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ABSTRACT

The kynurenine pathway, named after its non-proteinogenic amino acid precursor L-
kynurenine, is responsible for the de novo biosynthesis of nicotinamide adenine
dinucleotide (NAD®) in eukaryotes. Oxo-(2-aminophenyl) and quinoline molecules
downstream from L-kynurenine also serve as antagonists of several receptors of the
central nervous system in mammals. In this study, we engineered new biosynthetic routes
in yeast Saccharomyces cerevisiae to produce a suite of L-kynurenine-derived natural
products. Overexpression of Homo sapiens L-tryptophan 2,3-dioxygenase (HsTDO2) in
S. cerevisiae led to marked increase in the production of L-kynurenine and downstream
metabolites. Using this background, new branch points to the kynurenine pathway were
added through the incorporation of a Psilocybe cubensis noncanonical L-aromatic amino
acid decarboxylase (PcncAAAD) capable of catalyzing both decarboxylation and
decarboxylation-dependent oxidative-deamination reactions of L-kynurenine and 3-
hydroxy-L-kynurenine to yield their corresponding monoamines, aldehydes, and
downstream non-enzymatically cyclized quinolines. The PcncAAAD-catalyzed
decarboxylation products, kynuramine and 3-hydroxykynuramine, could further be
converted to quinoline scaffolds through the addition of H. sapiens monoamine oxidase
A (HsMAO-A). Finally, by incorporating upstream regiospecific L-tryptophan halogenases
into the engineering scheme, we produced a number of halogenated oxo-(2-aminophenyl)
and quinoline compounds. This work illustrates a synthetic-biology approach to expand
primary metabolic pathways in the production of novel natural-product-like scaffolds

amenable for downstream functionalization.



The planet Earth harbors an amazing diversity of life. Behind the apparent developmental
and physiological differences between animals, plants, fungi, and microbes lies a hidden
layer of chemical diversity, where diverging lineages have adopted unique evolutionary
trajectories to arrive at new specialized metabolic traits '. In the biosynthetic logic of
specialized metabolism, numerous families of scaffolding enzymes convert primary
metabolic precursors into distinctive structural classes of natural products, whereas
tailoring enzymes elaborate upon these scaffolds through reactions including but not
limited to hydroxylation, prenylation, acylation, glycosylation, methylation, halogenation
and sulfonation '-3. As many natural products with industrial and therapeutic utilities
contain complex structures often difficult to be synthesized chemically, they are still
routinely isolated from their native hosts. The deduction of native specialized metabolic
pathways provides a biosynthetic basis for sustainable natural product production in
heterologous hosts; however, de novo elucidation of unknown natural product
biosynthetic pathways in nonmodel organisms remains challenging 4-8. Although natural
product semisynthesis can potentially bypass certain unknown biosynthetic steps,
expensive intermediates, low yields, toxic byproducts, and difficulties in stereochemical
synthesis often render the process commercially inviable °-''. Engineering natural product
total biosynthesis in heterologous hosts with artificial pathways composed of enzymes
selected for their biochemical activity rather than their native biosynthetic role therefore
serves as an attractive alternative strategy '2.

Despite being greatly outnumbered by synthetic compounds, natural products and
their derivatives are disproportionately overrepresented in human drugs '*-'5. The unique

structural features possessed by natural products, key to their pharmacological



properties, are often missed in common scaffolds easily accessible through high-
throughput organic synthesis '6. As a result, exploration of biologically derived chemical
scaffolds has the potential to yield alternative synthetic intermediates for existing or novel
drugs . In various medicinal plants, aromatic amino acids L-phenylalanine, L-tyrosine,
and L-tryptophan give rise to a rich diversity of pharmacologically relevant
phenylpropanoids, benzylisoquinoline alkaloids, and monoterpene indole alkaloids,
respectively '®. These native biosynthetic pathways have thus inspired metabolic
engineering exercises to produce high-value phenolic and indolic compounds in
alternative chassis organisms '8-2°. For example, previous studies have engineered
metabolic pathways downstream of L-tyrosine in bacterial and fungal hosts to produce
natural and new-to-nature opioids with therapeutic potential for treating pain 22’24, The
recent characterization of the Psilocybe cubensis psychotropic L-tryptophan-derived
psilocybin pathway may likewise enable heterologous production of psilocybin analogs
with therapeutic potential in the treatment of addiction, obsessive—compulsive disorders,
and depression 2528,

L-kynurenine, an L-tryptophan-derived non-proteinogenic amino acid, serves as
the precursor for the kynurenine pathway required for the biosynthesis of nicotinamide
adenine dinucleotide (NAD*), and the neuroactive metabolites kynurenic acid (2) and
xanthurenic acid (3) (Figure 1). Present in the brain and peripheral tissues, these
quinoline carboxylic acids act upon several receptors of the human central nervous
system (CNS), including the N-methyl-d-aspartate (NMDAR), a7 nicotinic acetylcholine
(a7nAChR), and kainate receptors, to regulate neuronal physiology 2°-32. L-kynurenine

and 3-hydroxy-L-kynurenine (1) are converted by kynurenine aminotransferase (KAT) to



their corresponding a-keto acids, which in turn cyclize through an intramolecular Schiff-
base formation between the a-keto group and the oxo-(2-aminophenyl)-ring amine to
yield the quinoline scaffold of 2 and 3, respectively (Figure S1). Analogs of 2 and 3 were
shown to display neuroprotective activities, suggesting that quinoline-derived molecules
may find use in drug development for neurological diseases 33-%6. Moreover, the quinoline
scaffold of 2 and 3 has served as an important lead scaffold for thousands of synthetic
analogs and generations of the broad-spectrum antibiotics fluoroquinolones 37-3.

In this work, we engineer new metabolic branches from the kynurenine pathway
using a substrate-promiscuous aromatic amino acid decarboxylase initially identified from
P. cubensis (PcncAAAD) to produce oxo-(2-aminophenyl) and quinoline scaffolds in yeast
Saccharomyces cerevisiae. Incorporation of several regio-specific L-tryptophan
halogenases into the engineering scheme further yields additional halogenated analogs,
including the candidate antidepressant prodrug 4-chlorokynurenine (9) and variants of the
fluoroquinolone-class antibiotics 3"2°. The resulting metabolic engineering strategies
enable access to new chemical entities that may find use in developing therapeutics for

cognitive disorders, neurodegenerative impairment, and antimicrobials.

