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Isoprenoids and phenylpropanoids are the major secondary metabolite constituents in Ocimum genus. Though
enzymes from phenylpropanoid pathway have been characterized from few plants, limited information exists
on how they modulate levels of secondary metabolites. Here, we performed phenylpropanoid profiling in differ-
ent tissues from five Ocimum species, which revealed significant variations in secondary metabolites including
eugenol, eugenol methyl ether, estragole and methyl cinnamate levels. Expression analysis of eugenol synthase
(EGS) gene showed higher transcript levels especially in young leaves and inflorescence; and were positively cor-

IE?;:/I?;?S' related with eugenol contents. Additionally, transcript levels of coniferyl alcohol acyl transferase, a key enzyme
Chavicol diverting pool of substrate to phenylpropanoids, were in accordance with their abundance in respective species.
Eugenol synthase In particular, eugenol methyl transferase expression positively correlated with higher levels of eugenol methyl
Ocimum ether in Ocimum tenuiflorum. Further, EGSs were functionally characterized from four Ocimum species varying

Phenylpropanoids
Secondary metabolites

in their eugenol contents. Kinetic and expression analyses indicated, higher enzyme turnover and transcripts
levels, in species accumulating more eugenol. Moreover, biochemical and bioinformatics studies demonstrated
that coniferyl acetate was the preferred substrate over coumaryl acetate when used, individually or together,
in the enzyme assay. Overall, this study revealed the preliminary evidence for varied accumulation of eugenol
and its abundance over chavicol in these Ocimum species. Current findings could potentially provide novel
insights for metabolic modulations in medicinal and aromatic plants.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Phenylpropanoids, a group of plant secondary metabolites derived
from phenylalanine, typically have propenyl side chains attached to a
phenyl ring. These compounds are auto-toxic in nature and perform a
vital role in plant communication, pollinator attraction and defense
against herbivores and other pathogens [1-3]. Coniferyl and coumaryl
alcohols are monolignol alcohol intermediates of the lignin biosynthetic
pathway and serve as the precursors for phenylpropanoid biosynthesis.
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Biosynthesis of coumaryl alcohol involves coumaroyl-CoA reductase
that acts on 4-coumaroyl-CoA to form 4-coumaraldehyde and provides
a substrate for the synthesis of chavicol (Fig. 1). These alcohols are first
converted to acetates by coniferyl- and coumaryl alcohol acyl transfer-
ases. The reductive elimination of the acetate moiety, which is catalyzed
by eugenol synthase (EGS) yields the propenyl side chain. EGS utilizes
coniferyl acetate and coumaryl acetate as substrates to produce eugenol
and chavicol, respectively [4,5]. Methylation of eugenol and chavicol at
the para-OH group of the phenyl ring is catalyzed by eugenol O-methyl
transferase (EOMT) and chavicol O-methyl transferase (COMT) to form
their methyl ether derivatives.

In this study, we have focused on EGS because eugenol has interest-
ing properties like effector molecule in diabetes control [6] and is an
important scent compound [7]. Till date, EGS has been characterized
from few plant species such as Ocimum basilicum (ObEGS1) [4],
Gymnadenia odoratissima [7], Petunia (PhEGS1), Clarkia breweri
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Fig. 1. Phenylpropanoid biosynthetic pathway showing identified metabolites (marked in box). In most plants, alternative reactions or enzymes are present. PAL, Phenylalanine ammonia
lyase; C4H, trans-Cinnamate 4-hydroxylase; 4CL, 4-Coumarate CoA ligase; C3H, 4-Coumarate-3-hydroxylase; CCOAOMT, Caffeoyl-CoA O-methyl transferase; AMCCMT, S-adenosyl L-me-
thionine Cinnamic acid carboxy methyl transferase; CCR, Cinnamoyl-CoA/coniferyl-CoA reductase; CAD, Coumaryl/coniferyl alcohol dehydrogenase; CAAT, 4-Coumaryl/Coniferyl alcohol
acetyl transferase; EGS, Eugenol synthase; AS, anol synthase; CVOMT, chavicol O-methyl transferase; AOMT, anol O-methyl transferase, EOMT, eugenol O-methyl transferase.

