PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Raeispour Shirazi M, Rahpeyma SA,
Rashidi Monfared S, Zolala J, Lohrasbi-Nejad A
(2021) Identification and in-silico characterization
of taxadien-5a-ol-0-acetyltransferase (TDAT) gene
in Corylus avellana L.. PLoS ONE 16(8): 0256704.
https://doi.org/10.1371/journal.pone.0256704

Editor: Balamurugan Srinivasan, Bharathidasan
University, INDIA

Received: February 18, 2021
Accepted: August 12, 2021
Published: August 27, 2021

Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication of
all of the content of peer review and author
responses alongside final, published articles. The
editorial history of this article is available here:
https://doi.org/10.1371/journal.pone.0256704

Copyright: © 2021 Raeispour Shirazi et al. This is
an open access article distributed under the terms
of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

RESEARCH ARTICLE

|dentification and in-silico characterization of
taxadien-5a-ol-O-acetyltransferase (TDAT) gene
in Corylus avellana L.

Mona Raeispour Shirazi', Sara Alsadat Rahpeymac ' #, Sajad Rashidi Monfared?,
Jafar Zolala', Azadeh Lohrasbi-Nejad’

1 Department of Agricultural Biotechnology, Shahid Bahonar University of Kerman, Kerman, Iran,
2 Department of Biotechnology, Faculty of Agriculture, Tarbiat Modares University, Tehran, Iran

* s.rahpeyma @ uk.ac.ir

Abstract

Paclitaxel® (PC) is one of the most effective and profitable anti-cancer drugs. The most
promising sources of this compound are natural materials such as tissue cultures of Taxus
species and, more recently, hazelnut (Corylus avellana L.). A large part of the PC biosyn-
thetic pathway in the yew tree and a few steps in the hazelnut have been identified. Since
understanding the biosynthetic pathway of plant-based medicinal metabolites is an effective
step toward their development and engineering, this paper aimed to identify taxadiene-5a-
ol-O-acetyltransferase (TDAT) in hazelnut. TDAT is one of the key genes involved in the
third step of the PC biosynthetic pathway. In this study, the TDAT gene was isolated using
the nested-PCR method and then characterized. The cotyledon-derived cell mass induced
with 150 uM of methyl jasmonate (MeJA) was utilized to isolate RNA and synthesize the
first-strand cDNA. The full-length cDNA of TDAT is 1423 bp long and contains a 1302 bp
ORF encoding 433 amino acids. The phylogenetic analysis of this gene revealed high
homology with its ortholog genes in Quercus suberand Juglans regia. Bioinformatics analy-
ses were used to predict the secondary and tertiary structures of the protein. Due to the lack
of signal peptide, protein structure prediction suggested that this protein may operate at the
cytoplasm. The homologous superfamily of the T5AT protein, encoded by TDAT, has two
domains. The highest and lowest hydrophobicity of amino acids were found in proline 142
and lysine 56, respectively. TSAT protein fragment had 24 hydrophobic regions. The tertiary
structure of this protein was designed using Modeler software (V.9.20), and its structure
was verified based on the results of the Verify3D (89.46%) and ERRAT (90.3061) programs.
The T5AT enzyme belongs to the superfamily of the transferase, and the amino acids histi-
dine 164, cysteine 165, leucine 166, histidine 167, and Aspartic acid 168 resided at its active
site. More characteristics of TDAT, which would aid PC engineering programs and maximize
its production in hazelnut, were discussed.
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Introduction

Cancer is known as a leading cause of death worldwide, and it is expected that the number of
cancer patients will increase to over 22 million cases in the next 20 years [1]. Consequently, the
demand for anticancer drugs is overgrowing. Paclitaxel (PC), sold under the trade name
Taxol, is a chemotherapy medication used to treat various types of cancer such as ovarian and
breast cancers as well as AIDS-related Kaposi’s Scarcorna [2-4]. Compared to other similar
compounds, PC’s mode of action against cancer cells is unique in that it inhibits cell prolifera-
tion by binding to microtubules. This compound also promotes the stabilization of microtu-
bules at the G2-M phase of the cell cycle [3, 5]. PC is a diterpenoid compound that was first
extracted from the western yew tree (Taxus brevifolia). Particularly, hazelnut (Corylus avellana
L.) [6], some microorganisms like yew endophytic fungi, and hazelnut endophytic fungi [7, 8]
are the other raw resources for PC production. All natural sources produce low levels of PC
[9-11]. Although PC can be synthesized through total chemical synthesis, it is found time-con-
suming, expensive, and low-yielding due to the complexity of the chemical structure of PC
[12, 13]. Hence, in response to the increasing demand for the supplies of PC, new alternative
approaches are required to be developed. It has been well investigated that Taxus and C. avel-
lana L. cell cultures are promising sources for PC production [4, 14, 15]. Novel strategies were
adopted to achieve higher levels of PC production ranging from using elicitors [16, 17], omics
studies [18], mathematical modeling [19, 20], and metabolic engineering [21]. Metabolic engi-
neering introduces a rational modification to the genetic makeup of an organism to alter or
improve its metabolic profile, and consequently to develop new “non-natural” products. Engi-
neered plant cell lines have the potential to achieve enhanced metabolite production rates [22].
Controlling these complex biosynthetic processes has been provided with the means of under-
standing the metabolic pathways and advances in molecular biology techniques [23]. However,
the amount of PC produced by tissue and cell culture of C. avellana is low. A comprehensive
understanding of the PC biosynthetic pathway in hazelnut, particularly the genes encoding
rate-limiting enzymes and the enzymes catalyzing these reactions, are influential factors for
developments in metabolic engineering and the production of PC to be significantly increased
(24, 25].

The biosynthesis pathway of PC contains 19 enzymatic steps starting from the universal
diterpenoid precursor called geranylgeranyl diphosphate (GGPP). GGPP is formed through
coupling farnesyl diphosphate (FPP) to isopentenyl diphosphate (IPP) by GGPP synthase
(GGPPS) [26]. A few PC biosynthetic genes such as GGPPS (Gene Bank Accession No: EF
206343) and CgHMGR (Gene Bank Accession No: EF553534) have been identified in hazelnut
[25,27].

Taxa-4(5), 11(12)-diene is the initial main precursor of the PC biosynthesis pathway. This
precursor is catalyzed by taxadien synthase (TS) from GGPP [28]. Taxadien is hydroxylated at
the C-5 position and produces taxa-4(20),11(12)-dien-5c-ol [29]. The first acetyltransferase in
the PC biosynthetic pathway is taxadien-5a-ol-O-acetyltransferase (T5AT) which converts
taxa-4(20),11(12)-dien-5a-ol to taxa-4(20), 11(12)-dien-5a-yl-acetate. Taxa-4(20), 11(12)-
dien-50i-0l is acrylated by T5AT at the C-5 position in the presence of acetyl CoA [26]. This
reaction is important due to the presence of an essential branch in this position. The gene
encoding T5AT with some other genes is involved upstream of the biosynthetic pathway [30,
31]. High expressions of upstream biosynthesis genes such as Taxadien-5a-ol-O-acetyltransfer-
ase (TDAT) gene in some tissues or new cultivars of Taxus are assumed as the leading cause
for higher yield of PC due to the catalysis of a series of key acetylation and hydroxylation steps
[32, 33]. Furthermore, T5AT competes with taxadien-13a-hydroxylase (TaH). TaH like T5AT
converts taxa-4(20), 11(12)-diene-5a-ol to taxa-4(20), 11(12) diene 50, 13c-diol, however, its
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next steps are unknown and low-expressed. Thus, this branch in the pathway could be targeted
for metabolic engineering [34, 35]. These results point to TDAT’s significance in the PC bio-
synthetic pathway, making it a promising candidate for PC engineering in C. avellana L. In
this article, we present the novel information on the isolation and characterization of TDAT
from the methyl jasmonate (MeJA)-induced cell suspension of hazelnut, with the goal of better
understanding the PC biosynthetic pathway, which could be the subject of future researches.

