Journal Pre-proof
METABOLIC

Building microbial factories for the production of aromatic amino acid pathway
derivatives: From commodity chemicals to plant-sourced natural products

Mingfeng Cao, Meirong Gao, Miguel Suastegui, Yanzhen Mei, Zengyi Shao

PIl: S1096-7176(19)30163-6
DOI: https://doi.org/10.1016/j.ymben.2019.08.008
Reference: YMBEN 1587

To appearin:  Metabolic Engineering

Received Date: 15 April 2019
Revised Date: 3 August 2019
Accepted Date: 7 August 2019

Please cite this article as: Cao, M., Gao, M., Suastegui, M., Mei, Y., Shao, Z., Building microbial
factories for the production of aromatic amino acid pathway derivatives: From commaodity chemicals
to plant-sourced natural products, Metabolic Engineering (2019), doi: https://doi.org/10.1016/
j-ymben.2019.08.008.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier Inc. on behalf of International Metabolic Engineering Society.


https://doi.org/10.1016/j.ymben.2019.08.008
https://doi.org/10.1016/j.ymben.2019.08.008
https://doi.org/10.1016/j.ymben.2019.08.008

Submitted to Metabolic Engineering on Augu$t 2019

Building microbial factoriesfor the production of aromatic amino acid pathway derivatives:

from commodity chemicalsto plant-sourced natural products
Mingfeng Cad > ' Meirong Gad * ', Miguel Suastegti®, Yanzhen Méj and Zengyi Shdd® > * "

! Department of Chemical and Biological Engineering
2 NSF Engineering Research Center for Biorenewahkntcals (CBiRC)
3 Interdepartmental Microbiology Program
“The Ames Laboratory
4140 Biorenewables Research Laboratory,
lowa State University, Ames, IA 50011, USA

>School of Life Sciences
No.1 Wenyuan Road, Nanjing Normal University,
Qixia District, Nanjing, China, 210023

"Contributed equally to this work

"Correspondence to: Dr. Zengyi Shao,
4140 Biorenewables Research Laboratory,
lowa State University, Ames, IA 50011, USA
Phone: 515-294-1132
Email: zyshao@iastate.edu




Abstract

The aromatic amino acid biosynthesis pathway, tegewith its downstream branches,
represents one of the most commercially valualdeymthetic pathways, producing a diverse
range of complex molecules with many useful bia&cproperties. Aromatic compounds are
crucial components for major commercial segmentsn fpolymers to foods, nutraceuticals, and
pharmaceuticals, and the demand for such prodast®é&en projected to continue to increase at
national and global levels. Compared to direct ppdedtraction and chemical synthesis, microbial
production holds promise not only for much shocdtivation periods and robustly higher
yields, but also for enabling further derivatizatio improve compound efficacy by tailoring
new enzymatic steps. This review summarizes thgyhitetic pathways for a large repertoire of
commercially valuable products that are derivediftbe aromatic amino acid biosynthesis
pathway, and it highlights both generic strategied specific solutions to overcome certain

unique problems to enhance the productivities afofiial hosts.
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Highlights
» The aromatic amino acid biosynthesis pathway yietdamercially valuable products.
* The broad scope of products from aromatic amind bidsynthesis is described.
» Biosynthetic pathways and interconnections amoagstib-branches are presented.
» High-level organization of enzymes of the upstreaauule is illustrated.

* The exemplary sophisticated regulations in therepst pathway at various levels are

highlighted.



1. Introduction

Over the past two decades, technologies arising fiynthetic biology and systems biology
have revolutionized metabolic engineering to estaldio-based production in engineered
microorganisms. The aromatic amino acid biosynthpathway, together with its downstream
branches, represents one of the most valuableriiosyc pathways. The products derived from
this pathway range widely, from various high-voluloe-value commodity chemicals to the
realm of specialty chemicals and complex naturatipcts (Suastegui and Shao, 2016;
Thompson et al., 2015; Zhang et al., 2018).

The pathways leading up to the synthesis-tif/ptophan (-Trp), L-phenylalaninel-Phe),
andL-tyrosine (-Tyr) nodes are ubiquitous in all microorganisnestituting the backbone
reactions for the synthesis of a diverse clas®ofpounds. This portion of the pathway can be
subdivided into the shikimate pathway, th@yr branch, the-Phe branch, and theTrp branch.
The model hostEscherichia colandSaccharomyces cerevisihave been manipulated to
produce this group of compounds in most studiespther species such &sheffersomyces
stipitis, Pseudomonas putidandCorynebacterium glutamicuimave also been engineered as
production hosts, and in many cases, they outparorcoli andS. cerevisia¢ghanks to their
special biochemical and metabolic features.

The downstream pathways beyond the biosynthesieedhree aromatic amino acids open a
treasure trove of high-value molecules with extrigndéverse structures, the majority of which
are produced by plants. These natural productsnepass a billion dollar market (Pandal, 2014;
Rawat et al., 2013; Rinner and Hudlicky, 2012; Wirdnd Tang, 2012), but their extraction
from plant tissues requires immense quantitiesahbss and cumbersome separation processes.

Open-field plant growth and the associated cog®bs0 susceptible to environmental factors,



which are associated with variability in produatigi and composition. In addition, the complex
and delicate chemistry involved in forming thesenaaitics makes thette novochemical

synthesis very challenging and economically un@atilcommercial scales. The implementation
of microbial factories carrying the combinationtailored endogenous metabolism and
heterologous biosynthetic pathways represents eoueaging solution to these problems. It
potentially ensures sustainable and greener presegth higher yields, and also enables further
derivatization for new drug development. Unlike tiesynthesis of the high-volume low-value
chemicals, which has been attempted in variousabial hosts, strain engineering to produce
these plant-derived natural products has been ynperformed irE. coliandS. cerevisiae
Between these two hostS,cerevisiaealso has the advantage of expressing membrane-
associated eukaryotic enzymes (e.g., cytochrom@$)4&hich are required for the synthesis of
some complex natural products derived from plaGtsafig and Keasling, 2006; Jung et al.,
2011).

This review will focus on illustrating the broadoge of products that are derived from the
aromatic amino acid biosynthesis, their biosynthpéithways, and the interconnections among
individual sub-branches. The article begins with tbaction skeleton of aromatic amino acid
biosynthesis, the different enzyme organizationgrokaryotes and eukaryotes, and the
sophisticated regulatory mechanisms at varioudde¥ée products belonging to the relevant
sub-branch reactions are color-coded and groupgthier for effective discussion. The
relatively generic strategies to enhance the uastridux and the specific solutions to the
individual problems appearing in the biosynthe$idawnstream products are addressed
separately. We provide future perspectives andnewendations of novel strategies to increase

the productivities at the end.



2. The backbone reactions of aromatic biosynthesis
2.1 The shikimate pathway

The shikimate pathway initiates with the condemsatf the intermediates of glycolysis and
the pentose phosphate pathway (PPP), phosphoenwdpgr(PEP) and erythrose 4-phosphate
(E4P), respectivelyHigure 1a). In S. cerevisiagthe condensation reaction is catalyzed by the 3-
deoxyb-arabinoheptulosonate 7-phosphate (DAHP) syntissayimes Aro3 and Aro4, which
are subjected to feedback inhibition causedhe and.-Tyr, respectively. IrE. coli, three
isozymes—AroF, AroG, and AroH—play a role in theadensation reaction and are regulated
by L-Tyr, L-Phe, and.-Trp, respectively, via the transcriptional regatgtprotein TyrR (Pittard
and Yang, 2008). Strikingly, the enzymes in charigthe subsequent series of reactions from
DAHP to 5-enolpyruvylshikimate-3-phosphate (EPS$Rjifferent organisms have different
genetic organizations. In lower eukaryotes, thesegbent five distinct catalytic domains are
fused to form a pentafunctional enzyme that is daddy a single open reading fralARO1 to
complete the reactions whereas bacteria and pinetst the five reactions by separately
encoded enzymes. Finally, the central branch poetabolite chorismic acid is produced from
EPSP by chorismate synthase, Aro2, and it entegbthe two aromatic amino acid branches.
The determination of these early reactions was Ipagsed on isolating the intermediates that
accumulated in the respective gene disruptionr&trand analyzing the responses of the
auxotrophs to the supplementation of the proposetaimolic intermediates. The detailed
biochemical features of the enzymes involved inupstream module have been summarized in

two review articles (Herrmann, 1995; Pittard anch;a2008).



2.2 TheL-Tyr branch and L-Phe branch

L-Tyr andL-Phe differ only at the 4-hydroxyl functional grqugmd their biosynthetic steps
share the first one, the rearrangement of the gnolyl side chain of chorismate to form
prephenateRigure 1b and 1c). In yeast and some bacteria (eBacillus subtili3, the
monofunctional chorismate mutase Aro7 is respoadin this conversion, following which, the
pathway diverges into-Phe biosynthesis through prephenate dehydratas2 &t inta.-Tyr
biosynthesis through another prephenate dehydregenal, yielding the intermediates
phenylpyruvate and 4-hydroxylphenylpyruvate, reigely. In contrastE. coliuses two
bifunctional enzymes to complete the rearrangemkchorismate to prephenate and the
subsequent step. The gepteeAencodes chorismate mutase-prephenate dehydrataisé,is
feedback inhibited by-Phe, whereatyrA encodes chorismate mutase-prephenate
dehydrogenase, which is feedback inhibited yyr. Interestingly, the N-terminal parts of these
two bifunctional enzymes that have chorismate neugasivity do not share significant
homology with each other or the monofunctional @droate mutase found in yeasts (Braus,
1991). The last step inPhe and -Tyr biosynthesis is a reversible transaminatiactien,
catalyzed by aromatic amino acid aminotransferahessozymes are encodeddrp8 andaro9
in fungi and mainly byyrB in bacteria. Furthermore, some bacteria, suclyasabacteria and
Pseudomonaspp., perform the dehydrogenation reaction padhe aminotransfer step by
using arogenate as an intermediate, which is @peaf route in plants (Bonner and Jensen,

1987).

2.3 TheL-Trp branch



TheL-Trp branch is organized in a more complicated reatiman the.-Tyr andL-Phe
branchesKigure 1b and 1c). A series of multifunctional enzymes are utilizbdt the enzyme
association varies from species to speciesS. lterevisiagesix catalytic domains belonging to
five enzymes (encoded @YRP1-H are involved, withTRP3containing two independent
catalytic domains. The first step involves the $fen of the amino group from glutamine to
chorismate, yielding anthranilate, pyruvate, andaghate as products. The reaction is catalyzed
by a complex consisting of anthranilate synthage Tfeedback inhibited by-Trp) and the N-
terminal glutamine amidotransferase domain of Trp8rred to as Trp3C). The C-terminus of
Trp3 (referred to as Trp3B) is an indole-3-glycgobbsphate (INnGP) synthase catalyzing the
fourth step in the-Trp branch. In contrast, iB. coli, the glutamine amidotransferase domain is
fused with the anthranilate phosphoribosyl trareferdomain (catalyzing the second step), both
of which are encoded kypD. Note that in some literature, glutamine amidatfarase and
anthranilate phosphoribosyl transferase are amhgjyspecified separately as TrpG and TrpD
because in some bacteria (eQprratia marcescerandSulfolobus solfataricu@Knochel et al.,
1999; Spraggon et al., 2001)), the two functiorsearcoded by two separate gene<.Inoli,
trpG only represents the N-terminal regions of thermtional generpD, which forms a
heterotetramer with anthranilate synthase (encogeE) to complete the first step of
anthranilate synthesis. Following this reactior, &mthranilate phosphoribosyl transferase
domain located at the C-terminal of TrpD proceedisitroduce a phosphoribosyl moiety from 5-
phosphoribsyl pyrophosphate (PRPP) to the aminopgod anthranilate, yielding
phosphoribosyl anthranilate (PRA). In fungi, thiggsis carried out by the monofunctional

enzyme Trp4.



The third step in the-Trp branch entails an internal redox reactiongerothe ring, forming
ketone carboxyphenylamino-1-deoxyribulose 5-phosp{@DRP), which is catalyzed by the
monofunctional PRA isomerase TrplSncerevisiaeKluyveromyces lactjandCandida
maltosa(Braus et al., 1985; Stark and Milner, 1989). lestingly, in many other fungi (e.g.,
Neurospora crassaspergillus nidulansandAspergillus nige(Kos et al., 1985; Mullaney et al.,
1985; Schechtman and Yanofsky, 1983)), the enzynsbarge of this step is fused with the
bifunctional enzyme Trp3 to form a trifunctionalzge with the PRA isomerase domain
arranged at the C-terminal. Fusion of a PRA isosedomain with an N-terminal InGP
synthase domain was observedircoli, together as a bifunctional enzyme TrpC, wherbas t
INGP synthase domain specified as Trp3B is locat¢dde C-terminal of the glutamine
amidotransferase specified as Trp3ircerevise.

The final reaction in the-Trp branch is catalyzed by a bifunctiomal' rp synthase that
contains two separate active siteSircerevisiaeencoded by RP5(Miles, 1979; Yanofsky,
2005). One active site cleaves InGP into indole glgderaldehyde-3-phosphate, and the other
one condenses the indole and serineTop. In many other organisms, includikgcoli, this
function is specified by two separate gerngsA andtrpB, encoding the alpha and beta subunits
of the tetrameric-Trp synthase, respectively. Crystal structuregaéad a hydrophobic tunnel
connecting the two active sites and preventinggdeape of indole during the movement from

one subunit to the other (Hyde et al., 1988).

3. Regulation involved in the backbone reactions
Due to the essential role of amino acid biosynghascentral metabolism, cells have evolved

various mechanisms to maintain amino acid homeigstékashi H. et al. calculated the energy



cost of synthesizing various amino acid€ircoli based on the consumption of ATP/GTP and
NADH/NADPH/FADH; molecules. It was concluded that 74.3, 52.0, @h@ Bigh-energy
phosphate bonds contained in ATP/GTP moleculesegngred to synthesize one molecule of
Trp, L-Phe, and.-Tyr, respectively (here the consumption of redgagents is converted to that
of ATP based on a ratio of 2 ATP per 1 NADH) (Akiaahd Gojobori, 2002). It is not surprising
that intrinsically complicated regulations are eéadras different control tiers, impeding the high-
level production of any derivatives produced frdns {pathway especially considering that the
corresponding number of energy cost for synthegiaime of the other amino acids is merely
11.7 to 38.3. Prokaryotes and lower eukaryotesest@me common features in regulating
enzyme activities but utilize distinct mechanismsegulate the pathway genes at the
transcriptional and translational levels. Two rexgsenave comprehensively summarized the
regulations involved in aromatic amino acid biosydis inS. cerevisia@andE. coli, as well as

the biochemical characteristics of the relevanyeres (Braus, 1991; Pittard and Yang, 2008).
The section below only highlights the most représtere regulatory events that were detailed in
these previous reviews. Recapitulating these examypégulations will assist readers to
understand the intrinsically complicated regulagitiehind aromatic amino acid biosynthesis as
well as design solutions to overcome the hurdlesicaining the production of many valuable

compounds from this pathway.

3.1 Regulation of enzyme activity
Allosteric checkpoints exist at the entrance ofghikimate pathway, as well as the
branching points between theTyr/L-Phe and.-Trp branches. In yeast, the DHAP synthase

isozymes Aro3 and Aro4 are sensitive to the feeklbdubition posed by-Phe and.-Tyr,
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respectively. The most common strategy to opersiiiee to the shikimate pathway is to
overexpress the mutant Afg4°- and/or Aro3%?*to completely block the binding of Tyr and
L-Phe. Feedback-insensitive mutants AH5% and Aro#*?**have also been reported in some
studies (Koopman et al., 2012; Trenchard and SmaB&5). The overexpressed mutant
typically leads to efficient condensation betwe&iPRand E4P, and there is no need to remove
the wild-type versions of the genesHncoli, it is believed that 20%, 80%, and a marginal
percentage of the total activity of DHAP synthaseriovided by -Tyr-sensitive AroF|-Phe-
sensitive AroG, and-Trp-sensitive AroH, respectively (Bongaerts et 2001; Tribe et al.,
1976). The feedback inhibition-insensitive mutattsG™ and Arof" are therefore usually
overexpressed to deregulate the feedback inhibition

Chorismate mutase Aro7 initiates th&yr/L-Phe branch by converting chorismate to
prephenate ii%. cerevisia@nd is subjected to feedback inhibition by the pratiuct.-Tyr.
Similarly, L-Trp acts as a repression effector to the anttatngynthase—glutamine
amidotransferase complex (encodedl®P2-TRP3CFigure 1b), which is in charge of the first
committed step of the-Trp branch at the same time as the activator of7Awhich is a dual

control strategy utilized b$. cerevisia¢o balance the fluxes flowing into the two brarehEhe

7T266I 7T227L)

overexpression of Ard7**(Aro or Aro has been conveniently used to allow the
flux to enter the.-Tyr/L-Phe branch (Rodriguez et al., 2017a; Rodriguet. €2015). IrE. coli,
the equivalent feedback-insensitive mutants Tr&heA”, and TrpE'-TrpDy (or called

TrpE™-TrpG, Figure 1c) have been widely overexpressed to produdep-derived products.

3.2 Transcriptional regulation
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Intrinsically complicated regulations have alsorbescognized at the transcriptional level
(Hinnebusch, 1988; Lee and Hahn, 2013), some ofiwhave not been fully elucidated. The
regulatory mechanisms employed by eukaryotes sigmifiy differ from those used by
prokaryotes. Eukaryotes use global regulators tdutade amino acid biosynthesis as an entire
pool in a non-specific manner, whereas prokarygégerally rely on pathway-specific

transcriptional regulators in response to the flatbns of the three aromatic amino acids.

3.2.1 Transcriptional regulation in the lower eukaryotes

In contrast to bacteria, yeast and fungi maintalatively large intracellular amino acid pools,
and the corresponding biosynthetic genes are esgulest significant levels, which is hence
named “basal control”. Under amino acid starvattbe,expression of more than 30 genes
involved in various amino acid biosynthetic pathe&/enhanced, and the genes involved are
not specifically from the pathway correspondinghite amino acid that is deficient. Such a cross-
pathway regulation is conducted by global transiipregulators via the so-called “general
control mechanism” (Hinnebusch, 1988). The genmoatrol mediated by the transcription
regulator Gen4 irs. cerevisiags the best characterized system of the aminolaogynthesis
network. The Gcn4 recognition site has a consessgsence of PATGA(C/G)TCAT-3 (Braus,
1991), which has been found in the upstream aaivaequences of the promoters of many
amino acid biosynthesis genes. These promotety@ically regulated by both Gen4-mediated
general control and amino acid-independent basdraaArndt et al., 1987; Struhl, 1986).
Specific to aromatic amino acid biosynthesis, trgutatory events at the entrance of the

shikimate pathway and theTrp branch are briefly discussed below.
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In addition to the feedback inhibition, due to thmportant entry position of DHAP synthase
in the entire pathwayARO3andARO4are also regulated at the transcriptional levele Gcn4-
binding site was found in the promoterARO3 A single mutation at this site or disruption of
the GCN4gene results in a decreased basal levAR®D3expression (Braus, 1991; Paravicini et
al., 1989). FOARO3 Gcn4 only maintains its basal-level transcripti@tause no increase in
ARO3expression is observed under amino acid starvatibich is different from the regulatory
role of Gecn4 orARO4(Braus, 1991). The basal expression levédi@D4is not affected by
disrupting the Gen4-recognition site in the upstreectivation sequence, but amino acid
starvation will no longer increase its transcripti&unzler et al., 1992).

Gcn4-mediated transcription control is also oftsadiin the.-Trp branch. The Gcn4-
binding sites appear in the promoters of four duhe five genesTRP2-5 in this branch, with
TRP1as the only exception. Unlike the operon strucpEDCBAemployed by bacteria, the
genes involved in amino acid biosynthesis are widplead over on the yeast genome,
indicating that a higher level of control must éx&scoordinate the expression of the genes from
a single pathway. For example, the heterodimerzyme complex consisting of anthranilate
synthase (Trp2) and glutamine amidotransferase3(dYypatalyzes the first step in thdrp
branch. Considering that equimolar amounts ofweerhonomeric polypeptide chains are
needed, the expression of Trp2 and Trp3 must bedcwded (Braus, 1991). Each of the two
promoters contains a Gen4-binding site (Zalkinletl®84). A fascinating dual control was
identified for Trp4. Three Gcen4-binding sites wésand in its promoter region, one of which
could also recruit another set of transcriptioegulators— Pho2/Bas2—involved in regulating
Pi metabolism (Braus et al., 1989). Anthranilategghoribosyltransferase Trp4 requires PRPP

as a substrate. Even under amino acid starvafiénjs limiting, TRP4expression is still
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restricted by the occupancy of Pho2/Bas?2 on tleetlsét could otherwise bind to Gen4 to fully

activateTRP4expression, thereby preventing the unnecessampmaiction of the enzyme.

3.2.2 Transcriptional regulation in prokaryotes

In contrast to the employment of global regulataorsukaryotes, the response to the
intracellular levels of the three aromatic amina@adn prokaryotes is much more localized. The
transcription of only the genes in the specific monacid biosynthetic pathway is enhanced when
the relevant amino acid is in deficiency. This matdbm, named “metabolic control”, is
mediated through one or both of the pathway-spefyulatory proteins, TyrR and TrpR, with
intracellular levels that are delicately balancedutfill particular regulatory roles (Pittard and
Yang, 2008).

TyrR is a large protein, composed of 513 aminosaidanged as an N-terminal domain, a
central domain, and a C-terminal domain. The unigature of TyrR is that the three domains
are relatively independent, have different oligoimegion preferences, and all have regulatory
roles. The N- and C-terminal domains tend to formeds, whereas the central domain prefers to
form a hexamer. Depending on the presence of effeeblecules and the positions of the TyrR-
binding sites relative to the key regions (e.g5,—310, and the transcription initiation site) in a
promoter, TyrR will take one oligomerization stateer the other and can act either as a
repressor or an activator, and in some cases, plagscial dual role in modulating the
expression of a single gene.

ThetyrR regulon has at least nine genes that are sepatatescribed, and the palindromic
sequence TGTAAARNTTTACA, together with two flanking nucleotides aoh end, comprises

thetyrR box. Table 1 provides a snapshot of many detailed mechanistdies summarized in
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an earlier review (Pittard and Yang, 2008). At teéa® tyrR boxes were found in the
transcription units for eight out of the nine geneth the exception cdroG, which contains
only one box. The binding of TyrR to one of thesads requires the presence of ATP anlyr,
and the box is named a weak box; the other boxsttbag box, is bound to TyrR in an effector-
independent manner. In many cases, one diytieboxes is close to or overlaps with the RNA
polymerase-binding site, mediating the regulatotg of TyrR to the transcription of the gene.
In special cases, DNA looping is required betweistadt binding sites, and the interaction
might be mediated through TyrR oligomerization.

TrpR is a much smaller regulatory protein than Tys&nsisting of only 108 amino acids. At
least five transcription units are involved in theR regulon, namely, thepEDCBAoperon,
aroH, trpR, Mtr, andaroL. TrpR remains a dimer, and its binding to the afmrrequires prior
binding with twoL-Trp molecules, which will change the conformatairthe HTH domains to
facilitate the recognition. Similar to the mechamidescribed for TyrR,-Trp-mediated
repression is conducted by blocking the bindin@®NA polymerase (-35 and —10 positions) or
its progression (+1 position). TrpR also coordisatéth TyrR to regulate the transcription of
Mtr andaroL (Table 1) (Jeeves et al., 1999; Pittard and Davidson, 1991)

Lastly, because no nuclear membrane separatesrifim and translation events in
prokaryotes, another unique control is employeshéalulate transcription in response to the
level of specific charged aminoacyl-tRNAs. This im&aism, transcriptional attenuation, is
found in the regulation of thepEDCBAoperon anghheA(Pittard and Yang, 2008). Briefly, a
leader sequence encoding a short 14-amino acidlpeptists upstream of tiig operon. Two
alternative RNA secondary structures can be asstayéuketrp operon, and one of them causes

the early termination of transcription. The leaslequence contains two adjace+irp codons,
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and the sliding of the ribosome will be stalledhas position if the charged tryptophanyl-tRNA
is scarce. The resulting structure then allows Riélymerase to continuously travel into the
coding regions of the various genes inttipeoperon. When tryptophanyl-tRNA is abundant,
ribosomes will not stall, an early termination RN#ucture is then formed, preventing the
unnecessary transcription of ttip operon genes to continuously raise the intracelluBrp

level (Landick et al., 1987). A similar transcrigoil attenuation mechanism is used to regulate
the expression gfheAin response to the concentration of phenylalaR{4A (Landick and Jr.,
1992). Considering that TrpE and PheA catalyzdithereaction in the-Trp andL-Phe
branches, respectively, having multiple mechanismiespond to the fluctuation of the

corresponding pathway product is critical to mamt&mino acid homeostasis.

3.3. Trandlational regulations

In eukaryotes, the expression of the global amd biosynthesis regulator Gen4 is
modulated by amino acids at the translational l€lfeis transcriptional regulator consists of 281
amino acids, but its mRNA is more than 1,500 nudes long. Interestingly, upstream of the
start codon AUG, four additional extremely shoréeppeading frames are found, each of which
is only composed of two or three sense codonsvigltbby a stop codon (Hinnebusch, 1988;
Thireos et al., 1984). Deleting or introducing ntigias in this extra leader sequence results in a
significant increase iGCN4expression. It is believed that the appearanctkeasie extra
translation initiation signals substantially intighihe ability of the ribosome to re-initiate the
translation at the actuBCN4ORF (Mueller and Hinnebusch, 1986), which is a faiguy

mechanism rarely used 8 cerevisiadut is quite popular in mammals. Under amino acid-
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deficient conditions, the interference of thesetngasn AUG start codons is suppressed, and the

translation olGCN4mRNA becomes most efficient for regulating amicaadiosynthesis.

4. Upstream products derived from the shikimate pathway

With a limited number of conversion steps, many emdity chemicals can be synthesized
from the intermediates in the shikimate pathwigyre 2 and Table 2). Recently, Averesch et
al. and Huccetogullari et al. discussed metabaigireering endeavors to produce a variety of
compounds derived from this upstream module (Avdresid Kromer, 2018; Huccetogullari et
al., 2019). To avoid redundancy, in the followirggtsons, we will highlight the standard
strategies for producing this group of compounds&pand upon the product derivatization
strategies that have not been included in the puswieviews. The products are color-coded in
Figure 2 and organized by key nodes in the pathway. Mosliss have been conducteddn
coli andS. cerevisiagbut a few other hosts have also demonstratedisingly high
productivity. Regardless of the species,demovadbiosynthesis, the overexpression of the
feedback-inhibited DAHP synthase mutant (Afo& Aro4™ in S. cerevisiaand AroF™" or
AroG™ in E. coli) and transketolase (TkI1 B cerevisiaand TktA inE. coli) are the most
common strategies used to enhance the flux entdren§A pathway and E4P availability,
respectively. These strategies will not be repdateentioned in the specific examples. Novel
strategies and non-glucose feedstock that enhaheqaroduction will be particularly

highlighted.