(CbEGS1 and CbEGS2) [8] and Pimpinella anisum t-anol/isoeugenol syn-
thase (PaAIS1) [9]. These enzymes belong to the pinoresinol isoflavone
phenylcoumaran (PIP) family and perform NADPH-dependent reduc-
tases activity for the conversion of coniferyl acetate to eugenol [10].
EGS from Larrea tridentata (LtCES1) has been also shown to accept
both coniferyl acetate and coumaryl acetate [5]. Although these reports
describe about the characterization of EGS, very limited knowledge
exists about the molecular basis for substrate selection and its effect
on the modulation of secondary metabolites by EGS. Therefore, we
performed phenylpropanoids profiling in different tissues from five
Ocimum species and further functionally characterized EGSs from
them. The kinetic parameters for these EGSs with coniferyl acetate
indicated high turnover number of EGS in species having high eugenol
content. Additionally, this was supported by EGS expression analysis
indicating significant correlation between the EGS expression and
eugenol levels. Though EGS could utilize two substrates, in vitro and in
silico studies confirmed that eugenol was the predominantly detected
phenylpropanoid while chavicol was present in trace amounts in assays
when both the substrates were used together.

2. Materials and methods
2.1. Plant materials

Authenticated Ocimum plants belonging to five species, Ocimum
gratissimum L. I and II (Ogl and Ogll), O. tenuiflorum L. and II (OtI and

otll), O. kilimandscharicum Giirke (Ok), O. americanum L. (Oa) and
0. basilicum L. 1, II, Ill and IV (Obal, Oball, Oballl and ObalV) were grown

in a greenhouse at 25-28 °C with ~35-40% humidity and 16 h light
and 8 h dark periods. Plant samples of all the species were deposited in
the herbarium of Botanical Survey of India, Pune as voucher specimens.
All the samples were collected from 2 to 3 months old plants, immediate-
ly frozen in liquid nitrogen and stored at — 80 °C until further use. Fresh
tissues were used for metabolite extraction and analysis.

2.2. Chemicals and substrates

All chemicals were purchased from Sigma-Aldrich (Sigma Chemical
Co., USA), unless stated. Coniferyl acetate and coumaryl acetate were
synthesized from coniferyl alcohol and coumaryl alcohol, respectively,
as previously described [2]. The procedure for synthesizing coumaryl
alcohol and chavicol is detailed in supplementary data set 1. The TA
cloning kit with pCR 2.1 vector, pET102 directional cloning kit, PCR
purification kit, gel extraction kit and Accuprime proof reading
polymerase were purchased from Thermo Scientific (USA).

2.3. Analysis of phenylpropanoids from different Ocimum species

Phenylpropanoid abundance was measured in six different tissues
including young leaves (YL; top whorl), mature leaves (ML; third
whorl), inflorescence (I), flower (F), stem (S) and root (R) from five
Ocimum species. Extractions were performed by dichloromethane
(DCM) extraction method, as reported previously [11]. Briefly, fresh
tissues (5 g each) from different plant parts were harvested separately
and immediately soaked in 50 mL DCM for 20 h at 28 °C. The combined
organic phase was cooled to — 20 °C for 2 h (for lipid precipitation) and
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filtered. The contents were dried, weighed, re-dissolved in 2 mL DCM
and subjected to GC and GC-MS analyses was carried out for 3 biological
replicates in triplicates. GC analyses were carried out on an Agilent
7890 A instrument equipped with a hydrogen flame ionization detector
and HP-5 capillary column (30 m x 0.32 mm x 0.25 um, J and W
Scientific, USA). Nitrogen was used as the carrier gas at a flow rate of
1 mL/min. The column temperature was raised from 70 °Cto 110 °C at
2 °C min~!, then raised to 180 °C at 3 °C min~' and finally at
10 °C min~! raised to 220 °C and held for 2 min. Injector and detector
temperatures were 230 °C and 235 °C, respectively. GC-MS was per-
formed on an Agilent 5975C mass selective detector interfaced with
an Agilent 7890 A gas chromatograph using an HP-5 MS capillary
column with helium as the carrier gas and using above mentioned
conditions. Compounds were identified by co-injection studies,
comparing the retention time and mass fragmentation pattern with
those of reference compounds and also compared acquired mass
spectra and retention indices with those of NIST/NBS and the Wiley
mass spectral library (software version 2.0, Dec. 2005).