RESULTS

Branches from the kynurenine pathway can produce the quinoline scaffold

The kynurenine pathway is essential in eukaryotes for NAD" biogenesis. The NAD*
biosynthetic pathway starts with the conversion of L-tryptophan to L-kynurenine, then
oxidation of L-kynurenine to 1 which is further converted to NAD* (Figure 1) %°. In an

alternate pathway downstream of L-kynurenine, KAT catalyzes two-step transamination-



cyclization of L-kynurenine and 1 to produce 2 and 3, respectively. Originally considered
as an L-tryptophan catabolic process, this alternative pathway was recently shown to play
roles in modulating immune system and neurological activities in mammals, where its
dysregulation can lead to neuroinflammatory and neurodegenerative diseases 4%4'. The
NMDA receptor antagonists 2 and 3 both contain quinoline scaffolds and are examples
of heterocyclic natural products derived from nonenzymatic intramolecular Schiff-base
formation. As both ketone and aldehyde can form Schiff base with a primary amine, the
a-keto acids or aldehydes derived from L-kynurenine and 1 by the transaminase or
aldehyde synthase activities respectively could cyclize to give two quinoline scaffolds
differing by the presence/absence of the C2 carboxyl (Figure S1). We therefore reasoned
that, by engineering non-native pathways branching from L-kynurenine or 1, new
heterocyclic-amine-derived molecules could be produced. First, to drive flux into L-
kynurenine for further downstream pathway development and to minimize the metabolic
shunt to NAD* production, we generated a yeast strain overexpressing Homo sapiens
tryptophan 2,3-dioxygenase (HsTDOZ2). HsTDOZ2 is a homotetramer heme-dependent
enzyme capable of catalyzing the addition of molecular oxygen across the 2—-3 bond of
the indole moiety to convert L-tryptophan to N-formyl-L-kynurenine, which in turn
decomposes in vivo to form L-kynurenine (Figure 2a) 2. Overexpression of HsTDO2 in
yeast enhanced the formation of L-kynurenine and 1 by 25 and 47 fold, respectively
(Figure 2b), while the accumulation of 2 and 3 from the downstream pathways were also
increased (Figure S2). Interestingly, we also detected 4-hydroxyquinoline (5) and 4,8-
dihydroxyquinoline (7) at very low levels in both wild-type and HsTDOZ2-overexpressing

yeast strains (Figure S3), which were likely derived from 3-(2-aminophenyl)-3-



oxopropanal and 3-(2-amino-3-hydroxyphenyl)-3-oxopropanal via the yeast Ehrlich
pathway (Figure S4) 3. To the best of our knowledge, this is the first time 5 and 7 are

reported as yeast endogenous metabolites.

PcncAAAD contains both decarboxylase and aldehyde synthase activities toward
L-kynurenine and 3-hydroxy-L-kynurenine substrates
Recent characterization of L-tryptophan decarboxylation chemistry in the hallucinogenic
mushroom P. cubensis identified a noncanonical aromatic L-amino acid decarboxylases
(PencAAAD) with broad substrate promiscuity and a unique C-terminal appendage
domain that confers calcium-dependent catalytic enhancement 44. PcncAAAD catalyzes
the decarboxylation of not only the proteinogenic aromatic amino acids L-phenylalanine,
L-tyrosine, and L-tryptophan, but also the non-proteinogenic aromatic amino acids 5- and
7-chloro-L-tryptophan. Since the majority of previously characterized AAADs display a
much narrower substrate preference, PcncAAAD provides a generally applicable tool for
metabolic engineering of L-aromatic-amino-acid-derived natural products 2>4*4¢, Given its
substrate permissiveness, PcncAAAD may also accommodate L-kynurenine to produce
the decarboxylated product kynuramine. This hypothesis is supported by molecular
docking simulations showing that L-kynurenine and L-tryptophan adopt similar binding
poses in the PcncAAAD active site (Figure S5). While kynuramine is presumably
produced by L-3,4-dihydroxyphenylalanine (L-DOPA) decarboxylase (DDC) from L-
kynurenine in mammalian cells 47, direct evidence supporting this notion is lacking.
Together with PcncAAAD, we screened several AAADs in vitro against L-

kynurenine and 3-hydroxy-L-kynurenine (1), including Catharanthus roseus L-tryptophan



decarboxylase (CrTDC), Papaver somniferum L-tyrosine decarboxylase (PsTyDC), and
H. sapiens L-DOPA decarboxylase (HsDDC). CrTDC and PsTyDC are plant AAADs
involved in the first step of different alkaloid biosynthetic pathways, with substrate
preferences toward L-tryptophan and L-tyrosine, respectively 2348, HsDDC is suggested
to be responsible for trace monoamine formation, but principally catalyzes the
decarboxylation of L-DOPA and 5-hydroxy-L-tryptophan to produce the mammal
neurotransmitters dopamine and serotonin, respectively 4°. Amongst the screened
AAADs, only PcncAAAD was able to utilize L-kynurenine and 1 as substrates (Figure
$6). Intriguingly, the in vitro products of PcncAAAD include not only the decarboxylated
monoamines 4 and 6 but also an additional product in each assay, which were
subsequently confirmed to be 4-hydroxyquinoline (5) and 4,8-dihydroxyquinoline (7). The
formation of 5 and 7 is likely derived from aromatic acetaldehyde synthase (AAS) activity
of PcncAAAD, i.e. decarboxylation-dependent oxidative deamination, followed by
spontaneous cyclization (Figure 2¢). Non-enzymatic oxidation to form these quinolinol
scaffolds from their corresponding monoamines is unlikely as the 4 standard remained
stable under identical reaction conditions. In addition, no aldehyde or cyclized product
was observed when PcncAAAD was incubated with 4, suggesting that the formation of 5
is directly from L-kynurenine.

