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Radiation of the plant pyridoxal 5’-phosphate (PLP)-dependent aro-
matic L-amino acid decarboxylase (AAAD) family has yielded an ar-
ray of paralogous enzymes exhibiting divergent substrate preferences
and catalytic mechanisms. Plant AAADs catalyze either the decar-
boxylation or decarboxylation-dependent oxidative deamination
of aromatic L-amino acids to produce aromatic monoamines or
aromatic acetaldehydes, respectively. These compounds serve as
key precursors for the biosynthesis of several important classes of
plant natural products, including indole alkaloids, benzylisoquino-
line alkaloids, hydroxycinnamic acid amides, phenylacetaldehyde-
derived floral volatiles, and tyrosol derivatives. Here, we present
the crystal structures of four functionally distinct plant AAAD
paralogs. Through structural and functional analyses, we identify
variable structural features of the substrate-binding pocket that
underlie the divergent evolution of substrate selectivity toward
indole, phenyl, or hydroxyphenyl amino acids in plant AAADs.
Moreover, we describe two mechanistic classes of independently
arising mutations in AAAD paralogs leading to the convergent
evolution of the derived aldehyde synthase activity. Applying
knowledge learned from this study, we successfully engineered
a shortened benzylisoquinoline alkaloid pathway to produce (S)-
norcoclaurine in yeast. This work highlights the pliability of the
AAAD fold that allows change of substrate selectivity and access
to alternative catalytic mechanisms with only a few mutations.

enzyme evolution | AAAD | aromatic amino acid metabolism | specialized
metabolism

lants are sessile organisms that produce a dazzling array of

specialized metabolites as adaptive strategies to mitigate
multitudes of abiotic and biotic stressors. Underlying plants’
remarkable chemodiversity is the rapid evolution of the requisite
specialized metabolic enzymes and pathways (1). Genome-wide
comparative analysis across major green plant lineages has
revealed pervasive and progressive expansions of discrete en-
zyme families mostly involved in specialized metabolism,
wherein new enzymes emerge predominantly through gene du-
plication followed by subfunctionalization or neofunctionalization
(2). Newly evolved enzyme functions usually entail altered sub-
strate specificity and/or product diversity without changes in the
ancestral catalytic mechanism. In rare cases, adaptive mutations
occur in a progenitor protein fold—either catalytic or non-
catalytic—that give rise to new enzymatic mechanisms and novel
biochemistry (3, 4). Resolving the structural and mechanistic
bases for these cases is an important step toward understand-
ing the origin and evolution of functionally disparate enzyme
families.

Aromatic amino acid decarboxylases (AAADs) are an ancient
group of pyridoxal 5’-phosphate (PLP)-dependent enzymes with
primary functions associated with amino acid metabolism.
Mammals possess a single AAAD, dopa decarboxylase (DDC),
responsible for the synthesis of monoamine neurotransmitters,
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such as dopamine and serotonin, from their respective aromatic
L-amino acid precursors (5). AAAD family enzymes have radi-
ated in plants and insects to yield a number of paralogous en-
zymes with variation in both substrate preference and catalytic
mechanism (Fig. 1 A-C and SI Appendix, Fig. S1) (6). In plants,
L-tryptophan decarboxylases (TDCs) and L-tyrosine decarbox-
ylases (TyDCs) are canonical AAADs that supply the aromatic
monoamine precursors tryptamine and tyramine for the bio-
synthesis of monoterpene indole alkaloids (MIAs) and benzyli-
soquinoline alkaloids (BIAs), respectively (SI Appendix, Fig. S2)
(7, 8). In contrast, phenylacetaldehyde synthases (PAASs) and
4-hydroxyphenylacetaldehyde synthases (4HPAASSs) are mechanistically
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Function, phylogeny, and taxonomic distribution of plant AAADs. (A) Biochemical functions of four representative plant AAADs in the context of

their native specialized metabolic pathways. The dashed arrows indicate multiple catalytic steps. (B) A simplified maximum likelihood phylogenetic tree of
bacteria, chlorophyte, and plant AAADs. A fully annotated tree is shown in S/ Appendix, Fig. S3. The bacterial/chlorophyte, basal, TyDC, and TDC clades are
colored in yellow, green, blue, and pink, respectively. Functionally characterized enzymes are labeled at the tree branches. The four AAADs for which their
crystal structures were resolved in this study are denoted in bold. The EgPAAS identified and characterized in this study is underlined; * and ** denote two
mechanistic classes of AASs that harbor naturally occurring substitutions at the large-loop catalytic tyrosine or the small-loop catalytic histidine, respectively.
(C) Taxonomic distribution of plant AAADs across major lineages of green plants. The tree illustrates the phylogenetic relationship among Phytozome V12
species with sequenced genomes. The presence of yellow, green, blue, or pink circles at the tree branches indicates the presence of one or more AAAD
sequences from the bacterial/chlorophyte, basal, TyDC, or TDC clades, respectively.
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divergent aromatic aldehyde synthases (AASs) that catalyze the
decarboxylation-dependent oxidative deamination of L-phenyl-
alanine and L-tyrosine, respectively, to produce the correspond-
ing aromatic acetaldehydes necessary for the biosynthesis of
floral volatiles and tyrosol-derived natural products (SI Appen-
dix, Fig. S2) (9, 10). Plant AAAD or AAS enzymes thus play a
gate-keeping role in channeling primary metabolites into a va-
riety of specialized metabolic pathways.

In this work, we seek to understand the evolutionary trajec-
tories that led to the functional divergence and convergence
within the plant AAAD family proteins. Through comparative
analysis of four representative plant AAAD crystal structures
followed by mutant characterization and molecular dynamics
(MD) simulation, we identified key structural features that dic-
tate substrate selectivity and the alternative AAAD-versus-AAS
catalytic mechanisms. Using these findings, we discovered a
group of myrtle plant AASs with a catalytic residue substitution
similar to those described in insect AASs but distinct from the
substitutions previously described in plant AASs (10). These
findings suggest that nature has explored multiple mechanisti-
cally distinct trajectories to reconfigure an ancestral AAAD
catalytic machinery to catalyze AAS chemistry. Furthermore, we
show the feasibility of engineering a shortened BIA biosynthetic
pathway in yeast Saccharomyces cerevisiae by harnessing the
4HPAAS activity, highlighting the role of a neofunctionalized
enzyme in rewiring ancestral metabolic network during plant
specialized metabolic evolution.

Results

The Overall Structures of Four Divergent Plant AAAD Proteins. To
understand the structural basis for the functional divergence of
plant AAAD proteins, we determined the X-ray crystal struc-
tures of Catharanthus roseus TDC (CrTDC) in complex with
L-tryptophan, Papaver somniferum TyDC (PsTyDC) in complex
with L-tyrosine, Arabidopsis thaliana PAAS (AtPAAS) in com-
plex with L-phenylalanine, and unbound Rhodiola rosea
4HPAAS (Rr4HPAAS) (Fig. 24 and SI Appendix, Fig. S3 and
Table S1). All four enzymes pack in the crystal lattice as
homodimers, and share the typical type II PLP-dependent
decarboxylase fold (SI Appendix, Table S2). Each monomer
contains three distinct segments (SI Appendix, Fig. S5), which
were previously described as domains in the homologous mam-
malian DDC structure (5). These segments are unlikely to be
stable as autonomously folding units, and rather function as

stretches of topologically associated constituents necessary for
the overall architecture of the a2 dimer. As represented by the
L-tryptophan—bound CrTDC structure, the N-terminal segment
(CrTDC"'*%) comprises three antiparallel helices that interlock
with the reciprocal helices of the other monomer to form the
primary hydrophobic dimer interface (Fig. 2C and SI Appendix,
Fig. S6). The middle (C*TDC'**3%%) segment harbors a con-
served Lys®" with its (-amino group covalently linked to the
coenzyme PLP (termed as LLP hereafter), and, together with the
C-terminal (CrTDC*7*97) segment, forms two symmetric active
sites at the dimer interface (Fig. 2C).

