pH, and optical density. Expression of all the
promoters in the two plasmid modules carried by host were
constitutive during fed batch analysis. The product profile
and logarithm of optical density are shown in Figure 6A.
The figure demonstrates similar trends of biomass and prod-
uct formation. However, observing the kinetics of product,
CO,, and acid formation provided a contrasting picture. It
was observed that L-Dopa production started actually from
8th hr onwards and production rate increased at two differ-
ent phases. This was between 8-10hr and 14-16hr after
inoculation Figure 6B. From the ODggy plot a closer look
revealed a striking similarity between these two time points
- in both these points the growth rate was slow. However,
between 10 and 14hr there had been steady increase in
growth but product formation rate declined. These observa-
tions were confirmed from the levels of CO, in the exit gas
(Fig. 6B). Between 8th and 10th hr CO, production rate
increased along with increase in rate of product formation.
This was largely due to high metabolic activity and the cells
producing biomass in nutrient rich media. This phase of
production was growth associated. During 14-16 hr the CO,
production rate had dipped continuously as growth slows
down further but after 16th hr the CO, production rate
increased up to 20th hr. This part of production was largely
decoupled from growth. However, the increase in rate of
CO, production ascertained that this phase of production
was not growth dependent and further the increase in rate
of CO, production was associated to meet the requirement
of ATP and NADH. Looking at the acetic-acid profile (Fig.
6B) it was clear that acid production rate had been higher
during growth phase but eventually fell as growth slowed
down. Hence, L-Dopa production or the aromatic amino-
acid biosynthesis super pathway functioning and acid pro-
ductions were not necessarily coupled. Literature survey
revealed that acetate generation had been reported during
aromatic amino-acid synthesis in engineered strains.
However, such studies were based on use of glucose for syn-
thesis of aromatic amino acid and L-Dopa but glycerol
instead was used in current study. It had already been
observed that in shake flask glycerol as carbon source led to
lower acid generation when compared with glucose.
Furthermore, acetate generation profiles were co-terminus
with protein synthesis during growth phase. Looking at vari-
ous glycerol fluxes during different hours (Fig. 6C) (see
Section 4.1for the calculation of fluxes qualitatively in terms
of grams of glycerol equivalent from HPLC data) it was
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Figure 6. (A) Log (OD) and product profile for constant feeding batch cultivation of strain S2. (B) Rate profiles of product, CO, and acetic-acid formation. (C)
Various glycerol fluxes during vital hours of fermentation. (D) Glycerol accumulation profiles for constant feeding.

observed that as L-Dopa production increased glycerol flux
toward cellular requirement also increased but OD value
remained constant. This large glycerol flux was probably
directed toward cellular maintenance. Functioning of aro-
matic amino-acid biosynthesis has its own cost which, as
earlier mentioned is highly energy intensive. Furthermore,
up to 12th hr after inoculation the biomass generation
sustained on nutrients from yeast extract and carbon from
glycerol. But after 12th hr of inoculation due to minimum
supply of yeast extract through feed biomass and mainten-
ance were completely shifted to only available carbon source
glycerol. This was observed from the fact that a large flux of
glycerol was directed for biomass generation and cellular
maintenance during 16th and 18th hr. This also indirectly
confirmed that L-Dopa was being produced from tyrosine
synthesized from aromatic amino-acid pathway itself rather
than from tyrosine inventory of yeast extract. Estimation of
residual glycerol (Fig. 6D) revealed that actually there was
little glycerol left in the broth between 15th and 27th hr.
This was in agreement with the trends observed from flux.
Glycerol uptake was almost 100% between up to 27th hr.
After this glycerol levels slowly built up as cells were not
able to consume glycerol as efficiently as before. Now from
12th hr to 27th hr glycerol accumulation had been signifi-
cantly less even though growth already ceased after 20th hr.
Hence effectively the production after 20th hr was not
growth associated. From 20th hr to up to 36th hr 5g/L of
L-Dopa had been produced that is almost 40% of the total
production. The final titer of L-Dopa obtained from the
broth after 40h was 11.37 g/L from constant feeding profile.