Materials and methods
In vitro cell culture chemical and biological reagents

In this research, the plant materials were hazelnut (C. avellana L.) cotyledon-derived calli, and
cell suspensions. For this purpose, hazelnut seeds were collected from Gilan Province of Iran,
(37.1378° N, 50.2836° E). Friable calli and cell suspensions were obtained according to the
cells immobilization method [36]. Briefly, the first step was sterilization of the seeds by sodium
hypochlorite (5.25%) for 25 min, ethanol 70% (v/v) for two min, sodium hypochlorite (25
min) again, and finally sterile water (3 x 5 min). Almost 1 g from the induced white calli of
seed cotyledons in MS medium supplemented with 0.2 mg 1" 6-benzylaminopurine (BA) and
2 mg1" 2, 4-dichlorophenoxy acid (2.4-D) were suspended in 30 mL liquid media with the
same composition. The cell mass obtained from several subcultures in liquid media was immo-
bilized in solid media and produced friable and fast-growing calli. These calli were applied for
subsequent experiments and the establishment of the next suspension. Culture medium salts
and vitamins were produced from Merck (Kenilworth, New Jersey, USA) pharmaceutical
company and other reagents including plant hormones and elicitors were produced from
Sigma (St. Louis, Missouri, USA) chemical company.

Elicitor treatment of cell suspension

Frequent subcultured (at least 4 times) and homogenized cell suspensions were used for the
elicitor treatment. MeJA stock solution was prepared by dissolving it in 0.1% ethanol and
water and then sterilizing it by filtering through 0.22 pm filters. The cell suspension was treated
on the seventh day of its cultivation (start of stationary growth phase) with different concentra-
tions of MeJA (0, 50, 100, 150 uM) with three replicates. In the case of control cultures (0 uM
MeJA), 10 L filter-sterilized 0.1% ethanol were added. The elicited cells were harvested after
72 h [17]. Subsequently, the harvested cells were stored in liquid nitrogen for being used in the
next molecular studies.

EST assembly strategy for identification of TDAT

The TDAT coding DNA sequence (CDS) was obtained from C. avellana Expressed Sequence
Tags (EST) library (https://www.ncbi.nlm.nih.gov/genbank/dbest/). In brief, ESTs were down-
loaded from several RNA sequence projects (SRA) of hazelnut and used to build up consensus
sequences. The EST sequences of TDAT genes were obtained from similar orthologous
sequences in other plants utilizing offline BLAST software. These EST sequences were assem-
bled through the “align-then assembles” approach using the Codon Code Aligner V.6.0.2 soft-
ware (Codon Code Corporation, USA). Then, a TDAT consensus sequence was generated
using the assembling operation and then emitting different ESTs. Accordingly, the sequence
was cleaned up and a consensus sequence was created using Codon Code Aligner. This
sequence was evaluated to find the open reading frame (ORF) and related protein using the
OREF finder (https://www.ncbi.nlm.nih.gov/orffinder/).
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Table 1. PCR primers sequences for TDAT gene.

Position Primer
Outside ORF Forward. 1
Outside ORF Reverse. 1
Inside ORF Forward. 2
Inside ORF Reverse. 2

https://doi.org/10.1371/journal.pone.0256704.t001

Sequences

5’ ~-GGGGGACAATCTCAAGTTCATT-3"

5’ -GTGGACCAAATTGAACGTACACC-3’
5’ -CTGACAATCAGCTCAGAAGGAAAG-3'
5’ -CTAGACCAAGTTGTGACCAGTAG-3’

BLASTYp (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) was carried out to con-
firm the ORF and protein of the TDAT gene. Eventually, gene-specific primers were designed
for PCR-amplification of the TDAT gene based on bioinformatics analysis. Primer premier
(V.6.0) was used to design the primers based on the full ORF of the cDNA consensus sequence
(Table 1). Interaction and characteristics of primers were investigated and confirmed with the
oligo analyzer (https://www.idtdna.com/pages/tools/oligoanalyzer) V.3.1 program.

Extraction of RNA and cDNA synthesis

The total RN A was extracted from MeJA treated hazelnut cells (calli) with a Total RNA isola-
tion kit, DENAZ II ASIA, (cat No.: S-1010, Iran). The concentration and quality of the
extracted RNA were analyzed using a Nanodrop spectrophotometer (OneC, Thermo Scien-
tific, USA) and confirmed with agarose gel electrophoresis. Genomic DNA content was
removed from the extracted RNA with RNase-free DNAse I (Thermo Scientific (Fermentase),
cat no.: ENo521, USA). The first-strand cDNA synthesis reaction was accomplished using a
Revert Aid first-strand cDNA synthesis kit (Thermo Scientific (Fermentase), cat no.: K1621,
USA).

RT-PCR analysis and gene isolation with nested-PCR

Since gene identification and isolation from cDNA depends on its expression, the cell suspen-
sion elicited with MeJA was used for RNA extraction and cDNA synthesis. Different MeJA
concentrations were used to induce TDAT expression, and the induced cell mass with 150 pL
of MeJA was used for the subsequent RT-PCR and nested-PCR. TDAT gene expression was
investigated using reverse transcription PCR (RT-PCR). Nested-PCR was also performed to
confirm the characterized ORF. Nested primers were designed in different situations of the
consensus sequence. These primers were used to amplify overlapping fragments in order to
approve the ORF specification (S1 Fig). The RT-PCR experiment was carried out using For-
ward.1 and Reverse.1 primers (Table 1). These primers amplified a fragment with a length of
1423 bp and an ORF of 1302 bp. The following reagents were used for RT-PCR and nested-
PCR: 1 uL DNase-free water, 1 uL forward primer (10 pmol pL '), 1 uL reverse primer (10
pmol uL ), 2 uL cDNA (100-200 ng uL '), and 10 pL Tag DNA polymerase Mix Red- 1.5 uM
Mgcl, (Ampliqone, cat no.: A150303, Denmark). A volume of 20 pL of each reaction was used
for PCR. The RT-PCR program, as well as nested-PCR, were executed as follows: pre-denatur-
ing cDNA at 94°C for 1 min, 34 cycles for denaturing at 94°C for 30 s, annealing at 52+ 2°C
for 35 s, and 85 s of extension at 72°C. After the last cycle, the amplification was extended at
72°C for 5 min. Annealing at 58°C for 35 s was set for the RT-PCR program with GAPDH
primers (S1 Table).

PCR purification was done using Ron’s Gel Extraction Kit (BIGRON, cat no.: 802501) for
1423 bp. The cleaned PCR products were subjected to sequencing (Bioneer, South Korea). The
nested-PCR amplification and full-length cDNA sequencing were repeated four times.
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Bioinformatics analysis and modeling of the T5AT protein

The results of cDNA sequencing were analyzed using Chromas V.1.14 software. Overlapping
sequences were edited using the CLC sequencing V.6.1 program, and the final sequence was
used for subsequent studies. Protein sequences that identified with more than 70% of the cod-
ing region of consensus sequences from different species were selected for sequence alignment
and phylogenetic analysis. The relationship between T5AT and proteins downloaded from
BLASTp was determined using the web-based Clustal Omega software (http://www.ebi.ac.uk/
Tools/msa/clustalo/), and the maximum likelihood was inferred using the MEGA V.7.0. A
Dayhoft model was used to build the phylogenetic construction [37]. To calculate bootstrap
(BS) values, 1000 iterations were used. The previously aligned nucleotide sequences of 15
genes were used to construct the evolutionary tree of the TDAT gene, based on the branch-site
model, by using the EasyCodeML software, a part of the PAML package [38]. The branches’
lengths and Omega (w) values were evaluated using Nei & Gojobori method [39] and Bayes
Empirical Bayes (BEB) analysis [40].

Secondary structure prediction of the T5AT protein

The secondary structure of the T5AT protein was predicted and assessed using the software.
The conserved area of the T5AT gene was identified using the alignment of ortholog sequences
for more precision and confidence. InterPro (https://www.ebi.ac.uk/interpro/) was used to
represent the domains of T5AT. The PSORT-program (www.genscript.com/tools/wolf-psort)
was used to determine the functional location of the T5AT protein. The position of each
amino acid in the secondary structure of the protein was determined using the online POR-
TER (http://distillf.ucd.ie/porter/) and PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/) pro-
grams. The protein storage site and gene ontology of T5AT were performed using PredictNLS
(https://predictprotein.org/). This program showed the connection between amino acids and
other proteins and their molecular functions. The Signal Peptide program (http://www.cbs.
dtu.dk/services/SignalP/) was performed to predict the signal sequence of T5AT. Epestifind
software (https://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind) was used to rapidly
identify the PEST motif (proline (P), one aspartate (D), glutamate (E), and at least one serine
(S), or threonine (T)). ProtParam (https://web.expasy.org/protparam/) and ProtScale (https://
web.expasy.org/protscale/) computed various physicochemical properties such as molecular
weight, theoretical PI, amino acids composition, instability index, and hydrophobicity scales
[41, 42].