Michaelis-Menten kinetic assays show that while PcncAAAD exhibits similar Ku
values against L-kynurenine and L-tryptophan, the kcat value for L-kynurenine is lower
than that for L-tryptophan (Table 1, Figure S7). The calcium-activated increase in
catalytic efficiency (kcaKum) is also diminished from 546 fold for L-tryptophan to 21 fold for

L-kynurenine, and indicates that L-kynurenine is unlikely to be the native substrate of



PcncAAAD. Overall, while PcncAAAD exhibits minimal aldehyde synthase activity toward
preferential substrates such as L-tryptophan and L-tyrosine, it apparently contains
significant aldehyde synthase activity toward non-native substrates L-kynurenine and 1.
When utilizing low-affinity substrates adopting nonoptimal binding configurations within
the active site, oxygen likely enters the active site and acts as a co-substrate to facilitate
the alternative decarboxylation-dependent oxidative deamination 23. To the best of our
knowledge, PcncAAAD is the first characterized AAAD capable of catalyzing both the
decarboxylation and decarboxylation-oxidative-deamination reactions using nonnative
amino acid substrates L-kynurenine and 1 to produce their corresponding monoamine
and aromatic acetaldehyde products simultaneously. Overall, the dual activity and
substrate permissiveness of PcncAAAD engenders a unique bioengineering tool for

expanding the kynurenine pathway.

Coexpression of HsTDO2, PcncAAAD, and HsMAO-A leads to the production of
decarboxylated hydroxyquinoline scaffolds in yeast
To examine the utility of PencAAAD in expanding the kynurenine pathway in vivo, we
introduced a PcncAAAD-containing plasmid into the HsTDO2-overexpressing strain, and
assessed the metabolic profile of the resultant transgenic yeast. Coexpression of both
HsTDO2 and PcncAAAD in yeast resulted in a 106- and 184-fold increase in 5 and 7
levels, respectively, demonstrating the effectiveness of PcncAAAD in generating
branching points from the kynurenine pathway in vivo (Figure 2c-d).

As only a fraction of the substrates L-kynurenine and 1 are converted to their

desired heterocyclic products 5 and 7 by the PcncAAAD aldehyde synthase activity or



yeast endogenous enzymatic activities, we introduced an additional plasmid containing
H. sapiens monoamine oxidase A (HsMAO-A) to enhance the conversion of 4 and 6 to 5
and 7, respectively. HsSMAO-A has been extensively studied as this flavin-containing
amine oxidoreductase is responsible for the mono-oxidation of dietary monoamines and
neurotransmitters in vivo and is associated with numerous neurological disorders,
including schizophrenia, depression, substance abuse, and attention deficit disorder 5951,
The addition of HsSMAO-A to the yeast strain coexpressing HsTDOZ2 and PcncAAAD
further drives flux toward the decarboxylated heterocyclic scaffolds as yields of 5 and 7
are enhanced (Figure 3a-c). Itis likely that yeast FAD-utilizing polyamine oxidase (FMS1)
additionally catalyzes this monoamine mono-oxidation reaction endogenously, as
expression of HsTDOZ2 and PcncAAAD in the fms1 knockout strain displays the
accumulation of monoamine 4 (Figure S8).

Next, we integrated HsTDO2, PcncAAAD, and HsMAO-A into a single plasmid
under the control of constitutive pTDH3 promoters, which we named pHQ for its ability to
generate molecules with the hydroxyquinoline scaffold (Figure 3d). While the multi-gene
vector increased the level of 5 and 7 by 417- and 2321-fold, respectively, as compared to
wild type, the accumulation of these products remained low, with a measured 5 titer of
1.6 ug/L when grown aerobically in yeast nitrogen base (YNB) media using shake flasks.
The levels of other branching metabolites including 2 and 3 were also similarly enhanced
in pHQ-plasmid-containing yeast strains compared to wild type (Figure S9).

As PcencAAAD displays a calcium-dependent acceleration in activity in vitro, we
additionally explored calcium supplementation in vivo for enhanced pHQ-derived product

formation 44. When the yeast growth medium YNB was supplemented with 0, 1, 5, or 10



mM calcium chloride, the production of § increased by a marginal 1.3-fold at 1 mM
supplemented calcium but remained at similar or even lower levels when the
supplemented calcium was above 5 mM, potentially due to toxicity of high concentrations
of calcium (Figure S$10). While the activation of PcncAAAD may be tunable in vivo, the
background level of 0.9 mM calcium in YNB is probably approaching the saturation level
for the PcncAAAD calcium-binding sites and precludes substantially more calcium-

dependent catalytic acceleration.

The two-enzyme decarboxylation and oxidation pathway enables greater product
formation than a single decarboxylation-dependent oxidative deamination enzyme
Naturally occurring AAAD and AAS paralogs in mammals, plants, insects, and fungi can
be mechanistically interconverted through select active-site mutations 445254 As
determined in the crystal structure of PcncAAAD, residue Y471 is likely the catalytic
tyrosine that protonates the carbanion intermediate required for the decarboxylation
chemistry 4452, In most AAADs, substitution of this catalytic tyrosine with phenylalanine
or other bulky hydrophobic residues engenders AAS activity. Therefore, to explore
aldehyde synthase chemistry in the single-enzyme conversion of L-kynurenine to 5, we
generated yeast expressing the catalytic mutant PencAAADY47'F. Although coexpression
of HsTDO2 and PcncAAADY#"F led to the accumulation of 5 in yeast, the strain containing
the pHQ multi-gene vector displayed a higher product titer (Figure S$11). The lower 5
product formation in the HsTDO2-PcncAAADY4"'F strain could be attributable to a

decrease in total catalytic efficiency of the PcncAAADY4"'F mutant. Similar decreases in



substrate turnover have previously been observed in the interconversion of other AAAD-

family enzymes 2.

Halogenated derivatives of quinoline compounds

Halogenated drugs often exhibit altered medicinal properties as compared to their un-
substituted analogs. Consequently, halogenases are emerging as bioengineering tools to
produce regio-selectively functionalized products from substrates of interest that would
otherwise be hard to modify through synthetic chemistry %°. Amongst the investigated
halogenases, the flavin-dependent halogenases (FDHs) together with the flavin
reductases required for FDH activity in vivo have been the best studied. The versatility of
these enzymes in the halogenation of L-tryptophan, tryptophan-containing oligopeptides,
and other larger indole-based substrates have been previously described 6-59. The
bacterial FDHs PyrH, ThdH, and RebH are well characterized enzymes that halogenate
L-tryptophan at the 5, 6, and 7 position, respectively 6°-62,