Structural Features That Control Substrate Selectivity in Plant AAADs.
The substrate-binding pocket of plant AAADs is principally
composed of conserved aromatic and hydrophobic residues
(Trp 2, Phe'”, Phe!?!, Pro'®?, Val'??, Phe'®, His*'®, and Leu®®
as in C/TDC) in_addition to three variable residues (Ala'®,
Thr*®, and Gly’”® as in CTDC) that display sequence di-
vergence across major AAAD clades (Fig. 3 4 and B). Com-
parison of the CrTDC and PsTyDC ligand-bound structures
rationalizes the role of Gly-versus-Ser variation at position 370
(numbering according to CrTDC) in dictating the size and shape
of the substrate-binding pocket to favor indolic versus phenolic
amino acid substrate in CrTDC and PsTyDC, respectively
(Fig. 3C) (11). This conclusion is consistent with the previous
observation that the CrTDC%7 mutant exhibits enhanced af-
finity for the nonnative substrate levodopa (L-DOPA) as com-
pared to wild-type CrTDC (11). To test how the G370S mutation
would impact CrTDC activity in vivo, we compared the mono-
amine product profiles of transgenic yeast expressing wild-type
CrTDC or CrTDCY*7 measured by liquid chromatography
high-resolution accurate-mass mass spectrometry (LC-HRAM-MSS}.
Compared to the CrTDC-expressing yeast, the CrTDCE7%.
expressing yeast showed little change in tryptamine level (Fig.
3D) but elevated accumulation of phenylethylamine (Fig. 3E),
supporting the role of residue at position 370 in gating indolic
versus phenolic substrates.

In the CFTDC structure, the second variable residue Thr*® is
adjacent to the indolic-selective Gly>”° residue, which is mostly
conserved as a leucine in both the basal clade and the TyDC
clade but varies more widely as a threonine, valine, or phenyl-
alanine in the TDC clade (Fig. 34). The variable nature of this
Thr’® residue in the TDC clade suggests a potential role of this
residue in substrate selectivity. However, transgenic yeast

Fig. 2. The overall structure of plant AAADs. (A) An overlay of the CrTDC (orange), PsTyDC (green), AtPAAS (pink), and Rr4AHPAAS (cyan) structures. All four
structures exist as highly similar homodimers, but, for visual simplicity, the cartoon structures were only displayed for the bottom monomers. The top
monomer of CrTDC is displayed in gray cartoon and surface representation. The dashed circle highlights the CrTDC active site which contains the L-tryptophan
substrate and the prosthetic group LLP. (B) The CrTDC N-terminal segments from the two monomers, one colored in salmon and one in blue, form the
hydrophobic dimer interface. The remainder of the homodimer is displayed in gray. (C) The configuration of the CrTDC middle (colored in teal and brown)
and C-terminal segments (colored in blue and pink) from the two monomers. The N-terminal segments are displayed in transparent gray cartoons, and the
prosthetic LLPs are circled and displayed as spheres. The models exhibited in B and C are in the same orientation, which is rotated 90° around the vertical axis

from the view in A.
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Fig. 3. Active site pocket composition and residues that dictate substrate selectivity in plant AAADs. (A) Active-site-lining residues from plant AAADs were
identified and queried for conservation against all AAAD homologs identified from the 93 Phytozome V12.1 annotated green plant genomes. The height of
the residue label displays the relative amino acid frequency, excluding sequence gaps, in the basal, TyDC, and TDC clades. The position of the active site
pocket residues from each clade are referenced against the AtPAAS, PsTyDC, and CrTDC sequences. Polar amino acids are colored in green, basic amino acids
are colored in blue, acidic amino acids are colored in red, and hydrophobic amino acids are colored in black. Residues highlighted in blue and dark orange
boxes denote residues involved in hydroxylated vs. unhydroxylated and phenolic vs. indolic substrate recognition, respectively. The conserved lysine residues,
represented as the LLP prosthetic group in several crystal structures, are marked by a light orange box. (B) The CrTDC active-site pocket is composed of
residues from both chain A and chain B, colored in beige and white, respectively. The pocket is composed of conserved nonpolar residues (Pro'%?, Val'??, and
Leu3?®), aromatic residues (Trp®2, Phe'®, Phe'®", Phe'?*, and His*'®), and a polar residue (Thr?®?). Additionally, the active site contains three variable residues
(Ala'®, Thr*®9, and Gly*’%), which differ across different AAAD clades. (C) Superimposition of the substrate-complexed CrTDC and PsTyDC structures. CrTDC
chain A and chain B are displayed in beige and white, respectively, while relevant portions of the PsTyDC chain A and chain B are displayed in green and deep
teal, respectively. The L-tryptophan ligand from the CrTDC structure is colored in pink, while the PsTyDC L-tyrosine ligand is colored in blue. The red sphere
represents a PsTyDC active-site water likely involved in substrate recognition. (D—F) Relative in vivo decarboxylation of (D) L-tryptophan, (E) .-phenylalanine,
and (F) L-tyrosine catalyzed by wild-type and various mutants of CrTDC as measured in transgenic yeast. The error bars indicate SEM based on biological
triplicates while the squares, triangles, and diamonds represent the individual data points.

expressing the CrTDC™*% 63705 qouble mutant showed a gen-  support a direct correlation of the identity of this second variable
eral decrease in aromatic monoamine production but no signif- residue with substrate selectivity.

icant difference in relative abundance of each monoamine The third variable residue at position 103 (numbering
product compared to yeast strain expressing the CrTDC7%  according to CrTDC) is represented only as a serine or alanine in
single mutant (Fig. 3 E and F). This observation thus did not the TDC clade but varies as serine, threonine, alanine, methionine,
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phenylalanine, or cysteine in the basal and TyDC clades
(Fig. 34). In the L-tyrosine—bound PsTyDC structure, the
p-hydroxyl of the tyrosine substrate is coordinated by PsTyDC
Ser'” (corresponding to C*TDC Ala'®) together with a nearby
water through hydrogen bonding (Fig. 3C), suggesting the role of
this residue in gating hydroxylated versus unhydroxylated aro-
matic amino acid substrates. Indeed, transgenic yeast expressing
the CrTDCA''S 93795 double mutant exhibited an ~64-fold in-
crease in tyramine level and a significant decrease in phengf-
ethylamine production as compared to the CrTDCY7%.
expressing strain (Fig. 3 E and F). The residue variation at this
position in the basal and TyDC clades likely plays a role in dis-
cerning various phenolic substrates, namely, L-phenylalanine,
L-tyrosine, and L-DOPA, with varying ring hydroxylation pat-
terns. Serine or alanine substitution at this position in the TDC
clade may likewise distinguish 5-hydroxy-L-tryptophan versus
L-tryptophan substrate for entering the plant melatonin and in-
dole alkaloid biosynthetic pathways, respectively. Together,
these results suggest that the phylogenetically restricted se-
quence variations at position 103 and 370 (numbering according
to CrTDC) were likely selected to control the respective sub-
strate preferences of the TyDC and TDC clades as they diverged
from the basal-clade AAAD progenitors.

