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Abstract  

A remarkable feature of rapidly evolving specialized metabolic systems is the origin of new 

catalytic machineries from progenitor enzymes catalyzing alternative reactions. Divergent 

evolution of the pyridoxal 5'-phosphate (PLP)-dependent aromatic amino acid decarboxylases 

(AAADs) in plants not only resulted in paralogous AAADs with specific substrate preference, 

but also repeatedly yielded evolutionarily new aldehyde synthases with additional oxidative 

deamination activity. The molecular mechanisms underlying such evolutionary development 

were unknown. Here, we report the structural and biochemical characterization of a number of 

functionally distinct plant AAAD-family enzymes. We resolve how independently evolved 

aldehyde synthases employ disparate molecular strategies to construct an aldehyde-producing 

catalytic machinery. This work highlights the pliability of an ancestral enzyme fold that furnishes 

access to new catalytic mechanisms with only a few mutations. 
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Introduction 

Plants are sessile organisms that produce a dazzling array of specialized metabolites as their 

unique adaptive strategy to cope with a multitude of abiotic and biotic stresses. Underlying 

plants’ remarkable chemodiversity is their rapidly evolving metabolic systems that support 

specialized metabolite biosynthesis1. Genome-wide analysis of metabolic evolution across major 

green plant lineages has revealed pervasive and progressive expansion of discrete specialized 

metabolic enzyme families, where new catalysts continued to emerge predominantly through 

gene duplication events followed by subfunctionalization or neofunctionalization2. To arrive at 

evolutionarily new enzymatic activities, most enzymes explore mutations that alter substrate 

specificity and/or product diversity without changes in the ancestral catalytic machineries. In the 

meantime, rarer cases have also be described where adaptive mutations occur in a progenitor 

protein fold—either non-catalytic or catalytic—that gave rise to new catalytic machineries and 

novel chemistry3,4. Understanding the structural and mechanistic bases for these cases provides 

key insights into the evolutionary transitions between functional disparate enzymes that share 

common ancestry. 

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 several key monoamine neurotransmitters, such as dopamine and serotonin, from 

their respective amino acid precursors5. In contrast, the AAAD family in plants has undergone 

extensive radiation to yield diverse paralogous enzymes with functional variation in both 

substrate preference and catalytic mechanism6 (Fig. 1a-b, Fig. S1-3 and Supplementary Note 1). 

While tryptophan decarboxylases (TDCs) and tyrosine decarboxylases (TyDCs) are canonical 
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AAADs that supply the aromatic arylalkylamine precursors for indole alkaloid and 

benzylisoquinoline alkaloid (BIA) biosynthesis respectively, phenylacetaldehyde synthases 

(PAASs) and 4-hydroxyphenylacetaldehyde (4HPAA) synthases (4HPAASs) are evolutionarily 

derived from progenitor AAADs, and catalyze decarboxylation-oxidative deamination of 

phenylalanine and tyrosine respectively to produce the corresponding phenolic aldehydes7–10. 

The neofunctionalization of PAASs and 4HPAASs is key to the emergence of numerous 

important specialized metabolic traits in plants, e.g. the volatile floral scents such as 

phenylacetaldehyde, phenethyl alcohol and phenethyl acetate, and the medicinally relevant 

tyrosol-derived metabolites such as salidroside9,10. Despite their importance to many aromatic-

amino-acid-derived specialized metabolic pathways in plants, no crystal structures have been 

reported for any of the plant AAAD family proteins to date. The molecular mechanisms 

underlying how diverse plant AAAD family enzymes acquired their unique catalytic functions 

remain unknown. 

 

Results 

The crystal structures of four divergent plant AAAD proteins 

To understand the structural basis for the functional divergence of the AAAD family in plants, 

we determined the x-ray crystal structures of Catharanthus roseus TDC (CrTDC), Papaver 

somniferum TyDC (PsTyDC), Arabidopsis thaliana PAAS (AtPAAS), and Rhodiola rosea 

4HPAAS  (Rr4HPAAS), presenting the first set of structures for plant AAADs (Fig. 1C, Table 

S1). All four enzymes purify and pack in the crystal lattice as homodimers, which share highly 

similar overall structure of the type II PLP-dependent decarboxylase fold (Table S2)11. As 

represented by the L-tryptophan-bound CrTDC structure, each monomer is composed of three 
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structural segments (Supplemental note 2 and Fig. S4a-b). The N-terminal segment (CrTDC1-119) 

comprises three antiparallel helices that interlock with the reciprocal helices of the other 

monomer to form the primary hydrophobic dimer interface (Fig. 1d and S5a-b). The middle 

(CrTDC120-386) and the C-terminal (CrTDC387-497) segments harbor the enzyme active site at the 

dimer interface, featuring a conserved Lys319 with its ζ-amino group covalently linked to the 

coenzyme PLP to form an internal aldimine in its resting state (Fig. 1e and Fig. S5c). The 

phosphate moiety of the lysine-pyridoxal-5'-phosphate (LLP) is coordinated by Thr167, Ser168, 

and Thr369 through hydrogen bonding, while the pyridine-ring nitrogen forms a salt bridge with 

the side chain of a conserved Asp287, supporting its role in stabilizing the carbanionic 

intermediate of the PLP external aldimine12 (Fig. 2a). 

The substrate-binding pocket of CrTDC is composed of a set of conserved residues, as 

well as three variable residues (Ala103, Thr369 and Gly370) that seem to have undergone sequence 

divergence across different AAAD clades (Fig. 2b-c, Fig. S6). Gly370 is of particular interest as 

this residue is exclusively conserved as a glycine within the TDC clade, but substituted to a 

serine or threonine within the TyDC clade (Fig. S6)13. Structural comparison of the L-

tryptophan-bound CrTDC and the L-tyrosine-bound PsTyDC indicates that the G370S 

substitution dictates the size and shape of the substrate-binding pocket to favor indolic or 

phenolic amino acid binding in CrTDC and PsTyDC, respectively (Fig. 2d). To test this, we 

expressed the wild-type or the G370S mutant of CrTDC in Saccharomyces cerevisiae, and 

profiled the ectopically produced aromatic monoamines. The transgenic yeast expressing the 

wild-type CrTDC predominantly produces tryptamine, whereas yeast expressing the CrTDCG370S 

mutant produces increased level of tyramine at the expense of tryptamine, suggesting a 

broadened substrate specificity towards tyrosine due to the G370S mutation (Fig. 2e-f and Fig. 
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S7). Together, these results suggest that the phylogenetically restricted sequence variants at 

position 370 were likely selected to serve the respective biochemical functions of the TyDC and 

TDC clades after they separated from the basal AAAD clade. 

The catalytic cycle of canonical type II PLP-dependent AAAD 

PLP is a versatile coenzyme employed by various enzyme classes to catalyze a selection of 

reactions, including elimination, addition, racemization, aldol cleavage, in addition to amino acid 

decarboxylation14. The active site of canonical AAADs constrains the reactivity of PLP to 

specifically drive decarboxylation chemistry14. Despite the availability of several animal DDC 

crystal structures, several aspects of the full catalytic cycle of the type II PLP-dependent 

decarboxylases remain speculative5,15–17. Comparative analysis of the four paralogous plant 

AAAD enzymes shed light on the previously unresolved catalytic mechanisms of the canonical 

AAAD reaction as well as the derived aldehyde synthase activities through parallel molecular 

evolution. Evident from the L-tryptophan-bound CrTDC, the L-tyrosine-bound PsTyDC, and the 

L-phenylalanine-bound AtPAAS structures, the aromatic amino acid substrate first enters the 

active site, and is oriented to present its labile α-carbon-carboxyl bond perpendicular to the 

pyridine ring of the internal aldimine LLP (Fig. S8). This triggers the subsequent 

transaldimination that conjugates the α-amino group of the incoming substrate to PLP through a 

Schiff base to yield the external aldimine, captured by one of the active sites of the L-tyrosine-

bound PsTyDC structure (Fig. 3a-b and Fig. S9). The resultant external aldimine subsequently 

loses the α-carboxyl group as CO2 to generate a quinoid intermediate (Fig. 3c, reaction step 1). 