Coexpression of PyrH, ThdH, or RebH together with a corresponding flavin
reductase gene RebF and pHQ resulted in the production of regio-specifically chlorinated
analogs of L-kynurenine and 1-7 from the extend kynurenine pathway, namely chloro-L-
kynurenine 9), chloro-3-hydroxy-L-kynurenine (10), chloro-2-carboxy-4-
hydroxyquinoline (11), chloro-2-carboxy-4,8-dihydroxyquinoline (12), chlorokynuramine
(13), chloro-4-hydroxyquinoline (14), and chloro-4,8-dihydroxyquinoline (16), which all
show the characteristic isotope pattern of chlorinated compounds (Figure 4 & Figure
$12). We did not detect chloro-3-hydroxykynuramine (15); however, as 6 is known to be

easily oxidized under physiological condition 63, the addition of a chlorine atom onto the



aromatic ring could have further destabilize the molecule. In addition, we did not observe
7-chloro-4-hydroxyquinoline (14b), 7-chloro-2-carboxy-4,8-dihydroxyquinoline (12b), and
7-chloro-4,8-dihydroxyquinoline (16b), indicating that HSMAO-A may be less permissive
of certain substituted aromatic substrates relative to the upstream HsTDO2 or PcncAAAD
enzymes.

As previous reports have demonstrated that FDHs can also use bromide to
produce brominated L-tryptophan, we assessed the capacity of these enzymes to function
in the bromination of kynurenine pathway metabolites in vivo . When 50 mM sodium
bromide was supplemented to the medium, brominated intermediates in the kynurenine
pathway were observed, including bromo-kynurenine (18), bromo-3-hydroxy-L-
kynurenine  (19), bromo-2-carboxy-4-hydroxyquinoline  (20), and  bromo-4-
hydroxyquinoline (23) (Figure S13 & S$14). As no production of bromokynuramine (22),
bromo-3-hydroxykynuramine (24), bromo-2-carboxy-4,8-dihydroxyquinoline (21), and
bromo-4,8-dihydroxyquinoline (25) could be detected, the engineered pathway may be
less permissive toward the structurally larger brominated substrates. Among these
halogenated kynurenine-pathway products, 4-chloro-L-kynurenine (9b) and its structural
analogs 9a and 9¢, and the C2 carboxylic-acid-containing halogenated quinolones 11a,
11b, 11c and 12a are of particular interest as these compounds may potentially serve as
neuropharmaceutical drug candidates and the basis of new fluoroquinolone antibiotics,

respectively.

DISCUSSION



Devising synthetic biology strategies to gain access to valuable pharmaceuticals and
commodity chemicals is key for the transition toward a sustainable and green chemical
industry. In this work, we explore synthetic branches of the kynurenine pathway in S.
cerevisiae to produce a number of functionalized oxo-(2-aminophenyl) and quinoline
scaffolds. The quinoline derivatives have numerous applications ranging from metal
complexes to nanoparticle development, and have also been extensively explored by
medicinal chemists in the context of developing quinolone antibiotics. Since the discovery
of nalidixic acid, over ten thousand analogs of the quinoline scaffold have been
synthesized, from which generations of the broad-spectrum synthetic antibiotics have
been developed 338 These compounds and their subsequently halogenated
fluoroquinolones represent the first class of fully synthetic antibacterial agents and are
critical in treating both Gram-positive and Gram-negative bacterial infections. The
molecular basis for the inhibition of bacterial type |l topoisomerases, DNA gyrase, and
DNA topoisomerase IV by the quinoline pharmacophores has been extensively studied
over decades of research. As reported, the pharmacophore of fluoroquinolones
comprises a bicyclic ring with eight chemical features underlying various structure—activity
relationships °. In this work, through the expansion of the kynurenine pathway in yeast,
we are able to vary the quinoline pharmacophore at the C2 ring position with a carboxyl
group, the C6 or C7 ring positions with Cl or Br halogenation, and the C8 position with
hydroxylation or halogenation. Importantly, while initial structure—activity relationship
studies indicate that the carboxyl group at C2 interacts with the catalytic divalent metal

ions of the target bacterial DNA gyrase and is crucial for inhibition, quinazolinediones lack



the C2 carboxyl, indicating that substitutions at this position may lead to new analogs for
battling against quinolone antibiotic resistance ©°.

In addition to the extensively explored quinoline scaffold, a growing body of
evidence suggests that the precursory L-kynurenine and other oxo-(2-aminophenyl)-
containing molecules in the kynurenine pathway may also find use in drug development.
L-kynurenine itself is an inhibitor of a7nAChRs, an antagonist of NMDARs, and an
activator of aryl hydrocarbon receptors (AHRs) 67-9. The oxo-(2-aminophenyl)-containing
13a, 13b, and 13c are of particular interest as these compounds function as
neuropharmaceutical prodrug candidates °. Moreover, L-kynurenine and 9b serve as
biosynthetic precursors for the Streptomyces sp. cyclic lipopeptide antibiotics daptomycin
and taromycin, respectively, where the oxo-(2-aminophenyl) moiety is essential for the
antibiotic activity of the hexapeptide core 7%7'. Recently, bromo-L-kynurenine (18) and a
number of downstream derivatives were also identified as the biofluorescent small
molecules responsible for the blue-to-green fluorescence of certain sharks 72. The
fluorescent nature of halogenated L-kynurenine and downstream quinoline compounds
> may be harnessed to devise future cell-based directed evolution experiments to
enhance the production of L-kynurenine-derived molecules in heterologous hosts.

The rapid evolution of specialized metabolic systems gave rise to the remarkable
chemical diversity in living organisms 7. New enzyme activities emerge predominantly
through gene duplication followed by sub- and neo-functionalization. In a previous study
of the type Il PLP decarboxylase enzymes in P. cubensis, we identified the substrate-
promiscuous calcium-activatable PcncAAAD which may play a role in psilocybin

biosynthesis #4. A structural and mechanistic understanding of this noncanonical enzyme



has facilitated rational engineering of the desirable biochemical activities. As
demonstrated here with the PcncAAADY4"'F mutant, PcncAAAD activity can be toggled
between decarboxylase and aldehyde synthase through mechanism-based mutagenesis
4474 In the expanded kynurenine pathway described in this work, the substrate
permissiveness of PcncAAAD is required for L-kynurenine accommodation. However,
this same broad substrate selectivity also results in an upstream metabolic shunt away
from the L-kynurenine pathway, as PcncAAAD preferentially catalyzes the turnover of L-
tryptophan over L-kynurenine. Future experiments may further refine substrate
selectivities and/or catalytic properties of PcncAAAD for constructing specific routes of
the L-kynurenine pathway.