Exponential feeding strategy

A closer look at the glycerol accumulation rate vs. time
course profile provided hint of scope for further improve-
ment in L-Dopa production. From 12th to almost 25th hr
the rate of glycerol accumulation was negligible. Real-time
analysis of the broth showed very little residual glycerol lev-
els. Now this means that the cells were efficiently consuming
glycerol added through the feed. We asked whether this
uptake capacity can be pushed by further increasing feed
rate. However, after 25th hr clearly it was useless to increase
feed any further since glycerol was increasingly accumulated.
But the original question turned out to be more complex as
product formation rates were simultaneously observed. Now
there were two distinct phases of production viz. growth
associated phase, i.e., between 8 and 10hr and growth inde-
pendent phase, i.e., 14-16hr. In both the phases rate of
L-Dopa production had increased. So there were two plaus-
ible target phases where actually increasing glycerol supply
can further enhance production. However, increasing supply
of glycerol in the growth associated phase would lead to lit-
tle improvement in terms of productivity, because carbon
was primarily directed toward growth and bio-mass forma-
tion at this phase. In fact when glycerol supply was
increased at this phase actually there was little improvement
in L-Dopa production (data not shown). The second phase
of production which was largely uncoupled from growth
was targeted. It was decided to increase feed rate exponen-
tially from an initial rate of 15-30 mL/hr from 12th hr to
18th hr and then decrease it back exponentially to again
15mL/h from 18th to 28th hr. Immediately the effect of this
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Figure 7. (A) Comparison of product formation rates for constant feeding and
exponential feeding. (B) Comparison of glycerol accumulation profiles for con-
stant feeding and exponential feeding. (C) Color of broth and pallet from pilot
fermenter in contrast to normal Escherichia coli DH5a. cell pellet.

strategy was manifested in enhancement of L-Dopa produc-
tion rate in the second phase of production (Fig. 7A).
Comparison between the two rates have been shown in
through plots where clearly the rate of production had
increased between 14th to 18th hr and there was a net
1.2g/L gain in overall production of L-Dopa leading to a
final titer of 12.5g/L. No corresponding change in acid
production rate was observed but there was increased CO,
production. The residual glycerol level vs. time course pro-
file (Fig. 7B) clearly shows the exponential feeding strategy

had led to left over glycerol in the broth which implies that
through exponential feeding sufficient amount of glycerol
had been provided to the cells. Thus simple strategies look-
ing at real-time trends of product profile, CO, generation
can provide vital inputs for bio-process optimization of pro-
duction without any further tedious modification of the
host. In conjunction with minimum vital modifications that
were assembled in host and with the help of highly maneu-
verable pathway modules it had been possible to enhance
L-Dopa production by 40% from the last reported maximum
titer. From (Fig. 7C) the extent of product formation is
apparent from the intense color of the broth and the
fermenter pellet which appears much deeper in color com-
pared to normal E. coli DH5a cell pellet when a pilot scale
bioreactor was run without addition of ascorbic acid.

Mathematical interlude
Calculation of fluxes in glycerol equivalent

In order to understand flux qualitatively different products
are to be expressed in the same scale. To achieve this we
have the following assumptions:

1. The nutrient in the initial broth was exhausted between 8
and 10hr and product, biomass and CO, production is
mainly from the carbon supplied through feed.

2. The feed contains 40% glycerol and is the only significant
source of carbon.*!

Calculation of L-Dopa and acetate fluxes in grams of
glycerol equivalent
L-Dopa having nine carbon atoms with a molecular weight
of 197 is synthesized from glycerol. Balancing the carbon
atoms, 197 g of L-Dopa is obtained from 3 x 92g of glycerol
(I mole of glycerol = 36g of carbon = 92g of glycerol).
Hence, y = 222 x x, where x is the amount of L-Dopa in g
and y is the glycerol equivalent (in g) of x g of L-Dopa.
Similarly, for acetate z=2%22 X x, where x is the amount
of acetate in g and z is the glycerol equivalent of acetate.
Similarly, other fluxes can be calculated in gly-
cerol equivalent.

Calculation of CO; fluxes in grams of glycerol equivalent
using process mass data
The process mass displays gas concentrations in percentage.
At different hours of fermentation, the CO, concentration
fluctuates. Hence, the % of CO, over a period of 1hr is con-
verted in moles or grams of CO,, to be further converted
into grams of glycerol equivalent:

Vessel volume = volume of media=2L.

Air flow rate =2 L/min.

