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Abstract
Main conclusion Tyrosine aminotransferase (AaTAT) from the hornwort Anthoceros agrestis Paton (Anthocerotaceae) 
was amplified and expressed in E. coli. The active enzyme is able to accept a wide range of substrates with distinct 
preference for l-tyrosine, therefore, possibly catalysing the initial step in rosmarinic acid biosynthesis.

Abstract The presence of rosmarinic acid (RA) in the hornwort A. agrestis is well known, and some attempts have been 
made to clarify the biosynthesis of this caffeic acid ester in lower plants. Parallel to the biosynthesis in vascular plants, the 
involvement of tyrosine aminotransferase (EC 2.6.1.5; TAT) as the initial step was assumed. The amplification of a nucleo-
tide sequence putatively encoding AaTAT (Genbank MN922307) and expression in E. coli were successful. The enzyme 
proved to have a high acceptance of l-tyrosine (Km 0.53 mM) whilst slightly preferring 2-oxoglutarate over phenylpyruvate 
as co-substrate. Applying l-phenylalanine as a potential amino donor or using oxaloacetate or pyruvate as a replacement 
for 2-oxoglutarate as amino acceptor resulted in significantly lower catalytic efficiencies in each of these cases. To facilitate 
further substrate search, two methods were introduced, one using ninhydrin after thin-layer chromatography and the other 
using derivatisation with o-phthalaldehyde followed by HPLC or LC–MS analysis. Both methods proved to be well applicable 
and helped to confirm the acceptance of further aromatic and aliphatic amino acids. This work presents the first description 
of a heterologously expressed TAT from a hornwort (A. agrestis) and describes the possible entry into the biosynthesis of RA 
and other specialised compounds in a so far neglected representative of terrestrial plants and upcoming new model organism.

Keywords Amino acid metabolism · Anthocerotopsida · Aromatic aminotransferase · Bryophytes · Hornworts · Ketoacid · 
2-Oxoacid · Pyridoxal 5’-phosphate (PLP) · Rosmarinic acid (RA) · Transamination · Tyrosine aminotransferase (TAT)

Abbreviations
OPA  o-Phthtalaldehyde
pHPP  4-Hydroxyphenylpyruvate
PLP  Pyridoxal-5′-phosphate
RA  Rosmarinic acid
(T)AT  (Tyrosine) aminotransferase

Introduction

Aromatic aminotransferases, an important class of 
pyridoxal-5′-phosphate (PLP)-dependent enzymes, catalyse 
the reversible transamination of aromatic amino acids, like 
l-tyrosine and l-phenylalanine, to form the corresponding 
2-oxoacid and vice versa. The amino group is transferred 
to a 2-oxoacid (e.g. 2-oxoglutarate, oxaloacetate) which 
leaves the reaction as amino acid, while the incoming 
amino acid is transformed to the corresponding 2-oxoacid 
(e.g. 4-hydroxyphenylpyruvate, phenylpyruvate). The two 
subunits of the homodimeric aminotransferase each consist 
of one large and one small domain. The catalytic centre is 
formed at the interface of the two domains and the subunit 
interface (Hirotsu et al. 2005). PLP is covalently bound to 
the active site of the enzyme and requires a conserved Lys-
residue whose ɛ-amino group forms an internal aldimine 
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with PLP (Kirsch et al. 1984). By displacement by the react-
ing amino acid, the external aldimine is formed. Eventually, 
the 2-oxoacid is obtained by splitting off the α-proton and 
subsequent hydrolysis. Pyridoxamine-5′-phosphate remains 
bound to the enzyme and is regenerated in the second reac-
tion phase by the accepting 2-oxoacid, which in turn is con-
verted into the corresponding amino acid. Mechanistically, 
the entire process is therefore classified as a ping-pong bi-bi 
mechanism (Frey and Hegeman 2007). Aminotransferases 
in general can be separated into four subgroups, where aro-
matic aminotransferases are located in subgroup I together 
with aminotransferases transaminating aspartate or alanine 
(Mehta et al. 1993). Aminotransferases usually have a pro-
miscuous character. Wang and Maeda (2018) demonstrate 
this in an overview of the already determined biochemical 
properties of aromatic aminotransferases found in various 
plant species. Therefore, biochemical assays to qualify the 
putative aminotransferase have to be performed in any case.

Aromatic aminotransferases are common enzymes in 
almost all living organisms, but with varying main func-
tions. Bacterial and fungal aromatic aminotransferases are 
predominantly involved in the formation of the aromatic 
amino acids l-tyrosine and l-phenylalanine by transamina-
tion of 4-hydroxyphenylpyruvate (pHPP) and phenylpyru-
vate, respectively, and thus are main contributors to aromatic 
amino acid biosynthesis. The biosynthetic precursor of phe-
nylpyruvate and pHPP is prephenate, which is derived from 
chorismate provided by the shikimate pathway (Gelfand and 
Steinberg 1977; Whitaker et al. 1982; Iraqui et al. 1998). In 
animals, since they are lacking the shikimate pathway and 
therefore essentially require aromatic amino acids as part of 
their diet, aromatic aminotransferases are solely involved in 
catabolic processes. Deficiency of tyrosine aminotransferase 
is known to cause type II tyrosinaemia (Hühn et al. 1998). 
Plants, with the exception of Fabaceae, which possess a 
cytosolic prephenate dehydrogenase involved in pHPP accu-
mulation (Schenck et al. 2015), favour a divergent pathway, 
in which the formation of l-tyrosine and l-phenylalanine 
is determined by prephenate aminotransferase in plastids 
which catalyses the formation of l-arogenate from prephen-
ate. The following reaction involves arogenate dehydroge-
nase to form l-tyrosine or arogenate dehydratase to form 
l-phenylalanine, respectively (Maeda and Dudareva 2012). 
Since bryophytes have only gradually moved into focus in 
recent years, there is, to our current knowledge, not yet suf-
ficient evidence on their (aromatic) amino acid biosynthesis.

In  plants, aromatic aminotransferases are primarily 
located in the cytosol and are, with the exceptions as indi-
cated above, less important for aromatic amino acid bio-
synthesis (Yoo et al. 2013; Wang et al. 2016). In contrast to 
bacteria and fungi, they are mainly involved in the degrada-
tion of amino acids to 2-oxoacids. The intermediate pHPP 
formed from l-tyrosine contributes to the biosynthesis of 

primary compounds like plastoquinones and tocopherols and 
some specialised metabolites. The biosynthesis of ubiqui-
none, although structurally related to plastoquinone has not 
yet been comprehensively elucidated but features a different 
biosynthesis. Whereas l-phenylalanine contributes half to its 
formation by providing the intermediate 4-hydroxybenzo-
ate, a second, l-tyrosine-led route can be assumed based on 
experiments with 13C-labeled l-tyrosine, by demonstrating 
the incorporation into the benzoquinone ring (Block et al. 
2014; Liu and Lu 2016). The potential involvement of tyros-
ine aminotransferase (TAT), however, is not yet evident to 
our knowledge. This is quite different for tocopherols and 
plastoquinones, where transamination of l-tyrosine to pHPP 
and subsequent conversion to homogentisate, the shared ring 
precursor, through 4-hydroxyphenylpyruvate dioxygenase is 
well known (Xu et al. 2019). A direct correlation has been 
presented in Arabidopsis thaliana as TAT knockout mutants 
revealed reduced levels of tocopherols (Riewe et al. 2012; 
Wang et al. 2019). Since those are known for efficiently 
scavenging reactive oxygen species, it is no surprise that 
tocopherol levels can be induced by stress factors like age, 
wounding, (UV) light as well as regulators like jasmonate, 
methyl-12-oxophytodienoic acid, the herbicide oxyfluorfen 
and the toxin coronatine (Sandorf and Holländer-Czytko 
2002; Holländer-Czytko et al. 2005). The involvement of 
TAT in the biosynthesis of benzylisoquinoline alkaloids has 
been suggested by Lee and Facchini (2011), who demon-
strated a modest correlation between TAT transcript levels 
and benzylisoquinoline alkaloid accumulation through virus-
induced gene-silencing in Papaver somniferum but noted 
that an additional source of the intermediate 4-hydroxy-
phenylacetaldehyde is plausible. This was substantiated 
by Torrens-Spence et al. (2018), who proposed the direct 
conversion of l-tyrosine to 4-hydroxyphenylacetaldehyde in 
parallel to salidroside biosynthesis. The situation is clearer 
regarding rosmarinic acid (RA). Studies on the importance 
of TAT as an entry-point enzyme in the tyrosine-derived part 
of RA biosynthesis have been conducted by De-Eknamkul 
and Ellis (1987a) and Mizukami and Ellis (1991) in Anchusa 
officinalis and more recently by Huang et al. (2008) in Salvia 
milthiorrhiza, Lu et al. (2013) in Perilla frutescens, Kim 
et al. (2014) in Scutellaria baicalensis and Ru et al. (2017) 
in Prunella vulgaris.

Rosmarinic acid, formally an ester of caffeic acid and 
3,4-dihydroxyphenyllactic acid, is well known for its bio-
logical activities, like anti-inflammatory, antioxidant, anti-
bacterial and antiviral effects (Amoah et al. 2016). Whereas 
the caffeic acid moiety is derived from l-phenylalanine 
through the phenylpropanoid pathway, the 3,4-dihydroxy-
phenyllactic acid part is based on l-tyrosine and requires 
transamination to pHPP as initial step (Ellis and Towers 
1970). The widely accepted biosynthetic pathway for RA 
has been elucidated in Coleus blumei (syn.: Solenostemon 



Planta (2021) 253:98 

1 3

Page 3 of 16 98

scutellarioides, Plectranthus scutellarioides, Lamiaceae) as 
model for higher plants (Petersen et al. 1993).

Since the first description of RA in Rosmarinus officinalis 
(Scarpati and Oriente 1958) it has been detected in a wide 
range of plant families with focus on Lamiaceae, sub-family 
Nepetoideae, and Boraginaceae but also in more distant as 
well as evolutionary lower plants, like monocotyledons and 
the fern family Blechnaceae (Petersen et al. 2009). The horn-
wort A. agrestis (Anthocerotaceae) is the first non-vascular 
plant with RA, its occurrence as well as findings of the cor-
responding glucoside and other related phenolics, e.g. antho-
cerotonic and megacerotonic acids, are remarkable (Takeda 
et al. 1990; Trennhäuser 1992; Vogelsang et al. 2005), espe-
cially as further discoveries in its assumed algal predeces-
sors and the related “bryophytes” (liverworts, mosses) have 
not been reported (Petersen et al. 2009).

In comparison to mosses and liverworts, hornworts have 
gained only limited interest until Szövényi et al. (2015) 
established A. agrestis as model organism and opened up 
a new approach for future research on hornworts by pub-
lishing the first genome sequence. Hornworts feature a hap-
loid, dominant gametophyte developing the firmly anchored 
horn-like sporophyte as part of generational change (Glime 
2020). It often has symbiotic relationships, commonly with 
cyanobacteria of the genus Nostoc, and shows stomata and 
chloroplasts with pyrenoids (Villarreal and Renner 2012; 
Villarreal and Renzaglia 2015). In consequence of its multi-
faceted characteristics, it is seen as an important connecting 
group between green algae and tracheophytes and its phylo-
genetic placement was vigorously discussed. Newer insights 
into phylogenomics place hornworts as a sister phylum to 
liverworts and mosses and consider bryophytes as monophy-
letic (Puttick et al. 2018; Li et al. 2020; Zhang et al. 2020).