In this work, we used L-tryptophan halogenases upstream of the kynurenine
pathway to produce halogenated downstream oxo-(2-aminophenyl) and quinoline
compounds. This strategy is similar to a previous report that generated halogenated vinca
alkaloids through the use of L-tryptophan halogenases in Catharanthus roseus ™.
Nevertheless, the poor accommodation of halogenated intermediates by various
downstream enzymes likely hindered final product yield. The recruitment of the
chlorinated-substrate-specific TDO and kynurenine formamidase, identified from the
Saccharomonospora sp. CNQ-490 taromycin A operon, could partially ameliorate this
issue 6. Alternatively, late-stage halogenases, as described in malbrancheamide
biosynthesis, could potentially be adopted to functionalize the quinoline scaffold directly
75,77,78_

Collectively, this research opens a new avenue for the production of functionalized

oxo-(2-aminophenyl) and quinoline scaffolds in yeast. Expansion of this engineered



metabolic pathway with alternative tailoring enzymes will provide further chemical

diversity with potential industrial and medicinal utilities.

METHODS
Reagents
L-phenylalanine, phenylethylamine, L-tryptophan, tryptamine, L-DOPA, dopamine, L-
kynurenine, 3-hydroxy-DL-kynurenine, kynuramine, and 4-quinolinol were purchased

from Sigma-Aldrich and used as received.

Molecular Cloning

The coding sequences (CDS) of PcncAAAD, HsTDOZ2, and HsDDC were PCR amplified
using P. cubensis or H. sapiens cDNA as template DNA with gene-specific primers
(Supplemental Table 2). Internal Bsal and BsmBI restriction sites were abolished through
Gibson-assembly-based mutagenesis using mutation oligonucleotides (Supplemental
Table 2). The HsMAO-A, RebH, RebF, ThdH and PyrH genes were synthesized as
gBlocks (IDT) with codon optimization specified for S. cerevisiae. The PCR amplicons or
gBlocks were ligated into various base vectors via Gibson assembly or Golden Gate
assembly. Destination vectors include the bacterial expression vector pHis8-4; the
constitutive S. cerevisiae expression vectors p423TEF, p425TEF, and p426TEF 7° and a
custom yeast toolkit multigene expression vector 7®8. Transcriptional units and
subsequent multigene vectors, assembled downstream of the yeast toolkit entry vector,
were assembled through Golden Gate assembly for constitutive expression in S.

cerevisiae.



Metabolomic profiling by liquid-chromatography high-resolution accurate-mass
mass-spectrometry (LC-HRAM-MS)

Saturated starter cultures of S. cerevisiae, grown in 3 mL of yeast extract peptone

dextrose (YPD) medium, were used to inoculate individual bioreactor conical tubes
containing 15 mL of YNB minimal medium, dextrose, and the necessary auxotrophic
markers. After 24 h of shaking at 30 °C, the cultures were pelleted by centrifugation,
washed with water, and stored at —80 °C for subsequent metabolomic extraction. Frozen
yeast pellets were disrupted using the Qiagen TissueLyser (Qiagen), zirconia beads, and
50% methanol (500 uL per 100 mg cell pellet weight). Lysates were clarified by
centrifugation, filtered using 0.2 ym nanoffilter vials (Thomson Instrument Company), and
analyzed by LC-HRAM-MS following a previously described method 44. The raw data
were converted to mzML format using MSConvert 8!, and analyzed using MetaboAnalyst

82 and MZmine 2 83,

Recombinant Protein Production and Purification

Escherichia coli BL21(DE3) cells containing various protein expression constructs were
grown at 37 °C in terrific broth to OD600 of 0.9, induced with 0.15 mM isopropyl-B-D-
thiogalactoside (IPTG), and grown for 20 h at 18 °C. The bacterial cells were harvested
by centrifugation, washed with PBS (137 mM NaCl, 2.7 mM KCI, 10 mM NaxHPO4, and
1.8 mM KH2PO4), resuspended in 150 mL of lysis buffer (60 mM Tris [pH 8.0], 0.5 M NaCl,
20 mM imidazole, 200 uM pyridoxal 5'-phosphate (PLP), and 0.5 mM dithiothreitol (DTT),

and lysed with multiple passes through an M-110L microfluidizer (Microfluidics). The



resulting crude protein lysate was clarified by centrifugation prior to Qiagen nickel-
nitrilotriacetic acid (Ni-NTA) gravity flow chromatographic purification. After passing the
clarified lysate though the column, the resin was washed with 20-column volumes of lysis
buffer and eluted with 1-column volume of elution buffer (50 mM Tris [pH 8.0], 0.5 M NaCl,
250 mM imidazole, 200 uM PLP, and 0.5 mM DTT). 1 mg of His-tagged tobacco etch
virus (TEV) protease was added to the eluted protein, followed by dialysis at 4 °C for 16
h in dialysis buffer (50 mM Tris [pH 8.0], 0.1 M NaCl, 20 mM imidazole, 200 yM PLP, and
2 mM DTT). After dialysis, the protein solution was passed through Ni—NTA resin to
remove the cleaved tag, the uncleaved recombinant protein, and His-tagged TEV. The
flowthrough was further purified by gel filtration on a fast protein liquid chromatography
(FPLC) system (GE Healthcare Life Sciences). The principal peaks were collected, buffer-
exchanged using an Amicon Ultra-S15 centrifugal filter unit with Ultracel-30 membrane
(EMD Millipore) and storage buffer (20 mM Tris [pH 8.0], 25 mM NaCl, 200 uM PLP, and
0.5 mM DTT), concentrated to a final protein concentration of 10 mg/mL, and flash frozen
in liquid nitrogen. Prior to freezing, the PcncAAAD recombinant enzyme was further
processed to remove metal ions though buffer exchange using a chelating buffer (50 mM
imidazole, pH 8.0, 5 mM crown ether, 5 mM EDTA, 200 uM PLP, and 2 mM DTT) and
then a metal-ion-free storage buffer (25 mM Tris, pH 7.5, 200 uM PLP, and 2 mM DTT).
The purity of the recombinant proteins were evaluated by ImageJ2 densitometric analysis

using BSA as the standard 8.