T5AT tertiary structure prediction

The tertiary structure of the T5AT protein was assessed using the program described herein.
The amino acid sequence associated with the taxadien-5a-o0l-O-acetyltransferase enzyme was
prepared from the protein sequence database of NCBI with AAB41811 code. The T5AT
sequence was compared to the sequences of proteins available in the Protein Database (PDB)
to find the appropriate template creating its tertiary structure. The template crystallography
file of protein (PDB ID: 4g0b) was obtained from a protein data bank. Modeler software
(V.9.20) was used to generate 500 structural models of the T5AT protein. Verify3D and
ERRAT compared the similarity of the simulated structure to the template. Procheck and
Prosa software was used to evaluate the quality of the space chemistry models. Procheck was
used to assess the overall accuracy of the protein structure and the simulated models. For this
purpose, parameters such as the quality of the Ramachandran plot were examined [43].
Finally, the similarity of the 3D-structure of the template with the selected model was
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estimated by measuring the root mean squared deviation (RMSD) using Swiss-Pdb Viewer
(SPDBYV) software (version 4.1; https://spdbv.vital-it.ch/).

Results
Elicitor treatment of cell suspension and RT-PCR analysis

In the primary studies, no gene (TDAT) expression was observed in the control (non-elicited)
calli or cell suspensions (S2 Fig). MeJA elicitor treatments (50, 100, and 150 uM) were then
used to induce TDAT gene expression. TDAT gene expression could not be detected at low
MeJ A concentrations (50 and 100 pM) and it was perceivable at higher concentration of MeJA
(S2 Fig). Accordingly, 150 uM MeJA-induced cells were used for RNA extraction and RT-PCR
preparation. At this concentration, PCR purification was carried out for 1423 bp and was sub-
jected to sequencing.

Identification and characterization of the TDAT gene with EST assembly
and nested-PCR

First, a consensus sequence of TDAT was made of 152 ESTs. The ORFs and related proteins of
the consensus sequence were evaluated with ORF finder and confirmed with BLAST(P).
Nested-PCR was performed as a supplementary experiment to amplify the full-length cDNA
of the TDAT from C. avellana and merely to further confirm the results of the bioinformatics
analysis. It amplified the fragments located at the coding regions of TDAT with the designed
primers (S3 Fig). The results of nested-PCR were precisely the same as what was expected
from the bioinformatics analysis. The cDNA was 1423 bp and, according to ORF finder, it was
included in 1302 bp encoding 433 amino acids (S2 Table) (submitted to GeneBank as acces-
sion number: TDAT (TAT): MF134435).

Bioinformatics analysis and modeling of T5AT protein

To draw the phylogenetic tree and protected regions, the alignment of amino acids was carried
out using Clustal Omega software. The HXXXD motif was very stable and highly conserved.
Its amino acid was at positions 164-168 of C. avellana (Fig 1).

The results of phylogenetic analyses suggested that the TDAT gene in C. avellana is more
closely related to HHT in Quercus suber and it belongs to the same order as Quercus suber and
Juglans regia (Fig 2).

One of the statistical parameters to genetically evaluate the evolution process is Omega (w)
value, the rate ratio of nonsynonymous to synonymous substitutions (dy/ds). w = 1 suggests
neutral expectation; w< 1 indicates negative (purifying) selection; while w> 1 shows positive
(diversifying) selection [39]. As shown in S4 Fig, the evaluated species are divided into three
distinct categories according to the evolution of the TDAT gene. This gene has the same ances-
tor in Corylus, Quercus, and Juglans. The assessment of nucleotide changes that alter the
amino acids (dy) relative to nucleotide changes that do not affect the resulting amino acid is a
practical and highly efficient method to detect the process of natural selection during gene evo-
lution. According to the matrix obtained from the Nei & Gojobori method, dy, ds and w were
0.0838, 0.4804, and 0.1745, respectively, for C. avellana L., indicating a purifying selection for
the TDAT gene. Several statistical methods have been developed based on codon substitution
models to identify positive selection for a branch in a phylogeny. One of the simulation studies
in the phylogenetic analysis by maximum likelihood (PAML), using the maximum-likelihood
methods is Bayes Empirical Bayes (BEB) analysis. It has been inferred from the results that
Thr106 in C. avellana, had been influenced under positive selection by approximately 98%.
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KPDPITLGKLVYDIPGAKNILEIPPLVVQVTKFKCGGFVLGLGMNHCLHDGIAAMEFVNS
KPDPVTLGKLVYDIPGARNILEMPLLVAQVTKFKCGGFVLGLCMNHCHMHDGIAAMEFVNS
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Fig 1. Multiple sequence alignment amino acids of TDAT gene with other plants. The HXXXD motif was indicated
with the ¥ symbol above the motif letters.

https://doi.org/10.1371/journal.pone.0256704.g001

47

93— Manihot esculenta-HHT

73 ———— Hevea brasiliensis-HHT

92

46

Ricinus communis-HHT
84L— Jatropha curcas-HHT
Populus trichocarpa-HHT
Vitis vinifera-HHT

56 L——— Nelumbo nucifera-HHT

g5 — Prunus avium-HHT

Fig 2. Phylogenetic analysis of identified TDAT of C. avellana with HHT to another plant that had high identity.

67

38

Rosa chinensis-HHT
Ziziphus jujube-HHT
Morus notabilis-HHT
Juglans regia-HHT

Nicotiana tabacum-HHT

94 —— Corylus avellana-TAT

95— Quercus suber-HHT

https://doi.org/10.1371/journal.pone.0256704.9g002
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MEKVSNKSCQLSVKQEEPTLVPPGGETEKGFFFFSNLDQKIAVIVPKIYGFKSDSKGNED

The probability of changes in amino acids Gly24, Phe32, Phe34, Pro46, Lys47, Gly50, Ala79,
Glyl61, GIn206, Val242, Ser307, and Pro376 were between 50% and 79%. The length of the
branches showed the number of nucleotide substitutions per codon (54 Fig). As a result, most
nucleotide changes were observed for Juglans (0.27151) in comparison with Corylus (0.26287)
and Quercus (0.22245).

Secondary structure prediction of T5AT protein

The results of protein domain analysis, performed using the InterPro database and tools, pre-
dicted that the T5AT protein would belong to the family of transferases. The homologous
superfamily of the T5AT protein has two domains. The position of the first domain was found
to be at amino acids 7-216 and the second domain at 220 to 432. The molecular function of
the enzyme was foreseen as the transmission of the acyl group using PredictNLS. The NLS
analysis revealed the cytoplasmic localization of this protein. This software confirmed the
molecular function predicted by InterPro. All protein binding sites (PBSs) which catalysis the
activity and the biological process of this protein in the biosynthesis of the metabolites, were
shown by PREDICT NLS (S5 Fig). The PBSs were located at amino acids 1-4, 53-56, 116-120,
212-213, 397-397, and 408-410.

Based on the Signal Peptid program, no signal peptide was determined for the T5AT pro-
tein. According to Porter’s data prediction, the T5AT protein is formed through the contribu-
tion of 29.6% Helix, 26.1% extended or Beta strand, and 44.34% coils (Fig 3). The secondary
structure of the T5AT protein was also confirmed with the same result provided by the
PSIPRED program with a confidence line having 0 to 9 digits. The PSIPRED prediction of the
location of the T5AT protein was performed in 6 positions with different scores. The active
site of this protein in the plant cell was predicted to be in the cytoplasm (50%), nucleus
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Fig 3. The secondary structure of T5AT protein prediction with PORTER program. Query-length: 433. H = Helix. E = strand. C = Coil. B = much buried.

b = somewhat buried. e = somewhat exposed. E =

very exposed.

https://doi.org/10.1371/journal.pone.0256704.9003
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(21.5%), mitochondrion (7.1%), peroxisome (7.1%), endoplasmic reticulum (7.1%), and chlo-
roplast (7.1%).

Epestifind software was used to find the PEST motifs as potential proteolytic cleavage site.
Altogether 4 PEST motifs were identified in the T5AT protein located between positions of 1
and 433. A potential PEST motif with 14 amino acids was determined among the positions of
14 to 29, and three poor PEST motifs were considered to be among the amino acid positions of
136-150, 319-337, and 378-398 (56 Fig).