Due to its wide distribution in the plant kingdom, RA is 
usually unsuitable as biomarker, but yet, in this special case, 
the investigation of its biosynthesis may be important to 
understand the key enzymes at the crossroads of primary and 
secondary metabolism in a lower plant near to the threshold 
from water-living to land plants. Land plants developed a 
broad range of secondary metabolites with a large propor-
tion being derived from the phenylpropanoid pathway, e.g. 
lignin, flavonoids, phenolic compounds, with the exception 
of some derivatives already found in streptophyte algae (de 
Vries et al. 2017). Better understanding of the evolution of 
phenylpropanoid metabolism as well as of associated deriva-
tives, e.g. RA, can help to track the adaption of the green 
lineage to the land. Most recently, progress has been made in 
the characterisation of phenylpropanoid-associated enzymes 
in A. agrestis when Wohl and Petersen (2020a, 2020b) pub-
lished the characterisation of cinnamic acid 4-hydroxylase 
and 4-coumarate CoA-ligase. In addition, the characterisa-
tion of any key enzyme enables a comparison to vascular 
plants and helps to clarify whether the capacity to synthesise 

RA is the result of a parallel development in different plant 
groups or whether hornworts are the first representatives and 
passed it on to evolutionary higher plant taxa. Our research 
targets the molecular and biochemical characterisation of 
A. agrestis TAT. We here describe the successful amplifica-
tion of a TAT nucleotide sequence (Genbank MN922307) 
and heterologous expression of active protein in E. coli. The 
enzyme was biochemically characterised and screened for 
potential substrate promiscuity. This involves the enzyme’s 
ability to accept the 2-oxoacid prephenate.

Materials and methods

Plant material

A callus culture of A. agrestis (syn. A. crispulus) was kindly 
provided by Professor Binding (Binding and Mordhorst 
1991) and a suspension culture was established in a hor-
mone-free CB medium (Petersen 2003).

Isolation of RNA and preparation of cDNA

Anthoceros agrestis suspension-cultured cells were sepa-
rated from the medium after a four-day growth phase by 
vacuum filtration. mRNA isolation was performed using the 
acid guanidinium thiocyanate-phenol–chloroform extrac-
tion (Chomczynski and Sacchi 1987). RNA samples were 
checked for their integrity electrophoretically. Synthesis of 
complementary DNA (cDNA) for PCR was performed with 
the qScript cDNA SuperMix (Quantabio). For RACE-PCR 
the  SMARTer® RACE 5′/3′ Kit (Takara) was used to syn-
thesise RACE-ready cDNA.

PCR amplification and transformation of E. coli 
SoluBL21

Sequence alignments of Plectranthus scutellarioides TAT 
(Acc. No. AJ458993), A. punctatus (scaffold Ap6389, 
kindly provided by Prof. Steven Kelly, Department of Plant 
Sciences, University of Oxford) and A. agrestis (scaffold 
Aa34867; Szövényi et al. 2015) unveiled conserved regions 
used to obtain first gene-specific primers. All primers were 
purchased from Eurofins Genomics. Primer sequences and 
detailed PCR conditions are shown in Suppl. Table S1. 
Amplification results were verified by electrophoresis on 
0.7% agarose gels in TAE-buffer (40 mM Tris, 20 mM acetic 
acid, 1 mM EDTA). Agarose segments containing DNA of 
interest were extracted and purified with the NucleoSpin Gel 
and PCR clean-up kit (Macherey–Nagel). After ligation into 
pDrive (Qiagen) and transformation of E. coli EZ (Qiagen), 
the inserted DNA was sequenced by Microsynth Seqlab. The 
missing 5′- and 3′-ends of the putative TAT cDNA were 
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amplified with the  SMARTer® RACE 5′/3′ Kit (Takara) 
using gene-specific primers (Suppl. Table S1). After ligation 
into pDrive, transformation of E. coli EZ, plasmid isolation 
and sequence verification, full-length amplification was per-
formed with  Phusion® High-Fidelity DNA Polymerase (2 U/
µl; NEB) and buffer (NEB), followed by ligation into pDrive 
and transformation of E. coli EZ. To prepare for homologous 
recombination using E. coli EZ, full-length sequence prim-
ers with overlapping regions to pET-15b (Novagen) were 
designed and the full-length sequence was amplified again 
(Jacobus and Gross 2015). For expression, pET-15b har-
bouring the full-length AaTAT  sequence was introduced into 
E. coli SoluBL21 (Amsbio).

Expression of AaTAT 

For protein expression, the E. coli SoluBL21 cells con-
taining pET-15b with AaTAT  were incubated in terrific 
broth (TB) medium (Tartoff and Hobbs 1987) with ampi-
cillin (100 µg/ml) at 37 °C and 220 rpm. Isopropyl β-d-
1-thiogalactopyranoside (IPTG; final concentration 1 mM) 
was added at an  OD600 of 0.4 and incubation was continued 
overnight at 25 °C, 220 rpm. Cells were harvested by centrif-
ugation (4 °C, 3000g, 10 min) and resuspended in 4 ml per 
g bacterial cell weight 50 mM potassium phosphate buffer 
(KPi) pH 8.0. The cells were treated with 50 mg lysozyme 
for 30 min on ice, followed by ultrasonication (on ice, four 
times 30 s with intermittent cooling for 30 s, 0.5 cycles, 
100% amplitude). The supernatant was collected after cen-
trifugation (4 °C, 10,000g, 10 min). AaTAT was purified 
from the crude protein extract with help of the N-terminally 
attached 6xHis-tag via metal-chelate chromatography with 
Ni–NTA resin (Novagen). An empty disposable column was 
filled with 1 ml Ni–NTA resin and equilibrated with His-
tag binding buffer (50 mM KPi pH 8.0, 10 mM imidazole, 
300 mM NaCl). The crude extract, after adjusting NaCl and 
imidazole concentrations, was added and the flow-through 
discarded. After washing with 3 × 2  ml washing buffer 
(50 mM KPi pH 8.0, 20 mM imidazole, 300 mM NaCl) and 
discarding the flow-through, 3 × 1 ml elution buffer (50 mM 
KPi pH 8.0, 250 mM imidazole, 300 mM NaCl) was used 
to elute the His-tagged AaTAT protein which was desalted 
and transferred to 0.1 M KPi buffer pH 7.0 through PD-10 
columns (GE Healthcare). Aliquots of the purified protein 
were stored until use at − 80 °C.

Protein concentration was determined according to Brad-
ford (1976) with bovine serum albumin (BSA) as standard.

SDS‑PAGE, Western blot and immunodetection

Discontinuous SDS-PAGE was essentially performed 
according to Laemmli (1970). The gel was then either 
stained with Coomassie Brilliant Blue R250 or subjected 

to Western blotting basically as described by Mahmood 
and Yang (2012), but using the Towbin et al. (1979) buffer 
system. The expressed proteins were detected with mouse 
anti-6xHis-tag monoclonal antibodies (ThermoFisher, 
MA1-21,315) and goat anti-mouse secondary antibodies 
conjugated to alkaline phosphatase (Life Technologies, 
A16087). Nitro blue tetrazolium chloride (NBT)/5-bromo-
4-chloro-3-indolyl-phosphate (BCIP) was used for staining 
essentially following standard protocols (https:// www. sysy. 
com/ proto cols/ weste rnblot- ap- detec tion) where the alkaline 
phosphatase coupled to the secondary antibody dephospho-
rylates BCIP followed by oxidation and indoxyl dimerization 
to dibromodichloroindigo. Nascent reduction equivalents 
reduce NBT to the corresponding formazan (Sambrook and 
Russell 2001). The presence of His-tagged protein is indi-
cated by a mixture of the two insoluble pigments, resulting 
in purple staining.

TAT assays for HPLC analysis

Standard assays were prepared with 1 M Tris/HCl buffer 
pH 9.0, 32 mM 2-oxoglutarate, 0.08 mM PLP and purified 
enzyme (or in some cases crude protein extract). The pre-
incubated assays (30 °C) were started by adding 150 mM 
l-tyrosine (l-Tyr; dissolved in 0.5 M HCl) to a final concen-
tration of 4.2 mM l-Tyr and were further incubated at 30 °C. 
The reaction was stopped with 50–100 µl 6 M HCl and 
extracted with 500 µl ethyl acetate twice. To examine ana-
lyte degradation, HCl was replaced by 50 µl 6 M KOH. After 
evaporation of the ethyl acetate, the residue was dissolved 
in 100 µl of the HPLC eluent. 20 µl of the sample was ana-
lysed by HPLC using an Equisil ODS column (250 × 4 mm 
with pre-column 20 × 4 mm, particle size 5 µm; Dr. Maisch 
GmbH) with 45% aqueous methanol, 0.01% phosphoric acid 
as eluent at a flow of 1 ml/min and detection at 283 nm 
(Kempin 1994). Due to the instability of the reaction product 
pHPP, further investigations were carried out photometri-
cally (see below).

Photometric activity assays

The photometric assays were performed as an endpoint 
determination. With l-Tyr as substrate the decomposition 
product of the reaction product pHPP, 4-hydroxybenzalde-
hyde, was detected photometrically at 330 nm (Diamond-
stone 1966). Phenylpyruvate, the product of l-phenylalanine 
(l-Phe), was detected at 320 nm (Ru et al. 2017). Stand-
ard assays consist of 1 M Tris/HCl buffer pH 8.5, PLP, an 
amino acid together with the appropriate 2-oxoacid as well 
as various dilutions of purified enzyme and were performed 
at 40 °C (for detailed compositions see Suppl. Table S2). 
Linearity with respect to incubation time was determined 

https://www.sysy.com/protocols/westernblot-ap-detection
https://www.sysy.com/protocols/westernblot-ap-detection
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beforehand. Generally, assays were performed in three paral-
lels repeated thrice.

Assays for TLC analyses

To detect potential substrates and their products by TLC, 
different assays with a total volume of 250 µl containing 
2 mM of the respective substrates l-Tyr, l-Phe, l-dihydroxy-
phenylalanine (l-DOPA), l-aspartate (l-Asp), l-tryptophan 
(l-Trp), l-alanine (l-Ala), l-serine (l-Ser) or prephenate, 
0.1 M KPi buffer pH 8.5 and 32 mM 2-oxoglutarate were 
prepared. In the case of prephenate 2-oxoglutarate was sub-
stituted by l-glutamate. After pre-incubation at 40 °C, a 
mixture of purified enzyme and PLP was added, resulting 
in a total PLP concentration of 0.48 mM. After incubation 
for 0, 5, 15 and 45 min, the reaction was stopped by heat-
ing to 95 °C for 10 min. To obtain high amounts of the 
reaction product of prephenate (presumably arogenate), the 
reaction time was prolonged and some concentrations were 
optimised. After centrifugation (16,000g, 5 min) 2 µl of each 
sample was applied to a silica gel 60  F254 TLC plate together 
with reference compounds (l-Tyr, l-Phe, l-DOPA, l-Asp, 
l-Trp, l-Ala, l-Ser). To quantitatively purify the reaction 
product of prephenate, the full volume of the sample was 
purified by TLC. Plates were developed in 1-butanol/acetic 
acid/water (40 + 10 + 10) (Matheron and Moore 1973). After 
drying, the TLC plate was stained by spraying with 0.3% 
ninhydrin, 3% acetic acid in 1-butanol. TLC on cellulose 
plates was used to prepare samples for LC–MS analyses.

