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ENGINEERED BIOSYNTHETIC PATHWAY FOR
PRODUCTION OF 4-AMINOPHENYLETHYLAMINE BY
FERMENTATION

CROSS-REFERENCE TO RELATED APPLICATIONS

5 [0001] This application claims the benefit of U.S. provisional application no.
63/068,323, filed August 20, 2020, which is hereby incorporated by reference in its

entirety.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER FEDERALLY
SPONSORED RESEARCH AND DEVELOPMENT

10 [0002] Not applicable.

INCORPORATION BY REFERENCE OF THE SEQUENCE LISTING

[0003] This application includes a sequence listing which has been submitted
electronically in ASCII format and is hereby incorporated by reference in its entirety. This
ASCII copy, created on August 19, 2021, is named ZMGNP043WO_SeqList_ST25.txt

15  andis 448,733 bytes in size.

FIELD OF THE DISCLOSURE

[0004] The present disclosure relates generally to the area of engineering microbes

for production of 4-aminophenylethylamine by fermentation.

BACKGROUND
20 [0005] 4-aminophenylethylamine (4-APEA) is an aromatic amine (AA). AAs are

used in the production of advanced polymer materials including functional and/or high-
performance plastics. The amine group and the aromatic moiety of AAs provide
nucleophilic reactivity and excellent thermomechanical performance, respectively. AAs
are often polycondensed with carbonyl compounds to generate aromatic polyamides,

25  polyimides, polyazoles, polyurea, and polyazomethines. Polycondensation of AAs with
aromatic acids generates super-engineering plastics with extremely high
thermomechanical properties. These include poly(p-phenylene terephthalamide

(KEVLAR™) and poly(4,4'-oxydiphenylene pyromellitimide) (KAPTON™), which are

-1-
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used as thermostable materials in fabric for body armor and other flame-retardant
materials, fiber-reinforced plastics for electronic devices, vehicle bodies, and anti-pressure

cylinders.

[0006] Fermentative production of 4-APEA has been demonstrated in Escherichia
coli (Masuo et al. (2016) Scientific Reports 6: 25764), but the poor tolerance of E. coli to

high titers of 4-APEA makes it unsuitable for a large-scale fermentation host.

SUMMARY

[0007] The disclosure provides engineered microbial cells, cultures of the
microbial cells, and methods for producing 4-aminophenylethylamine (4-APEA),

including the following:

[0008] Various embodiments contemplated herein may include, but need not be

limited to, one or more of the following:

[0009] Embodiment 1: An engineered microbial cell that produces 4-
aminophenylethylamine (4-APEA), wherein the engineered microbial cell has a high
tolerance to toxicity associated with the production of 4-APEA, as defined by a
concentration at which the growth of engineered microbial cell is slowed by half (Ki) of at

least 30 grams/liter.

[0010] Embodiment 2: The engineered microbial cell of embodiment 1, wherein

the engineered microbial cell comprises a fungal cell.

[0011] Embodiment 3: The engineered microbial cell of embodiment 2, wherein

the engineered microbial cell comprises a yeast cell.

[0012] Embodiment 4: The engineered microbial cell of embodiment 3, wherein

the yeast cell is a cell of the genus Komagataella.

[0013] Embodiment 5: The engineered microbial cell of embodiment 4, wherein

the yeast cell is a cell of the species pastoris or phaffi.

[0014] Embodiment 6: The engineered microbial cell of any one of embodiments
1-5, wherein the slope at which toxicity effects are observed over increasing 4-APEA

concentrations is less than 6.

[0015] Embodiment 7: The engineered microbial cell of any one of embodiments

1-6, wherein the engineered microbial cell heterologously expresses each of the following
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enzyme activities: 4-amino-4-deoxychorismate synthase; 4-amino-4-deoxychorismate
mutase; 4-amino-4-deoxyprephenate dehydrogenase; aminotransferase (AT); and
decarboxylase (DC); wherein the enzyme activities are provided by heterologously
expressing genes encoding the enzymes, and at least one heterologously expressed enzyme

is non-native to the engineered microbial cell.

[0016] Embodiment 8: The engineered microbial cell of embodiment 7, wherein
at least two, three, four, or all of the heterologously expressed enzymes are non-native to

the engineered microbial cell.

[0017] Embodiment 9: An engineered microbial cell of the genus Komagataella

that produces 4-aminophenylpyruvate (4-APP).

[0018] Embodiment 10: The engineered microbial cell of embodiment 9, wherein

the engineered microbial cell is a cell of the species pastoris or phaffi.

[0019] Embodiment 11: The engineered microbial cell of embodiment 9 or
embodiment 10, wherein the engineered microbial cell heterologously expresses each of
the following enzyme activities: 4-amino-4-deoxychorismate synthase; 4-amino-4-
deoxychorismate mutase; and 4-amino-4-deoxyprephenate dehydrogenase, wherein each
enzyme activity is provided by heterologously expressing genes encoding the enzymes,
and at least one heterologously expressed enzyme is non-native to the engineered

microbial cell.

[0020] Embodiment 12: The engineered microbial cell of any one of embodiments
9-11, wherein the engineered microbial cell additionally produces 4-aminophenylalanine

(4-APhe).

[0021] Embodiment 13: The engineered microbial cell of embodiment 12,
wherein the engineered microbial cell additionally heterologously expresses an

aminotransferase (AT) activity.

[0022] Embodiment 14: The engineered microbial cell of any one of embodiments

9-11, wherein the engineered microbial cell additionally produces 4-aminophenylethanol.

[0023] Embodiment 15: The engineered microbial cell of embodiment 14,
wherein the engineered microbial cell additionally heterologously expresses an alcohol

dehydrogenase/acetaldehyde reductase enzyme.
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[0024] Embodiment 16: The engineered microbial cell of any one of embodiments
9-15, wherein at least two, three, or all of the heterologously expressed enzymes are non-

native to the engineered microbial cell.

[0025] Embodiment 17: The engineered microbial cell of any one of embodiments
7-16, wherein at least one of the heterologously expressed enzymes is expressed from a

constitutive promoter.

[0026] Embodiment 18: The engineered microbial cell of any one of embodiments
7-16, wherein at least one of the heterologously expressed enzymes is expressed from a
regulated promoter, optionally wherein the regulated promoter is a thiamine-repressed

promoter.

[0027] Embodiment 19: The engineered microbial cell of any one of embodiments
1-18, wherein the engineered microbial cell comprises increased activity of one or more
upstream chorismate pathway enzyme(s), said increased activity being increased relative

to a control cell.

[0028] Embodiment 20: The engineered microbial cell of embodiment 19,
wherein said increased activity is selected from the group consisting of glucokinase,
transketolase, transaldolase, phospho-2-dehydro-3-deoxyheptonate aldolase, 3-deoxy-D-
arabino-heptulosonate-7-phosphate (DAHP) synthase, 3-dehydroquinate synthase, 3-
dehydroquinate dehydratase, shikimate dehydrogenase, shikimate kinase, 3-
phosphoshikimate 1-carboxyvinyltransferase, chorismate synthase activity, and any

combination thereof.

[0029] Embodiment 21: The engineered microbial cell of embodiment 20,
wherein said increased activity comprises increased 3-dehydroquinate synthase, 3-
dehydroquinate dehydratase, shikimate dehydrogenase, shikimate kinase, and 3-
phosphoshikimate 1-carboxyvinyltransferase activities, which are provided by

heterologously expressing a pentafunctional enzyme.

[0030] Embodiment 22: The engineered microbial cell of any one of embodiments
1-21, wherein the engineered microbial cell comprises increased activity of one or more

nitrogen assimilation and utilization pathway enzyme(s).

[0031] Embodiment 23: The engineered microbial cell of 22, wherein said

increased activity is selected from the group consisting of isocitrate dehydrogenase,
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glutamine synthetase, glutamate synthase, glutamate dehydrogenase, ammonium

permease, and any combination thereof.

[0032] Embodiment 24: The engineered microbial cell of any one of embodiments
1-23, wherein the engineered microbial cell comprises reduced activity of one or more
enzyme(s) that consume one or more chorismate pathway precursors, chorismate, and/or
one or more intermediates in the pathway leading from chorismate to 4-APEA, and/or
more enzymes that consume 4-APEA, said reduced activity being reduced relative to a

control cell.

[0033] Embodiment 25: The engineered microbial cell of embodiment 24,
wherein the one or more enzyme(s) that consume one or more chorismate pathway
precursors are selected from the group consisting of dihydroxyacetone phosphatase, 3-
dehydroshikimate dehydratase, shikimate dehydrogenase, and phosphoenolpyruvate

phosphotransferase.

[0034] Embodiment 26: The engineered microbial cell of embodiment 24,
wherein the one or more enzyme(s) that consume chorismate are selected from the group

consisting of anthranilate synthase and chorismate mutase.

[0035] Embodiment 27: The engineered microbial cell of embodiment 24,
wherein the one or more enzyme(s) that consume one or more intermediates in the
pathway leading from chorismate to 4-APEA are selected from the group consisting of
decarboxylase, aromatic amino acid decarboxylase, phenylpyruvate decarboxylase,
pyruvate decarboxylase, aromatic amino acid ammonia lyase, and alcohol

dehydrogenase/acetaldehyde reductase.

[0036] Embodiment 28: The engineered microbial cell of embodiment 24,
wherein the one or more enzymes that consume 4-APEA are selected from the group
consisting of phenylpyruvate dioxygenase, diamine oxidase, amine oxidase, and amino

acid oxidase.

[0037] Embodiment 29: The engineered microbial cell of any one of embodiments
24-28, wherein the reduced activity is achieved by replacing a native promoter of a gene
for said one or more enzymes with a less active promoter or by deleting or knocking out

the gene.
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[0038] Embodiment 30: The engineered microbial cell of any one of embodiments
1-29, wherein the engineered microbial cell additionally expresses a feedback-deregulated

DAHP synthase.

[0039] Embodiment 31: The engineered microbial cell of any one of embodiments
1-30, wherein the engineered microbial cell comprises increased activity of one or more
enzyme(s) that increase the supply of the reduced form of nicotinamide adenine
dinucleotide phosphate (NADPH), said increased activity being increased relative to a

control cell.

[0040] Embodiment 32: The engineered microbial cell of embodiment 31,
wherein the one or more enzyme(s) that increase the supply of the reduced form of
NADPH are selected from the group consisting of pentose phosphate pathway enzymes,
NADP+-dependent glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and NADP+-

dependent glutamate dehydrogenase.

[0041] Embodiment 33: The engineered microbial cell of embodiment 1, wherein
the non-native enzymes comprise: a 4-amino-4-deoxychorismate synthase having at least
70% amino acid sequence identity with a 4-amino-4-deoxychorismate synthase from
Pseudomonas fluorescens (strain SBW25); a 4-amino-4-deoxychorismate mutase having
at least 70% amino acid sequence identity with a 4-amino-4-deoxychorismate mutase from
Photorhabdus laumondii subsp. laumondii (strain DSM 15139 / CIP 105565/ TT01); a 4-
amino-4-deoxyprephenate dehydrogenase having at least 70% amino acid sequence
identity with a 4-amino-4-deoxyprephenate dehydrogenase from Pseudomonas fluorescens
(strain SBW25); optionally, an aminotransferase (AT) having at least 70% amino acid
sequence identity with an aminotransferase (AT) from Escherichia coli (strain K12); and
optionally a decarboxylase (DC) having at least 70% amino acid sequence identity with a

decarboxylase (DC) from Papaver somniferum.

[0042] Embodiment 34: The engineered microbial cell of embodiment 33,
wherein the: 4-amino-4-deoxychorismate synthase from Pseudomonas fluorescens (strain
SBW25) comprises SEQ ID NO:4; 4-amino-4-deoxychorismate mutase from
Photorhabdus laumondii subsp. laumondii (strain DSM 15139 / CIP 105565/ TTO01)
comprises SEQ ID NO:6; 4-amino-4-deoxyprephenate dehydrogenase from Pseudomonas

fluorescens (strain SBW?25) comprises SEQ ID NO:8; aminotransferase (AT) from
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Escherichia coli (strain K12), if present, comprises SEQ ID NO:(SEQ ID NO:13); and
decarboxylase (DC) from Papaver somniferum, if present, comprises SEQ ID NO:9.

