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A B S T R A C T

L-Tyrosine is an aromatic amino acid necessary for protein synthesis in all living organisms and a precursor of
secondary (specialized) metabolites. In fungi, tyrosine-derived compounds are associated with virulence and
defense (i.e. melanin production). However, how tyrosine is produced in fungi is not fully understood. Generally,
tyrosine can be synthesized via two pathways: by prephenate dehydrogenase (TyrAp/PDH), a pathway found in
most bacteria, or by arogenate dehydrogenase (TyrAa/ADH), a pathway found mainly in plants. Both enzymes
require the cofactor NAD+ or NADP+ and typically are strongly feedback inhibited by tyrosine. Here, we bio-
chemically characterized two TyrA enzymes from two distantly related fungi in the Ascomycota and
Basidiomycota, Saccharomyces cerevisiae (ScTyrA/TYR1) and Pleurotus ostreatus (PoTyrA), respectively. We found
that both enzymes favor the prephenate substrate and NAD+ cofactor in vitro. Interestingly, while PoTyrA was
strongly inhibited by tyrosine, ScTyrA exhibited relaxed sensitivity to tyrosine inhibition. We further mutated
ScTyrA at the amino acid residue that was previously shown to be involved in the substrate specificity of plant
TyrAs; however, no changes in its substrate specificity were observed, suggesting that a different mechanism is
involved in the TyrA substrate specificity of fungal TyrAs. The current findings provide foundational knowledge
to further understand and engineer tyrosine-derived specialized pathways in fungi.

1. Introduction

Fungi are rich producers of secondary (or specialized) metabolites
[1–4]. Humans have taken advantage of fungal secondary metabolites
as pharmaceuticals. For example, the indole alkaloid ergotamine offers
relief from migraine attacks, while non-ribosomal peptide cyclosporine
is used as an immunosuppressant [5,6]. Aromatic amino acids are the
precursor of many secondary metabolites of plants and fungi, such as
alkaloids, pigments, and vitamins [7–11]. In the fungal phylum Basi-
diomycota, tyrosine is the precursor of a unique class of pigments,
betalains, only found in the genera of Amanita and Hygrocybe [12,13]
and the plant order Caryophyllales [14]. In the phylum Ascomycota,
tyrosine-derived pigments (i.e. melanin) and tyrosine betaine are as-
sociated with stress tolerance (e.g. temperature, radiation) and patho-
genicity [15–20].

Chorismate, the final product of the shikimate pathway, is the
precursor of all three aromatic amino acids, L-tryptophan, L-phenyla-
lanine, and L-tyrosine [7,21]. Chorismate is converted to prephenate,
which is used to synthesize phenylalanine and tyrosine via two

alternative pathways. In most plants and some bacteria (e.g. α and δ-
proteobacteria, spirochaetes), prephenate is first transaminated to
produce arogenate, which is oxidatively decarboxylated by NADP+-
dependent arogenate dehydrogenase enzyme (TyrAa/ADH, EC 1.3.1.78
and EC 1.3.1.43) to produce tyrosine [22–31]. In contrast, many bac-
teria first use NAD+-dependent prephenate dehydrogenase (TyrAp/
PDH, EC 1.3.1.12 and EC 1.3.1.13) to convert prephenate into 4-hy-
droxyphenylpyruvate, which is subsequently transaminated to tyrosine
(Fig. 1). However, there are some exceptions to this general pattern and
legume plants in particular have both TyrAa/ADH and TyrAp/PDH
enzymes [24], whereas some bacteria, such as Pseudomonas aeruginosa,
have a single TyrA enzyme that can use both arogenate and prephenate
substrates and NADP+ as the cofactor [32–34]. Since phenylalanine
and tyrosine biosynthesis compete for the prephenate or arogenate
precursor, the pathway is highly regulated by feedback inhibition
[7,35–39]. However, prior studies have shown that TyrA enzymes are
not always inhibited by tyrosine, and some groups of bacteria and
plants possess TyrA enzymes that are insensitive or less sensitive to
feedback inhibition by tyrosine, including legume TyrAp/PDH enzymes
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that are completely insensitive to feedback inhibition by tyrosine
[23–27,40].