Through an as yet unknown mechanism, the nucleophilic carbanion of the quinoid intermediate 

is protonated to yield the monoamine product and a regenerated LLP (Fig. 3b, reaction steps 2-

3)12. 
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Structural features of two catalytic loops dictate divergent catalytic fates 

Although mechanistic and structural studies of various AAADs have identified a large loop 

region that harbors a highly conserved tyrosine residue essential for catalysis16, this loop is 

invisible in the electron density map of all the animal DDC structures solved to date. Our 

crystallographic datasets of various plant AAAD proteins provide electron-density support for 

this large loop in different conformations relative to the active site (Fig. 3d-e and Supplementary 

Note 3). In the CrTDC structure, for instance, the large loop (CrTDC342-361-A) of monomer A 

adopts an open conformation, revealing a solvent-exposed active site. On the contrary, this loop 

undergoes a crankshaft rotation in the PsTyDC structure to close the entrance, and seals the 

active site from solvent access. In many previously characterized plant aldehyde synthases, a 

Tyr-to-Phe substitution on this large loop is associated with the conversion of the canonical 

decarboxylation activity to the decarboxylation-deamination activity that yields arylalkyladehyde 

products18. These observations implicate that the conserved tyrosine on the large loop serves as 

the catalytic acid responsible for the reprotonation of the α-carbon in the production of 

arylalkylamine. In AtPAAS, the naturally occurring Y338F substitution abolishes the catalytic 

acid, instead enabling molecular oxygen to attack the carbanion of the quinoid intermediate to 

generate a peroxide intermediate, which subsequently decomposes into the arylalkyladehyde, 

carbon dioxide, ammonia, and hydrogen peroxide products (Fig. 3c, reaction steps 4-5).  In 

addition to precluding carbanion protonation, the Tyr-to-Phe substitution may also disrupt the 

ionic interactions necessary for proper loop closure and active-site desolvation. Substitutions at 

this location occur naturally as valine, leucine, isoleucine, methionine and phenylalanine within 

the basal and TyDC clades, and are found in AAAD sequences beyond land plants (Fig. S2 and 

Fig. S6). Evidently, substitution of the conserved large-loop tyrosine with hydrophobic residues 
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imparts aldehyde synthase chemistry as the characterized Rosa hybrid, Petunia hybrida, and 

Cicer arietinum PAASs possess phenylalanine, valine, and isoleucine at this position, 

respectively18–20. 

In our PsTyDC structure, the closed conformation of the large loop places the p-hydroxy 

group of Tyr350-A in close vicinity with the Cα of the L-tyrosine substrate as well as the imidazole 

ring of a neighboring His205-B situated on a small loop from the opposite monomer (CrTDC202-205-

B) (Fig. 3f). In this closed conformation, the histidine imidazole forms a pi-stacking interaction 

with the aromatic PLP-pyridine ring. Such pi stacking between PLP and an active-site aromatic 

residue is a common feature among AAADs as well as the broader α-aspartate aminotransferase 

superfamily21,22. Conversely, in the CrTDC structure where the large loop is in open 

conformation, this small loop (CrTDC202-205-B) rotates away from LLP and the bound substrate 

(Fig. 3e). The vicinity of this conserved histidine to the active site and its dynamic nature suggest 

its potential catalytic role in carbanion protonation; however, this histidine can not function 

directly as the catalytic acid, because the pH dependence of AAADs suggests that the 

deprotonated histidine is the active form15,23,24. Similar Tyr-His side-chain interaction has been 

described in several other catalytic systems involving proton transfer25. We therefore propose a 

catalytic mechanism where the large-loop Tyr350-A and small-loop His205-B act cooperatively to 

facilitate the protonation of the quinonoid intermediate, resulting in the canonical AAAD 

reaction outcome (Fig. 3c). To test this, we produced and characterized the PsTyDCH205N mutant. 

Interestingly, the PsTyDCH205N mutant displays both the canonical AAAD activity and the 

aldehyde synthase activity in vitro (Fig. 4a). Furthermore, transgenic S. cerevisiae expressing the 

PsTyDCH205N mutant produces both tyramine and tyrosol (Fig. S10-11). These results suggest 

that carbanion protonation is assisted by the conserved small-loop histidine. Although 
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decarboxylation can still occur when this histidine is mutated, a significant fraction of the 

intermediate undergoes the alternative oxidative deamination of the aldehyde synthase 

chemistry. 

Molecular dynamics simulations reveal the dynamic nature of two catalytic loops 

Considering the crystallographic observation of the alternative conformations of the two loops 

that harbor the potential key catalytic residues Tyr348-A and His203-B (numbering according to 

CrTDC), we sought to examine the flexibility and possible cooperativity of the two loops by 

molecular dynamics (MD) simulation in CrTDC. We began with 36 sets of 100-ns simulations 

on six CrTDC systems with LLP and the substrate L-tryptophan in different protonation states 

(Fig. S12 and Supplementary Note 4). 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 (Fig. 3g, Video S1), the large loop was found to reach a 

semi-closed state characterized by a minimal Cα RMSD of 4.3Å with respect to the modeled 

CrTDC closed-state structure (Supplementary Note 5). The catalytic Tyr348-B was found to form 

stacking interactions with His203-A, with a minimal distance of approximatley 2 Å between the 

two residues (Fig. S13). Interestingly, a short helix (residues 346-350) that unfolded at the 

beginning of this simulation appeared to ‘unlock’ the large loop from its open state. To further 

examine the correlation between its structure and large loop conformation, we artificially 

unfolded this short helix and initiated 72 sets of 50-ns simulations from the resulting structure. 

Structures similar to that revealed by Fig. 3g were observed in all six systems (Fig. S14c) with 

minimal Cα RMSD ranging from ~5 to 8 Å with respect to the modeled CrTDC closed-state 

structure. These results suggest that the initial closing motion of the large loop is independent of 

coenzyme and substrate protonation states and that the unfolding of the aforementioned short 
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helix can significantly accelerate such motion. This is further substantiated by three sets of 600-

ns simulations of CrTDC in an apo state with neither PLP nor L-tryptophan present (Fig. S15 

and Supplementary Note 4). We should note, however, that the fully closed state of CrTDC was 

not achieved in our sub-microsecond simulations. For instance, in the trajectory shown in Fig. 3g 

and Video S1, L-tryptophan left the active site at around t=526 ns, shortly after which the 

simulation was terminated. Overall, while the transition from the semi-closed to the fully closed 

state can be expected to occur beyond the sub-microsecond timescale, the MD results support 

our hypothesis that Tyr348-B can form close contact with His203-A, readying the latter residue to 

direct and stabilize proton transfer from the former residue to the Cɑ quinoid intermediate (Fig. 

S13b). 

Aldehyde synthases from Myrtle evolved via an alternative molecular mechanism 

The rapid expansion of the plant genomic resources in recent years enabled us to mine AAAD 

paralogs with potential new functions, bearing in mind those key residues involved in substrate 

selectivity and catalytic mechanism. A query of all AAAD sequences within the 1KP 

transcriptomes26 identified a number of myrtle-family AAAD homologs, derived from the TyDC 

clade, with the conserved small-loop histidine substituted to asparagine (Fig. 1a). Since the same 

mutation impairs the canonical AAAD activity in the context of PsTyDC (Fig. 4a), we 

hypothesized that this unusual clade of Myrtle AAAD proteins might have evolved new 

functions. To test this, we produced recombinant protein for a representative enzyme from 

Eucalyptus grandis (MG786260). Biochemical characterization of this E. grandis enzyme 

(EgPAAS) demonstrates that it is indeed an aldehyde synthase with apparent substrate specificity 

towards phenylalanine and no detectable decarboxylase activity (Fig. 4b and Fig. S16). 

Interestingly, phenylacetaldehyde is reportedly a major metabolite in the essential oil and honey 
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of plants from the myrtle family27–29, consistent with these newly discovered PAAS enzymes in 

myrtle. Together with the previously characterized aldehyde synthases harboring the large-loop 

Tyr-to-Phe substitution, the discovery of aldehyde synthase chemistry derived from the naturally 

occurring small-loop His-to-Asn substitution in myrtle AAADs suggests that nature has 

independently exploited two alternative molecular strategies to arrive at the evolutionarily new 

aldehyde synthase. 