Vessel volume per minute (VVM)=1;
temperature =20 °C and pressure = 101 kPa

Under the following conditions, the volume of air can be
approximated to 22.4 L.

room



1 VVM=1/22.4 mole/min =60/22.4 mole/hr. x is the
average of % of CO, reading in process mass over a period
of 1hr.

Hence, X% CO, =258 mole of COy/hr or
X% CO, = XX2x0x4 g of CO,/hr.

The following can be converted to CO, into glycerol
equivalent using arguments in Section 4.1.1.

Calculation of amino-acid requirements for cell
The average abundance of a particular amino-acid molecule
in E. coli per cell is roughly 3 x 10®. The maximum OD
obtained for the engineered strain under fed batch fermenta-
tion was around 50. Hence, the total number of molecules
of an amino acid required for 50 OD culture is roughly
3 x10°%x50 x 10°=15x 10" = 2.5x 10"® moles. This can
be compared with aspartic acid content of 1g yeast extract
=2 x 10~* moles.>® Thus, supplementation of 2g of yeast
extract and peptone should be sufficient to assist initial
requirements for growth. A table (STAB 1) has been further
provided in supplementary section data section for reference
to other amino acids in yeast extract.

(Source:  http://www.tekniscience.com/documents/Yeast_
Extract-19512.pdf)

Calculations of titer value of P1 phage

The experimental protocol described by Thomason et al. was
followed for performing P1 transduction. As suggested by the
authors, the plate method yields higher titers than the liquid
culture method. However, titer values of phage should always
be calculated before starting any experiment. We observed and
obtained titer values over 10'' regularly using plate method.
To obtain higher titer values, we prepared a series of dilution
of the stock in geometric progression ranging from 10* to 10°.
Each dilution was spotted (10 L) on LA plates supplemented
with Ca*" developing a smooth lawn of bacteria after over-
night incubation. The highest dilution having no. of discrete
small plaques over a small area were counted and were used
for the calculation of titer:

No. of counted plaques x 10* x 1000
pL of dilution used for spotting

Titre value (per mL) =

where x arefolds of dilution.

For a dilution of 10® when spotted with 10pL, a titer
value of 10"" can be obtained. When titer value drops below
10, the chances of transduction is drastically reduced.

Conclusion

The study focused on achieving higher titers of L-Dopa
through minimum modification of the host. Thus, the focus
was on achieving higher fluxes toward product formation
with minimum perturbation of host-cell steady state. For
metabolite over production, the general approach to divert
major metabolic flux toward a particular pathway by making
higher levels of catalytic protein is not universal. Though for
synthesis of open chain highly oxidized compounds like

PREPARATIVE BIOCHEMISTRY AND BIOTECHNOLOGY 1

shikimate, this is often a fruitful strategy but for aromatic
amino-acid synthesis owing to their higher demand of
molecular resources like ATP and NADH steady-state and
host-cell physiology is compromised. Thus, the strategy to
increase flux antagonizes the resources required for the
enhancement of flux. We observed such strategies leads to
product formation to occur in short bursts, but is not sus-
tainable for long production phases. From the current study
it was observed that for L-Dopa long hours of sustained fer-
mentation even when the production rate was low can be
beneficial because the ultimate titers obtained was higher. In
shake flask studies, culture S2 without induction performed
better in terms of final titer. Hence, slow production rates
with balanced flux often translates into better production. It
was observed from our work that glycerol is a better carbon
source compared to glucose for metabolite over production
particularly when production phases were shifted to only
carbon source added through feed. Further imbalance in
nitrogen/carbon ratio led to reverse diauxic effect which in
turn led to higher acetate generation when glucose was used
as a carbon source. When glycerol was used as a carbon
source the production of L-Dopa for the engineered strain
had two distinct phases viz. growth associated and growth
independent phase. Increasing supply of carbon in growth
independent phase through exponential feeding led to
increase in L-Dopa titer. It was observed that production of
L-Dopa was not associated with simultaneous generation
of acetate. Rather it was synthesis of protein that was co-
terminus with acetate generation in log phase. This is con-
trasting to our general idea of functioning of the energy
intensive L-aromatic amino-acid pathway. However, it can-
not be altogether denied that protein levels have a critical
role in flux diversion. It is still largely an unaddressed
field that what should be the highest upper limit of different
protein levels in a pathway that is vital for flux diversion,
beyond which increasing protein levels will lead to deleteri-
ous effects on cellular physiology which will ultimately ham-
per production.
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