Recently, Schenck et al. [25] identified an active site asparagine 222
(N222) residue in the Glycine max TyrAp/PDH (GmPDH1) that is re-
sponsible for its prephenate substrate specificity. Mutating the single
N222 into an acidic residue (i.e. aspartate, D) in the legume TyrAp/PDH
shifted from prephenate to arogenate substrate specificity. The muta-
tion also introduced partial tyrosine sensitivity to otherwise completely
insensitive GmPDH1. Introduction of an asparagine (N) residue at the
corresponding position in TyrAa/ADH enzymes from non-legume plants
[25] and some bacteria [26] also conferred prephenate substrate spe-
cificity. Thus, the architecture of the tyrosine biosynthetic pathways
can be different between and within taxonomic groups due to the
substrate preference of TyrA enzymes, which can be altered by a single
mutation in plants and some bacteria.

The tyrosine and phenylalanine biosynthetic pathways have been
previously studied in the fungi Candida maltosa [41], Saccharomyces
cerevisiae [42], Neurospora sp. [35], and Claviceps paspali [43]. These
studies detected only prephenate dehydrogenase activity from the
protein extracts of these fungal species. The prephenate dehydrogenase
activities from crude extracts of C. maltosa and Neurospora sp. were
inhibited by tyrosine but not from those of S. cerevisiae and C. paspali
[41–43]. Although a TyrA gene has been reported from S. cerevisiae (as
TYR1) [44], its gene product has not been biochemically characterized.
Hence, it is not fully understood how tyrosine is synthesized in fungi.

Here, we characterized recombinant TyrA enzymes from species in
two major fungal phyla, Ascomycota and Basidiomycota. The yeast
Saccharomyces cerevisiae is a model organism of eukaryotes [45,46]
while the filamentous fungus Pleurotus ostreatus is economically im-
portant, not only as an edible mushroom but also because of its ability
to degrade lignin [47–49]. We found that tyrosine is produced by the
prephenate-specific TyrA enzymes in both organisms; however, their
TyrA enzymes showed distinct feedback regulation by tyrosine. Site-
directed mutagenesis of the previously-reported residue that confers
substrate specificity of plant TyrA enzymes [25,26] did not alter the
substrate specificity of ScTyrA, suggesting that as yet unknown amino
acid residue(s) is responsible for the substrate specificity of fugal TyrA

enzymes.

2. Materials and methods

2.1. Identification of fungal TyrA orthologs

TBLASTN searches were performed using the amino acid sequences
of previously characterized plant ADHs (beet BvADHα, KY207372, and
BvADHβ, KY207366), the bifunctional enzyme chorismate mutase/
prephenate dehydrogenase in Escherichia coli (EcCM-PDH,
WP_052912694), and the yeast S. cerevisiae (ScTyrA) [44], found in the
yeast genome (https://www.yeastgenome.org/). The P. ostreatus
genome deposited in Joint Genome Institute (JGI) (https://jgi.doe.gov/
) contained a single TyrA gene (thus named PoTyrA), which was am-
plified using gene-specific primers (Table S1) from fresh tissues avail-
able in a local supermarket (Madison, WI, USA). Other fungi TyrA genes
were identified from the National Center for Biotechnology Information
(NCBI) and JGI databases. A phylogenetic analysis of predicted TyrA
sequences from 83 fungi was performed using MEGA6 (Fig. 2 and S2)
[50]. Maximum likelihood analysis was conducted to determine evo-
lutionary distances [51]. The default algorithm and parameters, e.g. a
bootstrap method of 1000 replicates using the Jones-Taylor-Thompson
model, were used to determine the statistical support for each clade.

2.2. RNA extraction from P. ostreatus and gDNA isolation from E. coli

RNA of P. ostreatus was extracted from the mushroom cap of a fresh
specimen purchased from a local store by following a previously pub-
lished method [52]. The RNA was converted into complementary DNA
(cDNA) using the High-Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems, Forester City, CA, USA) using a mix of oligo dT20 and
random primers. E. coli genomic DNA (gDNA) was extracted according
to the online protocol “E. coli Genomic DNA Extraction” (http://www.
bio-protocol.org/e97).