Based on the estimation of Protparam software, the molecular weight of the TDAT protein
and its theoretical pI were 48017.62 Da and 6.43, respectively (Table 2). The result of Protscale
analysis showed that T5AT had 51 positive electric charges and 53 negative electric charges,
due to the presence of lysine/ arginine and aspartate/glutamate. The detailed frequency of
amino acids participating in the T5AT structure is provided in Table 2. The molecular formula
of this protein was assigned as C,171H3434N560062851s. The instability index for T5AT was esti-
mated to be 37.94 implying the protein’s stability. The Grand Average of Hydropathicity
(GRAVY) value was -0.090. Furthermore, the results of the Kyte & Doolittle plot (Fig 4), as
well as the tertiary structure, showed that T5AT protein fragments had 24 hydrophobic regions
with amino acids 33-35, 41-47, 64-66, 68-77, 81-83, 87-89, 91-107, 124-132, 135-150, 152-
163, 168-176, 189-191, 194-197, 240-243, 264-270, 288-292, 308-317, 328-339, 352-355,
363-373, 378-379, 382-393, 397-405, and 414-429. Pro 142 and Lys 56 exhibited the highest
(2,033) and the lowest (-2,644) hydrophobicity residue, respectively.

Table 2. A glance at the prediction of simple physicochemical specifications (amino acids composition) of the
T5AT protein. The amount of amino acid leucine (Leu) in the T5AT protein structure was the most.

Amino acids numbers Amount (%)
Ala (a) 30 6.9%
Arg (R) 16 3.7%
Asn (N) 12 2.8%
Asp (D) 21 4.8%
Cys (C) 9 2.1%
Gln (Q) 14 3.2%
Glu (E) 32 7.4%
Gly (G) 29 6.7%
His (H) 7 1.6%
Iis (I) 25 5.8%
Leu (L) 42 9.7%
Lys (K) 35 8.1%
Met (M) 9 2.1%
Phe (F) 25 5.8%
Pro (P) 27 6.2%
Ser (S) 27 6.2%
Thr (T) 26 6.0%
Trp (w) 4 0.9%
Tyr (Y) 9 2.1%
Val (V) 34 7.9%
Pyl (0) 0 0.0%
Sec (U) 0 0.0%

Number of amino acids: 433.
Molecular weight: 48017.62.
Theoretical pI: 6.43.

https://doi.org/10.1371/journal.pone.0256704.t002
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Fig 4. The results of Kyte and Doolittle diagram about the T5AT protein containing 24 hydrophobic regions.
https://doi.org/10.1371/journal.pone.0256704.9004

3D-structure of the T5AT protein

First, similar and most close sequences to the T5AT sequence were obtained using the protein
BLAST database. The hydroxycinnamoyl-COA shikimate/quinate hydroxycinnamoyl transfer-
ase enzyme, which it’s 3D-structure (PDB code; 4G0B) was identified by Lallemand et al. [44],
was considered as a template for the T5AT protein. The sequence identity between the two
proteins was determined to be 35%. Five hundred structural models were generated T5AT
using Modeller software. Validation tests evaluated the quality of each model, and the model
with the highest degree of similarity was considered as the tertiary structure of the T5AT pro-
tein which was referred to as MO323. The results of Ramachandran plots (S7 Fig) were sum-
marized in Table 3. Approximately, 87.0% and 88.0% of all amino acids were located within
the most favored regions for the template and MO323, respectively. The slight difference
between the obtained values can be explained by the position of amino acids in specific regions
of the Ramachandran plot, implying that the 3D-structure of MO323 was highly similar to that

Table 3. Related parameters for confirmation of the simulated structure and its similarity to the pattern.

Model Procheck Verify 3D Errat
Most favored regions Additional allowed regions Generously allowed regions Disallowed regions
4GOB 87.0% 12.7% 0.3% 0.0% 89.46% 90.3061
MO323 88.8% 10.4% 0.8% 0.0% 60.51% 75.5882

https://doi.org/10.1371/journal.pone.0256704.t003
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Fig 5. Z-score values for (A) the template, (B) the simulated model (MO323). Both structural models are located in the position of X-ray

structures.

https://doi.org/10.1371/journal.pone.0256704.9005

of the template. The overall quality of the MO323 was checked by comparing Z-scores in
Prosa software. The Z-score calculates the total energy of the structure and shows the degree of
consistency between the sequence and the tertiary structure of the model [45]. This value was
calculated as -9.94 and -8.72 for the template and MO323, respectively. The negative values
represented the accuracy of the simulated structure; accordingly, there was a high similarity
between MO323 and the template. As shown in Fig 5, the structure of MO323 was located at
the position corresponding to the X-ray structures. Thus, the obtained model was sufficiently
reliable and was empirically close to the 3D-structure of the pattern. Verify3D calculations
showed that 60.51% of the amino acids belonging to MO323 had a score greater than 0.2. This
value was 89.46% for the template. This parameter determines the compatibility of the protein
3D-structure with its 1D-structure. Based on the obtained score, the accuracy of the simulated
structure and its high quality can be inferred. ERRAT values were determined to be 75.8 and
90.5 for MO323 and the template, respectively. This parameter examines non-bonded interac-
tions between different atom types and the performance rates of 9 amino acids versus other 9
amino acids by statistically comparing with the most similar structures. Based on the results,
MO323 was selected as the T5AT 3D-structure from 500 models. The RMSD values for the
template and the model (based on backbone and o-carbon) were 0.79 and 0.81 angstroms,
respectively. The slight differences between the RMSD values of the two proteins demonstrated
their structural similarity. The 3D-structures of the template and MO323 were merged, and
the overall similarity and slight differences between them were examined using YASARA soft-
ware. The results showed that the topology of both proteins’ folding was significantly similar
despite the slight differences between the model and the template (Fig 6). Differences were
more specified in the turn and coil regions. As shown in Fig 7A, the T5AT enzyme contained
15 beta-strands and 9 alpha-helices in its tertiary structure. Beta-strands were located at the
amino acid positions 12-21, 45-51, 30-32, 82-86, 89-95, 100-107, 143-151, 154-163, 231-
239,281-294, 310-318, 368-372, 388-392, 399-405, and 412-420. Alpha-helices were located
at amino acid positions with 35-40, 61-72, 168-184, 240-249, 261-278, 319-326, 328-341,
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Fig 6. Comparison of the surface of the 3D-structure belongs to the template and MO323 (red and yellow,
respectively), differences of structures are relative to turn and coil regions.

https://doi.org/10.1371/journal.pone.0256704.g006

343-355, and 423-432. The T5AT enzyme belongs to the transferase superfamily which is
commonly found in plants and fungi. The HXXXD motif makes up part of the active site of all
enzymes in this superfamily [46]. This motif located at positions 164-168 of the T5AT protein
structure contains the His-Cys-Leu-His-Asp amino acid sequence forming a turn region
between the eighth beta-strand and the tertiary alpha-helix (Fig 7B).

Fig 7. 3D-structure of the T5AT enzyme presented by YASARA program. (A) Beta-strands and alpha-helixes are
yellow and blue, respectively. This model has 15 beta-strands and 9 alpha-helices; (B) HXXXD motif in T5AT enzyme
contains His 164, Cys 165, Leu 166, His 167 and Asp168.

https://doi.org/10.1371/journal.pone.0256704.9g007
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Discussion

A considerable number of research papers have been devoted to investigating the taxol biosyn-
thetic pathway in Taxus and its producing microorganisms [29, 47]. Despite all these efforts,
that pathway still has ambiguities in details and it is yet unknown in hazelnut except for the
early two genes [25, 27]. The key acetylation step by taxadien-5a-ol-O-acetyltransferase (TDAT
or TAT), as the early bottleneck in the pathway, has been highlighted [48]. Moreover, the key
genes participating in the next hydroxylation steps, are affected by the TDAT catalytic step
[32]. In this study, TDAT ortholog was detected and identified in C. avellana L. using the
experimental and in-silico analysis. C. avellana is known as a candidate source for PC produc-
tion [49]. The full-length cDNA encoding TDAT from C. avellana (gene accession number:
MF134435) was 1423 bp, similar in size to omega-hydroxypalmitate o-feruloyl transferase
(HHT). The cDNA of TDAT contains a 1302 bp ORF encoding a protein of 433 amino acids.
The constructed phylogenetic tree indicated a high degree of identity between TDAT and
HHT. Corylus, Quercus suber, Juglans regia, Morus notabilis, and Ziziphus jujube resided on
the same branch of the phylogenetic tree. It should be noted that each of these plants belongs
to different families, indicating this gene was protected in distant families. Early clarifying
assessments revealed that TDAT is also multi-specific in Taxus [48, 50]. Investigation on the
TADT genetic evolution showed that Thr106 had a positive change of 98% compared to other
species. The coding sequence of this amino acid for Corylus is ACA, while other species have
GAA (12 cases) and GAG (2 cases) for Glu at this position. Thr106 was positioned in the beta
structure of the T5AT 3D-structure and away from the enzyme active site. Therefor altering
this amino acid probably has little effect on the active site. Analysis of the enzyme 3D-structure
showed that Gly24, Phe32, Phe34, Pro46, Lys47, Ala79, Gly161, Ser307, and Pro376 are close
to the active site, and altering of these amino acids might affect their function.

