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Abstract

Tryptophol (IET) is a metabolite derived from L-tryptophan that can be isolated from plants, bacteria, and fungi

and has a wide range of biological activities in living systems. Despite the fact that IET biosynthesis pathways exist
naturally in living organisms, industrial-scale production of IET and its derivatives is solely based on environmen-

tally unfriendly chemical conversion. With diminishing petroleum reserves and a significant increase in global
demand in all major commercial segments, it becomes essential to develop new technologies to produce chemi-

cals from renewable resources and under mild conditions, such as microbial fermentation. Here we characterized

and engineered the less-studied L-tryptophan pathway and IET biosynthesis in the baker’s yeast Saccharomyces cerevi-
siae, with the goal of investigating microbial fermentation as an alternative/green strategy to produce IET. In detail, we
divided the aromatic amino acids (AAAs) metabolism related to IET synthesis into the shikimate pathway, the L-tryp-
tophan pathway, the competing L-tyrosine/L-phenylalanine pathways, and the Ehrlich pathway based on a modu-

lar engineering concept. Through stepwise engineering of these modules, we obtained a yeast mutant capable

of producing IET up to 1.04 g/L through fed-batch fermentation, a ~ 650-fold improvement over the wild-type strain.
Besides, our engineering process also revealed many insights about the regulation of AAAs metabolism in S. cerevisiae.
Finally, during our engineering process, we also discovered yeast mutants that accumulate anthranilate and L-tryp-
tophan, both of which are precursors of various valuable secondary metabolites from fungi and plants. These strains
could be developed to the chassis for natural product biosynthesis upon introducing heterologous pathways.

Keywords Aromatic amino acids, Ehrlich pathway, Metabolic engineering, Saccharomyces cerevisiae, L-Tryptophan,
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Background

Tryptophol (indole-3-ethanol, IET) is a metabolite
derived from L-tryptophan (L-Trp) that can be isolated
from terrestrial and marine plants, bacteria, and fungi
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cells [4]. As a critical drug precursor, IET and its deriva-
tives can be chemically converted into a large number of
bioactive compounds of pharmaceutical importance by
modifying the hydroxyethyl side chain and/or the nitro-
gen atom [1]. Representative compounds synthesized
from IET or its derivatives include (1) furoindoline deriv-
atives that treat glaucoma, cancer, cachexia, Castleman’s
disease, rheumatoid arthritis, etc. [5]; (2) antimigraine
drugs of the triptan family, such as sumatriptan, riza-
triptan, and zolmitriptan [6]; (3) the antiadrenergic agent
indoramine [7]; (4) etodolac and derivatives with known
anti-inflammatory, analgesic, anti-cancer and enzyme
inhibitory properties [8]; (5) indole terpenoids, such as
the ergot alkaloid lysergic acid [9]; and (6) goniomitine
and carbazole-type derivatives with anti-tumor proper-
ties [10] (Fig. 1A).

Although IET biosynthesis pathways exist naturally
in many living organisms, industrial-scale production
of IET and its derivatives is solely based on synthetic
chemistry, which benefits from flourishing indole chem-
istry [1, 11-14]. The most efficient method to synthesize
IET and its derivative is based on the classical Fischer
indole synthetic methodology [15] (Table 1). Based on
this approach and through process optimization, a con-
tinuous flow synthesis of IET in a tubular reactor with
a maximum conversion of 93% for the substrate phenyl
hydrazine hydrochloride and an IET yield of 72% in 6 min
at 155 °C was developed [15]. In a continuous microwave
reactor (CMWR), further process optimization resulted
in an IET yield of 95% in 5 min [15]. Another study
reported an efficient and multikilogram-scale process for
7-ethyltryptophol production based on the same Fischer
indole synthesis approach [16]. Within 5 min of an opti-
mized process, ~100% substrate conversion and 7-ethyl-
tryptophol yields of up to 75% were achieved at 115 °C.

Although IET’s chemical synthesis is highly efficient,
with diminishing petroleum reserves, there is a greater
emphasis on developing new technologies to produce
chemicals from renewable resources and under mild
conditions, such as microbial fermentation and enzyme
catalysis [17, 18]. Market analyses also predicted a sig-
nificant increase in global demand in all major com-
mercial segments, emphasizing the need to develop
bio-renewable strategies and reduce the use of non-
renewable resources as primary feedstocks [19]. Actu-
ally, because IET is a metabolite isolated from various
organisms, researchers around the world have already
attempted to produce it using microbial approaches as a
bio-renewable alternative to traditional chemical synthe-
sis. Yeast species were used as hosts to synthesize IET in
several studies [20-24] due to their strong endogenous
Ehrlich pathway [25], which effectively converts L-Trp to
IET in three-step reactions (Table 1). In a recent study,
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the complicated effects of L-Trp addition on cell growth,
IET production, and Ehrlich pathway gene expression
were investigated in S. cerevisiae [24]. IET titer of up to
266 mg/L was achieved upon supplementing more than
600 mg/L L-Trp in the media. IET was also produced by
non-conventional yeast species, such as Zygosaccharomy-
ces priorianus (585 mg/L) [21], Debaryomyces hansenii
(4.35 mg/L after 48 h fermentation) [20] and Candida
albicans (1.77 mg/L after 120 h fermentation at 25 °C [20]
and 3.24 mg/L after 28 h fermentation at 30 °C [23]).

In these prior studies, flux distributions and metabolic
regulations regarding yeast L-Trp metabolism were rarely
investigated. Supplementing the precursor L-Trp in the
media (up to 2.5 g/L [24]) was required to achieve high
titers, implying a low metabolic flux toward L-Trp bio-
synthesis in endogenous yeast metabolism. We suspected
this is also why efficient de novo biosynthesis of IET from
low-cost carbon sources like glucose has never been
achieved. With this hypothesis in mind, here we investi-
gated and characterized the metabolic pathways relevant
to AAAs and IET synthesis in S. cerevisiae (Fig. 1B). We
used a modular-based engineering strategy to debottle-
neck several rate-determining steps in the IET synthesis
pathways, resulting in an engineered strain capable of
solely using glucose to produce IET up to 1.04 g/L. This
is a 3.9-fold increase to the natural producer with the
supplementing of the precursor L-Trp [24]. Meanwhile,
our engineering process also contributed to discovering
many new insights into the regulation of AAAs metab-
olism, as well as the identification of yeast mutants that
accumulate anthranilate and L-tryptophan.