[0043] Embodiment 35: The engineered microbial cell of embodiment 1, wherein
the non-native enzymes comprise: a 4-amino-4-deoxychorismate synthase having at least
70% amino acid sequence identity with a 4-amino-4-deoxychorismate synthase from
Streptomyces sp. CB01635; a 4-amino-4-deoxychorismate mutase having at least 70%
amino acid sequence identity with a 4-amino-4-deoxychorismate mutase from
Streptomyces pristinaespiralis; a 4-amino-4-deoxyprephenate dehydrogenase having at
least 70% amino acid sequence identity with a 4-amino-4-deoxyprephenate dehydrogenase
from Pseudomonas sp. 2822; optionally, an aminotransferase (AT) having at least 70%
amino acid sequence identity with an aminotransferase (AT) from Petunia hybrida; and
optionally, a decarboxylase (DC) having at least 70% amino acid sequence identity with a

decarboxylase (DC) from Papaver somniferum.

[0044] Embodiment 36: The engineered microbial cell of embodiment 35,
wherein the: 4-amino-4-deoxychorismate synthase from Strepromyces sp. CB01635
comprises SEQ ID NO:3; 4-amino-4-deoxychorismate mutase from Streptomyces
pristinaespiralis comprises SEQ ID NO:5; 4-amino-4-deoxyprephenate dehydrogenase
from Pseudomonas sp. 2822 comprises SEQ ID NO:7; aminotransferase (AT) from
Petunia hybrida, if present, comprises SEQ ID NO:14; and decarboxylase (DC) from

Papaver somniferum, if present, comprises SEQ ID NO:9.

[0045] Embodiment 37: The engineered microbial cell of embodiment 1, wherein
the non-native enzymes comprise: a 4-amino-4-deoxychorismate synthase having at least
70% amino acid sequence identity with a 4-amino-4-deoxychorismate synthase from
Streptomyces sp. CB01635; a 4-amino-4-deoxychorismate mutase having at least 70%
amino acid sequence identity with a 4-amino-4-deoxychorismate mutase from
Photorhabdus asymbiotica subsp. asymbiotica; a 4-amino-4-deoxyprephenate
dehydrogenase having at least 70% amino acid sequence identity with a 4-amino-4-
deoxyprephenate dehydrogenase from Xenorhabdus doucetiae; optionally, an
aminotransferase (AT) having at least 70% amino acid sequence identity with an
aminotransferase (AT) from Corynebacterium glutamicum; and optionally, a
decarboxylase (DC) having at least 70% amino acid sequence identity with a

decarboxylase (DC) from Papaver somniferum.
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[0046] Embodiment 38: The engineered microbial cell of embodiment 35,
wherein the: 4-amino-4-deoxychorismate synthase from Strepromyces sp. CB01635
comprises SEQ ID NO:3; 4-amino-4-deoxychorismate mutase from Photorhabdus
asymbiotica subsp. asymbiotica comprises SEQ ID NO:25; 4-amino-4-deoxyprephenate
dehydrogenase from Xenorhabdus doucetiae comprises SEQ ID NO:29; aminotransferase
(AT) from Corynebacterium glutamicum, if present, comprises SEQ ID NO:16; and

decarboxylase (DC) from Papaver somniferum, if present, comprises SEQ ID NO:9.

[0047] Embodiment 39: The engineered microbial cell of any one of embodiments
7-38, wherein the engineered microbial cell additionally comprises a genotype change
selected from the group consisting of: p9_pENO1_KPA:GLNI1,
p35_pKEX2_KPA:NUFM, p9_pENO1_KPA:NUFM, p115_pTHI11_KPA:PDC2, and
pS_pTDH3_KPA:PDC2.

[0048] Embodiment 40: The engineered microbial cell of any one of embodiments
1-8 and 19-39, wherein, when cultured, the engineered microbial cell produces 4-APEA at

alevel of at least 11 gram/liter of culture medium.

[0049] Embodiment 41: The engineered microbial cell of any one of embodiments
9-16, wherein, when cultured, the engineered microbial cell produces 4-APP at a level of
at least 20 milligram/liter of culture medium, optionally wherein, when cultured, the
engineered microbial cell produces 4-APhe at a level of at least 5 milligram/liter of culture

medium.

[0050] Embodiment 42: A culture of engineered microbial cells according to any

one of embodiments 1-41.

[0051] Embodiment 43: The culture of embodiment 42, wherein the culture
comprises 4-APP, 4-A-Phe, and/or 4-APEA.

[0052] Embodiment 44: A method of culturing engineered microbial cells
according to any one of embodiments 1-41, the method comprising culturing the cells

under conditions suitable for producing 4-APP, 4-APhe, and/or 4-APEA.

[0053] Embodiment 45: The method of embodiment 44, wherein the method
comprises fed-batch culture, with an initial glucose level in the range of 1-100 g/L,

followed by controlled sugar feeding.
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[0054] Embodiment 46: The method of any one of embodiment 44 or embodiment

45, wherein the culture is pH-controlled during culturing.

[0055] Embodiment 47: The method of any one of embodiments 44-46, therein

the concentration of thiamine is controlled during culturing.

[0056] Embodiment 48: The method of any one of embodiments 44-47, wherein

the culture is aerated during culturing.

[0057] Embodiment 49: The culture of embodiment 42 or embodiment 43 or the
method of any one of embodiments 44-48, wherein the culture comprises: 4-APP at a level
of at least 20 milligram/liter of culture medium; 4-APhe at a level of at least

5 milligram/liter of culture medium; and/or 4-APEA at a level of at least 15 milligram/liter

of culture medium.

[0058] Embodiment 50: The engineered microbial cell of embodiment 40 or the
culture or method of embodiment 49, wherein, when cultured, the engineered microbial

cell, or the culture comprises, 4-APEA at a level of at least 6 gram/liter of culture medium.

[0059] Embodiment 51: The engineered microbial cell of embodiment 40 or the
culture or method of embodiment 49, wherein, when cultured, the engineered microbial

cell, or the culture comprises, 4-APEA at a level of at least 11 gram/liter of culture

medium.

[0060] Embodiment 52: The method of any one of embodiments 44-51, wherein
the method additionally comprises recovering 4-APP, 4-APhe, and/or 4-APEA from the
culture.

[0061] The disclosure also provides versions of the above embodiments wherein

the embodiments consists of or consists essentially of the recited elements or actions. In
the case of embodiments consisting essentially of the recited elements/actions, the “basic
and novel characteristics” of the embodiment are the production characteristics of an
engineered microbial cell, culture, or method (e.g., the yield of a particular product,

optionally expressed in terms of titer in culture medium).

[0062] Also within the scope of the present disclosure are versions of the above
embodiments wherein the embodiments are carried out using any means for providing the
recited elements of composition claims and any means for carrying out the recited actions

of the method claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0063] Figure 1: Toxicity impact of 4-APEA across a range of organisms tested in
an Enzyscreen system. Various organisms are grown in media that is supplemented with
the molecule of interest, and the growth of the organism is monitored over time. Analysis
of the growth-time-course data allows determination of toxicity properties of the molecule
of interest, such as the Minimal Inhibitory Concentration (MIC), the concentration at
which growth is slowed to half (Ki), and the slope at which increased toxicity effects are
observed (alpha). For Fig. 1, product toxicity was measured as a function of reduced

substate uptake with increasing product concentration.

[0064] Figure 2: Biosynthesis of 4-APEA in five enzymatic steps from
chorismate.

[0065] Figure 3: Pathway for production of chorismate.

[0066] Figure 4: Product profile of a 4-APEA production strain cultured in

microtiter plates for 48 hours. See Example 1.

[0067] Figure 5: A “split-marker, double-crossover” genomic integration strategy,
which was developed to engineer K. pastoris strains. Two plasmids with complementary
5’ and 3’ homology arms and overlapping halves of a selectable marker, such as an
antibiotic marker or an auxotrophic marker (direct repeats shown by the hashed bars) were
linearized by PCR or by digestion with meganucleases and transformed as linear
fragments. A triple-crossover event integrated the desired heterologous genes into the
targeted locus and re-constituted the full selectable marker gene. Colonies derived from
this integration event were assayed using two 3-primer reactions to confirm both the 5’

and 3’ junctions (UF/IF/wt-R and DR/IF/wt-F).

DETAILED DESCRIPTION

[0068] The present disclosure describes the engineering of microbial cells for
fermentative production of 4-aminophenylethylamine (4-APEA) and provides novel

engineered microbial cells and cultures, as well as related 4-APEA production methods.

Definitions
[0069] Terms used in the claims and specification are defined as set forth below

unless otherwise specified.

-10-
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[0070] The term “fermentation” is used herein to refer to a process whereby a
microbial cell converts one or more substrate(s) into a desired product (such as 4-APEA)
by means of one or more biological conversion steps, without the need for any chemical

conversion step.

[0071] The term “engineered” is used herein, with reference to a cell, to indicate
that the cell contains at least one targeted genetic alteration introduced by man that

distinguishes the engineered cell from the naturally occurring cell.

[0072] The term “native” is used herein to refer to a cellular component, such as a
polynucleotide or polypeptide, that is naturally present in a particular cell. A native

polynucleotide or polypeptide is endogenous to the cell.

[0073] When used with reference to a polynucleotide or polypeptide, the term
“non-native” refers to a polynucleotide or polypeptide that is not naturally present in a

particular cell.

[0074] When used with reference to the context in which a gene is expressed, the
term “non-native” refers to a gene expressed in any context other than the genomic and
cellular context in which it is naturally expressed. A gene expressed in a non-native
manner may have the same nucleotide sequence as the corresponding gene in a host cell,
but may be expressed from a vector or from an integration point in the genome that differs

from the locus of the native gene.

[0075] The term “heterologous” is used herein to describe a polynucleotide or
polypeptide introduced into a host cell. This term encompasses a polynucleotide or
polypeptide, respectively, derived from a different organism, species, or strain than that of
the host cell. In this case, the heterologous polynucleotide or polypeptide has a sequence
that is different from any sequence(s) found in the same host cell. However, the term also
encompasses a polynucleotide or polypeptide that has a sequence that is the same as a
sequence found in the host cell, wherein the polynucleotide or polypeptide is present in a
different context than the native sequence (e.g., a heterologous polynucleotide can be
linked to a different promotor and/or inserted into a different genomic location than that of
the native sequence). “Heterologous expression” thus encompasses expression of a
sequence that is non-native to the host cell, as well as expression of a sequence that is

native to the host cell in a non-native context.

-11-



10

15

20

25

30

WO 2022/040457 PCT/US2021/046756

[0076] “Heterologous expression” encompasses expressing a polynucleotide from

a constitutive promoter or from a regulated promoter.

[0077] A “regulated promoter” is a promoter that is more or less active in response
to one or more parameters. For example, a thiamine-repressed promoter is one whose
activity increases in response to a reduction in thiamine concentration. Illustrative
thiamine-repressed promoters are typically repressed at thiamine concentrations of 50
mg/L and above, with the degree of promoter repression decreasing as the thiamine

concentration approaches zero.

[0078] As used with reference to polynucleotides or polypeptides, the term “wild-
type” refers to any polynucleotide having a nucleotide sequence, or polypeptide having an
amino acid, sequence present in a polynucleotide or polypeptide from a naturally
occurring organism, regardless of the source of the molecule; i.e., the term “wild-type”
refers to sequence characteristics, regardless of whether the molecule is purified from a
natural source; expressed recombinantly, followed by purification; or synthesized. The

term “wild-type” is also used to denote naturally occurring cells.

[0079] A “control cell” is a cell that is otherwise identical to an engineered cell
being tested, including being of the same genus and species as the engineered cell, but
lacks the specific genetic modification(s) being tested in the engineered cell. The control
cell can include one or more specific modifications that are also present in the engineered

cell being tested (i.e., genetic modifications that are not “being tested”).

[0080] Enzymes are identified herein by the reactions they catalyze and, unless
otherwise indicated, refer to any polypeptide capable of catalyzing the identified reaction.
Unless otherwise indicated, enzymes may be derived from any organism and may have a
native or mutated amino acid sequence. As is well known, enzymes may have multiple
functions and/or multiple names, sometimes depending on the source organism from
which they derive. The enzyme names used herein encompass orthologs, including

enzymes that may have one or more additional functions or a different name.

[0081] The term “feedback-deregulated” is used herein with reference to an
enzyme that is normally negatively regulated by a downstream product of the enzymatic
pathway (i.e., feedback-inhibition) in a particular cell. In this context, a “feedback-
deregulated” enzyme is a form of the enzyme that is less sensitive to feedback-inhibition

than the enzyme native to the cell or a form of the enzyme that is native to the cell but is
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naturally less sensitive to feedback inhibition than one or more other natural forms of the
enzyme. A feedback-deregulated enzyme may be produced by introducing one or more
mutations into a native enzyme. Alternatively, a feedback-deregulated enzyme may
simply be a heterologous, native enzyme that, when introduced into a particular microbial
cell, is not as sensitive to feedback-inhibition as the native, native enzyme. In some
embodiments, the feedback-deregulated enzyme shows no feedback-inhibition in the

microbial cell.