Enzyme Assays



The AAAD enzyme assays were performed in 100 uL of reaction buffer (50 mM Tris, pH
8.0) containing 2 pg of recombinant enzyme. Kinetic reactions were incubated with a
range of L-kynurenine substrate concentrations (1 uM to 4 mM) at 25 °C for 30 min prior
to quenching with 100 pL of 0.8 M formic acid. The reaction mixture was centrifuged and
the supernatant was analyzed by liquid chromatography-mass spectrometry (LC-MS)
coupled with a UV detector. 10 pL of reaction mixture was analyzed by an Ultimate 3000
liquid chromatography system (Dionex) equipped with a 150 mm C18 column (Kinetex
2.6 um silica core shell C18 100 A pore, Phenomenex), and coupled to an UltiMate 3000
diode-array detector in-line UV-Vis spectrophotometer (Dionex) and a TSQ Quantum
Access MAX triple-quadrupole mass spectrometer (Thermo Fisher Scientific).
Compounds were separated by reversed-phase chromatography with a ramp gradient of
solvent A (0.1% formic acid in H20) and solvent B (0.1% formic acid in acetonitrile): 10%
solvent B for 0.5 min, 5%—-40% solvent B over 8.5 min, 95% solvent B for 1.8 min, followed
by a final equilibration of 10% solvent B for 1 min with a flow rate at 0.7 mL/min. Product
formation was measured using selected ion monitoring in positive mode for a centroid
mass and a scan width of 0.5. Kynuramine product formation was quantified against a
standard curve of kynuramine analytical standard. Kinetic constants such as kca: and Ky
were determined by fitting raw data to the Michaelis—Menten equation using the nonlinear

regression function in Prism (version 7.0).

Molecular Docking
The docking simulations of L-kynurenine and L-tryptophan ligands into the active site of

the PcncAAAD crystal structure (PDB accession 6EBN) 4 were conducted using



AutoDock Vina 1.1.2.42 85, The choice of grid and box size were determined as previously

described 4.
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Table

Table 1. Kinetics parameters of PcncAAAD toward L-kynurenine, L-phenylalanine,
and L-tryptophan. Reactions were performed in 50 mM Tris, pH 8.0, and 30 mM
sodium chloride or calcium acetate reaction buffer at 25 °C. Note that previous
characterization of PencAAAD demonstrated that this enzyme also readily catalyzes the
decarboxylation L-tyrosine, although the turnover rate and Michaelis-Menten kenetic
constants were ultimately not determined as the maximum rate of the reaction was
limited by the solubility of the substrate 44.

Substrates 30 mM Na* 30 mM Ca?*
kcat (sec’™) 0.19+£0.02 3.75+0.12
L-kynurenine
Ku (mM) 0.40+0.14 0.38 £ 0.05
kea/Ku (sec’’ mM) 0.47 9.75
kcat (sec’™) 9.68 +0.28 3044.00 * 263.80
L-phenylalanine*
Ku (mM) 0.82 +0.07 0.78 £ 0.21
kea/Ku (sec’’ mM) 11.80 3902.56
Kcat (sec’™) 0.60 + 0.06 255.40 + 16.23
L-tryptophan*
Ku (mM) 0.45+0.16 0.36 £ 0.09
kea/Ku (sec’’ mM-1) 1.33 709.44

*kinetics results from previous study 44
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Figure 1 | Overview of the endogenous and engineered kynurenine pathways in
yeast in this study. The endogenous kynurenine pathway in yeast requires TDO,
KMO, and other enzymes for the de novo NAD™ biosynthesis from L-tryptophan. KAT
creates two branches from the kynurenine pathways that produce 2 and 3, from L-
kynurenine and 1, respectively. By introducing HsTDO2, PcncAAAD, and HsMAO-A in
yeast, we are able to increase the flux through the kynurenine pathway and add new
pathways for the heterologous production of quinoline-core molecules with potential
industrial interest. Note that PcncAAAD is also capable of producing 5 and 7 directly
from L-kynurenine and 1 through its latent aldehyde synthase activity. The oxo-(2-
aminophenyl) scaffold is highlighted in orange, and quinoline scaffold is highlighted in
blue. Engineered pathways in this study are indicated by blue arrows, while previously
known enzymatic steps in yeast are represented by black arrows. Dotted lines denote
enzymatic steps with unstable intermediates not shown. Heterologous enzymes
expressed in yeast are highlighted by blue ovals. TDO, tryptophan 2,3-dioxygenase;
KMO, kynurenine 3-monooxygenase; KAT, kynurenine aminotransferase; HsTDO2,
Homo sapiens tryptophan 2,3-dioxygenase; PcncAAAD, Psilocybe cubensis non-
canonical aromatic amino acid decarboxylase; HsSMAO-A, H. sapiens monoamine
oxidase.
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Figure 2 | Characterization of the biochemical activities of HsTDO2 and
PcncAAAD in the context of engineering new kynurenine pathway branches in
yeast. (a) HsTDO2 catalyzes the ring-opening of L-tryptophan to N-formyl-L-
kynurenine, which is rapidly degraded to L-kynurenine in vivo and further converted to
3-hydroxy-L-kynurenine (1) by KMO. Heterologous enzymes expressed in yeast are
highlighted by blue ovals. (b) Compared to wild type (WT) yeast, HsTDO2-
overexpressing yeast over-accumulates L-kynurenine and 1 by 25- and 47-fold,
respectively. Bar graphs indicate the integrated peak area of the corresponding
compounds. (¢) The in vivo formation of 5 and 7 is derived from the aromatic
acetaldehyde synthase (AAS) activity of PcncAAAD, which performs decarboxylation-
dependent oxidative deamination to yield aromatic acetaldehyde products that
spontaneously cyclize to 5 and 7. The in vitro formation of 5 and 7 in HsTDO2-