The taxadien-5a-ol-O-acetyltransferase gene has been identified in the yew, another main
source of PC. This gene, called TmTAT, was known in T. media. The ORF of the TmTAT gene
was 1317 bp encoding 439 amino acids [51]. The molecular weight of the T5AT protein was
48.17 kDa. The theoretical pI of T5AT was 6.43, and the instability index for the protein was
37.94. The result of BLASTp indicated that the T5AT protein was closely similar to the HHT
protein in Juglans regia and Ziziphus jujube. The isoelectric point of HHT in J. regia and Z.
jujube was 5.83 and 5.66, respectively. The instability index of HHT in J. regia and Z. jujube
was calculated as 39.31 and 35.75, respectively. The molecular weight of the HHT protein was
very close to that of the T5AT protein—approximately 48 kDa. The HHT protein consisted of
432 amino acids in both plants.

To investigate the evolutionary relations between the transferase in Taxus and Corylus, a
phylogenetic tree was constructed based on the amino acid sequences of TmTAT and transfer-
ase from other Taxus species. The results highlighted that TmTATs, (T5ATs) from T. chinesis
and T. cuspidata were grouped into the cluster with the shortest distance from the T5AT of C.
avellana while the TmTAT from T. canadensis was categorized into a cluster farther away
from C. avellana. Moreover, the T5ATs from C. avellana and Taxus species were found to be
dissimilar [24]. The taxadien-5a-ol-O-acetyl transferase ORF in T. chinensis had 1275 nucleo-
tides that encodes 425 amino acids. The protein had an isoelectric point of 5.39 and a molecu-
lar weight of 47 kDa [52]. The molecular weight of the TmTAT was 49 kDa, and its instability
index was 35, similar to the other Taxus species. On close scrutiny, TmTAT was strongly
expressed in the leaves, weakly expressed in the stems, and had no expression in the fruits of T.
media. A detailed look at this tissue expression pattern revealed that this is a tissue-specific
gene [24]. The T5AT protein had two domains as did the HHT protein in Quercus suber.
While, the position of the first domains of both proteins were located at amino acid positions
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7-216, but the second domains were found at different positions. In contrast, the second
domain of HHT was located at amino acid positions 221-431, which differed in the position of
just one amino acid in T5AT (220 to 430). However, these second domains indicated that
T5AT and HHT belong to the superfamily of transferase enzymes [24, 52].

The T5AT and HHT proteins, as well as most acetyltransferase enzymes, have a functional
HXXXD motif. This motif resided in amino acid position 164 [46]. In T. chinensis, this protein
has a functional HXXXD motif with the function of transferring acetyl from the precursor of
the CoA-acetyl and additionally, two other domains at positions 7-214 and 223-431 [52].
Based on the NCBI database, the TmTAT protein has a second domain belonging to the family
of the transferase, a functional HXXXD motif, which plays a role in the transmission of the
acetyl group, and also two domains located at amino acid positions 8-214 and 223-431 [24]. It
was revealed that the HXXXD motif is probably part of the active site [46]. The previous stud-
ies reported a lack of signal peptide in T5AT, HHT, and TmTAT proteins; therefore, these pro-
teins probably act in cytoplasm. The biological process of the T5AT protein was predicated in
the biosynthesis of metabolites, transferase activity, and the transmission of acetyl group. The
molecular function of taxadien-5a-ol-O-acetyltransferase (T5AT) was identified as transmit-
ting acetyl group from acetyl-CoA and producing the T5AT enzyme in T. cuspidate [34]. Fur-
thermore, the molecular function and biological process of the TmTAT enzyme have been
reported to be the same as those of T5AT in T. cuspidate [24]. In this study, 29.6% Helix,
26.1% Extended, and 44.34% Coils were observed in the secondary structure of T5AT with 433
amino acids, while 37% Helix, 26% Beta strand or Extended, and 37% Coils contributed to the
formation of the TmTAT protein [52]. The pattern of the T5AT protein in drawing the three-
dimensional structure was HOST in Coffea canephora (PDB Id: 4g0b). It was confirmed that
His-153 in HCT is an active site, as the His-153-ALa mutation had no enzymatic activity as a
catalytic enzyme. The His-153 in HCT from the conserved HXXXD motif was confirmed as a
catalytic residue by mutagenesis [53]. Therefore, His-164 is found in the active site of the
T5AT protein (C. avellana). The active sites in the T5AT in T. cuspidate were also included
His-164 and Asp-373. As a result, it is most likely that Asp-381 is another amino acid in the
active site involved in the T5AT (C. avellana). ALa-156-Ser mutants produced 4-fold more
diCQAs. Ser is a polar amino acid with an OH group. Since His is a polar amino acid, it is
expected that His-167 will improve enzyme activity [44]. The HST protein pattern in Arabi-
dopsis thaliana (PDB Id: 5kjs) was used to draw the tertiary structure of the HCT protein in C.
canephora. HCT and HST proteins are located in the BAHD acyltransferase family. This pro-
tein family is recognized by the sequence homology and HXXXD and DFGWG conserved
motifs and considered as the main enzymes in a wide range of secondary metabolites’ biosyn-
thesis pathway with a wide variety of substrates. In the active site, the HHAAD and DFGWG
contain the two essential amino acids His153 and Asp380. [26, 44]. Our findings show that
these two motifs are found in the HCT structure in the regions 157-157 and 381-385, with the
same sequence. The first motif, HCLHD, is found at position 164-168 in the T5TAT structure
sequence, and the second motif, which has a completely identical amino acid sequence to
HCT and HST, is found at position 381-385 in the protein. The existence of the conserved
motifs in the structure of T5TAT protein indicates that it belongs to the BAHD acyltransferase
family and transferase superfamily.

Conclusion

Bioinformatics research was used to identify and characterize taxadien-5-ol-O-acetyltransfer-
ase (TDAT), which catalyzed the third stage of PC biosynthesis in C. avellana. Our success in
finding this gene was due to the use of elicitor to induce gene expression, as well as the use of
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the EST library and bioinformatics studies. It can be assumed that the taxadien-5a-ol-O-acet-
yltransferase enzyme has undergone numerous changes during its evolution. Although this
enzyme varies significantly from Taxus’ T5AT enzyme, their active site, and conserved motif
are identical. It also has similar performances in different plants. This gene locates in the early
steps of the PC biosynthetic pathway. On their previous substrate, taxadien-5-ol, T5AT com-
peted with T13Ha. As a result of its location at the start of the pathway and on the branch,
this gene is crucial. This is a very low-expression gene that necessitates the use of high-level
elicitors for its identification. Herein, for the first time, the full length and features of the
TDAT were identified using bioinformatics analysis rather than costly, time-consuming, and
labor-intensive work. Understanding the sequence and characteristics of TDAT will offer
promisingly to PC engineering programs and maximize its production in hazelnut for future
studies.

Supporting information

S1 Fig. The position of full-length cDNA and nested-PCR primers containing TDAT gene.
The arrows define the primers and the green rectangles illustrate nested-PCR products for
each primer.