4.1 The dehydroshikimate node

4.1.1 Shikimic acid and quinic acid

17



Shikimic acid (SA) is the precursor of oseltampirosphate, commercially known as
Tamiflu®, an anti-influenza medicine (Federspiel et al99)9The commercial processes of SA
synthesis include its extraction from the fruitli€ium verumor microbial fermentation. The
latter offers a more abundant supply in a timelyn&, which is critical during a severe
influenza outbreak, when about 30 billion dose$arhiflu®, equivalent to 3.9 million kg of SA,
might be needed (Sunder Rangachari, 2013). Since 8Anetabolic intermediate, its
intracellular accumulation relies on the disruptadrihe downstream conversion.Hn coli, the
disruption can be achieved by deleting the seliditey SA kinase | AroK and SA kinase |l

AroL. In theS. cerevisiaenutant, Aro?%2%

needs to be overexpressed indh&la strain
because Arol is a large pentafunctional enzymé, aviitinct domains (ArolC, E, D, B, and A)
catalyzing the five steps from DAHP to EPSP.

In E. coli, glucose is transported into cells via the PEPmaydrate phosphotransferase (PTS)
system, in which a phosphoryl group is transfefrech PEP, converting glucose to glucose 6-
phosphate (G6P). To avoid this PEP expenditure stvadegies are often tested. One is to
overexpress PEP synthase encodedd®Ato recycle pyruvate back to PEP, and the other is
heterologously express t@gmomonas mobiliglucose transporter and glucokinase, encoded by
glf andglk, respectively, in a host deficient in the PTS systetiich does not require PEP for
glucose transportation but consumes one ATP. Aihdaoth approaches have been widely
applied, the second one influences SA productiorersmnificantly (Chandran et al., 2003). In
an engineeref. coli overexpressing 3-DHQ synthase encodedroyB to enhance the
conversion from DHAP to 3-DHQ, in combination witie aforementioned genetic

manipulations, 87 g/L SA was produced by 10 L fattb fermentation supplemented with 15

g/L yeast extract, with a yield of 0.32 g SA/g gise and a productivity of 1.64 g/L/h. To avoid
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the additional cost associated with aromatic anaitid supplementation for culturing theoK-
deletion strain, Lee et al. proposed to utilize@agh phase-dependent promoter to drive the
expression oéroK (Lee et al., 2017). With this strategy, cells costitl synthesize aromatic
amino acids while accumulating SRurthermore, the enzymes catalyzing the converfsmn
3-DHQ to DHS and then to SA were replaced by artuifional DHQ-SDH protein from the tree
Populus trichocarpdo facilitate metabolic channeling. The combingdtegy led to an
accumulation of SA at 5.33 g/L.

Much higher production of SA has been achieve@.iglutamicuma gram-positive soll
bacterium that is used for producingylutamate and-lysine at industrial scales (Kogure et al.,
2016). In addition to the standard overexpressi@hdeletion strategies, two interesting
strategies were devised to increase the accumulati8A. When the PTS system was
interrupted and replaced by overexpressing thegarmis myo-inositol transporter (lolT1) and
glucokinases (GIlk1, Glk2, and Ppgk), glycerol argldihydroxyacetone were unexpectedly
built up at significant amounts. It was reasoned the overflow of glycolytic intermediates
caused this accumulation, and the issue was reliey®verexpressingapAencoding
glyceraldehyde-3-phosphate dehydrogenase (GapdH)lacking the formation of 1,3-
dihydroxyacetone and glycerol. Besides, an aeratmwersion using growth-arrested high-
density cells was developed, in which cells wergrin the rich medium for 18-20 h, then
centrifuged, and added to the minimal medium withte of 10% of wet cell weight per culture
volume. Compared to the routine fed-batch fermenatising growth-arrested cells reduced the
carbon loss to cell growth and the byproduct foramtleading to the highest SA titer and yield

attained by microbial biosynthesis reported sqfdd g/L and 0.49 g of SA per g of glucose).
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Boosting the level of PEP has not been widely gttethinS. cerevisiaewhich might be
because the flux through E4P was identified asadtlone order of magnitude less than that of
the one through PEP (Suastegui et al., 2016a).dmgue genetic manipulations conducte&in
cerevisiadancluded the overexpression of ribose-5-phosphatelksomerase encoded BKI1
and deletion oRIC1 (Suastegui et al., 2017). The study suggestedRigatwas a novel
transcriptional repressor, and the correspondindibg sites were found in multiple promoters
of the genes in the aromatic amino acid pathwayjefetion brought up the SA titer by 27%.
RKI1 overexpression was predictedsilico by OptForce, which suggested that the carbon flux
in the PPP could be directed towards E4P withoutggback to glycolysis. This hypothesis was
confirmed by an experiment in which the SA titersvilecreased from 0.8 g/L to 1.0 g/L (based
on 2% glucose) and then 2.0 g/L (based on 4% g&)dos2.4 g/L (based on 4% sucrose).

The metabolic flux analysis demonstrating that E4fRe rate-limiting substrate B.
cerevisiagSuastegui et al., 2016a) motivated researchesslmre other non-model yeasts that
have a high native xylose-utilization capacity. &sg is efficiently assimilated through the PPP
in CUG-clade yeasts, suggesting that these yeagtd hmave higher E4P availability compared
to S. cerevisiaeWith the classical manipulations such as overesging Tktl, Aro#?°", and
Aro1™%%" the exemplary speci&s stipitisproduced SA at a titer of 3.11 g/L, which was Kfo
higher than that b§. cerevisia@inder the same conditions (Gao et al., 2017). f@geesents the
highest level of shikimate production in yeastghAugh this titer is still much lower than that of
bacterial producers, these studies pave the wagnigineering eukaryotic hosts that produce
downstream products with nutraceutical and pharotazad value. The biosynthesis of some of
these downstream compounds requires the participaficytochrome P450 enzymes, which

poses significant challenges for the bacterial petidn hosts.
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Shikimate dehydrogenase encodednE can also use 3-DHQ as the substrate. IrEthe
coli strain lackingaroD encoding 3DHQ dehydratase, quinic acid was accat@dilat 49 g/L in
fed-batch fermentation, with a yield of 0.21 g/gaise (Ran et al., 2001). The same authors had
also tested the heterologous quinic acid dehydmagge(Qad) fronKlebsiella pneumoai,
because this microorganism can naturally utilizeiguacid as its sole source of carbon. The
heterologous expression of QadEncoli produced 4.8 g/L quinic acid in shake flasks (Dsatt
al., 1992). Quinic acid can be chemically convetteydroquinone at high yields via oxidative
decarboxylation and subsequent dehydration. Hydnomge is used as an agent to develop
photographs and an intermediate to synthesize smti@xidants and polymerization inhibitors,
but in the past its synthesis heavily relied onukage of carcinogenic benzene as the substrate.
A recent study on thde novabiosynthesis of arbutin showed that hydroquinanddalso be

obtained by the hydrolysis of 4-hydroxylbenzoatse(section 4.2.2) (Shen et al., 2017).

4.1.2 cis,cis-Muconic acid

Muconic acid (MA) is an unsaturated dicarboxyliedgarecursor of terephthalic and adipic
acid, which are monomers of the plastics polyetngleerephthalate (PET) and nylon 66 (Lu et
al., 2016; Niu et al., 2002). The traditional bemzédased chemical synthetic routes for adipic
acid and terephthalic acid are detrimental to therenment, warranting the need to establish a
sustainable green process. The microbial productiate can be established via three steps,
extending from DHS, as follows. DHS dehydrataseorand protocatechuate decarboxylase
(AroY) both originate fronK. pneumoniaDHS is converted to protocatechuate (PCA), ard th
into catechol, which undergoes an oxidative rirgpaehge reaction catalyzed tgtA-encoded

catechol 1,2-dioxygenase frodtinetobacter calcoaceticuBseudomonas putidandC.
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glutamicum.The expression of these three heterologous enzynuesnbination with the
aforementioned overexpression of three endogenemmssgktA, aroF™, andaroB, and the
deletion of the downstream geamE in charge of converting DHS to SA, led to a hiigértof
36.8 g/L in fed-batch fermentation (Niu et al., 2D0

The basic genetic manipulations necessary to cegateerevisiadMA producer are similar
to those used to enable SA accumulation, with th&ation site in Arol switching from the SA
kinase subunit to the SA dehydrogenase subunitehsly AroP**%°A The strain expressed
AroZ, AroY, and Hqd2 from the ascomycete funaslospora anserindahe bacteriuni.
pneumoniaand the yeastandida albicanstespectively (Curran et al., 2012), together whid t
native enzymes Tkl1, Rkil, Ar6#°", andAro1”%?®*in theric1A arolA deletion strain. This
combination led to the production of 2.0 g/L PCAI&n33 g/L MA based on 4% glucose shake-
flask fermentation (Suastegui et al., 2016b; Sgastet al., 2017). These findings led to the
discussion of whether the deletion&VF1, encoding glucose-6-phosphate dehydrogenase
would be beneficial for MA production. Researchersnd that this deletion could force the
carbon flux to enter through the non-oxidative lotaof the PPP, thereby increasing E4P
levels(Curran et al., 2012; Gold et al., 2015ydss found that while thBWF1deletion indeed
increased the DHS concentration before the incatpor of the three heterologous genes
accounting for MA biosynthesis, it also decreasezldverall production of PCA and MA by 31%
in the final strain (Suastegui et al., 2017). Cdasing that the Zwfl-catalyzed reaction is the
primary source of NADPH, the deletion 8#/F1, in combination with a higher metabolic
burden imposed by expressing the three-gene hetgnat MA pathway on a multi-copy
plasmid, reduced the fitness. This is because megrangements occur in the cell to find new

NADPH sources. Similarly, the interruption of NADRidfactor regeneration also reduced SA
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production because the step converting DHS to $#tires NADPH. The authors clarified that
the deletion oZWF1should not be used as a strategy to produce angaands downstream of
the DHS node unless NADPH can be efficiently rejsleed. For the products directly derived
from DHS, such as MA, whether this step is benafidepends on the tradeoff between the
increase in E4P level and the negative impact drgoawvth. Leavitt et al. created a hybrid
promoter induced by aromatic amino acids and pladeahNeogene conferring a low level of
resistance to geneticin (Leavitt et al., 2017) yEthethane sulfonate mutagenesis and adaptive
laboratory evolution were implemented to createamustrains with an increased flux into the
aromatic amino acid biosynthesis. The flux wasireetied to create a strain producing MA at a
titer of 2.1 g/L in fed-batch fermentation.

In all these engineered yeast strains, the PCArbexglase AroY seems to be the bottleneck
step, causing significant accumulation of PCA dndgst low MA titers. Some studies have
suggested that this is due to thed@nsitivity of this enzyme (Suastegui et al., 2)Myeber et
al., 2012), while others believe that its functitiyaequires the prenylated form of flavin
mononucleotide as the cofactor, which is insuffitier even missing in some strains, such as the
CEN.PK family ofS. cerevisia¢Weber et al., 2017). Supplying the strain withoarrexpressed
flavin mononucleotide prenyltransferase (Padl) eskis this bottleneck. Furthermore, with the
strategies involving the overexpressiorEofcoli AroB and AroD to enhance the conversion up
to DHS, and in-pulse triggering of the conversi6éDbIS to the flow downstream by
destabilizing endogenous Arol, the final straindmeed 1.2 g/L MA without an additional
supply of the aromatic amino acids and 5.1 g/L MAew amino acids were supplemented (Pyne

et al., 2018).
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The benefit of co-expressing AroY-associated pnstéd overcome the accumulation of
PCA was also observed in other hosts sudp. gitida(Johnson et al., 2016) add glutamicum
(Lee et al., 2018). Because both species havedtieerfunction of utilizing aromatics (e.g-
coumarate, ferulate, and benzoate)psketoadipate pathway, the genes encoding PCA
dioxygenase (PcaHG), and the enzymes requirediftrdr metabolism of MA to
muconolactone (CatB and CatC, together with thaidcriptional regulator CatR) have to be
deleted. AroY together with its associated protmdB fromEnterobacter cloacaand
dehydroshikimate dehydratase AsbF frBacillus cereusvere heterologously expressedin
putidaalong with the overexpressed native CatA (Johmes$@h., 2016). The resulting strain was
able to directly synthesize MA from the lignin maner p-coumarate with a titer of more than
15 g/L, and from glucose with a titer of 4.9 g/Laried-batch process. This additional co-
expression of EcdB enabled the host to reach ptmofuat least 3-fold higher than the one that
could not offer the prenylated flavin cofactor. Earglutamicumthe fermentation was scaled up
to 7-L and 50-L fed-batch processes, resulting8m& and 54 g/L of MA based on glucose
(Lee et al., 2018).

A useful co-culture strategy was developed to $pAtbiosynthesis between twi. coli
strains (Zhang et al., 2015b). The genes encotia@TS glucose transport system (encoded by
ptsH, ptsl, andcrr) and shikimate dehydrogenase (encodedrbiz andydiB) were deleted from
the first strain, enabling it to utilize xylose aaccumulate DHS. The xylose isomerase (encoded
by xylA) in the second strain was then disrupted, buDiH& transporter gene (encodeddiyA),
together with the three-step MA pathway (encodedroy, aroY, andcatA), was overexpressed.
The resulting co-culture produced 4.7 g/L MA in fed-batch bioreactor, with a yield of 0.35

g/g from a mixture of glucose and xylose. Splittanpng biosynthetic pathway into different
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strains not only relieves the burden caused bynsite overexpression and deletion to a
monoculture but also allows easy fine-tuning of g between the modules accommodated by

the distinct partners for the optimal outcome.

4.1.3 2-Pyrone-4,6-dicar boxylic acid and vanillin

2-Pyrone-4,6-dicarboxylic acid (PDC) is a dicarboxgcid that can also be derived from
PCA. Owing to its structural similarity with tereblalic acid, the monomeric building block of
PET, PDC has been tested for polymerization wittediols or hydroxyacids to form polymers
with interesting features. Luo et al. describedosynthetic pathway in which dehydroshikimate
dehydratase (encoded AgbFfrom Bacillus thuringiensiy PCA 4,5-dioxygenase (encoded by
pmdABfrom Comamonas testosterpnand CHMS dehydrogenase (encodegimglCfrom C.
testosterorjiwere cloned in ak&. colistrain carrying tharoE deletion for DHS accumulation
(Luo et al., 2018). The endogenous gegmesAandshiA (encoding the DHS importer) were
overexpressed by the strong promoter pTrc to iserdae availability of PEP and trap DHS
intracellularly. ThesthAencoded pyridine nucleotide transhydrogenade itoli was also
targeted to enhance the level of NAD#a two strategies: exchanging the promotestbfAwith
pTrc or introducing three silent point mutationgtie beginning of the coding regionsihAto
deregulate the endogenous translational contr@.cbmbination of all these strategies allowed
the production of 16.72 g/L PDC based on glucodebfch fermentation, with a yield and
productivity of 0.201 g/g and 0.172 g/L/h, respeely.

In S. cerevisia@and the fission yeaSichizosaccharomyces pomB#iS has been further
extended with four-step conversions to synthesarelin p-p-glucoside (VG). Vanillin is one of

the most important flavoring agents in the world, (@014). It is a natural product present in the
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seedpods d¥anilla planifolia, but its current production mostly relies on achiemical
conversion involving lignin deconstruction or syesis based on petrochemicals (Priefert et al.,
2001). Thede novabiosynthesis of vanillin involves the heterologexpression oPodospora
pauciseta3-dehydroshikimate dehydratase (3DSW)cardiaaromatic carboxylic acid reductase
(ACAR), Homo sapien®-methyltransferase (OMT), and an additional phoppintetheinyl
transferase (PPTase) cloned fr@mglutamicumPPTase is only required By cerevisia@and

not byS. pombgbecause the latter possesses endogenous phosfibpenylation activity to
help with the reduction step. The initial titersrevéairly low in the two yeasts (45 mg/L and 65
mg/L), and a decent amount of product was reduzednillyl alcohol inS. cerevisiag@inless the
alcohol dehydrogenageDH6 was disrupted (Hansen et al., 2009). The low pcbdn was
partially caused by the toxicity of vanillin andpegssion of a\rabidopsis thaliandamily 1
uridine diphosphate (UDP) glycosyltransferase (UGWich converted vanillin into the
nontoxic VG with a production increase to 100 mdtflwas also found that the knockout of
PDC1, encoding pyruvate decarboxylase, could channel fhaxeo flow towards the shikimate
pathway instead of the ethanol end using a contisebemostat with a very low dilution rate,
and the finalS. cerevisiastrain produced 500 mg/L VG with a yield of 32 gnglucose

(Brochado et al., 2010).

4.2 Thechorismate node

Moving downstream beyond DHS and SA, chorismateimes the next hub, from which
various benzoic acids can be synthesized. Manyheglated products, such as folate (vitamin
Bg), CoQ, and aspirin, need benzoic acid as the precufdben synthesis (Noda et al., 2016;

Yao et al., 2018).
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4.2.1 Salicylate, 4-aminobenzoate, 3-aminobenzoate, 2-aminobenzoate, 3-hydr oxybenzoate,
4-hydroxybenzoate, and muconic acid

The chorismate lyase family of enzymes cleaveH@bond of chorismate and its close
derivatives, releasing pyruvate and benzoic at¢athed to either a hydroxyl or an amino group.
Obtaining pyruvate as a product in these reactiooisvated Noda et al. to design an innovative
“pulling” strategy to boost the flux to synthesizaious benzoic acids (Noda et al., 2016). They
replaced the aforementioned endogenous PTS gliiGosport system with galactose permease
(GalP) and glucokinase (GIK) frokn coli, thereby disrupting the conversion from PEP to
pyruvate during glucose transportation. In additibve conversion of PEP to pyruvate during
glycolysis was also eliminated by knocking out pate kinase encoded ppykFandpykA This
increased the available PEP entering the shikipattewvay, and the cells were forced to
replenish pyruvateia the chorismate lyase-catalyzed reaction. Thisegiyawas first
demonstrated in the biosynthesis of salicylatectiisomerizes chorismate to isochorismate
(IsoCA) (IsoCA synthase encoded imgnFfrom E. coli) before C-C bond cleavage (ISoCA-
pyruvate lyase encoded pghBfrom Pseudomonas aerugingsaVithout using the standard
strategies to increase PEP and E4P levels {eapyerexpression dktA andppsA, the
production of salicylate i&. colialready reached 11.5 g/L in the batch culturer &@®eh. The
strategy was subsequently generalized to produ@nséifferent chorismate derivatives,
including MA, 4-hydroxybenzoate (4-HBA,; also knowasp-HBA), 3-hydroxybenzoate (3-
HBA), 2-aminobenzoate (2-ABA), 4-aminobenzoate (#ARBIso known ap-ABA), tyrosine,

and phenol, at 1-3 g/L in test tube-scale culture.
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Salicylate is a precursor in the synthesis of aspind the anti-HIV agent lamivudine and it
can be combined with endogenously produced WBPRglucose, catalyzed by salicylate
glucosyltransferase (UGT74F1) frofn thaliang to synthesize the plant-derived salicylat®-2-
B-D-glucoside (SG), which has anti-inflammatory adyivas well as other glycosylated variants;
once the heterologous deoxysugar pathways aralinteal (Qi et al., 2018). In this study, the
irp9-encoded bifunctional salicylate synthase fréersinia enterocoliticavas expressed to
complete the two-step conversion from chorismateaticylate.

Note that the enzymes that catalyze the synthésisimobenzoates are slightly different
from those involved in the synthesis of hydroxylmates, because an amino group needs to be
transferred from glutamine prior to the lyase-catedl reaction. Thde novabiosynthesis of
4ABA was established i8. cerevisiady overexpressing aminodeoxychorismate synthase
(Abzl) and aminodeoxychorismate lyase (Abz2) frarast (with a titer of 215 mg/L) using
glycerol and ethanol as the feedstock in fed-b&ainentation (Averesch et al., 2016), andEin
coli (with a titer of 4.8 g/L) by overexpressing thetesial analogous enzymes encoded by
pabABC(Koma et al., 2014).

One-step extension from chorismate catalyze# bgoli chorismate lyase (encoded llyiC)
leads to the synthesis of 4-HBA, which is curreni$gd to prepare paraben preservatives,
cosmetics, and pharmaceutical products. Using airettategies as discussed previously in SA
and MA production, including the overexpressionrahsketolase, the feedback-insensitive
DAHP synthase mutant, and individual enzymes t@eoé the conversion from DAHP to
chorismate, 4-HBA production of 12 g/L was estdi#@i inE. coli by fed-batch fermentation,
with a yield of 0.19 g/g glucose, and a producyiwt 0.17 g/L/h (Barker and Frost, 2001).9n

cerevisiaeandP. putidg the downstream Tyr/Phe branch and the Trp bramsk both disrupted,
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and becausk. putidahas the endogenous PCA degradation pathway, adalitknockout of
pobA(encoding 4-HBA hydroxylase) was performed. Uddrbatch fermentation, titers of 2.9
g/L and 1.73 g/L were achieved in the two hosts the yield and productivity iR. putidawere
5.8-fold and 1.7-fold higher than those obtaine8.icerevisia¢Averesch et al., 2017; Yu et al.,
2016), respectively. ThiB. putidastrain also included a deletion of a glucose cdistno
repressor encoded ImgxR the expression of which increases the supplydét &nd NADPH.
The aforementioneH. coli co-culture used to produce MA has also been egrtkta produce 4-
HBA at 2.3 g/L and 3-aminobenzoic acid (3-ABA; alsmwn as m-ABA) at a low titer of 48
mg/L, presumably due to the low activity of 3-ABfghase (PctV) fronStreptomyces pactum
(Zhang et al., 2015b).

Section 2.3 summarizes the higher order of enzyssedation occurring in thiep operon.

In E. coli, TrpE and TrpD form a heterotetramer to media¢esynthesis of anthranilate and
PRPP. The N-terminal of TrpD (designated as Trp&ome literature) with TrpE enables amino
transfer from glutamine to complete anthranilatetisgsis. Balderas-Hernandez et al. identified a
TrpD mutant with an early stop codon in the C-terahianthranilate phosphoribosyl transferase
domain (Balderas-Hernandez et al., 2009). This timutded to the accumulation of anthranilic
acid (2-ABA) inE. coliat 14 g/L in fed-batch fermentation.

MA can be synthesized via several pathways, whietesthe last conversion step of
catechol to MA but differ in the reactions priordatechol. For example, MA can be derived
from at least four downstream branches from theishate node, including the pHBA route
(ubiCandpobA (Sengupta et al., 2015), the 2,3-dihydroxybenaeid (2,3-DHBA) route
(entCBAandbdg) (Sun et al., 2014; Wang and Zheng, 2015), theydate route ihenF, pchB

andnahQ (Lin et al., 2014a), and the anthranilate rotrjeH, trpG, andantABQ (Sun et al.,
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2013). The production levels of MA in these engred&. coli strains ranged from 0.17 to 1.45
g/L in shake-flask fermentation using either glueos glucose plus glycerol as the carbon
source. Fujiwara et al. compared thecoli strains producing MA through the DHS, pHBA, and
salicylate routes and found that optimum perforneamas obtained by fusing chorismate
synthase (AroC) and isochorismate synthase (Menfgcilitate metabolite channeling
(Fujiwara et al., 2018). The strain produced MA &5 g/L, with a yield of 0.207 g/g glucose

and a productivity of 2.77 g/L/day in a jar fermemt

4.2.2 Arbutin, phenazine-1-carboxamide, gastrodin, gallic acid, and pyrogallic acid

Arbutin is a plant-derived glycosylated hydroquie@and has been widely used in cosmetic,
healthcare, and medical industries because obilisyeto block melanin synthesis for skin
lightening, as well as its other anti-microbialtianflammatory, and anti-oxidant activities
(Shen et al., 2017; Yao et al., 2018). ExtendenhfleHBA, thede novabiosynthesis of arbutin
can be achieved by the expression of 4-HBA 1-hyglese (Mnx1) fronCandida parapsilosis
and glucosyltransferase (AS) frdRauvolfia serpentinat 4.19 g/L inE. coli strains engineered
to accumulate 4-HBA (Shen et al., 2017). A simitlra has been extended”Rseudomonas
chlororaphis(Wang et al., 2018c). The final strain carrying gf@mome-integrated genes
encoding Mnx1, AS, XanB2 (chorismate lyase frganthomonas oryzae pv. oryzaand PhzC
(theP. chlororaphisversion of DAHP synthase), and with deletionpyKA (pyruvate kinase
converting PEP to pyruvatgdhzE(converting chorismate for phenazine biosynthesis)l three
negative regulatory gendst, rpeA andrsmB produced arbutin at 6.79 g/L and 0.094 g/L/h
with mixed fed-batch fermentation of glucose andBA. Previously, the disruption of another

set of pathway-specific transcriptional repressorsoded byon, parS andpsrAenabledP.
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chlororaphisto enhance its production of phenazine-1-carbodar(fPCN) at 4.1 g/L, with a
yield of 0.23 g/g glycerol (Yao et al., 2018). P@\haturally produced bseudomonastrains
and displays broad-spectrum antibiotic properties.

Gastrodin is another plant-derived phenolic glydesiaturally synthesized by the herb
Gastrodia elatawhich has been used in East Asian medicine to tisatises of the central
nervous system and cardiovascular symptoms. Bai sticcessfully created a microbial
biosynthetic route composed of carboxylic acid rtdse (CAR) fromNocardia iowensis
phosphopantetheinyl transferase (Sfp) fl@nsubtilisto convert apoCAR to its holo form, and
endogenous alcohol dehydrogenase (ADH) and glytasgferase (UGT73B6) froRhodiola
sachalinensi¢Bai et al., 2016). The strain was first optimizedynthesize 4-hydroxybenzyl
alcohol via the 4-HBA branch, and then, a more ipoggycosyltransferase mutant was identified
through directed evolution. The final strain proddgastrodin at a titer of 545 mg/L at 48 h in
shake-flask glucose fermentation.

The previously mentionggobAencoding 4-HBA hydroxylase iBseudomonaspp. has a
very high activity toward 4-HBA but low activity ward the product PCA. Gallic acid is a 3,4,5-
trinydroxybenzoic acid, widely found in fruits, suand tea, and it has strong anti-oxidant
properties. To continue the hydroxylation of PCAsymthesize gallic acid, a structure-based
rational design strategy was appliedPtoaeruginosd@obA The resulting mutarfPobA
containing mutations (Y385F and T294&jabledhe engineere#. colistrain to produce 1.27
g/L gallic acid in shake flasks (Chen et al., 20174llic acid can be chemically converted to
pyrogallol (other names: pyrogallic acid or 1,2;Bydroxybenzene) through thermal
decarboxylation under high pressure and tempesatDnge to the highly active nature of each

hydroxyl group on the benzene ring, pyrogallol hasn used as the precursor to synthesize
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many bioactive compounds such as bendiocarb (ileg$z), trimethoprim (antibiotic), and
gallamine triethiodide (muscle relaxant) (Wanglet2018b). To create an artificial biosynthetic
pathway, theentCBAoperon (encoding IsoCA synthase, isochorismatask2,3-dihydro-2,3-
dihydroxybenzoic acid dehydrogenase) was overegpte® convert chorismate to 2,3-
dihydroxybenzoic acid (2,3-DHBA). Then, five candlie oxygenases and hydroxylases were
screened for the ability to transform the C1-cagbgxoup of 2,3-DHBA to a hydroxyl group.
Salicylate 1-monooxygase, encodednajnGfrom P. putidg displayed a higin vitro

conversion efficiency. Its heterologous expressiogether with other optimization strategies,
including the enhancement of the flux in the SApaty, gene expression balancing, and
alleviation of product autoxidation, led to the guation of pyrogallic acid at ~1 g/L . coliin

shake-flask culture (Wang et al., 2018b).