2.3. Recombinant protein expression and purification, and site-directed
mutagenesis

The ScTyrA gene was synthesized (General Biosystem, Morrisville,
NC, USA) and directly cloned into the pET28a vector at EcoRI and NdeI
sites. The full-length coding sequences of PoTyrA and EcCM-PDH were
amplified from cDNA and gDNA, respectively, using gene-specific pri-
mers [23]. Both genes were cloned into the same pET28a, in frame with
an N-terminal 6x-His-tag using the In-Fusion HD cloning kit and pro-
tocol (Clontech, Madison, WI, USA). For site-directed mutagenesis, we
followed a previously described method [25]. Amplified DNA was se-
quenced to confirm that no errors were introduced during the PCR.
Recombinant protein expression was performed as previously de-
scribed, with the exception that protein cultures were grown at 28°C

Abbreviations

TyrAp/PDH prephenate dehydrogenase (also referred to as
TYR1)

TyrAa/ADH arogenate dehydrogenase
ScTyrA Saccharomyces cerevisiae prephenate dehydrogenase
PoTyrA Pleurotus ostreatus prephenate dehydrogenase
EcCM/PDH Escherichia coli chorismate mutase/prephenate de-

hydrogenase

Fig. 1. Tyrosine biosynthetic pathways in different
organisms. In most bacteria, prephenate is first dec-
arboxylated via prephenate dehydrogenase (TyrAp/
PDH) to form 4-Hydroxyphenylpyruvate (HPP) and
then transaminated to form tyrosine. On the other
hand, in most plants, tyrosine is synthesized from
prephenate via arogenate dehydrogenase (TyrAa/
ADH) or prephenate dehydrogenase (TyrAp/PDH),
which uses either NAD+ or NADP+ depending on the
organism. Dotted lines represent multiple steps, not
explicitly detailed here.
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 Anthracocystis flocculosa XP007882444
 Mixia osmundae XP014564994
 Puccinia graminis XP003320920
 Cryptococcus gattii KIR83707
 Tremella mesenterica XP007006068
 Laetiporus sulphureus KZT09557
 Obba rivulosa OCH93825
 Jaapia argillacea KDQ50412
 Stereum hirsutum XP007303798
 Sphaerobolus stellatus KIJ45204
 Botryobasidium botryosum KDQ18834
 Rhizoctonia solani CEL56224
 Rhizopogon vinicolor OAX34489
 PoTYR1
 Gymnopus luxurians KIK63016
 Moniliophthora roreri XP007851405
 Schizophyllum commune XP003030639
 Coprinopsis cinerea EFI27473
 Agaricus bisporus XP006464028
 Laccaria bicolor XP001879472
 Amanita muscaria KIL58149
 Amanita jacksonii
 Hypsizygus marmoreus KYQ36825
 Tricholoma vaccinum ALG75778
 Glonium stellatum OCL05771
 Lepidopterella palustris OCK86323
 Coniosporium apollinis XP007780140
 Parastagonospora nodorum XP001792706
 Alternaria alternata XP018389179
 Bipolaris oryzae XP007683151
 Acidomyces richmondensis  KXL47124
 Baudoinia panamericana XP007679805
 Sclerotinia sclerotiorum XP001598003
 Botrytis cinerea EMR85299
 Cladophialophora immunda XP01625278
 Aspergillus fumigatus XP755378
 Penicillium nordicum KOS39989
 Coccidioides immitis XP001244908
 Histoplasma capsulatum EEH04482
 Coniochaeta ligniaria OIW33628
 Thermothelomyces thermophila XP003663098
 Neurospora crassa XP011393854
 Sordaria macrospora CCC08354
 Magnaporthe oryzae XP003712835
 Rosellinia necatrix GAP88850
 Ceratocystis platani KKF93184
 Scedosporium apiospermum XP016645116
 Cordyceps brongniartii OAA36381
 Beauveria bassiana XP008597051
 Purpureocillium lilacinum XP018181913
 Neonectria ditissima KPM39910
 Fusarium avenaceum KIL86736
 Fusarium fujikuroi CCT73610
 Taphrina deformans CCG81614
 Pyronema omphalodes CCX05210
 Schizosaccharomyces pombe NP588529
 Yarrowia lipolytica XP505545
 ScTYR1
 Zygosaccharomyces bailii CDF88417
 Tetrapisispora blattae XP004180975
 Ogataea polymorpha XP018209854
 Pichia kudriavzevii XP020546460
 Ascoidea rubescens XP020046117
 Candida auris XP018166851
 Clavispora lusitaniae XP002615010
 Candida tropicalis XP002545447
 Millerozyma farinosa CCE81849
 Smittium mucronatum OLY83441
 Mucor circinelloides OAD05254
 Mucor ambiguus GAN11000
 Parasitella parasitica CEP19597
 Choanephora cucurbitarum OBZ91468
 Rhizopus microsporus ORE12718
 Lichtheimia corymbifera CDH56324
 Lichtheimia ramosa CDS06717
 Rhizophagus irregularis ESA05634
 Mortierella elongata AG-77 OAQ24228
 Mortierella verticillata KFH69696
 Catenaria anguillulae ORZ39469
 Allomyces macrogynus KNE58136
 Batrachochytrium dendrobatidis EGF76794
 Spizellomyces punctatus XP016610987
 Basidiobolus meristosporus ORX98652
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Fig. 2. Unrooted maximum likelihood phylogeny of fungal TyrA enzymes. The tree replicates three of the major groups of fungi: phylum Ascomycota, phylum
Basidiomycota and group Monokarya (encompassing Zygomycota, Glomeromycota, Chytridiomycota, Blastocladiomycota) [57]. Red arrows denote ScTyrA and
PoTyrA. The accession numbers are listed next to each species. The complete list can be found in Fig. S2. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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instead of 18°C [23,25,26]. All primers used in this research are shown
in Table S1.