(DOCX)

S2 Fig. Agarose (1%) gel electrophoresis. Evaluation of RT-PCR product of the different con-
centrations of MeJA induced cells and PCR purification. L: (ladder 100 bp), 1: Negative control
(water), 2: RT-PCR products without any treatment (control), 3: RT-PCR product with 50 uM
of MeJA, 4: RT-PCR product with 100 pM of MeJA, 5: RT-PCR product with 150 uM Me]JA, 6:
Negative control, 7: PCR product after PCR-purification in 150 uM of MeJA. The grouping of
gels which have been cropped from different gels was identified with vertical white lines.
(DOCX)

S3 Fig. Agarose (1%) gel electrophoresis of nested-PCR analysis of C. avellana; Ladder (L)
100bp,1: Forward 1 + Reverse 1 (Fr;+Rr,), 2. Forward 1+ Reverse 2 (Fr;+Rr,), 3. Forward 2
+ Reverse 1 (Fr,+Rr;), 4. Forward 2 + Reverse 2 (Fr,+Rr,), 5. Positive control (GAPDH prim-
ers), 6. Negative control (water).

(DOCX)

S4 Fig. Evolutionary relationships of C. avellana L. TDAT gene with 15 geneses, based on
the branch-site model, by using the EasyCodeML software (PAML package).
(DOCX)

S5 Fig. The protein binding sites (PBS) showed by PREDICT NLS. All indicated parts with
red diamonds are PBS. The regions are 1-4, 53-56, 116-120, 212-213, 397-397, and 408-
410.

(DOCX)

S6 Fig. The position of the PEST motif was detected with Epestifind software.
(DOCX)

S7 Fig. The Ramachandran plot and the frequency of amino acids in a different position
for C. avellana L. (A) 4GOB template (B) MO323. In the picture, [A, B, L] show a very favored
region for amino acids. [a, b, |, p] show the allowed zone, and [~a, ~b, ~1, ~p] show the permit-
ted regions with ignorance.

(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0256704  August 27, 2021 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256704.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256704.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256704.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256704.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256704.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256704.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256704.s007
https://doi.org/10.1371/journal.pone.0256704

PLOS ONE

Identification of taxadien-5a-ol-O-acetyltransferase (TDAT) gene in Corylus avellana L.

S1 Table. PCR primers sequences for GAPCH gene. (Thermo Scientific (Fermentase), cat
no.: K1621, USA).
(DOCX)

$2 Table. The results of ORFs, online software. The most portable framework and the tallest
of ORF are in + 1 and the nucleotide of 97 to 1398.
(DOCX)

S1 Raw images.
(PDF)

Author Contributions
Data curation: Sajad Rashidi Monfared.

Formal analysis: Mona Raeispour Shirazi, Sara Alsadat Rahpeyma, Sajad Rashidi Monfared,
Jafar Zolala, Azadeh Lohrasbi-Nejad.

Investigation: Mona Raeispour Shirazi.

Methodology: Sara Alsadat Rahpeyma, Sajad Rashidi Monfared, Jafar Zolala, Azadeh Loh-
rasbi-Nejad.

Project administration: Mona Raeispour Shirazi.

Resources: Jafar Zolala.

Software: Mona Raeispour Shirazi, Sajad Rashidi Monfared, Azadeh Lohrasbi-Nejad.
Supervision: Sara Alsadat Rahpeyma.

Validation: Sajad Rashidi Monfared, Jafar Zolala.

Writing - original draft: Mona Raeispour Shirazi.

Writing - review & editing: Sara Alsadat Rahpeyma, Sajad Rashidi Monfared, Jafar Zolala,
Azadeh Lohrasbi-Nejad.

References

1. Pandi M, SenthilKkumaran R, Rajapriya P, Yogeswari S, Muthumary J. Taxol, A potential drug for the
treatment of cancer. Biores Bull. 2013; 2(1):1-9.

2. Agarwal G, Carcache PJB, Addo EM, Kinghorn AD. Current status and contemporary approaches to
the discovery of antitumor agents from higher plants. Biotechnology Advances. 2020; 38. https://doi.
org/10.1016/j.biotechadv.2019.01.004 PMID: 30633954

3. Strobel GA, Hess WM, Ford E, Sidhu R, Yang X. Taxol from fungal endophytes and the issue of biodi-
versity. Journal of Industrial Microbiology & Biotechnology. 1996; 17(5):417-23.

4. Exposito O, Bonfill M, Moyano E, Onrubia M, Mirjalili M, Cusido R, et al. Biotechnological production of
taxol and related taxoids: current state and prospects. Anti-Cancer Agents in Medicinal Chemistry (For-
merly Current Medicinal Chemistry-Anti-Cancer Agents). 2009; 9(1):109-21. https://doi.org/10.2174/
187152009787047761 PMID: 19149486

5. Stanton RA, Gernert KM, Nettles JH, Aneja R. Drugs that target dynamic microtubules: a new molecular
perspective. Medicinal research reviews. 2011; 31(3):443-81. https://doi.org/10.1002/med.20242
PMID: 21381049

6. Hoffman A, Shahidi F. Paclitaxel and other taxanes in hazelnut. Journal of Functional Foods. 2009; 1
(1):33-7. https://doi.org/10.1016/j.jff.2008.09.004.

7. Rahimi N, Nazeri S, Mirzaei S. Taxol production by endophytic fungi isolated from Corylus avellana.
Arak Medical University Journal. 2013; 16(72):37—44.

PLOS ONE | https://doi.org/10.1371/journal.pone.0256704  August 27, 2021 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256704.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256704.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256704.s010
https://doi.org/10.1016/j.biotechadv.2019.01.004
https://doi.org/10.1016/j.biotechadv.2019.01.004
http://www.ncbi.nlm.nih.gov/pubmed/30633954
https://doi.org/10.2174/187152009787047761
https://doi.org/10.2174/187152009787047761
http://www.ncbi.nlm.nih.gov/pubmed/19149486
https://doi.org/10.1002/med.20242
http://www.ncbi.nlm.nih.gov/pubmed/21381049
https://doi.org/10.1016/j.jff.2008.09.004
https://doi.org/10.1371/journal.pone.0256704

PLOS ONE

Identification of taxadien-5a-ol-O-acetyltransferase (TDAT) gene in Corylus avellana L.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Vasundhara M, Reddy MS, Kumar A. Chapter 18—Secondary Metabolites From Endophytic Fungi and
Their Biological Activities. In: Gupta VK, Pandey A, editors. New and Future Developments in Microbial
Biotechnology and Bioengineering. Amsterdam: Elsevier; 2019. p. 237-58.

Heinig U, Scholz S, Jennewein S. Getting to the bottom of Taxol biosynthesis by fungi. Fungal Diversity.
2013; 60(1):161-70.

Gangadevi V, Muthumary J. A novel endophytic taxol-producing fungus Chaetomella raphigera isolated
from a medicinal plant, Terminalia arjuna. Applied biochemistry and biotechnology. 2009; 158(3):675—
84. https://doi.org/10.1007/s12010-009-8532-0 PMID: 19234679

Malik S, Cusidé RM, Mirjalili MH, Moyano E, Palazén J, Bonfill M. Production of the anticancer drug
taxol in Taxus baccata suspension cultures: a review. Process Biochemistry. 2011; 46(1):23-34.

Hefner J, Ketchum RE, Croteau R. Cloning and Functional Expression of a cDNA Encoding Geranylger-
anyl Diphosphate Synthase from Taxus canadensis and Assessment of the Role of this Prenyltransfer-
ase in Cells Induced for Taxol Production. Archives of biochemistry and biophysics. 1998; 360(1):62—
74. https://doi.org/10.1006/abbi.1998.0926 PMID: 9826430

Abbasin Z, Zamani S, Movahedi S, Khaksar G, Tabatabaei BS. In vitro micropropagation of Yew
(Taxus baccata) and production of plantlets. Biotechnology. 2010; 9(1):48-54.

Bestoso F, Ottaggio L, Armirotti A, Balbi A, Damonte G, Degan P, et al. In vitro cell cultures obtained
from different explants of Corylus avellana produce Taxol and taxanes. BMC biotechnology. 2006; 6
(1):45. https://doi.org/10.1186/1472-6750-6-45 PMID: 17150090

Ottaggio L, Bestoso F, Armirotti A, Balbi A, Damonte G, Mazzei M, et al. Taxanes from shells and leaves
of Corylus avellana. Journal of natural products. 2007; 71(1):58-60. https://doi.org/10.1021/np0704046
PMID: 18163585

Salehi M, Moieni A, Safaie N, Farhadi S. Whole fungal elicitors boost paclitaxel biosynthesis induction
in Corylus avellana cell culture. Plos one. 2020; 15(7):e0236191. https://doi.org/10.1371/journal.pone.
0236191 PMID: 32673365

Rahpeyma SA, Moieni A, Jalali Javaran M. Paclitaxel production is enhanced in suspension-cultured
hazel (Corylus avellanaL.) cells by using a combination of sugar, precursor, and elicitor. Engineering in
Life Sciences. 2015; 15(2):234—-42.