[0082] The term “sequence identity,” in the context of two or more amino acid or
nucleotide sequences, refers to two or more sequences that are the same or have a
specified percentage of amino acid residues or nucleotides that are the same, when
compared and aligned for maximum correspondence, as measured using a sequence

comparison algorithm or by visual inspection.

[0083] For sequence comparison to determine percent nucleotide or amino acid
sequence identity, typically one sequence acts as a “reference sequence,” to which a “test”
sequence is compared. When using a sequence comparison algorithm, test and reference
sequences are input into a computer, subsequence coordinates are designated, if necessary,
and sequence algorithm program parameters are designated. The sequence comparison
algorithm then calculates the percent sequence identity for the test sequence relative to the
reference sequence, based on the designated program parameters. Alignment of sequences

for comparison can be conducted using BLAST set to default parameters.

[0084] The term “titer,” as used herein, refers to the mass of a product (e.g., 4-
APEA) present in the cell culture medium in a culture of microbial cells divided by the

culture volume.

[0085] The term “Ki,” as used herein, refers to the concentration of a chemical
(e.g., 4-APEA) at which the maximal growth rate of cells in culture is slowed by half.
Cultures of the cells are grown in media supplemented with varying concentrations of a
chemical, and the cell growth is monitored over time. Exponential growth curve data at
each chemical concentration are used to determine a specific growth rate p using the

following equation:
X = Xpe"
where:

X = cell concentration
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Xo = cell concentration at time (t) =0
u = specific growth rate.

The maximal growth rate for each chemical concentration is determined (i, ) and the Ki
is the chemical concentration at which the maximal growth rate has been slowed to half of
the maximal growth rate in the absence of the chemical (,,4,). Ki (denoted Ki below)

can be determined from the equation:
.umax

()

Hobs =

where:

C1= concentration of inhibitor

Ki=inhibition constant — inhibitor concentration where growth rate is half of maximum
o = inhibition parameter to fit data

Umax = the maximum growth rate of a culture in the absence of a chemical

Uops = the maximum growth rate of a culture at a given concentration of a chemical

[0086] The term “alpha” (“a”), as used herein, refers to the slope at which toxicity
effects are observed. Cultures of the cells are grown in media supplemented with
increasing concentrations of a chemical, and the cell growth is monitored over time.

Alpha can be determined from the equation:

.umax

14 (%)“

Hobs =

where:

Ci= concentration of inhibitor

Ki=inhibition constant — inhibitor concentration where growth rate is half of maximum
o = inhibition parameter to fit data

Umax = the maximum growth rate of a culture in the absence of a chemical

Uops = the maximum growth rate of a culture at a given concentration of a chemical

[0087] As used herein, the term “4-APEA pathway gene” refers to any gene

encoding an enzyme that participates in the conversion of chorismate to 4-APEA, e.g., any
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one of the following enzymes: 4-amino-4-deoxychorismate synthase, 4-amino-4-
deoxychorismate mutase, 4-amino-4-deoxyprephenate dehydrogenase, aminotransferase

(AT), and decarboxylase (DC).

[0088] As used herein, the term “upstream chorismate pathway enzyme” refers to

any enzyme that participates in the conversion of glucose to chorismate.

[0089] As used herein with respect to recovering 4-APEA from a cell culture,
“recovering” refers to separating the 4-APEA from at least one other component of the

cell culture medium.

Engineering Microbes for Production of 4-Aminophenylethvlamine and Precursors

or Derivatives Thereof

[0090] One obstacle to efficient production of 4-aminophenylethylamine (4-
APEA) by fermentation is that 4-APEA is toxic to many host microbes used
conventionally for fermentation. Figure 1 depicts the concentration of 4-APEA at which
an organism’s growth is slowed by half (Ki) and the slope (alpha) at which toxicity effects
are observed over increasing 4-APEA concentrations. A larger Ki and smaller alpha
indicate higher tolerance and less susceptibility to inhibition, respectively. Fig. 1 shows
that some species, such as Saccharomyces cerevisiae and Escherichia coli, suffer from
significant toxicity in the presence of higher levels of 4APEA. Other fungi, including the
yeasts Komagataella pastoris (also known as Pichia pastoris), Komagataella phaffi, and
Yarrowia lipolytica, and other bacteria, such as Bacillus licheniformis provide better
results. In particular, the substantial toxicity of 4-APEA on traditional metabolic
engineering hosts such as E. coli and S. cerevisiae, shown in Fig. 1, in comparison to the
more moderate effect on K. pastoris highlights the utility of K. pastoris as a production
host for high-titer fermentation of 4-APEA. K. phaffi is expected to perform similarly to

K. pastoris as a production host.

4-Aminophenylethylamine Biosynthesis Pathway
[0091] The metabolic pathway to 4-APEA is derived from the shikimate pathway
metabolite, chorismate. Figure 2 depicts an assembled pathway for biosynthesis of 4-
APEA from chorismate. This pathway is sequentially made up of the following enzyme
activities: 4-amino-4-deoxychorismate synthase (e.g., encoded by a papA gene in some
organisms and referred to herein as “papA,” for short), 4-amino-4-deoxychorismate

mutase (e.g., encoded by a papB gene in some organisms and referred to herein as “papB,”

-15-



10

15

20

25

30

WO 2022/040457 PCT/US2021/046756

for short), 4-amino-4-deoxyprephenate dehydrogenase (e.g., encoded by a papC gene in
some organisms and referred to herein as “papC,” for short), aminotransferase (referred to
herein as “AT”), and decarboxylase (referred to herein as “DC”). In some cases, multiple
enzyme activities may be performed by one enzyme. For example, in Komagataella
pastoris, as well as other organisms, a native bifunctional enzyme that acts as a 4-amino-

4-deoxychorismate synthase also has glutaminase activity.

[0092] Chorismate is derived from the aromatic branch of amino acid biosynthesis,
based on the precursors phosphoenolpyruvate (PEP) and erythrose-4-phosphate (E4P) (see
Fig. 3). The first step of this aromatic biosynthesis pathway (carried out by 3-deoxy-D-
arabinoheptulosonate 7-phosphate [DAHP] synthase) is subject to feedback inhibition by

the aromatic amino acids tyrosine, tryptophan, and phenylalanine.

[0093] The production of 4-APEA by fermentation of a simple carbon source can
be achieved by linking flux through the shikimate biosynthesis pathway to an introduced
4-APEA pathway including the five enzymes identified above, and optionally improving

flux through this pathway, in a suitable microbial host.

Engineering for Microbial 4-Aminophenylethylamine Production
[0094] Any 4-APEA pathway enzyme that is active in the microbial cell being
engineered may be introduced into the cell, typically by introducing and expressing the
gene(s) encoding the enzyme(s) using standard genetic engineering techniques. Suitable
4-APEA pathway enzymes may be derived from any source, including plant, archaeal,
fungal, gram-positive bacterial, and gram-negative bacterial sources (see, €.g., those
described herein). In various embodiments, at least one, two, three, four, or all gene(s)

introduced into the microbial cell is non-native to the cell.

[0095] One or more copies of any of these genes can be introduced into a selected
microbial host cell. If more than one copy of a gene is introduced, the copies can have the
same or different nucleotide sequences. In some embodiments, one or both (or all) of the
heterologous gene(s) is/ are expressed from a strong, constitutive promoter. In some
embodiments, the heterologous gene(s) is/are expressed from a regulable promoter (e.g.,
an inducible or repressible promoter). The heterologous gene(s) can optionally be codon-
optimized to enhance expression in the selected microbial host cell. The codon-
optimization table used in the Example is the K. pastoris Kazusa codon table at

www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=4922.
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[0096] In various embodiments, the 4-APEA titers achieved by expressing all five
4-APEA pathway enzymes are at least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 75, 100, 150,
200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, or 900 mg/L or at
least 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 10, 15, 20, 25, 30, or 35 gm/L. In various
embodiments, the titer is in the range of 5 mg/L to 800 mg/L, 10 mg/L to 700 mg/L,

15 mg/L to 600 mg/L, 20 mg/L to 500 mg/L, 25 mg/L to 400 mg/L, 30 mg/L to 300 mg/L,
30 mg/L to 200 mg/L, 30 mg/L to 100 mg/L, 30 mg/L to 50 mg/L, or any range bounded

by any of the values listed above.

Engineering for Microbial Production of 4-Aminophenvlethylamine

Precursors or Derivatives Thereof

[0097] In some embodiments, suitable microbial hosts, such as, e.g., Komagataella
species like K. pastoris or K. phaffi, can be engineered to produce 4-
aminophenylethylamine (4-APEA) precursors, such as 4-aminophenylpyruvate (4-APP)
and/or 4-aminophenylalanine (4-APhe). To produce these precursors, a truncated version
of the 4-APEA pathway described above can be introduced. To produce 4-APP, a
microbial host cell can be engineered to heterologously express each of the following
enzyme activities: 4-amino-4-deoxychorismate synthase, 4-amino-4-deoxychorismate
mutase, and 4-amino-4-deoxyprephenate dehydrogenase, typically by introducing and
expressing the gene(s) encoding the enzyme(s) using standard genetic engineering
techniques. 4-APhe can be produced in such an engineered microbial cell by additionally
engineering the cell to heterologously express an aminotransferase (AT) activity. The
general considerations discussed above for introducing the full 4-APEA pathway also
apply to introducing a truncated pathway. Likewise, the titers of 4-APP and/or 4-APhe
achievable using the methods described herein are the same as those given above for 4-

APEA.

[0098] In some embodiments, one or more enzymes other than those of the 4-
APEA pathway can also be introduced to produce one or more derivatives of 4-APEA or a
4-APEA precursor. For example, an engineered microbial cell that is capable of
producing 4-APP can be engineered to produce 4-aminophenylethanol by additionally
engineering the cell to heterologously express the enzyme activities necessary to convert
4-APP to 4-aminophenylethanol. Conversion of aminophenylpyruvate to 4-
aminophenylethanol is sequentially catalyzed by a phenylpyruvate decarboxylase (or a

pyruvate decarboxylase), followed by an alcohol dehydrogenase/acetaldehyde reductase
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(these enzymes are facilitate the interconversion between alcohols and aldehydes or
ketones with the reduction of nicotinamide adenine dinucleotide (NAD+) to NADH and

9 e

are thus termed “alcohol dehydrogenases,” “acetaldehyde reductases,” or “alcohol
dehydrogenase/acetaldehyde reductases”). The general considerations discussed herein
for introducing the full 4-APEA pathway also apply to introducing a truncated pathway
with one or more additional enzyme activities. Likewise, the titers of a resultant
derivative (such as 4-aminophenylethanol) that are achievable using the methods

described herein are the same as those given above for 4-APEA.

[0099] Further genetic modifications can be used to increase the yield of the
desired product (e.g., 4-APEA, 4-APP, 4-APhe, and or aminophenylethanol). These are
described below. For ease of discussion, the modifications are described in terms of
increasing 4-APEA production, but those of skill in the art understand that these further
genetic modifications apply equally to increasing the yields of 4-APEA precursors or

derivatives thereof.

Increasing the Activity of Upstream Enzymes

[0100] One approach to increasing 4-APEA production in a microbial cell that is
capable of such production is to increase the activity of one or more upstream enzymes in
the biosynthesis pathway. Upstream pathway enzymes include all enzymes involved in
the conversions from a feedstock all the way to a metabolite that can be directly converted
to 4-APEA (i.e., chorismate). These enzymes are referred to herein as “upstream
chorismate pathway enzymes.” Illustrative enzymes, for this purpose, include, but are not
limited to, those shown in Fig. 1 in the pathway leading to this metabolite. In some
embodiments, one or more upstream pathway enzymes whose activity is increased are
selected from 3-deoxy-D-arabinoheptulosonate 7-phosphate (DAHP) synthase and
subsequent enzymes in the pathway leading to chorismate. Examples include glucokinase,
transketolase, transaldolase, phospho-2-dehydro-3-deoxyheptonate aldolase, 3-deoxy-D-
arabino-heptulosonate-7-phosphate (DAHP) synthase, 3-dehydroquinate synthase, 3-
dehydroquinate dehydratase, shikimate dehydrogenase, shikimate kinase, 3-
phosphoshikimate 1-carboxyvinyltransferase, and chorismate synthase. In some
embodiments, the activity of a pentafunctional enzyme that acts as a 3-dehydroquinate
synthase, 3-dehydroquinate dehydratase, shikimate dehydrogenase, shikimate kinase, 3-
phosphoshikimate 1-carboxyvinyltransferase can be increased. Suitable upstream pathway

genes encoding these enzymes may be derived from any available source, including, for
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example, those disclosed herein. For example, the activity of the native Komagataella
pastoris pentafunctional enzyme can be increased, or a non-native pentafunctional enzyme

can be introduced into an engineered microbial cell.