Verification of TLC results by HPLC

Twenty-five µl of the assays with l-Tyr, l-Phe, l-DOPA, 
l-Asp, l-Trp, l-Ala and l-Ser were derivatised with 50 µl 
o-phthalaldehyde (OPA) solution (0.067% OPA, 2.5% meth-
anol, 0.0125% 2-mercaptoethanol in borate buffer pH 8.8 
(0.078 M  H3BO3, 0.03 M  Na2B4O7 × 10  H20, 0.02 M NaCl). 
20 µl of the derivatised assay was analysed by HPLC using 
a Luna C18(2) column (150 × 4.60 mm with pre-column, 
particle size 5 µm; Phenomenex) with 0.1 M  Na2HPO4 in 
25% methanol pH 6.75 as eluent and detection at 340 nm. 
This experimental design is largely based on ESA Applica-
tion note 70-0160P.

Enzyme assays for LC–MS analyses

To further identify the reaction product of AaTAT with pre-
phenate after TLC, the stationary phase was scraped off an 
unstained plate at the same  Rf-value as stained after nin-
hydrin treatment; a second sample with significantly lower 
 Rf-value but within the TLC-track was collected from the 
same unstained plate as well, serving as negative control. 
The adsorbent was extracted with 250 µl water, intermitted 

by shaking and centrifugation (16,000g, 5 min) and then fil-
ter-sterilised. The water was evaporated in a vacuum centri-
fuge and the dried residues redissolved in up to 40 µl water. 
Additionally, prephenate assays incubated for up to 120 min 
were vacuum-dried directly after stopping and dissolved 
in up to 40 µl water. Prior to analysis on an Agilent 1260 
HPLC system, samples were derivatised with OPA solution 
(0.27% OPA, 10% methanol, 0.05% 2-mercaptoethanol and 
borate buffer pH 8.8). LC was performed using the solvents 
A = 0.1% aqueous formic acid and B = 0.1% formic acid 
in acetonitrile with the following gradient: 0–40 min 5% 
B → 100%, 40–45 min 100% B, 45–55 min 100% B → 5% B, 
flow rate 0.25 ml/min at 20 °C on a Multospher 120 RP18 
column (250 × 2 mm, 5 µm; CS-Chromatographie Service) 
with detection in a diode array detector at 190–400 nm and 
MS using a micrOTOF-Q III with ESI source, negative 
mode (Bruker Daltonics).

Phylogenetic analysis

The phylogenetic analysis of several tyrosine aminotrans-
ferases was performed using 14 amino acid sequences: 
Salvia miltiorrhiza (ABC60050), Prunella vulgaris 
(AJW87632), Perilla frutescens (ADO17550), Coleus 
blumei (CAD30341), Scutellaria baicalensis (AIV98132 
for SbTAT1 and AIV98133 for SbTAT2), Arabidopsis 
thaliana (NP_200208 for AtTAT1 and NP_198465 for 
AtTAT2), Papaver somniferum (ADC33123), Selaginella 
moellendorffii (XP_024536669), Klebsormidium nitens 
(GAQ85880), Marchantia polymorpha (OAE18929), 
Physcomitrium patens (XP_024361307), A. agrestis 
(MN922307, this paper). Additionally, amino acid sequences 
of distantly related aminotransferases were added: A. thali-
ana TrpAT (AAO63403), A. thaliana IPAAT (AAP68293), 
A. thaliana PrephenAT (Q9SIE1), Oryza sativa AlaAT 
(BAA77261), A. thaliana AlaAT (Q9SR86), A. thaliana Ala/
GluAT (AAN62333), Glycine max AspAT (AAC50015), 
A. thaliana (mitochondrial) AspAT1 (P46643), A. thali-
ana (cytoplasmic) AspAT2 (P46645), A. thaliana (plas-
tidic) AspAT5 (P46248), Nicotiana tabacum HistidinolAT 
(CAA70403), Atropa belladonna PheAT (AHN10104), Rosa 
‘Yves Piaget’ PheAT (Hirata et al. 2012). The evolutionary 
history was inferred using the Maximum Likelihood method 
based on the JTT matrix-based model (Jones et al. 1992) in 
Mega 7 (version 7.0.26, Kumar et al. 2016).

Results

Nucleotide and amino acid sequence of AaTAT 

An internal partial TAT  sequence (508 bp) was amplified by 
PCR with primers deduced from a sequence alignment of 
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Plectranthus scutellarioides TAT  (acc. no. AJ458993) and 
two putative TAT  scaffolds from A. punctatus (Ap6389) and 
A. agrestis (Aa34867) using reverse-transcribed RNA from 
A. agrestis. The resulting sequence had a high identity to the 
above-mentioned sequences. 3′- and 5′-RACE PCR was used 
to amplify the missing cDNA ends. A putative nucleotide 
sequence of AaTAT  with a length of 1395 bp (submitted to 
Genbank as MN922307), encoding a protein of 464 amino 
acid residues, was successfully amplified. It should be noted 
that a potential shorter enzyme variant is conceivable, driven 
by a second ATG codon in the sequence. BLASTp analysis 
of the translated amino acid sequence showed 46–62% iden-
tity to various putative plant TATs, e.g. from the green alga 
Klebsormidium nitens (GAQ85880), the moss Physcomi-
trium patens (XP_024361307), the liverwort Marchantia 
polymorpha (OAE18929) as well as vascular plants like the 
lycophyte Selaginella moellendorffii (XP_024536669) or the 
angiosperm Salvia miltiorrhiza (ABC60050) from the family 
Lamiaceae. The identity (EMBOSS Needle) to the enzymati-
cally characterised TAT from Coleus blumei (Plectranthus 
scutellarioides; Acc. No. CAD30341) was at 36.7% and the 
similarity at 53.3% (Biastoff 2003).

Conserved domain search (CDD; https:// www. ncbi. 
nlm. nih. gov/ Struc ture/ cdd/ wrpsb. cgi) revealed putative 
conserved regions, e.g. the homodimer interface, the PLP 
binding site and the catalytic Lys-residue, which is neces-
sary to form the internal aldimine with PLP. The remaining 
conserved amino acids, essential for aminotransferases, are 
detectable as well (Suppl. Fig. S1). The number in bracket 
quotes the position in pig AspAT (Ovchinnikov et al. 1973), 
which can be seen as a blueprint for the aminotransferase 
enzyme family. Arg435 (386) is highly conserved in the 
family I aminotransferases since it is important to fix the 
substrate’s deprotonated α-carboxy group of amino acid or 
2-oxoacid. Asp263 (222), which forms a hydrogen bond to 
N1 of PLP and stabilises protonation of nitrogen over the 
whole reaction, is retrievable in all sequences, as well as the 
already addressed Lys296 (258) (Kirsch et al. 1984; Mehta 
et al. 1989).

Biochemical characterisation of AaTAT 

The AaTAT protein synthesised in E. coli SoluBL21 was 
purified by metal chelate chromatography and analysed by 
SDS-PAGE and Western blotting; protein extracts from 
bacteria harbouring the same vector without the AaTAT 

encoding sequence were treated in the same way. The pro-
tein (calculated mass including the 6xHis-tag, 53.09 kDa) is 
visible on the polyacrylamide gel and detectable with His-
tag specific antibodies on Western blots (Suppl. Fig. S2). 
In comparison, the empty vector control showed no visible 
His-tagged protein at the same molecular mass.

HPLC analyses of TAT assays with crude bacterial pro-
tein extract showed high catalytic activity for both, the 
empty vector control and protein from AaTAT -transformed 
cultures, whereas no activity for the empty vector control 
and high activity for the AaTAT -transformed cultures was 
shown with purified enzyme preparations. This reflects the 
ubiquitous character of aminotransferases since the bacte-
rial crude extract contains both, endogenous bacterial and 
recombinant plant aminotransferases. Further assays were 
therefore performed with purified AaTAT protein prepara-
tions. Photometric assays with the purified AaTAT revealed 
a pH-optimum of pH 7.9–8.4, which is in line with various 
plant TATs (Prabhu and Hudson 2010; Lee and Facchini 
2011; Wang et al. 2016), and a temperature optimum of 
60 °C, which is considerably higher than for comparable 
plant TATs. De-Eknamkul and Ellis (1987b) and Prabhu and 
Hudson (2010) report that 50% activity loss was observed 
for 65 °C, 55 °C, 50 °C (TAT1, TAT2, TAT3) and 60 °C, 
respectively. Nevertheless, reports about distantly related 
heat-stable aminotransferases, e.g. tryptophan aminotrans-
ferase featuring an optimum of 55 °C (Tao et al. 2008) and 
prephenate aminotransferase with an even higher optimum 
at 70 °C (Bonner and Jensen 1985), are known as well.

To determine general kinetic data, photometric assays, 
as described in Suppl. Table S2 were established. For PLP, 
concentrations of up to 1.92 mM have been tested. The reac-
tion time was set to 1 min after linearity had been ensured 
for the highest and lowest PLP concentrations. Because of 
the covalent character of the PLP-enzyme complex, PLP 
addition should not be necessary, but optimal activity was 
measurable at 0.24 to 0.96 mM PLP and decreased sharply 
after adding higher concentrations. To our knowledge, this 
effect has not been described in literature before. As a result, 
0.48 mM PLP was used in the following experiments (Suppl. 
Fig. S3).

Substrate saturation curves for AaTAT with l-Tyr 
and l-Phe were determined with concentrations of up to 
6 mM and 132 mM, respectively, together with 80 mM 
2-oxoglutarate, after linearity was ensured for the highest 
and lowest administered substrate concentrations. l-Tyr 
was accepted with the highest affinity (Km 0.53 ± 0.05 mM) 
and a Vmax of 921.5 ± 142.5 mkat/kg (Fig. 1 a, Table 1). 
d-Tyrosine (d-Tyr) was not accepted, this was also con-
firmed by TLC (see below). l-Phe could not be added 
to the assays up to a saturating concentration, therefore 
kinetic data were analysed by direct linear plots according 
to Cornish-Bowden and Eisenthal (1978). To be able to 

Fig. 1  Michaelis–Menten and Hanes-Woolf plots of AaTAT activities 
for different substrate combination pairs: l-tyrosine with 2-oxoglutar-
ate (a), l-phenylalanine with 2-oxoglutarate (b), 2-oxoglutarate with 
l-tyrosine (c), oxaloacetate with l-tyrosine (d). Means of 9 deter-
minations ± SD, except l-Phe (n = 3 × 3), using three independent 
enzyme expressions

◂

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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compare results obtained with Michaelis–Menten equa-
tion and the linearization according to Cornish-Bowden 
and Eisenthal, a replicate of the l-Tyr kinetics with the 
number of measuring points adapted to l-Phe was also 
subjected to the calculation via Cornish-Bowden and 
Eisenthal. The results for l-Tyr (Km 0.65 ± 0.13 mM and 
Vmax of 998.9 ± 254.0 mkat/kg) are in accordance with 
the already mentioned parameters determined by Michae-
lis–Menten graphs. It can therefore be assumed that Cor-
nish-Bowden plots can serve as an adequate substitute. 
The affinity of AaTAT towards l-Phe is 133-fold lower 
(Km 70.47 ± 4.18 mM), but Vmax was apparently much 
higher at 2240.3 ± 505.7  mkat/kg (Fig.  1b, Table  1). 
 kcat/Km-values, however, indicated a more than 50 times 
higher kinetic efficiency for the use of l-Tyr. 