Metabolic engineering of a shortened BIA biosynthetic pathway in yeast with 4HPAAS 

In addition to their roles in floral volatile and tyrosol anabolism, amino-acid-derived 

arylalkyladehydes have also been demonstrated in indole-3-acetic acid (IAA, auxin) and BIA 

biosynthesis30,31. In particular, 4HPAA, the product of Rr4HPAAS or the PsTyDCY350F mutant, 

is a key intermediate in the biosynthesis of BIAs, which include the narcotic analgesics codeine 

and morphine31. In the currently proposed BIA pathway, 4HPAA is generated from L-tyrosine 

through two consecutive transamination and decarboxylation steps catalyzed by an L-tyrosine 

aminotransferase (TAT) and an unidentified 4-hydroxyphenylpyruvate decarboxylase 

(4HPPDC), respectively31. 4HPAA is then stereoselectively condensed with dopamine by the 

norcoclaurine synthase (NCS) to produce the BIA intermediate (S)-norcoclaurine. To 

demonstrate the utility of 4HPAAS in reconstituting BIA biosynthesis, we engineered yeast 

strains to produce (S)-norcoclaurine through a shortened biosynthetic route, where 4HPAA is 

biosynthesized directly from L-tyrosine by either Rr4HPAAS or PsTyDCY350F, bypassing the 

necessity for TAT and 4HPPDC (Fig. 4c-d). The control experiment using the wild-type 

PsTyDC yielded only tyramine (Fig. 4c-d, Fig. S18). This engineering excise thus demonstrates 

how minimal amino acid substitutions in key metabolic enzymes can dictate the fate of 

specialized metabolic pathway evolution, and the structure-function understanding of plant 
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AAADs can provide new tools for engineering heterologous production of high-value aromatic-

amino-acid derivatives in microbial hosts. 

 

Discussion 

Co-opting progenitor enzymes to synthesize novel and adaptive metabolites is a universal 

mechanism underscoring metabolic evolution32. Most specialized metabolic enzymes present in 

extant plants evolved through the recruitment of malleable ancestral enzyme folds followed by 

neofunctionalization of substrate specificity, product diversity, or, in much rarer cases, 

alternative catalytic mechanisms33–36. The functional divergence of the plant AAAD family 

illustrates all these evolutionary mechanisms. For example, early radiation of the substrate-

permissive basal AAADs gave rise to the bifurcation of indolic- and phenolic-selective TDC and 

TyDC clades by fixing specific mutations at the substrate-binding pocket. Moreover, tinkering 

the ancestral AAAD catalytic machinery by mutating either the catalytic acid tyrosine situated at 

the large loop or its neighboring histidine that helps facilitate the proton transfer led to the 

emergence of the new aromatic-acetaldehyde-forming activities. We note that laboratory 

mutation of the catalytic tyrosine to phenylalanine in PsTDC fully converted it to an aldehyde 

synthase, whereas the mutation of the catalytic histidine to asparagine in PsTDC, which mimicks 

the natural substitution observed in EgPAAS, turned the mutant enzyme into a bifunctional 

enzyme that harbors both decarboxylase and aldehyde synthase activities. This suggests that 

additional adaptive mutations must have followed the initial His-to-Asn mutation in Myrtle 

aldehyde synthases to polish the newly acquired aldehyde synthase activity by repressing the 

ancestral decarboxylase activity. 

While the aldehyde synthase activity has occurred repeatedly in plant AAADs, it is also 
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noteworthy that the insect alpha-methyldopa resistant (AMD-r) protein, an AAAD-family 

enzyme responsible for producing 3,4-dihydroxyphenylacetaldehyde necessary for insect soft 

cuticle formation37, also contains the small-loop His-to-Asn substitution reminiscent to that of 

EgPAAS, illustrating repeated parallel evolution of aldehyde synthase chemistry via alternative 

molecular mechanisms in both plants and animals. Applying the structure-function 

understanding of the AAAD-family proteins gained from this study further enabled the 

engineering of a shorten pathway for the production of the BIA presorsor (S)-norcoclaurine in 

yeast. Not only does this exercise represents an alternative metabolic engineering strategy for 

microbial production of pharmaceutically relevant alkaloids, the engineered pathway may also 

impinge on the unresolved plant endogenous benzylisoquinoline alkaloid biosynthesis, e.g. in 

opium poppy. Collectively, our work illuminates how the structural and mechanistic pliability of 

the AAAD fold enabled extensive functional divergence within this enzyme family that directs 

specific aromatic amino acid precursors into a diverse array of specialized metabolic pathways. 

 

Methods  

Reagents 

L-tryptophan, tryptamine, L-tyrosine, tyramine, tyrosol, L-phenylalanine, phenylacetaldehyde, 

phenylethyl alcohol,  L-3,4-dihydroxyphenylalanine, dopamine, (S)-norcoclaurine, PLP, and 

sodium borohydride were purchased from Sigma-Aldrich. 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 settings38. 
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The phylogeny was inferred using the Maximum Likelihood method based on the JTT matrix-

based model. The bootstrap consensus unrooted trees were inferred from 500 replicates to 

represent the phylogeny of the analyzed enzyme families. The phylogenetic analysis encompases 

AAAD family sequences from all Phytozome V12 species in addition previously characterized 

AAAD proteins and select bacterial sequences39. Initial trees for the heuristic search were 

obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise 

distances estimated using a JTT model, and then selecting the topology with superior log 

likelihood value. All phylogenetic analyses were conducted in MEGA740.  ESPript 3.0 was used 

to display the multiple sequence alignment41. Conservation of the active site residues between 

various AAAD clades was displayed using WebLogo42. 

Plant materials 

E. grandis seeds were purchased from Horizon Herbs. Seeds were stratified at 4 °C for three 

days, and germinated in potting soil. Plants were grown under a 16-h-light/8-h-dark photoperiod 

at 23 °C in a local greenhouse. 

cDNA production and molecular cloning 

Leaf tissue of seventy-day-old E. grandis plants were harvested for total RNA extraction using 

the Qiagen’s RNeasy Mini Kit (Qiagen). Total RNA for A. thaliana, P. somniferum, C. roseus 

and R. rosea were produced as previously reported 43,44. First-strand cDNAs of were synthesized 

by RT-PCR using total RNA sample as template. The coding sequences (CDS) of candidate 

genes were amplified from cDNAs by PCR using gene-specific primers (Table S3). PpDDC 

(NP_744697.1), PsNCS2 (AKH61498), and BvTyH (AJD87473) were synthesized as gBlocks 

(IDT) with S. cerevisiae codon optimization. Gibson assembly was used to ligate the CrTDC, 

PsTyDC, AtPAAS and Rr4HPAAS PCR amplicons into pHis8-4, a bacterial expression vector 
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containing an N-terminal 8xHis tag followed by a tobacco etch virus (TEV) cleavage site for 

recombinant protein production. EgPAAS was alternatively cloned though Gibson assembly into 

pTYB12, a commercially available N-terminal intein/chitin domain fusion vector designed for 

affinity chromatography purification. Ectopic expression of various AAADs in S. cerevisiae was 

achieved through the use of  p423TEF, a 2 µ plasmid with the HIS3 auxotrophic growth marker 

for constitutive expression45. Golden Gate assembly was used generate the multi gene vectors 

designed for (S)-norcoclaurine production in S. cerevisiae46. PCR amplicons or gBlocks were 

ligated into the entry vector pYTK001 and subsequently assembled into 2 µ, pTDH3, tTDH1, 

HIS3 multigene vectors for constitutive expression in S. cerevisiae46. A second multigene vector, 

containing the S. cerevisiae tyrosine metabolism feedback resistant mutants ARO4K229L and 

ARO7G141S, was additionally used to boost tyrosine flux in (S)-norcoclaurine producing S. 

cerevisiae lines. This vector was built using 2 µ, pTDH3, tTDH1 and LEU2 as previously 

described44.  

Recombinant protein production and purification 

BL21(DE3) E. coli containing the pHis8-4 or pTYB12 AAAD constructs were grown in terrific 

broth (TB) at 37 °C to OD600 of 0.9 and induced with 0.15 mM isopropyl-β-D-thiogalactoside 

(IPTG). The cultures were cooled to 18 °C and and shaken for an additional 20 hours. Cells were 

harvested by centrifugation, washed with phosphate buffered saline (PBS) (137 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4), 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 a M-110L microfluidizer (Microfluidics). The resulting crude protein 

lysate from the pHis8-4 cultures were clarified by centrifugation prior to Qiagen Ni-NTA gravity 

flow chromatographic purification. After loading the clarified lysate, His-tagged recombinant 
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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 0.5mM DTT). 1 mg 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 His-tagged TEV. The EgPAAS frozen cell pellet was 

homogenized and in a smilary manner abet in a imidazole free lysis buffer. The resulting crude 

protein lysate was applied to a column packed with chitin beads, washed with 1 L of buffer and  

subsequently hydrolyzed under reducing conditions as per the manufacturer's instructions. 