[0101] In some embodiments, the activity of one or more upstream pathway
enzymes is increased by modulating the expression or activity of the native enzyme(s).
For example, native regulators of the expression or activity of such enzymes can be

exploited to increase the activity of suitable enzymes.

[0102] Alternatively, or in addition, one or more promoters can be substituted for
native promoters. In certain embodiments, the replacement promoter is stronger than the
native promoter and/or is a constitutive promoter. The replacement promoter can, if
desired, be one that is regulable (e.g., inducible or repressible). In some embodiments a
thiamine-repressed promoter can be employed, which can reduce the metabolic load on the

cell.

[0103] In some embodiments, the activity of one or more upstream pathway
enzymes is supplemented by introducing one or more of the corresponding genes into the
engineered microbial host cell. An introduced upstream pathway gene may be from an
organism other than that of the host cell or may simply be an additional copy of a native
gene. In some embodiments, one or more such genes are introduced into a microbial host
cell capable of 4-APEA production and expressed from a strong constitutive promoter
and/or can optionally be codon-optimized to enhance expression in the selected microbial

host cell.

[0104] In various embodiments, the engineering of a 4-APEA-producing microbial
cell to increase the activity of one or more upstream pathway enzymes increases the 4-
APEA titer by at least 10, 20, 30, 40, 50, 60, 70, 80, or 90 percent or by at least 2-fold,
2.5-fold, 3-fold, 3.5-fold, 4-fold, 4.5-fold, 5-fold, 5.5-fold, 6-fold, 6.5-fold, 7-fold, 7.5-
fold, 8-fold, 8.5-fold, 9-fold, 9.5-fold, 10-fold, 11-fold, 12-fold, 13-fold, 14-fold, 15-fold,
16-fold, 17-fold, 18-fold, 19-fold, 20-fold, 21-fold, 22-fold, 23-fold, 24-fold, 25-fold, 30-
fold, 35-fold, 40-fold, 45-fold, 50-fold, 55-fold, 60-fold, 65-fold, 70-fold, 75-fold, 80-fold,
85-fold, 90-fold, 95-fold, 100-fold, 150-fold, 200-fold, 250-fold, 300-fold, 350-fold, 400-
fold, 450-fold, 500-fold, 550-fold, 600-fold, 650-fold, 700-fold, 750-fold, 800-fold, 850-
fold, 900-fold, 950-fold, or 1000-fold. In various embodiments, the increase in 4-APEA
titer is in the range of 10-fold to 1000-fold, 20-fold to 500-fold, 50-fold to 400-fold, 10-

-19-



10

15

20

25

30

WO 2022/040457 PCT/US2021/046756

fold to 300-fold, or any range bounded by any of the values listed above. (Ranges herein
include their endpoints.) These increases are determined relative to the 4-APEA titer
observed in a 4-APEA-producing microbial cell that lacks any increase in activity of
upstream pathway enzymes. This reference cell may have one or more other genetic

alterations aimed at increasing 4-APEA production.

[0105] In various embodiments, the 4-APEA titers achieved by increasing the
activity of one or more upstream pathway enzymes are at least 10, 20, 30, 40, 50, 75, 100,
150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, or 900 mg/L or
atleast 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 10, 15, 20, 25, 30, 35 or 40 gm/L. In various
embodiments, the titer is in the range of 10 mg/L to 900 mg/L, 15 mg/L to 800 mg/L,

20 mg/L to 700 mg/L, 25 mg/L to 600 mg/L, 30 mg/L to 500 mg/L, 30 mg/L to 400 mg/L,
30 mg/L to 300 mg/L, 30 mg/L to 200 mg/L, 30 mg/L to 100 mg/L, or any range bounded

by any of the values listed above.

Increasing the Activity of Nitrogen Assimilation and Utilization Enzymes

[0106] One approach to increasing 4-APEA production in a microbial cell that is
capable of such production is to increase the activity of one or more nitrogen assimilation
and utilization pathway enzymes. Such enzymes include any enzyme that participates in
nitrogen assimilation and utilization in a manner that increases production of 4-APEA.
[lustrative enzymes, for this purpose, include, but are not limited to, isocitrate
dehydrogenase, glutamine synthetase, glutamate synthase, glutamate dehydrogenase, and
ammonium permease. The approaches to increasing activity of upstream pathway
enzymes, discussed above, apply equally to nitrogen assimilation and utilization pathway

enzymes.

[0107] In various embodiments, the engineering of a 4-APEA-producing microbial
cell to increase the activity of one or more nitrogen assimilation and utilization pathway
enzymes increases the 4-APEA titer by at least 10, 20, 30, 40, 50, 60, 70, 80, or 90 percent
or by at least 2-fold, 2.5-fold, 3-fold, 3.5-fold, 4-fold, 4.5-fold, 5-fold, 5.5-fold, 6-fold,
6.5-fold, 7-fold, 7.5-fold, 8-fold, 8.5-fold, 9-fold, 9.5-fold, 10-fold, 11-fold, 12-fold, 13-
fold, 14-fold, 15-fold, 16-fold, 17-fold, 18-fold, 19-fold, 20-fold, 21-fold, 22-fold, 23-fold,
24-fold, 25-fold, 30-fold, 35-fold, 40-fold, 45-fold, 50-fold, 55-fold, 60-fold, 65-fold, 70-
fold, 75-fold, 80-fold, 85-fold, 90-fold, 95-fold, 100-fold, 150-fold, 200-fold, 250-fold,
300-fold, 350-fold, 400-fold, 450-fold, 500-fold, 550-fold, 600-fold, 650-fold, 700-fold,
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750-fold, 800-fold, 850-fold, 900-fold, 950-fold, or 1000-fold. In various embodiments,
the increase in 4-APEA titer is in the range of 10-fold to 1000-fold, 20-fold to 500-fold,
50-fold to 400-fold, 10-fold to 300-fold, or any range bounded by any of the values listed
above. (Ranges herein include their endpoints.) These increases are determined relative
to the 4-APEA titer observed in a 4-APEA-producing microbial cell that lacks any
increase in activity of upstream pathway enzymes. This reference cell may have one or

more other genetic alterations aimed at increasing 4-APEA production.

[0108] In various embodiments, the 4-APEA titers achieved by increasing the
activity of one or more nitrogen assimilation and utilization pathway enzymes are at least
10, 20, 30, 40, 50, 75, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700,
750, 800, 850, or 900 mg/L or atleast 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 10, 15, 20, 25, 30, 35
or 40 gm/L. In various embodiments, the titer is in the range of 10 mg/L to 900 mg/L,

15 mg/L to 800 mg/L, 20 mg/L to 700 mg/L, 25 mg/L to 600 mg/L, 30 mg/L to 500 mg/L,
30 mg/L to 400 mg/L, 30 mg/L to 300 mg/L, 30 mg/L to 200 mg/L, 30 mg/L to 100 mg/L,

or any range bounded by any of the values listed above.

Introduction of Feedback-Deregulated Enzymes

[0109] Since aromatic amino acid biosynthesis is subject to feedback inhibition,
another approach to increasing 4-APEA production in a microbial cell engineered for this
purpose is to introduce feedback-deregulated forms of one or more enzymes that are
normally subject to feedback inhibition in the pathway leading to chorismate. DAHP
synthase is an example of such an enzyme. A feedback-deregulated form can be a
heterologous, wild-type enzyme that is less sensitive to feedback inhibition than the
endogenous enzyme in the particular microbial host cell. Alternatively, a feedback-
deregulated form can be a variant of an endogenous or heterologous enzyme that has one
or more mutations rendering it less sensitive to feedback inhibition than the corresponding
wild-type enzyme. Examples of the latter include variant DAHP synthases (two from S.
cerevisiae, two from E. coli, and two from K. pastoris) that have known point mutations
rendering them resistant to feedback inhibition, e.g., S. cerevisiae ARO4Q166K, S.
cerevisiae ARO4K229L, E. coli AroGD146N, E. coli AroGP150L, K. pastoris
ARO4K237L, and K. pastoris ARO4Q174K. The last 5 characters of these designations
indicate amino acid substitutions, using the standard one-letter code for amino acids, with

the first letter referring to the wild-type residue and the last letter referring to the
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replacement reside; the numbers indicate the position of the amino acid substitution in the

translated protein.

[0110] In various embodiments, the engineering of a 4-APEA-producing microbial
cell to express a feedback-deregulated enzymes increases the 4-APEA titer by at least 10,
20, 30, 40, 50, 60, 70, 80, or 90 percent or by at least 2-fold, 2.5-fold, 3-fold, 3.5-fold, 4-
fold, 4.5-fold, 5-fold, 5.5-fold, 6-fold, 6.5-fold, 7-fold, 7.5-fold, 8-fold, 8.5-fold, 9-fold,
9.5-fold, 10-fold, 11-fold, 12-fold, 13-fold, 14-fold, 15-fold, 16-fold, 17-fold, 18-fold, 19-
fold, 20-fold, 21-fold, 22-fold, 23-fold, 24-fold, 25-fold, 30-fold, 35-fold, 40-fold, 45-fold,
50-fold, 55-fold, 60-fold, 65-fold, 70-fold, 75-fold, 80-fold, 85-fold, 90-fold, 95-fold, or
100-fold. In various embodiments, the increase in 4-APEA titer is in the range of 10
percent to 100-fold, 2-fold to 50-fold, 5-fold to 40-fold, 10-fold to 30-fold, or any range
bounded by any of the values listed above. These increases are determined relative to the
4-APEA titer observed in a 4-APEA-producing microbial cell that does not express a
feedback-deregulated enzyme. This reference cell may (but need not) have other genetic
alterations aimed at increasing 4-APEA production, i.e., the cell may have increased
activity of an upstream pathway enzyme resulting from some means other than feedback-

insensitivity.

[0111] In various embodiments, the 4-APEA titers achieved by using a feedback-
deregulated enzyme to increase flux though the 4-APEA biosynthetic pathway are at least
10, 20, 30, 40, 50, 75, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700,
750, 800, 850, or 900 mg/L or atleast 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 10, 15, 20, 25, 30, 35,
or 40 gm/L. In various embodiments, the titer is in the range of 10 mg/L to 900 mg/L,

15 mg/L to 800 mg/L, 20 mg/L to 700 mg/L, 25 mg/L to 600 mg/L, 30 mg/L to 500 mg/L,
30 mg/L to 400 mg/L, 30 mg/L to 300 mg/L, 30 mg/L to 200 mg/L, 30 mg/L to 100 mg/L,

or any range bounded by any of the values listed above.

[0112] The approaches of supplementing the activity of one or more endogenous
enzymes and/or introducing one or more feedback-deregulated enzymes can be combined
in chorismate dehydratase-expressing microbial cells to achieve even higher 4-APEA

production levels.

22



10

15

20

25

30

WO 2022/040457 PCT/US2021/046756

Reduction of Consumption of Chorismate, Its Precursors, and or

Intermediates in the 4-APEA Pathway

[0113] Another approach to increasing 4-APEA production in a microbial cell that
is capable of such production is to decrease the activity of one or more enzymes that
consume one or more chorismate pathway precursors, that consume 4-chorismate itself,
and/or one or more intermediates in the pathway leading from chorismate to 4-APEA. In
an illustrative embodiment, the activity or expression of dihydroxyacetone phosphatase,
which consumes the chorismate precursor dihydroxyacetone phosphate and converts it to
dihydroxyacetone is reduced. Other illustrative enzymes that consume chorismate
precursors include 3-dehydroshikimate dehydratase, shikimate dehydrogenase, and
phosphoenolpyruvate phosphotransferase. Examples of enzymes that consume chorismate
itself include anthranilate synthase and chorismate mutase. Illustrative enzymes that
consume intermediates in the 4-APEA pathway include those that convert native aromatic
amino acids to the corresponding monoamines, such as decarboxylases or aromatic amino
acid decarboxylases. In embodiments not aimed at producing 4-aminophenylethanol, it
can be advantageous to reduce the activity of the enzymes the covert 4-APP to this
compound, namely phenylpyruvate decarboxylase (or pyruvate decarboxylase) and/or

alcohol dehydrogenase/acetaldehyde reductase.

[0114] In some embodiments, the activity of one or more such enzymes is reduced
by modulating the expression or activity of the native enzyme(s). The activity of such
enzymes can be decreased, for example, by substituting the native promoter of the
corresponding gene(s) with a less active or inactive promoter or by deleting the

corresponding gene(s).