PcncAAAD-overexpressing yeast can be derived from both decarboxylase and AAS
activities. In addition, PencAAAD exhibits a calcium-activatable decarboxylation activity
toward both L-kynurenine and 1. (d) Compared to WT yeast, HsTDO2-PcncAAAD-
overexpressing yeast over-accumulates 5 and 7 by 106- and 184-fold, respectively.
Error bars represent standard error of the mean (SEM) of biological triplicates.
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Figure 3 | Engineered metabolic pathway incorporating HsTDO2, PcncAAAD, and
HsMAO-A to produce quinoline molecules in yeast. (a) The reaction scheme of the
engineered kynurenine branch pathway from L-tryptophan to 5 and 7. Heterologous
enzymes expressed in yeast are highlighted by blue ovals. In this pathway, only the
KMO enzyme is endogenous in yeast. (b) Relative abundance of select metabolites in
several engineered yeast strains, where HsTDO2, PecncAAAD, and HsMAO-A are
expressed either alone or in combination. Averaged integrated peak area of each
compound based on biological triplicates is displayed. (c) Relative abundance of
quinoline-core molecules 4, 5, 6, and 7 in various engineered yeast strains. Error bars
represent SEM of biological triplicates. (d) HsTDO2, PcncAAAD, and HsSMAO-A are
constructed into a single plasmid, which we termed pHQ, for its ability to produce
hydroxyquinoline (HQ)-derived molecules.
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Figure 4 | Engineered metabolic pathway to produce chlorinated kynurenine-
pathway molecules. The regio-specific halogenases PyrH, ThdH, or RebH produce the
halogenated L-tryptophan substrate for the expanded kynurenine pathway in the
production of the chlorinated intermediates 8-16. Similar to the expanded kynurenine
pathway shown in Figure 1, compounds 8-16, which are analogs of L-kynurenine and
1-7 with chlorination at different positions on the aromatic ring, were produced in
engineered yeast. The LC-MS traces and isotope patterns of these molecules are
shown in Figure $11. Compound names crossed with a red line were not detected in
engineered yeast, which could be due to either the instability of the molecules or the
inability of HSMAO-A to accommodate 4-chlorinated kynuramine substrates. RebH,
tryptophan 7-halogenase; ThdH, tryptophan 6-halogenase; PyrH, tryptophan 5-

halogenase.



Supporting Information for

Engineering new branches of the kynurenine pathway to produce oxo-(2-

aminophenyl) and quinoline scaffolds in yeast

Michael Patrick Torrens-Spence't, Chun-Ting Liu'23t and Jing-Ke Weng'-?*

'Whitehead Institute for Biomedical Research, 455 Main Street, Cambridge, MA 02142
USA.

’Department of Biology, Massachusetts Institute of Technology, Cambridge, MA 02139
USA.

3Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA
02139 USA.

tCo-first authors
*Corresponding author. Email: wengj@wi.mit.edu



Supplementary Figures

Ri

SN
spontaneous Ro—1—
I:‘1 S —
NH a«\\(\ CO5H
R, ’ o OH
2 0 derivatives of
Ry =H 2-carboxy-4-hydroxyquinoline (2)
WNH, Ry = OH 2-carboxy-4,8-dihydroxyquinoline (3)
R» = halogenation at the 6,7,8 ring position
CO,H
2 454?/0'e "
derivatives of % s n
Ry =H vL-kynurenine [/763@

R;=OH 3-hydroxy-L-kynurenine (1) R

R» = halogenation at the 4,5,6 ring position N N
spontaneous gt h

—_— 2 U /

OH

derivatives of
Ry =H 4-hydroxyquinoline (5)
R; =0OH 4,8-dihydroxyquinoline (7)
R» = halogenation at the 6,7,8 ring position

Figure S1 | L-Kynurenine and 1 derivatives can form molecules with quinoline
scaffolds. L-kynurenine or 1 can undergo kynurenine aminotransferase (KAT)-
mediated or aldehyde synthase-mediated pathways to form quinoline-core molecules.
The immediate ketone or aldehyde products of the KAT or aldehyde synthase enzymes
spontaneously cyclize to yield various quinoline derivatives. Quinoline scaffold is

colored in blue.
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Figure S2 | Increased production of kynurenine pathway branching products 2
and 3 in HsTDO2-overexpressed yeast strain. The bar graphs represent the
integrated peak areas of the corresponding compounds. Compared to wild-type (WT)
yeast strain, the production of 2 and 3 increased by 6- and 2.5-fold, respectively. Error
bars represent standard error of the mean (SEM) of biological triplicates.
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Figure S3 | Production of 5 and 7 in WT yeast. Compound 5 and 7 were detected in
WT yeast despite the absence of exogenous L-kynurenine or 3-hydroxy-L-kynurenine
decarboxylase. (a) The chromatogram (top panel) and MS/MS spectra at m/z = [M+H]*
(bottom panel) of 5 standard confirm the presence of 5 in WT yeast. (b) While 7
standard was not available, 5 and 7 share a similar MS/MS fragmentation pattern given
their structural similarity, which helped us to indirectly confirm the identity of 7.
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Figure S5 | Modeled binding orientations of L-tryptophan (a) and L-kynurenine (b)
in the PcncAAAD active site. L-Tryptophan and L-kynurenine have similar modeled
orientations in the PcncAAAD active site, with their aromatic rings forming pi-pi
interactions with His'®” and their amino and carboxyl groups interact with His?5, Tyr?%,
and the phosphate group of the covalently bound lysine-pyridoxal-5'-phosphate (LLP)
through hydrogen bonds. The binding calculated affinities are -6.1 and -6.2 kcal/mol for
L-tryptophan- and L-kynurenine-docked models, respectively. The LLP is displayed as
spheres, whereas residues putatively contributing to the binding of substrates are
shown as sticks. PcncAAAD monomer A and B are shown in salmon and light blue,
respectively. Simulated docking was performed using AutoDock Vina 1.1.2.
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Figure S6 | AAADs activity assays toward L-kynurenine (a) and 3-hydroxy-L-
kynurenine (1) (b). PcncAAAD, CrTDC, PsTyDC, and HsDDC were screened for their
activity toward L-kynurenine and 1. Only PencAAAD utilized L-kynurenine and 1 as
substrates to produce kynuramine 4 and 6. We were unable to measure any enzymatic
activity of the recombinant HsDDC against L-kynurenine or its native substrate L-DOPA,
suggesting a possible problem with the in vitro assay condition or the activity of the
purified HsDDC enzyme. PcncAAAD also produced 5 and 7, which are likely resulted
from the spontaneously cyclized aldehyde products due to the aldehyde synthase
activity. The assay was conducted in 50 mM Tris (pH 8.0) with 30 mM sodium chloride
and reacted for 45 minutes before analyzed by LC-MS. The chromatograms shown
represent UV-Vis absorbance. The identity of product 5 was confirmed by matching to
standard with MS/MS spectrum. The identity of product 7 was confirmed indirectly by
comparing its MS/MS and UV-Vis spectra with those of related compounds.
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Figure S7 | Kinetic analysis for PcncAAAD against L-kynurenine. Assays were
conducted in a 50 mM Tris pH 8.0 reaction buffer containing either 30 mM Na* or Ca?*.
Production of 4 was measured by LC-MS and compared against a standard curve of the
authentic standard. Data collected were fitted with Michaelis—Menten nonlinear
regression model.
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Figure S10 | Calcium-dependent production of 5 in engineered yeast. The bar
graph shows the relative production of 5 in yeast, when the media was supplemented
with 0, 1, 5, or 10 mM calcium chloride. The production peaks at 1 mM supplemented
Ca?*, with a 1.3-fold increase compared to 0 mM supplemented Ca?*. The increase in
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SEM of biological triplicates. The asterisk indicates that the p-value is less than 0.05.
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Figure S12 | LC-MS chromatograms and isotope patterns of chlorinated
molecules produced from engineered yeast. Chlorinated molecules (left), their LCMS
chromatograms (middle), and the isotope patterns observed at the corresponding peak
(right) are shown. In the isotope pattern panel, the masses of CI- and CI*'-
incorporated molecule are shown. Impurity peaks are noted with asterisks. Isotope
patterns are not in a perfect 3:1 ratio, which could reflect the kinetic isotope effect of
some enzymatic reactions.
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Figure S13 | Engineered pathway to produce brominated kynurenine-pathway-
derived molecules. The ability of the halogenases PyrH, ThdH, and RebH to
incorporate bromine onto L-tryptophan is exploited to further derivatize the kynurenine-
derived products. Similar to the expanded kynurenine pathway displayed in Figure 1,
compounds 17-20 and 23, analogs of L-tryptophan, L-kynurenine, 1, 2, 4, and 5 with
bromination at different positions on the aromatic ring were produced. The LC-MS
chromatograms and isotope patterns of these molecules are shown in Figure S14.
Compounds crossed with a red line are ones that were not observed, which could be
due to either the instability of the molecules or the inability of the engineered pathway to