AaTAT accepted not only 2-oxoglutarate as amino 
acceptor but also oxaloacetate, phenylpyruvate and pyru-
vate. To determine kinetic constants, 2-oxoglutarate and 
oxaloacetate were applied up to 120 mM each, phenylpyru-
vate up to 36 mM and pyruvate up to 260 mM, together with 
6 mM l-Tyr, after ensuring linearity during the respective 
incubation time. The affinity for 2-oxoglutarate was lower 
but the activity was almost 100-fold (Km 15.13 ± 1.34 mM, 
Vmax 1376.1 ± 97.6 mkat/kg) compared to oxaloacetate 
which is accepted with the highest affinity of the exam-
ined amino acceptors (Km  4.05 ± 1.44  mM) but with 
rather low activity (Vmax 12.6 ± 0.8 mkat/kg) (Fig. 1 c 
and d, Table 1). Phenylpyruvate showed a lower activity 
(Vmax 530.1 ± 117.1 mkat/kg) than 2-oxoglutarate but with 
a higher affinity (Km 7.92 ± 2.35 mM) (Fig. 2 a, Table 1). 
Since the determined parameters for 2-oxoglutarate and 
phenylpyruvate were quite similar, a direct comparison 
was developed. It verified the higher substrate turnover of 
2-oxoglutarate. Pyruvate was accepted but with a much 
higher Km-value (81.14 ± 15.12 mM) and mediocre turno-
ver (Vmax 223.8 ± 30.0 mkat/kg) (Fig. 2 b, Table 1). When 
comparing  kcat/Km-values (Table 1), l-Tyr is the substrate 

converted most efficiently. On the side of the cosubstrate 
it is 2-oxoglutarate followed by phenylpyruvate.

Search for other substrates

Different alternative donor substrates and one further accep-
tor substrate were tested in AaTAT assays incubated for up to 
45 min. Product formation was detected by TLC with subse-
quent visualisation by spraying with ninhydrin reagent. The 
analyses showed that l-Tyr, l-Phe, l-DOPA, l-Trp and l-Ala 
are accepted as substrates by AaTAT (Fig. 3) whereas l-Asp, 
l-Ser and d-Tyr are not accepted (Fig. 4). Evaluation of the 
colour depth (which correlates roughly with product forma-
tion) shows that l-Trp and l-Ala are less suitable substrates.

To verify the product formation when adding the above-
mentioned donor substrates, samples were derivatised with 
OPA and analysed by HPLC (Fig. 5). The given area under 
the curve does not reflect the specific activity for the respec-
tive substrate, it only illustrates whether a substrate is accepted 
at all. The acceptance profile, previously determined using 
TLC (compare Figs. 3 and 4), was confirmed. Besides, TLC 
analysis showed product formation in assays with prephenate 
as amino acceptor together with l-glutamate as amino donor 
(Fig. 3). The expected product is arogenate. Since it is not 
available as standard, the reaction product of prephenate was 
purified by TLC and analysed as OPA-derivative by LC–MS 
(Fig. 6). The mass of the reaction product correlated to the 
mass of the OPA-derivative of arogenate.

A special feature of working with 2-oxoacids is their poten-
tial susceptibility to decarboxylation. Oxaloacetate is particu-
larly noteworthy here (Tsai 1967). In enzyme assays contain-
ing oxaloacetate as amino acceptor and l-Tyr as amino donor, 
two reaction products could be detected on the TLC plates, l-
Asp, as expected, and l-Ala as decarboxylated product (Suppl. 
Fig. S4).

Table 1  Kinetic parameters for AaTAT as means ± SD; all determinations are based on n = 9, except l-Phe (n = 3 × 3) using three independent 
enzyme expressions

The Km and Vmax values for l-Tyr, 2-oxoglutarate and oxaloacetate, phenylpyruvate and pyruvate are calculated from Michaelis–Menten equa-
tions, the  Km and  Vmax values for l-Phe were determined by Cornish-Bowden linear plots.  kcat was calculated assuming a molecular mass of 
53.09 kDa for AaTAT including the 6xHis-tag

Substrate 1 Substrate 2 Km for substrate 1 [mM] Vmax [mkat/kg] kcat [1/s] kcat/Km [1/mM*s]

l-tyrosine 2-oxoglutarate 0.53 ± 0.05 921.5 ± 142.5 48.9 ± 7.6 91.7 ± 9.8
l-phenylalanine 2-oxoglutarate 70.47 ± 4.18 2240.3 ± 505.7 118.9 ± 26.9 1.7 ± 0.4
2-oxoglutarate l-tyrosine 15.13 ± 1.34 1376.1 ± 97.6 73.1 ± 5.2 4.9 ± 0.3
Oxaloacetate l-tyrosine 4.05 ± 1.44 12.6 ± 0.8 0.7 ± 0.04 0.2 ± 0.09
Phenylpyruvate l-tyrosine 7.92 ± 2.35 530.1 ± 117.1 28.2 ± 6.2 3.9 ± 1.4
Pyruvate l-tyrosine 81.14 ± 15.12 223.8 ± 30.0 11.9 ± 1.6 0.15 ± 0.02
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Discussion

Since the discovery of the involvement of TAT as an entry-
point enzyme in RA biosynthesis (De-Eknamkul and Ellis 
1987a), TAT activity has been studied in many plant spe-
cies, e.g. S. miltiorrhiza, A. thaliana and P. vulgaris (Huang 
et al. 2008; Prabhu and Hudson 2010; Ru et al. 2017), all 
belonging to the vascular plants, but not all of these species 
synthesizing RA. In this study, we present AaTAT as the 
first molecularly and biochemically characterised enzyme 
connected to amino acid-derived specialised metabolism 
in hornworts, namely the biosynthesis of RA and related 
compounds. To our current knowledge, this is the evolu-
tionarily lowest representative with this capacity (Petersen 
et al. 2009).

The AaTAT amino acid sequence complies with common 
aminotransferase characteristics and conserved amino acids 
(Suppl. Fig. S1), most importantly Arg435, indispensable for 
fixing the incoming carboxylate, Asp263, which is impor-
tant to guarantee nitrogen protonation in PLP and Lys296, 
necessary to form the internal aldimine of PLP and the 
enzyme (Kirsch et al. 1984; Mehta et al. 1989). Furthermore, 

it resembles already characterised higher plant TATs. An 
alignment of the AaTAT amino acid sequence with such 
plant TATs, including those from A. thaliana (AtTAT1, 
AtTAT2), P. vulgaris (PvTAT), S. miltiorrhiza (SmTAT), 
P. frutescens (PfTAT), S. baicalensis (SbTAT1, SbTAT2), 
Coleus blumei (CbTAT) and P. somniferum (PsTAT), was 
used to visualise the similarities and differences to higher 
plants (Suppl. Fig. S1). As expected, PvTAT, SmTAT, 
PfTAT, and CbTAT, all members of the Lamiaceae, subfam-
ily Nepetoideae, are highly similar. SbTAT1 and SbTAT2 
(Lamiaceae, subfamily Scutellarioideae) already deviate 
in some areas and in length, but SbTAT1 shows higher 
agreement with the representatives of the Nepetoideae. The 
decrease in similarity with growing family distance contin-
ues with AtTAT1, AtTAT2 (Brassicaceae) and PsTAT (Papa-
veraceae). Differences between plant families are common, 
but interestingly AaTAT has an extended N-terminus (53 
amino acid residues) compared to the representatives of the 
Nepetoideae, but no evidence for an N-terminal plastid sig-
nal peptide was found (SignalP-5.0; Almagro Armenteros 
et al. 2019). Anthoceros agrestis TAT shares this feature 
with putative TAT sequences of other representatives of the 
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Fig. 2  Michaelis–Menten and Hanes-Woolf plots of AaTAT activities with different substrate combination pairs: phenylpyruvate with l-tyrosine 
(a), pyruvate with l-tyrosine (b). Means of 9 determinations ± SD, using three independent enzyme expressions
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lower plants, e.g. P. patens, K. nitens, M. polymorpha and 
S. moellendorfi (sorted by decreasing N-terminal excess 
length). In AaTAT, the N-terminus has a second possible 
methionine start codon which gives the possibility for an 
additional shorter enzyme variant. The expression and activ-
ity determination of this shorter enzyme variant should be 
considered in the future.

At sequence level, conserved regions, which are assigned 
to the PLP binding site and the homodimer interface, are, 
as previously mentioned, largely identical. But in addition, 
highly conserved regions in some areas outside of those 
essential domains are detectable, while the overall AaTAT 
amino acid sequence differs considerably from those of 
higher plant representatives. The phylogenetic tree (Fig. 7) 

Fig. 3  TLC of AaTAT assays using various putative substrates which 
turned out to be accepted by AaTAT. The five amino donors l-Tyr, 
l-Phe, l-DOPA, l-Trp and l-Ala (each with 2-oxoglutarate as amino 
acceptor substrate) as well as the amino acceptor prephenate with 
l-glutamate as amino donor substrate were incubated for 0, 5, 15 and 
45  min. Glutamate is not detectable in 0  min assays. With increas-

ing incubation time the substrate decreases and glutamate increases. 
Turnover rates can be estimated from the color differences. In con-
trast, the prephenate assays, as they are structured differently, show an 
increasing arogenate spot in the case of l-glutamate excess. The TLC 
plates were stained by spraying with 0.3% ninhydrin solution

Fig. 4  TLC of AaTAT assays using various putative substrates which 
failed to be accepted by AaTAT: d-Tyr, l-Asp and l-Ser as well as 
l-Tyr as a positive control. Each sample is shown after 0  min and 
45 min incubation time. While the assay with l-Tyr leads to visible 

accumulation of glutamate, l-Tyr, l-Asp, and l-Ser show no glu-
tamate formation. Relevant references for l-Glu, l-Asp, l-Ser are 
shown. The TLC plates were stained by spraying with 0.3% ninhydrin 
solution
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gives an impression about the evolutionary relationship of 
TAT amino acid sequences from embryophytic plants. Sev-
eral more distantly related subgroup I aminotransferases 
(Mehta et al. 1993), including tryptophan, alanine (and glu-
tamate), aspartate, histidinol-phosphate, indole-3-pyruvate, 
prephenate and phenylalanine aminotransferases, are shown 
as well (open squares). It becomes evident that AaTAT has 
a close relationship to TATs of vascular plants and sig-
nificantly lower consensus to the additional ones, except 
phenylalanine aminotransferases, likely because of the simi-
larity of their substrate to tyrosine. This indicates a com-
mon origin. In the following, the more distantly related ami-
notransferases will not be discussed.