2.4. Arogenate and prephenate dehydrogenase activity, tyrosine inhibition
assays, and enzyme kinetics

Arogenate and prephenate dehydrogenase enzymatic assays were
performed as described previously [23,24] with the exception that both
cofactors, NAD+ and NADP+, were tested. In tyrosine inhibition assays,
tyrosine was first dissolved in 0.025 N NaOH at 100mM. Each inhibi-
tion assay contained 500mM of HEPES (pH 7.6) to maintain the final
pH at 7.6. Varying concentrations of tyrosine (final 10 μM - 1mM) were
mixed with 1mM NAD(P)+ and 0.5 mM prephenate, followed by the
addition of TyrA enzyme to start the reactions. The enzymatic activity
was measured by monitoring the formation of NAD(P)H at absorbance
340 nm (A340nm) using a spectrophotometer (NanoDrop 2000, Thermo
Fisher Scientific, USA) every two minutes for 10min. Kinetic para-
meters of the recombinant enzymes were determined from the assays
containing varying concentrations of prephenate (39 μM–5mM) sub-
strate and cofactor NAD+ in three technical replicates. The reaction
was initiated by adding 3.87×10−7 and 2.70× 10−8 g of the ScTyrA
or PoTyrA enzymes, as appropriate, into the final 20 μL reactions.
A340nm was monitored every nine seconds using a microplate as de-
scribed previously by Schenck et al. 2017 [25].

2.5. Molecular modeling of ScTyrA and PoTyrA

The predicted protein structures of ScTyrA and PoTyrA were mod-
eled by Iterative Threading Assembly Refinement (I-TASSER) [53,54]
using the crystal structure of GmPDH1 (PDB # 5T8X) as a template
[25]. The predicted model was visualized by PyMOL and predicted
amino acid residues that potentially determine the substrate specificity
of ScTyrA and PoTyrA were identified (labelled in red on each 3D
protein structure, section 3.3).

2.6. Accession numbers

The Genbank accession number for PoTyrA is MG681185.