[0115] Another approach to increasing 4-APEA production in a microbial cell that
is capable of such production is to increase the level of the chorismate precursor
phosphoenolpyruvate (PEP) levels by uncoupling the uptake of glucose from the
conversion of PEP to pyruvate which occurs by phosphoenolpyruvate phosphotransferase.
Phosphoenolpyruvate phosphotransferase is also called the PTS system, and consists of
three genes, ptsG, ptsH, and ptsl. Deletion or decreased expression of any one of the
phosphoenolpyruvate phosphotransferase genes if present eliminates or decreases the
activity of the PTS system and improves PEP availability for DAHP synthase. This

approach can be used with any microbial host (typically bacterial) that has a PTS system.
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[0116] In various embodiments, the engineering of a 4-APEA-producing microbial
cell to reduce precursor, or chorismate, consumption by one or more side pathways
increases the 4-APEA titer by at least 10, 20, 30, 40, 50, 60, 70, 80, or 90 percent or by at
least 2-fold, 2.5-fold, 3-fold, 3.5-fold, 4-fold, 4.5-fold, 5-fold, 5.5-fold, 6-fold, 6.5-fold, 7-
fold, 7.5-fold, 8-fold, 8.5-fold, 9-fold, 9.5-fold, 10-fold, 11-fold, 12-fold, 13-fold, 14-fold,
15-fold, 16-fold, 17-fold, 18-fold, 19-fold, 20-fold, 21-fold, 22-fold, 23-fold, 24-fold, 25-
fold, 30-fold, 35-fold, 40-fold, 45-fold, 50-fold, 55-fold, 60-fold, 65-fold, 70-fold, 75-fold,
80-fold, 85-fold, 90-fold, 95-fold, 100-fold, 150-fold, 200-fold, 250-fold, 300-fold, 350-
fold, 400-fold, 450-fold, 500-fold, 550-fold, 600-fold, 650-fold, 700-fold, 750-fold, 800-
fold, 850-fold, 900-fold, 950-fold, or 1000-fold. In various embodiments, the increase in
4-APEA titer is in the range of 10-fold to 1000-fold, 20-fold to 500-fold, 50-fold to 400-
fold, 10-fold to 300-fold, or any range bounded by any of the values listed above. These
increases are determined relative to the 4-APEA titer observed in a 4-APEA-producing
microbial cell that does not include genetic alterations to reduce precursor consumption.
This reference cell may (but need not) have other genetic alterations aimed at increasing 4-
APEA production, i.e., the cell may have increased activity of an upstream pathway

enzyme.

[0117] In various embodiments, the 4-APEA titers achieved by reducing precursor,
or chorismate, consumption are at least 10, 20, 30, 40, 50, 75, 100, 150, 200, 250, 300,
350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, or 900 mg/L or at least 1, 1.5, 2,
2.5,3,3.5,4,4.5, 5,10, 15, 20, 25, 30, 35, and 40 gm/L.. In various embodiments, the titer
is in the range of 10 mg/L to 900 mg/L, 15 mg/L to 800 mg/L, 20 mg/L to 700 mg/L,

25 mg/L to 600 mg/L, 30 mg/L to 500 mg/L, 30 mg/L to 400 mg/L, 30 mg/L to 300 mg/L,
30 mg/L to 200 mg/L, 30 mg/L to 100 mg/L, or any range bounded by any of the values

listed above.

Increasing the NADPH Supply

[0118] Another approach to increasing 4-APEA production in a microbial cell that
is capable of such production is to increase the supply of the reduced form of nicotinamide
adenine dinucleotide phosphate (NADPH), which provides the reducing equivalents for
biosynthetic reactions. For example, the activity of one or more enzymes that increase the
NADPH supply can be increased by means similar to those described above for upstream
pathway enzymes, e.g., by modulating the expression or activity of the native enzyme(s),

replacing the native promoter(s) with a stronger and/or constitutive promoter, and/or
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introducing one or more gene(s) encoding enzymes that increase the NADPH supply.
[lustrative enzymes, for this purpose, include, but are not limited to, pentose phosphate
pathway enzymes, NADP+-dependent glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and NADP+-dependent glutamate dehydrogenase. Such enzymes may be
derived from any available source, including any of those described herein with respect to
other enzymes. Examples include the NADPH-dependent glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) encoded by gapC from Clostridium acetobutylicum, the
NADPH-dependent GAPDH encoded by gapB from Bacillus subtilis, and the non-
phosphorylating GAPDH encoded by gapN from Streptococcus mutans.

[0119] In various embodiments, the engineering of a 4-APEA-producing microbial
cell to increase the activity of one or more of such enzymes increases the 4-APEA titer by
at least 10, 20, 30, 40, 50, 60, 70, 80, or 90 percent or by at least 2-fold, 2.5-fold, 3-fold,
3.5-fold, 4-fold, 4.5-fold, 5-fold, 5.5-fold, 6-fold, 6.5-fold, 7-fold, 7.5-fold, 8-fold, 8.5-
fold, 9-fold, 9.5-fold, 10-fold, 11-fold, 12-fold, 13-fold, 14-fold, 15-fold, 16-fold, 17-fold,
18-fold, 19-fold, 20-fold, 21-fold, 22-fold, 23-fold, 24-fold, 25-fold, 30-fold, 35-fold, 40-
fold, 45-fold, 50-fold, 55-fold, 60-fold, 65-fold, 70-fold, 75-fold, 80-fold, 85-fold, 90-fold,
95-fold, 100-fold, 150-fold, 200-fold, 250-fold, 300-fold, 350-fold, 400-fold, 450-fold,
500-fold, 550-fold, 600-fold, 650-fold, 700-fold, 750-fold, 800-fold, 850-fold, 900-fold,
950-fold, or 1000-fold. In various embodiments, the increase in 4-APEA titer is in the
range of 10-fold to 1000-fold, 20-fold to 500-fold, 50-fold to 400-fold, 10-fold to 300-
fold, or any range bounded by any of the values listed above. (Ranges herein include their
endpoints.) These increases are determined relative to the 4-APEA titer observed in a 4-
APEA-producing microbial cell that lacks any increase in activity of such enzymes. This
reference cell may have one or more other genetic alterations aimed at increasing 4-APEA

production.

[0120] In various embodiments, the 4-APEA titers achieved by reducing precursor,
or 4-APEA, consumption are at least 10, 20, 30, 40, 50, 75, 100, 150, 200, 250, 300, 350,
400, 450, 500, 550, 600, 650, 700, 750, 800, 850, or 900 mg/L or at least 1, 1.5, 2, 2.5, 3,
3.5,4,45,5,10, 15, 20, 25, 30, 35, or 40 gm/L. In various embodiments, the titer is in the
range of 10 mg/L to 900 mg/L, 15 mg/L to 800 mg/L, 20 mg/L to 700 mg/L, 25 mg/L to
600 mg/L, 30 mg/L to 500 mg/L, 30 mg/L to 400 mg/L, 30 mg/L to 300 mg/L, 30 mg/L to
200 mg/L, 30 mg/L to 100 mg/L, or any range bounded by any of the values listed above.

5.
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[0121] Any of the approaches for increasing 4-APEA production described above

can be combined, in any combination, to achieve even higher 4-APEA production levels.

Illustrative Amino Acid and Nucleotide Sequences

[0122] The following table identifies amino acid and nucleotide sequences used in

5 Example 1. The corresponding sequences are shown in the Sequence Listing.
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Microbial Host Cells

[0124] Any microbe that can be used to express introduced genes and has a high
tolerance to toxicity associated with the production of 4-APEA can be engineered for
fermentative production of 4-APEA as described above. In certain embodiments, the
microbe is one that is naturally incapable of fermentative production of 4-APEA. In some
embodiments, the microbe is one that is readily cultured, such as, for example, a microbe
known to be useful as a host cell in fermentative production of compounds of interest. In
some embodiments, fungal cells, such as yeast cells, or bacterial cells can be engineered as
described above. Examples of suitable yeast cells include yeast cells of the genus
Komagataella (e.g., K. pastoris, as referred to as Pinchia pastoris) and of the genus
Yarrowia (e.g., Y. lipolytica). Examples of suitable bacterial cells include bacterial cells

of the genus Bacillus (e.g., B. lichenformis).

Genetic Engineering Methods
[0125] Microbial cells can be engineered for fermentative 4-APEA production
using conventional techniques of molecular biology (including recombinant techniques),
microbiology, cell biology, and biochemistry, which are within the skill of the art. Such
techniques are explained fully in the literature, see e.g., “Molecular Cloning: A Laboratory
Manual,” fourth edition (Sambrook et al., 2012); “Oligonucleotide Synthesis” (M. J. Gait,
ed., 1984); “Culture of Animal Cells: A Manual of Basic Technique and Specialized
Applications” (R. I. Freshney, ed., 6th Edition, 2010); “Methods in Enzymology”
(Academic Press, Inc.); “Current Protocols in Molecular Biology” (F. M. Ausubel et al.,
eds., 1987, and periodic updates); “PCR: The Polymerase Chain Reaction,” (Mullis et al.,
eds., 1994); Singleton et al., Dictionary of Microbiology and Molecular Biology 2nd ed.,
J. Wiley & Sons (New York, N.Y. 1994).

[0126] Vectors are polynucleotide vehicles used to introduce genetic material into
acell. Vectors useful in the methods described herein can be linear or circular. Vectors
can integrate into a target genome of a host cell or replicate independently in a host cell.
For many applications, integrating vectors that produced stable transformants are
preferred. Vectors can include, for example, an origin of replication, a multiple cloning

site (MCS), and/or a selectable marker. An expression vector typically includes an
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expression cassette containing regulatory elements that facilitate expression of a
polynucleotide sequence (often a coding sequence) in a particular host cell. Vectors
include, but are not limited to, integrating vectors, prokaryotic plasmids, episomes, viral

vectors, cosmids, and artificial chromosomes.

[0127] [lustrative regulatory elements that may be used in expression cassettes
include promoters, enhancers, internal ribosomal entry sites (IRES), and other expression
control elements (e.g., transcription termination signals, such as polyadenylation signals
and poly-U sequences). Such regulatory elements are described, for example, in Goeddel,
Gene Expression Technology: Methods In Enzymology 185, Academic Press, San Diego,
Calif. (1990).

[0128] In some embodiments, vectors may be used to introduce systems that can
carry out genome editing, such as CRISPR systems. See U.S. Patent Pub.

No. 2014/0068797, published 6 March 2014; see also Jinek M., et al., “A programmable
dual-RNA-guided DNA endonuclease in adaptive bacterial immunity,” Science 337:816—
21,2012). In Type I CRISPR-Cas9 systems, Cas9 is a site-directed endonuclease,
namely an enzyme that is, or can be, directed to cleave a polynucleotide at a particular
target sequence using two distinct endonuclease domains (HNH and RuvC/RNase H-like
domains). Cas9 can be engineered to cleave DNA at any desired site because Cas9 is
directed to its cleavage site by RNA. Cas9 is therefore also described as an “RNA-guided
nuclease.” More specifically, Cas9 becomes associated with one or more RNA molecules,
which guide Cas9 to a specific polynucleotide target based on hybridization of at least a
portion of the RNA molecule(s) to a specific sequence in the target polynucleotide. Ran,
F.A., et al., (“In vivo genome editing using Staphylococcus aureus Cas9,” Nature
520(7546):186-91, 2015, Apr 9], including all extended data) present the
crRNA/tracrRNA sequences and secondary structures of eight Type II CRISPR-Cas9
systems. Cas9-like synthetic proteins are also known in the art (see U.S. Published Patent
Application No. 2014-0315985, published 23 October 2014).

[0129] Example 1 describes illustrative integration approaches for introducing

polynucleotides and other genetic alterations into the genomes of K. pastoris cells.

[0130] Vectors or other polynucleotides can be introduced into microbial cells by
any of a variety of standard methods, such as transformation, conjugation, electroporation,

nuclear microinjection, transduction, transfection (e.g., lipofection mediated or DEAE-
42



10

15

20

25

30

WO 2022/040457 PCT/US2021/046756

Dextrin mediated transfection or transfection using a recombinant phage virus), incubation
with calcium phosphate DNA precipitate, high velocity bombardment with DNA-coated
microprojectiles, and protoplast fusion. Transformants can be selected by any method
known in the art. Suitable methods for selecting transformants are described in U.S.
Patent Pub. Nos. 2009/0203102, 2010/0048964, and 2010/0003716, and International
Publication Nos. WO 2009/076676, WO 2010/003007, and WO 2009/132220.