The diamond-marked major branch comprises TAT 
sequences from lower plants, including A. agrestis. The 

latter is the first enzymatically characterised species with 
respect to TAT. The second major branch is separated into 
Lamiaceae (circles) and the remaining dicotyledonous plants 
(triangles), where a presence of RA is not known. It illus-
trates the strong conservation within the Lamiaceae and 
indicates the probability of a specialised TAT for the RA 
biosynthetic pathway. Regarding TATs from non-Lamiaceae 
species, PsTAT is involved in alkaloid biosynthesis (Lee and 
Facchini 2011) and AtTAT1 and AtTAT2 are involved in 
tocopherol biosynthesis, with TAT1 having a higher contri-
bution to l-tyrosine degradation (Riewe et al. 2012; Wang 
et al. 2019). Especially the differences in the two isoforms 
AtTAT1 and AtTAT2 suggest that there are relevant speciali-
sations in amino acid metabolism. Two isoforms have been 
found for SbTAT as well, however, the exact function of 
these isoforms is still open (Kim et al. 2014). Other reports 
have already discussed several TAT isoforms and their 
deviating acceptance profiles for different amino acid and 
keto acid substrates (e.g. De-Eknamkul and Ellis 1987b for 
Anchusa officinalis; Wang et al. 2016 for A. thaliana). De-
Eknamkul and Ellis (1987b) at this point already postulated 
a participation of TAT1 and to a lesser extent TAT2 in RA 
biosynthesis. In addition, they speculated that TAT2 may 
also be involved in plastoquinone or, even though a biosyn-
thetic pathway unusual for plants, l-tyrosine biosynthesis.

However, searching for TAT sequences in A. agrestis 
databases always only revealed one isoform of TAT very 
similar or identical to the one described here while all 
other hits only displayed identities of less than 30%. The 
A. punctatus database contained potential additional TAT 
sequences (https:// www. hornw orts. uzh. ch/ en/ Blast. html). 
This makes a participation of AaTAT in RA biosynthesis 
probable, however, the exact biosynthetic route to l-tyrosine 
and l-phenylalanine in bryophytes has not yet been eluci-
dated. Therefore, it is not known whether the biosynthesis of 
l-tyrosine runs via 4-hydroxyphenylpyruvate (as in bacteria 
and fungi) or via arogenate (as in higher plants). To get a 
more precise idea of this, it is essential to determine whether 
the formation or the degradation of l-tyrosine is favoured by 
AaTAT. In this respect, we can even only speculate about 
the acceptance of prephenate. Wang et al. (2016) were able 
to demonstrate the acceptance of prephenate for the TAT2 
isoform in A. thaliana, the one that generally favours the 
conversion of pHPP to l-tyrosine and shows a similar broad 
acceptance profile.

In the next step, we further analysed biochemical char-
acteristics and determined essential kinetic parameters for 
AaTAT (Table 1). SDS-PAGE visualises a protein of approx-
imately 50 kDa (Suppl. Fig. S2), a range already reported 
for the TAT monomer in vascular plants (De-Eknamkul 
and Ellis 1987b; Prabhu and Hudson 2010). Most aromatic 
amino acid aminotransferases are not specific for only one 
substrate but accept a broader range of amino acids (Wang 
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Fig. 5  Verification of the TAT amino donor substrate acceptance pro-
file by HPLC. The curves show the glutamate accumulation (after 
OPA derivatisation) when using the respective amino donor sub-
strates. The donors l-Tyr, l-Phe, l-DOPA, l-Trp and l-Ala (1–5) are 
accepted, whereas no glutamate formation is observed for l-Asp (6) 
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Fig. 6  Identification of arogenate as OPA-derivative (extracted ion 
chromatogram for m/z 402.10 [M-H]−) vs. control (inset). The reac-
tion product from assays using prephenate were extracted after TLC 
on cellulose plates

https://www.hornworts.uzh.ch/en/Blast.html
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and Maeda 2018). Out of eight tested amino acids, six were 
accepted by AaTAT. Four of them are aromatic amino acids 
(l-tyrosine, l-phenylalanine, l-DOPA, l-tryptophan), the 
aliphatic amino acids accepted were l-alanine and l-glu-
tamate, but not l-serine and l-aspartate. This is interesting 
since subgroup I aminotransferases also comprise aspartate 
and alanine aminotransferases (Mehta et al. 1993). While 

there are reports that describe active discrimination between 
aromatic and dicarboxylic amino acids, e.g. by providing 
complex hydrophobic interactions or offering charged and 
neutral pockets (Oue et al. 1997; Hirotsu et al. 2005), the 
acceptance of l-glutamate but not of l-aspartate, only differ-
ing by one  CH2-group, was something we did not expect and 
which remains to be explained, especially, since the reverse 

Fig. 7  Phylogenetic tree (maximum likelihood analysis) of TAT 
amino acid sequences of several members of the Lamiaceae (cir-
cles) and representatives of other higher plant families (triangles) and 
lower plants (diamonds). Analyses were conducted in Mega 7 (Kumar 
et  al. 2016). The tree with the highest log likelihood (− 13,478.93) 
is shown. The percentage of trees in which the associated taxa clus-
tered together is shown next to the branches (bootstrap replicates 
1000). Underlying TAT amino acid sequences: Salvia miltiorrhiza 
(ABC60050), Prunella vulgaris (AJW87632), Perilla frutescens 
(ADO17550), Coleus blumei (CAD30341), Scutellaria baicalen-
sis (AIV98132 for SbTAT1 and AIV98133 for SbTAT2), Arabidop-
sis thaliana (NP_200208 for AtTAT1 and NP_198465 for AtTAT2), 
Papaver somniferum (ADC33123), Selaginella moellendorffii 
(XP_024536669), Klebsormidium nitens (GAQ85880), Marchantia 

polymorpha (OAE18929), Physcomitrium patens (XP_024361307), 
Anthoceros agrestis (MN922307, this paper). The two stars follow-
ing the name indicate the presence of RA in the plant (first star) and 
an experimentally proven TAT activity of the underlying protein 
(second star), if filled in. Underlying amino acid sequences of dis-
tantly related aminotransferases (open squares): Arabidopsis thaliana 
TrpAT (AAO63403), A. thaliana IPAAT (AAP68293), A. thaliana 
PrephenAT (Q9SIE1), Oryza sativa AlaAT (BAA77261), A. thaliana 
AlaAT (Q9SR86), A. thaliana Ala/GluAT (AAN62333), Glycine max 
AspAT (AAC50015), A. thaliana (mitochondrial) AspAT1 (P46643), 
A. thaliana (cytoplasmic) AspAT2 (P46645), A. thaliana (plastidic) 
AspAT5 (P46248), Nicotiana tabacum HistidinolAT (CAA70403), 
Atropa belladonna PheAT (AHN10104), Rosa ‘Yves Piaget’ PheAT 
(Hirata et al. 2012)
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reaction (oxaloacetate → aspartate), albeit with low turnover, 
is possible. Whether the discrimination against l-aspartate 
might be a feature of lower plant TATs has to be investi-
gated for TAT from other algal or bryophyte sources. Since 
l-alanine is the simplest amino acid featuring a secondary 
amino group, it seems reasonable that the small nonpolar 
side chain fits into the binding pocket easily without change 
in conformation. l-Serine on the other hand is more demand-
ing because of its slightly bigger and polar side chain.

When trying to compare these results with other publica-
tions, we come across various patterns. TAT1, TAT2 and 
TAT3 from Anchusa officinalis (De-Eknamkul and Ellis 
1987b) are shown to accept aromatic amino acids with a 
distinct preference for l-tyrosine, but TAT2 and TAT3 also 
effectively accept l-glutamate and l-aspartate. Wang et al. 
(2016) report higher specificity of heterologously expressed 
TAT1 from A. thaliana, i.e. accepting aromatic amino acids 
whilst rejecting l-aspartate, and a broad substrate spectrum 
including l-aspartate for AtTAT2. Other reports mainly 
focus on aromatic amino acids and provide no information 
on the acceptance of aliphatic amino acids, or they focus 
on the 2-oxoacids (Prabhu and Hudson 2010; Lee and Fac-
chini 2011; Riewe et al. 2012; Ru et al. 2017). Considering 
AaTAT, 2-oxoglutarate, phenylpyruvate, oxaloacetate and 
pyruvate could be utilised by AaTAT as amino acceptor, but 
2-oxoglutarate is expected to be the main substrate. Addi-
tionally, prephenate was accepted leading to the amino acid 
arogenate as a reaction product. The efficiency of this reac-
tion was, however, rather low. The acceptance of prephenate 
as 2-oxoacid has already been reported for other aromatic 
aminotransferases and seems not to be limited to prephenate 
aminotransferases (Wang et al. 2016).

The unambiguous characterisation of aromatic ami-
notransferases can therefore only be performed by indi-
vidual kinetic characterisation and not just by sequence 
comparisons. We demonstrated high substrate specificity 
of AaTAT for the aromatic amino acid l-tyrosine, with 
lower acceptance of l-phenylalanine. The Km-value for 
l-tyrosine (0.53 ± 0.05 mM) is in line with recent publica-
tions: 1.82 ± 0.09 mM in P. somniferum (Lee and Facchini 
2011), 0.19 ± 0.16 mM and 2.9 ± 0.4 mM, respectively, for 
TAT2 in A. thaliana (Prabhu and Hudson 2010; Wang et al. 
2016), 0.18 ± 0.02  mM and 0.204 ± 0.001  mM, respec-
tively, for TAT1 in A. thaliana (Riewe et al. 2012; Wang 
et al. 2016), 0.40 ± 0.05 mM in P. vulgaris (Ru et al. 2017). 
The affinity for l-phenylalanine is roughly 133-fold lower 
(Km 70.47 ± 4.18 mM) for AaTAT. A similar relation (Km 
for l-tyrosine 0.4 mM, Km for Phe 10.2 mM) was found by 
Ru et al. (2017) for the heterologously expressed TAT from 
P. vulgaris. Hence, though accepting substrates promiscu-
ously, AaTAT seems to be highly specific and can be defined 
as l-tyrosine aminotransferase. The outstanding Km/kcat-
value for l-tyrosine underlines this assumption (Table 1). In 

conclusion, the obtained data suggest that the intracellular 
substrate/cosubstrate pair most probably is l-tyrosine/2-
oxoglutarate. A role in RA biosynthesis is therefore quite 
conceivable.