Materials and methods

Materials

TaKaRa Ex Taq DNA polymerase and PrimeSTAR
Max DNA Polymerase were purchased from TaKaRa
Bio (Kusatsu, Shiga, Japan). Type IIS restriction enzymes
BsmBI (Esp3I) and Bsal (Eco31I) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). T7 DNA
ligase and T4 DNA ligase buffer were purchased from
New England Biolabs (Ipswich, MA, USA). All yeast
codon-optimized heterologous genes were synthesized
by GENEWIZ (Suzhou, Jiangsu, China). Unless other-
wise specified, the chemicals used were purchased from
Adamas Reagent, Ltd. (China).

™

Plasmids, strains and growth media
All plasmids and strains used in this study are listed in
Tables S1 and S2, respectively. The main primers used in
this study are listed in Table S3.

S. cerevisiae strains BY4741 (MATa, his3A1, leu2A0,
metl1SA0, ura3A0) [26] and CEN.PK2-1D (MAT«a
ura3-52 leu2-3,112 trpl1-289 his3-A1 MAL2-8¢ SUC2)
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Fig. 1 Critical role of IET as a drug precursor and the metabolic pathways relating to IET biosynthesis in S. cerevisiae. A IET can be converted

into many drugs. Bonds and atoms in green indicate the backbone of IET within the derived compounds. R, R1, R2, R3, or R5 donates a side

chain group attached to the rest of a molecule. B Pathways relating to AAAs metabolism and IET biosynthesis are divided into four modules,
comprehensively characterized and engineered in this study. Module 1, shikimate pathway; Module 2, L-tryptophan synthesis pathway; Module 3,
the competing pathway relating to the synthesis of L-phenylalanine and L-tyrosine; Module 4, the Ehrlich pathway. Dashed lines indicate feedback

inhibitions at the enzyme level

[27] were used as parent strains to construct geneti-
cally engineered strains to produce IET or Me-AA.
BY4741 stock was prepared and propagated in 1% YPD
medium (1% yeast extract, 2% peptone, 2% glucose) at
30 °C. E. coli JM109 was used to construct plasmids.

Plasmid-harboring E. coli was cultured at 37 °C using
LB medium (1% tryptone, 0.5% yeast extract, and 1%
NacCl), supplemented with chloramphenicol, ampicillin,
or kanamycin. The concentrations of antibiotics were
25 mg/L for chloramphenicol, 100 mg/L for ampicillin,
and 50 mg/L for kanamycin, respectively.
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Table 1 Summary of (substituted) IET produced by chemical and microbial approaches
Method Product Substrates/precursors Conditions Yield/titer References
Chemical conver- IET Phenyl hydrazine hydrochloride, 2,3-dihydro-  Continuous microwave reactor, 95% [15]
sion (Fischer indole furan 5 min, 155 °C
synthesis) 7-Ethyltryptophol  2-Ethylphenylhydrazine, 4-hydroxybutyral- Continuous flow reactor, 75% [16]
dehyde 5min, 115 °C
Microbial fermentation IET Glucose +L-Trp Candida albicans, 324mg/L  [23]
shake flask, 30°C, 28 h
Glucose +L-Trp C. albicans, 1.77mg/L  [20]
shake flask, 25°C, 120 h
Glucose +L-Trp Debaryomyces hansenii 435mg/L  [20]
shake flask, 25°C, 48 h
Glucose +L-Trp S. cerevisiae, 266 mg/L  [24]
shake flask, 30°C, 24 h
Glucose S. cerevisiae, 1.04 g/L This study
fed-batch, 30°C, 168 h
Glucose +L-Trp Zygosaccharomyces priorianus, 585 mg/L  [21]

shake flask, 27°C, 46 h

Molecular cloning

Plasmids and yeast strains were all constructed based
on the yeast toolkit method [28], a modular, multipart
plasmid constructing method based on the Golden Gate
Assembly [29, 30]. In brief, (1) the PCR products, synthe-
sized genes, and annealed oligos were used as the source
DNAs to construct the part plasmids by BsmBI assem-
bly. Point mutations to eliminate Bsal and/or BsmBI
sites in the source DNAs were introduced into genes via
overlap extension PCR [31]; (2) Cassette plasmids con-
taining fully assembled transcriptional units that enable
the expression of single genes were constructed by Bsal
assembly of part plasmids; (3) Large plasmids contain-
ing multiple transcriptional units for expressing multi-
ple genes were constructed by BsmBI assembly of the
cassette plasmids [28]. For each step above, an assem-
bly reaction mixture was prepared as follows: 0.5 uL of
each source DNA or plasmid, 1 pL T4 DNA ligase buffer,
0.5 pL T7 DNA ligase, 0.5 uL BsmBI or Bsal. Water
was added to the mixture to the final volume of 10 pL.
Assemblies were conducted in a thermocycler with the
following procedures: digestion and ligation (42 °C for
2 min, 16 °C for 5 min, 25 cycles), a final digestion (60 °C
for 10 min), and heat inactivation (80 °C for 10 min).

The preparation of E. coli competent cells and E. coli
transformation by the chemical method were similar
to the protocols described by Chan et al. [32]. To make
chemically competent cells, E. coli was grown in LB
for~2 h until ODgy, reached 0.5. The obtained pellets
were resuspended and washed twice in ice-cold 50 mM
CaCl, solution and finally responded in the same solution
to a final ODg,, of ~12.5. For transformation,~100 ng
plasmid was mixed with 50 pL competent cells on ice for
30 min. The mixture-containing tube was heat-shocked

in a 42 °C water bath for 45 s and then chilled on ice for
2 min. 1 ml LB medium was added and the cells were
grown in a 37 °C shaker for 45 min. The outgrowth was
then plated on LB plates containing the appropriate
antibiotic.

Highly efficient yeast transformation with plasmids
or linearized plasmids (by Notl) for genome integration
was conducted using a method similar to the classical
lithium acetate/ss carrier DNA/PEG method [33]. Briefly,
to make competent cells, S. cerevisiae was grown in YPD
at 30 °C, 220 rpm until ODg,, reached ~0.5. Pellets were
resuspended and washed twice with sterile diH,O, once
with 0.1 mM lithium acetate solution, and finally resus-
pended in 0.1 mM lithium acetate solution with a final
ODy, of 5. For transformation, the pellet from 100 pL
aliquot competent cells was obtained after centrifug-
ing at 3,600 rpm for 5 min, then mixed with 240 pL of
PEG4000 (50% w/v), 36 uL of lithium acetate (1.0 M), 25
uL of salmon testes ssDNA (2 mg/ml), 50 pL of diH,O
and plasmid DNA (100 ng). The mixture was incubated
at 30 °C for 30 min, heat-shocked in a water bath at 42 °C
for 30 min, and centrifuged at 3,600 rpm for 5 min. The
pellets obtained were re-suspended in 200 pL of sterile
diH20 and plated in auxotroph-selection agar plates.
Clones grown after 3—4 day incubation at 30 °C were
picked and verified by genome PCR and, subsequently,
sequencing.