3. Results and discussion

3.1. ScTyrA and PoTyrA have only prephenate dehydrogenase activity and
prefer NAD+ as the cofactor

Plant TyrA enzymes and closely related spirochaetes and proteo-
bacteria TyrAs have arogenate dehydrogenase activity [26,55,56];
however, the substrate specificity of fungal TyrA enzymes, which be-
long to a distinct clade that house other bacteria and archaea groups
[26,56], is currently unknown. Unlike plants, which have multiple

Fig. 3. Biochemical characterization of ScTyrA and PoTyrA enzymes. (a) Substrate and cofactor specificity of ScTyrA and PoTyrA. EcCM-PDH was used as control for
the experiment. Prephenate and arogenate dehydrogenase activity of ScTyrA, PoTyrA, and EcCM-PDH using either NAD+ or NADP+ at 37 °C for 10min. ScTyrA and
PoTyrA prefer prephenate as the substrate and NAD+ as the cofactor. Unlike E. coli TyrA, fungal TyrAs are also able to produce tyrosine with the cofactor NADP+.
Bars are average specific activity expressed at nmol s−1 mg protein−1 ± s.e.m. with n= 3 replications. (b) Michaelis-Menten plots of recombinant TyrA enzymes.
Kinetic assay portrays the results of steady-state kinetic analyses with prephenate as the substrate and NAD+ as cofactor. Data are the mean reaction velocity (nkat
mg protein−1) ± s.e.m. with n≥3 replicates at each substrate concentration (mM). The experimentally determined kinetic parameters, shown in Table 1, were used
to generate Michaelis-Menten kinetic curves. (c) Inhibition of ScTyrA and PoTyrA by tyrosine. Prephenate dehydrogenase activity was measured at different tyrosine
concentrations using both NAD+ and NADP+ cofactors and purified recombinant enzymes of ScTyrA and PoTyrA. Data are expressed as the percentage of respective
control activity without tyrosine (0 μM) and the means of three independent experiments ± s.e.m. are plotted. N.D.=Not detectable.
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copies of TyrA genes, only a single TyrA candidate gene was found in
the genomes of the 83 fungal species available from the NCBI or
yeastgenome. Phylogenetic analysis of the predicted fungal TyrA genes
identified three distinct fungal clades: Basidiomycota, Ascomycota, and
Monokarya (Zygomycota, Chytridiomycota, Blastocladiomycota,
Fig. 2), consistent with the taxonomic relationships of these fungal
species [57].

Representative basidiomycete and ascomycete TyrAs, from S. cere-
visiae and P. ostreatus, respectively, were selected and biochemically
characterized. The recombinant enzymes of ScTyrA and PoTyrA were
expressed in E. coli, purified using affinity chromatography, and ana-
lyzed for arogenate and prephenate dehydrogenase activities. The E.
coli EcCM-PDH enzyme was used as a control; it has prephenate but not
arogenate dehydrogenase activity and a strong preference towards the
NAD+ cofactor [29,58]. Similar to E. coli EcCM-PDH, both ScTyrA and
PoTyrA showed prephenate dehydrogenase activity and preferred the
NAD+ cofactor. Unlike EcCM-PDH, ScTyrA and PoTyrA also showed
some activity with the NADP+ cofactor, though weaker than with
NAD+ (Fig. 3a). Neither the E. coli nor the fungal PoTyrA enzymes
exhibited detectable arogenate dehydrogenase activity, but very low
activity was detected for the fungal ScTyrA enzyme (0.067 and
0.009 nmol s−1mg protein−1 for NAD+ and NADP+, respectively
(Fig. 3a). The near lack of arogenate dehydrogenase activity in the
fungal TyrA enzymes (Fig. 3a) suggests that fungi produce tyrosine
predominately by prephenate dehydrogenase, similar to what has been
described for many bacteria [26,28,29,37–39].

The specific activity of PoTyrA (5 and 1 nmol s−1 mg protein−1 with
NAD+ and NADP+, respectively) was higher than that of ScTyrA (0.5
and 0.2 nmol s−1 mg protein−1, respectively) when prephenate was
used as the substrate. However, the specific activity of both enzymes
was lower than that of EcCM-PDH (24.97 with NAD+ and 0.76 nmol
s−1 mg protein−1 with NADP+, Fig. 3a) and of previously reported
TyrA enzymes having prephenate dehydrogenase activity
[24,25,58,59]. The kinetic analyses of ScTyrA and PoTyrA using pre-
phenate and NAD+ showed similar Km values for prephenate, 0.25 and
0.32mM, respectively (Fig. 3b; Table 1), values that are similar to
previously reported Km value from the fungus Candida maltosa
(Km=0.22mM) [41]. The Km values of ScTyrA and PoTyrA were,
however, similar to those of previously characterized TyrA enzymes
from bacteria and plants, which range from 0.017 to 3.3mM and
0.077–0.223mM, respectively [24–26,30,32,37,60–64]. PoTyrA had a
turnover rate thirty times higher than that of ScTyrA (kcat of 0.1 vs. 3.1
s−1, respectively, Fig. 3b; Table 1).