Whether acceptance of additional amino acids has bio-
logical significance or not, remains to be clarified. But 
even l-phenylalanine, albeit structurally closely related to 
l-tyrosine, shows a significantly lower catalytic efficiency. 
To gain a more resilient understanding of AaTAT function, 
i.e. effects on primary and secondary metabolism in vivo, 
reverse genetics seem to be appropriate. Hücherig and 
Petersen (2013) already demonstrated that HPPR and RAS 
RNAi suppression in Agrobacterium-mediated C. blumei 
hairy root lines result in decreased levels of RA. Whether 
such a system is practicable for TAT without causing severe 
damage to the cells regarding its involvement in plastoqui-
none and tocopherol biosynthesis remains to be seen. More-
over, with preliminary evidence of phenylalanine ammonia-
lyase (Pezeshki 2016) and full characterisation of cinnamic 
acid 4-hydroxylase and 4-coumarate CoA-ligase (Wohl and 
Petersen 2020a, 2020b), necessary enzymes of the general 
phenylpropanoid pathway in A. agrestis are already known. 
But since those enzymes as well as TAT cannot be assigned 
exclusively to RA biosynthesis, evidence for hydroxyphe-
nylpyruvate reductase and RA synthase (RAS) still have to 
be provided to finally compare RA biosynthesis in A. agres-
tis and C. blumei. However, especially RAS, the key enzyme 
responsible for the esterification of 4-coumaroyl-/caffeoyl-
CoA and 4-hydroxyphenyllactic/3,4-dihydroxyphenyllactic 
acid to the RA precursor (Petersen et al. 1993), has not yet 
been identified in A. agrestis with methods successful in 
Lamiaceae.

The highly discussed phylogeny of bryophytes ended in 
a commitment to the current research status that bryophytes 
can be seen as monophyletic clade, with hornworts as sister 
phylum to mosses and liverworts (Puttick et al. 2018; Li 
et al. 2020; Zhang et al. 2020). Since RA has been reported 
in hornworts but not in the related other two bryophyte 
groups and green algae (Petersen et al. 2009), it is possible 
that A. agrestis developed this capacity independently. This 
assumption may be supported by the possibility that ester 
formation is catalysed by an enzyme not belonging to the 
BAHD acyltransferase superfamily (Berger et al. 2006).

Since aromatic aminotransferases with their high sub-
strate promiscuity have many potential amino donor/amino 
acceptor combinations, a full characterisation of these 
aminotransferases has rarely been performed and the sub-
strates investigated are strongly dependent on the research-
ers’ intentions, including our work. The TLC/ninhydrin 
method we presented here can easily be used to screen 
potential aminotransferases for their substrate acceptance 
pattern and allows a cautious prediction of their respec-
tive activities. The sensitivity can be strongly increased by 



 Planta (2021) 253:98

1 3

98 Page 14 of 16

OPA derivatisation which is applicable for both analyses, 
i.e. HPLC and LC–MS. Using this method, we could even 
detect the only slight transformation of prephenate to aro-
genate. Photometric assays proved to be the first choice for 
the subsequent kinetic characterisation of the substrates. The 
mentioned methods or their variations have already been 
used by some researchers, but solely for specific applica-
tions. However, we here provide an example of how a com-
bination of these approaches can be used to reliably clarify 
the acceptance profile of aminotransferases, estimate turno-
ver and fully determine kinetic parameters. Remarkably, 
the methods verify each other and provide a full picture of 
the examined aminotransferase. This can serve to further 
research the biosynthesis of amino acid-based secondary 
metabolites in plants.

Conclusion

The identification of TAT is an important milestone in the 
investigation of RA biosynthesis in A. agrestis. The enzyme 
was expressed successfully and showed a distinct affinity 
for l-tyrosine together with 2-oxoglutarate as amino accep-
tor. The reaction provides 4-hydroxyphenylpyruvic acid as 
substrate for further transformations in the direction to RA. 
Furthermore, acceptance of several aromatic and aliphatic 
amino acids as well as other possible amino acceptor sub-
strates was shown.

Author contribution statement TB and MP conceived and 
designed the research. TB conducted the experiments, and 
TB and MP analysed the data and wrote the manuscript. 
Both authors read and approved the manuscript.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00425- 021- 03623-2.

Acknowledgements A big thank you to Dr. Péter Szövényi (University 
of Zurich, Switzerland) for searching for us the TAT-candidate scaf-
fold in his Anthoceros agrestis transcriptome database. We also thank 
Rixa Kraut and Lena-Christin Ludwig-Radtke (Philipps-Universität 
Marburg) for performing LC-MS analyses. The Bruker micrOTOF QIII 
mass spectrometer was financially supported in part by a grant from 
the Deutsche Forschungsgemeinschaft (INST 160/620-1) to Prof. Dr. 
Shu-Ming Li, Philipps-Universität Marburg.

Funding Open Access funding enabled and organized by Projekt 
DEAL.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 

were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Almagro Armenteros JJ, Tsirigos KD, Sønderby CK, Petersen TN, 
Winther O, Brunak S, von Heijne G, Nielsen H (2019) SignalP 
5.0 improves signal peptide predictions using deep neural net-
works. Nat Biotechnol 37:420–423. https:// doi. org/ 10. 1038/ 
s41587- 019- 0036-z

Amoah SKS, Sandjo LP, Kratz JM, Biavatti MW (2016) Rosmarinic 
acid—pharmaceutical and clinical aspects. Planta Med 82:388–
406. https:// doi. org/ 10. 1055/s- 0035- 15682 74

Berger A, Meinhard J, Petersen M (2006) Rosmarinic acid synthase is a 
new member of the superfamily of BAHD acyltransferases. Planta 
224:1503–1510. https:// doi. org/ 10. 1007/ s00425- 006- 0393-y

Biastoff S (2003) Biochemische Untersuchung der heterolog exprim-
ierten Tyrosin Aminotransferase aus Coleus blumei BENTH. 
Diploma thesis, Martin-Luther-Universität Halle-Wittenberg

Binding H, Mordhorst G (1991) Gametophyte regeneration and apo-
spory from archegoniate protoplasts under conditions devised 
for higher plants. Bot Acta 104:330–335. https:// doi. org/ 10. 
1111/j. 1438- 8677. 1991. tb002 38.x

Block A, Widhalm JR, Fatihi A, Cahoon RE, Wamboldt Y, Elowsky 
C, Mackenzie SA, Cahoon EB, Chapple C, Dudareva N, Bas-
set GJ (2014) The origin and biosynthesis of the benzenoid 
moiety of ubiquinone (Coenzyme Q) in Arabidopsis. Plant Cell 
26:1938–1948. https:// doi. org/ 10. 1105/ tpc. 114. 125807

Bonner CA, Jensen RA (1985) Novel features of prephenate ami-
notransferase from cell cultures of Nicotiana silvestris. Arch 
Biochem Biophys 238:237–246. https:// doi. org/ 10. 1016/ 0003- 
9861(85) 90161-4

Bradford MM (1976) A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle 
of protein-dye binding. Anal Biochem 72:248–254. https:// doi. 
org/ 10. 1006/ abio. 1976. 9999

Chomczynski P, Sacchi N (1987) Single-step method of RNA isola-
tion by acid guanidinium thiocyanate-phenol-chloroform extrac-
tion. Anal Biochem 162:156–159. https:// doi. org/ 10. 1016/ 0003- 
2697(87) 90021-2

Cornish-Bowden A, Eisenthal R (1978) Estimation of Michaelis 
constant and maximum velocity from the direct linear plot. 
Biochim Biophys Acta 523:268–272. https:// doi. org/ 10. 1016/ 
0005- 2744(78) 90030-X

de Vries J, de Vries S, Slamovits CH, Rose LE, Archibald JM (2017) 
How embryophytic is the biosynthesis of phenylpropanoids 
and their derivatives in streptophyte algae? Plant Cell Physiol 
58:934–945. https:// doi. org/ 10. 1093/ pcp/ pcx037

De-Eknamkul W, Ellis BE (1987a) Tyrosine aminotransferase: the 
entrypoint enzyme of the tyrosine-derived pathway in ros-
marinic acid biosynthesis. Phytochemistry 26:1941–1946. 
https:// doi. org/ 10. 1016/ S0031- 9422(00) 81734-3 

De-Eknamkul W, Ellis BE (1987b) Purification and characterization 
of tyrosine aminotransferase activities from Anchusa officinalis 
cell cultures. Arch Biochem Biophys 257:430–438. https:// doi. 
org/ 10. 1016/ 0003- 9861(87) 90587-X

https://doi.org/10.1007/s00425-021-03623-2
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1055/s-0035-1568274
https://doi.org/10.1007/s00425-006-0393-y
https://doi.org/10.1111/j.1438-8677.1991.tb00238.x
https://doi.org/10.1111/j.1438-8677.1991.tb00238.x
https://doi.org/10.1105/tpc.114.125807
https://doi.org/10.1016/0003-9861(85)90161-4
https://doi.org/10.1016/0003-9861(85)90161-4
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1016/0003-2697(87)90021-2
https://doi.org/10.1016/0003-2697(87)90021-2
https://doi.org/10.1016/0005-2744(78)90030-X
https://doi.org/10.1016/0005-2744(78)90030-X
https://doi.org/10.1093/pcp/pcx037
https://doi.org/10.1016/S0031-9422(00)81734-3
https://doi.org/10.1016/0003-9861(87)90587-X
https://doi.org/10.1016/0003-9861(87)90587-X


Planta (2021) 253:98 

1 3

Page 15 of 16 98

Diamondstone TI (1966) Assay of tyrosine transaminase activity 
by conversion of p-hydroxyphenylpyruvate to p-hydroxyben-
zaldehyde. Anal Biochem 16:395–401. https:// doi. org/ 10. 1016/ 
0003- 2697(66) 90220-X

Ellis BE, Towers GH (1970) Biogenesis of rosmarinic acid in Men-
tha. Biochem J 118:291–297. https:// doi. org/ 10. 1042/ bj118 0291

ESA application note 70–0160P amino acids—OPA/βME derivatiza-
tion. ESA analytical. Brook farm Dorton Aylesbury, HP18 9NH 
United Kingdom

Frey PA, Hegeman AD (2007) Enzymatic reaction mechanisms. 
Oxford Univ. Press, Oxford

Gelfand DH, Steinberg RA (1977) Escherichia coli mutants deficient 
in the aspartate and aromatic amino acid aminotransferases. J 
Bacteriol 130:429–440

Glime JM (2020) Physiological ecology: Anthocerotophyta. Chapt. 
2–8. Bryophyte Ecology, 1. http:// digit alcom mons. mtu. edu/ 
bryop hyte- ecolo gy/

Hirata H, Ohnishi T, Ishida H, Tomida K, Sakai M, Hara M, Wata-
nabe N (2012) Functional characterization of aromatic amino 
acid aminotransferase involved in 2-phenylethanol biosynthesis 
in isolated rose petal protoplasts. J Plant Physiol 169:444–451. 
https:// doi. org/ 10. 1016/j. jplph. 2011. 12. 005

Hirotsu K, Goto M, Okamoto A, Miyahara I (2005) Dual substrate 
recognition of aminotransferases. Chem Rec 5:160–172. https:// 
doi. org/ 10. 1002/ tcr. 20042

Holländer-Czytko H, Grabowski J, Sandorf I, Weckermann K, Weiler 
EW (2005) Tocopherol content and activities of tyrosine ami-
notransferase and cystine lyase in Arabidopsis under stress con-
ditions. J Plant Physiol 162:767–770. https:// doi. org/ 10. 1016/j. 
jplph. 2005. 04. 019