5. Productsderived from the L-Trp branch
5.1 5-Hydroxytryptophan, serotonin, and melatonin

5-Hydroxytryptophan (5-HTP) is a natural non-caicahamino acidKigure 3 and Table 3).
It has been used for over 30 years as a precufsioe meurotransmitter serotonin to treat
serotonin disorders that cause depression andetyaf other medical conditions such as
chronic headaches, insomnia, and binge eatingdbsand obesity (Lin et al., 2014b; Mora-
Villalobos and Zeng, 2017; Mora-Villalobos and ZeA18; Sun et al., 2015). Owing to its
structural similarity ta.-Trp, orally administered 5-HTP can easily passulgh the blood—brain
barrier and then be converted into serotonin ircdrdral nervous system. The commercial

production of 5-HTP currently relies on its extrantfrom the seeds of the African plant
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Griffonia simplicifolia,whose season- and region-dependent supply strarfiglgnces cost-
effective production.

In both animals and plants, the biosynthesis ajftsein takes place in two steps but differs
in the order. In animals-Trp is hydroxylated to 5-HTP by tryptophan 5-hyxiylase, and
tryptophan decarboxylase (TDC) then converts 5-Hii®serotonin, whereas in plants, the
decarboxylation occurs first, producing tryptamasethe intermediate, followed by the
hydroxylation step catalyzed by tryptamine 5-hygtage. In the literature, both tryptophan 5-
hydroxylase and tryptamine 5-hydroxylase are labakT5H, but the latter is a cytochrome
P450 enzyme that is expressed in the endoplastisalten membrane of plants (Fujiwara et al.,
2018).

Tryptophan 5-hydroxylase in humans and animals big&3$,8-tetrahydrobiopterin (BH4)
and Fé" as cofactors and Qs a co-substrate. During Trp hydroxylation, Beléxidized to
pterin-Zo-carbinolamine (BH3OH) and is regenerated throughip-4o-carbinolamine
dehydratase (PCD) and dihydropteridine reductastPf®) (Hara and Kino, 2013). In humans,
BH4 is converted from GTP via three steps, invajv&iTP cyclohydrolase | (GCHI), 6-
pyruvate-tetrahydropterin synthase (PTPS), anchpégiin reductase (SPR) (Yamamoto et al.,
2003) Figure3b). E. colidoes not naturally synthesize BH4, but it can use
tetrahydromonapterin (MH4) as an alternative cafiafdr tryptophan 5-hydroxylasé&igure 3c).
However, the system required for MH4 regeneratsonat fully available irE. coliand has to be
heterologously incorporated.

Tryptophan 5-hydroxylase belongs to the family &rm-dependent aromatic amino acid
hydroxylases (AAAHS), which also includes phenytahe-4-hydroxylases (P4Hs). The AAAHS

from animals usually consist of the N-terminal ragory domain, the central catalytic domain,
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and the C-terminal domain involved in BH4 utilizatiand tetramer formation (Fitzpatrick,
2003). Prokaryotic P4Hs have only one catalytic dioncorresponding to the central domain in
animal AAAHSs but show little activity to act anTrp. Because MH4 replaces BH4 as the major
source of pterin ifE. coli, P4Hs use MH4 instead of BH4 as their native cperez Lin et al.
implemented a protein-engineering strategy to eraanutant P4%4"°F from Xanthomonas
campestrigencoded byhhA), which reduced the substrate preference fBhe ovelr-Trp

from 33.5 to 1.5 (Lin et al., 2014b). The finalatr expressed P41A"*F and the MH4
regeneration pathway, including PCD (encodegtyB from P. aeruginosand
dihydromonapterin reductase (DHMR; encodedddyl) from E. coli (Figure 3c), in addition to
the tpE>**"DCBA operon. The host was a previously well-develop&the overproducer
carryingpheAandtyrA deletions that prevented the synthesis-Bhe and.-Tyr (Huang et al.,
2013; Lin et al., 2014a), and in this studytitaA gene, encoding tryptophanase (ThaA)
(catalyzing the degradation of tryptophan and 5-Hd the corresponding indole), was knocked
out. The engineered strain was fermented at 3@ {€2avent oxidative degradation and produced
5-HTP at 153 mg/L at the expense of 9.7 g/L glugnsdhake flasks and at 1.1-1.2 g/L with the
supplementation of 2 g/L-Trp (Lin et al., 2014b).

Similar protein engineering based iarsilico structure models was applied to another
bacterial AAAH fromCupriavidus taiwanensidhe mutant AAAN*%%F, with enhanced
substrate preference toward3rp, enabled a&. coli strain harboring the human BHRBigure
3d) regeneration pathway and tryptophanase disruptigmmoduce 5-HTP at 0.55 g/L in 24 h
with the supplementation of 1 g/L Trp. Here, theBitdgeneration pathway, including PCD and
DHPR, was used to regenerate the endogenous MHa{Mitlalobos and Zeng, 2017). The

same research group later developed a two-stagefeation process to synthesize serotonin
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through a decarboxylation reaction of 5-HTP catadl/by the TDC fronCatharanthus roseus
As mentioned earlier, in plants, TDC-catalyzed deaaylation occurs prior to the
hydroxylation step. The promiscuity of TDC causkidirecognize.-Trp as a substrate and
decarboxylate it to tryptamine. To address thigasshe team split the production in two strains:
the first strain synthesized 5-HTP at a titer 02 @&g/L, and the cell-free medium was fed to the
second strain expressing TDC, leading to the pridaluof 154.3 mg/L serotonin through fed-
batch fermentation. The first strain was createskan a previousTrp overproducer, S028.
Note that a different mutant, CtAAARP" #1°C was designed based on thesilico structure
model and was verified to have a much largefi, than that of the initial variant
CtAAAH V1°?F towardsL-Trp (Mora-Villalobos and Zeng, 2018). One studpessed both TDC
and tryptamine-5-hydroxylase cloned from ri€yza sativa Its expression ii. coliwas
enabled with the 37 amino acids at the N-termihatyptamine-5-hydroxylase replaced with the
glutathione S-transferase tag to enable solubleesgwn. The resulting. coli strain produced
serotonin at 24 mg/L and 20 °C with the supplentesriaof L-Trp at 0.2 g/L in test tubes.
Surprisingly, unlike the expression of othefrp hydrolases, neither cofactor biosynthesis nor
regeneration pathways were needed for tryptamihgefoxylase expression (Park et al., 2011).
Instead of using the native MH4 as the cofactorpgVet al. recently reconstituted the BH4
synthesis and regeneration pathways i acoli strain expressing a truncated version of human
TPH2 (NA145, CGA24), which had a significantly better soluble exgsien than that of the wild
type (Wang et al., 2018a). The GCHI used in the Bi##thesis was encoded ngrA from B.
subtilis which improved BH4 biosynthesis, and the fourotipenes were human-sourced
(Figure 3b). The entire biosynthetic pathway was sectionéadlfirrp, hydroxylation, and BH4

modules. By modulating the plasmid copy number@odnoter strength, the relative expression
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levels among different modules were fine-tuned. piteeluction of 5-HTP was optimized to 1.3
g/L in shake flasks and 5.1 g/L in a fed-batch femter using glycerol as the carbon source,
representing the highest reported levels for theobialde novoproduction of 5-HTP.

Zhang et al. compared the performance-dfp hydrolase from prokaryotic and eukaryotic
sources, as well as the MH4 and BH4 systems, whielg 8. cerevisia@s a host (Zhang et al.,
2016). The prokaryotic system involves an evolvétl Rariant fromX. campestrisfolM
(encoding DHMR) fronE. coli, andphhB(encoding PCD) fron®. aeruginosdor MH4
regenerationKigure 3c), as discussed previously; the eukaryotic systerolves tryptophan 5-
hydroxylase fromOryctolagus cuniculusr tryptophan 5-hydroxylase fro8chistosoma
mansoni together with a BH4 biosynthesis pathway, inahgdPTPS and SPR froRattus
norvegicus DHPR and GCH fronk. coli, and PCBD fronP. aeruginosgFigure 3b). The
results showed that the BH4 pathway enabled a Wi7kigher production of 5-HTP than its
MH4 counterpart. It was also found that the overegpion of the native dihydrofolate reductase
DFR1 to catalyze tetrahydrofolate synthesis counltbace the performance of the prokaryotic
pathway by influencing MH4 generation.

To overcome the challenge of expressinyp hydrolases in bacteria, Sun et al. devised a
novel 5-HTP biosynthesis route via anthranilateicwlomitted the requirement of the cofactors
BH4 and MH4 (Sun et al., 2015). The rationale virat the enzymes encodedtpyDCBA
could possibly accept 5-hydroxyanthranilate (5-HA&)a substrate, considering that it only
differs from the native substrate anthranilatehlmy%-hydroxyl group. However, there is no
reported anthranilate hydroxylase. Thus, they setetwo salicylate 5-hydroxylases (S5HS)
cloned fromRalstonia spandP. aeruginosaharacterized to hydroxylate salicylate into

gentisate. As anthranilate is actually 2-ABA, wlexsalicylate is 2-HBA, it was hypothesized
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that S5H would also accept anthranilate as a satbsgubsequently, the researchers found a
promising putative S5H gene cluster (designateshBsBCD from Ralstonia eutrophalhese
enzyme complexes require NAD(P)H instead of BHthascofactor. Although the activities of
TrpDCBA and SalABCD towards the nonnative subssratere proven separately in this study,
the combined pathway did not accumulate 5-HTP&b#ginning. It was suggested that the
heterotetrameric complex formed by the native TapH TrpD may hinder the access of
SalABCD to the substrate anthranilate, or that TGBD preferred anthranilate over 5-HAA. A
two-step strategy was then implemented to addhéssssue. One strain harboring TH& and
SalABCD produced 5-HAA, and after 24 h, the otheais harboring TrpDCBA converted 5-
HAA in the collected supernatant of the first cudttio 5-HTP, with the final titer reaching 98
mg/L at 12 h.

Melatonin, a natural hormone regulating the ciraadhythm, is produced by the pineal
gland in the brain through acetylation and methgfasteps. It has been sold as an over-the-
counter dietary supplement, and studies have stegjes role in treating cancer and other
neurological diseases (Hardeland, 2008; Leonardoeldeca et al., 2015; Xu et al., 2015).
Unlike serotonin, melatonin can be transported sxtbe brain—blood barrier and be absorbed by
the central nervous system. At present, melatanprimarily produced through chemical
synthesis, which requires toxic substrates or ygsiisl

Heterologous expression Nfacetyltransferase (AANAT) ar8ladenosylt-methionine
(SAM)-dependenN-acetylserotonitO-methyltransferase (ASMT) converts serotonin to
melatonin. Germann et al. constituted a produgtiathway composed &. mansoni PH,H.
sapiendDDC (5-HTP decarboxylasd}os taurusAANAT, andH. sapiensASMT in S.

cerevisiagGermann et al., 2016). The BH4 synthesis pathway @nabled by the expression of

37



PTS/SPR fronR. norvegicusnd basal-level expression of GTP cyclohydrolg$&dH1 and
FOL2); the BH4 regeneration pathway combined DHRRR. norvegicusnd PCBD fronP.
aeruginosaAll the genes were integrated into the genome@xASMT, which was

beneficially placed on a high-copy plasmid. Supmeting 500 mg/L methionine, the precursor
of SAM, did not increase production, indicatingtttiee native SAM level was sufficient, but
overexpression of the endogenous acetaldehyde dejermhse ALDG6 increased production by
10%, presumably by improving the supply of acetglACMelatonin production of 14.5 mg/L
was obtained by using the synthetic feed-in-tim@)Ymedium or mineral medium

supplemented with glucose. The FIT medium mimicalsstale fed-batch fermentation because
glucose was gradually released by the exogenodslgchglucoamylase from a solubilized

glucose polymer.

5.2 Violacein and deoxyviolacein

Violacein and deoxyviolacein are naturally produpedple indolocarbazoles that are of
great interest because of their antimicrobial leistimanial, antiviral, and antitumor properties.
Several gram-negative bacteria produce them (maiolgicein), includingAlteromonas
luteoviolaceaChromobacterium violaceur®seudoalteromonas luteoviolageand
Janthinobacterium lividunjRodrigues et al., 2014; Rodrigues et al., 20181 & al., 2016a).
Similar to many other secondary metabolites, theduction in microorganisms is possibly
triggered by self-defense against environmentagearViolacein has also been used as a
colorant for textile dyeing.

The accumulation of these pigments in some badegaabled by theioABCDEoperon.L-

Trp oxidase VioA first converts-Trp to indole-3-pyruvic acid imine, and two of Hee
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molecules are combined to form protodeoxyviolaceatid, catalyzed by iminophenyl-pyruvate
dimer synthase (VioB) and violacein biosynthessyeme (VioE). Protodeoxyviolaceinic acid
can be processed either directly by violacein s3sgh(VioC) or sequentially by tryptophan
hydroxylase (VioD) and then by VioC, yielding desigtacein or violacein as the final product.
Rodrigues et al. placed t@ABCEcluster fromC. violaceurmunder the control of an inducible
araC promoter inE. coli (Rodrigues et al., 2013). To increase the avaitgof L-Trp, the
feedback-insensitive mutants TPPESD: C237R. M293T, and AM78% 4 5erA%72P (3-phosphoglycerate
dehydrogenase) were created, and the latter irentedae endogenous leveliokerine (-Ser),
which served as the co-substrate of indole in tipBIcatalyzed condensation, the last step of
theL-Trp biosynthesis pathway. Other overexpressiagetarincluded endogenous TktA (to
increase the E4P level), AroFBL (to enhance the iftithe upstream shikimate pathway), and
TrpDCBA (to increase the flux in the Trp biosyntisdsranch). In addition, the gentegR, trpL,
tnaA andsdaAwere interrupted. TrpR and TrpL are involved imvdoegulating the genes in the
L-Trp branch, whereas TnaA (tryptophanase) and fd&er deaminase) are involvediTrp
andL-Ser degradation, respectively. In this study, 10agabinose was used as both the carbon
source and the inducer. The combination of allérstgtegies led to an accumulation of
deoxyviolacein at 324 mg/L in shake flasks. Theitaaid of VioD from J. lividumled to the
complete conversion of deoxyviolacein to violaceeaching 710 mg/L in a 300 h fed-batch
process based on arabinose. An immediate followtugby indicated that the disruption of
arabinose catabolism and switching to glycerol earbon source could further increase the
production of deoxyviolacein to 1.6 g/L in fed-daiulture (Rodrigues et al., 2014).

The five genes in theiloABCDEoperon actually use internal ribosome-bindingssiéand the

stop codon of the previous gene overlaps with tht sodon of the next. Due to the high
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performance o€. glutamicumas a host to produce aromatic amino acids, Sah et
overexpressed theoABCDEoperon in an established industrialrp hyperproducer, ATCC
21850, and inserted@ glutamicunribosome-binding site in front of eaglo gene (Sun et al.,
2016a). The resulting strain produced violaceia ttter of 5436 mg/L, with a productivity of 47
mg/L/h, representing the highest levels of producfrom both native and heterologous hosts.
Some studies also focused on optimizing the feratemt processes of the native producers, e.g.,
C. violaceun(1.1 g/L),Duganella sp(1.62 g/L), and. lividum(3.5 g/L), and the heterologous
hosts, e.g.Citrobacter freundii(4.13 g/L) (Duran et al., 2007; Lu et al., 2009any et al., 2009;

Yang et al., 2011).

5.3 Indole, hydroxyindole, indigo, and indirubin

Indole alkaloids (also called indigoids) such afimmbin and indigo are plant-derived
secondary metabolites, many of which possess irmpopharmaceutical properties and have
been employed as medicines and dyes since anicie® (Han et al., 2013). Indirubin, also
known as couraupitine B, a red isomer of indigahesactive ingredient in Danggui Longhui
Wan, a traditional Chinese medicine for the treanoé chronic granulocytic leukemia (Berry et
al., 2002). It also effectively treats diseasehagAlzheimer’s disease (Hoessel et al., 1999).
Indirubin and indigo compounds are currently exeddrom plant materials, but due to their
small quantities, downstream processing is verjl@hging and laborious.

Indole is oxidized by the heterologous naphthaldiogygenase (NDO) frol@omamonasp.
to form 3-hydroxyindole (interconvertible with 3-axlole), 2-hydroxyindole (interconvertible
with 2-oxindole), or isatin. The spontaneous diation of 3-hydroxyindole forms indigo .

coli. When 0.5 g/L of 2-oxindole was added_tdrp-containing media, it was dimerized with 3-
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hydroxyindole, leading to the maximal productionrafirubin at 58 mg/L. Further increases in
2-oxindol had no effect on the titer, but the pntjom of indirubin in indigoids could be
optimized to 48% when 1.5 g/L 2-oxindole was suppeted (Zhang et al., 2014). A compelling
study found that cysteine supplementation at 0/B&guld increase the proportion of indirubin,
presumably by influencing the regioselectivity loé flavin-containing monooxygenase (FMO)
from Methylophaga aminisulfidivoranthereby enhancing the synthesis of 2-hydroxyindoler
3-hydroxyindole as the major productLiT rp-containing media. The resultifg coli strain was
capable of producing 223.6 mg/L indirubin and 6 @lmndigo, as opposed to 5 mg/L indirubin
and 920 mg/L indigo when no cysteine was suppleete(iian et al., 2011; Han et al., 2013).
One study suggested that th&rp symporter encoded tgaB (located 90 bp downstream of
tnaA) was specifically responsible for transporting éx@genous-Trp, which is converted to
indole by TnaA (Li and Young, 2013).

To avoid supplementation of expensive precursbesjé novobiosynthesis of indigo and
indirubin was established . coli; FMO fromM. aminisulfidivoransvas introduced into a.
coli strain overexpressing its native TnaA (catalyzimgp-elimination ofL-Trp to indole), AroL
(increasing the flux in the shikimate pathway), AKincreasing E4P availability), and the two
feedback-insensitive mutants ArBt3°™ and TrpE*F. Simultaneously, the pathway-specific
negative regulator TrpR and the pyruvate kinasdé$-Ryd PykA (increasing PEP availability)
were all interrupted. Fed-batch fermentation letheoproduction of indirubin (0.056 g/L) and
indigo (0.64 g/L) using glucose as the carbon so(ibw et al., 2018). In an earlier study, Berry
et al expressed. putidaNDO and the native TrgEDCB/26A inE. coliwith a mutation
introduced in theérpB gene to inactivate the conversion of indole ed®er toL-Trp (Berry et al.,

2002). Of notein vitro analysis suggested that AroG was inhibited by xytior its downstream
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intermediates. To address this issue, the Afa@utant was cloned in two co-transformed
plasmids to increase the abundance of Afcdhd dilute the negative inhibitory impact. It was
also found that preincubation of the enzyme with° PlEovided partial protection against
inactivation. The overexpression of TktA and disiop of pykAandpykF were correspondingly
conducted to increase PEP availability. Combinilhthase strategies enabled a high production
of 18 g/L in fed-batch fermentation withTrp fed at an increasing rate from 0.2 to 0.5 g/d#

h after the start of glucose feed.

6. Productsderived from the L-Phe branch
6.1 Phenylpyruvate node
6.1.1 Phenyllactic acid

E. colihas endogenous phenylpyruvate reductase (PPRitygotrthich converts
phenylpyruvate to phenyllactic aciBliQure 4 and Table 4); this is equivalent to incorporating
an aromatic side chain to lactic acid, the preauo$the widely used polymer polylactic acid.
The addition of a bulky functionality could improttee physical property of polylactic acid. To
augment the production of phenyllactic acidincoli, Fujita et al. expressed a heterologous PPR
encoded byprA from Wickerhamia fluorescena theE. colistrain that was mutated to prevent
the synthesis af-Tyr andL-Trp. Fed-batch fermentation was carried out witltcgse
supplemented with-Tyr andL-Trp at concentrations of 0.15-0.2 g/L for 144dsulting in
phenyllactic acid production at a titer of 29.2 g#hd a yield of 0.16 g/g glucose (Fujita et al.,

2013).

6.1.2 2-Phenylethanol
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Another endogenously synthesized compound fronptieaylpyruvate node is obtained
through the Ehrlich pathway to produce 2-phenylethaDue to its floral scent, 2-phenylethanol
is one of the three most popular benzenoid flafihies others being vanillin and cinnamyl
alcohol) and widely applied in food and cosmetidse Ehrlich pathway is initiated with a
transamination reaction to convert amino acidfi¢odorresponding-keto acids, followed by a
decarboxylation step to fusel aldehydes. Dependinthe availability of reductases or oxidases,
fusel aldehydes are converted to fusel acids @hals as the end products.3ncerevisiagthe
endogenous phenylpyruvate decarboxylase that mlysaverexpressed for this conversion is
Aro10, and the intermediate phenylacetaldehydebeascted on by the alcohol dehydrogenase
Adh2 to complete the Ehrlich pathway and genenadelfalcohols. Kim et al. chose to express
Arol10 and Adh2 frong. cerevisiaén the fast-growing thermotolerant ye&dtiyveromyces
marxianus(Kim et al., 2014Db). Evolutionary engineering wiasrt attempted to grow this strain
during serial subcultures in media containmfjuorophenylalanine, an-Phe analog acting as a
competitive inhibitor of protein synthesis. Pre\sby it was used to isolate arPhe-
overproducing mutars. cerevisiastrain that was relieved from feedback regulatidre
evolvedK. marxianusstrain produced 1.3 g/L 2-phenylethanol withoudiadnal L.-Phe
supplementation. Surprisingly, overexpressing katwdase (TktA) and PEP synthetase (PPS) to
increase the availability of the two precursorshaf shikimate pathway did not enhance
production (Kim et al., 2014b). T2 novobiosynthesis of 2-phenylethanol has also been
established in aR. colistrain expressing the heterologous 2-keto acidntbexylase (Kdc4427)
and alcohol dehydrogenase (Adh4428) enzymes Eotarobacteisp. The strain also carried
those commonly used genetic manipulations to erehtireflux to the upstream phenylpyruvate

pathway and precursor supply, but the titer (320Lngnd productivity (13.3 mg/L/h) were
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lower than those achieved by the eukaryotic hdstexicity assay suggested severe inhibition
of cell growth when the concentration of 2-phentyédetol reached 2 g/L (Liu et al., 2018a).
Considering the toxicity of the product at econaatiicviable concentrations, whole-cell
bioconversion and isitu product removal were often applied in combinatmachieve high
production of 2-phenylethanol. Kim et abnverted 10 g/lL-Phe (used as the sole nitrogen
source) to 2-phenylethanol $ cerevisiaat 6.1 g/L (Kim et al., 2014a). Polypropylene glyc
1200 was added to the medium as an extractantfbeBylethanol. In addition to Aro9 and
Aro10, the transcriptional activator Aro80 was atserexpressed because it could be activated
by aromatic amino acids and aromatic alcohols thinquositive feedback regulation. The study
also confirmed the role of Ald3, with its removasmipting the competing step from
phenylacetaldehyde to phenylacetate. Another stigtyindicated that the deletion of Aro8
encoding aromatic amino acid transaminas®.ioerevisiae@nhanced the accumulation of 2-
phenylethanol, suggesting that Aro8 and Aro9 axettansaminases catalyzing opposite
reactions (Romagnoli et al., 2015). Combining lansformation with organic extraction has
been applied t&. cerevisiaandK. marxianususing oleic acid and polypropylene glycol 1200,
respectively, as the extractants to improve thelycbon to 12.6 g/L and 10.2 g/L; both systems

relied on the endogenous Ehrlich pathway (EtschnaemhSchrader, 2006; Stark et al., 2002).

6.1.3 S mandelate and R-mandelate

Chiral mandelic acid and 4-hydroxymandelic acidiamportant fine-specialty chemicals in
the synthesis of various pharmaceuticals (Chaiad),€2007; Reifenrath and Boles, 2018; Ward
et al., 2007). 4-Hydroxymandelic acid can also d&everted to ethyl vanillin, which is an

important flavoring agent in food, beverages, amshtetics (Reifenrath and Boles, 2018). 4-
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Hydroxymandelate synthase (HmaS) frémycolatopsis orientalisonverts 4-
hydroxyphenylpyruvate to 4-hydroxymandelate bub aésognizes phenylpyruvate as a less-
preferred substrate. Reifenrath et al. created3weerevisiastrains sharing a basic design
foundation: increasing the flux in the shikimatehweay, preventing downstream
decarboxylation and transamination (deletng8, aro9, aro10, andpdcH, and removing the-
Trp branch (deletingrp2) (Reifenrath and Boles, 2018). Depending on wheleA2 or Tyrl
was deleted, the-Phe or-Tyr branch was disrupted and 1 g/L hydroxylmanigeta 0.236 g/L
mandelate was produced, respectively.

Mandelate produced from the HmaS-catalyzed rea@iactually in the S-form. Two
additional steps convert the S-form to the R-fodatmrydroxymandelate oxidase (Hmo) from
Streptomyces coelicol@man convert S-mandelate to phenylglyoxylate, aimdandelate
dehydrogenase (DMD) froRRhodotorula graminisvhen heterologously expressed catalyzes the
unique stereo-reduction of phenylglyoxylateRionandelate ir. coli. Similar to engineerin.
cerevisiaeas a host, to trap phenylpyruvate for mandelatéhggis, the first steps entering the
Trp branch and-Tyr branch were disrupted by deletitngE andtyrA genes, and the
downstream enzymes (encodedtynB andaspQ catalyzing the conversion of phenylpyruvate
to L-Phe were also removed. The resulting strains waieleeto produc&mandelate at 1.02 g/L
when Hma$S was expressed together with Af@fd PheX" in shake flasks, and if Hmo and

DMD were includedR-mandelate was produced at 0.88 g/L (Sun et al1R0

6.1.4 L-Phenylglycine and b-phenylglycine
Through a promising transaminase, HpgT, phenylghair can be converted te

phenylglycine, which is an important side-chainlthinig block for synthesizing the antibiotics
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penicillin, virginiamycin S, and pristinamycin Ind the antitumor drug taxol (Croteau et al.,
2006; Liu et al., 2014a; Mast et al., 2011). Therentnansfer step uses an unusual amino donor,
L-Phe, and releases phenylpyruvate, which is thanbeg substrate of this-phenylglycine
branch. Sets of enzymes (HmaS, Hmo, and HpgT)raigig fromA. orientalisandS.
coelicolorwere purified fromE. coliand characterized vitro. The set fron8. coelicolor
demonstrated higher specific activities and waa #ressed in a previousPhe-
overproducinge. colistrain (Liu et al., 2014b). This strain has itsaglse transportation PTS
system attenuated by disrupting tite gene to avoid glucose overflow, which reducesiacet
acid accumulation and thus enhances the yieldRiie. It also carried a thermostable mutant,
AroGPY®N which was beneficial to the fermentation setwumsidering that thermosensitive
promoters were used to drive gene expression. BesilA mutant was also created to eliminate
the formation of 4-hydroxyphenylpyruvatgyB andaspCwere both disrupted to save
phenylpyruvate just far-phenylglycine synthesis. The production was reggbets 51.6 mg/g dry
cell weight (Liu et al., 2014a). Thus, HpgT fr@&ncoelicoloris anL-phenylglycine
aminotransferase, and the product is inLttierm. There are also HpgATSs in nature that
specifically catalyze the amino transfer to prodogghenylglycine. Similar te-phenylglycine,
D-phenylglycine is often used for preparing semitsgtic pharmaceuticals such as
cephalosporin and penicillib-Phenylglycine aminotransferase was obtained bgesing the®.
putidagenome DNA library irE. coli. As the amino transfer reaction was reversibie,
hydroxyphenylglycine was used as the substratetlandcreening was based on the formation
of 4-hydroxyphenylglyoxylate, which has a spec#izsorbance at 340 nm. The gene carried by
the positive clone was found to strongly correlaith the previously confirmed-phenylglycine

aminotransferase HpgAT froPseudomonas stutzehn vitro characterization supported the
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stereoinverting capability of this HpgAT: onlyglutamate was accepted as the donor, and when
D-glutamate was used, mephenylglycine could be produced. By assembling ¢fgine with

Hmas fromA. orientalisand Hmo fron. coelicolorinto theE. coli strain that was engineered

to accumulate phenylpyruvate (by overexpressing=Rrand Phe&" and deletingheA tyrA,

tyrR, tyrB, andaspQ, 146 mg/g dry cell weight-phenylglycine was obtained in fed-batch

fermentation (Muller et al., 2006).