The PLP-Dependent Catalytic Center of Plant AAADs. PLP, the active
form of vitamin B6, is a versatile coenzyme employed by ~4% of
all known enzymes to catalyze a diverse array of biochemical
reactions. The active site of canonical AAADs constrains the
reactivity of PLP to specifically catalyze decarboxylation of the
a-carbon carboxyl group of aromatic L-amino acids (12). The
active site of plant AAADs, as represented in the CrTDC
structure, is located at the dimer interface, and features the
characteristic prosthetic group LLP in the form of an internal
aldimine at resting state (SI Appendix, Fig. S7). The phosphate
moiety of LLP is coordinated by Thr'%”, Ser'®®, and Thr*®, while
the pyridine-ring amine forms a salt bridge with the side-chain
carboxyl of Asp™’, supporting its conserved role in stabilizing the
carbanionic intermediate of the PLP external aldimine (SI Ap-
pendix, Fig. S7) (13). Evident from the L-tryptophan—bound
CrTDC structure, the aromatic L-amino acid substrate is ori-
ented in the active site to present its labile Ca-carboxyl bond
perpendicular to the pyridine ring of the internal aldimine LLP
(SI Appendix, Fig. S8) as predicted by Dunathan’s hypothesis
(12). Upon substrate binding, transaldimination then occurs that
conjugates the a-amino group of the substrate to PLP through a
Schiff base to yield the external aldimine (SI Appendix, Fig. S9),
as likely captured by one of the active sites of the L-tyrosine—
bound PsTyDC structure (SI Appendix, Fig. S10). The resulting
external aldimine subsequently loses the a-carboxyl group as
CO, to generate a quinonoid intermediate (Fig. 44, reaction
step 1). Through an as-yet-unknown mechanism, the nucleo-
philic carbanion of the quinonoid intermediate is protonated to
yield the monoamine product and a regenerated LLP, ready for
subsequent rounds of catalysis (Fig. 44, reaction steps 2 and 3)
(14). Despite the availability of several animal DDC crystal
structures, several aspects of the full catalytic cycle of the type II
PLP decarboxylases remain speculative. Comparative structural
analysis of our four plant AAAD structures sheds light on the
mechanistic basis for the canonical decarboxylation activity as
well as the evolutionarily new decarboxylation-dependent oxi-
dative deamination activity, which are detailed below.

Structural Features of Two Catalytic Loops. Previous structural
studies of the mammalian AAADs identified a large loop that
harbors a highly conserved tyrosine residue essential for catalysis
(15). However, this loop is absent from the electron density map
of all of the previously resolved animal DDC structures. We
provide direct electron density support for this large loop that

10810 | www.pnas.org/cgi/doi/10.1073/pnas.1920097117

adopts different conformations relative to the active site in dif-
ferent plant AAAD crystallographic datasets (Fig. 4B and SI
Appendix, Supplementary Note 1). In the CrTDC structure, the
large loop (CrTDC***%1) of monomer A adopts an open con-
formation, revealing a solvent-exposed active site. Conversely, in
the PsTyDC structure, a crankshaft rotation puts the large loop
over the bound L-tyrosine substrate to seal the active-site pocket.
In this closed conformation, the p-hydroxyl of the catalytic ty-
rosine located on the large loop (Tyr*>*) is in close proximity to
the Ca of the L-tyrosine substrate and LLP (Fig. 4C). These
structural observations suggest that Tyr** (as in PsTyDC) serves
as the catalytic acid that protonates the nucleophilic carbanion of
the quinonoid intermediate at the substrate Ca position, which is
preceded by an open-to-closed conformational change by the
large loop.

Comparative structural analysis of our four plant AAAD
structures identified another small loop (CrTDC?*-2%5-B) which
harbors a conserved histidine residue (His**>® as in C*TDC) and
cooperatively interacts with the large loop from the opposite
monomer. For instance, the small loop in the CrTDC structure is
rotated outward from the active-site LLP (Fig. 4D). Conversely,
in the AtPAAS, PsTyDC, and Rr4HPAAS structures, the small
loop adopts a closed conformation with its histidine imidazole
forming pi stacking with the LLP pyridine ring. Such pi stacking
between PLP and an active-site aromatic residue has been ob-
served previously as a common feature within AAADs as well as
the broader a-aspartate aminotransferase superfamily (16-18).
Moreover, in the PsTyDC structure, the t-nitrogen of the small-
loop histidine is in hydrogen-bonding distance of the p-hydroxyl
of the large-loop catalytic tyrosine (Fig. 4C), suggesting a po-
tential catalytic role of this histidine. Previous studies of the pH
dependence of AAADs suggest that this small-loop histidine
cannot function directly as the catalytic acid to protonate the
carbanionic quinonoid intermediate (19-21). Based on our
structural observations, we propose a catalytic mechanism where
the small-loop histidine (C*TDC His**®) facilitates the proton
transfer from the p-hydroxyl of the large-loop tyrosine (CrTDC
Tyr***4) to the quinonoid intermediate (Fig. 44, reaction steps
2) by serving as a direct or indirect proton source for reproto-
nation of the Tyr**®* p-hydroxyl. Mechanistically similar Tyr-His
side-chain interaction that facilitates protonation of a carba-
nionic intermediate has also been recently proposed for the C.
roseus heteroyohimbine synthase, which is a medium-chain de-
hydrogenase/reductase-family enzyme (22).