Engineered Microbial Cells

[0131] The above-described methods can be used to produce engineered microbial
cells that produce, and in certain embodiments, overproduce, 4-APEA. Engineered
microbial cells can have at least 1, 2, 3,4, 5,6, 7, 8,9, 10, 20, 30, 40, 50, 60, 70, 80, 90,
100 or more genetic alterations, such as 30-100 alterations, as compared to a native
microbial cell, such as any of the microbial host cells described herein. Engineered
microbial cells described in the Example below have one, two, or three genetic alterations,
but those of skill in the art can, following the guidance set forth herein, design microbial
cells with additional alterations. In some embodiments, the engineered microbial cells
have not more than 15, 14, 13, 12, 11, 10, 9, 8, 7, 6, 5, or 4 genetic alterations, as
compared to a native microbial cell. In various embodiments, microbial cells engineered
for 4-APEA production can have a number of genetic alterations falling within the any of
the following illustrative ranges: 1-10, 1-9, 1-8, 2-7, 2-6, 2-5, 2-4, 2-3, 3-7, 3-6, 3-5, 3-4,

etc.

[0132] In some embodiments, an engineered microbial cell expresses at least one
heterologous (e.g., non-native) gene, e.g., a 4-APEA pathway gene. In various
embodiments, for each of the heterologous genes introduced, the microbial cell can
include and express, for example: (1) a single copy of a given gene, (2) two or more
copies of the gene, which can be the same or different (in other words, multiple copies of
the same heterologous gene can be introduced or multiple, different genes encoding the
same enzyme can be introduced), (3) a single heterologous gene that is not native to the
cell and one or more additional copies of a native gene (if applicable), or (4) two or more
non-native genes, which can be the same or different, and/or one or more additional copies

of a native gene (if applicable).

[0133] In certain embodiments, this engineered host cell can include at least one

additional genetic alteration that increases flux through any pathway leading to the
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production of chorismate. As discussed above, this can be accomplished by one or more
of the following: increasing the activity of upstream enzymes, €.g., by introducing a
feedback-deregulated version of a DAHP synthase, alone or in combination with other

means for increasing the activity of upstream enzymes.

[0134] The engineered microbial cells can contain introduced genes that have a
native nucleotide sequence or that differ from native. For example, the native nucleotide
sequence can be codon-optimized for expression in a particular host cell. Codon
optimization for a particular host can, for example, be based on the codon usage tables
found at www kazusa.or.jp/codon/. The amino acid sequences encoded by any of these
introduced genes can be native or can differ from native. In various embodiments, the
amino acid sequences have at least 60 percent, 70 percent, 75 percent, 80 percent, 85
percent, 90 percent, 95 percent or 100 percent amino acid sequence identity with a native

amino acid sequence.

[0135] The approach described herein has been carried out in yeast cells, namely

Komagataella pastoris (See Example 1.)

Iustrative Engineered Yeast Cells

[0136] In certain embodiments, the engineered yeast (e.g., K. pastoris) cell
expresses:
[0137] one or more non-native 4-amino-4-deoxychorismate synthase(s) having at

least 70 percent, 75 percent, 80 percent, 85 percent, 90 percent, 95 percent or 100 percent
amino acid sequence identity with a with a 4-amino-4-deoxychorismate synthase from

Pseudomonas fluorescens (strain SBW25);

[0138] one or more non-native 4-amino-4-deoxychorismate mutase(s) having at
least 70 percent, 75 percent, 80 percent, 85 percent, 90 percent, 95 percent or 100 percent
amino acid sequence identity with a 4-amino-4-deoxychorismate mutase from

Photorhabdus laumondii subsp. laumondii (strain DSM 15139 / CIP 105565/ TTO01);

[0139] one or more non-native 4-amino-4-deoxyprephenate dehydrogenase(s)
having at least 70 percent, 75 percent, 80 percent, 85 percent, 90 percent, 95 percent or
100 percent amino acid sequence identity with a 4-amino-4-deoxyprephenate

dehydrogenase from Pseudomonas fluorescens (strain SBW25);
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[0140] optionally, a non-native aminotransferase(s) having at least 70 percent, 75
percent, 80 percent, 85 percent, 90 percent, 95 percent or 100 percent amino acid sequence

identity with an aminotransferase from Escherichia coli (strain K12);

[0141] optionally, one or more non-native decarboxylase(s) (DC) having at least
70 percent, 75 percent, 80 percent, 85 percent, 90 percent, 95 percent or 100 amino acid

sequence identity with a decarboxylase (DC) from Papaver somniferum.
[0142] In particular embodiments, the:

[0143] 4-amino-4-deoxychorismate synthase (papA) from Pseudomonas

Sfluorescens (strain SBW25) includes SEQ ID NO:4;

[0144] 4-amino-4-deoxychorismate mutase (papB) from Photorhabdus laumondii

subsp. laumondii (strain DSM 15139 / CIP 105565 / TTO1)includes SEQ ID NO:6;

[0145] 4-amino-4-deoxyprephenate dehydrogenase (papC) from Pseudomonas
Sfluorescens (strain SBW25) includes SEQ ID NO:8§;

[0146] aminotransferase (AT) from Escherichia coli (strain K12), if present,

includes SEQ ID NO:13; and

[0147] decarboxylase (DC) from Papaver somniferum, if present, includes SEQ ID
NO:9. In an illustrative embodiment, a titer of about 34 mg/L 4-APEA was achieved after

engineering K. pastoris to express SEQ ID NOs:4, 6, 8, 9, and 13.

[0148] In certain embodiments, the engineered yeast (e.g., K. pastoris) cell
expresses:
[0149] one or more non-native 4-amino-4-deoxychorismate synthase(s) having at

least 70 percent, 75 percent, 80 percent, 85 percent, 90 percent, 95 percent or 100 percent
amino acid sequence identity with a with a 4-amino-4-deoxychorismate synthase from

Streptomyces sp. CB01635;

[0150] one or more non-native 4-amino-4-deoxychorismate mutase(s) having at
least 70 percent, 75 percent, 80 percent, 85 percent, 90 percent, 95 percent or 100 percent
amino acid sequence identity with a 4-amino-4-deoxychorismate mutase from

Streptomyces pristinaespiralis;

[0151] one or more non-native 4-amino-4-deoxyprephenate dehydrogenase(s)

having at least 70 percent, 75 percent, 80 percent, 85 percent, 90 percent, 95 percent or
-45-
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100 percent amino acid sequence identity with a 4-amino-4-deoxyprephenate

dehydrogenase from Pseudomonas sp. 2822;

[0152] optionally, one or more non-native aminotransferase(s) having at least 70
percent, 75 percent, 80 percent, 85 percent, 90 percent, 95 percent or 100 percent amino

acid sequence identity with an aminotransferase from Petunia hybrida;

[0153] optionally, one or more non-native decarboxylase (DC) having at least 70
percent, 75 percent, 80 percent, 85 percent, 90 percent, 95 percent or 100 amino acid

sequence identity with a decarboxylase (DC) from Papaver somniferum.
[0154] In particular embodiments, the:

[0155] 4-amino-4-deoxychorismate synthase (papA) from Streptomyces sp.
CB01635 includes SEQ ID NO:3;

[0156] 4-amino-4-deoxychorismate mutase (papB) from Streptomyces

pristinaespiralis includes SEQ ID NO:5;

[0157] 4-amino-4-deoxyprephenate dehydrogenase (papC) from Pseudomonas sp.
2822 includes SEQ ID NO:7;

[0158] aminotransferase (AT) from Petunia hybrida, if present, includes SEQ ID
NO:14; and
[0159] decarboxylase (DC) from Papaver somniferum, if present, includes SEQ ID

NO:9. In an illustrative embodiment, a titer of about 16 mg/L 4-APEA was achieved after

engineering K. pastoris to express SEQ ID NOs:3, 5,7, 9, and 14.

[0160] In embodiments aimed at producing, 4-APP, the illustrative engineered
microbial cell can express just the first three of these five enzymes. To produce 4-APhe,
the illustrative engineered microbial cell can express just the first four of these five
enzymes. To produce 4-APEA, the illustrative engineered microbial cell can express all

five of these enzymes.

Culturing of Engineered Microbial Cells
[0161] Any of the microbial cells described herein can be cultured, e.g., for
maintenance, growth, and/or for production of 4-APEA or any of the above products

described herein.

-46-



10

15

20

25

30

WO 2022/040457 PCT/US2021/046756

[0162] In some embodiments, the cultures are grown to an optical density at 600

nm of 10-500, such as an optical density of 50-150.

[0163] In various embodiments, the cultures have 4-APEA, 4-APP, 4-APhe, or 4-
aminophenylethanol titers of at least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 75, 100, 150,
200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, or 900 mg/L or at
least 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 10, 15, 20, 25, 30, 35, or 40 gm/L. In various
embodiments, the titer is in the range of 5 mg/L to 800 mg/L, 10 mg/L to 700 mg/L,

15 mg/L to 600 mg/L, 20 mg/L to 500 mg/L, 25 mg/L to 400 mg/L, 30 mg/L to 300 mg/L,
30 mg/L to 200 mg/L, 30 mg/L to 100 mg/L, or 30 mg/L to 50 mg/L, or any range
bounded by any of the values listed above. In various embodiments in which 4-APEA (or
other product) yield has been increased, e.g., by any of the means described herein, the
titer is in the range of 10 mg/L to 900 mg/L, 15 mg/L to 800 mg/L, 20 mg/L to 700 mg/L,
25 mg/L to 600 mg/L, 30 mg/L to 500 mg/L, 30 mg/L to 400 mg/L, 30 mg/L to 300 mg/L,
30 mg/L to 200 mg/L, 30 mg/L to 100 mg/L, or any range bounded by any of the values

listed above.

Culture Media

[0164] Microbial cells can be cultured in any suitable medium including, but not
limited to, a minimal medium, i.e., one containing the minimum nutrients possible for cell
growth. Minimal medium typically contains: (1) a carbon source for microbial growth;
(2) salts, which may depend on the particular microbial cell and growing conditions; and
(3) water. Suitable media can also include any combination of the following: a nitrogen
source for growth and product formation, a sulfur source for growth, a phosphate source

for growth, metal salts for growth, vitamins for growth, and other cofactors for growth.

[0165] Any suitable carbon source can be used to cultivate the host cells. The term
“carbon source” refers to one or more carbon-containing compounds capable of being
metabolized by a microbial cell. In various embodiments, the carbon source is a
carbohydrate (such as a monosaccharide, a disaccharide, an oligosaccharide, or a
polysaccharide), or an invert sugar (e.g., enzymatically treated sucrose syrup). [lustrative
monosaccharides include glucose (dextrose), fructose (levulose), and galactose; illustrative
oligosaccharides include dextran or glucan, and illustrative polysaccharides include starch
and cellulose. Suitable sugars include C6 sugars (e.g., fructose, mannose, galactose, or

glucose) and C35 sugars (e.g., xylose or arabinose). Other, less expensive carbon sources
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include sugar cane juice, beet juice, sorghum juice, and the like, any of which may, but

need not be, fully or partially deionized.

[0166] The salts in a culture medium generally provide essential elements, such as
magnesium, nitrogen, phosphorus, and sulfur to allow the cells to synthesize proteins and

nucleic acids.

[0167] Minimal medium can be supplemented with one or more selective agents,

such as antibiotics.

[0168] To produce 4-APEA or any of the other products described herein, the
culture medium can include, and/or is supplemented during culture with, glucose and/or a

nitrogen source such as urea, an ammonium salt, ammonia, or any combination thereof.

Culture Conditions

[0169] Materials and methods suitable for the maintenance and growth of
microbial cells are well known in the art. See, for example, U.S. Pub. Nos. 2009/0203102,
2010/0003716, and 2010/0048964, and International Pub. Nos. WO 2004/033646, WO
2009/076676, WO 2009/132220, and WO 2010/003007, Manual of Methods for General
Bacteriology Gerhardt et al., eds), American Society for Microbiology, Washington, D.C.
(1994) or Brock in Biotechnology: A Textbook of Industrial Microbiology, Second

Edition (1989) Sinauer Associates, Inc., Sunderland, Mass.

[0170] In general, cells are grown and maintained at an appropriate temperature,
gas mixture, and pH (such as about 20°C to about 37°C, about 6% to about 84% CO», and
a pH between about 5 to about 9). In some aspects, cells are grown at 35°C. In certain
embodiments, such as where thermophilic bacteria are used as the host cells, higher
temperatures (e.g., 50°C -75°C) may be used. In some aspects, the pH ranges for
fermentation are between about pH 5.0 to about pH 9.0 (such as about pH 6.0 to about pH
8.0 or about 6.5 to about 7.0). Cells can be grown under aerobic, anoxic, or anaerobic

conditions based on the requirements of the particular cell.