Recombinant proteins were further purified by gel filtration on a fast protein liquid 

chromatography (FPLC) system (GE Healthcare Life Sciences). The principle peaks were 

collected, verified for molecular weight by SDS-PAGE, stored in storage buffer (20 mM Tris pH 

8.0, 25 mM NaCl, 200 µM PLP and 0.5 mM DTT) at a protein concentration of 10 mg/mL and 

flash frozen for subsequent investigation. 

Protein Crystallization and Structural Determination 

Crystals for the various plant AAADs were grown at 4 °C by a hanging-drop vapor diffusion 

method with the drop containing 0.9 µl of protein sample and 0.9  µl of reservoir solution at a 

reservoir solution volume of 500 µl. The crystallization buffer for the AtPAAS contained 0.16 M 

ammonium sulfate 0.8M HEPES:NaOH pH 7.5 and 20%w/v PEG 3350. Crystals were soaked in 

well solution containing 15 mM L-phenylalanine for six hours and cryogenized with an 

additional 10% weight/volume ethylene glycol. PsTyDC crystals were formed in 1.2 M 

ammonium Sulfate 0.1 Bis Tris pH 5.0 and 1% w/v PEG 3350. Crystals were soaked in the 

presence of 4mM L-tyrosine four twelve hours 12 hours and cryoprotected with an additional  
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25% weight/volume ethylene glycol. 0.22M calcium chloride and 12% w/v PEG 3350 formed 

the CrTDC crystals which were subsequently soaked with 10mM L-tryptophan for 16 hours and 

then cryogenized with an additional 18% weight/volume ethylene glycol. Finally, to form the 

Rr4HPAAS crystals, protein solution was mixed with a reservoir buffer of 0.21 M potassium 

thiocyanate and 22% w/v PEG 3350. Ligand soaks for this crystal proved unsuccessful and 

ultimately the crystals were cryoprotected with an additional 13% weight/volume PEG 3350 in 

the absence of ligand. The structure of PsTyDC was determined first though molecular 

replacement with the insect DDC structure47 using Molrep48.The resulting model was iteratively 

refined with Refmac 5.249  and the manually refined with Coot 0.7.150. Solvent molecules were 

added and refined with Refmac 5.2 and Coot 0.7.1. 

Enzyme assays 

The in vitro decarboxylation and aldehyde synthase activities of the wild type PsTyDC, 

PsTyDCH204N and PsTyDCY350 enzymes were assayed in 100 µL of 50 mM Tris, pH 8.0 

containing 20 µg of recombinant enzyme, 100 µM PLP and 0.5 mM L-tyrosine. Reactions were 

incubated at 30 degrees for various time points and subsequently stopped with 200 µL methanol. 

After clarification, the soluble fraction was  analyzed by LC-MS-UV. Chromatographic 

separation and absorption at 280 nm were performed by an Ultimate 3000 liquid chromatography 

system (Dionex), equipped with a 150 mm C18 Column (Kinetex 2.6 µm silica core shell C18 

100 Å pore, Phenomenex) and coupled to an UltiMate 3000 diode-array detector (DAD) in-line 

UV-Vis spectrophotometer (Dionex). Compounds were separated through the use of an isocratic 

mobile phase as previously described44. The reduction of aldehyde products was achieved by 

addition ethanol containing saturating sodium borohydride. The EgPAAS enzyme assays were 

started by adding 2 µg of recombinant protein into 200 µL of 50mM tris pH 8.0 and 2mM L-
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phenylalanine. Reactions were incubated for various time points at 30 degrees and  reactions 

were stopped with equal vol of 0.8 formic acid, extracted with 150ul of ethyl acetate and 

analyzed by gas chromatography–mass spectrometry (GC-MS) as previously described against 

an analytical phenylacetaldehyde standard44. The initial substrate selectivity was measuring 

through the detection of the hydrogen peroxide co-product using Pierce Quantitative Peroxide 

Assay Kit (Pierce) and a standard curve of hydrogen peroxide. Reactions were conducted as 

described using reaction mixtures containing 0.5 mM amino acid substrate concentrations. 

Triplicate reactions were stopped after five minutes of incubation at 30 degrees with an equal 

volume of 0.8 M formic acid and measured by absorbance at 595 nm. 

Metabolomic profiling by LC-HRAM-MS 

Individual 2-micron TEF-promoter expression plasmids containing various AAAD family 

enzymes were generated to test the in vivo activity of AAAD family enzymes. S. cerevisiae lines 

were additionally transformed with various multi gene vectors to assay ectopic (S)-norcoclaurine 

production. 15 mL cultures of transgenic S. cerevisiae BY4743 strains were grown in 50ml mini 

bioreactor tubes for 24 hours with shaking at 30 °C. The culture were subsequently pelleted, 

washed and flash frozen as previously described44. Frozen yeast pellets were suspended in 50% 

methanol (500 µL per 100 mg fresh weight) and subsequently disrupted using a tissuelyser 

(Qiagen) and zirconia-silicate beads. The clarified extracts were analyzed by LC-HRAM-MS as 

previously described44. The raw data was processed and analyzed using MZmine251. 

Molecular dynamics simulation and analysis  

All simulations were performed using GROMACS 5.1.452 and the CHARMM force field53. The 

non-standard residue LLP was parameterized using Gaussian54 and the Force Field Toolkit 

(FFTK)55 implemented in VMD 56 based on the initial parameters provided by the CGenFF 
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program57–60. A number of CrTDC residues buried deeply within the protein or at the monomer-

monomer interface were modeled in their neutral forms based on PROPKA61,62 calculation 

results: Asp268-A/B, Asp287-A/B, Asp397-A/B, Lys208-A/B, and Glu169-A.  All the histidines were kept 

neutral, with a proton placed on the ε-nitrogen except for His203 and His318, for which the proton 

was placed on the ẟ-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 (Fig. S12) and a 

total number of atoms of ~124,000. Prior to the production runs listed in Table S4, all systems 

were subjected to energy minimization followed by a 100-ps NVT and a 100-ps NPT runs with 

the protein heavy atoms constrained. In all simulations the van der Waals interactions were 

smoothly switched off from 10 Å to 12 Å. The electrostatic interactions were computed with the 

Particle-Mesh-Ewald (PME) method63 with a grid spacing of 1.5 Å, a PME order of 6, and a 

cutoff of 12 Å in real space. The system temperature was kept at 300 K using the velocity-

rescaling thermostat64, and the system pressure was kept at 1 bar with the Parrinello-Rahman 

barostat65,66. All bonds involving hydrogens were constrained using LINCS67,68 to allow an 

integration timestep of 2 fs. The helix-unfolding simulation was performed using the 

metadynamics method69 as implemented in PLUMED70. 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 Ψ and 

Φ of residues 346 to 350. We should note 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 346-350). The resulting unfolded large loop structure was then used in all 

systems, each of which was subjected to 12 replicas of 50-ns MD simulations listed in Table S4. 

Clustering analysis was performed using gmx cluster over all simulated trajectories with a 
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RMSD cutoff of 3.5 Å. 3D occupancy maps were created at a resolution of 1 Å3 using the VMD 

VOLMAP plugin. DSSP calculations71 were performed with gmx do_dssp implemented in 

GROMACS. An output of H (ɑ-helix), I (𝜋-helix) or G (310-helix) was considered as a helix and 

the corresponding residue was assigned a helical content of 1; otherwise a helical content of 0 

was assigned. Clustering and occupancy analysis as well as the average helical content 

calculations were performed on the combined trajectories of all simulation replicas for a given 

CrTDC system. The two monomers of a CrTDC dimer were treated equivalently in these 

analyses.  All simulation figures were made using VMD. 