MD Simulations Reveal the Dynamic Nature of the Two Catalytic
Loops. Considering the various alternative conformations ob-
served in our plant AAAD structures, we sought to examine the
flexibility and cooperativity of the two loops that harbor the key
catalytic residues (CrTDC Tyr***# and His?**™®) by MD simu-
lation. We began with 36 sets of 100-ns simulations on six CrTDC
systems with LLP and the substrate L-tryptophan in different
protonation states (SI Appendix, Fig. S11 and SI Appendix,
Supplementary Note 2). These simulations revealed considerable
flexibility of both loops, with one simulation capturing a dramatic
closing motion of the open large loop. Upon extending this
simulation to 550 ns (SI Appendix, Fig. S12 and Movie S1), the
large loop was found to reach a semiclosed state characterized by
a minimal C, rmsd of 4.3 A with respect to the modeled CrTDC
closed-state structure (SI Appendix, Supplementary Note 3). The
catalytic Tyr**** was found to form stacking interactions with
His?®*B, with a minimal distance of ~2 A between the two res-
idues (SI Ag)fendix, Fig. S13). Interestingly, a large-loop helix
(CrTDC**%%4) that unfolded at the beginning of this simula-
tion appeared to “unlock” the large loop from its open state. To
further examine the correlation between the secondary structure
of this helix and the large-loop conformation, we artificially
unfolded this short helix and initiated 72 sets of 50-ns
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Fig. 4. Catalytic mechanisms and conformational changes of plant AAAD proteins. (A) The proposed alternative PLP-mediated catalytic mechanisms for the
canonical decarboxylase and derived aldehyde synthase in plant AAAD proteins. After transaldimation of the CrTDC internal aldimine to release the active-
site Lys®'®, the PLP amino acid external aldimine loses the a-carboxyl group as CO, to generate a quinonoid intermediate stabilized by the delocalization of
the paired electrons (7). In a canonical decarboxylase (e.g., CrTDC), the carbanion at Ca is protonated by the acidic p-hydroxyl of Tyr®*®® located on the large
loop, which is facilitated by its neighboring His?>*>* located on the small loop (2). The CrTDC LLP*'? internal aldimine is regenerated, accompanied by the
release of the monoamine product (3). In an evolutionarily new aldehyde synthase, the Ca protonation step essential for the canonical decarboxylase activity
is impaired when the large-loop catalytic tyrosine is mutated to phenylalanine (* as in AtPAAS), or when the small-loop catalytic histidine is mutated to
asparagine (** as in EQPAAS), allowing the Ca carbanion to attack a molecular oxygen to produce a peroxide intermediate (4). This peroxide intermediate
decomposes to give aromatic acetaldehyde, ammonia, and hydrogen peroxide products and regenerate the LLP internal aldimine (* as in AtPAAS) (5). Aro
represents the aromatic moiety of an aromatic L-amino acid. (B) An overlay of the PsTyDC structure with its large loop in a closed conformation (green) upon
the CrTDC structure with its large loop in an open conformation (beige). (C) The closed conformation of PsTyDC active site displaying the catalytic machinery
in a configuration ready to engage catalysis. Chain A is colored in white, chain B is colored in green, and the L-tyrosine substrate is displayed in dark pink. (D)
Open and closed small-loop conformations observed in the CrTDC and PsTyDC structures. The PsTyDC small loop with the catalytic histidine is in a closed

conformation (green), while the CrTDC structure exhibits its small-loop histidine in an open conformation (white).

simulations from the resulting structure. Similar conformations
to that identified in SI Appendix, Fig. S11 were observed in all six
systems (81 Appendix, Fig. S14C), with minimal C, rmsd ranging
from ~5 to 8 A with respect to the modeled CrTDC closed-state
structure. These results suggest that the initial closing motion of
the large loop is independent of the coenzyme and substrate
protonation states and that the unfolding of the aforementioned
helix can significantly accelerate such motion. This is further
substantiated by three sets of 600-ns simulations of C¥TDC in an
apo state with neither PLP nor L-tryptophan present (SI Ap-
pendix, Fig. S15 and SI Appendix, Supplementary Note 2). 1t is
noted, however, that the fully closed state of CrTDC was not
achieved in our submicrosecond simulations. For instance, in the
trajectory shown in SI Appendix, Fig. S11 and Movie S1, L-tryp-
tophan left the active site at around ¢ = 526 ns, shortly after
which the simulation was terminated. Overall, while the transi-
tion from the semiclosed to the fully closed state can be expected
to occur beyond the submlcrosecond timescale, the MD results
supgort our hypothesis that Tyr>*® can form close contact with
His*"*B, readying the latter residue to stabilize pyridine ring
resonance and direct proton transfer from the former residue to
the carbanionic quinonoid intermediate.

Convergent Evolution of Two Mechanistic Classes of AASs. Our in-

sights into the structural and dynamic basis for the canonical
AAAD catalytic mechanism predicts that mutations to the large-
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loop tyrosine or the small-loop histidine would likely derail the
canonical AAAD catalytic cycle and potentially yield alternative
reaction outcomes. Indeed, the canonical large-loop tyrosine is
substituted by phenylalanine in AfPAAS and Rr4HPAAS. We
propose that absence of the proton-donating p-hydroxyl of the
catalytic tyrosine enlarges the active-site cavity to permit mo-
lecular oxygen to enter the active site and occupy where the ty-
rosine p-hydroxyl would be for proton transfer (Fig. 44, reaction
steps 4 and 5, *). Instead of protonation, the nucleophilic carb-
anion of the quinonoid intermediate attacks molecular oxygen to
generate a peroxide intermediate, which subsequently decom-
poses to yield ammonia, hydrogen peroxide, and the aromatic
acetaldehyde product.

The rapid expansion of genomic resources together with our
increasing knowledge about the structure—function relationships
of disparate enzyme families enable database mining for poten-
tially neofunctionalized enzymes in plant specialized metabolism.
Indeed, the identification of the Tyr-to-Phe substitution re-
sponsible for the AAS activity in plants (13) served as a “mo-
lecular fingerprint” for the functional prediction of unconventional
AASs among legume serine decarboxylase-like enzymes (23).
Bearing in mind the newly identified functional residues that
control substrate selectivity and catalytic mechanism, we queried
all plant AAAD homologs identifiable by basic local alignment
search tool (BLAST) within National Center for Biotechnology
Information (NCBI) and the 1KP databases (24). Interestingly,
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this search identified a number of TyDC-clade AAAD homologs
from the Myrtaceae and Papaveraceae plant families that harbor
unusual substitutions at the small-loop histidine (SI Appendix,
Fig. S16). Several Myrtaceae plants contain a group of closely
related and likely orthologous AAAD proteins with a His-to-Asn
substitution at the small-loop histidine. In Papaveraceae, on the
other hand, we noticed a His-to-Leu substitution in the pre-
viously reported P. somniferum tyrosine decarboxylase 1 (PsTyDCl1)
(8) and a His-to-Tyr substitution in another Papaver bracteatum
AAAD homolog. While the small-loop histidine is typically
conserved among type II PLP decarboxylases and the broader
type I aspartate aminotransferases, the same His-to-Asn sub-
stitution was previously observed in select insect AAAD proteins
involved in 3,4-dihydroxyphenylacetaldehyde production neces-
sary for insect soft cuticle formation (25, 26). These sequence
observations together with the proposed catalytic role of the
small-loop histidine implicate that AAADs with substitutions at
this highly conserved residue may contain alternative enzymatic
functions.

To test this hypothesis, we first generated transgenic ly:feast
strains expressing either wild-type PsTyDC, PsTyDCY*%, or
PsTyDCH2%N  and assessed their metabolic profiles by LC-
HRAM-MS (Fig. 5 A and B). The PsTyDC-expressing S?/east
exclusively produces tyramine, whereas the PsTyDCY>*°F-
expressing yeast exclusively produces tyrosol (reduced from
4HPAA by yeast endogenous metabolism). This result suggests
that mutating the large-loop tyrosine to phenylalanine in a ca-
nonical TyDC sequence background is necessary and sufficient
to convert it to an AAS. Interestingly, the PsTyDCM20oN.
expressing yeast produces both tyramine and tyrosol, suggesting
that mutating the small-loop histidine to asparagine alone in
PsTyDC turned it into an AAAD—AAS bifunctional enzyme. In
vitro enzyme assays using recombinant wild-type PsTyDC,
PsTyDCY**%F or PsTyDCH2%N against L-tyrosine as substrate
yielded similar results that corroborated the observations made
in transgenic yeast (Fig. 5C). Collectively, these results reinforce
the essential role of the large-loop catalytic tyrosine for the ca-
nonical AAAD activity, and support the proposed assisting role of
the small-loop histidine in quinonoid intermediate protonation for
the canonical AAAD activity. The full AAAD catalytic cycle could
still proceed, albeit with significantly reduced efficiency, when the
small-loop histidine is mutated to asparagine, whereas a significant
fraction of the carbanionic quinonoid intermediate undergoes the
alternative oxidative deamination chemistry similarly as proposed
for AfPAAS (Fig. 44, reaction steps 4 and 5, **).