6.2 The cinnamate node
6.2.1 Trans-cinnamic acid, cinnamaldehyde, cinnamyl alcohol, hydrocinnamyl alcohol, and
benzoic acid

Transcinnamic acid is a phenylpropanoid that is wideded in food and cosmetics as a
flavoring or fragrance agent, and it also posseastbacterial and anticancer properties (De et
al., 2011; Sova, 2012). It also serves as the pector synthesizing many other value-added
compounds, such as flavonoids, styrgmbydroxycinnamic acids, cinnamaldehyde, and caffeic
acid. A previously engineeraedPhe-overproducing. coli strain was used to heterologously
express phenylalanine ammonia lyase (PAL) f@meptomyces maritimuwhich produced
trans-cinnamic acid at 6.9 g/L when casamino acid wapked as a feeding solution (Bang et
al., 2018).

The three major cinnamon or sweet-spice aromasthad been widely used in food,
cosmetic, and pharmaceutical industries are cintgehgde, cinnamyl alcohol, and
hydrocinnamyl alcohol. Cinnamaldehyde is also autenpnatural nematicide (Kong et al., 2007;
Ooi et al., 2006). Its current production mainljje® on tissue extraction fro@innamomum

species or chemical synthesis associated withcdlffdownstream processing. To enable
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microbial production, Gottardi et al. heterologguskpressed three genes encoding (1)
phenylalanine ammonia lyase 2 (PAL2) frémthaliang converting.-Phe totrans-cinnamic
acid; (2) ACAR fromNocardiasp., reducingrans-cinnamic acid to cinnamaldehyde; and (3)
phosphopantetheinyl transferase (EntD) fi&ntolito activateacar, because an endogenous
phosphopantetheinylation activity is missingSincerevisiaéGottardi et al., 2017).
Cinnamaldehyde was not the final product, and & vealuced by the endogenous ADHSs to
cinnamyl alcohol, and then, unknown enzymeS.igerevisiaeontinued reducing cinnamyl
alcohol to hydrocinnamyl alcohol as the major prdd13.1 mg/L). Toxicity assays indicated
thattrans-cinnamic acid and cinnamaldehyde exerted highcityxat 100 mg/L, whereas
cinnamyl alcohol and hydrocinnamyl alcohol exhiitaild cell growth inhibition at 200 mg/L.
Another biosynthetic route for cinnamaldehyde wtigh cinnamoyl-CoA. After the
deamination of -Phe intotrans-cinnamic acid by PAL, an acid-thiol ligation wans-cinnamic
acid to cinnamoyl-CoA can be carried out by 4-cotateaCoA ligase (4CL), and cinnamoyl-
CoA reductase (CCR) will then reduce cinnamoyl-GoAinnamaldehyde. Bang et al. chose
PAL from S. maritimus4CL fromS. coelicoloy and CCR fromA. thalianaand expressed them
in anE. colistrain that wasmtensively engineered farPhe production (Bang et al., 2016).
Besides the common strategies to impmaRhe production, PhéA>* E232A dMyhich only had
the first 300 amino acids of the wild-type PheA waed, which excluded thePhe regulatory
domain. The two mutations (E159A, E232A) revived slubstrate-binding affinity of the
truncated PheA. The resulting strain produced cimaildehyde at 75 mg/L. The culture
supernatant was found to kill 82% Bfirsaphelenchus xylophguinematodes after 4 h treatment.
Multiple independent studies suggest that the Patialgzed reaction is the rate-limiting step

in trans-cinnamate production; therefore Masuo et al. dexigan alternative route via
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phenyllactate that did not involve the PAL react{dbfasuo et al., 2016). Some bacteria, such as
Clostridiumspp., possess phenyllactate dehydratase (Fld)hvdeibydrates-phenyllactate to
trans-cinnamate. FId is uniquely composed of four prigegncoded bffldABCI. FIdA is a
cinnamoyl-CoA:phenyllactate CoA-transferase, trangfig the CoA from cinnamoyl-CoA o
phenyllacate and releasingphenyllactyl-CoA andranscinnamate as the products. FIdBC is a
dehydratase forming a heterotrimeric enzyme compiéx FIdA. FIdI has the required ATPase
activity for activating FIdBC-catalyzed dehydratitmrecycle phenyllacetyl-CoA back to
cinnamoyl-CoA, it also has a [4Fe-4S] cluster, @adensitivity to oxygen disables the host
from producing the expected product under regudaolaic conditions. To overcome this hurdle,
the fermentation was split into (1) the aerobicoess to accumulatephenyllacate and (2) a
subsequent anaerobic process to convert the sugetfieom the first-stage culture tians
cinnamate at 1.7 g/L, which was higher than tre¥giachieved by using the PAL-dependent

route in a batch process.

6.2.2 Styrene and hydroxystyrene

One of the sources for cloning thal gene isS. maritimusa gram-positive, mycelium-
forming soil bacteriumS. maritimugpossesses a plant-likeoxidation amino acid modification
that converts cinnamoyl-CoA into benzoyl-CoA. Thiédvtype strain accumulates benzoate
(125-460 mg/L) after cell growth reaches the makimzael with various carbon sources
(glucose, cellobiose, starch, and cellulose), algiathe detailed underlying mechanism remains
unclear. As benzoyl-CoA is the key intermediatéhim biosynthetic pathway of the natural
product enterocin i5. maritimusencPHIMJNwere suggested as genes coding for the enzymes

responsible for synthesizing benzoic acid. Benacid is the precursor of terephthalic acid,
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caprolactam, and phenol, which are the monomeildihg blocks of PET, nylon 6, and
polycarbonate, respectively (Noda et al., 2012).

Another very important compound that can be deriveoh thetrans-cinnamate node is
styrene. It is a versatile commodity chemical maided to produce various industrially
important polymers. Its current production is dedvrom petroleum through the energy-
intensive chemocatalytic dehydrogenation of ethyfieme (McKenna and Nielsen, 2011;
McKenna et al., 2014). Styrene is also synthesiegdrally byStyracaceadrees, but the
corresponding enzymes responsible for styrene bibegis have not been deconvoluted thus far.
McKenna et alscreened PAL anans-cinnamate decarboxylase (PADC) from bacterialsiea
and plant sources, and established the first miaksbyrene production from sustainable
feedstocks (McKenna and Nielsen, 2011). PAL frora tyanobacteriddnabaena variabilis
andNostoc punctiformeand the planf. thaliang and PADC from the bacteriaactobacillus
plantarumandB. subtilisand the yeas$. cerevisiasvere individually expressed, and the cell
lysates were evaluated against the correspondingiratie. Although all these candidate PALs
displayed the expected activity toward®he, none of the proposed PADCs succeeded in
convertingtrans-cinnamate to styrene. Instead, the enzymes EroptantarumandB. subtilis
displayed decarboxylase activity prcoumaric acid, leading to the productiorpef
hydroxystyrene. Interestingly, the previously cleéeazed ferulic acid decarboxylase (FDC1)
from S. cerevisiagvas shown to be capable of converting dodhs-cinnamate op-coumaric
acid. Its expression with various PALs in&ncoliL-Phe-overproducing commercial strain,
ATCC 31884, led to the maximal styrene product@®0(mg/L) when PAL fronA. thaliana
was assembled with FDC1. Toxicity assays indic#ttaticell growth stopped when the styrene

concentration reached ~300 mg/L. The same resgaocip also attempted to engin&er

50



cerevisiaeas a host. They started with evolving?he-overproducing strains by gradually
increasing the amount af-fluoro-bL-phenylalanine, the Phe analog that was previousdyl to
evolve strains with enhanced flux through thehe biosynthetic pathway, showing net
extracellular accumulation of 2-phenylethanol afgh2nylacetate. The resulting positive
mutants were shown to have 1.8-9.3-fold upregulaiftAROgenes, but the coding or the
upstream noncoding regions of these genes remaiteedd. FDC1 expression was naturally
induced bytrans-cinnamate and the basal level expression was ftubd sufficient to channel
all thetrans-cinnamate to styrene. Heterologous expressiorAaffRom A. thalianawith an
Aro4 feedback-insensitive mutant gene with addalateletion ofARO10in the best evolved

strain led to styrene production of 29 mg/L (McKaret al., 2014).

7. Productsderived from theL-Tyr branch
7.1 Phenylpropanoic acids: p-coumaric acid, caffeic acid, and ferulic acid

p-Coumaric acid (hydroxycinnamate), caffeic acid {@ifdydroxycinnamic acid), and ferulic
acid are phenylpropanoic acids derived fromitfigyr branch Figure 5 and Table 5). These
phenylpropanoic acids have attracted increasirgtitin as valuable monomers of liquid crystal
polymers for electronics, as well as for their sag pharmaceutical properties (Kaneko et al.,
2006; Kang et al., 2012p-Coumaric acid also serves as the pivotal precdosdhe
biosynthesis of a wide variety of flavonoids aritbshoids in plants. There are two routes to
establishp-coumaric acid biosynthesis, both starting fromdkamination of an aromatic amino
acid. One is carried out by tyrosine ammonia-lyd@#€.) to convertL-Tyr to p-coumaric acid
directly, whereas the other involves the deamimatii_-Phe totranscinnamate, catalyzed by

PAL, followed by the hydroxylation dfans-cinnamate to yielgh-coumaric acid, which is
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catalyzed by the plant cytochrome P450 cinnamdtgddexylase (C4H) and cytochrome P450
reductase. Various bacteria and eukaryotic mica@isgns such aSporidiobolus pararoseus
Rhodotorula graminisSaccharomycopsis fibuligerandRhodotorula glutinigpossess a PAL
and/or TAL enzyme, which usually displays a prafieeforL-Phe over-Tyr (Vannelli et al.,
2007). The first over-gram-scate novoproduction ofp-coumaric acid was establishedSn
cerevisiaeby Rodriguez et al (Rodriguez et al., 2015). Cdesng that the pathway
intermediates in the-Trp branch only differ from the corresponding oiretheL-Phe branch by
the 4-hydroxy group, enzymes such as phenylpyruatarboxylase (Aro10), pyruvate
decarboxylase (Pdc5), and transaminases (Aro8 anv@l) A&an recognize both phenylpyruvate
and 4-hydroxyphenylpyruvate as the substrates. Wee AL fromFlavobacterium johnsoniae
was heterologously expressed, the strain prodpemaimaric acid at 1.93 g/L using the
aforementioned synthetic FIT medium. The same reBagoup subsequently compared the
performance of two yeast strain backgrounds, S288cCEN.PK, with the identical set of
genetic manipulations, in both batch and chemdstatentation settings. The strain S288c is
widely used in genetics and physiology studies,rediethe strain CEN.PK is often used for
industrial biotechnology advancement (Rodrigueal 2017a). With the same genetic
modifications, the production gfcoumaric acid by CEN.PK reached 2.4 g/L and 0.507%ay
batch and chemostat fermentation, respectivelychvirvere higher than those achieved by S288c.
Through transcriptome analysis, the CEN.PK straowaed 652 genes to be significantly
up/downregulated versus 1,927 genes being signtficaffected byp-coumaric acid production
in S288c. Metabolomics analysis also revealedttiteathanges in intracellular metabolite
concentrations in CEN.PK were much lower than those288c, suggesting that CEN.PK is a

more robust platform strain for producing aromatmpounds.

52



A hydroxylation step at the 3-position of the bdnayg convertgp-coumaric acid to caffeic
acid, which is usually catalyzed by cytochrome Pdafahooxygenases in plants. An additional
OMT further converts caffeic acid to ferulic acithe 4-coumarate 3-hydroxylase (C3H or Samb)
from Saccharothrix espanaensasd OMT fromA. thaliana(COM) were co-expressed with
TAL from S. espanaensia anL-Tyr-overproducingde. colistrain, resulting in the production of
p-coumaric acid at 974 mg/L, caffeic acid at 150 mgihd ferulic acid at 196 mg/L in shake-
flask culture (Kang et al., 20123. espanaensis an actinomycete species producing two
heptadecaglycoside antibiotics, saccharomicinsdBrin which caffeic acid links a large
oligosaccharide portion to the amino sulfonic delgrine via an amide bond (Berner et al.,
2006). Zhang et afteconstituted two parallel biosynthesis routearinthen-Tyr-overproducing
E. colistrain, rpoA14(DE3). One route consisted of TAAfrR. glutinisand Sam5 fron%.
espanaensjsand the other route also included 4CL obtainethfPetroselinum crispurto
convertp-coumaric acid to coumaroyl-CoA aid coli native CoA thioesterases (TE) to convert
caffeoyl-CoA to caffeic acid in the last step. Tdoaversion from coumaroyl-CoA to caffeoyl-
CoA was catalyzed by Sam5. Batch fermentation sddiat the first route rendered a better
performance, with the production reaching 106 nagfter 4 days (Zhang and Stephanopoulos,
2013).

The non-cytochrome P450 hydroxylase HpaBC in lgotboli andPseudomonas aeruginosa
can hydroxylatg@-coumaric acid to caffeic acid. Whercoumaric acid was fed as a precursor,
theE. coli strain overexpressing the native HpaBC convegstedumaric acid more efficiently
than the bacterial cytochrome P450 enzyme CYP18$A2nutant fromRhodopseudomonas
palustrisdid, although this mutant has been improved tpldisa higher conversion efficiency

than that of the wild-type CYP199ARe novobiosynthesis was established by expressing TAL

53



from R. glutinisand the native HpaBC in a commercaigPhe-overproducing. coli strain,
ATCC31884, in which additional knockoutsmieAandtyrA were performed to convert the
strain from an.-Phe overproducer to anTyr overproducer (TyrA was replaced by the
overexpressed Tyf). The combination of these manipulations yieldé@d g/L caffeic acid
after 72 h(Huang et al., 2013). A crude cell asgaywed that TAL fronRhodobacter
capsulatusexpressed k. colihas a slightly better activity towardTyr than the widely used
TAL from R. glutinisdoes (Lin and Yan, 2012).

Furuya et al. conducted a whole-cell conversioeXgressing HpaBC from. aeruginosan
E. coli, and 56.6 mM (10.2 g/L) caffeic acid was obtaime@4 h by repeatedly adding 20 mM
p-coumaric acid four times during the reaction (Farand Kino, 2014). A similar whole-cell
conversion was also performed with a mutant baateyitochrome P450, CYP199A%°, from
R. palustrisexpressed ik. coli, which exhibited 5.5 times higher hydroxylationity for p-
coumaric acid than that of the wild-type enzymee Pphoduction of caffeic acid reached 15 mM
(2.8 g/L) from 20 mMp-coumaric acid in 24 h, and in this case, the exgmwasf
CYP199AZ ' was accompanied by the redox partners consisfipgtiaredoxin reductase
(PdR) fromP. putidaand palustrisredoxin (Pux) froR. palustriFuruya et al., 2012). For the
conversion fronp-coumaric acid to caffeic acid . coli CYP199AZ'%"was a better choice
than C3H fronS. espanaensi®odrigues et al. assembled each of these two esgwith the
codon-optimized TAL fronR. glutinisand found that CYP199A%*" displayed a higher
catalytic activity than that of C3H, which enabkadfeic acid production of 1.56 mM (280 mg/L)
from 3 mML-Tyr as the supplemented precursor (Rodrigues,2@l5). For all these whole-
cell conversions, glucose or glycerol is normallpglemented as an energy source to regenerate

the necessary cofactors.
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7.2 Other compounds derived from the p-coumaric acid node: p-hydroxystyrene and
phenylpropionic acids

Similar to styrene discussed in section 6.@-Bydroxystyrene (4-vinylphenol) is widely
used as a monomer for producing various polymepeapin coating, elastomers, and resins in
photolithography and semiconductor manufacturingrfiéef et al., 2009; W. et al., 1999). Its
biosynthesis also perfectly mirrors the styrendwaly and relies on the non-oxidative
decarboxylation op-coumaric acid catalyzed lpycoumaric acid decarboxylase (PDC).
Considering thap-hydroxystyrene as a solvent is very toxic to thedpction host, solvent-
tolerant hosts such & putidastrains were selected to express PDC ftatobacillus
plantarumand PAL/TAL fromRhodosporidium toruloide§ he strains were previously
designed for phenol arEcoumarate production, and tfes gene encoding feruloyl-coenzyme
A synthetase was additionally disrupted to preyecdumaric acid degradation. Relying on two-
stage fed-batch fermentation in combination witlsitu product extraction using 1-decanol, 21
mM (2.5 g/L)p-hydroxystyrene was obtained overall, while a lighcentration of 147 mM
product (17.6 g/L) was accumulated in the orgahizse (Verhoef et al., 2009). The same pairs
of heterologous genes synthesipellydroxystyrene at 0.4 g/L in & coliL-Phe overproducer
in fed-batch fermentation, and the production tibxiled to a rapid decline in cellular respiration
during fermentation (Qi et al., 2007).

Besideg-hydroxystyrene, 3-(4-hydroxyphenyl) propionic aaitd 3-phenylpropionic acid
are important commodity aromatic acids used ashsjigtprecursors in chemical, food,
agriculture, and pharmaceutical industries. Theycarrently manufactured through chemical

synthesis, which involves solvents and catalystetio the environment. Since there are no
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precedent pathways existing in nature for theitlsgsis, theide novobiosynthesis relied on
finding appropriate enoate reductases (ERs) thrahgdrogenate the C=C bond of cinnamic acid
or hydroxycinnamic acid (i.ep-coumaric acid). Eleven potential ERs from ninensacganisms
were screened, and only the ER fr@hostridium acetobutylicurdisplayed the expected activity
under both anaerobic and aerobic conditions. Byesging this ER and TAL from. glutinisin

the aforementioned commerciaPhe-overproducing. coli strain ATCC31884 with the
additional classical modifications to enhamnehe on.-Tyr production, the resulting strains
could synthesize 366.77 mg/L 3-phenylpropionic asid 225.10 mg/L 3-(4-hydroxyphenyl)

propionic acid (Sun et al., 2016b).

7.3 Phenylethanoids: tyrosol, hydroxytyrosol, 3,4-dihydroxyphenylacetate, and salidroside
Phenylethanoids are naturally present in olivestaa®l green tea and exhibit powerful
antioxidant activity and disease-preventing pot#rfChung et al., 2017; Li et al., 2018a). Their
de novadbiosynthesis starts from the same decarboxylatiep of 4-hydroxyphenylpyruvate to
4-hydroxyphenylacetaldehyde. The correspondingmezgatalyzing this reaction is missing in
E. colibut can rely on the heterologously expressed Afodd S. cerevisiaeTo channel the
carbon flux provided by the upper module shikimadéhway to tyrosol biosynthesBheA
catalyzing the first and second steps inufighe branch and phenylacetaldehyde dehydrogenase
(FeaB) were knocked out, and the latter one isarsiple for further converting 4-
hydroxyphenylacetaldehyde to the correspondingdrd®yphenylacetate. The native ADHSs in
E. coliwere sufficient to convert 4-hydroxyphenylacetalglde to tyrosol. The resulting strain
produced tyrosol at 573 mg/L from glucose. WhendIL8.-Tyr was used as the substrate, the

whole-cell conversion produced 1.2 g/L of tyrosgherein the aromatic amino acid
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aminotransferase Aro8 froB. cerevisiaavas expressed to enhance the conversianlgi to 4-
hydroxyphenylpyruvate (Xue et al., 2017). In adatedy, Li et al. incorporated bo&RO10
andADH6 from S. cerevisia¢o E. colito improve tyrosol production and extended théwaly
for hydroxytyrosol production by overexpressing Ehecoli native hydroxylase HpaBC (Li et al.,
2018a). To improve the production, ascorbic acig a@ded to prevent hydroxytyrosol oxidation,
and 1-dodecanol was added asrasitu extractant to overcome product toxicity. MH was
removed from the culture to force the transamimafiomL-Tyr to 4-hydroxyphenylpyruvate
and release NH. The combined manipulations in &Tyr-overproducinge. coli strain with
feaBknockout resulted in 647 mg/L tyrosol produced frglocose and 1,243 mg/L wherTlyr

(1 g/L) was fed at 0, 12, and 24 h after inoculatio the samé&. coliL-Tyr-overproducing

strain to produce hydroxytyrosol, when colifeaBinstead ofS. cerevisiadDH6 was
overexpressed, the acetaldehyde moiety was oxidiiztee acetic acid moiety, and 3,4-
dihydroxyphenylacetate became the final productibse the native hydroxylase HpaBC could
convert 4-hydroxyphenylacetate. Finally, the pytevdnase gengsykAandpykFwere

removed to conserve PEP, and the final strain med3,4-dihydroxyphenylacetate at 1,856
mg/L in the mixed glucose/glycerol media (Li et 2019).

Salidroside, a glucoside of tyrosol, is one ofrtegor active ingredients of the medicinal
herb rhodiola, which possesses various health-bapattivities, including bone loss reduction
(Chung et al., 2017); neuro-, cardio-, and hepategtion; and the prevention of stress-induced
impairments and disorders (Liu et al., 2018b). Ghenal screened 12 uridine diphosphate-
dependent glycosyltransferases (UGTSs) fildnthalianaand found that only UGT85A1 could

glycosylate tyrosol to form salidroside (Chunglet2017). In ark. coli strain expressing
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UGT85A1 and a plant aromatic aldehyde synthase (&Adn P. crispumand lackingyrR,
pheA andfeaB salidroside was produced at 288 mg/L in shakekftalture.

Recently, high-level production of salidroside veabieved in a syntrophlg. coli
consortium. The two strains were obligatory coofmesathrough the cross-feedinglefyr and
L-Phe. Tha.-Phe-deficient strain also lost the ability to talgeglucose (viptsGandmanZ
deletions), and instead, it used xylose as thecsol®on source. It expressed 2-keto acid
decarboxylase (KDC) frorRichia pastorisGS115 and used the endogenous ADH to complete
the synthesis of tyrosol. TheTyr-deficient strain used glucose exclusively (xy&A deletion)
and was able to convert glucose to UDP-glucos@h@sphoglucomutase (Pgm) and UDP-
glucose pyrophosphorylase (GalU). This strain esged the above-mentioned
glycosyltransferase UGT85A1 and also carried thetida ofushAencoding UDP-sugar
hydrolase to avoid the decomposition of UDP-glucd$e co-culture was optimized with
different sugar concentrations and inoculatiorosatf the two strains, with the highest

production of salidroside reaching 6.03 g/L in femteh fermentation (Liu et al., 2018Db).

7.4 Other compounds derived from 4-hydroxylphenylpyruvate or the L-Tyr node: salvianic
acid A and L-DOPA

Salvianic acid A (3-(34'-dihydroxyphenyl)-2-hydroxypropanoic acid), alsdlea
“danshensu”, is the major bioactive ingredienthaf Chinese herBalvia miltiorrhiza(danshen).
It is well known for its promising antioxidant adgty and therapeutic potential in the treatment
of vascular diseases (Yao et al., 2013; Zhou gR@l7). Its derivatives, such as salvianolic acids
B and A, and rosmarinic acid, have useful propgffie applications in pharmaceutical and food

industries. The content of salvianic acid A in @& miltiorrhizawas found to be only 0.045%
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(Lam et al., 2007), which prevents large-scale iappbns. Thede novomicrobial biosynthesis

of salvianic acid A can be achieved through theicédn of the ketone group and 3-
hydroxylation of the phenyl ring in 4-hydroxyphepytuvate regardless of the order of the
reactions. 4-Hydroxyphenylpyruvate reductases Ih@en isolated from various plants, but they
often showed broad substrate specificity. Yao .atladse a mutam-lactate dehydrogenase-(
LDH "?#) from Lactobacillus pentosysvhich had been previously created to exhibitlgtica
activity towards phenylpyruvate, and assembledth the native hydroxylase HpaBC, which
hydroxylates the phenyl ring in several'yr pathway intermediates (Yao et al., 2013). The
pathway was assembled in parallel using eithemnpdsor the genomic integration in e4Tyr-
overproducinge. colistrain. The plasmid version enabled salvianic &cptoduction of 7.1 g/L

in fed-batch fermentation, which was slightly highliean the genomically integrated version (5.6
g/L), but the latter did not require the supplemaéion of any antibiotics or inducers (Yao et al.,
2013; Zhou et al., 2017).

L-3,4-Dihydroxyphenylalanine {DOPA) is a phenolic compound obtained frdfucuna
pruriensseeds. It has been used in the treatment of Rarksmdisease, caused by the deficiency
of the neurotransmitter dopamine. Many microbiacgs possess tyrosinase, which can
synthesize.-DOPA in one step, directly fromTyr. FeedingA. oryzaeYarrowia lipolytica
Bacillus sp. JPJBrevundimonas sp. SEEBseudomonas melanogenwibrio tyrosinaticus or
Acremonium rutilunwith L-Tyr (0.5-8.6 g/L) induced the expression of thdagenous
tyrosinase, resulting in high-level conversion 8747.7 g/L) to form.-DOPA (Ali and Ikram-
ul-Haq, 2006; Ali et al., 2005; Ali et al., 200kram-ul-Haq et al., 2002; Krishnaveni et al.,
2009; Yoshida et al., 1973; Yoshida et al., 19T#Hede novdbiosynthesis from glucose has

also been establishedn coli, relying on the endogenopshydroxyphenylacetate 3-
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hydroxylase HpaBC, which has a broad substratefspgcand thus can add a hydroxyl group
to L-Tyr to formL-DOPA (Wei et al., 2016). Besides the deletion wfR (theL-Tyr pathway
repressor), the carbon storage regulator A (CsxA)ch regulates the expression levels of three
enzymes directly participating in PEP metabolisraswisrupted too. The PTS-mediated glucose
transport ptsHA, ptslA, andcrrA) was replaced by the GalP/GIK-mediated systerrtér
increase PEP availability. Besides, glucose-6-phatgpdehydrogenase encodedzbywas
knocked out to enhance the carbon flow in the RPRreas pyruvate was recycled to PEP via
the overexpression @psA Prephenate dehydratase and its leader peptids gdrelLA were

also disrupted to eliminate the loss of prephetathe competing-Phe biosynthesis branch.
Moreover, an innovative protein engineering strategs applied to fuse Tym TyrB, and
HpaBCvia a (G4S}linker to facilitate substrate channeling. Withstfoundation strain,-

DOPA production reached 307 mg/L. To further enleahe production, multiplex automated
genome engineering (MAGE) was implemented, whichetid the ribosome-binding sites of 23
genes involved in-Tyr biosynthesis and replaced them with randonuseges. After 30

MAGE cycles, a mutant strain with 34% higher pradhrcwas obtained. With the correction of
the spontaneous mutation occurring in th&JBR sequence of HpaC in the HpaBC operon, the
final strain was able to produce 8.67 gHDOPA based on fed-batch fermentation.