Accession codes 

The sequences of P. somniferum, C. roseus, E. grandis  genes reported in this article are 

deposited into NCBI GenBank under the following accession numbers: PsTyDC (MG748690), 

CrTDC (MG748691), EgPAAS (MG786260). 
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Figures 

 

Fig. 1 | Phylogeny, functions, and structures of plant AAADs (a) A simplified maximum 

likelihood (ML) phylogenetic tree of bacteria, chlorophyte, and plant AAADs. A fully annotated 

tree is shown in Fig. S1. Nomenclature of the bacterial/chlorophyte (yellow), basal (green), 

TyDC (blue) and TDC (pink) clades is based on phylogenetic patterns as well as the general 

conservation of a substrate-specifying residue at the active site13. Functionally characterized 

enzymes are labeled at the tree branches. The four AAADs proteins with their crystal structures 
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resolved in this study are denoted in bold. The EgPAAS identified and characterized in this study 

is underlined.  (b) Biochemical functions of four representative plant AAADs in the context of 

their native specialized metabolic pathways. The dotted arrows indicate multiple catalytic steps. 

(c) An overlay of the α2-dimer architectures of the CrTDC (orange), PsTyDC (green), AtPAAS 

(pink), and Rr4HPAAS (cyan) structures. The left monomer of PsTyDC is displayed in gray 

cartoon and surface representations. (d) Top-down view of the N-terminal segments (CrTDC1-

119) from the two monomer labeled in salmon and blue, respectively. The remainder of the 

homodimer is displayed in gray. (e) The association of the CrTDC middle (beige) and C-

terminal (pink) segments of one monomer with the middle (teal) and C-terminal (light blue) 

segments of the another monomer. The N-terminal segments are displayed in transparent gray 

cartoons, and the LLPs are circled and displayed as spheres.  
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Figure 2 | Active-site composition and the structural basis for aromatic amino acid 

substrate selectivity (a) Coordination of the LLP prosthetic in CrTDC with chain-A residues 

colored in beige and chain-B residues colored in white. (b) The CrTDC active-site entrance 

composed by residues from both chain A and B, colored in beige and white, respectively. The 

pocket is composed of conserved nonpolar residues (Pro102, Val122 and Leu325), aromatic residues 

(Trp92, Phe100, Phe101, Phe124, His318), and a polar residue (Thr262). Additionally, the active site 
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contains three nonconserved residues (Ala103, Thr369 and Gly370), which vary across different 

AAAD clades. (c) The interaction of the L-tryptophan substrate with the chain A (beige) and 

chain B (white) active-site residues. The |2Fo – Fc| electron density map for L-tryptophan is 

contoured at 2 σ. (d) Superimposition of the substrate-complexed CrTDC and PsTyDC 

structures. CrTDC Chain-A and Chain-B are displayed in beige and white respectively, while 

PsTyDC is displayed in green. The L-tryptophan ligand from the CrTDC structure is rendered in 

pink while the PsTyDC L-tyrosine ligand is colored in light green. The intermolecular distances 

between the L-tryptophan and the  CrTDC Gly370 and PsTyDC Ser372 are displayed in black and 

red dotted lines, respectively. (e) Relative in vivo tryptophan decarboxylase activity of the wild-

type CrTDC and CrTDCG370S enzymes as examined in transgenic yeast. (f) Relative in vivo 

tyrosine decarboxylase activity of the wild type CrTDC and CrTDCG370S enzymes in transgenic 

yeast.  
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Figure 3 | Catalytic mechanisms and conformational changes of AAAD proteins. The PLP-

Lys321 internal aldimine (a) and PLP-L-tyrosine external aldimine (b) captured by the two active 

sites of the PsTyDC homodimer. The Chain A and Chain B are colored in green in gray, 

respectively, and the |2Fo – Fc| electron density map is contoured at 2 σ. (c) The proposed 

alternative PLP-mediated catalytic mechanisms of decarboxylase and aldehyde synthase in 

AAAD proteins. The external aldimine loses the α-carboxyl group as CO2 to generate a quinoid 

intermediate stabilized by the delocalization of the paired electrons (1). In a canonical 

decarboxylase, the carbanion is subsequently protonated in the presence of the acidic Tyr348-B 

facilitated by its neighboring His203-A (2), followed by the regeneration of the imine complex and 

the release of the arylalkylamine and carbon dioxide product (3). In the evolutionarily new 

aldehyde synthase, the proton transfer is impaired when either Tyr348-B or His203-A is mutated to 
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alternative residues (e.g. Tyr-to-Phe mutation as in AtPAAS denoted by an asterisk or His-to-Asn 

mutation as in EgPAAS denoted by two asterisks), enabling the concomitant attack of molecular 

oxygen (4) to produce a peroxide intermediate. This peroxide intermediate further decomposes 

into the arylalkyladehyde, ammonia, and hydrogen peroxide products (5). R represents the side 

chain of an aromatic amino acid substrate. (d) An overlay of the PsTyDC large loop in closed 

conformation (green) upon the CrTDC structure with the large loop in open conformation 

(beige). (e) The open conformation CrTDC α2-dimer (shown in beige and white cartoon) with 

the superimposition of the closed conformation PsTyDC small loop (green). (f) The closed 

conformation PsTyDC active site displaying the catalytic machinery necessary for carbanion 

protonation. Chain A is colored in white, chain B is colored in green ,and the L-tyrosine 

substrate is displayed in light green. (g) A snapshot from the MD simulation of CrTDC System 1 

at t=398 ns, exhibiting a semi-closed loop conformation. The open and closed conformations of 

the loops observed from the crystal structures are shown in blue and pink tubes, respectively.  
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Figure 4 | Two alternative molecular strategies to arrive at aldehyde synthase chemistry 

from a canonical AAAD progenitor and the utility of 4HPAAS in metabolic engineering of 

(S)-norcoclaurine production in yeast.  (a) Relative decarboxylation and aldehyde synthase 

products formed from L-tyrosine and recombinant PsTyDC, PsTyDCH204N and PsTyDCY350F 

reactions. After enzymatic reaction, the 4HPAA aldehyde product was chemically reduced by 

sodium borohydride to yield tyrosol prior to LC-UV detection. (b) Phenylacetaldehyde formation 

from the incubation of EgPAAS with phenylalanine measured by LC-MS. (c) Canonically 

proposed (S)-norcoclaurine biosynthetic pathway (black) rerouted by the use of an 4HPAAS 

(red). 4HPPA, 4-hydroxyphenylacetaldehyde. (d) Engineering of (S)-norcoclaurine production in 

yeast using two AAAD proteins with the 4HPAAS activity. All (S)-norcoclaurine multigene 
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vectors used to transform yeast contain the requisite PpDDC, PsNCS2 and BvTyH in addition to 

variable PsTyDC, PsTyDCY350F or Rr4HPAAS genes. 
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Supplementary Figures 

 