To assess the function of plant AAAD homologs that naturally
contain substitutions at the small-loop histidine, we cloned one
of such genes from FEucalyptus grandis (EgPAAS; Fig. 1B),
starting from total messenger RNA extracted from the host
plant. In vitro enzyme assays conducted using recombinant
EgPAAS against a panel of aromatic L-amino acids demon-
strated exclusive AAS activity with an apparent substrate pref-
erence toward L-phenylalanine (Fig. 5D and SI Appendix, Fig.
S17). It is worth noting that phenylacetaldehyde has been pre-
viously identified as a major fragrance compound present in the
essential oil and honey of numerous Myrtaceae plants (27-29),
which may be attributed to the activity of EgPAAS. Unlike the
PsTyDC™2N mutant, EgPAAS shows no detectable ancestral
AAAD activity in vitro, suggesting that, in addition to the small-
loop His-to-Asn substitution, other adaptive mutations must
have contributed to the specific PAAS activity. While the AAS
activity of EgPAAS was confirmed in transgenic yeast (SI Ap-
pendix, Fig. S18), Myrtaceae AAADs from Medinilla magnifica
and Lagerstroemia indica (MmAAS and LiAAS), which also
contain the unusual small-loop Hist-to-Asn substitution (S Ap-
pendix, Fig. S16), displayed little to no enzymatic activity in this
system. Despite our interest in the other two AAAD sequences
from Papaveraceae plants harboring alternative substitutions at
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Fig. 5. Two alternative molecular strategies to arrive at aldehyde synthase
chemistry from a canonical AAAD progenitor. Transgenic yeast strains
expressing PsTyDC™2%°N and PsTyDCY**%F display (A) reduced tyramine pro-
duction but (B) elevated levels of tyrosol (reduced from 4HPAA by yeast
endogenous metabolism) in comparison to transgenic yeast expressing wild-
type PsTyDC. Cultures were grown and metabolically profiled in triplicate.
The error bars in the bar graphs (Insets) indicate SEM and the squares and
triangles represent the individual data points. (C) LC-UV chromatograms
showing the relative decarboxylation and aldehyde synthase products pro-
duced by purified recombinant PsTyDC, PsTyDCY**%F, or PsTyDCH205N en-
zymes when incubated with 0.5 mM L-tyrosine for 5, 25, and 50 min,
respectively. After enzymatic reaction, the 4HPAA aldehyde product was
chemically reduced by sodium borohydride to tyrosol prior to detection. (D)
Phenylacetaldehyde formation from the incubation of purified recombinant
EgPAAS with L-phenylalanine measured by GC-MS.

the small-loop histidine, they could not be directly cloned from
their respective host plants, raising the possibility that these
genes could potentially be derived from sequencing or assembly
errors. Thus, we did not pursue functional characterization of
these genes further.

Metabolic Engineering of a Shortened BIA Biosynthetic Pathway in
Yeast with 4HPAAS. To examine the role of adaptive functional
evolution of a single AAAD protein in the larger context of
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specialized metabolic pathway evolution, we attempted a met-
abolic engineering exercise to build a shortened BIA bio-
synthetic pathway in yeast S. cerevisiae. In the proposed plant
BIA pathway, the key intermediate 4HPAA is reportedly de-
rived from L-tyrosine through two consecutive enzymatic steps
catalyzed by L-tyrosine aminotransferase and an unidentified 4-
hydroxyphenylpyruvate decarboxylase (4HPPDC) (30) (Fig.
6A4). However, in the R. rosea salidroside biosynthetic pathway,
4HPAA is directly converted from L-tyrosine by a single
Rr4HPAAS enzyme (10) (Fig. 64). We therefore reasoned that
4HPAA activity could be utilized to reroute the 4HPAA branch
of the BIA pathway. In our metabolic engineering scheme, ei-
ther Rr4HPAAS or the PsTyDCY*%F mutant was used as the
4HPAAS enzyme, while wild-type PsTyDC was used as a con-
trol. Moreover, Pseudomonas putida DDC (PpDDC) and Beta
vulgaris L-tyrosine hydroxylase (BvTyH) were used to generate
the other key intermediate dopamine from L-tyrosine. Lastly, P.
somniferum (S)-norcoclaurine synthase (PsNCS) was added to
stereoselectively condense 4HPAA and dopamine to form (S)-
norcoclaurine.

Coexpression of PsTyDCY***F with PpDDC, BvTyH, and
PsNCS resulted in the highest accumulation of (S)-norcoclaurine
among various engineered transgenic yeast strains, whereas
replacing PsTyDCY**°F with Rr4HPAAS gave ~sevenfold less
(S)-norcoclaurine production (Fig. 6B). Control experiment
using wild-type PsTyDC produced tyramine but not (S)-nor-
coclaurine as expected (Fig. 6B and SI Appendix, Fig. S19). This
metabolic engineering exercise illustrates that, when provided
with the right metabolic network context, the birth of an evo-
lutionarily new AAS activity (achievable through a single mu-
tation) can lead to rewiring of the ancestral specialized
metabolic pathway. Mechanistic understanding of the struc-
ture—function relationship within the versatile plant AAAD
family adds to the toolset for metabolic engineering of high-
value aromatic amino acid-derived natural products in heterologous
hosts.

Discussion

Selective pressures unique to plants’ ecological niches have
shaped the evolutionary trajectories of the rapidly expanding
specialized metabolic enzyme families in a lineage-specific

manner. The AAAD family is an ancient PLP-dependent en-
zyme family ubiquitously present in all domains of life. While
AAAD proteins mostly retain highly conserved primary meta-
bolic functions in animals, for example, monoamine neuro-
transmitter synthesis, they have undergone extensive radiation
and functional diversification during land plant evolution. We
show that the major monophyletic TDC and TyDC clades of
plant AAADs emerged from the basal clade, each acquiring di-
vergent active-site structural features linked to substrate speci-
ficity. Moreover, the ancestral AAAD catalytic machinery has
also been modified repeatedly through two types of mechanistic
mutations to converge on the evolutionarily new AAS activity in
numerous AAAD paralogs in plants and insects. The rich evo-
lutionary history of the AAAD family therefore affords a prism
for understanding how plants capitalize their ability to bio-
synthesize proteinogenic aromatic L-amino acids and use them as
precursors for further developing taxonomically restricted spe-
cialized metabolic pathways (31). Some of these downstream
pathways, such as the tryptophan-derived MIA pathway in plants
under the order of Gentianales and the tyrosine-derived BIA
pathway in plants under the order of Ranunculales, give rise to
major classes of bioactive plant natural products critical not only
for host fitness but also as a source for important human
medicines.