Genome editing

CRISPR-mediated homologous recombination was used
to construct yeast strains with genomic modifications.
The Cas9 in the CRISPR system introduces a double-
strand break into the genome so as to select against the
non-edited cells and hence improve the recombination
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efficiency [34]. The guide RNAs (gRNAs) used in CRISPR
for yeast gene deletion were designed using the online
webserver (https://benchling.com/). The top 3 gRNA
designs were chosen. Corresponding oligos were syn-
thesized, annealed, and assembled into part plasmids,
cassette plasmids, and finally into the multigene plas-
mids containing the Cas9 protein. To integrate gene(s)
for overexpression from the genome, we constructed
a second cassette/multigene plasmid by designing the
transcription unit(s) to be integrated flanked by two
arm sequences homologous to integrated sites. By con-
trast, a second plasmid for gene disruption was designed
by introducing a sequence containing a premature stop
codon (TAA) to the target gene flanked by two arm
sequences homologous to integrated sites. The second
plasmid was linearized by Notl, becoming the homolo-
gous repair DNA, and co-transformed with the CRISPR
plasmid into the yeast strains. The intended genome
modifications of the clones grown on agar plates were
verified by genome PCR and, subsequently, sequencing.
Curing the CRISPR plasmid was conducted by culturing
the strains harboring the CRISPR plasmid in non-selec-
tive media for 24 h, plating on agar plates, and selecting
clones that loosed selecting phenotypes.

Yeast fermentation in 24-well plates

Single clones (three biological replicates) were picked
from the agar plates and inoculated into 24-well plates
containing 2 ml YPD medium or SC media lacking the
components to select for auxotrophic marker genes pre-
sent on the plasmids. Cells were grown at 30 °C, 220 rpm
for 24 h, and transferred into a fresh medium with an
initial ODg, of 0.2. Cells were cultivated for 36 h unless
otherwise specified. The optical density (ODgy,) was
measured by UV-Vis spectrophotometer 759 s (Shanghai
Lengguang Technology Co. Ltd., Shanghai, China).

Fermentation in a 5 L bioreactor

The strain yBL542 with duplicates was used to produce
IET under optimal conditions in a 5 L fed-batch bioreac-
tor (Getinge Applikon, Delft, Netherlands). The seed cul-
tures were grown in 2% YPD medium until ODg, reaches
8.0. Then, 50 ml of the seed cultures were transferred
into the 5 L bioreactors containing 2 L 2% YPD medium.
Fermentation was performed at 30 ‘C. pH was main-
tained at 5.5 by the automated addition of 5 M NaOH.
Airflow was set at 2.5 vvm (air volume/working volume/
min), and the dissolved oxygen (dO,) concentration was
controlled above 40% saturation by agitation cascade
(300—600 rpm). After the initial glucose was depleted,
the stock solution (500 g/L) was fed periodically into
the fermentation system to maintain glucose concentra-
tion under 5.0 g/L, which was monitored every 4 h by
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HPLC. The supplementary rate of glucose was~3 g/ (L~
h) (at 9.5-32 h) and adjusted to~ 0.6 g/(L " h), which was
maintained to the end of the fermentation. Yeast extract
(500 g/L) was added into the bioreactor at 8, 16, 24, and
32 h with an equal volume of 125 ml. The whole fermen-
tation process lasted for 168 h. The samples of fermenta-
tion cultures were taken every 12 h and stored at -20 C
until analysis. Glucose, ethanol, and IET contents were
quantified from the supernatant part of the samples.

Quantification of metabolites

Extracellular metabolites from yeast fermentation were
quantified by high-performance liquid chromatogra-
phy (HPLC) equipped with a UV-Vis detector (SPD-
20A/20AV) (Shimadzu, Kyoto, Japan). At the end of
fermentation, 400 pL of the culture supernatant was
mixed with an equal amount of anhydrous ethanol (100%
v/v), mixed thoroughly, and centrifuged at 13,500 x g for
5 min. Next, 10 pL of a supernatant sample was injected
into the system, and the aromatic compounds in the
supernatant were separated by a Shimadzu Shim-pack
GIST C18 column (4.6 mm X 150 mm, particle size 5 pm)
(Shimadzu, Kyoto, Japan), using a method similar to the
protocol described in the literature [35]. The column was
kept at 30 °C. Samples were separated using a gradient
with two solvents: (A) 20 mM potassium phosphate, pH
3.0, containing 1% acetonitrile; and (B) acetonitrile. The
program started with linearly increased solvent B from 0
to 10% (0—6.0 min), then from 10 to 60% (6.0—25.0 min),
then from 60 to 0% (25.0-26.0 min). Compounds related
to AAAs metabolism were detected at the following elu-
tion times and wavelengths: L-Tyr (2.4 min, 215 nm),
L-Phe (5.7 min, 215 nm), L-Trp (10.8 min, 215 nm),
pPET (13.2 min, 215 nm), AA (15.5 min, 215 nm),
IAA (18.5 min, 215 nm), PET (19.5 min, 215 nm), IET
(20.2 min, 215 nm), PAA (24.3 min, 215 nm) (also see Fig.
S1). Metabolite concentrations were quantified based on
the calibration curves of purchased standards.

To quantify glucose and ethanol, filter the supernatant
from 1 mL fermentation broth, and 10 pL of the sample
was loaded into the HPLC system equipped with a refrac-
tive index detector (RID). Separation of glucose and etha-
nol was achieved using an Aminex HPX-87H column
(300 mm X 7.8 mm, particle size 9 pm) (Bio-Rad Labora-
tories Inc., Hercules, USA). The column temperature was
40 °C, and the flow rate was 0.5 mL/min. 5%o sulfuric acid
was used as the solvent. Glucose was eluted at 11.0 min,
and ethanol was eluted at 24.0 min.

Statistical analysis

All experiments in 24-well plates were repeated three
times with biological replicates, with the data presented
as mean+standard derivation. Means were compared
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using a two-tailed Student’s ¢ test [36]. The data was con-
sidered to be statistically significant when P values < 0.05.
P values were represented as * P<0.05, ** P<0.01, ***
P<0.001, and **** P<0.0001.