Fig. S1 | Phylogenetic tree of plant and eubacteria AAADs. This tree is populated with 
sequences from all Phytozome V12 species, all attainable characterized NCBI plant AAAD 
sequences and select eubacteria NCBI sequences. Green, pink and blue branches correspond to 
the plant AAAD basal, TDC and TyDC clades, respectively. The yellow branches correspond to 
the chlorophytes and bacterial AAAD sequences. The plant AAAD clades were annotated 
according to their relation to ancestral sequences (the green basal is most closely related to 
bacterial and chlorophytes AAADs) and their apparent substrate selectivity (the pink TDC clade 
contains a number of characterized enzymes with exclusive indolic substrate specificity while the 
blue TyDC clade is represented by characterized sequences with phenolic substrate selectivity).  
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Fig. S2 | Taxonomic distribution of plant AAAD sequences. This evolutionary tree illustrates 
the inferred relationships of sequenced plant species from Phytozome V12. The presence of a 
yellow, green, blue or pink circle next to the species name indicates the presence of one or more 
AAAD sequences from the bacterial/chlorophyte, basal, TyDC or TDC clades, respectively.  
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Fig. S3 | Multiple sequence alignment of crystallized plant AAADs. The multiple sequence 
alignment was generated with ClustalW21 and displayed with ESPript 3.02. 
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Fig. S4 | Three segment architecture of Cr TDC. ( a) Plant AAAD segment structure as 
displayed by the CrTDC B-chain. Each monomer is composed of the N-terminal 
Cr TDC1-119(beige), middle Cr TDC120-386(maroon) and C-terminal CrTDC 387-497(brown) segments. 
( b ) Topology diagram for each of the three Cr TDC. The segment diagrams were generated 
though Pro-origami using DSSP secondary structure program3. 
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Fig. S5 | Intermonomer association various segments. ( a) A side and top view of the aromatic 
and hydrophobic residues forming the intermolecular interaction of the Cr TDC homodimer. One 
monomer is orange with maroon hydrophobic or aromatic residues, whereas the second 
monomer is white with pink hydrophobic or aromatic residues. (b ) Sequence of the Cr TDC 
N-terminal segment with hydrophobic or aromatic helices residues marked in red. (c) View of 
the segment structure composing a single Cr TDC active site pocket. The N-terminal, middle and 
C-terminal segments from Chain A are shown in grey, blue and cyan, respectively, while the 
middle segment of Chain B is shown in pink. The LLP of the active site is displayed as a ball 
model.  
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Fig. S6 | Active-site sequence conservation within the three plant AAAD clades. Active site 
residues from plant AAADs were identified through the evaluation of the four plant AAAD 
crystal structures. Multiple sequence alignments of the queried AAAD sequences within each 
phylogenetic clade were generated and then evaluated for active site conservation. Polar amino 
acids are green, basic amino acids are blue, acidic amino acids are red and hydrophobic amino 
acids are black. The amino acid composition of the active site is displayed for the basal (top), 
TyDC (middle) and TDC (bottom) clades. The polypeptide chain and position of each active site 
location is listed by one of the  representative AtPAAS, PsTyDC and Cr TDC references 
sequences. The y-axis has been scaled to display the relative amino acid frequency of a given 
residue. Key residues are displayed in boxes with header titles indicating their function.  
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Fig. S7 | Metabolite profiling of tryptamine and tyramine in transgenic S. cerevisiae.  ( a) 
Transgenic yeast overexpressing CrTDCG370S display reduced intracellular tryptamine in 
comparison to transgenic yeast overexpressing wild type Cr TDC. ( b ) S. cerevisiae 
overexpressing Cr TDCG370S demonstrates increased intracellular tyramine in comparison to 
transgenic yeast overexpressing wild type CrTDC. Cultures were grown and metabolically 
profiled in triplicate. *Adjusted P Value < 0.02. 
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Fig. S8 | Orientation of the alpha carbon carbonyl bond relative to the plane of the 
pyridoxal imine system. As per the Dunathan hypothesis, PLP enzymes exhibit  stereospecific 
cleavage of bonds orthogonal to the pyridine ring pi system electrons (shown as black ring and 
arrow) 4. In the case of PLP decarboxylases, the alpha carbon carbonyl bond of the substrate is 
positioned perpendicular to the plane of the pyridine ring (shown as red arrow).  
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Fig. S9 | Schematic of the formation of PLP internal and external aldamines. First, the 
internal aldimine is formed when the aldehyde group of the PLP coenzyme forms an imine with 
the conserved active site lysine. Second, the external aldimine is formed upon the imine 
exchange between the ζ-amino group of the lysine and the α-carbon amine of the substrate.  

11 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 31, 2018. ; https://doi.org/10.1101/404970doi: bioRxiv preprint 

https://doi.org/10.1101/404970


 

 

Fig. S10 | S. cerevisiae expressing various Ps TyDC mutants displaying altered ectopic 
tyramine and tyrosol levels ( a) Relative in vivo tyrosine decarboxylase activities of the wild 
type Ps TyDC, Ps TyDCH204N and Ps TyDCY350 enzymes as observed though ectopic tyramine 
levels. (b ) Relative in vivo tyrosine aldehyde synthase activities of the wild type Ps TyDC, 
PsTyDCH204N and Ps TyDCY350 enzymes as observed though ectopic tyrosol levels.  
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Fig. S11 | Metabolite profiling of tyramine and tyrosol in transgenic S. cerevisiae ( a) 
Transgenic yeast overexpressing PsTyDC H204N and PsTyDC Y350F display reduces 
intracellular tyramine in comparison to transgenic yeast overexpressing wild type PsTyDC. ( b ) 
Transgenic yeast overexpressing PsTyDC H204N and PsTyDC Y350F demonstrates increased 
intracellular tyrosol in comparison to transgenic yeast overexpressing wild type PsTyDC. 
Cultures were grown and metabolically profiled in triplicate. * Adjusted P Value < 0.02, 
**Adjusted P Value < 0.002, ***Adjusted P Value < 0.0001  
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Fig. S12 | MD simulation systems of holo- CrTDC with LLP and L-tryptophan in different 
protonation states. ( a) The dodecahedron simulation box with the two monomers of CrTDC 
colored in red and blue, respectively. Water molecules are shown as transparent surfaces. (b ) Six 
holo- Cr TDC systems simulated in this work.  
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Fig. S13 | Large loop conformation as measured by RMSD and atomistic distances in the 
550-ns simulation of CrTDC system 1. (a) RMSD of large loop Cα atoms with respect to the 
modeled closed-state CrTDC. (b) The minimal distance between Tyr348-B and His 203-A. Black 
curves represent running averages (window size: 101) performed on data colored in gray.  
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Fig. S14 | Large loop conformations revealed by MD simulations of holo- CrTDC.  ( a) 
Clustering analysis and occupancy calculation results performed on the six replicas of 100-ns 
simulations of each CrTDC system. Centroid structure of the largest cluster from clustering 
analysis is shown in Cartoon representation, where a short helix (residues 346-350) is seen 
across all systems. Isosurfaces of 30% and 1% occupancy are shown in wireframes and 
transparent surfaces, respectively. (b ) Average helical content of the large loop in the simulations 
described in (a). Error bars indicate standard deviations. (c) Snapshots from selected 50-ns 
simulations of CrTDC systems 1-6 initiated with the short helix in an unfolded state (Table S7). 
Structure of the large loop in this unfolded state is shown in black thin tube, with the closed 
conformations of the loops from crystal structure shown in pink thin tubes. 
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Fig. S15 | Large loop conformations revealed by a 600-ns MD simulation of apo- Cr TDC. 
( a- e) Simulation snapshots with residues Tyr 348-B and His 203-A highlighted. Loop conformations in 
the open and the modeled closed-state Cr TDC are colored in blue and red, respectively. (f ) 
Helical content of the large loop during the 600-ns apo- simulation. Note that the loss of helical 
content precedes the large-scale loop closing motion shown in (a- e). ( g) Minimal distance 
between His203-A and Tyr348-B. ( h ) Cɑ RMSD of the large loop with respect to the modeled 
closed-state Cr TDC.  
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Fig. S16 | Relative selectivity of EgPAAS towards various aromatic amino acid substrates. 
Acetaldehyde synthesis activity of the EgPAAS was measured against various aromatic amino 
acid substrates through the detection of the hydrogen peroxide co-product via Pierce Quantitative 
Peroxide Assay Kit (Pierce) against a hydrogen peroxide standard.   
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Fig. S17. Metabolite profiling of (S)-norcoclaurine and tyramine in transgenic S. cerevisiae. 
( a) Intracellular (S)-norcoclaurine in transgenic yeast containing a l-tyrosine overproduction 
multi gene plasmid (ARO4 K229L and ARO7 G141S) in addition to a (S)-norcoclaurine 
overproduction plasmid containing  Pp DDC, PsNCS2, BvTyH and the listed plant AAAD. (b ) 
Intracellular tyramine in transgenic yeast containing a l-tyrosine overproduction multi gene 
plasmid (ARO4 K229L and ARO7 G141S) in addition to a (S)-norcoclaurine overproduction 
plasmid containing  Pp DDC, PsNCS2, BvTyH and the listed plant AAAD.  Cultures were grown 
and metabolically profiled in triplicate. **Adjusted P Value < 0.002.  
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Fig. S18 | Metabolite profiling of tyramine in transgenic S. cerevisiae containing 
(S)-norcoclaurine multi gene vectors. Tyramine production in the media of ARO4  and 
ARO7 -overexpressing yeast transformed with (S)-norcoclaurine multigene vectors containing 
PsTyDC , PsTyDCH203N, or PsTyDCY350F. 
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Supplementary Video | Trajectory of a 550-ns simulation of CrTDC System 1. The large 
loop reached a semi-closed state during this simulation, with Tyr348-B and His 203-A in frequent 
contact. For visualization clarity, water molecules and a large part of Cr TDC were not shown. 
Image smoothing was performed with a window size of 5 frames, which may have produced 
slight distortion of certain structures.  
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Supplementary Notes 

Supplementary Note 1  

To investigate their evolutionary history, AAAD sequences from chlorophytes, plants and select 

eubacteria were curated from Phytozome V12.1 and NCBI for phylogenetic analyses. Results 

illustrate a bacterial and chlorophytes clade in addition to three evolutionary distinct plant 

AAAD groups annotated as the basal, TyDC and TDC clades, respectively (Fig. 1a and Fig. S1). 