Yu C, Zhang C, Xu X, Huang J, Chen Y, Luo X, et al. Omic analysis of the endangered Taxaceae spe-
cies Pseudotaxus chieniirevealed the differences in taxol biosynthesis pathway between Pseudotaxus
and Taxus yunnanensis trees. BMC plant biology. 2021; 21(1):1-13. https://doi.org/10.1186/s12870-
020-02777-7 PMID: 33386069

Salehi M, Farhadi S, Moieni A, Safaie N, Hesami M. A hybrid model based on general regression neural
network and fruit fly optimization algorithm for forecasting and optimizing paclitaxel biosynthesis in Cor-
ylus avellana cell culture. Plant Methods. 2021; 17(1):1-13. https://doi.org/10.1186/s13007-021-00714-
9 PMID: 33546685

Farhadi S, Salehi M, Moieni A, Safaie N, Sabet MS. Modeling of paclitaxel biosynthesis €licitation in
Corylus avellana cell culture using adaptive neuro-fuzzy inference system-genetic algorithm (ANFIS-
GA) and multiple regression methods. PloS one. 2020; 15(8):e0237478. https://doi.org/10.1371/journal.
pone.0237478 PMID: 32853208

Sanchez-Mufioz R, Bonfill M, Cusid6é RM, Palazén J, Moyano E. Advances in the regulation of in vitro
paclitaxel production: Methylation of a Y-Patch promoter region alters BAPT gene expression in Taxus
cell cultures. Plant and Cell Physiology. 2018; 59(11):2255—-67. https://doi.org/10.1093/pcp/pcy 149
PMID: 30060238

Sanchez-Mufioz R, Perez-Mata E, Aimagro L, Cusido RM, Bonfill M, Palazon J, et al. A novel hydroxyl-
ation step in the taxane biosynthetic pathway: a new approach to paclitaxel production by synthetic biol-
ogy. Frontiers in Bioengineering and Biotechnology. 2020; 8:410. https://doi.org/10.3389/fbioe.2020.
00410 PMID: 32528936

Stephanopoulos G, Aristidou AA, Nielsen J. Metabolic engineering: principles and methodologies. San
Diego, California: Academic Press, Elsevier; 1998.

Kai G, Miao Z, Qiu C, Zhang L, Zhao L, Li Z, et al. Molecular cloning and characterization of a taxadienol
acetyl transferase cDNA from Taxus x media. Plant science. 2004; 167(4):759-64.

Wang Y, Miao Z, Tang K. Molecular cloning and functional expression analysis of a new gene encoding
geranylgeranyl diphosphate synthase from hazel (Corylus avellana L. Gasaway). Molecular biology
reports. 2010; 37(7):3439-44. https://doi.org/10.1007/s11033-009-9935-2 PMID: 20012370

Walker K, Croteau R. Taxol biosynthetic genes. Phytochemistry. 2001; 58(1):1-7. https://doi.org/10.
1016/s0031-9422(01)00160-1 PMID: 11524108

PLOS ONE | https://doi.org/10.1371/journal.pone.0256704  August 27, 2021 17/19


https://doi.org/10.1007/s12010-009-8532-0
http://www.ncbi.nlm.nih.gov/pubmed/19234679
https://doi.org/10.1006/abbi.1998.0926
http://www.ncbi.nlm.nih.gov/pubmed/9826430
https://doi.org/10.1186/1472-6750-6-45
http://www.ncbi.nlm.nih.gov/pubmed/17150090
https://doi.org/10.1021/np0704046
http://www.ncbi.nlm.nih.gov/pubmed/18163585
https://doi.org/10.1371/journal.pone.0236191
https://doi.org/10.1371/journal.pone.0236191
http://www.ncbi.nlm.nih.gov/pubmed/32673365
https://doi.org/10.1186/s12870-020-02777-7
https://doi.org/10.1186/s12870-020-02777-7
http://www.ncbi.nlm.nih.gov/pubmed/33386069
https://doi.org/10.1186/s13007-021-00714-9
https://doi.org/10.1186/s13007-021-00714-9
http://www.ncbi.nlm.nih.gov/pubmed/33546685
https://doi.org/10.1371/journal.pone.0237478
https://doi.org/10.1371/journal.pone.0237478
http://www.ncbi.nlm.nih.gov/pubmed/32853208
https://doi.org/10.1093/pcp/pcy149
http://www.ncbi.nlm.nih.gov/pubmed/30060238
https://doi.org/10.3389/fbioe.2020.00410
https://doi.org/10.3389/fbioe.2020.00410
http://www.ncbi.nlm.nih.gov/pubmed/32528936
https://doi.org/10.1007/s11033-009-9935-2
http://www.ncbi.nlm.nih.gov/pubmed/20012370
https://doi.org/10.1016/s0031-9422%2801%2900160-1
https://doi.org/10.1016/s0031-9422%2801%2900160-1
http://www.ncbi.nlm.nih.gov/pubmed/11524108
https://doi.org/10.1371/journal.pone.0256704

PLOS ONE

Identification of taxadien-5a-ol-O-acetyltransferase (TDAT) gene in Corylus avellana L.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42,

43.

44,

45.

46.

47.

Wang Y, Guo B, Zhang F, Yao H, Miao Z, Tang K. Molecular cloning and functional analysis of the gene
encoding 3-hydroxy-3-methylglutaryl coenzyme A reductase from hazel (Corylus avellana L. Gasaway).
BMB Reports. 2007; 40(6):861-9. https://doi.org/10.5483/bmbrep.2007.40.6.861 PMID: 18047779

Maheshwari P, Garg S, Kumar A. Taxoids: Biosynthesis and in vitro production. Biotechnology and
Molecular Biology Reviews. 2008; 3(4):71-87.

Croteau R, Ketchum RE, Long RM, Kaspera R, Wildung MR. Taxol biosynthesis and molecular genet-
ics. Phytochemistry Reviews. 2006; 5(1):75-97. https://doi.org/10.1007/s11101-005-3748-2 PMID:
20622989

Kuang X, Sun S, Wei J, Li Y, Sun C. Iso-Seq analysis of the Taxus cuspidata transcriptome reveals the
complexity of Taxol biosynthesis. BMC plant biology. 2019; 19(1):1-16. https://doi.org/10.1186/s12870-
018-1600-2 PMID: 30606102

Kanda Y, Nakamura H, Umemiya S, Puthukanoori RK, Murthy Appala VR, Gaddamanugu GK, et al.
Two-Phase Synthesis of Taxol. Journal of the American Chemical Society. 2020; 142(23):10526-33.
https://doi.org/10.1021/jacs.0c03592 PMID: 32406238

Wang T, Chen Y, Zhuang W, Zhang F, Shu X, Wang Z, et al. Transcriptome sequencing reveals regula-
tory mechanisms of taxol synthesis in Taxus wallichiana var. Mairei. International journal of genomics.
2019. https://doi.org/10.1155/2019/1596895 PMID: 31192250

He C-T, Li Z-L, Zhou Q, Shen C, Huang Y-Y, Mubeen S, et al. Transcriptome profiling reveals specific
patterns of paclitaxel synthesis in a new Taxus yunnanensis cultivar. Plant Physiology and Biochemis-
try. 2018; 122:10-8. https://doi.org/10.1016/j.plaphy.2017.10.028 PMID: 29169081

Walker K, Croteau R. Taxol biosynthesis: a review of some determinant steps. Recent Advances in
Phytochemistry (Netherlands). 1999; 33:31-50.

Nims E, Dubois CP, Roberts SC, Walker EL. Expression profiling of genes involved in paclitaxel biosyn-
thesis for targeted metabolic engineering. Metabolic engineering. 2006; 8(5):385-94. https://doi.org/10.
1016/j.ymben.2006.04.001 PMID: 16793302

Raeispour shirazi M, Rahpeyma SA, Zolala J. A new approach to prevent callus browning by modifica-
tion of sub-culture method in hazelnut (Corylus avellana L.). Biologia Plantarum. 2020; 64:417-21.
https://doi.org/10.32615/bp.2020.009

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGAG: molecular evolutionary genetics analy-
sis version 6.0. Molecular biology and evolution. 2013; 30(12):2725-9. https://doi.org/10.1093/molbev/
mst197 PMID: 24132122

GaoF, Chen C, Arab DA, Du Z, He Y, Ho SYW. EasyCodeML: A visual tool for analysis of selection
using CodeML. Ecol Evol. 2019; 9(7):3891-8. https://doi.org/10.1002/ece3.5015 PMID: 31015974.