Results

System setup

Pathway analysis and engineering design

The entire pathway for IET de novo biosynthesis from
glucose involves multiple steps. Based on the path-
way structure, here we divided it into five sub-pathways
(Fig. 1B): (1) glycolysis, which provides the precursor
PEP for AAAs biosynthesis; (2) pentose phosphate path-
way (PPP), which provides E4P, the second precursor for
AAAs biosynthesis; (3) the shikimate pathway, which
condenses PEP and E4P to CA; (4) the L-Trp pathway,
which converts CA to L-Trp; and finally (5) the Ehrlich
pathway that degrades L-Trp to IET. According to flux
analysis, the metabolic flux through PEP is at least one
order of magnitude greater than that through E4P in
yeast [37]. As a result, we did not focus on increasing
intracellular PEP in this study. Many studies showed that
changes to a few gene targets increase intracellular E4P
levels and hence balance the E4P/PEP ratio in yeast [35,
38], and we tested some of them, but interestingly, we did
not obtain positive results (see discussion section). Thus,
in this study, we were primarily interested in engineering
the shikimate pathway (Sect. "Engineering the shikimate
pathway (Module 1)"), the L-Trp pathway (Sect. "The
L-Trp pathway (Module 2): the major bottleneck prevent-
ing flux into the L-Trp branch"), and the Ehrlich pathway
(Sect. "Engineering the Ehrlich pathway (Module 4)") to
improve IET production, which involves 15 reactions and
the participation of more than 20 enzymes. Furthermore,
the L-Phe/L-Tyr pathways compete with the L-Trp path-
way for the common precursor CA (Fig. 1B), establishing
the L-Phe/L-Tyr pathway as the competing pathway of
IET biosynthesis. By ARO?7 deletion, we investigated the
effect of blocking the flux into the L-Tyr/L-Phe pathways
on IET production (Sect. "Roles of Aro7 (Module 3)").

Comparison of two S. cerevisiae strains for IET production

Two types of yeast strains (S288C derivatives and semi-
industrial CEN.PK series) are commonly used in meta-
bolic engineering research and synthetic biology due
to a long history of comprehensive characterization
and development of molecular biology tools for genetic
manipulation. However, significant genomic differences
between these two types of strains result in dramatically
different physiology and metabolism [39]. Thus, prior
to our systematic engineering of de novo IET produc-
tion, we briefly compared the performance of two com-
monly used lab strains, S288C-derived BY4741 (MATa,
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his3A1, leu2A0, met15A0, ura3A0) [26] and CEN. PK-
derived CEN.PK2-1D (MATa ura3-52 leu2-3,112 trpl-
289 his3-A1 MAL2-8¢ SUC2) [27] for their performance
of producing IET. The results show that BY4741 outper-
forms CEN.PK2-1D: after 48 h of cultivation in the SC
medium, CEN.PK2-1D grew slightly better than BY4741,
but BY4741 produced 68% more IET than CEN.PK2-1D
(Fig. S2). As a result, in the following engineering work,
we chose BY4741 as the parent strain.

Precursor-feeding experiments

We next conducted feeding experiments by adding
4-HPP (the precursor of pPET), PP (the precursor of
PET), and L-Trp (the precursors of IET) into the cultures
and measuring the production of fusel alcohols (Fig. S3).
The conversion rates of these precursors to fusel alcohols
were relatively low (<20% at 96 h). However, the amount
of each fusel alcohol produced correlated positively with
its precursor concentrations (Fig. S3). Thus, in the fol-
lowing study, we used pPET, PET, and IET titers as sur-
rogates for metabolic fluxes toward L-Tyr, L-Phe, and
L-Trp branches, respectively. Despite the fact that in this
study, IET is our target compound and pPET and PET are
by-products from the competing L-Tyr/L-Phe branches,
pPET and PET are actually also important compounds
that were produced in engineered E. coli and yeast
[40-47].

Engineering the shikimate pathway (Module 1)

We then began our metabolic engineering efforts in
order to divert more flux from the central metabolic
pathway into AAAs biosynthesis (Fig. 1B). The shiki-
mate pathway converts PEP and E4P into CA through
seven reactions, the first of which is catalyzed by the
DAHP synthase isozymes Aro3 and Aro4. Arol, a pen-
tafunctional enzyme, catalyzes the following five reac-
tions. Finally, the shikimate pathway is completed by the
chorismate synthase Aro2. L-Phe and L-Tyr allosteri-
cally inhibit Aro3 and Aro4, respectively, at the enzyme
activity level. Numerous studies have confirmed that the
first step catalyzed by Aro3/Aro4 is a major checkpoint
controlling the flux into AAAs biosynthesis and overex-
pression of the feedback-insensitive mutants ARO3%??*L
and/or ARO4***" (or ARO4¥®K, or ARO4.%*) usu-
ally results in efficient condensation of E4P and PEP. 35,
48-50]

Inspired by the information mentioned above, we over-
expressed additional copies of the feedback-insensitive
ARO45??°L under the control of the strong institutive
promoter pTDH3, without knocking out the endogenous
wild-type ARO4 (Fig. 2B, 2). Opening this valve sig-
nificantly raised the titers of all three fusel alcohols. We
investigated the effects of different expression levels by
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Fig. 2 Engineering Module 1 by overexpressing the feedback-insensitive ARO4*** in BY4741. A Schematic diagram of the AAAs pathway,
implying the ARO4*???! is upregulated. B Titers of pPET, PET, and IET after 36 h cultivation in SC medium. C Cell densities (ODgy,) after cultivation
in an SC medium for 36 h. WT, wild-type BY4741; |, BY4741 containing genomically integrated pTDH3-ARO4"?**—tENO1 cassette at ura3 locus;
L, BY4741 with pTDH3-ARO4??*'-tENO1 cassette placed on a low-copy plasmid with; H, BY4741 with pTDH3-ARO4*?*' tENO1 cassette placed

on a high-copy plasmid

inserting the ARO4*?’" expressing cassette into the
chromosome (single-copied) or placing it on a CEN6/
ARS4-based low-copy plasmid or a 2u-based high-copy
plasmid. After 36 h of fermentation in SC medium, over-
expressing ARO4**?L from high-copy plasmid resulted
in the greatest improvement in titers (7.5-fold for pPET,
6.0-fold for PET, and 4.1-fold for IET, respectively), com-
pared with wild-type BY4741 (0.01 + 0.003 mM) (Fig. 2B).
We do, however, noticed an increase in growth burden
due to increased ARO4**’" copies. Putting ARO4<**°F
in a high-copy plasmid reduced cell density by 20% com-
pared to BY4741 (Fig. 2C).