PLP in isolation can catalyze almost all of the reactions known
for PLP-dependent enzymes, including transamination, de-
carboxylation, 0 and y elimination, racemization, and aldol
cleavage (32). In the context of PLP-dependent enzymes, PLP
reactivity is confined by its encompassing active site to elicit
specific catalytic outcomes with defined substrates (32). Evolu-
tionary analysis suggests that major functional classes of PLP-
dependent enzymes likely established first, followed by di-
vergence in substrate selectivity (32, 33). Four evolutionarily
distinct groups of PLP-dependent decarboxylases exist in nature
(33). The largest and most diverse group (Group II) consists of
AAADs, histidine decarboxylases, glutamate decarboxylases,
aspartate decarboxylases, serine decarboxylases, and cysteine
sulfinic acid decarboxylases, implicating a deep divergence of
amino acid substrate selectivity among Group II enzymes.
Within plant AAADs, the substrate selectivity has continued to
evolve to arrive at extant enzymes with exquisite substrate

(S)-norcoclaurine
2.5E8 1

2.0E8 1

peak area

A 0 B 5.40E6 =
“/ﬁ/\‘)‘\% TAT OH
—_—>
Hoo N7 N HO © ~
L-tyrosine \ 4HPPA S 4.05E6 —
1 1 o
TyH 4HPAAS HPPDC §§
| e \ %é 2.70E6 —
HOW/\ \‘)LOH Hoooas
| \r oR
oo N N HO © XN
L-DOPA 4HPAA ‘E 1.35E6 —
I / OH
bDC NCS /O
N
H 0.0
HO A~ NHe Ho\ﬁﬁ/\NH 3.50
oS oA
dopamine (S)-norcoclaurine

|
4.50 5.50 6.50 7.50

Retention time (min)

PsTyDC PsTyDCY*F  RrAHPAAS

Fig. 6. The utility of 4HPAAS in metabolic engineering of a shortened BIA pathway for (S)-norcoclaurine production in yeast. (A) Canonically proposed (S)-
norcoclaurine biosynthetic pathway (black arrows) rerouted by the use of a 4HPAAS (red arrows). (B) Engineering of (S)-norcoclaurine production in yeast
using two AAAD proteins with the 4HPAAS activity. All multigene vectors used to transform yeast contain BvTyH, PoDDC, and PsNCS in addition to either
PsTyDC, PsTyDC"**%F, or Rr4HPAAS. Cultures were grown and measured in triplicate. The error bars in the bar graph indicate SEM whereas the squares and
triangles represent the individual data points; n.d., not detected.

Torrens-Spence et al. PNAS | May 19,2020 | vol. 117 | no.20 | 10813

BIOCHEMISTRY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920097117/-/DCSupplemental

selectivity toward various proteinogenic and nonproteinogenic
aromatic L-amino acids. This is largely achieved by fixing specific
mutations at the substrate-binding pocket, as revealed in
this study.

Oxygenation is one of the most common chemical reactions in
plant specialized metabolism. The triplet ground electron state
of molecular oxygen necessitates a cofactor to facilitate single-
electron transfer, evident from several major oxygenase families
involved in plant specialized metabolism, including cytochrome
P450 monooxygenases, iron/2-oxoglutarate—dependent oxy-
genases, and flavin-dependent monooxygenases (34). AASs
represent a class of plant oxygenases that exploit a carbanionic
intermediate to facilitate oxygenation (Fig. 44, reaction steps 4
and 5). This catalytic mechanism is reminiscent of the para-
catalytic photorespiratory reaction catalyzed by ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO), where molec-
ular oxygen instead of CO, enters the RuBisCO active site and
reacts with a ribulose-1,5-bisphosphate—derived carbanionic
enediolate intermediate to form a peroxide intermediate that
subsequently decomposes to yield 3-phosphoglycerate and
2-phosphoglycerate (35). Carbanion-stabilizing enzymes, including
PLP-dependent enzymes DDC, glutamate decarboxylase, and
ornithine decarboxylase, are also capable of catalyzing similar
paracatalytic oxygenation reactions (35-38). Whereas oxygen-
ation reactions observed in these carbanion-stabilizing enzymes
are mostly deemed as paracatalytic activities due to the intrinsic
reactivity of the carbanion intermediate, the plant AASs
evolved by harnessing such latent paracatalytic activity for
dedicated production of aromatic acetaldehydes and their de-
rived secondary metabolites (10, 39-42). We show that, by
understanding the structural and mechanistic basis for con-
vergent evolution of two mechanistic classes of AAS within the
plant AAAD family, PsTyDC could be converted to a specific
4HPAAS with a single large-loop Tyr-to-Phe mutation, or an
AAAD-AAS bifunctional enzyme by the small-loop His-to-Asn
mutation. Several aspects of the neofunctionalization of the AAS
activities remain unclear and are topics for future investigation.
For example, the emergence of AAS activity results in the stoi-
chiometric production of ammonium, hydrogen peroxide, and
reactive aldehydes, which may require additional adaptive meta-
bolic and cellular processes for taming their reactivity/toxicity in
AAS-expressing cells. While the TDC and TyDC clades appear to
clearly function in specialized metabolic pathways, the bio-
chemical functions and physiological roles of the basal clade in
plants remain less studied. Furthermore, the exact chemical
mechanism underlying decomposition of the peroxide intermedi-
ate that yields aromatic acetaldehyde, ammonium, hydrogen
peroxide, and the regenerated active-site LLP is yet to
be defined.

Coopting progenitor enzymes to synthesize novel and adaptive
metabolites is a universal mechanism underscoring metabolic
evolution (43). Most specialized metabolic enzymes present in
extant plants evolved through the recruitment of malleable an-
cestral enzyme folds followed by neofunctionalization of sub-
strate specificity, product diversity, or, in much rarer cases,
alternative catalytic mechanisms (44-47). The plant AAAD
family illustrates all of these evolutionary mechanisms. Applying
the learned knowledge about AAAD evolution has further en-
abled metabolic engineering of a shortened BIA pathway to
produce (S)-norcoclaurine in yeast, using a natural or an evolved
4HPAAS. The use of an insect L-DOPA—specific AAS in engi-
neering of tetrahydropapaveroline biosynthesis in Escherichia
coli was recently reported (48), highlighting another example of
utilizing AAS in metabolic engineering. It is noted that the free
aldehydes produced by AASs readily react with amino acids or
other free amines to produce iminium conjugation products via
nonenzymatic aldehyde—amine condensation chemistry as seen
in E. coli (48) or in plant betacyanin and betaxanthin biosynthesis
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(49). The use of PsNCS that catalyzes the enantioselective Pic-
tet—Spengler condensation of 4HPAA and dopamine (50)
therefore helps to channel the reactive 4HPAA toward (S)-
norcoclaurine production in engineered yeast. The successful
engineering of a shortened (S)-norcoclaurine biosynthetic path-
way using 4HPAAS also hints at an alternative hypothesis to the
currently unresolved plant BIA pathway regarding the origin of
4HPAA (30).

Materials and Methods

Reagents. L-tryptophan, tryptamine, L-tyrosine, tyramine, tyrosol, L-phenyl-
alanine, phenylethylamine, phenylacetaldehyde, phenylethyl alcohol, tyro-
sol, L-DOPA, dopamine, (S)-norcoclaurine, PLP, and sodium borohydride
were purchased from Sigma-Aldrich. The 4-hydroxyphenylacetaldehyde was
purchased from Santa Cruz Biotechnology.