The above titer was much higher than when relymgmdogenous tyrosinase for the
conversion of-Tyr, but it was still lower than that by anothéodonversion route, which relies
on a different enzyme, tyrosine phenol-lyase (TRhassemble-DOPA or catechol, pyruvate,
and ammonia salt. This enzyme has been fouahinnia herbicola a thermophilic
Symbiobacteriunspecies, an@. freundii and the conversion has been demonstratgéd in

herbicolaand the heterologous ho§tsaeruginosandE. coli, with the highest level af-
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DOPA reaching 29.8 g/L when pyrocatchol and sodynuvate were each supplemented at 50
mM and ammonia at 0.65 mM (Lee et al., 1996). Windurene dioxygenase (TDO) an$-
toluene dihydrodiol dehydrogenase (TCGDH) frBnputidawere incorporated, benzene could
replace catechol as the starting substrate FamdliandP. aeruginosaroduced 592 mg/L and

2.7 g/L of L-DOPA, respectively (Park et al., 1998).

8. Benzylisoquinoline alkaloids

Benzylisoquinoline alkaloids (BIAs) are a diversass of plant alkaloids derived fromATyr
(Figure 6 and Table 6). They exhibit a broad range of pharmacologicévdes, including the
antimicrobial and anticancer agents sanguinarimen@hard and Smolke, 2015) and berberine
(Galanie and Smolke, 2015); the cough suppressetapine, which also displays anticancer
activity (Li et al., 2018b); the analgesics morghand codeine (Galanie et al., 2015); and
magnoflorine, which prevents atherosclerotic disessd protects human lymphoblastoid cells
(Minami et al., 2008). Their synthesis requires ptar enzymatic and regulatory activities,
rendering synthetic chemistry approaches ineffeative to the structural complexity. On the
other hand, native plant hosts exhibit distincaédid profiles, but the BIA products and
intermediates are accumulated at low levels. T$teirctural similarity also complicates the
downstream purification processes.

The reconstruction of plant-sourced BIA biosynteesimicrobial hosts has been extremely
challenging. Many of the enzymes involved are p&ardoplasmic reticulum membrane-bound
proteins that are often not amenable to heterolegapression. When 20-30 genes sourced
from plants, mammals, bacteria, and fungi are capwbinto one host, it is difficult to balance

their expression levels, both among themselvege@atve to the upstream enzymes iiyr
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biosynthesis, for efficierde novabiosynthesis. It is impossible to accurately pcethe rate-
limiting steps, but any impairment in the pathwall sause an intermediate buildup and thus,
significantly decrease the final product yield.

The condensation of dopamine (obtained througliéearboxylation of-DOPA) and 4-
hydroxyphenylacetaldehyde (obtained through thaudexylation of 4-hydroxyphenylpyruvate)
serves as the first committed step in BIA biosysihé native plant hosts such&salictrum
flavumandPapaver somniferunThis step is catalyzed by norcoclaurine syntiiBi€esS) to
produce §-norcoclaurine. The subsequent chain of methylatgactions catalyzed by
norcoclaurine 89-methyltransferase (60MT), coclaurifkemethyltransferase (CNMT), and 3
hydroxyN-methylcoclaurine 40-methyltransferase @MT), and a hydroxylation reaction
catalyzed by cytochrome P450 (CYP80B1 or NMCH) leathe synthesis o-reticuline, the
first key branch point intermediate, from which mlevvariety of BIA metabolites can be derived.
Before these plant-sourced enzymes were functpeajressed in microbial hosts, studies
focused on using the commercially available subestnarlaudanosoline to yiel®RS)-reticuline.
This alternative substrate differs from the natstdistrateY)-norcoclaurine at the-Biydroxyl
group, and therefore, the CYP80B1-catalyzed hydation can be skipped in the synthetic
pathway. Smolke’s group expressed 60MT, CNMT, a@MT enzyme variants from. flavum
andP. somniferunin all possible combinations B. cerevisiaeells fed with 1 mM
norlaudanosoline, after which the combinations witih conversion were selected (Hawkins
and Smolke, 2008). Using an enzyme titration sgnatbat increased the expression level of each
of the three methyltransferases using a galactodecible plasmid, the expression of 60MT was
found to be rate limiting. By additional expressuadrthe berberine bridge enzyme (BBE) frém

somniferumtheN-methyl moiety of §-reticuline completed the oxidative cyclizatiordamas
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converted to%)-scoulerine, which represents a second importartdh point metabolite
entering either the sanguinarine branch or thedsaré branch.

For the berberine branch, in a subsequent studiai@&sand Smolke, 2015), scoulerin®9-
methyltransferase (S9OMT) and cytochrome P450 ¢aeaynthase (CAS) fror. flavum P.
somniferumCoptis japonicaandArgemone mexican&gether with cytochrome P450
reductase (CPR) froa. thaliang were expressed, leading to the production ofigf_ (S)-
canadine and 6.&g/L berberine (spontaneous oxidization product f(&vrcanadine) irs.
cerevisiaein shake-flasks and 621/L (S)-canadine and 2ig/L berberine in a 0.2 L batch
bioreactor. In both cases, 1-2 mM norlaudanoseliae supplied.

Reconstitution of the sanguinarine biosynthesiaditanainly encompasses overcoming the
challenges associated with expressing multipletggtochrome P450s, including
cheilanthifolinesynthase (CFS), stylopine synth&ES),cis-N-methylstylopinel4-hydroxylase
(MSH), and protopine 6-hydroxylase (P6H). In anogtady conducted by Smolke’s group
(Trenchard and Smolke, 2015), all available enzyareants from five specieg\( mexicana
Eschscholzia californicaP. somniferumS. cerevisiaeand A. thaliana were tested. The results
proved that it is not necessary to pair a cytocler&#50 with the CPR from the same species.
Besides, high-level expression of endoplasmic ukiim membrane-bound cytochrome P450s is
stressful to yeast, and thus, a balanced expreasiam appropriate growth stage is important for
high-level production. Other parameters that imgactytochrome P450 expression and
sanguinarine production included growing tempegaturd carbon source. With these strategies
combined, the yeast strain fed with norlaudanosojielded 8Qug/L sanguinarine, together with

various intermediates ranging from 76 to p4L.
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Although feeding the commercial substrate norlandahne simplifies part of the pathway
design, the natural substrates for 60OMT and CNMTraxt norlaudanosoline andds-
methylnorlaudanosoline, respectively. TranspoBI# substrates is also somewhat inefficient,
warranting the consolidation of the entite novobiosynthesis from a cheap feedstock. In plants
and animals,-DOPA is mainly synthesized fromaTyr by a BH4-dependent tyrosine
hydroxylase (TyrH), whereds. coliand yeast do not have the native ability to sysiteeBH4.

To equipE. coliwith the ability to synthesize&Sf-reticuline from glucose or glycerol, a special
copper-containing tyrosinase (TYR) frddtreptomyces castaneoglobispowss expressed in
anL-Tyr-overproducinge. colistrain, leading to the production of 293 mg/DOPA in the
absence of reconsitutited BH4 biosynthesis (Nakagetval., 2011).-DOPA decarboxylase
(DODC) fromP. putidg monoamine oxidase (MAO) froMicrococcus luteysand NCS fronC.
japonicawere incorporated into this strain. Unlike the @densation irS. cerevisiagthe
substrates of NCS are dopamine and 3,4-dihydroxypheetaldehyde (instead of 4-
hydroxyphenylacetaldehyde), which is the hydroxglaproduct converted from dopamine
catalyzed by MAO. Therefore, the product of thie#istep reaction iSf-norlaudanosoline,
differing from (§-norcoclaurine at the 3-hydroxyl group. Their esggion together with 60MT,
CNMT, and 40MT, all fromC. japonica enablecE. colito produce $-reticuline at 2.26 mg/L
based on glucose and 6.24 mg/L when glycerol wed as the carbon source. It was found that
L-DOPA was unintentionally converted to its quinaleeivative (via the-diphenolase activity

of TYR), which was easily polymerized to form dankelanin pigment in the culture. To address
this issue, TYR frons. castaneoglobisporwgas replaced by TYR froiRalstonia

solanacearunbecause the latter enzyme was reported to polssessdiphenolase activity.
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This replacement led to a 7-fold increase indbanovabiosynthesis of)-reticuline based on
glycerol (46 mg/L).

Considering that yeast does not naturally syntleeBI24, in order to functionally express
tyrosine hydroxylase originated from mammals, Bltgpnthesis and regeneration pathway has
to be reconstituted. The strategies have beensfiedun section 5.1—activating tryptophan 5-
hydroxylase, the enzyme convertingrp to 5-HTP and requiring the participation of BH4
(Figure 3). Briefly, GTP cyclohydrolase | (GCHI), 6-pyruvetgtrahydropterin synthase (PTPS),
and sepiapterin reductase (SepR) convert GTP tg Btd4in-4alpha-carbinolamine dehydratase
(PCD) and quinonoid dihydropteridine reductase (@B are required to recycle BH3OH back
to BH4. Except GCHI, all the enzymes need to bero&tigously expressed. Another challenge
is that TyrH is subjected to both substrate andpcbinhibitions. A few mutations were
reported to relieve such inhibitions (Briggs et 2011; Nakashima et al., 2002; Quinsey et al.,
1998), among which the triple mutations (W166Y, R3R38E) created on TyrH froR.
norvegicuded to the highest level of conversion (Trenchetrdl., 2015). When coupled with
DODC fromP. putidg NCS fromC. japonica the three methyltransferases fremsomniferum
and thecytochrome P450 CYP80B1 (also known as NMCH) fi&ncalifornicawith its
reductase partner frof. somniferumthe mutant Tyrf{1°°Y: R37E. R38anapled thé. cerevisiae
strain to produce 19,29/L (S)-reticuline from glucose.

An alternative is to identify a BH4-independentogine hydroxylase that could be functional
in S. cerevisiaeDelLoache et al. implemented protein engineerirggeies to cytochrome P450
tyrosine hydroxylase from sugar beBe(a vulgari3 (DeLoache et al., 2015). To facilitate the
screening, an enzyme-coupled biosensing platforsdeaeloped to convert the intermediate

DOPA into a fluorescent pigment betaxanthin. Ushig biosensor, a double mutant (TyrH*,
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also known as CYP76ADT" 7% was obtained by PCR mutagenesis, which improked-t
DOPA titer and avoided the side reaction froflDOPA toL-dopaquinone. When coupled with
other downstream enzymes described in the pre@rasple when BH4-dependent TyrH was
studied (Trenchard et al., 2015), this mutant Bridependent TyrH* enabled tle novo
biosynthesis of 80.aAg/L (S-reticuline from glucose . cerevisiae

AlthoughE. colihas been engineered to produSeréticuline at a much higher level than
that produced b$. cerevisiagthe production of diverse alkaloids beyoSjtreticuline is still
difficult in E. colibecause several membrane-bound cytochrome P450stdanfunctionally
expressed. To address this issueizacoli-S. ceregiae co-culture was set up (Minami et al.,
2008).S. cerevisiaeells expressing either BBE or the diphenyl rinigliping enzyme
(CYP80G2) and CNMT fron€. japonicawere cultured for 20 h and then combined iéttcoli
cells containing $-reticuline biosynthetic genes, which had beertuced in the presence of 5
mM dopamine for 12 h. The co-culture was incubd&ednother 48—72 h. Magnoflorine and
scoulerine were synthesized at 7.2 mg/L and 8.3 ymgspectively.

With the success in connecting-feticuline biosynthesis to the utilization of lse@ap carbon
source in microbial hosts, pioneering studies Heen conducted to demonstrate the
reconstitution of complex natural product biosysibgrocesses such as the complete
biosynthesis of the pain-killing opioids thebai®ed(ug/L) and hydrocodone (048)/L) (Galanie
et al., 2015) and the anticancer and cough-sugpgeagent noscapine (2.2 mg/L) (Li et al.,
2018b). Twenty to thirty enzymes from plants, baate/east, and mammals, including multiple
additional challenging plant enzymes, were expikgs8. cerevisiaeTremendous endeavors
have been made in identifying the missing catalsteps, thereby enabling (1) the functional

expression of the challenging enzymes through nemiagjs and chimeric protein construction,
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(2) the identification of the rate-limiting ste8) the tuning of the expression levels, and (4)
adjustments in fermentation conditions. The curggatuction levels in microbial systems have
not satisfied the conditions for mass production @ensidering the high price of this group of
compounds, production at ~5 g/L would enable amegucally competitive process compared
to the plant-sourced production. Neverthelesghabe studies have pushed the frontier of
tackling the challenges associated with extrenwtg Imulti-source pathways for the production

of rare high-value molecules and have opened ugnpiat pathways for synthesizing novel BIAs.

9. Flavonoids and stilbenoids

Flavonoids and stilbenoids comprise two other |dageilies of secondary metabolites that
are derived from aromatic amino acid biosyntheasiglants and display a wide variety of health-
promoting properties (antioxidant, antiviral, aaitkerial, and anticancer propertieBSjgure 7
and Table 7). Similar to BIA biosynthesis, plant-sourced syatis is constrained by the long
cultivation cycle and complex recovery process. llinged genetic tools available to
manipulate plant genomes also make plant-souraatliption very challenging for mechanistic
studies and the creation of novel derivatives \pitentially improved functions. In comparison,
although the productivities currently achieved bgiaeered microbial hosts have not met
commercial expectations, the scope for improvernantbe foreseen owing to the ease of
manipulating microbial hosts. As shown by the exiaspliscussed in the sections below,
microbial platforms offer the unique advantagedbiave combinatorial assembly of enzymes
from a wide variety of sources, which enlarge the-amd-match space for seeking optimal

outcomes. Among thousands of structures belonginigis group, we mainly selected the ones
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with establishedle novobiosynthetic pathways in microbial hosts with e of illustrating
their connections to the upstream aromatic amiib l@osynthesis.

p-Coumaric acid (derived fromTyr) and cinnamate (derived fromaPhe) are the starting
precursors for synthesizing flavonoids containingar C6—C3-C6 skeletons (e.g., naringenin
and @9-pinocembrin), stilbenoids having C6—C2-C6 skelst(e.g., resveratrol and pinosylvin),
and a wide variety of derivatives (through methglat alkylation, oxidationC- andO-
glycosylation, and hydroxylation). Cinnamate carhpdroxylated tg-coumaric acid through
cinnamate 4-hydroxylase (C4H), a cytochrome P45@se@Hunctional expression requires the
assistance of cytochrome P450 reductase (CPR1)adi@t a CoA moiety to form-coumaroyl-
CoA. Depending on the availability of the next-ségzyme p-coumaroyl-CoA can be
condensed with three molecules of malonyl-CoA tonfeither resveratrol (catalyzed by a type
Il polyketide synthase STS) or naringenin (catatyby chalcone synthase CHS and chalcone

isomerase CHI).

9.1 Representative flavonoids: naringenin and (2S)-pinocembrin

Santos et al. described the assembly of enzymestiko microbial sources and multiple
plant species (Santos et al., 2011), including T#&m R. glutinisor Rhodobacter sphaeroidgs
4CL (fromS. coelicoloror P. crispun), CHS (fromA. thalianaor Pericallis hybridg, and CHI
(from Medicago sativar Pueraria lobatd in anL-Tyr-overproducinge. colistrain. Through
extensive exploration of enzyme sources and fingtuof relative gene expression levels, the
best combination produced naringenin at 29 mg/mmfgiucose without additional
supplementation of any precursor from the aronatino acid biosynthetic pathway. Since

malonyl-CoA is the other substrate for naringenospnthesis, when 20 mg/L cerulenin (an
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inhibitor of fatty acid biosynthesis) was supplefeeh the strain was capable of producing up to
84 mg/L naringenin, indicating the necessity ofiopting the availability of malonyl-CoA. A
similar combination of PAL (instead of TAL) froR. glutinis 4CL, CHS, and CHI was
incorporated into a Phe-overproducing strain, incwimatC (encodingRhizobium trifolii

malonate carrier protein) amdiatB (encodingR. trifolii malonate synthetase) were expressed to
convert the supplemented malonate to malonyl-CoA @tVal., 2013). The counterpart product
of naringenin, 29-pinocembrin, was produced at 40.02 mg/L.

With the same strain backgrounds, two indepenBenbli strains were designed to
expressing different portions of the biosynthetathpvay, one of which secreted batiyr and
p-coumaric acid to the co-cultured partner to sysiteenaringenin (Ganesan et al., 2017).
Owing to the flexibility to adjust the relative Isignthetic strength between the co-cultured
specialists with reduced metabolic stress, thead\eroduction of naringenin was improved to
41.5 mg/L without cerulenin addition. Meanwhilegrsficant amounts of-Tyr andp-coumaric
acid accumulated even when the initial ratio betwte upstream strain and the downstream
strain was made 1:5. However, the downstream girasented significant growth disadvantage
and its proportion was reduced to 16.7% over avation course of 60 h. The discrepancy
between the “pre-set” and final ratios was causgethé dynamic growth and the complex
interaction between the two strains (Zhang eRéll5a; Zhang et al., 2015b) but nonetheless
indicated the necessity of flexibly increasing plogtion of the rate-limiting steps with the rest of
the pathway to improve the overall production.

Thede novabiosynthesis of naringenin was also establisheékl icerevisiagin which the
carbon fluxes from both-Tyr andL-Phe were combined (Koopman et al., 2012). Theraesy

were mainly cloned from. thaliang which has four isozymes for PAL and 4CL, and¢hre
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isozymes for CHS and CHI, as well as a number négenediating the further modifications of
naringenin. To prevent the formation of 2-phenydetbl and tyrosol via the Ehrlich pathway,
three out of the four 2-oxo acid decarboxylaseduting Aro10, Pdc5, and Pdc6, were deleted,
leaving only pyruvate decarboxylase (Pdcl) to enappropriate strain growth on glucose.
Increasing the copies of CHS3 integration was fawngduce the accumulation @toumaric
acid and increase the production of naringenirD®rhg/L in an aerated, pH-controlled batch
reactor.

Regarding the limiting precursor malonyl-CoA, Wuwaétimplemented the clustered
regularly interspaced short palindromic repeatrfatence (CRISPRI) system to fine-tune
central metabolism to improve the carbon channeatds malonyl-CoA without significantly
altering biomass accumulation (Wu et al., 2015} @80 target genes, mainly from the
glycolysis, PPP, TCA cycle, and fatty acid bioswsis pathways, 12 were found to increase
malonyl-CoA availability after their expression &s were disrupted. Combinatorial genetic
perturbation was conducted, and the highest praztuof naringenin (421.6 mg/L) was obtained
in theE. colistrain with the knockdown d&bF (encoding 3-oxoacyl-acyl carrier protein
synthase II)fumC(encoding fumarate hydratassyicC(encoding succinyl-CoA synthetase),
andadhE(encoding acetaldehyde dehydrogenase). Somes# #meckdowns are not intuitive,
suggesting that high-level carbon redistributioouws if the expression of a primary metabolic

pathway gene is altered.

9.2 Representative stilbenoids: resveratrol and pinosylvin
Resveratrol is naturally present in higher plasitsh as blueberries and grapes, and is known

for its antioxidant properties, which have drawncmattention from nutraceutical and cosmetic
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industries. Its microbial biosynthetic pathway veasablished from the assembly of TAL from
Herpetosiphon aurantiacudCL fromA. thaliang and resveratrol synthase (also called stilbene
synthase) VST1 or STS fro¥ftis vinifera(Li et al., 2015). A unique mutant of acetyl-CoA
carboxylase (ACCT*** 511574 \yas incorporated. The enzyme converts cytoscktydCoA to

the rate-limiting malonyl-CoA, and the double mugdions prevent its phosphorylation and
subsequent degradation. Based on the hypothesighéhproduction of resveratrol is limited by
the downstream enzyme expression, 8-11 copies bf #48L, and VST1 were integrated into
the Ty4 retrotransposon sites in the genom®. aferevisiaeresulting in the production of

235.57 mg/L resveratrol in batch fermentation. pheduction was further optimized by the
addition of a fed-batch fermentation following th&tch fermentation when glucose was depleted.
Providing glucose or ethanol as the carbon sourtiea fed-batch fermentation stage improved
the total production of resveratrol to 415.65 mgfid 531.41 mg/L, respectively. When VST1
was expressed ia. coli, the enzyme can also act on cinnamoyl-CoA, leathirthe synthesis of
pinosylvin (ortrans-3,5-dihydroxystilbene) as the counterpart of reatret derived from.-Tyr

(Wu et al., 2017). The strain simultaneously expedsPAL fromTrichosporon cutaneurand

4CL fromP. crispum CRISPRI revealed that repression the expresdisix@enes—abF, fabB,
eng adhE fumC andsucC—enabled the highest production of pinosylvin (28j/loh Here,

FabB catalyzes the same reaction as FabF (fatiybémsynthesis), and Eno catalyzes the
interconversion of 2-phosphoglycerate to PEP. Tiegiression presumably increases PEP

availability.

9.3 Representative derivatives of the naringenin pathway: ponciretin, sakuranetin,

kaempferal, liquiritigenin, resokaempferol, quer cetin, and fisetin
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Naringenin is a building block for synthesizing alevvariety of flavones, isoflavones, and
flavonols. Other valuable modifications suchCasmethylation and glycosylation also occur
during flavonoid biosynthesis in plants and cotiigoroved biological activities. For example,
the synthesis of tw®-methylflavonoids, sakuranetin (J-methylnaringenin), and ponciretin
(4'-O-methylnaringenin), displaying antifungal and aatterial activities, are mediated by
naringeninO-methyltransferase (NOMT) fro@. sativaand soybea®-methyltransferase
(SOMT2) fromGlycine maxXKim et al., 2013). Assembling each of these enz/mi¢gh TAL
(from S. espanaengisCHS (fromPopulus euramericanaand 4CL (fromO. sativg in anL-
Tyr-overproducinge. colistrain led to the production of 42.5 mg/L pondireind 40.1 mg/L
sakuranetin. Note that this strain did not careytieterologously expressed CHI, indicating that
the isomerization reaction might have occurred sgpwously. Beside&g;dA encoding isocitrate
dehydrogenase was deleted to increase the supflgAfas the precursor for malonyl-CoA
synthesis.

A p-coumaroyl-CoA-accumulating yeast strain carryimg4?°-, Aro7°**! F. johnsoniae
TAL, P. crispumdCL, P. hybridCHS, and\V.. sativaCHI, in the background witAro10and
Pdc5deletion, was constructed as the base strain {§azir et al., 2017b). Extension with
Astragalus mongholicusavanone 3-hydroxylase (F3H) aAd thalianaflavonol synthase (FLS)
led to the synthesis of kaempferol (26.57 mg/L3ynthetic fed-batch FIT media. When
chalcone reductase (CHR) (frofia mongholicuswas added into the overexpression queue,
isoliquiritigenin appeared as an intermediate, @stkaempferol was accumulated at 0.51 mg/L.
In this strainp-coumaric acid, kaempferol, naringenin, and lidiggnin were also observed at
much higher levels, indicating the incomplete reduncof p-coumaroyl-CoA mediated by CHR.

Finally, cytochrome P450 (FMO) frof. hybridawas fused in-frame with cytochrome P450
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reductase (CPR) fro@. roseusand co-expressed in the resokaempferol-produtciagigo
synthesize fisetin (2.29 mg/L) and in the kaemgfproducing strain to synthesize quercetin

(20.38 mg/L).

9.4 Representative curcuminoids: curcumin

Curcuminoids are another family of plant polyphertblat prevent oxidative damage in
normal cells during the treatment of allergy, asgthoancer, and Alzheimer’s disease. Wang et al.
described the assembly of enzymes from differentcss as being akin to building Legos to
generate several phenylpropanoid acids (cinnanii; gecoumaric acid, caffeic acid, and ferulic
acid), stilbenoids (resveratrol, piceatannol ambgylvin), and curcuminoids (curcumin,
bisdemethoxycurcumin and dicinnamoylmethane) (Watrad., 2015). Besides the pathways that
have been discussed in the previous sections,tpiuga can be obtained from resveratrol
through the specific Cxhydroxylation catalyzed by C3H fro8. espanaensi€o-expression of
TAL from S. espanaensidCL fromA. thaliang STS fromArachis hypogaeaand C3H fronS.
espanaensis E. coliled to the production of 21.5 mg/L piceatannokd@&methoxycurcumin is
the condensed product of two moleculeg-cbumaroyl-CoAs, whereas the symmetric reaction
occurring at cinnamayl-CoA produces dicinnamoylraaety both of which can be catalyzed by
curcuminoid synthase (CUS) frobh sativa.lt was found that 4CL fronA. thalianacan also
recognize ferulic acid and thus ligate it with CtwAyield feruloyl-CoA. The final assembly of
the genes encoding TAL, C3H, COMT (frdvh sativg, 4CL, and CUS established a complete

biosynthetic pathway in the. coli strain fed with 3 mM.-Tyr, producing curcumin at 0.6 mg/L.
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9.5 Dihydrochalcones: phloretin, phlorizin, nothofagin, trilobatin, and naringenin
dihydrochalcone

CHS has been found to be shared between flavomoididydrochalcone biosynthesis in
various fruits. Phloretin, the first committed démgchalcone, is formed by the CHS-catalyzed
decarboxylative condensationtlihydrocoumaroyl-CoA with three units of malonyb& and
a subsequent cyclization. The pathway is initidgdhe formation op-dihydrocoumaroyl-CoA
from p-coumaroyl-CoA, which is mediated by a double boedlictase (DBR). This reaction can
be realized by the native enzyme TSC1S.ircerevisiaeln plants, the biosynthesis of phloretin
can be extended by many different UDP-dependemaghitransferases (UGTSs) that act on
either the phloretin ring directly or the hydroxybups to form the antidiabetic molecule
phlorizin, the antioxidant molecule nothofagin, ahd sweet compound naringenin
dihydrochalcone. The assembly of PAL2 (frémthaliang, AmC4H (fromAmmi majuy CPR1
(from S. cerevisiag 4CL2 (fromA. thaliang, CHS (fromHypericum androsaemymand
TSC13 (fromS. cerevisiagled to an initial production of phloretin at 42ng/L in S. cerevisiae
(Eichenberger et al., 2017). The incorporationddfidonal glycotransferase, including
UGT88F2 (fromPyrus commun)s CGT (fromO. sativg, or UGT73B2 (fromA. thaliang, led
to the production of three glycosylated dihydrocbaks: phlorizin (65 mg/L), nothofagin (59
mg/L), and trilobatin (32.8 mg/L) in 24-well fermetion. Finally, extending the overexpressed
enzyme set with the UDP-rhamnose transferases AZRfom Citrus maximqand RHM2
(from A. thaliang, responsible for converting the native UDRflucose to UDR-rhamnose,
resulted in the biosynthesis of naringenin dihydedcone at 11.6 mg/L. It is noteworthy that the
host was not extensively engineered to overprodugeof the precursors, indicating the scope

for further improvement in the production of theggcosylated products.
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10. Conclusions, advanced strategies and futur e outlooks

Despite the importance of aromatic amino acid pathderivatives, their current production
levels based on microbial hosts are still far fnoieting the criteria of commercialization. For
commodity chemicals, even the pre-pilot scale meguiiter, yield, and productivity to reach 10—
100 g/L, 40-80%, and 0.5-2 g/L/h, respectively. Bmmmpounds in this group can be produced
at relatively high titers but their yields and/@oguctivities are still lower than the standards: F
this reason, at least for now, high-value specilgmatics might be more likely to make
commercialization successes (Thompson et al., 2015)

To enable high-level biosynthesis of aromatic an@oinl pathway derivatives, especially,
plant-derived natural products whose synthesisalty requires 20-30 enzymatic reactions, the
strategies that have been summarized in the prewections at a high level include (1)
partitioning a complex pathway into smaller modu(@3 independently addressing the
outstanding issues arising from individual moduéas] (3) overcoming the obstacles to
connecting modules. This is because distinctlyed#iit challenges are recognized in individual
parts of a pathway. Any impairment in the pathwaly @ause an intermediate buildup, thereby
considerably decreasing the final product yielde Tpstream pathway is native to the microbial
hosts, being directly linked to their primary meibém; therefore, the host employs
sophisticated controls to minimize unnecessarygnexpense (Braus, 1991; Hinnebusch, 1988;
Lee and Hahn, 2013; Luttik et al., 2008). For tbevdstream foreign add-on steps, heterologous
expression poses the major limitation (Jiang e8l12). Many plant-sourced enzymes are so
delicate that the alteration of the intracellulgpmssion environment would impair their

functions. The modular design approach enablesirelsers to reach an optimal balance by
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searching a relatively small combinatorial spaoel, asing delicate “design-build-test-learn”
cycles to improve the production by thousandsroés over the starting leveks.g, 15,000-fold

improvement in taxol production (Ajikumar et alQ1D)).