The basal clade contains AAAD sequences from the full taxonomic breadth of the surveyed 

plants including basal bryophytes and lycophytes lineages and is mostly closely related to the 

accessorial chlorophytes and bacterial clade (Fig. 1a and Fig. S1 and S2). Biochemically 

characterized enzymes from this clade demonstrates the full suite of AAAD biochemical 

functions including the functionally characterized A. thaliana PAAS (NP_849999)5, A. thaliana 

TyDC (NP_001078461) 6, Capsicum annuum TDC (ACN62126) 7, and Oryza sativa  (AK103253) 

TDC8. Upon the emergence of angiosperms (flowering plants), this progenitor clade speciated 

into two additional AAAD clades with seemingly more stringent biochemical functions (Fig. 

S2). Previously characterized enzymes from each neofunctionalized clade demonstrate exclusive 

indolic and phenolic amino acid substrate specificity, respectively. The indolic substrate 

selectivity of the TDC clade has been well documented through the biochemical characterization 

of selection of enzymes from taxonomically diverse species including O. sativa 

(XP_015648701) 8, Camptotheca acuminate (AAB39708, AAB39709)9, C. annuum 

(NP_001312016) 7, Ophiorrhiza pumila (BAC41515) 10, and C. roseus (P17770) 11. Likewise, the 

phenolic substrate specific TyDC clade is represented by characterized AAADs and AASs such 

as the Petroselinum crispum  4HPAAS (Q06086)12, Rosa hybrid PAAS (ABB04522)13, Petunia 
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hybrida P AAS (ABB72475)13, Rhodiola rosea 4HPAAS (MF674522)14, Thalictrum flavum 

TyDC (AAG60665)12, Brachypodium distachyon TyDC (XP_003569907) 15 and P. somniferum 

TyDC (AAC61842) 16. The evolutionary history of plant AAADs suggests that biochemically 

flexible and evolutionary plastic progenitor AAADs present in lower plants speciated in 

angiosperms to yield a TDC clade with tryptophan selective decarboxylation activity and a 

TyDC clade with both decarboxylation and aldehyde synthase chemistry towards phenolic amino 

acid substrates. 
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Supplementary Note 2 

All four enzymes purify and crystallize as homodimers, however, the Rr 4HPAAS structure exists 

as a crystallographic monomer and the CrTDC structure is represented by a crystallographic 

tetramer. Each monomer contains three distinct segments (Fig. S4a and S4b) previously 

described as domains17. This segments are unlikely to be stable as autonomously folding units, 

rather, each topologically associated segments supports the overall architecture of the α2-dimer. 

The principle hydrophobic association of the dimer is formed through the intermolecular 

antiparallel helices of the N-terminal segments (Fig. S5a and S5b). The middle and C-terminal 

segments mostly associate with each other and the other subunit through the LLP cofactor or 

water-mediated electrostatic interactions (Fig. S5c). 
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Supplementary Note 3 

The residue range defined for the catalytic loops covers the area lacking significant secondary 

structure in the final CrTDC model. The homologous sequence for the large loop in PsTyDC, 

At PAAS and Rr4HPAAS corresponds to residues 344-363, 332-351 and 337-352, respectively. 

The small loop is represented in the PsTyDC, At PAAS and Rr4HPAAS sequences by residues 

202-207,190-195 and 195-200, respectively. In the CrTDC structure, the open conformation 

large loop lies on top of the upstream anchoring helix (CrTDC residue range 335-341). This is 

particularly notable as the open conformation of this loop has not been observed in previously 

solved homologs. The large loop structure includes a single two turn helix containing the 

catalytic tyrosine. This loop helix interacts minimally with the preceding helix displaying 

tentative ionic interactions with Arg340. A similar two turn helix is not observed in the large loop 

of the closed conformation PsTyDC structure, possibly due to the missing electron density of 

PsTyDC residues 354-359. The paralogous human HDC, however, displays a homologous two 

turn helix in the closed conformation suggest that the secondary structure of this loop may be 

important throughout the conformational change. The B-chain of the AtPAAS structure displays 

a partially modeled catalytic loop in the open conformation. Residues 339-445 were not built 

into this catalytic loop as this sequence range displayed poor electron density. Likewise, the 

majority of the large loop was not modeled in the Rr4HPAAS structure as there was poor 

electron density support.  
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Supplementary Note 4 

The lysine-conjugated coenzyme PLP is simulated in either the enolimine (systems 1-2) or the 

ketoenamine form (systems 3-6)  shown in Fig. S12. In aqueous solution, PLP aldimine is known 

to undergo reversible proton tautomerism between these two forms18–20. Although when 

conjugated with an enzyme, the ketoenamine form is believed to dominate18,19, we decided to 

simulate both forms for the sake of completeness. The electron density map of Cr TDC suggests 

an electron shared between the pyridine nitrogen of LLP and Asp287. While PROPKA 

calculation supports a protonated Asp287, a deprotonated Asp287 is known to stabilize LLP with 

its pyridine nitrogen protonated21–23. Therefore, while we modeled the enolimine form of LLP 

with Asp287 protonated (systems 1-2), both states of this residue were modeled in the 

ketoenamine form of the coenzyme (systems 3-6).  The substrate L-tryptophan, which is a 

zwitterion at pH=7, is expected to lose the proton on its amine group prior to the formation of the 

external aldimine. Given that it is unclear when such deprotonation process occurs, we simulated 

L-tryptophan in both forms (Fig. S12). Taken together, six holo- Cr TDC systems were 

constructed (Table S4) and six replicas of 100-ns simulations were initially launched for each 

system. Analysis of these simulation trajectories reveals highly similar dominating conformation 

of the large loop, represented by the centroid structure from the largest cluster shown in Fig. 

S14a. The cartesian space visited by loop residues as enclosed by the occupancy isosurfaces (Fig. 

S14a) as well as the average helical content of the large loop measured by the program DSSP 

(Fig. S14b) are also similar across all six systems. These results suggest that in its transition from 

an open to a semi-closed state, conformational change of the large loop is not dictated by LLP 

and L-tryptophan protonation states. Indeed, in one of the three replicas of 600-ns apo CrTDC 
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simulations where neither PLP nor L-tryptophan was present, we observed a loop closing motion 

resembling that shown in Fig. 3g (Fig. S15). While interactions with LLP and L-tryptophan are 

expected to be relevant upon the large loop reaching its fully closed state and establishing 

canonical contacts with these molecules, our results shown above demonstrate that the initial 

loop closing motion is largely decoupled from the chemical details of the coenzyme and the 

substrate.  
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Supplementary Note 5 

The model of the closed-state Cr TDC was constructed by superimposing the CrTDC structure 

onto the closed conformation of PsTyDC and subsequently threading the Cr TDC loops on the 

PsTyDC structure. The thus generated Cr TDC model was used as a reference for MD results so 

that the difference between the structures can be measured via RMSD calculations. 
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Supplementary Table 1 | Data collection and structure refinement statistics. 

Statistics for the highest-resolution shell are shown in parentheses. 