Huang B, Yi B, Duan Y, Sun L, Yu X, Guo J, Chen W (2008) Charac-
terization and expression profiling of tyrosine aminotransferase 
gene from Salvia miltiorrhiza (Dan-shen) in rosmarinic acid bio-
synthesis pathway. Mol Biol Rep 35:601–612. https:// doi. org/ 10. 
1007/ s11033- 007- 9130-2

Hücherig S, Petersen M (2013) RNAi suppression and overexpression 
studies of hydroxyphenylpyruvate reductase (HPPR) and ros-
marinic acid synthase (RAS) genes related to rosmarinic acid bio-
synthesis in hairy root cultures of Coleus blumei. Plant Cell Tiss 
Org 113:375–385. https:// doi. org/ 10. 1007/ s11240- 012- 0277-8

Hühn R, Stoermer H, Klingele B, Bausch E, Fois A, Farnetani M, 
Di Rocco M, Boué J, Kirk JM, Coleman R, Scherer G (1998) 
Novel and recurrent tyrosine aminotransferase gene mutations in 
tyrosinemia type II. Hum Genet 102:305–313. https:// doi. org/ 10. 
1007/ s0043 90050 696

Iraqui I, Vissers S, Cartiaux M, Urrestarazu A (1998) Characterisation 
of Saccharomyces cerevisiae ARO8 and ARO9 genes encoding 
aromatic aminotransferases I and II reveals a new aminotrans-
ferase subfamily. Mol Gen Genet 257:238–248. https:// doi. org/ 
10. 1007/ s0043 80050 644

Jacobus AP, Gross J (2015) Optimal cloning of PCR fragments by 
homologous recombination in Escherichia coli. PLoS ONE 
10:e0119221. https:// doi. org/ 10. 1371/ journ al. pone. 01192 21

Jones DT, Taylor WR, Thornton JM (1992) The rapid generation of 
mutation data matrices from protein sequences. Comput Appl 
Biosci 8:275–282. https:// doi. org/ 10. 1093/ bioin forma tics/8. 3. 275

Kempin B (1994) Untersuchungen zur Rosmarinsäuresynthese in Sus-
pensionskulturen von Coleus blumei: Tyrosin Aminotransferase. 
Diploma thesis, Heinrich-Heine University Düsseldorf

Kim YB, Uddin MR, Kim Y, Park CG, Park SU (2014) Molecular 
cloning and characterization of tyrosine aminotransferase and 
hydroxyphenylpyruvate reductase, and rosmarinic acid accumu-
lation in Scutellaria baicalensis. Nat Prod Commun. https:// doi. 
org/ 10. 1177/ 19345 78X14 00900 923

Kirsch JF, Eichele G, Ford GC, Vincent MG, Jansonius JN, Gehring 
H, Christen P (1984) Mechanism of action of aspartate 

aminotransferase proposed on the basis of its spatial structure. 
J Mol Biol 174:497–525. https:// doi. org/ 10. 1016/ 0022- 2836(84) 
90333-4

Kumar S, Stecher G, Tamura K (2016) MEGA7: molecular evolution-
ary genetics analysis version 7.0 for bigger datasets. Mol Biol 
Evol 33:1870–1874. https:// doi. org/ 10. 1093/ molbev/ msw054

Laemmli UK (1970) Cleavage of structural proteins during the assem-
bly of the head of bacteriophage T4. Nature 227:680–685. https:// 
doi. org/ 10. 1038/ 22768 0a0

Lee EJ, Facchini PJ (2011) Tyrosine aminotransferase contributes to 
benzylisoquinoline alkaloid biosynthesis in opium poppy. Plant 
Physiol 157:1067–1078. https:// doi. org/ 10. 1104/ pp. 111. 185512

Li FW, Nishiyama T, Waller M, Frangedakis E, Keller J, Li Z, Fer-
nandez-Pozo N, Barker MS, Bennett T, Blázquez MA, Cheng S, 
Cuming AC, de Vries J, de Vries S, Delaux PM, Diop IS, Harrison 
CJ, Hauser D, Hernández-García J, Kirbis A, Meeks JC, Monte 
I, Mutte SK, Neubauer A, Quandt D, Robison T, Shimamura 
M, Rensing SA, Villarreal JC, Weijers D, Wicke S, Wong GKS, 
Sakakibara K, Szövényi P (2020) Anthoceros genomes illuminate 
the origin of land plants and the unique biology of hornworts. Nat 
Plants 6:259–272. https:// doi. org/ 10. 1038/ s41477- 020- 0618-2

Liu M, Lu S (2016) Plastoquinone and ubiquinone in plants: biosynthe-
sis, physiological function and metabolic engineering. Front Plant 
Sci 7:1898. https:// doi. org/ 10. 3389/ fpls. 2016. 01898

Lu X, Hao L, Wang F, Huang C, Wu S (2013) Molecular cloning 
and overexpression of the tyrosine aminotransferase (TAT) 
gene leads to increased rosmarinic acid yield in Perilla frute-
scens. Plant Cell Tiss Org 115:69–83. https:// doi. org/ 10. 1007/ 
s11240- 013- 0341-z

Maeda H, Dudareva N (2012) The shikimate pathway and aromatic 
amino acid biosynthesis in plants. Annu Rev Plant Biol 63:73–
105. https:// doi. org/ 10. 1146/ annur ev- arpla nt- 042811- 105439

Mahmood T, Yang PC (2012) Western blot: technique, theory, and 
trouble shooting. N Am J Med Sci 4:429–434. https:// doi. org/ 10. 
4103/ 1947- 2714. 100998

Matheron ME, Moore TC (1973) Properties of an aminotransferase of 
pea (Pisum sativum L.). Plant Physiol 52:63–67. https:// doi. org/ 
10. 1104/ pp. 52.1. 63

Mehta PK, Hale TI, Christen P (1989) Evolutionary relationships 
among aminotransferases. Tyrosine aminotransferase, histidinol-
phosphate aminotransferase, and aspartate aminotransferase are 
homologous proteins. Eur J Biochem 186:249–253. https:// doi. 
org/ 10. 1111/j. 1432- 1033. 1989. tb152 02.x

Mehta PK, Hale TI, Christen P (1993) Aminotransferases: demonstra-
tion of homology and division into evolutionary subgroups. Eur 
J Biochem 214:549–561. https:// doi. org/ 10. 1111/j. 1432- 1033. 
1993. tb179 53.x

Mizukami H, Ellis BE (1991) Rosmarinic acid formation and differen-
tial expression of tyrosine aminotransferase isoforms in Anchusa 
officinalis cell suspension cultures. Plant Cell Rep 10:321–324. 
https:// doi. org/ 10. 1007/ BF001 93150

Oue S, Okamoto A, Nakai Y, Nakahira M, Shibatani T, Hayashi H, 
Kagamiyama H (1997) Paracoccus denitrificans aromatic amino 
acid aminotransferase: a model enzyme for the study of dual sub-
strate recognition mechanism. J Biochem 121:161–171. https:// 
doi. org/ 10. 1093/ oxfor djour nals. jbchem. a0215 61

Ovchinnikov Y, Egorov CA, Aldanova NA, Feigina M, Lipkin VM, 
Abdulaev NG, Grishin EV, Kiselev AP, Modyanov NN, Braun-
stein AE, Polyanovsky OL, Nosikov VV (1973) The complete 
amino acid sequence of cytoplasmic aspartate aminotransferase 
from pig heart. FEBS Lett 29:31–34. https:// doi. org/ 10. 1016/ 
0014- 5793(73) 80008-0

Petersen M (2003) Cinnamic acid 4-hydroxylase from cell cultures of 
the hornwort Anthoceros agrestis. Planta 217:96–101. https:// doi. 
org/ 10. 1007/ s00425- 002- 0960-9

https://doi.org/10.1016/0003-2697(66)90220-X
https://doi.org/10.1016/0003-2697(66)90220-X
https://doi.org/10.1042/bj1180291
http://digitalcommons.mtu.edu/bryophyte-ecology/
http://digitalcommons.mtu.edu/bryophyte-ecology/
https://doi.org/10.1016/j.jplph.2011.12.005
https://doi.org/10.1002/tcr.20042
https://doi.org/10.1002/tcr.20042
https://doi.org/10.1016/j.jplph.2005.04.019
https://doi.org/10.1016/j.jplph.2005.04.019
https://doi.org/10.1007/s11033-007-9130-2
https://doi.org/10.1007/s11033-007-9130-2
https://doi.org/10.1007/s11240-012-0277-8
https://doi.org/10.1007/s004390050696
https://doi.org/10.1007/s004390050696
https://doi.org/10.1007/s004380050644
https://doi.org/10.1007/s004380050644
https://doi.org/10.1371/journal.pone.0119221
https://doi.org/10.1093/bioinformatics/8.3.275
https://doi.org/10.1177/1934578X1400900923
https://doi.org/10.1177/1934578X1400900923
https://doi.org/10.1016/0022-2836(84)90333-4
https://doi.org/10.1016/0022-2836(84)90333-4
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/227680a0
https://doi.org/10.1104/pp.111.185512
https://doi.org/10.1038/s41477-020-0618-2
https://doi.org/10.3389/fpls.2016.01898
https://doi.org/10.1007/s11240-013-0341-z
https://doi.org/10.1007/s11240-013-0341-z
https://doi.org/10.1146/annurev-arplant-042811-105439
https://doi.org/10.4103/1947-2714.100998
https://doi.org/10.4103/1947-2714.100998
https://doi.org/10.1104/pp.52.1.63
https://doi.org/10.1104/pp.52.1.63
https://doi.org/10.1111/j.1432-1033.1989.tb15202.x
https://doi.org/10.1111/j.1432-1033.1989.tb15202.x
https://doi.org/10.1111/j.1432-1033.1993.tb17953.x
https://doi.org/10.1111/j.1432-1033.1993.tb17953.x
https://doi.org/10.1007/BF00193150
https://doi.org/10.1093/oxfordjournals.jbchem.a021561
https://doi.org/10.1093/oxfordjournals.jbchem.a021561
https://doi.org/10.1016/0014-5793(73)80008-0
https://doi.org/10.1016/0014-5793(73)80008-0
https://doi.org/10.1007/s00425-002-0960-9
https://doi.org/10.1007/s00425-002-0960-9


 Planta (2021) 253:98

1 3

98 Page 16 of 16

Petersen M, Häusler E, Karwatzki B, Meinhard J (1993) Proposed bio-
synthetic pathway for rosmarinic acid in cell cultures of Coleus 
blumei Benth. Planta 189:10–14. https:// doi. org/ 10. 1007/ BF002 
01337

Petersen M, Abdullah Y, Benner J, Eberle D, Gehlen K, Hücherig S, 
Janiak V, Kim KH, Sander M, Weitzel C, Wolters S (2009) Evo-
lution of rosmarinic acid biosynthesis. Phytochemistry 70:1663–
1679. https:// doi. org/ 10. 1016/j. phyto chem. 2009. 05. 010

Pezeshki S (2016) Biosynthese von Kaffeesäuremetaboliten im Ack-
erhornmoos Anthoceros agrestis und im Kleinen Blasenmützen-
moos Physcomitrella patens. Dissertation, Philipps-Universität 
Marburg