Throughout our research, we identified a few nesgaions that could potentially improve
the production of aromatic amino acid pathway dsnes. Therefore, the following sections are
dedicated to discussing the rationales of thes¢esfies. We look forward to seeing the
verification of their impacts on the biosynthesismmatic amino acid derivatives by the

colleagues working in this area in the near future.

10.1 Reconstruct gluconeogenesisto optimize the availability of PEP

In contrast to the various successful engineemppya@aches that have been devised to
enhance the accumulation of E4P, strategies teaserthe availability of PEP have not been
thoroughly investigated in yeast. The presenceagsdielles results in the compartmentalization
of metabolites, which reduces the availabilityloé tlesired precursors in the cytoplasm and
dilutes the possibility of reaching higher prodtirs. Our metabolic flux analysis showed that
the rates of PEP conversion to pyruvate are at tewsorder of magnitude higher than the E4P
flux in the pentose phosphate pathway (Suasteli,e2016a). This is expected because
pyruvate has considerably more metabolic fatekercell; hence it is in higher demand for
production of essential metabolites in aerobiciraipn, fatty acid production, and production
of other amino acids. Future direction to improlve &vailability of PEP needs to consider a
good metabolic balance for efficient biomass fororat

A new strategy for pyruvate recirculation could kexp the expression of heterologous genes,

namelyppsAfrom E. coli, and the pyruvate, orthophosphate dikindB& from the plani.
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thaliana One of the advantages of expressing heterologenss is that posttranslational
modifications that inactivate proteins in yeast{sas phosphorylation and ubiquitylation) can
be usually avoided. To ensure high pyruvate aviiiliain the cytosol to serve as the substrate
for the recirculation enzymes, the main carrieeg treansport pyruvate into the mitochondria
need to be knocked out. This strategy has beengugy established i. cerevisia¢o increase
the cytosolic pools of pyruvate to elevate the paiidn polyketides (Cardenas and Da Silva,
2016). In this study, two mitochondrial, outer mearte transporters (POR1 and POR2) and two
mitochondrial pyruvate inner membrane carriers (\IRGd MPC?2) were deleted. Single-gene
knockouts revealed that POR2 and MPC2 were goodidaies to increase the pool of pyruvate
in cytoplasm, resulting in at least a 3-fold impeawent in triacetic acid lactone (TAL)
production. The combination of these further insgghthe titers of TAL from ~300 mg'lto

almost 1.0 g L.

Gluconeogenesis is a metabolic pathway whose aictivis triggered by a diauxic shift.
When glucose is depleted, the glycolytic geneswvilergo downregulation, while the
gluconeogenic ones will be activated with the gifakgenerating primary metabolites. Because
the gluconeogenic pathway is highly ATP-consumumgy strict regulations at all metabolic
levels protect the cell from unnecessary energgeditures in the presence of high
concentrations of glucose. $ cerevisiaegluconeogenesis starts from the conversion of
cytosolic malate to pyruvate through an NARRpendent malic acid enzyme (pyruvic-malic
enzyme, MAE1) or through the conversion of malat®AA through the cytosolic malic acid
dehydrogenase enzyme (MDHZEjdure 8). OAA is further converted to PEP through the PCK1
enzyme. Similar to pyruvate, malate can also besprarted into the mitochondria through the

action of the specific carrier (OAC1). This is amér membrane transporter that imports the
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cytosolic OAA produced from pyruvate by the enzypyeuvate carboxylase (PYC) (Palmieri et
al., 1999). Therefore, the deletion of this tramtgragene could be a potential strategy to
increase the malate pool for the initiation of glneogenesis. In addition, considering that
MDH2 and PCK1 are originated from the gluconeog@aithway whose transcription is
repressed in the exponential phase, equipping thesatly with strong constitutive promoters
might be problematic given the potential impactioa native cellular metabolism. It would be
preferable to span a panel of promoters with dfféstrengths to ensure an appropriate

expression balance.

10.2 Engineering post-translational modifications

Post-translational modifications (PTMs) serve astlaer regulatory command to control the
stability, localization, and activity of proteins cells. Two of the most common posttranslational
modifications in eukaryotic systems are phosphaiiieand ubiquitylation. The former is
usually associated with enzymatic activity, whergn@slatter serves as a tag for protein
degradation. PTMs are commonly orchestrated bywaank of genes and the corresponding
study has been determinant in understating magyafghical regulatory mechanisms of key
metabolic pathways. Hence, it is not unexpectetdRi&ls could play a crucial role in the
regulation of highly energy-demanding pathways saaglluconeogenesis and the biosynthesis
of aromatic amino acid.

Several studies have revealed that, indeed, tfe®gé&ogenic genes undergo major PTMs as
an additional control level to regulate their cihuactivity and abundance. For example, the
aforementioned cytosolic MDH protein (MDH2p) comsitwo phosphorylation residues at the

proline 1 (P1) residue and the threonine 6 (T6ptes Through biochemical characterizations, it
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has been demonstrated that substituting P1 toes@?ibS), or removing the first 12 residues of
the protein can reduce its degradation when cedlshifted from non-fermentable carbon
sources (acetate) to growth on glucose(Hung e2@04; Minard and McAlister-Henn, 1992).
Through global proteomic studies, four lysine rasisl (K42, K180, K254, and K259) subjected
to ubiquitylation have also been identified in MDE&wvaney et al., 2013). It would be

interesting to discern whether a higher activitylo$ enzyme can be achieved in the presence of
glucose. Different mutant versions of the gene M4 be constructed and incorporated into
the new genetic platform to study the recirculatbdmalate to OAA.

To finalize the reconstruction of gluconeogendsis,phosphoenolpyruvate carboxykinase
gene PCK1, can also be overexpressed, in order to ensureontineersion of OAA to PEP. Thus
far there is no evidence of PCK1 undergoing PTMshsas phosphorylation or ubiquitylation.
However, high sequence similarity with the prot&no4 was observed in the first 12 amino
acids, which is known to undergo phosphorylatiothatserine residues 2 and 4 (Albuquerque et
al., 2008). Therefore, new mutant versions of P@kth amino acid substitutions to avoid
phosphorylation can be constructed and overexpmtasssomplete the production of PEP in the

presence of glucose.

10.3 Creating a biochemical driving force

A potential pitfall of overexpressing MDH2 to inese the PEP availability is that the
enzyme favors the reverse reaction, which is tmyesion of OAA to malate (Zelle et al.,
2008). An alternative strategy is to express aigrrsf MDH2 with known irreversible activity,

such as the malate:quinone oxidoreductase (Mqga) Eocoli (Figure 8).
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This rational can also be complemented by linkimgrhetabolic engineering strategies with
a biochemical driving force (Shen et al., 2011)diBkt al., 2011). Common driving forces are
linked to energy exchange metabolites such as AIFRQH, and NADPH. In this light, the
activity of the enzymes of study can be elevatets$ ifeaction can provide or complement a
cofactor deficiency created by the deletion of stelé genes. To enhance the production of
aromatic compounds, such a driving force can batedeby deleting thEWF1gene in the
oxidative pentose phosphate pathway. This wouldireg new source for replenishment of
cytosolic NADPH levels that can be attained by egspmg dehydrogenase enzymes that depend
on the NADP cofactor. Expression of heterologous MDH2 enzythas prefer NADP as the
cofactor could help establish the metabolic drivimige. One potential gene for this strategy is
the NADPH-dependent MDH enzyme involved in pyruvagtabolism and carbon fixation
pathways in several organisms suclZaa maygMetzler et al., 1989)A. thaliang and

Methanobacterium thermoautotrophicyirhompson et al., 1998Figure 8).

10.4 Global perturbations

Besides the targeted rational strategies that haega discussed in the above sections,
dynamic approaches at a genome-scale need to boded to allow engineering the partition of
the flux between two of the most important pathwaysnely, glycolysis and the pentose
phosphate pathway for the accumulation of aronaatimo acid compounds. The intrinsically
complicated regulations involved in the native ugstn module prohibit the extra energy
expenditure to create “foreign” molecules. With tapid development of the CRISPR-
associated technologies (e.g., CRISPR activatidnGRISPR interference), creating a

combinatorial library including both upregulationdadownregulation at the genome-scale is
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now feasible. This platform would enable the motlataof gene expression within its native
genome context, bypassing the need to utilize bletgous or synthetic promoters. Rather than
limiting the system to an “on” or “off” state (i,eoverexpression or deletion), it can provide a
platform in which genes can be studied in a widhgesof transcriptional strengths. This property
enables the creation of “fluidic” genetic landscap®at otherwise would not be possible by
single-gene deletion or overexpression (e.g., heoytic genes). Molecular sensors to detect
the final product or the intermediates of aromati@no acid biosynthesis in a high-throughput
manner need to be developed. Success has beensteatexhin the colorimetric reaction for
detecting.-DOPA and the fluorescence protein-based naringssnisor (DeLoache et al., 2015;
Skjoedt et al., 2016 (accepted)).

In addition, the current repertoire of microbiakt®needs to be broadened. Some
nonconventional microbes possess special biochéamncaphysiological features that are
beneficial to the production of aromatic amino guathway derivatives. Genome-scale
transcriptome programming integrated with high-tlgioput screening might be the most

desirable technology to further deepen the undaugtg of non-model organisms.

10.5 Enhancing the conversionsin the downstream module

For the downstream module, ensuring successful gemession in heterologous hosts is a
complex process, without general rules to follaws impossible to accurately predict the rate-
limiting steps when expressing enzymes from a watéety of sources. A consensus drawn
from pioneering work in opioid (Galanie et al., BQThodey et al., 2014), artemisinic acid
(Paddon et al., 2013; Ro et al., 2006; Westfadlle2012), and taxol (Ajikumar et al., 2010;

Jiang et al., 2012) production is that it is impaitto explore the functional space defined by the
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natural sequence diversity (Trenchard and SmolB&5p in each of these three platforms, a
suite of enzymes from mammals, plants, bacterid fangi were assembled and tested to
determine an optimal combination. Moreover, cytoame P450 requires a partner enzyme, CPR,
to shuttle electrons (Jung et al., 2011), and mescases also requires interaction with
cytochrome b, which provides additional redox support to achiéyl activity (Paddon et al.,
2013; Schenkman and Jansson, 2003; Zhang et @r).28ufficient evidence has indicated that

it is not necessary to match cytochrome P450 vighGPR from the same species; pairing
multiple species-sourced enzymes has led to ketteovers (Paddon et al., 2013; Trenchard and

Smolke, 2015).

Expressing membrane-bound enzymes can induce exsshojol reticulum stress response
because these enzymes have N-terminal signal psptdt are directly inserted into the
endoplasmic reticulum (Sandig et al., 1999; Tremtlamd Smolke, 2015; Zimmer et al., 1997).
In some cases, altering the expression level aiotybme P450 relative to CPR can increase the
product yield because incomplete interactions betwtbese two proteins can result in the
release of reactive oxygen species, which reduteiability (Li et al., 2016; Paddon and
Keasling, 2014, Paddon et al., 2013; Zangar eP@04). Besides, the expression of multiple
cytochrome P450s could cause heme depletion, vdaicHurther induce cellular stress. In this
scenario, a strategy of expressing the rate-ligiéinzymes in endogenous heme biosynthesis
should be considered, which has been shown to ssitdly alleviate such a stress (Michener et

al., 2012).

Streamlining the performance of a process involvirage than 20 steps requires the
coordination of the corresponding genes. Synthegiaidesired compound often creates

competition with cell growth, in which case, bemtige to easily fine-tune the expression of
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individual genes is essential. This might be aakieby varying promoter strength, integrating
additional copies of the rate-limiting step, anguating the temperature to optimize enzyme
activity (Ajikumar et al., 2010; Fossati et al., 120 Galanie and Smolke, 2015; Trenchard and
Smolke, 2015). Once a high-production strain iald&hed in shaking flasks, the production can
be continuously improved in a bioreactor. By adingparameters such as temperature, pH,
oxygen level, and sugar-feeding pattern, usuallinareased yield of at least an order of

magnitude can be expected.
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Table 1. The TyrR-mediated transcriptional regulations of L-Tyr regulon genes.

Gene TyrR Box Mechanisms and Special Features
tyrR A strong box and a weak box 1. The protein has an N-terminal domain, a central domain, and a C-
(tyrosine pathway | with the strong box overlapping terminal domain.
regulator) with the -35 position. 2. The presence of effector molecules and the positions of the TyrR-
binding sites in a promoter determine the oligomerization states of
TyrR, and its consequent role of being a repressor or an activator.
tyrB 1. L-Tyr-mediated hexamer binding (strong repression) or L-Phe-
(tyrosine mediated dimer binding (weaker repression) prevents active

aminotransferase)

aroP
(aromatic amino
acid transporter)

aroL
(shikimate kinase)

A strong box and a nearby
weak box found immediately
downstream of the transcription
initiation site

transcription.

2. For aroP, another promoter upstream but in the opposite direction,
occupies RNA polymerase and further lowers the availability of RNA
polymerase to bind to the promoter of aroP.

3. For aroL, a TrpR binding site appears immediately downstream of
the TyrR box. L-Trp-mediated repression requires TyrR binding to the
TyrR box first, suggesting the potential spatial interaction of TrpR and
TyrR. Besides, another strong box exists in the upstream region of the
promoter, suggesting the possibility of TyrR-mediated DNA looping
during oligomerization.

1. A strong box and a nearby

aroF weak box found upstream 1. L-Tyr-mediated repression conducted through TyrR hexamer binding
(DAHP with the weak box overlapping to the weak box.
synthease) with the -35 sequence. 2. L-Phe-mediated repression was also observed when TyrR level is
2. Another strong box exists in increased.
the further upstream region of
the promoter.
aroG A single strong box in the -35 1. Competition between TyrR and RNA polymerase leads to repression
(DAHP position even in the absence of aromatic amino acids.
synthease)
1. L-Tyr-mediated repression via TyrR hexamer binding to the weak
tyrP A strong box and a nearby weak box.
(Tyr-specific box found upstream 2. L-Phe (or L-Trp, to a lesser extent)-mediated activation conducted
transporter) with the weak box overlapping through TyrR dimer binding to the strong box and interacting with the a-
with the -35 sequence. subunit of RNA polymerase bound to the -35 position in the presence of
L-Phe (or L-Trp) and absence of L-Tyr.
mtr 1. A strong box and a weak box
(Trp-specific found upstream with the strong 1. L-Tyr (or L-Phe)-mediated activation via the interaction between the
transporter) box close to the -35 position N-terminal domain of TyrR and RNA polymerase.
2. A TrpR binding site overlaps 2. L-Trp-mediated repression (no longer need to transport L-Trp into the
with the -35 position. cells).
folA A strong box and a weak box 1. Activation by TyrR in the presence of L-Tyr.
(dihydrofolate found in the far end upstream 2. Activation requires all three domains of TyrR to be fully functional.
reductase)
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Table 2. The microbia production of the upstream products from the shikimate pathway.

Node Target Host Titer Yield Productivity | Fermentation Unique strategies and genotype Reference
Compound (g/L) (mg/g) (mg/L/h) type
Dehydroshikimate Shikimic E. coli 87 320 1640 Fed batch Zm-glf, Zm-glk, Ec-aroF™, Ec-tktA, Chandran eral.
acid (53 h) Ec-aroE, Ec-serA, and ptsA 2003
E. coli 5.33 213 222 Shake flask | Growth phase-dependent promoter for e
(24 h) aroK; the plant-sourced DHQ-SDH bi-
functional enzyme facilitated DHS
channeling; Ec-aroB, Ec-aroG™,
Ec-ppsA, and Ec-tktA
C. glutamicum 141 490 2938 Fed batch Cg-tkt, Cg-tal, Ec-aroG>™", Cg-aroBDE, | "*oUreeta-
(48 h) Cg-lolT1, Cg-glks (glk1, glk2, and ppsk), | #**°
Cg-gapA, gsuDA4, qsuB4, aroKA4, ptsHA,
and hdpAA; Using growth-arrested high
density cells
S. cerevisiae | 1.98 (glucose) 54.4 27.8 Shake flask | Sc-ARO1™™" Sc-ARO4 ™ Sc- SIS
2.5 (sucrose) (glucose) (glucose) (72 h) TKL, ScRKI1, riclA, and arolA 2017
62.5 33.3
(sucrose) (sucrose)
S. stipitis 3.11 77.8 25.9 Shake flask | S. stipitis has native and superior xylose | e & a-2017
(120 h) utilization capacity; Ss-AR04***%" Ss-
TKT1, and Ss-ARQ1%%%
Quinic acid E. coli 49 210 1020 Fed batch Ec-aroE and aroDA !
(48 h)
E. coli 4.8 333 66.7 Shake flask | Kp-gad and aroDA Dras etal.
(72 h) 1992
Muconic E. coli 36.8 174 767 Fed batch Kp-aroY, Kp-aroZ, Ac-catA, Ec-tktA, Ec- | N era 2002
acid aroF™, Ec-aroB, and aroEA
P. putida 4.92 61 90 (glucose) Fed batch Pp-catA, Ecl-aroY, Ecl-ecdB, Bc-asbF, Johnson etal.,
(glucose) (glucose) 210 (54 h, catRBCA and pcaHGA; The strain 2016
15.59 797 (p- (p- glucose) fermented on p-coumarate also carries
(p-coumarate) coumarate coumarate) (73 h, p- Ecl-ecdD, another AroY-associated
coumarate) protein.
C. glutamicum 54 197 340 Fed batch Kp-aroY, Kp-kpdBD, catBA, aroEA, and fee etal, 2018
(168 h) pcaHGA
E. coli 4.7 350 65.3 Fed batch strain 1: ptsHA, ptslA, crrA, aroEA, ydiBA; | “"noeta
coculture (mixed (72 h) strain 2: Kp-aroY, Kp-aroZ, Ac-catA, Ec- | ™
glu/xyl) shiA, and xylAA
S. cerevisiae 0.32 8 4.4 Shake flask | Kp-aroz, Kp-aroY, Ca-HQD2, Sc- SIEEEIERE
(2.362 (59 (32.8 (72 h) AROQ1PHOA DA 5o ARO4? Sc- 2017
MA+PCA) MA+PCA) MA+PCA) TKL, Sc-RKI1, riclA, and arolA
S. cerevisiae 0.141 3.91 1.31 Shake flask | Sc-ARO4"***, Sc-TKL, Pa-aroZ, Ecl- curran etal.
(108 h) aroY, Ca-HDQ2, aro3A, and zwflA 2012
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Table 2. The microbia production of the upstream products from the shikimate pathway (continued).

Node Target Compound Host Titer Yield Productivity | Fermentati Unique strategies and genotype Reference
(g/L) (mg/g) (mg/L/h) on type
Dehydroshikimate Muconic acid S. cerevisiae 2.1 12.9 9 Fed batch | Transcription factor-enabled aromatic Leavitetal,
(240 h) amino acid biosensor and anti- 2017
metabolite-driven adaptive laboratory
evolution; Sc-ARO1 and Sc-PAD1
S. cerevisiae 1.2 13 7.14 Fed batch | Coupling MA pathway to degron-tagged | ~ *'@"- 218
or 5.1 (with (58) (30.4) (168 h) ARO1; Sc-ARO1-CLN2pest, Sc-PAD1,
amino acid Ca-HQD2, Sc-ARO4™, Ec-aroB, Ec-
supplement) aroD, Pa-aroZ, Kp-aroY, aro3A, and
arp4A
2-Pyrone-4,6- E. coli 16.72 201 172 Fed batch | Enhancing DHS by overexpressing an tuoetar. 2018
dicarboxylic acid (96 h) importer, and manipulating
NADPH/NADP* by modifying soluble
pyridine nucleotide transhydrogenase;
Ec-aroG"™, Ec-ppsA, Ec-shiA, Bt-asbF,
Ct-pmdAB, Ct-pmdC, Ec-sthA, and
aroEA
Vanillin S. cerevisiae 0.045 2.25 0.94 Shaking Ppa-3DSD, Hs-OMT, Ng-ACAR, Cg- Fansan efal-
flask (48 h) | PPTase, and adh6A 2009
S. pombe 0.065 3.25 1.35 Shaking Ppa-3DSD, Hs-OMT, Ng-ACAR, and
flask (48 h) | At-UGT
Vanillin B-D- S. cerevisiae 0.5 32 N/A chemostat | In silico design and target selection; LRI D
glucoside Ppa-3DSD, Hs-OMT, Ng-ACAR, Cg- 2010
PPTase, adh6A, and pdclA
Chorismate Salicylate E. coli 11.5 320 240 Batch Replacing endogenous PTS system Nodaetar, 2018
(48 h) and disrupting conversion of PEP to
PYR; Ec-menF, Ppa-pchB, Ec-galP, Ec-
glk, Ec-ppsA, Ec-maeB, Ec-ppc, pheAA,
tyrAA, pykAA, pykFA, ptsHA, and ptslA
Salicylate 2-O-B-D- E. coli ~2 ~160 ~42 Shaking Ec-galU, Ec-pgm, Ye-irp9, At-Ugt74F1, | @201
glucoside (glucose + flask (48 h) | pheAA, and tyrAA
glycerol)
4-Aminobenzoate E. coli 4.8 160 100 Fed-batch | Ec-aroF™, Ec-pabAB, and Ec-pabC :;:;ae‘a"‘
(48 h)
E. coli 2.88 112 60 Testtube | Ec-pabAB and Ec-pabC (Referring L R A
(48 h) salicylate production for additional
genetic modifications)
S. cerevisiae 0.215 2 2 Fed-batch | Sc-ABZ1, Sc-ABZ2, Sc-ARO4**, Averesch etal.
(glycerol + (108 h) aro7A, and trp3A 2016
ethanol)
E. coli 1.83 152 38 Test tube Ec-pabA, Ec-pabB, and Ec-pabC USRS
(48 h) (Referring salicylate production for

additional genetic modifications)
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Table 2. The microbia production of the upstream products from the shikimate pathway (continued).

Node Target Compound Host Titer Yield Productivity | Fermentation Unique strategies and genotype Reference
(g/L) (mg/g) (mg/L/h) type
Chorismate 4-Hydroxybenzoate E. coli 12 100 167 Fed-batch Ec-ubic, Ec-tktA, Ec-aroF™, Ec-aroB, Ec-aroL, Barker etal.,
(72 h) Ec-aroA, and Ec-aroC 2001
E. coli 1.82 391 19 Test tube Ec-ubiC (Referring salicylate production for L R A
(96 h) additional genetic modifications)
E. coli 2.3 110 24 Fed batch Strain 1: producing upstream module of DHS; hang etar,
co-culture (96 h) Strain 2: Ec-shiA, Ec-aroE, Ec-aroL, Ec-aroA, 20150
Ec-aroC, and Ec-ubiC
S. cerevisiae 2.9 2.2 29 Fed batch Ec-aroL, Ec-ubiC, Ec-arod™>", aro7A, and trp3A | ~erescn eran
(100 h) 2017
P. putida 1.73 139 54 Fed batch Ec-ubiC, Pp-aroGP™™, pobAA, pheAa, trpEA, vuetar, 2016
(44 h) and hexRA
3-Hydroxybenzoate E. coli 2.18 192 30 Test tube Sh-hyg5 (Referring salicylate production for W Rt
(72 h) additional genetic modifications)
E. coli 0.048 2.4 0.33 Test tube Strain 1: containing upstream module of DHS; hang etar.
co-culture (144 h) Strain 2: Sp-pctV 20150
Anthranilic acid E. coli 14,000 200 412 Fed batch TrpD* has an early stop codon, and the protein Baeras-
(34 h) only maintains the N-terminal glutamine SEIEREEACH,
amidotransferase activity but losts the 2009
anthranilate phosphoribosyl transferase at the C-
terminal, leading to anthranilic acid
accumulation;
Ec-trpD*, Ec-aroGfbr, and Ec-tktA
Muconic acid E. coli 3.1 136 323 Testtube (96 | Ec-menF, Pae-pchB, Pp-nahG, and Pp-catA Noda etal., 2016
h) (Referring salicylate production for additional
genetic modifications)
E. coli 0.17 213 2.36 Shake flask | pHBA route: Ec-ubiC, Ec-aroF™, Ec-aroE, Ec- ST
(72 h) arolL, Pp-pobA, Kp-aroY, Ac-catA, ptsHA, ptsla, | 2%
crrA, and pykFA
E. coli 0.48 38.4 10 Shake flask | 2,3-DHBA route: Ec-aroL, Ec-ppsA, Ec-tktA, Ec- | > & 201
(glucose+ (48 h) aroG™, Ec-entCBA, Kp-bdc, Pp-cat, and entEA
glycerol)
E. coli 0.605 168 8.4 Shake flask | 2,3-DHBA route: Ec-aroG™, Ec-aroL, VEIGIE
(72 h) Ec-entCBA Ec-entX, and Pp-catA 2015
E. coli 1.45 116 30.2 Shake flask | salicylate route: Ec-aroL, Ec-ppsA, Ec-tktA, Ec- | " eta- 2014
(glucose+ (48 h) aroG™, Pa-pchB, Ec-entC, Pp-nahG®, Pp-catA,
glycerol) pheAA, and tyrAA
E. coli 0.39 31.2 122 Shake flask | anthranilate route: Ec-ppsA, Ec-tktA, Ec-aroG™, | S e a2
(glucose+ (32 h) Ec-aroB, Ec-aroE, Ec-aroL, Ec-trpE, Ec-trpG,
glycerol) Pa-antABC, Pp-catA, Ec-gInA, and trpDA
E. coli 4.45 0.207 61.8 Test Tube Fusion of AroC and MenF to facilitate metabolite | T™@eta-
(72 h) channeling; Ec-galP, Ec-glk, Pp-nahG, Pp-catA, | 28

Pa-pchB, Ec-aroC/Ec-menF, ptsHA, ptsiA,
pheAA, tyrAA, pykAA, and pykFA
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Table 2. The microbia production of the upstream products from the shikimate pathway (continued).