[0171] Standard culture conditions and modes of fermentation, such as batch, fed-
batch, or continuous fermentation that can be used are described in U.S. Publ. Nos.
2009/0203102, 2010/0003716, and 2010/0048964, and International Pub. Nos. WO
2009/076676, WO 2009/132220, and WO 2010/003007. Batch and Fed-Batch

fermentations are common and well known in the art, and examples can be found in
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Brock, Biotechnology: A Textbook of Industrial Microbiology, Second Edition (1989)

Sinauer Associates, Inc.

[0172] In some embodiments, the cells are cultured under limited sugar (e.g.,
glucose) conditions. In various embodiments, the amount of sugar that is added is less
than or about 105% (such as about 100%, 90%, 80%, 70%, 60%, 50%, 40%, 30%, 20%, or
10%) of the amount of sugar that can be consumed by the cells. In particular
embodiments, the amount of sugar that is added to the culture medium is approximately
the same as the amount of sugar that is consumed by the cells during a specific period of
time. In some embodiments, the rate of cell growth is controlled by limiting the amount of
added sugar such that the cells grow at the rate that can be supported by the amount of
sugar in the cell medium. In some embodiments, sugar does not accumulate during the
time the cells are cultured. In various embodiments, the cells are cultured under limited
sugar conditions for times greater than or about 1, 2, 3, 5, 10, 15, 20, 25, 30, 35, 40, 50,

60, or 70 hours or even up to about 5-10 days. In various embodiments, the cells are
cultured under limited sugar conditions for greater than or about 5, 10, 15, 20, 25, 30, 35,
40, 50, 60, 70, 80, 90, 95, or 100% of the total length of time the cells are cultured. While
not intending to be bound by any particular theory, it is believed that limited sugar

conditions can allow more favorable regulation of the cells.

[0173] In some aspects, the cells are grown in batch culture. The cells can also be
grown in fed-batch culture or in continuous culture. Additionally, the cells can be cultured
in minimal medium, including, but not limited to, any of the minimal media described
above. The minimal medium can be further supplemented with 1.0% (w/v) glucose (or
any other six-carbon sugar) or less. Specifically, the minimal medium can be
supplemented with 1% (w/v), 0.9% (w/v), 0.8% (w/v), 0.7% (wlv), 0.6% (w/v), 0.5%
(wiv), 0.4% (wiv), 0.3% (wlv), 0.2% (w/v), or 0.1% (w/v) glucose. In some cultures,
significantly higher levels of sugar (e.g., glucose) are used, e.g., at least 10% (w/v), 20%
(wiv), 30% (w/v), 40 % (wiv), 50% (wlv), 60% (w/v), 70% (w/v), or up to the solubility
limit for the sugar in the medium. In some embodiments, the sugar levels falls within a
range of any two of the above values, e.g.: 0.1-10% (w/v), 1.0-20% (w/v), 10-70 % (w/v),
20-60 % (w/v), or 30-50 % (w/v). Furthermore, different sugar levels can be used for

different phases of culturing. For fed-batch culture, the sugar level can be about 100-200
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g/L (10-20 % (w/v)) in the batch phase and then up to about 500-700 g/L (50-70 % in the
feed).

[0174] Additionally, the minimal medium can be supplemented 0.1% (w/v) or less
yeast extract. Specifically, the minimal medium can be supplemented with 0.1% (w/v),
0.09% (w/v), 0.08% (w/v), 0.07% (w/v), 0.06% (w/v), 0.05% (w/v), 0.04% (w/v), 0.03%
(whv), 0.02% (w/v), or 0.01% (w/v) yeast extract. Alternatively, the minimal medium can
be supplemented with 1% (w/v), 0.9% (w/v), 0.8% (w/v), 0.7% (w/v), 0.6% (w/v), 0.5%
(wiv), 0.4% (wlv), 0.3% (w/v), 0.2% (w/v), or 0.1% (w/v) glucose and with 0.1% (w/v),
0.09% (w/v), 0.08% (w/v), 0.07% (w/v), 0.06% (w/v), 0.05% (w/v), 0.04% (w/v), 0.03%
(w/v), or 0.02% (w/v) yeast extract. In some cultures, significantly higher levels of yeast
extract can be used, e.g., at least 1.5% (w/v), 2.0% (w/v), 2.5% (w/v), or 3 % (w/v). In
some cultures (e.g., of S. cerevisiae or C. glutamicum), the yeast extract level falls within a
range of any two of the above values, e.g.: 0.5-3.0% (w/v), 1.0-2.5% (w/v), or 1.5-2.0%
(wiv).

[0175] Where regulated promoters are employed, the culture conditions can be
adjusted to up- or down-regulate the promoter. For example, where thiamine-repressed
promoters are employed, if thiamine is initially present in a sufficient amount for
repression, the promoters become more active as thiamine is consumed during culturing.
If it is advantageous to delay de-repression, thiamine can be added to the culture medium.
In general, thiamine levels in this setting vary from 50 mg/L to O mg/L. Repression can

occur at a thiamine concentration as low as 1 mg/L.

4-Aminophenvlethylamine Production and Recovery

[0176] Any of the methods described herein may further include a step of
recovering 4-APEA or any of the other products described herein. In some embodiments,
the product contained in a so-called harvest stream is recovered/harvested from the
production vessel. The harvest stream may include, for instance, cell-free or cell-
containing aqueous solution coming from the production vessel, which contains the
desired product as a result of the conversion of production substrate by the resting cells in
the production vessel. Cells still present in the harvest stream may be separated from the
desired product by any operations known in the art, such as for instance filtration,

centrifugation, decantation, membrane crossflow ultrafiltration or microfiltration,
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tangential flow ultrafiltration or microfiltration or dead-end filtration. After this cell

separation operation, the harvest stream is essentially free of cells.

[0177] Further steps of separation and/or purification of the desired product from
other components contained in the harvest stream, i.e., so-called downstream processing
steps may optionally be carried out. These steps may include any means known to a
skilled person, such as, for instance, concentration, extraction, crystallization,
precipitation, adsorption, ion exchange, and/or chromatography. Further purification steps
can include one or more of, e.g., concentration, crystallization, precipitation, washing and
drying, treatment with activated carbon, ion exchange, nanofiltration, and/or re-
crystallization. The design of a suitable purification protocol may depend on the cells, the
culture medium, the size of the culture, the production vessel, etc. and is within the level

of skill in the art.

[0178] The following examples are given for the purpose of illustrating various
embodiments of the disclosure and are not meant to limit the present disclosure in any
fashion. Changes therein and other uses which are encompassed within the spirit of the
disclosure, as defined by the scope of the claims, will be identifiable to those skilled in the

art.

EXAMPLE 1 — Construction and Selection of Strains of Komagataella pastoris

Engineered to Produce 4-Aminophenylethyvlamine

Abstract

[0179] This example describes strains of Komagataella pastoris (also called Pichia
pastoris) that have been engineered to produce 4-aminophenylethylamine (4-APEA), a
diamine monomer useful for the production of polymers and polyimide films. The full
pathway for production of 4-APEA is not known to exist in nature but could be assembled
by five enzymatic steps downstream of the common metabolite chorismate. The pathway
is sequentially made up the following enzymes: 4-amino-4-deoxychorismate synthase
(papA), 4-amino-4-deoxychorismate mutase (papB), 4-amino-4-deoxyprephenate
dehydrogenase (papC), aminotransferase (AT), and decarboxylase (DC). Some of these
enzymatic activities are known to exist in K. pastoris, but efficient and specific production
of 4-APEA is challenging as 4-APEA precursors are non-native substrates for some of the

pathway enzymes, and expression or flux of native pathway enzymes is likely to be
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suboptimal. Partial combinatorial search of diverse enzyme sequences and pathway
designs, followed by testing in K. pastoris, identified multiple engineered strains that
produce mg/L titers of 4-APEA. These strains and pathways may also be used to make
chemicals related to 4-APEA, including 4-aminophenylalanine and 4-
aminophenylpyruvate or derivatives of these. Finally, we have also demonstrated 4-APEA
production in Escherichia coli, but the high toxicity of 4-APEA to E. coli makes it a poor
host for large-scale fermentation host. In contrast, K. pastoris is tolerant of high

concentrations of 4-APEA and is well-suited for large-scale production.

Plasmid/DNA Design

[0180] All strains tested for this work were transformed with plasmid DNA
designed using proprietary software. Plasmid designs were specific to the K. pastoris host
engineered in this work. The plasmid DNA was physically constructed by a standard
DNA assembly method. This plasmid DNA was then used to integrate metabolic pathway

inserts by a host-specific method described below.

K. pastoris Pathway Integration
[0181] A “split-marker, double-crossover” genomic integration strategy has been
developed to engineer K. pastoris strains. Fig. 2 illustrates genomic integration of
complementary, split-marker plasmids and verification of correct genomic integration via
colony PCR in K. pastoris. Two plasmids with complementary 5’ and 3” homology arms
and overlapping halves of a selectable marker, for example an antibiotic resistance marker
such as KanMX or an auxotrophic marker such as URA3, were linearized and transformed
as linear fragments. Linearization was achieved either by PCR or by digestion with
meganucleases. Direct repeats present in the transformed DNA fragments are shown by
the hashed bars. A triple-crossover event integrated the desired heterologous genes into the
targeted locus and re-constituted the full selection marker gene. Colonies derived from
this integration event were assayed using two 3-primer reactions to confirm both the 5’
and 3’ junctions (UF/IF/wt-R and DR/IF/wt-F). For strains in which further engineering is
desired, the strains can be plated on counter-selection media, for example 5-FOA plates to
select for the removal of URA3, leaving behind a small single copy of the original direct

repeat. This genomic integration strategy can be used for gene knock-out, gene knock-in,
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and promoter titration in the same workflow. (Abbreviations: Primers: UF = upstream

forward, DR = downstream reverse, IR = internal reverse, IF = internal forward.)

Cell Culture

[0182] The cell culture and metabolite production workflow is initiated by a hit-
picking step that consolidated successfully built strains using an automated workflow that
randomized strains across the plate. For each strain that was successfully built, up to eight
replicates were tested from distinct colonies to test colony-to-colony variation and other
process variation. If fewer than eight colonies were obtained, the existing colonies were

replicated so that at least eight wells were tested from each desired genotype.

[0183] The colonies were consolidated into 96-well plates with selective medium
(SD-ura or YPD with antibiotic) and cultivated for two days until saturation and then
frozen with 16.6% glycerol at -80°C for storage. The frozen glycerol stocks were then
used to inoculate a primary seed stage in YPD media grown at 30°C for 16 hours at 1000
RPM. The primary seed plates were used to inoculate a secondary seed stage in Verduyn
media grown at 30°C for 24 hours at 1000 RPM. The secondary seed plates were then
used to inoculate a main cultivation plate with Verduyn media supplemented with 200 mM
phthalate buffer and grown at 30°C for 24-48 hours at 1000 RPM. Plates were removed at
the desired time points and tested for cell density (OD600), glucose, and supernatant

samples stored for LC-MS or HPLC analysis for product of interest.

Cell Density
[0184] Cell density was measured using a spectrophotometric assay detecting
absorbance of each well at 600nm. Robotics were used to transfer fixed amounts of
culture from each cultivation plate into an assay plate, followed by mixing with 175mM
sodium phosphate (pH 7.0) to generate a 10-fold dilution. The assay plates were measured
using a Tecan M 1000 spectrophotometer and assay data uploaded to a LIMS database. A
non-inoculated control was used to subtract background absorbance. Cell growth was
monitored by inoculating multiple plates at each stage, and then sacrificing an entire plate

at each time point.

[0185] To minimize settling of cells while handling large number of plates (which
could result in a non-representative sample during measurement) each plate was shaken
for 10-15 seconds before each read. Wide variations in cell density within a plate may
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also lead to absorbance measurements outside of the linear range of detection, resulting in

underestimate of higher OD cultures, but this is not generally observed

Glucose

[0186] Glucose is measured using an enzymatic assay with 16U/mL glucose
oxidase (Sigma) with 0.2 U/mL horseradish peroxidase (Sigma) and 0.2mM Amplex red
in 175mM sodium phosphate buffer, pH 7. Oxidation of glucose generates hydrogen
peroxide, which is then oxidized to reduce Amplex red, which changes absorbance at
560nm. The change is absorbance is correlated to the glucose concentration in the sample

using standards of known concentration.

Liquid-Solid Separation

[0187] To harvest extracellular samples for analysis by LC-MS, liquid and solid
phases were separated via centrifugation. Cultivation plates were centrifuged at 2000 rpm
for 4 minutes, and the supernatant was transferred to destination plates using robotics.
75uL of supernatant was transferred to each plate, with one stored at 4°C, and the second

stored at 80°C for long-term storage.