Multiple Sequence Alignment and Phylogenetic Analysis. ClustalW2 was used
to generate the protein multiple sequence alignments with default settings
(51). The phylogenies shown in S/ Appendix, Figs. S1 and S3 were inferred
using the maximum likelihood method. The bootstrap consensus unrooted
trees were inferred from 500 replicates to represent the phylogeny of the
analyzed enzyme families. The phylogenetic analysis encompasses AAAD
homolog sequences from all sequenced plant genomes available at Phyto-
zome V12 as well as previously characterized AAAD proteins from plants and
select bacteria, chordata, and insect sequences (52). All phylogenetic anal-
yses were conducted in MEGA7 (53). ESPript 3.0 was used to display the
multiple sequence alignment (54). Conservation of the active-site residues in
various AAAD clades was displayed using WebLogo (55).

Plant Materials. £. grandis seeds were purchased from Horizon Herbs. Seeds
were stratified at 4 °C for 3 d, and germinated in potting soil. Plants were
grown under a 16-h-light/8-h-dark photoperiod at 23 °C in a local
greenhouse.

Molecular Cloning. Leaf tissue of 70-d-old E. grandis plants was harvested for
total RNA extraction using Qiagen’s RNeasy Mini Kit (Qiagen). Total RNAs
for A. thaliana, P. somniferum, C. roseus, and R. rosea were extracted as
previously described (10, 13). First-strand complementary DNAs (cDNAs)
were synthesized by RT-PCR using total RNA as template. The coding se-
quences of candidate genes were amplified from cDNAs by PCR using gene-
specific primers (S/ Appendix, Table S3). Gibson assembly was used to ligate
the CrTDC, PsTyDC, AtPAAS, and Rr4HPAAS PCR amplicons into pHis8-4, a
bacterial expression vector containing an N-terminal 8xHis tag followed by a
tobacco etch virus (TEV) cleavage site for recombinant protein production.
EgPAAS was alternatively cloned through Gibson assembly into pTYB12, a
commercially available N-terminal intein/chitin domain fusion vector
designed for affinity chromatography purification.

Recombinant Protein Production and Purification. BL21(DE3) E. coli containing
the pHis8-4 or pTYB12-based constructs were grown in terrific broth at 37 °C
to optical density 600 of 0.9 and induced with 0.15 mM isopropyl-p-p-thio-
galactoside. The cultures were cooled to 18 °C and shaken for an additional
20 h. Cells were harvested by centrifugation, washed with phosphate-
buffered saline (137 mM Nadcl, 2.7 mM KCl, 10 mM Na,HPO,, and 1.8 mM
KH,POy), resuspended in 150 mL of lysis buffer (50 mM Tris pH 8.0, 0.5 M
NaCl, 20 mM imidazole, and 0.5 mM dithiothreitol [DTT]), and lysed with five
passes through an M-110L microfluidizer (Microfluidics). The resulting crude
protein lysate from the CrTDC, PsTyDC, AtPAAS, and Rr4HPAAS cultures
were clarified by centrifugation prior to Qiagen nickel nitrilotriacetic acid
(Ni-NTA) gravity flow chromatographic purification. After loading the clar-
ified lysate, His-tagged recombinant protein-bound Ni-NTA 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,
and 0.5 mM DTT). One milligram of His-tagged 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, and 2 mM DTT). After
dialysis, the protein solutions were passed through Ni-NTA resin to remove
uncleaved protein and the His-tagged TEV. The EgPAAS enzyme was in-
soluble when expressed as an N-terminal polyhistidine-tagged protein, and
was therefore expressed as a fusion protein with the Intein/Chitin Binding
Protein using the pTYB12 vector. EgPAAS-expressing E. coli cell pellets were
homogenized in an imidazole-free lysis buffer. The resulting crude protein
lysate was then applied to a column packed with chitin beads, washed with
1 L of buffer, and subsequently hydrolyzed under reducing conditions as per
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the manufacturer’s instructions. Recombinant proteins were further purified
by gel filtration on a fast protein LC system (GE Healthcare Life Sciences).
The principle peaks were collected, verified for molecular weight by sodium
dodecyl sulfate polyacrylamide gel electrophoresis, stored in storage buffer
(20 mM Tris pH 8.0, 25 mM NacCl, 200 uM PLP, and 0.5 mM DTT) at a protein
concentration of 10 mg/mL, and flash frozen for subsequent investigation.
Despite the use of a solubilizing domain from the pTYB12 vector in the
expression and purification of EGPAAS, this enzyme was ultimately only
partially purified, with significant contamination of E. coli chaperone
proteins.

Protein Crystallization and Structural Determination. Crystals for the various
plant AAADs were grown at 4 °C by hanging-drop vapor diffusion method
with the drop containing 0.9 pL of protein sample and 0.9 pL of reservoir
solution at a reservoir solution volume of 500 pL. The crystallization buffer
for the AtPAAS contained 0.16 M ammonium sulfate, 0.8 M Hepes:NaOH pH
7.5, and 20% wt/vol polyethylene glycol (PEG) 3350. Crystals were soaked in
a well solution containing 15 mM L-phenylalanine for 6 h and cryogenized
with an additional 10% wt/vol ethylene glycol. PsTyDC crystals were formed
in 1.2 M ammonium sulfate, 0.1 M Bis Tris pH 5.0, and 1% wt/vol PEG 3350.
Crystals were soaked in the presence of 4 mM L-tyrosine for 12 h and cry-
oprotected with an additional 25% wt/vol ethylene glycol. The 0.22 M cal-
cium chloride and 12% wt/vol PEG 3350 formed the CrTDC crystals which
were subsequently soaked with 10 mM t-tryptophan for 16 h and then
cryogenized with an additional 18% wt/vol ethylene glycol. Finally, to form
the Rr4HPAAS crystals, protein solution was mixed with a reservoir buffer of
0.21 M potassium thiocyanate and 22% wt/vol PEG 3350. Ligand soaks for
this crystal proved unsuccessful, and, ultimately, the crystals were cry-
oprotected with an additional 13% wt/vol PEG 3350 in the absence of li-
gand. The PsTyDC structure was determined first by molecular replacement
using the insect DDC structure (56) as the search model in Molrep (57). The
resulting model was iteratively refined using Refmac 5.2 (58) and then
manually refined in Coot 0.7.1 (59). The CrTDC, AtPAAS, and Rr4HPAAS
structures were solved by molecular replacement using the refined PsTyDC
structure as the search model, followed by refinement procedure as
described above.