Node Target Host Titer Yield Productivity | Fermentation Unique strategies including genotype Reference
Compound (g/L) (mg/g) (mg/L/h) type
Chorismate Arbutin E. coli 4.19 140 87.3 Shake flask Cp-MNX1, Rs-AS, Ec-aroL, Ec-ppsA, Ec-tktA, | Srerera- 20t
(48 h) Ec-aroG™, and Ac-ubiC
P. chlororaphis 6.79 N/A 94.3 Pc-ppsA, Pc-tktA, Pc-phzC, Pc-aroB, Pc- UWEEHE
Fed batch aroD, Pc-aroE, Xo-xanB2, Cp-MNX1, Rs-AS, | %%
(72 h) PYKAA, pykFA, phzEA, pobAA, lonA, rpeAA,
and rsmEA
Phenazine- | P. chlororaphis 41 230 137 Shake flask | Disrupting pathway specific negative veo etal, 2018
1- (glycerol) (30 h) regulatory genes; Pc-phzEDFABGH, lonA,
carboxamide parSA, and prsAA
(PCN)
Gastrodin E. coli 0.545 27.3 11.4 Shake flask | Ec-aroG™, Ec-ubiC, Ni-car, Bs-sfp, and Rsa- | c2 2= 20%®
(48 h) UGT73B6F389S
Gallic acid E. coli 1.27 102 35.3 Shake flask | Pae-pobA™® "™ Ec-aroL, Ec-ppsA, Ec- Chenetal. 2017
(glucose+ (36 h) tktA, Ec-aroG™, and Ec-ubiC
glycerol)
Pyrogallic E. coli 1.036 46 43.2 Shake flask Ec-aroL, Ec-ppsA, Ec-tktA, Ec-aroGfbr, Ec- WENGH
acid (with2mM | (glucose+ (24 h) entCBA, and Pp-nahG 2018
ascorbic acid glycerol)
supplement)
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Table 3. The microbia production of compounds derived from L-Trp.

Target Host Reported titer, The genetic manipulations in the final producer Fermentation type Reference
Compound yield, and/or productivity (total hours)
(carbon source with - : - :
BHdilionalslppioments) Metabolic engineering strategies
5-Hydroxy- E. coli 153 mg/L (Glu); Xc-p4h™*"F ' MH4 regeneration pathway (Pa-pcd and Ec-dhmr), Shake flask bin etal., 20130
tryptophan 1.1-1.2 g/L (Glu with 2 g/L Ec-trpE>*"DCBA, pheLAA, tyrAA, and thaAA (48 h)
L-Trp supplement) Fermentation at 30°C to prevent oxidative degradation.
E. coli 550 mg/L (Glu with 1 g/L Ct-aaah" ", MH4 regeneration pathway (Hs-PCD and Hs-DHPR), and Shake flask Vora: ViTaloos
L-Trp supplement) tnaAA (24 h) eLETY
Fermentation at 30°C to prevent oxidative degradation.
E. coli 5.1 g/L (glycerol) Hs-TPH2"4* %% 'BH4 synthesis pathway (Bs-mtrA, Hs-PTPS, Hs-SPR), Fed batch (40 h) Wang etal, 20183
(1.3 g/L in shake flasks) BH4 regeneration pathway (Hs-PCD, Hs-DHPR), and tnaAA
Modulation of plasmid copy nhumber and promoter strength.
E. coli 98 mg/L (Glu) Strain 1 (Re-salABCD and Ec-trpE”'G); Strain 2 (Ec-trpDCBA) Two-stage shake Sunetar. 2015
SalABCD uses NAD(P)H as the cofactor, omitting the usage of the BH4 or flask (stage 1: 24 h;
MH4 system. stage 2: 12 h)
S. cerevisiae | 0.255 pg/L/OD (Gluwith 2 | Xc-p4h™ ™", MH4 regeneration pathway (Pa-pcd, Ec-dhmr, and Sc-DFR1) Shake flasks hang etdl., 2016
g/L L-Trp supplement) Sm-T5H, BH4 synthesis pathway (Ec-gch, Rn-PTPS, and Rn-SPR), BH4 (72 h)
regeneration pathway (Ec-dhpr and Pa-pchd)
The eukaryotic system enabled 17-fold higher production than the
prokaryotic system
Serotonin E. coli 154 mg/L (Glu); Strain 1 containing Ct-aaah™ > ""=2"°C, MH4 regeneration pathway (Hs-PCD | Two-stage fed batch | "o nacees
(962 mg/L 5HTP produced and Hs-DHPR), and trpRA4; Strain 2 containing cr-TDC and tnaAA. fermentation LA
by strain 1) Strain 1 was created from the strain S028, a previous L-Trp overproducer. (60 h stage 1 and
52 h stage 2)
E. coli 24 mg/L (Glu with 0.2 g/L 0s-GST-A37T5H, and Cr-TDC Test tube (24 h post Fark etal, 2011
L-Trp supplement) IPTG induction)
Melotonin S. cerevisiae 14.5 mg/L Sm-TPH, Hs-DDC, Bt-AANAT, Hs-ASMT, Sc-ALD6 Fed batch R

(FIT medium or mineral
medium supplemented
with glucose)

BH4 synthesis pathway (Rn-PTS and Rn-SPR), and BH4 regeneration
pathway (Rn-DHPR and Pa-pcbdl)

Basal levels: SAM, Sc-GCH1, and Sc-FOL2
Genome integration of all the genes except Hs-ASMT in high-copy plasmid;
Special feed-in-time (FIT) medium.

(small-scale in
microplates)

2016
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Table 3. The microbia production of compounds derived from L-Trp (continued).

Target Host Reported titer, The genetic manipulations in the final producer Fermentation type Reference
Compound yield, and/or productivity
(carbon source with - : - :
BHdilionalslppioments) Metabolic engineering strategies
Indigo E. coli 920 mg/L Ma-fmo Batch Fan etal., 2011
(2 g/lL L-Trp) 920 mg/L Indigo and 5 mg/L indirubin (24 h)
E. coli 640 mg/L (Glu) Ma-fmo, Ec-tnaA, Ec-tktA, Ec-aroG™ ™", Ec-trpE>*", Ec-aroL, trpR4, Fed batch puretar, 2018
pykFA, and pykAA (72 hr)
De novo biosynthesis
E. coli 18 g/L (Glu with 0.2-0.5 Pp-ndo, Ec-aroG™, and Ec-trpE""DCB/26A Fed batch Berty etal. 2002
g/min L-Trp) AroG™ was provided by two plasmids; Indoxyl or its downstream (72 h)
intermediates significantly inhibited AroG; PEP was found to protect AroG
from inhibition.
Indirubin E. coli 58 mg/L (3.28 g/L L-Trp Cs-ndo Batch T AU
and 0.5 g/L 2-oxindole) Supplementation of 2-oxindole played a more favorable influence than
isatin due to the inhibitory effect of isatin; Increasing 2-oxindole from 0 to
1.5 g/L improved the proportion of indirubin from 5% to 48%.
E. coli 223.6 mg/L (2 g/L L-Trp Ma-fmo Batch Fan eta., 2013
and 0.36 g/L Cys) Cysteine influenced the regioselectivity of FMO and enhanced the (48 h) Han etal, 2011
synthesis of 2-hydroxindole (6.8 mg/L indigo)
E. coli 56 mgl/L (Glu) Ma-fmo, Ec-tnaA, Ec-tktA, Ec-aroG" ", Ec-trpE>"", Ec-aroL, trpR4, Fed batch puretar, 2018
pykFA, and pykAA (72 h)
De novo biosynthesis
Violacein E. coli 710 mg/L (Glu) Ji-vioD, Cv-vioABCE operon, Ec-trpE"™, Ec-serA™, Ec-tktA, Ec-aroFBL, Ec- Fed batch Rodrigues etar,
trpDCBA, trpRA, trpLA, thaA4, and sdaAA (300 h) 2013
The expression of vVioABCE was induced by arabinose, which was also
used as the carbon source; Ji-vioD was genome-integrated.
C. glutamicum 5.4 g/L (Glu) Cv-VioBAECD Fed batch ST ST
54 mg/g glucose Inserting rbs in front of each vio gene; exploiting the established industrial (115 h)
47 mg/L/hr L-Trp hyper producer strain ATCC 21850
Deoxy- E. coli 324 mg/L Cv-VioABCE operon, Ec-trpE™, Ec-serA™, Ec-tktA, Ec-aroFBL, Ec- Shake flasks Rodrigues etar,
violacein (10 g/L arabinose) trpDCBA, Ec-trpRA, trpLA, tnaAA, and sdaAA (228 h) 2013
The expression of vioABCE was induced by arabinose, which was also
used as the carbon source.
E. coli 1.6 g/L (glycerol) Cv-VioABCE operon, Ec-trpE™, Ec-serA™, Ec-tktA, Ec-aroFBL, Ec- Fed-batch R,
20 mg/g glycerol trpDCBA, trpRA, trpL4, thaA4, sdaA4, and araBADA (200 h) 2014

8 mg/L/hr

Arabinose catabolism was disrupted; Arabinose was used only as an
inducer.
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Table 4. The microbial production of compounds derived from L-Phe.

Target Host Reported titer, The genetic manipulations in the final producer Fermentation | Reference
Compound yield, and/or productivity type
(c_a_rbon source with Metabolic engineering strategies (total hours)
additional supplements)
D-phenyllactic E. coli 29.2 g/L (Glu with 0.2 g/L Ec-aroG™, Ec-pheA™, and Wi-pprA Fed-batch Fufa etat. 2013
acid L-Tyr and 0.15 g/L L-Trp); The starting strain have been mutated to prevent the synthesis of L-Tyr and (144 h)
0.16 g/g glucose L-Trp
2-Phenylethanol . marxianus 1.3 g/L (Glu) Sc-ARO10, Sc-ADH2, and Km-AroG™ Batch LR
K. marxianus is a thermal tolerance yeast with a short doubling time. (72 h)
E. coli 320 mg/L Es-kdc4427, Es-adh4428, Ec-aroF, Ec-pheA, Ec-tktA, and Ec-ppsA Batch T etal, 20188~
13.3 mg/L/h Severe product inhibition was observed. (24 h)
. cerevisiae 6.1 g/L Sc-ARQ9, Sc-ARO10, Sc-AR080, and ald34 Two-phase R
(10g/L L-Phe as the sole N Whole cell conversion using PPG1200 as the in situ extractant; batch
source) Aro80 is a transcriptional activator regulator whose function can be further (72 h)
enhanced by aromatic amino acids.
. marxianus 10.2 g/L Whole cell conversion using PPG1200 as the in situ extractant Fed-batch Etschmann et
(with high conc. of L-Phe) (30 h) 2008
. cerevisiae 12.6 g/L Whole cell conversion using oleic acid as the in situ extractant Fed-batch SRR
(with high conc. of L-Phe) (153 h)
Mandelate and E. coli 1.02 g/L (S-mandelate) (S-mandelate) Ao-hmasS, Ec-aroF™, Ec-pheA™, trpEA, tyrAA, tyrBA, and Shake flasks Sun etal., 2011
4-hydroxy- 0.88 g/L (R-mandelate) aspC4; (R-mandelate) Sco-hmo and Rg-dmd in addition (84 h)
mandelate The biosynthesis of all three aromatic amino acids was disrupted.
. cerevisiae | 1 g/L (4-hydroxy-mandelate) Ao-hmasS, Sc-ARO1, Sc-ARO3™, Sc-ARO4™, aro104, pdc5A, trp24, Shake flasks xerentaih and
aro84, aro94, and pha2A (120 h) PR
0.236 g/L (mandelate) Ao-hmasS, Sc-ARO1, Sc-ARO3™, Sc-ARO4™, aro104, pdc54, trp24,
aro84, aro94, and tyrlA
Phenylglycine E. coli 51.6 mg/g DCW Sco-hma$, Sco-hmo, Sco-hpgT, Ec-tyrA>', Ec-aroG"**", Ec-pheA™, Ec- | Shake flasks Huetal. 20142
(L-phenylglycine) ydiB, Ec-aroK, crr4, tyrBA, and aspCA (48 h)
Using temperature-sensitive promoters to induce the expression at 38°C;
Sco-HpgT is a L-hydroxyphenylglycine aminotransferase.
E. coli 146 mg/g DCW Ao-hma$, Sco-hmo, Pp-hpgT, Ec-aroF™, Ec-pheA™, pheAA4, tyrAA, tyrRA, Fed-batch T T
(D-phenylglycine) tyrBA, and aspCA (24 h)

PpHpgT is a D-hydroxyphenylglycine aminotransferase.
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Table 4. The microbia production of compounds derived from L-Phe (continued).

Fermentation

Reference

Target Host Reported titer, The genetic manipulations in the final producer
Compound yield, and/or productivity type
(c_a_rbon source with Metabolic engineering strategies (total hours)
additional supplements)
Trans-cinnamate, E. coli 6.9 g/L (trans-cinnamate) Sm-pal, crrA, tyrRA, trpEA, tyrAA, and pykAA Fed-batch Bang etal., 2018
cinnamaldehyde, 0.028 g/g glu Casamino acid was supplied as a feeding solution. (86 h)
cinnamylalcohol, 0.138 g/L/h
and hydro- S. cerevisiae 0.3 mg/L (cinnamaldehyde) At-PAL2, Ns-acar, Ec-entD, and Sc-ADHs Shake flasks G““az';;‘a"'
cinnamylalcohol 27.8 mglL (cinnamylalcohol) Cinnamate and cinnamaldehyde are more toxic to cell growth than (26 h)
1;3'1 mg/L cinnamylalcohol and hydro cinnamylalcohol.
(hydrocinnamylalcohol)
E. coli 75 mg/L (cinnamaldehyde) Sm-pal, Sco-4cl, At-CCR, Ec-aroG" "7 'Ec-ydiB, Ec-aroK, Ec- Shake flasks | Pangetan 2016
pheA®™ F22A dm Eo_gaip, Ec-glk, crrd, tyrRA, trpEA, tyrA4, and pykAA (48 h)
PheA ' "“™ has the first 300 amino acids of the wild-type PheA, which
excludes the L-Phe regulatory domain; the two mutations revive the
substrate binding affinity of the truncated PheA.
E. coli 1.7 g/L (trans-cinnamate) Ec-aroG", Ec-phe™", Wi-pprA, and Cs-flidABCI Two-stage R
Aerobic phase to accumulate D-phenyllactate and anaerobic phase to batch
convert D-phenyllactate to trans-cinnamate by the O,.sensitive FIdJABCI. (172 h)
Benzoic acid S. maritimus 257 mg/L (glucose) Native plant-like B-oxidation pathway composed of encPHIMJN; can utilize Shake-flask Nodaetal, 2012
337 mgl/L (cellobiose) cellobiose due to the endogenous B-glucosidase; (4-6 days)
460 mg/L (starch) Secreting the heterologous endo-glucanase tfu0901 cloned downstream of
125 mg/L cellulose the phospholipase D promoter with the signal peptide from
phospholipase D from Streptoverticillium cinnamoneum
Styrene E. coli 260 mg/L (styrene) At-PAL2 and Sc-FDC1 in ATCC31884 Shake-flask B
ATCC 31884 is a commercial L-Phe overproducing strain. (39 h) 201
S. cerevisiae 29 mg/L (styrene) At-PAL2 (Sc-FDC1), Sc-ARO4**"", and aro104 Shake-flask WeKenna etal.
Using the evolved strain after m-fluoro-DL-phenylalanine treatment; (48 h) 2014

1.44 mg/g glucose

transcription analysis revealed several Aro genes in the upper module were

up-regulated; fdc1 was endogenously expressed with the native promoter.
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Table 5. The microbia production of compounds derived from the L-Tyr branch.

Target Host Reported titer, The genetic manipulations in the final producer Fermentation | Reference
Compound yield, and/or productivity type
(c_a_rbon source with Metabolic engineering strategies (total hours)
additional supplements)
p-Coumaric acid, | S.cerevisiae | 1.93 g/L (p-coumaric acid) Fj-tal, Sc-ARO4"**" Sc-ARO7°™" Ec-aroL, pdc54, and aro10A Fed batch Rodngues etal.
caffeic acid, and 96-deep well plate with FIT media (72 h) 2o
ferulic acid S. cerevisiae 2.0 g/L (p-coumaric acid, Sc-ARO4™, Sc-ARO7%™™, Ec-aroL, Fj-tal, pdc54, and aro104 Batch and R°°”§’:: E
S288c, batch) CSTR gave 0.410 g/L (S288c) and 0.507 g/L (CEN.PK) production at the CSTR !
2.4 g/L (p-coumaric acid, steady state; CEN.PK strain showed fewer changes in the transcription profile
CEN.PK, batch) and intracellular metabolites concentrations.
E. coli 974 mg/L (p-coumaric acid) Se-tal, Ec-aroG™, Ec-tyrA™, and tyrRA Shake flask | <enoetal. 20
150 mg/L (caffeic acid) Se-tal, Se-sam5, Ec-aroG™, Ec-tyrA™, and tyrRA (36 h)
196 mg/L (ferulic acid) Se-tal, Se-sam5, At-COM, Ec-aroG™, Ec-tyrA™, and tyrRA
E. coli 106 mg/L (caffeic acid) Route 1: Rg-TAL and Se-Sam5 in strain rpoA14(DE3); Batch TS,
Route 2: Rg-TAL, Se-Sam5, Pc-4CL, and the native Ec-te (4 days) 2013
Strain rpoA14(DE3) was a previously constructed L-Tyr overproducer.
E. coli 767 mg/L (caffeic acid) Rg-TAL, Ec-hpaBC, Ec-tyrA™, Ec-aroG™, Ec-ppsA, Ec-tktA, pheA4, and Shake flask Fuang etal.
tyrAA (72 h) 2013
The host E. coli ATCC31884 is a commercial L-Phe overproducer.
E. coli 10.2 g/L (caffeic acid based Pa-hpaBC Whole cell TR,
on 4-time supplementation Repeatedly adding 20 mM of p-coumaric acid 4 times during the reaction. conversion 2014
of 20 mM p-coumaric acid) (24 h)
E. coli 2.8 g/L (caffeic acid based CYP199A2"™™" Pp-pdR, and Rp-pux Whole cell Furya etal.
on supplementation of 20 Pp-PdR, and Rp-pux serve as the redox partners for electron transfer. conversion 012
mM p-coumaric acid) (24 h)
E. coli 280 mgl/L (caffeic acid Rg-TAL, Se-C3H or Rp-CYP199A2™™", Pp-pdR, and Rp-pux Whole cell TS
based on supplementation CYP199A2" ™ displayed a higher catalytic activity than C3H; Pp-PdR, and conversion 2018
of 3 mM L-Tyr) Rp-Pux serve as the redox partners of CYP199A2 for electron transfer. (63 h)
Hydroxystyrene P. putida 259/l Rt-PAL/TAL, Lp-pdc, and fcsA Two-stage fed Vemoer erar,
90 mg/L/h Product toxicity was overcome by using 1-decanol as the in situ extractant; batch 2009
The host previously optimized for phenol and p-coumaric acid production. (50 h)
E. coli 0.4 g/L Rt-PAL/TAL and Lp-pdc in strain NST74 Fed batch B
NST74 is a previously constructed L-Phe overproducer. (56 hr)
3-Phenylpropionic E. coli 366.77mg/L Rg-TAL, Ca-er, Ec-tyrA™, Ec-aroG™, Ec-ppsA, and Ec-tktA, Shake flask | > ete- 2010
acid (3-phenylpropionic acid) in ATCC31884 (3-fE)henyIpropionic acid); (72 h)
3-(4- 225.10mg/L Rg-TAL, Ca-er, Ec-tyrA™, Ec-aroG™, Ec-ppsA, Ec-tktA, pheA4, and tyrAA
hydroxyphenyl) (3-(4-hydroxyphenyl)

propionic acid

propionic acid)

in ATCC31884 (3-(4-hydroxyphenyl) propionic acid).

Screened 11 ERs from 9 microorganisms; the host E. coli ATCC31884 is a
commercial L-Phe overproducer.
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Table 5. The microbia production of compounds derived from the L-Tyr branch (continued).

Target Host Reported titer, The genetic manipulations in the final producer Fermentation | Reference
Compound yield, and/or productivity type
(c_a_rbon source with Metabolic engineering strategies (total hours)
additional supplements)
Tyrosol E. coli 573 mg/L Sc-ARO10, pheA4, and feaBA (de novo biosynthesis); Shake flask Xue etal. 2017
Sc-ARO10, Sc-ARO8, pheAA4, and feaBA (whole cell conversion). (48 h)
1203 mgl/L tyrosol was produced in the whole cell conversion when 1.8 g/L Whole cell
L-Tyr was used as the substrate. conversion
(20 h)
Hydroxytyrosol E. coli 647 mg/L (from glucose) Sc-ARO10, Sc-ADH6, Ec-hpaBC, Ec-tyrA, Ec-ppsA, Ec-tktA, Ec-aroG™, and Shake flask AT
1243 mg/L (1 g/L L-Tyr was feaBA (48 h)
fed three times) Ascorbic acid was added to prevent hydroxytyrosol oxidation; 1-dodecanol
was used as in situ extractant to overcome product toxicity; NH,Cl was
removed from the culture to enhance transamination.
3,4- E. coli 1856 mg/L Sc-ARO10, Ec-feaB, Ec-hpaBC, Ec-tyrA, Ec-ppsA, Ec-tktA, Ec-aroG™, Shake flask Lretal. 2019
Dihydroxyphenyl 0.17 g/g carbon source pykA4, and pykFA (48 h)
acetate Mixed glucose and glycerol as the carbon sources resulted in best production.
Salidroside E. coli 288 mg/L Pc-AAS, At-UGT86A1, tyrRA, pheA4, and feaBA Shake flask SEEEE
UGTB85A1 was one of the 12 UGTs from A. thaliana that showed a (48 h) 2017
glycosylation activity towards tyrosol.
E. coli 6.03 g/L (based on glucose Strain 1: Pp-kdc4, Ec-aroG™, Ec-tyrA™, Ec-aroE, tyrRA, pykAA4, pykFA4, Fed batch Huetal. 20180
co-culture and xylose mixed culture) pheA4, feaBA, ptsG4, and manZA (129 h)
0.047 g/L/hr Strain 2: AttUGT85A1, Ec-galU, Ec-pgm, xylAA, tyrAA, and ushAA
Salvianic acid E. coli 7.1 g/L (plasmid version) Ec-aroG™, Ec-tyrA™, Ec-aroE, Ec-glk, Ec-tktA. Ec-ppsA, Ec-hpaBC, Lp-D- Fed batch veoetar, 2013
Idh™*** ptsGA, pykFA, pykAA, pheAA, and tyrRA (60-70 h)
5.6 g/L (genome integration) The genome integration version did not require antibiotics and inducers. HATTE
L-DOPA E. coli 8.67 g/L Ec-tyrA™, Ec-tyrB, Ec-hpaBC, Ec-galP, Ec-glK, tyrRA, csrAA, zwfA, pheLAA, Fed batch Weretal, 2016
ptsHIA, and crrA (60 h)
TyrA™, TyrB, and HpaBC were fused to form a fusion protein chimera
E. coli 29.8 g/L Ss-tpl Whole-cell EEET
50 mM pyrocatechol and sodium pyruvate, and 0.65 mM ammonia were fed. conversion
(6h)
E. coli 592 mglL (E. coli) Cf-tpl, Pp-tdo, and Pp-tcgdh Whole-cell Park etar, To98
P. aeruginosa 2761 mg/L Benzene and pyruvate were added intermittently as the substrates. conversion
(P. aeruginosa) (14 h)
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Table 6. Microbial production of selected benzylisoquinoline alkaloids derived from L-Tyr.

Product |

Host Titer The genetic manipulations in the final producer Fermentation type Reference
Bioconversion
(S)-canadine S. cerevisiae 621 pg/L Ps-60MT, Ps-CNMT, Ps-4'OMT, At-CPR, Ps-BBE, Ps-S9OMT, Tf- Batch G and
(supplemented with 1 mM S90OMT, Cj-CAS, and Bw-STOX (72 h) Smolke, 2015
Berberine norlaudanosoline) 27 pg/L 1.8 mg/L canadine and 6.5 pg/L berberine in the shake flasks;
39 pg/L berberine in fed-batch.
(S)-sanguinarine S. cerevisiae 80 ug/L Ps-60MT, Ps-CNMT, Ps-4'OMT, Ps-BBE, Eca-CFS, Eca-STS, Ps- Tube or Trenchard and
(supplemented with 2 mM TNMT, Ps-MSH, Eca-P6H, and At-CPR (ATR1) 96-well plate S5 ATE
norlaudanosoline) (10 day)
Magnoflorine E. coli and 7.2 mgl/L E. coli: MI-mao, Cj-PR10A (NCS), Cj-60MT, Cj-CNMT, and Cj- Separately growing two | e erar, 2008
S. cerevisiae co-culture 4'0OMT strains for 12-20 h, and
(supplemented with 5 mM S. cerevisiae: Cj-BBE then mixing for
(S)-scoulerine dopamine) 8.3 mg/L E. coli: MI-mao, Cj-PR10A (NCS), Cj-60MT, Cj-CNMT, and Cj- 48-72 h
4'0MT
S. cerevisiae: Cj-CYP80G2 and Cj-CNMT
De novo biosynthesis
E. coli 46 mg/L Rs-tyr, Pp-dodc, MI-mao, C-NCS, Cj-60MT, Cj-CNMT, Cj-4'OMT, Fed batch NEEEIARE
(from glycerol) Ec-aroG™, Ec-tyrA™, Ec-ppsA, Ec-tktA, and tyrRA (80 h) 201t
(S)-Reticuline S. cerevisiae 19.2 pg/L Rn-TyrH" " F7EREE "By dodc, Cj-NCS, Ps-60MT, Ps-CNMT, Ps- 96-well plates R G
(from glucose) 4'OMT, Eca-CYP80B1, Ps-CPR, Sc-TKL1, Rn-SepR, Rn-PTPS, Rn- (96 h) 2015
QDHPR, Rn-PCD, Sc-ARO4%** and zwf1A
S. cerevisiae 80.6 ug/L | Bv-CYP76AD1" """ Pp-dodc, Ps-NCS, Ps-60MT, Ps-CNMT, Ps- Shake flask (96 h) PELEEEGER
(from glucose) 4'0OMT, Eca-CYP80B1, and Sc-ARO4***- 2015
6.4 pg/L Sc-ARO4%™ "Sc-TKL, Sc-ARO10, Sc-ARO7™>*" Rn-SepR, Rn- Tube or Gaane eral.
Thebaine S. cerevisiae PTPS, Rn-QDHPR, Rn-PCD, Rn-TyrHR¥"5 REEWIEY Dy DHFR, Pp- 96-well plate 2015
(from glucose) dodc, Cj-NCS, Ps-60MT, Ps-CNMT, Ps-4'OMT, Ps-CPR, Eca- (120 h)
NMCH, Pb-DRS-DRR, Eca-CFS"®-PbSalSyn"** Pb-SalR, and Ps-
SalAT
Hydrocodone 0.3 pg/L Ps-T60DM and Pp-MORB in addition to all the above manipulations
2.2 mg/L Sc-ARO4¥® "Sc-TKL, Sc-ARO10, Sc-ARO7™>*, Sc-ALDS, Sc- Shake flask (72 h) DEER N
Noscapine S. cerevisiae (from glucose TYR1, Rn-SepR, Rn-PTPS, Rn-QDHPR, Rn-PCD, Rn-TyrHR*"& R38E

and glycerol)

W1Y 'Rn-DHFR, Pp-dodc, Cj-NCS, Ps-60MT, Ps-CNMT, Ps-4OMT,

Ps-CPR, Eca-NMCH, Ps-BBE, Ps-S90MT, Cj-CAS, Ps-CYP82Y1A,

Ps-TNMT, Ps-CYP82X1, Ps-CXE1, Ps-MT2, Ps-CYP82X2, Ps-AT1,
Ps-SDR1, and Ps-MT3
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Table 7. Microbial production of selected flavonoids and stilbenoids derived from the L-Tyr and L-Phe branches.