3.2. ScTyrA is less sensitive to tyrosine than PoTyrA

To test if the fungal TyrA enzymes are feedback inhibited by tyr-
osine, like many other TyrAs [22–24,30,36,37,41,59,60], prephenate
dehydrogenase activity was measured in the presence and absence of
different concentrations of tyrosine. The activity of PoTyrA was com-
pletely inhibited at and beyond 200 μM tyrosine using either cofactors,
NAD+ or NADP+. By contrast, ScTyrA showed a relaxed sensitivity to
tyrosine-mediated inhibition: ScTyrA still exhibited 30 and 60% of ac-
tivity with NAD+ and NADP+, respectively, even at 1mM tyrosine
(Fig. 3c). This result is consistent with a previous report from S. cere-
visiae yeast crude extracts that also showed prephenate dehydrogenase
activity with relaxed sensitivity to tyrosine inhibition [42].

A recent study demonstrated that in the plant order Caryophyllales
the presence of a deregulated TyrA enzyme was tightly linked to the
occurrence of tyrosine-derived specialized metabolites, betalain pig-
ments [23]. Thus, the relaxed regulation of TyrA and hence tyrosine
biosynthesis in S. cerevisiae, and potentially in related species, might be
linked to an extra demand of tyrosine for the production of downstream
secondary metabolites derived from tyrosine.

3.3. Protein structure alignments predict the NAD(P)+ binding site and
potential residue responsible for substrate specificity of SoTyrA and PoTyrA

Amino acid sequence comparisons revealed ScTyrA and PoTyrA
have ∼50% similarity between them but are only ∼25% similar to
plant TyrAs (i.e. BvADHα, AtADH2, GmPDH1) and ∼20% similar to
bacterial TyrAs such as from Escherichia coli, Aquifex aeolicus, and
Synechocystis sp. PCC6803 (Fig. S1). An alignment of all fungal TyrA
proteins identified highly-conserved residues responsible for NAD(P)+

binding (GxGxxG motif) [55] and catalysis (e.g. Ser107 and His130,
according to legume TyrAs) [25,65] (Figs. S2 and S3). The residues
responsible for NAD+ versus NADP+ cofactor specificity are located
between 11 and 19 residues downstream of the GxGxxG motif [25,55].
Bacterial TyrAs, which exhibit a strong preference for NAD+ (e.g. E. coli
CM-PDH, Fig. 3a) [29], have a conserved Asp residue at position 39,
while organisms with a strong preference for NADP+ have Gly, Ala, Ser,
or Thr before a conserved Arg residue [(G,A,S,T)R]. On the other hand,
bacteria TyrAs with broad cofactor specificity have Gly followed by two
random residues before the conserved Arg (GxxR) [25,55]. Similarly,
fungal TyrAs have Gly at position ∼37 (or position ∼43, depending on
the fungal group), followed by Trp, Arg or Lys or Gln, and then finish
with a conserved residue [GW(R,K,Q)x] at position ∼42 (or ∼46 de-
pending on the fungal group, Fig. S3). Thus, these results are consistent
with the broad cofactor specificity of ScTyrA and PoTyrA (Fig. 3a).

The fungal TyrAs also possess an active site asparagine residue at
position 234, Asn (N) 234 (the position numbering based on ScTyrA and
PoTyrA), that potentially confer prephenate substrate specificity, as in
the TyrA enzymes of plants and bacteria that are closely-related to
plants (Fig. S3) [25,26]. Structure models of ScTyrA and PoTyrA (Fig.
S4) provide an additional support that N234 in the fungal TyrA en-
zymes corresponds to the N222 residue in the crystal structure of the
Glycine max PDH1 (Fig. S4). Most fungal TyrAs have Asn (N) residue at
the corresponding position 234, with some exceptions: Gln (Q), Ser (S),
and Ala (A), but not with an acidic Asp (D) residue (Fig. S3), that would
confer arogenate substrate specificity [25,26]. The comparisons among
the sequences suggest that N234 may determine prephenate specificity
also in fungal TyrA enzymes, like in plants and closely related bacteria.