The L-Trp pathway (Module 2): the major bottleneck
preventing flux into the L-Trp branch

In S. cerevisiae, L-Trp is synthesized from CA through
five reactions, catalyzed by Trp2 (anthranilate syn-
thase)/Trp3C (N-terminal glutamine amidotransferase
domain of Trp3), Trp4 (anthranilate phosphoribosyl
transferase), Trpl (phosphoribosylanthranilate isomer-
ase), Trp3B (C-terminal indole-3-glycerol-phosphate
synthase domain of Trp3) and Trp5 (bifunctional L-Trp

synthase) (Fig. 1B). The activity of Trp2 is feedback
inhibited by L-Trp [51]. In an earlier study, TRPI-5
(TRP2") was overexpressed under the control of native
promoters and from a high-copy plasmid, resulting in
a tenfold increase in L-Trp flux compared to the wild-
type strain when the precursor AA was supplemented
[52]. In two recent studies, the feedback-insensitive
TRP255R S76L ere overexpressed in S. cerevisiae,
resulting in increased productions of L-Trp [53] and
L-Trp-derived psilocybin [54]. However, in general, the
L-Trp pathway in yeast has received less attention. As
a result, we comprehensively described it in this study.

We first tested the effect of overexpressing TRP25%°%
576L in yeast strain yBL502, which has one genome-inte-
grated ARO4%?*" at the ura3 locus and native wild-type
TRP1-5. Overexpression of TRP256°F S76L resylted in an
increase in IET titer over the parent strain (Fig. 3B).
When TRP25%°R S76L was placed under the control of
the constitutive pHHF2 promoter and from a low-copy
plasmid, the highest titer (3.8-fold improvement) was
obtained. In this case, the pPET level was slightly lower
(8%), while the PET level was slightly higher (18%).
(Fig. 3B).
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Fig. 3 Engineering the L-Trp synthesis (Module 2) for improved IET production. A Schematic diagram of the AAAs pathway indicating

that the up-regulation of the entire L-Trp pathway was investigated. B Effects of upregulating feedback-insensitive TRP2°6*% 57 on the production
of fusel alcohols. In the parent strain that overexpresses ARO4??% (yBL502), upregulating TRP2°0°% 57 was achieved by overexpressing TRP2°0*%

6L from the chromosome (1), low-copy plasmid (L), or high-copy plasmid (H). C Effects of upregulating the entire L-Trp pathway genes (TRP1,
TRP2°0°R.576L and TRP3-5) on the production of fusel alcohols. In the parent strain that overexpresses ARO4%??*" (yBL502), upregulating was achieved
by overexpressing the entire L-Trp pathway genes from the chromosome (1), low-copy plasmid (L), or high-copy plasmid (H). D Top-down
approach to identify the bottleneck steps that restrict metabolic flux into the L-Trp branch. E Synthesis of Me-AA by expressing MtAAMTT in the AA
accumulating strain. All samples above taken for metabolite quantification were taken after 36 h cultivation of yeast strains in the SC medium

Next, we overexpressed additional copies of TRPI-  Furthermore, an increase in IET titer was associated with

5 (TRP25%°R S76Ly in yBL502, with each gene controlled
by a strong constitutive promoter, which surprisingly
increased IET titer by up to 15-fold (Fig. 3C). When
TRP1-5 (TRP25% S76L) was integrated into the genome,
the strain yBL518 achieved the greatest increase.

a drop in pPET and PET titers of up to 54% and 41%,
respectively, implying that more flux was diverted from
the L-Tyr/L-Phe branches into the L-Trp branch. Such
findings also point to additional rate-determining steps
among the reactions catalyzed by Trp1, 3, 4, and/or 5.
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We then used a top-down approach to identify such
bottleneck step(s) by removing each of the five addi-
tional overexpressed genes (TRPI, TRP25%°® S75L TRP3,
TRP4, TRPS) (Fig. 3D), from which we gained many
insights into AAAs metabolism of yeast:

(1) Removing the overexpressed TRPI led to 40%
reduced IET titer while removing overexpressed
TRP2°6°® 7L TRP3, TRP4, or TRPS5 resulted in
at least 92% reduced IET titers (Fig. 3D), implying
overexpressing all five genes are necessary for effi-
ciently diverting more flux into the L-Trp branch.

(2) Removing the overexpressed TRP4 almost elimi-
nated IET production without increasing by-prod-
uct titers (pPET and PET) (Fig. 3D), implying the
accumulation of some other metabolite(s). Indeed,
by examining the HPLC profiles, we determined
that the accumulated metabolite is AA (Fig. 3E),
the substrate of Trp4. Thus, by overexpressing
ARO#***L, TRP1, TRP2°°® 576!, TRP3, and TRPS,
we obtained an AA accumulating and L-Trp proto-
typic strain yBL522, which would be more valuable
than the previously reported AA overproducing but
L-Trp auxotrophic strain [55]. As AA and its deriv-
atives are building blocks of many valuable natural
products [56], our AA overproducing strain yBL522
could serve as an excellent heterologous host for
natural product synthesis. As a proof-of-concept,
we introduced yBL522 with the gene MtAMTAI
from Medicago truncatula [55, 57], encoding an
anthranilic acid methyltransferase. This enzyme
converts AA to methyl anthranilate (Me-AA), a
compound of grape scent and flavor with wide
industrial applications. Indeed, after 36 h of culti-
vation in SC medium, the resulting strain yBL551
produced 0.31+0.01 mM Me-AA, which is 23-fold
more than the strain yBL552 that overexpresses
TRPI-5 (TRP2%F S76L) (Fig. 3E).

(3) We saw significantly higher pPET and/or PET when
removing overexpressed TRP2%F 7L or TRP3
(Fig. 3D), highlighting Trp2 and Trp3’s critical roles
in controlling the flux toward L-Trp branches or
L-Tyr/L-Phe branches, because Trp2/Trp3C cata-
lyzes the first reaction of the L-Trp branch (Fig. 1B).

(4) When overexpressed TRP5 was removed, I[ET pro-
duction was also abolished but pPET and PET titers
were not improved (Fig. 3D). We suspected 13GP
accumulation in this strain, because Trp5 catalyzes
the final step in the L-Trp branch that converts
I3GP to L-Trp (Fig. 1B). However, because we can-
not quantify I3GP at the moment, this hypothesis
needs to be verified.
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Finally, because genome integration resulted in the
highest IET titer (0.51+0.01 mM) when compared with
that expressed from both low-copy and high-copy plas-
mids (Fig. 3C), and because genomic integration has
several advantages, including genetic stability and low
cell burden, we only constructed and used plasmid-free
(genomically integrated) strains for IET production in
the rest of the study.