accommodate certain halogenated intermediates.
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Figure S14 | LC-MS chromatograms and isotope patterns of brominated
molecules produced from engineered yeast. Brominated molecules (left), their LCMS
chromatograms (middle), and the isotope patterns observed at the corresponding peak
(right) are shown. In the isotope pattern panel, the masses of Br’®- and Brd'-
incorporated molecule are shown. Impurity peaks are noted with asterisks. Isotope
patterns are not in a perfect 1:1 ratio, which could reflect the kinetic isotope effect of
some enzymatic reactions.



TABLES

Table S1. Cloning primers.
Gene | Vector/ | Directi Sequence
purpos on
e
PcncAA | pHis8- F GAAAACTTGTACTTCCAGGCCCATGGCATGCCTTCCAGTCACCCTC
AD 4 ACATTACTC
PcncAA | pHis8- R CTCGAATTCGGATCCGCCATGGCTACTTCGTCGGAGCAACAGTCTC
AD 4 CAATTTG
PcncAA | p423T F GCATAGCAATCTAATCTAAGTTTTCTAGAACTAGTATGCCTTCCAGT
AD EF CACCCTCAC
PcncAA | p423T R CAGCCCGGGGGATCCACTAGTCTACTTGGCGGGAGCGATAGTCTC
AD EF
PcncAA | pYTKO F GCATCGTCTCATCGGTCTCATATGCCTTCCAGTCACCCTCACATTAC
AD 01 TC
PcncAA | pYTKO R ATGCCGTCTCAGGTCTCAGGATCTACTTCGTCGGAGCAACAGTCTC
AD 01 CAATTTG
PcncAA | Mutatio F GCTTGGACGAGGAAACGCCAGTATATC
AD n
PcncAA | Mutatio R GATATACTGGCGTTTCCTCGTCCAAGC
AD n
PcncAA | Mutatio F CGAAGTAAAGAGGCGCATGGGAC
AD n
PcncAA | Mutatio R GTCCCATGCGCCTCTTTACTTCG
AD n
HsTDO2 | p425T F ATAGCAATCTAATCTAAGTTTTCTAGAACTAGT
EF ATGAGTGGGTGCCCATTTTTAGGAAAC
HsTDO2 | p425T R CAGCCCGGGGGATCCACTAGT
EF TTAATCTGATTCATCACTGCTGAAGTAGGAGC
HsTDO2 | pYTKO F GCATCGTCTCATCGGTCTCATATGAGTGGGTGCCCATTTTTAGGAA
01 AC
HsTDO2 | pYTKO R ATGCCGTCTCAGGTCTCAGGATTTAATCTGATTCATCACTGCTGAAG
01 TAGGAGC
HsTDO2 | Mutatio F GCAGTTTTCCATTCTGGAAACGATGACAGCCTTGG
n




HsTDOZ2 | Mutatio CCAAGGCTGTCATCGTTTCCAGAATGGAAAACTGC
n
HsSMAO- | p426T AGCAATCTAATCTAAGTTTTCTAGAACTAGT
A EF ATGGAGAACCAAGAAAAGGCTTCTATCGC
HsSMAO- | p426T CAGCCCGGGGGATCCACTAGTTCAGGATCTAGGCAAAAGTTTATAC
A EF TTATATAATAC
HsMAO- | pYTKO GCATCGTCTCATCGGTCTCAT
A 01 ATGGAGAACCAAGAAAAGGCTTCTATCGC
HsMAO- | pYTKO ATGCCGTCTCAGGTCTCAGGAT
A 01 TCAGGATCTAGGCAAAAGTTTATACTTATATAATAC
RebH pYTKO GCATCGTCTCATCGGTCTCATATGTCAGGAAAGATCGACAAAATAC
01 TAATTGTGGG
RebH pYTKO ATGCCGTCTCAGGTCTCAGGATCTATCTTCCGTGTTGTTGACGTAA
01 GAATTCATGTAAG
RebF pYTKO GCATCGTCTCATCGGTCTCATATGACAATCGAGTTTGACCGTCCAG
01 G
RebF pYTKO ATGCCGTCTCAGGTCTCAGGATCTAGCCCTCTGGGGTCCAGAC
01
PyrH pYTKO GCATCGTCTCATCGGTCTCATATGATCCGTAGTGTTGTAATCGTCG
01 GG
PyrH pYTKO ATGCCGTCTCAGGTCTCAGGATCTATTGGATGCTTGCAAGGTACTC

01

GTAACA