To experimentally test this hypothesis, site-directed mutagenesis
was performed on ScTyrA and PoTyrA to convert Asn234 into Asp234
(the N234D mutation). The mutant enzymes, ScTyrA_N234D and
PoTyrA_N234D, were expressed in E. coli and purified similarly to the
wild type enzyme. Neither of the N234D mutant enzymes of ScTyrA or
PoTyrA, however, showed arogenate dehydrogenase activity, although
the prephenate dehydrogenase activity was slightly reduced in
ScTyrA_N234D while that of PoTyrA_N234D increased by 5 times re-
lative to the respective wild type enzyme (Fig. 4a). PoTyrA_N234D did
not alter its tyrosine sensitivity and was still completely inhibited at or
beyond 100 μM tyrosine, while ScTyrA_N234D exhibited relaxed sen-
sitivity to tyrosine, similar to the wild type ScTyrA enzyme (Fig. 4b).

Table 1
Kinetics parameters of fungal TyrA enzymes.

Substratea Km (mM) Vmax (nkat mg protein−1) kcat (s−1) kcat/Km (mM−1 s−1)

ScTyrA prephenate 0.25 ± 0.04 5.26 ± 0.33 0.10 ± 0.01 2.62 ± 0.71
PoTyrA prephenate 0.32 ± 0.08 174.77 ± 25.77 3.09 ± 0.45 204.33 ± 105.44

a Kinetic parameters could not be obtained using arogenate substrate due to the low or lack of activity (Fig. 3).
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These results suggest that the N234 residue is not responsible for the
substrate specificity and tyrosine sensitivity of fungal TyrA enzymes,
unlike in TyrAs of plants and closely related bacteria [25,26,63] and yet
an unknown mechanism is involved in the substrate specificity of fungal
TyrA enzymes.

Although overall TyrA enzyme structures seem to be conserved
between plant and fungal TyrAs (Fig. S4), their active site architectures
may be different, given that TyrA enzymes from fungi and plants (and

closely related bacteria) belong to distinct clades (clade I and II, re-
spectively) [26]. Mutagenesis studies identified additional residues in-
volved in the tyrosine inhibition of bacterial TyrA enzymes from E. coli
and Aquifex aeolicus [27,36,61] (H257 and H217 in E. coli and A. aeo-
licus, respectively), which also belong to the clade II. Thefore, potential
roles of the corresponding residues, H191 and H193 for ScTyrA and
PoTyrA, respectively (Fig. S3) could be tested in future studies. How-
ever, residues responsible for prephenate vs. arogenate substrate spe-
cificity are currently unknown in the clade II, including fungal TyrA
enzymes.

Fungi and plants produce a tremendous array of natural products,
many of which provide critical and diverse chemical resources to the
human society [1,2]. The current study provides fundamental knowl-
edge about the pathway architecture and regulation of biosynthesis of
tyrosine, a key precursor of numerous natural products with nutritional
and pharmaceutical values [7,11,66]. While two distantly-related fungi
have prephenate-specific TyrAp/PDH enzymes (Fig. 3a), ScTyrA but not
PoTyrA exhibits relaxed sensitivity to tyrosine-mediated feedback reg-
ulation (Fig. 3c), which often limits the production of tyrosine and its
downstream products. Recent advancements in synthetic biology en-
able reconstruction of various plant specialized metabolic pathways in
yeast for heterologous production of opioids, artemisinin, resveratrol, p-
coumarate, and betalain pigments [66–74]. While the metabolic and
physiological functions of the deregulation of ScTyrA in yeast remain to
be investigated, our findings provide important baseline information
for further optimizing the tyrosine precursor supply in different fungi:
For example, deregulating the feedback inhibition or enhancing the
turnover rate of the TyrA-catalyzed step will likely improve tyrosine
production in P. ostreatus and S. cerevisiae, respectively. Further un-
derstanding of the endogenous mechanisms for the supply of key pre-
cursor molecules (e.g. tyrosine) in different fungal hosts will provide
rationale strategies to achieve sizable production of downstream nat-
ural products.
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