 PsTyDC CrTyDC AtPAAS Rr4HPAAS 

Wavelength 0.9793 Å 0.9793 Å 0.9793 Å 0.9793 Å 
Resolution range 69.04  - 2.61 (2.703  - 

2.61) 
133.2  - 2.05 (2.123  - 
2.05) 

78.54  - 1.99 (2.061 
- 1.99) 

59.18  - 2.6 (2.693  - 
2.6) 

Space group P 41 21 2 P 1 21 1 P 21 21 21 P 43 21 2 
Unit cell 122.771 122.771 

166.998 90 90 90 
107.612 69.607 
133.472 90 93.778 90 

78.064 106.791 
115.903 90 90 90 

118.36 118.36 67.04 
90 90 90 

Total reflections 332655 (33114) 851987 (82988) 724886 (67838) 387791 (39193) 
Unique reflections 39480 (3848) 123215 (9909) 67099 (5224) 15164 (1489) 
Multiplicity 8.4 (8.6) 6.9 (6.8) 10.8 (10.2) 25.6 (26.3) 
Completeness (%) 99.95 (99.74) 89.01 (80.54) 94.93 (78.61) 99.95 (99.66) 
Mean I/sigma(I) 9.16 (1.59) 10.79 (0.58) 13.06 (0.77) 29.05 (2.97) 
Wilson B-factor 34.24 42.66 41.64 60.13 
R-merge 0.3504 (1.789) 0.1475 (2.547) 0.5424 (2.045) 0.3799 (1.006) 
R-meas 0.373 (1.902) 0.1593 (2.763) 0.5699 (2.165) 0.3884 (1.025) 
R-pim 0.1267 (0.644) 0.05974 (1.06) 0.173 (0.7018) 0.07923 (0.1962) 
CC1/2 0.978 (0.558) 0.996 (0.362) 0.922 (0.267) 0.906 (0.909) 
CC* 0.995 (0.846) 0.999 (0.729) 0.979 (0.65) 0.975 (0.976) 
Reflections used in 
refinement 

39464 (3847) 110319 (9907) 63725 (5216) 15158 (1484) 

Reflections used for 
R-free 

1979 (175) 1991 (175) 3228 (272) 1518 (149) 

R-work 0.1872 (0.2909) 0.2201 (0.4525) 0.2045 (0.3889) 0.2108 (0.3298) 
R-free 0.2345 (0.3360) 0.2557 (0.4525) 0.2398 (0.4182) 0.2686 (0.4258) 
CC(work) 0.954 (0.769) 0.960 (0.635) 0.907 (0.738) 0.770 (0.637) 
CC(free) 0.926 (0.680) 0.964 (0.627) 0.896 (0.732) 0.876 (0.537) 
Number of 
non-hydrogen atoms 

7985 15428 7655 
 

3705 
 

  macromolecules 7670 15194 7443 3694 
  ligands 63 4 10 0 
  solvent 252 230 202 11 
Protein residues 975 1882 939 467 
RMS(bonds) 0.004 0.006 0.005 0.006 
RMS(angles) 0.69 0.85 0.70 0.75 
Ramachandran 
favored (%) 

95.10 97.03 96.51 
 

95.43 
 

Ramachandran 
allowed (%) 

4.38 2.75 3.17 
 

3.91 

Ramachandran 
outliers (%) 

0.52 0.22 0.33 
 

0.65 

Rotamer outliers (%) 2.64 1.25 0.25 0.00 
Clashscore 11.59 12.28 9.37 10.87 
Average B-factor 37.54 63.45 61.76 67.80 
  macromolecules 37.31 63.63 61.94 67.84 
  ligands 83.57 76.38 131.64 0 
  solvent 32.91 51.43 51.57 54.73 
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Supplementary Table 2 | Pairwise sequence identity between select AAAD proteins and the 

root-mean-square deviation (RMSD) between their monomeric structures. 
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Supplementary Table 3 | Cloning primers. 

Gene Vector/direction Sequence 

At PAAS pHis8-4 Forward GAAAACTTGTACTTCCAGGCCCATGGCATGGAAAATGGAA
GCGGGAAGGTG 

At PAAS pHis8-4 Reverse CTCGAATTCGGATCCGCCATGGTTACTTGTGAAGCAAGTAA
GATGCTTCTTCCTG 

Ps TyDC pHis8-4 Forward GAAAACTTGTACTTCCAGGCCCATGGCATGGGAAGCCTTCC
GACTAATAACCTTG 

Ps TyDC pHis8-4 Reverse CTCGAATTCGGATCCGCCATGGCTAGGCACCAAGTATGGCA
TCTGTATG 

CrTDC pHis8-4 Forward GAAAACTTGTACTTCCAGGCCCATGGCATGGGCAGCATTGA
TTCAACAAATGTAGC 

CrTDC pHis8-4 Reverse CTCGAATTCGGATCCGCCATGGTCAAGCTTCTTTGAGCAAA
TCATCGG 

Rr 4HPAAS pHis8-4 Forward GAAAACTTGTACTTCCAGGCCCATGGCATGGGCAGCTTGCC
TTCTCCTAATG 

Rr 4HPAAS pHis8-4 Reverse CTCGAATTCGGATCCGCCATGGCTAAGACACGATGCTTTGA
GCTGTTTCTTG 

Eg PAAS pTYB12 Forward GTTGTTGTACAGAATGCTGGTCATATGACTAGTATGAACCC
TCTCGATCCTGGAGAG 

Eg PAAS pTYB12 Reverse CCGTCGACTCGCGAACTAGTTTATGCGGAATGTTGCTCACT
GGC 

Ps TyDC H204N Forward GTTTATGCTTCTAATCAAACCAACTGTGCACTTCAAAAAGC
TG 

Ps TyDC H204N Reverse CAGCTTTTTGAAGTGCACAGTTGGTTTGATTAGAAGCATAA
AC 

Ps TyDC Y350F Forward GCATTATCAACAAGTCCAGAATTCTTGAAGAACAAAGCAA
CGG 

Ps TyDC Y350F Reverse CCGTTGCTTTGTTCTTCAAGAATTCTGGACTTGTTGATAATG
C 

CrTDC G370S Forward CAAATCGCAACGAGCCGAAAATTTCGG 

CrTDC G370S Reverse CCGAAATTTTCGGCTCGTTGCGATTTG 

Ps TyDC p423TEF Forward GCATAGCAATCTAATCTAAGTTTTCTAGAACTAGTATGGGA
AGCCTTCCGACTAATAACC 
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Ps TyDC p43TEF Reverse CAGCCCGGGGGATCCACTAGTCTAGGCACCAAGTATGGCAT
CTGTATG 

CrTDC p423TEF Forward GCATAGCAATCTAATCTAAGTTTTCTAGAACTAGTATGGGC
AGCATTGATTCAACAAATGTAGC 

CrTDC p423TEF Reverse CAGCCCGGGGGATCCACTAGTTCAAGCTTCTTTGAGCAAAT
CATCGG 

Ps TyDC pYTK001 Forward GCATCGTCTCATCGGTCTCATATGGGAAGCCTTCCGACTAA
TAACC 

Ps TyDC pYTK001 Reverse ATGCCGTCTCAGGTCTCAGGATCTAGGCACCAAGTATGGCA
TCTGTATG 

Rr 4HPAAS pYTK001 Forward GCATCGTCTCATCGGTCTCATATGGGCAGCTTGCCTTCTCCT
AATG 

Rr 4HPAAS pYTK001 Reverse ATGCCGTCTCAGGTCTCAGGATCTAAGACACGATGCTTTGA
GCTGTTTCTTG 

Pp DDC pYTK001 Forward GCATCGTCTCATCGGTCTCATATGACGCCCGAGCAATTCAG
ACAG 

Pp DDC pYTK001 Reverse ATGCCGTCTCAGGTCTCAGGATCTATCCCTTAATAACGTCCT
GAAGTCTAGCCC 

Ps NCS2 pYTK001 Forward GCATCGTCTCATCGGTCTCATATGAGGAAAGTCATAAAATA
CGATATGGAGGTTGC 

Ps NCS2 pYTK001 Reverse ATGCCGTCTCAGGTCTCAGGATTTACAAAAGCCTGGGAATA
TCTGGGC 

Bv TyH pYTK001 Forward GCATCGTCTCATCGGTCTCATATGGACAACACGACGTTAGC
ATTG 

Bv TyH pYTK001 Reverse ATGCCGTCTCAGGTCTCAGGATTTACTTCCTTGGGACCGGG
ATTACC 
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Supplementary Table 4 | List of MD production runs performed in this work. Simulations 
marked with * were initiated from the end structure of a metadynamics run where the short helix 
(residues 346-350) on the large loop was forced to unfold (see Methods). 

CrTDC state LLP and 
L-tryptophan 

protonation states 

MD simulations performed 

Holo System 1 6 replicas of 100-ns runs with one run extended to 550 ns 

12 replicas of 50-ns runs* 

System 2 6 replicas of 100-ns runs 

12 replicas of 50-ns runs* 

System 3 6 replicas of 100-ns runs 

12 replicas of 50-ns runs* 

System 4 6 replicas of 100-ns runs 

12 replicas of 50-ns runs* 

System 5 6 replicas of 100-ns runs 

12 replicas of 50-ns runs* 

System 6 6 replicas of 100-ns runs 

12 replicas of 50-ns runs* 

Apo - 3 replicas of 600-ns runs 

Aggregated simulation time ~9.5 μs 
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