Enzyme Assays. The in vitro decarboxylation and aldehyde synthase activities
of the wild-type PsTyDC, PsTyDCH?%N and PsTyDC'*%F were assayed in
100 pL of reaction buffer containing 50 mM Tris, pH 8.0, 100 uM PLP, 0.5 mM
L-tyrosine, and 20 pg of recombinant enzyme. Reactions were incubated at
30 °C for various time points and subsequently stopped in the linear range of
product formation with 200 pL of methanol. After clarification, the soluble
fraction was analyzed by LC-MS-ultraviolet (UV). Chromatographic separa-
tion and measurement of absorption at 280 nm were performed by an Ul-
timate 3000 LC 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). Compounds were separated through the use of an isocratic mobile
phase as previously described (10). The reduction of aldehyde products was
achieved by the addition of ethanol containing a saturating concentration
of sodium borohydride. The EgPAAS enzyme assays were started by adding
2 pg of recombinant protein into 200 pL of reaction buffer containing
50 mM Tris pH 8.0, and 2 mM L-phenylalanine. Reactions were incubated for
various time points at 30 °C, and the reactions were stopped with equal
volume of 0.8 M formic acid, extracted with 150 pL of ethyl acetate and
analyzed by gas chromatography MS (GC-MS) as previously described
against an analytical phenylacetaldehyde standard (10). The initial substrate
selectivity was measured through the detection of the hydrogen peroxide
coproduct using Pierce Quantitative Peroxide Assay Kit (Pierce) and a stan-
dard curve of hydrogen peroxide. Reactions were conducted as described
using reaction mixtures containing 0.5 mM amino acid substrate concen-
trations. Triplicate reactions were stopped after 5 min of incubation at 30 °C
with an equal volume of 0.8 M formic acid and measured by absorbance at
595 nm.

Metabolic Engineering and Metabolic Profiling of Transgenic Yeast by
LC-HRAM-MS. LiAAS (Phytozome 12: L. indica scaffold RINQ-2017655) and
MmAAS (Phytozome 12: M. magnifica scaffold WWQZ-2007373) were syn-
thesized as gBlocks (IDT) with S. cerevisiae codon optimization. Ectopic ex-
pression of various AAADs in S. cerevisiae was achieved through the use of
p423TEF, a 2-pm plasmid with the HIS3 auxotrophic growth marker for
constitutive expression (60). Fifteen-milliliter cultures of transgenic S. cer-
evisiae BY4743 strains were grown in 50-mL mini bioreactor tubes for 24 h
with shaking at 30 °C. The cultured cells were subsequently pelleted,
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washed, disrupted, and clarified for LC-HRAM-MS analysis as previously
described (61). PpDDC (NP_744697.1), PsNCS2 (AKH61498), and BvTyH
(AJD87473) were synthesized as gBlocks (IDT) with S. cerevisiae codon op-
timization. PCR amplicons or gBlocks were ligated into the entry vector
pYTKO01 and subsequently assembled into 2-um pTDH3, tTDH1, and HIS3
multigene vectors for constitutive expression in S. cerevisiae (62). A second
multigene vector, containing the S. cerevisiae tyrosine metabolism feedback-
resistant mutants ARO4%*?°" and ARO7°'*'S, was additionally used to boost
tyrosine flux as previously described (10). S. cerevisiae lines were trans-
formed with various multigene vectors to assay ectopic (S)-norcoclaurine
production. Here, clarified media extracts from bioreactor cultures were
diluted with an equal volume of 100% methanol and analyzed directly by
LC-HRAM-MS. Raw MS data were processed and analyzed using MZmine2
(63). Data files were first filtered to only include positive mode ions above
the noise filter of 1e5. Shoulder peaks were next removed using the Fourier
transform mass spectrometer shoulder peaks filter function. Chromatograms
were assembled using the chromatogram builder function and smoothed
using the peak smoothing function. Chromatograms were subsequently
separated into individual peaks using chromatogram deconvolution. The
resulting peak lists were aligned using the join aligner function, and omitted
peaks were identified and added using the gap filling function. The project
parameters were then grouped by triplicate, and the peak areas were
exported for subsequent statistical analysis and graph generation.

MD Simulation and Analysis. All simulations were performed using GROMACS
5.1.4 (61) and the CHARMM?36 force field (64). The nonstandard residue LLP
was parameterized using Gaussian (65) and the Force Field Toolkit (66)
implemented in VMD (67) based on the initial parameters provided by the
CGenFF program (68-71). A number of CrTDC residues buried deeply within
the protein or at the monomer—monomer interface were modeled in their
neutral forms based on PROPKA (72, 73) calculation results: Asp268~8
AspZ87AB Agp397-AB | yg208AB and GIu'®9A, All of the histidines were kept
neutral, with a proton placed on the e-nitrogen, except for His?°® and His®'8,
for which the proton was placed on the &-nitrogen to optimize hydrogen
bond network. All simulation systems were constructed as a dimer solvated
in a dodecahedron water box with 0.1 M NaCl (S/ Appendix, Fig. S11) and a
total number of atoms of ~124,000. Prior to the production runs listed in S/
Appendix, Table 54, all systems were subjected to energy minimization fol-
lowed by a 100-ps constant number of particles, volume, and temperature
(NVT) and a 100-ps constant number of particles, pressure, and temperature
(NPT) run with the protein heavy atoms constrained. In all simulations, the
van der Waals interactions were smoothly switched off from 10 A to 12 A.
The electrostatic interactions were computed with the Particle Mesh Ewald
(PME) method (74) with a grid spacing of 1.5 A, a PME order of 6, and a
cutoff of 12 A in real space. The system temperature was kept at 300 K using
the velocity-rescaling thermostat (75), and the system pressure was kept at
1 bar with the Parrinello—Rahman barostat (76, 77). All bonds were con-
strained using LINCS (78, 79) to allow an integration time step of 2 fs. The
helix-unfolding simulation was performed using the metadynamics method
(80) as implemented in PLUMED (81). A 10-ns metadynamics simulation was
performed on System 1 by placing Gaussian potentials (height = 35 kJ/mol,
sigma = 0.35 rad) every 500 steps on the collective variables, which were
chosen as the backbone dihedral angles ¥ and @ of residues 346 to 350. We
should emphasize that this simulation was not intended for an accurate free
energy calculation and instead was only used to generate an unfolded
structure of the short helix (residues 346 to 350). The resulting unfolded
large-loop structure was then used in all systems, each of which was sub-
jected to 12 replicas of 50-ns MD simulations listed in S/ Appendix, Table S4.
Clustering analysis was performed using gmx cluster over all simulated tra-
jectories with an rmsd cutoff of 3.5 A. The three-dimensional occupancy
maps were created at a resolution of 1 A using the VMD VOLMAP plugin.
DSSP calculations (82) were performed with gmx do_dssp implemented in
GROMACS. An output of H (a-helix), | (z-helix), or G (319-helix) was consid-
ered as a helix, and the corresponding residue was assigned a helical content
of 1; otherwise, a helical content of 0 was assigned. Clustering and occu-
pancy analysis as well as the average helical content calculations were per-
formed on the combined trajectories of all simulation replicas for a given
CrTDC system. The two monomers of a CrTDC dimer were treated equiva-
lently in these analyses. All simulation figures were made using VMD.

Accession Codes. The sequences of P. somniferum, C. roseus, and E. grandis
genes reported in this article are deposited into NCBI GenBank under the
following accession numbers: PsTyDC (MG748690), CrTDC (MG748691), and
EgPAAS (MG786260). The atomic coordinates and structure factors for
PsTyDC, CrTDC, Rr4HPAAS, and AtPAAS have been deposited in the Protein
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Data Bank under the accession numbers 6EEM, 6EEW, 6EEQ, and 6EEIl,
respectively.
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