Roles of Aro7 (module 3)

After 36 h cultivation in SC medium, 0.25 mM pPET,
0.17 mM PET, and 0.72 mM IET were produced by the
strain yBL518 that additionally overexpresses ARO4<??°L,
TRP1-5 (TRP25%°® 7Ly from genome besides the endog-
enous ARO4 and TRPI-5 (Fig. 3D). The fact that this
strain continued to produce a significant amount of pPET
and PET motivated us to investigate whether more work
can be done to divert more flux from the L-Tyr/L-Phe
branches into the L-Trp branch for increased IET pro-
duction. At the node CA, the flux from the upstream shi-
kimate pathway splits: (1) into the L-Tyr/L-Phe branches
via the chorismate mutase Aro7; and (2) into the L-Trp
branch via Trp2/Trp3C, which converts CA to AA. The
disruption of ARO?Y could theoretically completely block
the flux into the L-Tyr/L-Phe branches. Indeed, aro7A
lowered pPET and PET for both yBL502, which only
overexpressed ARO4?L and yBL518, which overex-
pressed ARO45??*L and TRPI-5 (TRP25%°F S76L) (Fig. 4B).
The residual pPET and PET produced by the two strains
were most likely formed from L-Tyr and L-Phe contained
in the SC medium (initial concentrations: 0.42 mM for
L-Tyr and 0.46 mM for L-Phe, respectively). The intro-
duction of aro7A to yBL502 also resulted in increased
IET and L-Trp (Fig. 4B). However, for yBL518, the intro-
duction of aro7A resulted in a 5% decrease in IET and a
twofold increase in L-Trp (Fig. 4B). The unexpected accu-
mulation of L-Trp up to 0.24 mM by aro7A suggests that
there is another bottleneck step(s) in the downstream
Ehrlich pathway. Intermediate (s) and/or end product(s)
exist in L-Tyr/L-Phe branches that are required to con-
vert L-Trp to IET. We then examined the pathway and
discovered that transaminase Aro9 uses PP as a sub-
strate for accepting amino groups from L-Trp [19]. We
then fed PP or 4-HPP into the SC medium to cultivate
yBL517 (yBL518 with aro7A) (Fig. S4). Indeed, adding PP
to the medium improved the conversion of L-Trp to IET
slightly, but it was still less effective than using the strain
yBL518. Feeding 4-HPDP, on the other hand, was ineffec-
tive (Fig. S4).

Engineering the Ehrlich pathway (module 4)
In yeast, the Ehrlich pathway catabolizes aliphatic (L-Leu,
L-Val, L-Ile), sulfur-containing (L-Met), and aromatic
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(L-Tyr, L-Phe, L-Trp) amino acids, resulting in the forma-
tion of aliphatic and aromatic fusel alcohols or fusel acids
[25]. Reversible transamination of amino acids, decarbox-
ylation of a-keto acids, and reduction/oxidation of fusel
aldehyde to fusel alcohols/acids are the three steps in the
Ehrlich pathway [25] (Fig. 1B). Each step is catalyzed by
more than one isozyme with various substrate specifici-
ties. For example, the two transaminases Aro8 and Aro9
have broad substrate specificity but primarily function as
AAA aminotransferases, preferentially using 2-OG and
phenylpyruvate as amino acceptors, respectively [58].
The irreversible decarboxylation step commits o-keto
acids to the Ehrlich pathway, which requires the cofac-
tor thiamine pyrophosphate (TPP). This reaction could
be catalyzed by four a-keto acid decarboxylases (Arol0,
Pdcl, Pdc5, and Pdc6). Thi3 has a similar sequence to
the preceding four but lacks decarboxylase activity, pre-
ferring to play a regulatory role in thiamine biosynthe-
sis [59]. The reduction or oxidation of fusel aldehydes
is the final step. The cultivation conditions determine
whether reduction or oxidation occurs. Similar to the
conditions in this study (glucose-grown), amino acids
are almost entirely converted to fusel alcohols by etha-
nol dehydrogenases (Adhl-5) or Sfal (a formaldehyde

dehydrogenase) [22, 25]. In contrast, aldehyde dehydro-
genases Ald1-6 catalyze the conversion of amino acids to
fusel acids in aerobic glucose-limited chemostat cultures
with various amino acids as nitrogen sources [25].

The accumulation of L-Trp in the strain yBL517 sug-
gests that there is a bottleneck step(s) in the Ehrlich
pathway that prevents efficient L-Trp to IET conversion
(Fig. 4B). Given that multiple isozymes catalyze each step
of the Ehrlich pathway, we decided to take a bottom-up
approach to debottleneck the rate-determining step(s)
and hence improve IET production even further.

(1) First, we overexpressed another copy of AROS8 or
ARO9 from the genome using a constitutive pro-
moter (Fig. 5B, C). Overexpression of either gene
resulted in a more efficient conversion of L-Trp to
IET in the SC medium. The effect of overexpress-
ing ARO9 was more visible: after 36 h of fermenta-
tion, the strain yBL533 (yBL517 with overexpressed
AROY) had 25% higher IET (0.72+0.02 mM) and
80% lower extracellular L-Trp (Fig. 5B). We won-
dered if cultivating yBL533 in the YPD medium
would result in further improved IET titer, since
based on our experience, this rich medium sup-
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of fusel alcohols are tested in the YPD medium. The parent strain used is yBL533 that overexpresses ARO4'“?% TRP1, TRP2°6* 576l TRP3-5, ARO9,

and has aro/7A

ports better yeast growth than SC medium. Indeed,
the ODs of all strains tested were doubled when
grown in YPD (Fig. S5A). We also discovered that
pPET and PET for all strains were significantly
increased, reaching~045 mM and~0.6 mM,
respectively (Fig. 5C). However, when compared to
the SC medium, the accumulated IET was nearly
unchanged (Fig. 5B).