Product Host Titer The genetic manipulations in the final producer Fermentation Reference
(carbon source with type
additional supplements) Metabolic engineering strategies
Naringenin E. coli 29 mg/L two copies of (Ec-tyrA™ and Ec-aroG™), Rg-TAL, Pc-4CL, Ph-CHS, Ms- Shake flask Sanios etal.
84 mg/L (with addition of CHI, pheAA, and tyrRA (48 h) 2011
cerulenin) Cerulenin is an inhibitor to fatty acid biosynthesis; malonyl-CoA is the rate-
limiting precursor.
E. coli 41.5 mg/L Strain 1: two copies of (Ec-tyrA™ and Ec-aroG™), Rg-TAL, pheA4, and Shake flask R
co-culture tyrRA; Strain 2: Rg-TAL, Pc-4CL, Ph-CHS, and Ms-CHI (36 h) 01
L-Tyr and p-coumaric acid are the two connecting molecules.
S. cerevisiae 109 mg/L Sc-ARO4%%% | At-PAL1, At-C4H, At-CPR1, At-4CL3, At-CHS3, At-CHI1, Batch fermenter | "o%Pmanetal.
Rc-tall, aro34, aro104, pdc54, and pdc64 (38h) 2012
Two additional copies of At-CHS3 integration increased the titer by 2.5-fold.
E. coli 421.6 mg/L Anti-fabF/fumC/fabB/sucC/adhE, Rg-TAL, Pc-4CL, Ph-CHS, and Ms-CHI Shake-flask Wuetal., 2015
(supplementation of 3mM | CRISPRI was applied to target central metabolic pathway genes to increase (48 h)
L-Tyr) malonyl-CoA level.
(2S)- E. coli 40.02 mg/L Ec-aroF™, Ec-phe™, Rg-PAL, Pc-4CL, Ph-CHS, Ms-CHI, Rt-matB, and Rt- Shake-flask Wuetal, 2013
Pinocembrin matC (48 h)
MatB and MatC were overexpressed to increase malonyl-CoA level.
Resveratrol S. cerevisiae | 415.65 mg/L (from glucose) | Sc-ARO4™%™, Sc-ARO7°"™, Sc-ACCI™ " ™™ "Ha-tal, At-4CL1, and Vv- Two-stage R
531.41 mg/L (from ethanol) VST1 (multiple copies of tal, 4CL1, and VST1 were integrated.) fermentation
Batch fermentation on glucose followed by fed-batch on glucose or ethanol (~100 h)
Pinosylvin E. coli 281 mg/L Ec-aroF", Ec-pheA™, Tc-PAL, Pc-4CL, VW-STS, and anti- Shake-flask Wuetal., 2017
fabF/fabB/eno/adhE/fumC/sucC sgRNA (CRISPRi) (48 h)
Ponciretin E. coli 42.5 mg/L Ec-aroG™, Ec-ppsA, Ec-tktA, Ec-tyrA™, Se-tal, Os-4CL, Pe-CHS, Gm- Shake-flask MG ]
SOMT2, tyrRA, pheAA, and icdAA (60 h)
Sakuranetin 40.1 mg/L Ec-aroG™, Ec-ppsA, Ec-tktA, Ec-tyrAﬂ’_r, Se-tal, Os-4CL, Pe-CHS, Shake-flask
Os-NOMT, tyrRA, pheA4, and icdAA (48 h)
Kaempferol S. cerevisiae 26.57 mg/L Sc-ARO4" Sc-ARO7%™™, Fij-tal, Pc-4CL, aro104, and pdc5A (base 96-well synthetic | Todnouezeral
strain) plus Ph-CHS, Ms-CHI, Am-F3H, and At-FLS FIT fed-batch 20170
Liquiritigenin 5.31 mg/L plus Ph-CHS, Ms-CHI, and Am-CHR fermentation
Resokaempferol 0.51 mg/L plus Ph-CHS, Ms-CHI, Am-CHR, Am-F3H, and At-FLS (72 h)
Quercetin 20.38 mg/L plus Ph-CHS, Ms-CHI, Am-F3H, At-FLS, Ph-FMO, and Cr-CPR
Fisetin 2.29 mg/L plus 2 copies of Ph-CHS/Am-CHR, Ms-CHI, Am-F3H, At-FLS, Ph-FMO,
and Cr-CPR
Curcumin E. coli 0.6 mg/L (supplemented Tp-TAL, At-4CL, Ms-COMT, Se-c3h, and Os-CUS Shake-flask UG,
with 3 mM L-Tyr) Bisdemethoxycurcumin (Tp-TAL, At-4CL, and Os-CUS) and (48 h) 2015
dicinnamoylmethane (Tp-PAL, At-4CL, and Os-CUS) can be produced
when 3 mM L-Tyr and L-Phe were supplied, respectively.
Phloretin S. cerevisiae 42.7 mg/L At-PAL2, Am-C4H, Sc-CPR1, At-4CL2, Han-CHS, and Sc-TSC13 24-well plate Eiehenberger
Phlorizin 65 mg/L At-PAL2, Am-C4H, Sc-CPR1, At-4CL2, Han-CHS, Sc-TSC13, batch etal, 2007
Nothofagin 59 mg/L plus Pc-UGT88F2 (for phlorizin), Os-CGT (for nothofagin), At-UGT73B2 (for (72 h)
Trilobatin 32.8 mg/L trilobatin), or the combination of At-UGT73B2, Cm-1,2RHAT, and At-RHM2
Naringin 11.6 mg/L (for naringin dihydrochalcone)

dihydrochalcone
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(a) The shikimate pathway in S. cerevisiae and E. coli
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Abbreviations of compounds: 4-HPP, 4-hydroxyphenylpyruvate; AA, anthranilateBQ, 3-dehydroquinic acid; CA, chorismate; CDRK21
carboxyphenylamino)-1-deoxy-D-ribulose 5-phosphBidS: dehydroshikimate; DAHP, 3-deoxy-D-arabino-tudgsonic acid 7-phosphate; E4P,
erythrose 4-phosphate; InGP, indole-3-glycerol-phase; PEP, phosphoenolpyruvate; SA, shikimic &8P, shikimate 3-phosphate; EPSP, 5-
enolpyruvylshikimate-3-phosphatePhe,L-phenylalanine, PP, Phenylpyruvate; PRA, phospbsgibanthranilatet;-Trp, L-tryptophaniL-Tyr, L-
Tyrosine.

Abbreviations of enzymes: Arol, pentafunctional arom protein; ArolA/AroA, BPSynthase; ArolB, SA kinase; ArolE/AroD, 3DHQ
dehydratase; Aro1D/AroE, shikimate dehydrogenase2MroC, chorismate synthase; Aro3/Aro4/AroF/Ard@iH, DAHP synthase; Aro7,
chorismate mutase; Aro8/9, aromatic amino acidsaarinase; AroK, SA kinase I; AroL, SA kinase Il;gliPha2, prephenate dehydratase; Trpl,
PRA isomerase; Trp2/3c, anthranilate synthase;Brp85P synthase; Trp4, anthranilate phosphoribayisferase; Trp5, bi-functional Trp
synthase; TrpA, alpha subunit of Trp synthase; ThaBa subunit of Trp synthase; TrpC, bi-functiom&P synthase; Trpf) C-terminal of TrpD,
anthranilate phosphoribosyl transferase; TrpE,rantlate synthase; TrpG/TrpPN-terminal of TrpD, glutamine amidotransferasg;IITyrA,

prephenate dehydrogenase; TyrB, aromatic aminoteridaminase.
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Abbreviations of compounds: 2,3-DHBA, 2,3-dihydroxybenzoic acid; 2-ABA, anthilate; 2-HBA, salicylate; 3-DHQ, 3-dehydroquinicigic3-
ABA, 3-aminobenzoic acid; 3-HBA, 3-hydroxybenzoateABA, 4-aminobenzoate; 4-HBA, 4-hydroxybenzo&é, chorismate; DHS:
dehydroshikimate; DAHP, 3-deoxy-D-arabino-heptufos@cid 7-phosphate; E4P, erythrose 4-phosph&e; Glucose 6-phosphate; GLC,
glucose; GIn, glutamine; Glu, glutamate; IsoCAchsarismate; MA, muconic acid; PAL, protocatechudelyde; PEP, phosphoenolpyruvate;
PET, polyethylene terephthalate; PCA, protocatetehiRCN, phenazine-1-carboxamide; PDC, 2-pyroneditérboxylic acid; PYR, pyruvate;
SA, shikimic acid; SG, salicylate 2-@b-glucoside; VG, vanillir3-D-glucoside; XYL, xylose.

Abbreviations of enzymes. 3DSD, 3-dehydroshikimate dehydratase; Abz1, amiorgehorismate synthase; Abz2, aminodeoxychorisiyate;
ACAR, aromatic carboxylic acid reductase; ADH, &locbdehydrogenase; AntABC, anthranilate 1,2-dioxyage; Arol, pentafunctional arom
protein; Aro3/Aro4/AroF/AroG/AroH, DAHP synthaserdC, chorismate synthase; AroD, 3DHQ dehydrataseEAshikimate dehydrogenase;
AroK, SA kinase I; AroL, SA kinase Il; AraY, protatechuate decarboxylase; AroZ, DHS dehydrataseglSosyltransferase; AsbF,
dehydroshikimate dehydratase; BIX;3-DHBA decarboxylase; CAR, carboxylic acid reciset; CatA, catechol 1,2-dioxygenase; DHQ-SD,
dehydroquinate dehydratase-shikimate dehydrogefasa; 2,3-dihydro-2,3-DHBA dehydrogenase; Ent®gcisorismatase; EntC, isochorismate
synthase; GalP, galactose permease; Glf, glucassporter; Glk, glucokinase; HexR, glucose catalolepressokiQD2, atechol-1,2-
dioxygenase; Hyg5, chorismatase; Irp9, bifunctiaadicylate synthase; MenF, IsSoCA synthase; MNXHBR 1-hydroxylase; NahG, Salicylate
1-monoxygase;Pad1, flavin mononucleotide prenyitienrase; OMTO-methyltransferase; PabAB, aminodeoxychorismatéhage; PabC, 4-
amino-4-deoxychorismate lyase; PchB, IsoCA-pyrulyse; PctV, 3-ABA synthase; PmdAB, PCA 4,5-dicaiggse; PmdC, CHMS
dehydrogenase; PobA, 4-HBA hydroxylaBézC, DAHP synthase; PhzE, anthranilate synthgs,hosphoenolpyruvate synthase; PPTase,
phosphopantetheinyl transferase; PTS, phosphoenwitg: carbohydrate phosphotransferase; PtsH,dPtsICrr, PTS glucose transport system;
PykA/F, pyruvate kinase; Qad, quinic acid dehydnage; RKI1, ketol-isomerase; Sfp, phosphopanteghtramsferase; ShiA, DHS transporter;
SthA, pyridine nucleotide transhydrogenase; TkI1ATkransketolase; Trp2, anthranilate synthase3Trghe N-terminal glutamine
amidotransferase domain of TRP3; TrpE, anthranggtehase; TrpG, glutamine amidotransferase; UtliGrismate lyase; UGT, UDP
glycosyltransferase; Ugt74F1, salicylate glucoayiiferase; UGT73B6, glycosyltransferase; XanB2risinate lyase; XylA, xylose isomerase;
YdiB, shikimate dehydrogenase; Zwfflucose-6-phosphate dehydrogenase.
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Abbreviations of species: Ac, Acinetobacter calcoaceticus; At, Arabidopsisthaliana; Bs, Bacillus subtilis; Bt, Bacillus thuringiensis; Ca,
Candida alhicans; Cg, Corynebacterium glutamicum; Cp, Candida parapsilosis; Ct, Comamonas testosterone; Ec: E. coli; Ecl, Enterobacter
cloacae; Hs,Homo sapiens; Kp, Klebsiella pneumonia; Ng, Nocardia genus; Ni, Nocardia iowensis, Pa,Podospora anserine; Pae Pseudomonas
aeruginosa; Pc,Pseudomonas chlororaphis; Pp,Pseudomonas putida; Ppa,Podospora pauciseta; Pt, Populus trichocarpa; Rs, Rauvolfia
serpenting; Rsa,Rhodiola sachalinensis; Sc,S. cerevisiae; Sp, Sreptomyces pactum; Xo, Xanthomonas oryzae pv. oryzae; Ye, Yersinia
enterocalitica; Zm, Zymomonas mobilis.
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Figure 3. The products derived from theTrp branch and their biosynthetic pathways (a)4Btbsynthesis and regeneration pathway in human
and animals (b). MH4 biosynthesiskEncoli and the heterologous regeneration pathway (c)of&tituting MH4 regeneration . coli using

BH4 regeneration enzymes (d).

Abbreviations of compounds: 5-HAA, 5-hydroxyanthranilate; BH3OH, pterinetarbinolamine; BH4, 5,6,7,8-tetrahydrobioptetirSer,L-

serine; MH4, tetrahydromonapterin;

Abbreviations of enzymes. AAAHSs, pterin-dependent aromatic amino acid hygtages; AANAT,N-acetyltransferase; ALDG6, acetaldehyde
dehydrogenase; ASMN-acetylserotonitD-methyltransferase; DFR1, dihydrofolate reduct&@séMR, dihydromonapterin reductase; DHPR,
dihydropteridine reductase; GCHI/FOL2, GTP cyclalyydse I; FMO, flavin-containing monooxygenase; ND@phthalene dioxygenase; P4Hs,
phenylalanine 4 hydroxylases; PCBD/PCD, pteringhalcarbinolamine dehydratase; PheA, prephenatglcghse; PTPS, 6-pyruvate-
tetrahydropterin synthase; S5HSs, salicylate 5 hygleses; SalABCD, salicylate 5-hydroxylase; SA8adenosylk-methionine; SdaA,-serine
deaminase; SerA, 3-phosphoglycerate dehydrogeB&3$®; sepiapterin reductase; T5H, tryptophan 5-hydiiee or tryptamine 5-hydroxylase;
TDC, tryptophan decarboxylase; TnaA, tryptophan&seB,L-Trp symporter; TPH2, tryptophan hydroxylase 2;B,rpeta subunit of Trp
synthase; TrpA, alpha subunit of Trp synthase; Tig@unctional INnGP synthase; TrpD, anthranilab®$phoribosyl transferase; TrpE,
anthranilate synthase; TyrA, prephenate dehydragenéoA, L-Trp oxidase; VioB, iminophenyl-pyruvate dimer dyase; VioE, violacein

biosynthesis enzyme; VioC, violacein synthase; Vitiptophan hydroxylase.

Abbreviations of species: Bs, Bacillus subtilis; Bt, Bos taurus; Cs,Comamonas sp.; Cr, Catharanthus roseus; Cv, Chromobacterium violaceum;
Ct, Cupriavidus taiwanensis; Ec, Escherichia coli; Hs, Homo sapiens; Jl, Janthinobacterium lividum; Ma, Methylophaga aminisulfidivorans; Os,
Oryza sativa; Oc, Oryctolagus cuniculu; Pa,Pseudomonas aeruginosa; Pp,Pseudomonas putida; Re,Ralstonia eutropha; Rn, Rattus norvegicus;

Sc, Saccharomyces cerevisiae; Sm, Schistosoma mansoni; Xc, Xanthomonas campestris.
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Abbreviations of enzymes. 4CL, 4-coumarate:CoA ligase; Acar, arylcarboxylkidareductase; ADH2/Adh4428, alcohol dehydrogenA#zs,
aldehyde dehydrogenases; Aro7, chorismate mutas&/% aromatic amino acid transaminase; Aro10nplpgruvate decarboxylase; AspC,
aspartate aminotransferase; CCR, cinnamoyl-CoAateda; DMD, D-mandelate dehydrogenase; EntD, plupspitetheinyl transferase; EncH,
cinnamate-CoA ligase; Encl, cinnamoyl-CoA hydrat&sscJ, 3-keto-3-phenylpropionyl-CoA thiolase; Engivhydroxyacyl-CoA
dehydrogenase; EncN, benzoate-CoA ligase; Encyjaianine ammonia lyase;FDC1, ferulic acid decaytase; FIdA: cinnamoyl-
CoA:phenyllactate CoA-transferase; Hmas, 4-hydroaydelate synthase; Hmo, 4-hydroxymandelate oxid4@gT, L-phenylglycine
aminotransferase; HpgAT, D-phenylglycine aminotfarase; Kdc4427, 2-keto acid decarboxylase; PAID#Ds-cinnamate decarboxylase; PAL,
phenylalanine ammonia lyase; PAL2, phenylalaninenamia lyase 2; PheA/PheA2, prephenate dehydrafas;, pyruvate decarboxylase;

PPR/PprA, phenylpyruvate reductase; Trp2/3, anilatersynthase; TrpE, anthranilate synthase; TyrXTprephenate dehydrogenase; TyrB,
aromatic amino acid aminotransferase.

Abbreviations of species: Ao, Amycolatopsis orientalis; At, Arabidopsis thaliana; Av, Anabaena variabilis; Bs, Bacillus subtilis; Cs,Clostridium

sp.; Ec, Escherichia coli; Es,Enterobacter sp.; Lp, Lactobacillus plantarum; Np, Nostoc punctiforme; Ns, Nocardia sp.; Pp,Pseudomonas putida;

Rg, Rhodotorula graminis; Sc,S cerevisiag; Sco,Sreptomyces codicolor; Sm, Streptomyces maritimus, W, Wickerhamia fluorescens.
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Abbreviations of compounds: Glc, glucose; UDP, uridine diphosphate.

Abbreviations of enzymes. 4CL, 4-coumarate:CoA ligase; AAS, aromatic aldehygethase; ADH, alcohol dehydrogenase; Aro7, chuats
mutase; Aro8/9, aromatic amino acid transaminasel® phenylpyruvate decarboxylase; C4H, cinnamdtgdroxylase; C3H/Sam5, P450 4-
coumarate 3-hydroxylase; Cof@;methyltransferase; CYP199A2, P450 hydroxylase;[@H|_D-lactate dehydrogenase; ER, enoate reductases;
FCS, feruloyl-coenzyme A synthetase; FeaB, pheryéddehyde dehydrogenase; GalU, UDP-glucose pyspitarylase; HpaBC, nonP450
hydroxylase; KDC, 2-keto acid decarboxylase; PAtemylalanine ammonia-lyase; PDg¢coumaric acid decarboxylase; Pdc5, pyruvate
decarboxylase; PdR, putidaredoxin reductase; Phosghoglucomutase; PhelA, prephenate dehydratdsiésdeader peptide genes; Pux,
palustrisredoxin; TAL, tyrosine ammonia-lyase; TC&Ristoluene dihydrodiol dehydrogenase; TDO, toluermxytjenase; TE, CoA
thioesterases; TPL, tyrosine phenol-lyase; Tyr&ppenate dehydrogenase; TyrB, aromatic amino adidodransferase; UGT85AL1, uridine
diphosphate-dependent glycosyltransferase; UshA?dilgar hydrolase.

Abbreviations of species: At, Arabidopsis Thaliana; Ca, Clostridium acetobutylicum; Cf, Citrobacter freundii; Ec, Escherichia coali; Fj,
Flavobacterium johnsoniaeu; Lp, Lactobacillus plantarum; Lpe, Lactobacillus pentosus; Pa,Pseudomonas aeruginosa; Pc, Petrosdlinum crispus,
Rc, Rhodobacter capsulatus; Rg, Rhodotorula glutinis; Rp, Rhodopseudomonas palustris; Rt, Rhodosporidium torul oides; Pc, Petroseinum
crispum; Pp, Pseudomonas putida; Ppa,Pichia pastoris; Sc, Saccharomyces cerevisiae; Se,Saccharothrix espanaensis; Ss,Symbiobacterium

species.
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Abbreviations of enzymes. Aro8, aromatic aminotransferase |; Aro9, aromatiiretransferase Il; Arol0, phenylpyruvate decarless; BBE,
berberine bridge enzyme; CAS, canadine synthasB; Clieilanthifoline synthase; CNMT, coclauriNenethyltransferase; CPR, cytochrome
P450 reductase; CYP76AD1*(TyrH*), tyrosine hydraasg mutant; CYP80B1 (NMCH)N-methylcoclaurine hydroxylase; CYP80G2, diphenyl
ring bridging enzyme; DBOX, dihydrobenzophenantimedoxidase; DODQ,-DOPA decarboxylase; DRS-DRR, 1,2-dehydroreticutipethase-
1,2-dehydroreticuline reductase; MAO, monoaminalase; MSHcis-N-methylstylopine 14-hydroxylase; NCS, norcoclausiyathase; ' ©MT,
3-hydroxyN-methylcoclaurine 40-methyltransferase; 60MT, ®-methyltransferase; P6H, protopine 6-hydroxyld&sig5 and Pdc6, pyruvate
decarboxylase; PR10A, pathogenesis-related 10ipr@8OMT, scoulerine ®-methyltransferase; STOXS¥-tetrahydroprotoberberine oxidase;
STS, stylopine synthase; TNMT, tetrahydroprotobeniedN-methyltransferase; TYR, tyrosinase.

Abbreviations of species: Am, Argemone mexicana; At, Arabidopsisthaliana; Bv, Beta vulgaris; Bw, Berberis wilsonae; Cj, Coptis japonica;

Eca,Eschscholzia californica; M, Micrococcus luteus; Pb,Papaver bracteatum; Pp,Pseudomonas putida; Ps,Papaver somniferum; Rn,R.

norvegicus, Rs,Ralstonia solanacearum; Sca,Streptomyces castaneogl obisporus; Sc,Saccharomyces cerevisiae; Tf, Thalictrum flavum.
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Figure 7. Microbial production of flavonoids and stilbenoidisrived fromL-Tyr andL-Phe.
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Abbreviations of enzymes: ACC1, acetyl-CoA carboxylase; Aro10, phenylpyruvaéearboxylase; 4CL, 4-coumarate-CoA ligase; C3H, 4
coumarate 3-hydroxylase; C4H, cinnamic acid hydiass; CHI, chalcone isomerase; CHR, chalcone radagCHS, chalcone synthase; COMT,
caffeic acid 30-methyltransferase; CPR, cytochrome P450 reduc@d8g; curcumin synthase; DBR, double bond reduct@d, flavanone 3-
hydroxylase; FLS, flavonol synthase; FMO, flavon8idnonooxygenase; IcdA, isocitrate dehydrogenas®B, malonyl-CoA synthetase; matC,
malonate carrier protein; NOMT, naringenitO/methyltransferase; PAL, phenylalanine ammoniady&sic5 and Pdc6, pyruvate decarboxylase;
1,2RHAT, 1,2 rhamnosyltransferase; RHM2, UDP-glecé$-dehydratase; SOMT2, soyb&methyltransferase; TAL, tyrosine ammonia lyase;
TSC13, very long chain enoyl-CoA reductase; UGT8&FAT73B2, CGT, UDP-dependent-glycosyltransfer®®t 1 (STS), resveratrol

synthase or stilbene synthase.

Abbreviations of species;. Ama, Ammi majus; Am, Astragal us mongholicus; Ah, Arachis hypogaea; At, Arabidopsisthaliana; Cm, Citrus maxima;
Cr, Catharanthus roseus; Ec, Escherichia coli; Fj, Flavobacterium johnsoniae; Gm, Glycine max; Ha, Herpetosiphon aurantiacus, Han,
Hypericum androsaemum; Ms, Medicago sativa; Os,Oryza sativa; Pc,Petroselinum crispum; Pcq Pyrus communis; Pe,Populus euramericana;
Ph,Pericallis hybrida; P, Pueraria lobata; Rc, Rhodobacter capsulatus; Rg, Rhodotorula glutinis; Rsp,Rhodobacter sphaeroides; Rt, Rhizobium
trifolii; Sc,Saccharomyces cerevisiae; Sco,Sreptomyces coelicolor; Se,Saccharothrix espanaensis; Tc, Trichosporon cutaneum; Tp, Trifolium
pretense; Vv, Vitisvinifera.
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Figure 8. Proposed strategies that could potentially enhérede novo production of aromatic amino acid pathway derixegiinS. cerevisiae.
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Abbreviations of enzymes and proteins: MAE1, pyruvic-malic enzyme; MDH, malate dehydrogesiaMPC1-2, mitochondrial pyruvate inner
membrane carriers; Mgo, malate:quinone oxidoredagt@AC1, mitochondrial oxaloacetate transportggnptODC1-2, mitochondrial carriers;

PDK, orthophosphate dikinase; POR1-2, outer menebr@msporters; PPCK, phosphoenolpyruvate carboagki; PpsA, Phosphoenolpyruvate

synthase; PYC, pyruvate carboxylase; PYK, pyrukatase.

Abbreviations of species: At, Arabidopsisthaliana; Ec, Escherichia coli; Zm, Zea mays.
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Highlights
* The aromatic amino acid biosynthesis pathway yields commercially valuable products.
* The broad scope of products from aromatic amino acid biosynthesis is described.
* Biosynthetic pathways and interconnections among the sub-branches are presented.
* High-level organization of enzymes of the upstream module is illustrated.

* The sophisticated endogenous regulations in the upstream pathway at various levels

are discussed.