Nei M, Gojobori T. Simple methods for estimating the numbers of synonymous and nonsynonymous
nucleotide substitutions. Molecular biology and evolution. 1986; 3(5):418-26. https://doi.org/10.1093/
oxfordjournals.molbev.a040410 PMID: 3444411

Yang Z, Wong WS, Nielsen R. Bayes empirical Bayes inference of amino acid sites under positive
selection. Molecular biology and evolution. 2005; 22(4):1107—-18. https://doi.org/10.1093/molbev/
msi097 PMID: 15689528

Walker JM. The proteomics protocols handbook: Springer; 2005.

Madhusudhan M, Marti-Renom MA, Eswar N, John B, Pieper U, Karchin R, et al. Comparative protein
structure modeling. The Proteomics Protocols Handbook: Springer; 2005. p. 831-60.

Morris AL, MacArthur MW, Hutchinson EG, Thornton JM. Stereochemical quality of protein structure
coordinates. Proteins: Structure, Function, and Bioinformatics. 1992; 12(4):345-64. https://doi.org/10.
1002/prot.340120407 PMID: 1579569

Lallemand LA, Zubieta C, Lee SG, Wang Y, Acajjaoui S, Timmins J, et al. A structural basis for the bio-
synthesis of the major chlorogenic acids found in coffee. Plant physiology. 2012:pp. 112.202051.
https://doi.org/10.1104/pp.112.202051 PMID: 22822210

Rosin CD, Belew RK, Morris GM, Olson AJ, Goodsell DS. Coevolutionary analysis of resistance-evad-
ing peptidomimetic inhibitors of HIV-1 protease. Proceedings of the National Academy of Sciences.
1999; 96(4):1369-74. https://doi.org/10.1073/pnas.96.4.1369 PMID: 9990030

Yang Q, Reinhard K, Schiltz E, Matern U. Characterization and heterologous expression of hydroxycin-
namoyl/benzoyl-CoA: anthranilate N-hydroxycinnamoyl/benzoyltransferase from elicited cell cultures of
carnation, Dianthus caryophyllus L. Plant molecular biology. 1997; 35(6):777-89. https://doi.org/10.
1023/a:1005878622437 PMID: 9426598

Zhou X, Zhu H, Liu L, Lin J, Tang K. A review: recent advances and future prospects of taxol-producing
endophytic fungi. Applied Microbiology and Biotechnology. 2010; 86(6):1707—17. https://doi.org/10.
1007/s00253-010-2546-y PMID: 20358192

PLOS ONE | https://doi.org/10.1371/journal.pone.0256704  August 27, 2021 18/19


https://doi.org/10.5483/bmbrep.2007.40.6.861
http://www.ncbi.nlm.nih.gov/pubmed/18047779
https://doi.org/10.1007/s11101-005-3748-2
http://www.ncbi.nlm.nih.gov/pubmed/20622989
https://doi.org/10.1186/s12870-018-1600-2
https://doi.org/10.1186/s12870-018-1600-2
http://www.ncbi.nlm.nih.gov/pubmed/30606102
https://doi.org/10.1021/jacs.0c03592
http://www.ncbi.nlm.nih.gov/pubmed/32406238
https://doi.org/10.1155/2019/1596895
http://www.ncbi.nlm.nih.gov/pubmed/31192250
https://doi.org/10.1016/j.plaphy.2017.10.028
http://www.ncbi.nlm.nih.gov/pubmed/29169081
https://doi.org/10.1016/j.ymben.2006.04.001
https://doi.org/10.1016/j.ymben.2006.04.001
http://www.ncbi.nlm.nih.gov/pubmed/16793302
https://doi.org/10.32615/bp.2020.009
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
https://doi.org/10.1002/ece3.5015
http://www.ncbi.nlm.nih.gov/pubmed/31015974
https://doi.org/10.1093/oxfordjournals.molbev.a040410
https://doi.org/10.1093/oxfordjournals.molbev.a040410
http://www.ncbi.nlm.nih.gov/pubmed/3444411
https://doi.org/10.1093/molbev/msi097
https://doi.org/10.1093/molbev/msi097
http://www.ncbi.nlm.nih.gov/pubmed/15689528
https://doi.org/10.1002/prot.340120407
https://doi.org/10.1002/prot.340120407
http://www.ncbi.nlm.nih.gov/pubmed/1579569
https://doi.org/10.1104/pp.112.202051
http://www.ncbi.nlm.nih.gov/pubmed/22822210
https://doi.org/10.1073/pnas.96.4.1369
http://www.ncbi.nlm.nih.gov/pubmed/9990030
https://doi.org/10.1023/a%3A1005878622437
https://doi.org/10.1023/a%3A1005878622437
http://www.ncbi.nlm.nih.gov/pubmed/9426598
https://doi.org/10.1007/s00253-010-2546-y
https://doi.org/10.1007/s00253-010-2546-y
http://www.ncbi.nlm.nih.gov/pubmed/20358192
https://doi.org/10.1371/journal.pone.0256704

PLOS ONE

Identification of taxadien-5a-ol-O-acetyltransferase (TDAT) gene in Corylus avellana L.

48.

49.

50.

51.

52,

53.

Walls LE, Malci K, Nowrouzi B, Li RA, d’Espaux L, Wong J, et al. Optimizing the biosynthesis of oxygen-
ated and acetylated Taxol precursors in Saccharomyces cerevisiae using advanced bioprocessing
strategies. Biotechnology and Bioengineering. 2021; 118(1):279-93. https://doi.org/10.1002/bit.27569
PMID: 32936453

Gallego A, Malik S, Yousefzadi M, Makhzoum A, Tremouillaux-Guiller J, Bonfill M. Taxol from Corylus
avellana: paving the way for a new source of this anti-cancer drug. Plant Cell, Tissue and Organ Culture
(PCTOC). 2017:1-16.

Walker K, Ketchum RE, Hezari M, Gatfield D, Goleniowski M, Barthol A, et al. Partial Purification and
Characterization of Acetyl Coenzyme A: Taxa-4 (20), 11 (12)-dien-5a-o0lO-Acetyl Transferase That Cat-
alyzes the First Acylation Step of Taxol Biosynthesis. Archives of biochemistry and biophysics. 1999;
364(2):273-9. https://doi.org/10.1006/abbi.1999.1125 PMID: 10190984

Walker K, Long R, Croteau R. The final acylation step in taxol biosynthesis: cloning of the taxoid C13-
side-chain N-benzoyltransferase from Taxus. Proceedings of the National Academy of Sciences. 2002;
99(14):9166—71. https://doi.org/10.1073/pnas.082115799 PMID: 12089320

TuJ, Zhu P, Cheng K-d, Liu J. Cloning and expression of Taxus acyltransferase cDNA. Zeitschrift fur
Naturforschung C. 2004; 59(9—10):755-61. https://doi.org/10.1515/znc-2004-9-1022 PMID: 15540611

Lallemand LA, McCarthy JG, McSweeney S, McCarthy AA. Purification, crystallization and preliminary
X-ray diffraction analysis of a hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyltransferase
(HCT) from Coffea canephora involved in chlorogenic acid biosynthesis. Acta Crystallographica Section
F: Structural Biology and Crystallization Communications. 2012; 68(7):824-8. https://doi.org/10.1107/
S1744309112019082 PMID: 22750875

PLOS ONE | https://doi.org/10.1371/journal.pone.0256704  August 27, 2021 19/19


https://doi.org/10.1002/bit.27569
http://www.ncbi.nlm.nih.gov/pubmed/32936453
https://doi.org/10.1006/abbi.1999.1125
http://www.ncbi.nlm.nih.gov/pubmed/10190984
https://doi.org/10.1073/pnas.082115799
http://www.ncbi.nlm.nih.gov/pubmed/12089320
https://doi.org/10.1515/znc-2004-9-1022
http://www.ncbi.nlm.nih.gov/pubmed/15540611
https://doi.org/10.1107/S1744309112019082
https://doi.org/10.1107/S1744309112019082
http://www.ncbi.nlm.nih.gov/pubmed/22750875
https://doi.org/10.1371/journal.pone.0256704