We suspected that the failure to improve IET fur-
ther when cultivation was transferred from SC
medium to YPD medium is due to insufficient

gene expression (enzyme dosage) in the remain-
ing two steps of the Ehrlich pathway. We tested
this hypothesis in yBL533 by overexpressing genes
encoding enzymes from the remaining two steps
of the Ehrlich pathway (Figs. 5D, S5B, and S5C).
The effect of single-gene overexpression on IET
production was positive (such as for PDC6 and
ADH]1), neutral (such as for PDC5, ADHS, and
SFA1I), or negative (such as for ADH2, ADH3, and
ADH4). We then tested a few combinations of the
overexpressed genes in the last two steps at the
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background of yBL533; however, none of them
showed beneficial effects as compared with single-
gene expressions (Fig. 5D). We measured the final
ODy (Fig. S5B) and hence calculated the normal-
ized production (IET titer/ODy,) (Fig. S5C). The
best strain that overexpresses ADHI (yBL542), pro-
duced 0.92+0.06 mM 40% more IET than yBL533
in the YPD medium. This increase in titer was due
to increased biomass rather than increased Ehr-
lich pathway flux toward IET, as ODg, increased
by 64% (Fig. S5B) while the normalized produc-
tion decreased by 14% (Fig. S5C). Overexpression
of Ehrlich pathway genes had an apparent effect on
final cell density: ODg, varies between -32% and
64% compared to the parent strain yBL533 (Fig.
S5B). In contrast, the change in IET production
caused by overexpression of the Ehrlich pathway
genes was minor (Fig. S5C), implying the limited
effects of changing the flux toward IET. The only
exception is AROI0 overexpression, which resulted
in a 54% increase in normalized production. It does,
however, cause a 32% decrease in ODygy, so its
effect on titer was negligible.

The above findings are most likely related to the nature
and overall metabolic and physiological effects of the
Ehrlich pathway, which is a three-step pathway catalyzed
by multiple isozymes that converts seven hydrophobic
amino acids to the corresponding fusel alcohols/acids
[25]. The last two steps are also used in converting pyru-
vate to ethanol in glycolysis. The Ehrlich pathway thus
has the roles of not only amino acid degradation but also
NAD"* regeneration [60] and even in quorum sensing
[25]. Overexpression of specific isozymes in the Ehrlich
pathway thus has complex effects on metabolism, bio-
mass, and, ultimately, IET titer.

Optimized IET production by fed-batch fermentation

Finally, in a 5 L fed-batch bioreactor, we used the
best-engineered strain yBL542, which overexpressed
ARO4R?PL TRP]-5 (TRP259°R S7Ly | ARO9, and ADH1, as
well as has aro7A, to produce IET (Fig. 6A, B). We first
cultured yBL542 in a YDP medium and adjusted the glu-
cose feeding rate to keep its concentration between 0.5
and 5 g/L after the initial depletion (Fig. 6A). Both cell
density and IET titer were rapidly boosted under this
condition, reaching plateaus at 72 h (ODg,,=47 and IET
titer=3.4 mM). However, we saw gradually accumulated
ethanol up to 5.8% in the culture, implying that the strain
is performing sub-optimally in the bioreactor. Therefore,
we optimized the fermentation conditions by supple-
menting yeast extract (125 ml, 500 g/L) at 8, 16, 24, and
32 h time points, similar to the study of producing tyrosol
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and salidroside using engineered S. cerevisiae [43]. The
accumulated ethanol peaked at 32 h this time and then
gradually decreased. The cell density reached higher
plateaus at 120 h (ODg,,=47), and the IET titer steadily
increased until reaching 6.5 mM (=1.04 g/L) at the end
of 168 h fermentation, the highest titer reported thus
far. To calculate the theoretical maximum yield of IET,
we conducted flux balance analysis (FBA) of the S. cer-
evisiae genome-scale metabolic model Yeast8 [61], using
the COBRA toolbox [62]. Without any restriction, the
theoretical maximum vyield of glucose to IET is 0.38 g/g.
Thus, the IET produced through fed-batch fermentation
in this study represented 13.2% of the theoretical maxi-
mum yield of such an ideal condition.

Discussion

The biosynthesis pathway for AAAs (L-Tyr, L-Phe, and
L-Trp) is ubiquitous in all microorganisms. The AAAs
pathway, along with its downstream branches, repre-
sents one of the most valuable biosynthetic pathways,
from which a myriad of valuable commodity chemicals,
specialty chemicals, and valuable natural products [19,
63-65]. The model prokaryote E. coli and the model
eukaryote S. cerevisiae have been most commonly used
to heterologously produce AAA-derived valuable chem-
icals, owing to advantages such as fast growth, well-
known genetic background, and readily available tools for
genetic modifications. In the majority of reported cases,
AAA-derived products were typically produced more
efficiently in E. coli (g/L scale) than in S. cerevisiae (mg/L
scale), and some have been commercialized [65]. S. cer-
evisiae, on the other hand, can express membrane-asso-
ciated eukaryotic enzymes [66, 67]. As a result, it attracts
special attention as the preferred host for synthesizing
valuable natural products from fungi and plants [68-70].

Most successful metabolic engineering studies in S.
cerevisiae used intermediates from the shikimate path-
way and the L-Tyr/L-Phe branches [65]. Heterologous
pathways were introduced into chassis yeast strains with
increased flux in the shikimate pathway and L-Tyr branch
or L-Phe branch to synthesize a wide range of non-native
chemicals, including industrially important precursors,
such as muconic acid [71] and p-coumaric acid [35],
analgesic opioids [72], health-promoting hydroxytyrosol
[73], and many more. Two recent reviews summarized a
nearly complete list of these valuable chemicals produced
by yeasts [63, 65].

On the other hand, the biosynthesis of L-Trp-derived
compounds in engineered S. cerevisiae has less be
explored; examples reported in recent years include the
production of plant-derived anti-cancer drugs and their
precursors [74, 75], L-Trp itself [53], the sleep hormone
melatonin and its precursor 5-hydroxytryptophan [76,
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production by the yeast strains constructed in this study

77], and the psychedelic prodrug psilocybin [54], and
halogenated tryptophan and tryptamine derivatives [78].
Common features in these proof-of-concept studies are
the low product titers/yields, which, based on this study,
could probably be attributed to the low flux toward the
L-Trp branch.