Genetic Engineering Approach and Results

[0188] Strains for 4-APEA production are described in the Tables below. Table 1
lists specific combinations of enzymes and promoters that were built. Tables 2A-C lists
the titer of 4-APEA, as well as side products and intermediates, produced by strains that
have been tested. A range of titers were detected, as well as the presence of side-products
(including 4-aminophenylethanol and tyramine) and pathway intermediates (including 4-
aminophenylpyruvate [4-APP] and 4-aminophenylalanine [4-APhe]). Tables 3A-B show
further strain designs and results. Upon scaling up to production in a fermentation tank, a

titer of 11.1 g/L. APEA was achieved for strain 7001065091 (described below).
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CLAIMS

What is claimed is:

1. An engineered microbial cell that produces 4-
aminophenylethylamine (4-APEA), wherein the engineered microbial cell has a high
tolerance to toxicity associated with the production of 4-APEA, as defined by a
concentration at which the growth of engineered microbial cell is slowed by half (Ki) of at
least 30 grams/liter, wherein the engineered microbial cell optionally comprises a yeast
cell, optionally a cell of the genus Komagataella, optionally wherein the yeast cell is a cell

of the species pastoris or phaffi.

2. The engineered microbial cell of claim 1, wherein the engineered

microbial cell heterologously expresses each of the following enzyme activities:

4-amino-4-deoxychorismate synthase;

4-amino-4-deoxychorismate mutase;

4-amino-4-deoxyprephenate dehydrogenase;

aminotransferase (AT); and

decarboxylase (DC);

wherein the enzyme activities are provided by heterologously
expressing genes encoding the enzymes, and at least one heterologously expressed enzyme
is non-native to the engineered microbial cell, optionally wherein at least two, three, four,
or all of the heterologously expressed enzymes are non-native to the engineered microbial

cell.

3. An engineered microbial cell of the genus Komagataella that
produces 4-aminophenylpyruvate (4-APP), optionally wherein the engineered microbial

cell is a cell of the species pastoris or phaffi.

4. The engineered microbial cell of claim 3, wherein the engineered
microbial cell heterologously expresses each of the following enzyme activities:
4-amino-4-deoxychorismate synthase;
4-amino-4-deoxychorismate mutase; and

4-amino-4-deoxyprephenate dehydrogenase,
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wherein each enzyme activity is provided by heterologously
expressing genes encoding the enzymes, and at least one heterologously expressed enzyme

is non-native to the engineered microbial cell.

5. The engineered microbial cell of any one of claims 3-4, wherein the

engineered microbial cell additionally produces 4-aminophenylalanine (4-APhe).

6. The engineered microbial cell of claim 5, wherein the engineered

microbial cell additionally heterologously expresses an aminotransferase (AT) activity.

7. The engineered microbial cell of any one of claims 3-4, wherein the

engineered microbial cell additionally produces 4-aminophenylethanol.

8. The engineered microbial cell of claim 7, wherein the engineered
microbial cell additionally heterologously expresses an alcohol

dehydrogenase/acetaldehyde reductase enzyme.

9. The engineered microbial cell of any one of claims 3-8, wherein at
least two, three, or all of the heterologously expressed enzymes are non-native to the

engineered microbial cell.

10. The engineered microbial cell of any one of claims 1-9, wherein the
engineered microbial cell comprises increased activity of one or more upstream
chorismate pathway enzyme(s), said increased activity being increased relative to a control
cell, optionally wherein said increased activity is selected from the group consisting of
glucokinase, transketolase, transaldolase, phospho-2-dehydro-3-deoxyheptonate aldolase,
3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) synthase, 3-dehydroquinate
synthase, 3-dehydroquinate dehydratase, shikimate dehydrogenase, shikimate kinase, 3-
phosphoshikimate 1-carboxyvinyltransferase, chorismate synthase activity, and any

combination thereof.

11. The engineered microbial cell of any one of claims 1-10, wherein
the engineered microbial cell comprises increased activity of one or more nitrogen
assimilation and utilization pathway enzyme(s), optionally wherein said increased activity

is selected from the group consisting of isocitrate dehydrogenase, glutamine synthetase,
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glutamate synthase, glutamate dehydrogenase, ammonium permease, and any combination

thereof.

12. The engineered microbial cell of any one of claims 1-11, wherein
the engineered microbial cell comprises reduced activity of one or more enzyme(s) that
consume one or more chorismate pathway precursors, chorismate, and/or one or more
intermediates in the pathway leading from chorismate to 4-APEA, and/or more enzymes
that consume 4-APEA, said reduced activity being reduced relative to a control cell,
optionally wherein the one or more enzyme(s) that consume one or more chorismate
pathway precursors are selected from the group consisting of dihydroxyacetone
phosphatase, 3-dehydroshikimate dehydratase, shikimate dehydrogenase, and
phosphoenolpyruvate phosphotransferase, optionally wherein the one or more enzyme(s)
that consume chorismate are selected from the group consisting of anthranilate synthase
and chorismate mutase, optionally wherein the one or more enzyme(s) that consume one
or more intermediates in the pathway leading from chorismate to 4-APEA are selected
from the group consisting of decarboxylase, aromatic amino acid decarboxylase,
phenylpyruvate decarboxylase, pyruvate decarboxylase, aromatic amino acid ammonia
lyase, and alcohol dehydrogenase/acetaldehyde reductase, optionally wherein the one or
more enzymes that consume 4-APEA are selected from the group consisting of

phenylpyruvate dioxygenase, diamine oxidase, amine oxidase, and amino acid oxidase.

13. The engineered microbial cell of any one of claims 1-12, wherein
the engineered microbial cell additionally expresses a feedback-deregulated DAHP

synthase.

14. The engineered microbial cell of any one of claims 1-13, wherein
the engineered microbial cell comprises increased activity of one or more enzyme(s) that
increase the supply of the reduced form of nicotinamide adenine dinucleotide phosphate
(NADPH), said increased activity being increased relative to a control cell, optionally
wherein the one or more enzyme(s) that increase the supply of the reduced form of
NADPH are selected from the group consisting of pentose phosphate pathway enzymes,
NADP+-dependent glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and NADP+-

dependent glutamate dehydrogenase.
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15. The engineered microbial cell of claim 1, wherein the non-native
enzymes comprise:

a 4-amino-4-deoxychorismate synthase having at least 70% amino
acid sequence identity with a 4-amino-4-deoxychorismate synthase from Pseudomonas
fluorescens (strain SBW25);

a 4-amino-4-deoxychorismate mutase having at least 70% amino
acid sequence identity with a 4-amino-4-deoxychorismate mutase from Photorhabdus
laumondii subsp. laumondii (strain DSM 15139 / CIP 105565 / TTO1);

a 4-amino-4-deoxyprephenate dehydrogenase having at least 70%
amino acid sequence identity with a 4-amino-4-deoxyprephenate dehydrogenase from
Pseudomonas fluorescens (strain SBW25);

optionally, an aminotransferase (AT) having at least 70% amino
acid sequence identity with an aminotransferase (AT) from Escherichia coli (strain K12);
and

optionally a decarboxylase (DC) having at least 70% amino acid

sequence identity with a decarboxylase (DC) from Papaver somniferum.

16. The engineered microbial cell of claim 15, wherein the:

4-amino-4-deoxychorismate synthase from Pseudomonas
Sfluorescens (strain SBW25) comprises SEQ ID NO:4;

4-amino-4-deoxychorismate mutase from Photorhabdus laumondii
subsp. laumondii (strain DSM 15139 / CIP 105565 / TTO1) comprises SEQ ID NO:6;

4-amino-4-deoxyprephenate dehydrogenase from Pseudomonas
fluorescens (strain SBW?25) comprises SEQ ID NO:8;

aminotransferase (AT) from Escherichia coli (strain K12), if
present, comprises SEQ ID NO:(SEQ ID NO:13); and

decarboxylase (DC) from Papaver somniferum, if present,

comprises SEQ ID NO:9.

17. The engineered microbial cell of claim 1, wherein the non-native

enzymes comprise:
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a 4-amino-4-deoxychorismate synthase having at least 70% amino
acid sequence identity with a 4-amino-4-deoxychorismate synthase from Streptomyces sp.
CBO01635;

a 4-amino-4-deoxychorismate mutase having at least 70% amino
acid sequence identity with a 4-amino-4-deoxychorismate mutase from Streptomyces
pristinaespiralis;

a 4-amino-4-deoxyprephenate dehydrogenase having at least 70%
amino acid sequence identity with a 4-amino-4-deoxyprephenate dehydrogenase from
Pseudomonas sp. 2822;

optionally, an aminotransferase (AT) having at least 70% amino
acid sequence identity with an aminotransferase (AT) from Petunia hybrida; and

optionally, a decarboxylase (DC) having at least 70% amino acid

sequence identity with a decarboxylase (DC) from Papaver somniferum.

18. The engineered microbial cell of claim 17, wherein the:

4-amino-4-deoxychorismate synthase from Streptomyces sp.
CB01635 comprises SEQ ID NO:3;

4-amino-4-deoxychorismate mutase from Streptomyces
pristinaespiralis comprises SEQ ID NO:5;

4-amino-4-deoxyprephenate dehydrogenase from Pseudomonas sp.
2822 comprises SEQ ID NO:7;

aminotransferase (AT) from Petunia hybrida, if present, comprises
SEQ ID NO:14; and

decarboxylase (DC) from Papaver somniferum, if present,

comprises SEQ ID NO:9.

19. The engineered microbial cell of claim 1, wherein the non-native
enzymes comprise:
a 4-amino-4-deoxychorismate synthase having at least 70% amino
acid sequence identity with a 4-amino-4-deoxychorismate synthase from Streptomyces sp.

CBO01635;
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a 4-amino-4-deoxychorismate mutase having at least 70% amino
acid sequence identity with a 4-amino-4-deoxychorismate mutase from Photorhabdus
asymbiotica subsp. asymbiotica,

a 4-amino-4-deoxyprephenate dehydrogenase having at least 70%
amino acid sequence identity with a 4-amino-4-deoxyprephenate dehydrogenase from
Xenorhabdus doucetiae;

optionally, an aminotransferase (AT) having at least 70% amino
acid sequence identity with an aminotransferase (AT) from Corynebacterium glutamicum;
and

optionally, a decarboxylase (DC) having at least 70% amino acid

sequence identity with a decarboxylase (DC) from Papaver somniferum.

20. The engineered microbial cell of claim 17, wherein the:

4-amino-4-deoxychorismate synthase from Streptomyces sp.
CB01635 comprises SEQ ID NO:3;

4-amino-4-deoxychorismate mutase from Photorhabdus
asymbiotica subsp. asymbiotica comprises SEQ ID NO:25;

4-amino-4-deoxyprephenate dehydrogenase from Xenorhabdus
doucetiae comprises SEQ ID NO:29;

aminotransferase (AT) from Corynebacterium glutamicum, if
present, comprises SEQ ID NO:16; and

decarboxylase (DC) from Papaver somniferum, if present,

comprises SEQ ID NO:9.

21. The engineered microbial cell of any one of claims 2-20, wherein
the engineered microbial cell additionally comprises a genotype change selected from the
group consisting of:

p9_pENOI1_KPA:GLNI1,
p35_pKEX2_KPA:NUFM,
p9_pENO1_KPA:NUFM,
pl15_pTHI11_KPA:PDC2, and
pS_pTDH3_KPA:PDC2.
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22. The engineered microbial cell of any one of claims 1-2 and 10-21,
wherein, when cultured, the engineered microbial cell produces 4-APEA at a level of at
least 11 gram/liter of culture medium, optionally wherein, when cultured, the engineered
microbial cell produces 4-APP at a level of at least 20 milligram/liter of culture medium,
optionally wherein, when cultured, the engineered microbial cell produces 4-APhe at a

level of at least 5 milligram/liter of culture medium.

23. A method of culturing engineered microbial cells according to any
one of claims 1-22, the method comprising culturing the cells under conditions suitable for
producing 4-APP, 4-APhe, and/or 4-APEA, optionally wherein the culture comprises:

4-APP at a level of at least 20 milligram/liter of culture medium;

4-APhe at a level of at least 5 milligram/liter of culture medium;
and/or

4-APEA at a level of at least 15 milligram/liter of culture medium,
wherein the culture comprises 4-APEA at a level of at least 11 gram/liter of culture

medium.

24. The method of claim 23, wherein the method additionally comprises

recovering 4-APP, 4-APhe, and/or 4-APEA from the culture.
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