Prabhu PR, Hudson AO (2010) Identification and partial characteriza-
tion of an L-tyrosine aminotransferase (TAT) from Arabidopsis 
thaliana. Biochem Res Int 2010:549572. https:// doi. org/ 10. 1155/ 
2010/ 549572

Puttick MN, Morris JL, Williams TA, Cox CJ, Edwards D, Kenrick P, 
Pressel S, Wellman CH, Schneider H, Pisani D, Donoghue PCJ 
(2018) The interrelationships of land plants and the nature of the 
ancestral embryophyte. Curr Biol 28:733-745.e2. https:// doi. org/ 
10. 1016/j. cub. 2018. 01. 063

Riewe D, Koohi M, Lisec J, Pfeiffer M, Lippmann R, Schmeichel J, 
Willmitzer L, Altmann T (2012) A tyrosine aminotransferase 
involved in tocopherol synthesis in Arabidopsis. Plant J 71:850–
859. https:// doi. org/ 10. 1111/j. 1365- 313X. 2012. 05035.x

Ru M, Wang K, Bai Z, Peng L, He S, Wang Y, Liang Z (2017) A 
tyrosine aminotransferase involved in rosmarinic acid biosynthesis 
in Prunella vulgaris L. Sci Rep 7:4892. https:// doi. org/ 10. 1038/ 
s41598- 017- 05290-4

Sambrook J, Russell DW (2001) Molecular cloning: a laboratory man-
ual, 3rd edn. Cold Spring Harbor Laboratory Press, New York

Sandorf I, Holländer-Czytko H (2002) Jasmonate is involved in the 
induction of tyrosine aminotransferase and tocopherol biosynthe-
sis in Arabidopsis thaliana. Planta 216:173–179. https:// doi. org/ 
10. 1007/ s00425- 002- 0888-0

Scarpati M, Oriente G (1958) Isolamento e costituzione dell’acido ros-
marinico (dal rosmarinus off). Ric Sci 2329–2333

Schenck CA, Chen S, Siehl DL, Maeda HA (2015) Non-plastidic, 
tyrosine-insensitive prephenate dehydrogenases from legumes. 
Nat Chem Biol 11:52–57. https:// doi. org/ 10. 1038/ nchem bio. 1693

Szövényi P, Frangedakis E, Ricca M, Quandt D, Wicke S, Langdale JA 
(2015) Establishment of Anthoceros agrestis as a model species 
for studying the biology of hornworts. BMC Plant Biol 15:98. 
https:// doi. org/ 10. 1186/ s12870- 015- 0481-x

Takeda R, Hasegawa J, Shinozaki M (1990) The first isolation of 
lignans, megacerotonic acid and anthocerotonic acid, from non-
vascular plants, anthocerotae (hornworts). Tetrahedron Lett 
31:4159–4162. https:// doi. org/ 10. 1016/ S0040- 4039(00) 97569-5

Tao Y, Ferrer JL, Ljung K, Pojer F, Hong F, Long JA, Li L, Moreno 
JE, Bowman ME, Ivans LJ, Cheng Y, Lim J, Zhao Y, Ballaré CL, 
Sandberg G, Noel JP, Chory J (2008) Rapid synthesis of auxin 
via a new tryptophan-dependent pathway is required for shade 
avoidance in plants. Cell 133:164–176. https:// doi. org/ 10. 1016/j. 
cell. 2008. 01. 049

Tartoff KD, Hobbs CA (1987) Improved media for growing plasmid 
and cosmid clones. Bethesda Res Lab Focus 9:12

Torrens-Spence MP, Pluskal T, Li FS, Carballo V, Weng JK (2018) 
Complete pathway elucidation and heterologous reconstitution of 
Rhodiola salidroside biosynthesis. Mol Plant 11:205–217. https:// 
doi. org/ 10. 1016/j. molp. 2017. 12. 007

Towbin H, Staehelin T, Gordon J (1979) Electrophoretic transfer of 
proteins from polyacrylamide gels to nitrocellulose sheets: pro-
cedure and some applications. Proc Natl Acad Sci USA 76:4350–
4354. https:// doi. org/ 10. 1073/ pnas. 76.9. 4350

Trennhäuser F (1992) Phytochemische Untersuchung und in vitro Kul-
tur ausgewählter Vertreter der Anthocerotopsida. Dissertation, 
University of the Saarland

Tsai CS (1967) Spontaneous decarboxylation of oxalacetic acid. Can J 
Chem 45:873–880. https:// doi. org/ 10. 1139/ v67- 145

Villarreal JC, Renner SS (2012) Hornwort pyrenoids, carbon-concen-
trating structures, evolved and were lost at least five times during 
the last 100 million years. Proc Natl Acad Sci USA 109:18873–
18878. https:// doi. org/ 10. 1073/ pnas. 12134 98109

Villarreal JC, Renzaglia KS (2015) The hornworts: important advance-
ments in early land plant evolution. J Bryol 37:157–170. https:// 
doi. org/ 10. 1179/ 17432 82015Y. 00000 00016

Vogelsang K, Schneider B, Petersen M (2005) Production of rosmarinic 
acid and a new rosmarinic acid 3’-O-β-D-glucoside in suspen-
sion cultures of the hornwort Anthoceros agrestis Paton. Planta 
223:369–373. https:// doi. org/ 10. 1007/ s00425- 005- 0089-8

Wang M, Maeda HA (2018) Aromatic amino acid aminotransferases 
in plants. Phytochem Rev 17:131–159. https:// doi. org/ 10. 1007/ 
s11101- 017- 9520-6

Wang M, Toda K, Maeda HA (2016) Biochemical properties and sub-
cellular localization of tyrosine aminotransferases in Arabidopsis 
thaliana. Phytochemistry 132:16–25. https:// doi. org/ 10. 1016/j. 
phyto chem. 2016. 09. 007

Wang M, Toda K, Block A, Maeda HA (2019) TAT1 and TAT2 tyros-
ine aminotransferases have both distinct and shared functions in 
tyrosine metabolism and degradation in Arabidopsis thaliana. J 
Biol Chem 294:3563–3576. https:// doi. org/ 10. 1074/ jbc. RA118. 
006539

Whitaker RJ, Gaines CG, Jensen RA (1982) A multispecific quin-
tet of aromatic aminotransferases that overlap different bio-
chemical pathways in Pseudomonas aeruginosa. J Biol Chem 
257:13550–13556

Wohl J, Petersen M (2020a) Phenolic metabolism in the hornwort 
Anthoceros agrestis: 4-coumarate CoA ligase and 4-hydroxyben-
zoate CoA ligase. Plant Cell Rep 39:1129–1141. https:// doi. org/ 
10. 1007/ s00299- 020- 02552-w

Wohl J, Petersen M (2020b) Functional expression and characterization 
of cinnamic acid 4-hydroxylase from the hornwort Anthoceros 
agrestis in Physcomitrella patens. Plant Cell Rep 39:597–607. 
https:// doi. org/ 10. 1007/ s00299- 020- 02517-z

Xu JJ, Fang X, Li CY, Yang L, Chen XY (2019) General and special-
ized tyrosine metabolism pathways in plants. aBiotech. https:// doi. 
org/ 10. 1007/ s42994- 019- 00006-w

Yoo H, Widhalm JR, Qian Y, Maeda H, Cooper BR, Jannasch AS, 
Gonda I, Lewinsohn E, Rhodes D, Dudareva N (2013) An alterna-
tive pathway contributes to phenylalanine biosynthesis in plants 
via a cytosolic tyrosine:phenylpyruvate aminotransferase. Nat 
Commun 4:2833. https:// doi. org/ 10. 1038/ ncomm s3833

Zhang J, Fu XX, Li RQ, Zhao X, Liu Y, Li MH, Zwaenepoel A, Ma 
H, Goffinet B, Guan YL, Xue JY, Liao YY, Wang QF, Wang QH, 
Wang JY, Zhang GQ, Wang ZW, Jia Y, Wang MZ, Dong SS, Yang 
JF, Jiao YN, Guo YL, Kong HZ, Lu AM, Yang HM, Zhang SZ, 
van de Peer Y, Liu ZJ, Chen ZD (2020) The hornwort genome and 
early land plant evolution. Nat Plants 6:107–118. https:// doi. org/ 
10. 1038/ s41477- 019- 0588-4

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/BF00201337
https://doi.org/10.1007/BF00201337
https://doi.org/10.1016/j.phytochem.2009.05.010
https://doi.org/10.1155/2010/549572
https://doi.org/10.1155/2010/549572
https://doi.org/10.1016/j.cub.2018.01.063
https://doi.org/10.1016/j.cub.2018.01.063
https://doi.org/10.1111/j.1365-313X.2012.05035.x
https://doi.org/10.1038/s41598-017-05290-4
https://doi.org/10.1038/s41598-017-05290-4
https://doi.org/10.1007/s00425-002-0888-0
https://doi.org/10.1007/s00425-002-0888-0
https://doi.org/10.1038/nchembio.1693
https://doi.org/10.1186/s12870-015-0481-x
https://doi.org/10.1016/S0040-4039(00)97569-5
https://doi.org/10.1016/j.cell.2008.01.049
https://doi.org/10.1016/j.cell.2008.01.049
https://doi.org/10.1016/j.molp.2017.12.007
https://doi.org/10.1016/j.molp.2017.12.007
https://doi.org/10.1073/pnas.76.9.4350
https://doi.org/10.1139/v67-145
https://doi.org/10.1073/pnas.1213498109
https://doi.org/10.1179/1743282015Y.0000000016
https://doi.org/10.1179/1743282015Y.0000000016
https://doi.org/10.1007/s00425-005-0089-8
https://doi.org/10.1007/s11101-017-9520-6
https://doi.org/10.1007/s11101-017-9520-6
https://doi.org/10.1016/j.phytochem.2016.09.007
https://doi.org/10.1016/j.phytochem.2016.09.007
https://doi.org/10.1074/jbc.RA118.006539
https://doi.org/10.1074/jbc.RA118.006539
https://doi.org/10.1007/s00299-020-02552-w
https://doi.org/10.1007/s00299-020-02552-w
https://doi.org/10.1007/s00299-020-02517-z
https://doi.org/10.1007/s42994-019-00006-w
https://doi.org/10.1007/s42994-019-00006-w
https://doi.org/10.1038/ncomms3833
https://doi.org/10.1038/s41477-019-0588-4
https://doi.org/10.1038/s41477-019-0588-4

	Identification and biochemical characterisation of tyrosine aminotransferase from Anthoceros agrestis unveils the conceivable entry point into rosmarinic acid biosynthesis in hornworts
	Abstract
	Main conclusion 
	Abstract 

	Introduction
	Materials and methods
	Plant material
	Isolation of RNA and preparation of cDNA
	PCR amplification and transformation of E. coli SoluBL21
	Expression of AaTAT
	SDS-PAGE, Western blot and immunodetection
	TAT assays for HPLC analysis
	Photometric activity assays
	Assays for TLC analyses
	Verification of TLC results by HPLC
	Enzyme assays for LC–MS analyses
	Phylogenetic analysis

	Results
	Nucleotide and amino acid sequence of AaTAT
	Biochemical characterisation of AaTAT
	Search for other substrates

	Discussion
	Conclusion
	Acknowledgements 
	References