In this study, using the synthesis of IET (another L-Trp-
derived valuable chemical) [1] as an example, we system-
atically characterized and optimized the L-Trp metabolic
pathway in S. cerevisiae. (1) We again confirmed that the
first step in the shikimate pathway catalyzed by Aro3/
Aro4 isozymes is a primary checking point for the entire
AAA metabolism and overexpressing the well-known
feedback-insensitive ARO45??°L can dramatically diverse
a large amount of flux from central metabolism into AAA
metabolic branch (Fig. 2); (2) We identified the five-step
L-Trp pathway is the major bottleneck. Increasing flux
into the L-Trp branch requires simultaneous overex-
pression of wild-type TRP1, TRP3, TRP4, TRPS, and the
feedback-insensitive TRP25%*® S7L (Fig, 3). (3) Owing

to the global roles of the Ehrlich pathway in regulating
metabolism and physiology [25], upregulating relevant
enzymes has complex effects on the conversion of L-Trp
to IET. For example, the most effective manipulation that
improved IET titer came from overexpressing ADHI,
which, interestingly, was caused by improved cell growth
rather than enhancing the flux (Figs. 5 and S5). We
finally obtained an engineered strain that produces IET
0.92 mM (148.3 mg/L) in a 24-well plate and 6.46 mM
(1.04 g/L) by fed-batch fermentation, representing
92-fold and ~650-fold improvements over the starting
strain BY4741, respectively (Fig. 6C). This also represents
the first report of gram-level IET production by using
microbial production approaches, holding potential for
it to be developed as a green/sustainable alternative over
the traditional synthetic approach for IET production.
IET titers of representing yeast strains engineered in this
study are listed in Table 2.

Besides, studies indicate at the entrance of AAAs
metabolism, the flux through PEP is at least one order of
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Table 2 Summary of the IET produced by representing strains engineered in this study

Strain name Genotype IET Titer [mM] (Fold) Culture condition
BY4741 WT 0.01+0.003 (1) 2ml 24-well plate, SC
yBL502 ARO4K2% 1 0.03+0.003 (3) 2ml 24-well plate, SC
yBL514 ARO4?*L 1 0.11+001(11) 2ml 24-well plate, SC
TRPZS&SR, S76LT
yBL518 ARO4?2%4 0.51+0.01 (51) 2ml 24-well plate, SC
TRP1-5 (TRP2%6F 5764y 1
yBL533 ARO4%22L 1 0.72+0.02 (72) 2ml 24-well plate, SC
S65R, S76L
W;j (TRP2 )1 0.65+0.04 (65) 2l 24-well plate, YPD
aro.
ARO9 1
yBL542 ARO4%2%L 1 0.92+0.06 (92) 2ml 24-well plate, YPD
S65R, S76L
TRP;; (TRP2 ) 337+0.16 (340) 5L fermenter, batch, YPD
aro.
ARO9 1 6.46+0.34 (646) 5L fermenter, fed-batch, YPD
ADH1 1

magnitude greater than that through E4P in yeast [37].
Thus, genetic modifications that increase the availability
of E4P were demonstrated effective in improving the pro-
duction of chemicals derived from AAAs metabolism [35,
38, 39, 65, 71, 79-81]. We tested most of these genetic
changes (Fig. S6). However, none of them showed posi-
tive effects on improving IET production, which could be
attributed to the difference in strain background (BY4741
in this study vs. other yeast strains in those studies) and
the epistatic effects of the already-introduced genetic
modifications in yBL518.

Finally, in this study, we mainly engineered the expres-
sion level of pathway genes/enzymes that are directly
related to yeast L-Trp metabolism for enhanced IET
production. However, it should be noted that many co-
factors (such as NADH/NAD*, NADPH/NADP™, pyri-
doxal 5’-phosphate, and thiamine pyrophosphate), as well
as metabolites not listed as the “nodes” in the pathways
(such as L-glutamine, L-serine, 2-oxoglutarate, etc.),
also participate in the reactions of AAAs metabolism.
They would cause a major limitation to the pathways.
Thus, systems biology approaches, such as genome-
scale-model-guided prediction [82] and high-throughput
screening/selection [34], could help identify more gene
targets with modifications that divert more metabolic
flux toward the L-Trp branch for enhanced production of
IET or other value-added chemicals.

Conclusions

In this study, we systematically characterized S. cer-
evisiae’'s AAAs metabolism, with a particular emphasis
on the less-studied L-Trp branch for synthesizing the
L-Trp-derived natural product IET. We used the modu-
lar engineering strategy to comprehensively engineer
the shikimate pathway, the L-tryptophan pathway, the

competing L-Tyr/L-Phe branches, and the Ehrlich path-
way, resulting in a yeast mutant capable of producing IET
up to 1.04 g/L via fed-batch fermentation. More impor-
tantly, our engineering process revealed many insights
into AAAs metabolism and regulation of S. cerevisiae.
We also discovered yeast mutants that accumulate AA
and L-Trp during our engineering process. They could
be further developed into the heterologous chassis to
synthesize a variety of valuable secondary metabolites
derived from fungi and plants.

Abbreviations

Metabolites
AA Anthranilic acid
CPdRibp 1-(2-Carboxyphenylamino)-1-deoxy-D-ribulose

5-phosphate
CA Chorismate

DAHP 3-Deoxy-D-arabinoheptulosonate-7-phosphate
EPSP 5-Enolpyruvylshikimate-3-phosphate
E4P Erythrose 4-phosphate

F1,6BP Fructose 1,6-bisphosphate

FeP Fructose 6-phosphate

Glc Glucose

G6P Glucose 6-phosphate

G3P Glyceraldehyde 3-phosphate

4-HPP 4-Hydroxyphenylpyruvate

IAA Indole-3-acetate

IAC Indole-3-acetaldehyde

IET Tryptophol (indole-ethanol)

13GP Indole-3-glycerol phosphate

IPY Indole-3-pyruvate

PAA 4-Hydroxypheny! acetate

L-Phe L-phenylalanine

PET Phenylethanol

PP Phenylpyruvate

PEP Phosphoenolpyruvate

pPET 4-Hydroxyphenylethanol

N-PRAA N-(5-phospho-B-D-ribosyl)anthranilate
PRE Prephenate

Ru5P Ribulose 5-phosphate

L-Trp L-tryptophan

L-Tyr L-tyrosine

X5P Xylulose 5-phosphate
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Enzymes

Adh1/2/3/4/5/5fal Alcohol dehydrogenases

Arol Pentafunctional protein

Aro2 Chorismate synthase

Aro3/Aro4 DAHP synthase isozymes

Aro7 Chorismate mutase

Aro8/Aro9 Aromatic amino acid transaminases
Aro10/Thi3/Pdc1/5/6 ~ Decarboxylases

Pha2 Prephenate dehydratase

Tall Transaldolase

Tk Transketolase

Trp1 Phosphoribosylanthranilate isomerase
Trp2/Trp3C Anthranilate synthase

Trp3B INGP synthase

Trp4 Anthranilate phosphoribosyl transferase
Trp5 Bi-functional L-Trp synthase

Tyrl Prephenate dehydrogenase
Zwf1 Glucose 6-phosphate dehydrogenase
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