2.4. RNA isolation, semi-quantitative and quantitative RT-PCR

Total RNA was extracted from the different tissues using Spectrum™
Plant Total RNA Isolation Kit (Sigma Chemical Co., USA). The
DNase-treated RNA (4 ng) was used for cDNA preparation in a 20 pL
reaction using SuperScript™ III reverse-transcriptase system (Thermo
Scientific). Semi-quantitative RT-PCR (sqRT-PCR) was performed for
EGS, eugenol o-methyl transferase (EOMT) and coniferyl alcohol acyl
transferase (CFAT) in 10 L reactions consisting of 5 pL of 2X Jumpstart
readymix, 1 pL each of 10 pM gene specific forward and reverse primers,
1 L of cDNA optimized with endogenous control (18S rRNA) and nucle-
ase free water was added to a volume of 10 pL. PCR was carried out for
30 cycles and the amplified products were run on 1% agarose gel.
Quantitative RT-PCR (qRT-PCR) was performed by using Tagman
chemistry. A typical reaction consisted of 5 pL of Tagman advanced
master-mix, 0.5 pL of primer-probe mix and 1 pL of diluted cDNA
(1:2) with nuclease-free water added to make up a volume of 10 pL.
For qRT-PCR reactions, actin was used as an endogenous control and
the reactions were carried out in triplicates for 3 biological replicates
in the 7500 Fast Real Time PCR System (Thermo Scientific). Annealing
temperature was kept at 60 °C and cycling conditions were kept as
per the manufacture's instruction. Primer sequences, and assay
identification number for Tagman primer-probes were as given in
(Supplementary Table S1).

2.5. Isolation of EGS from ten Ocimum subtypes and sequence analysis

5’ and 3’ RACE PCR was performed by using primers (Supplementa-
ry Table S1) designed from the reported ObEGS1 nucleotide sequence
(Accession no. DQ372812). RACE cDNA was prepared from 5 pg of
total RNA from the leaf tissue using the Generacer kit (Thermo Scientif-
ic). RACE PCR products were cloned in the pCR 2.1 vector and
transformed into TOP10 cells. Sequence verified RACE fragments were
used to generate open reading frame for EGS. EGSs from five species
were isolated by using terminal primers and similarly cloned, se-
quenced and their sequences have been submitted to NCBI (GenBank
accession no. KU977432-KU977441). For cloning EGSs into pET 102
expression vector, 5'-CACC-3’ was added to the 5’ end of the forward
primer, and in reverse primer stop codons were removed to allow for
C-terminal 6X His-tag expression. The sequence analyses were carried
out on Bioedit software (Ibis Biosciences, USA); alignment was done
using the CLUSTALW2 program (http://www.ebi.ac.uk/Tools/msa/
clustalw2/). Nucleotide sequences were translated using the EXPASy
translate tool (http://web.expasy.org/translate/) and BOXSHADE 3.21
(http://www.ch.embnet.org/software/BOX_form.html) was used for
marking identical and similar amino acid residues. Multiple alignments
of EGS sequences were done using CLUSTALW2, and the neighbor-

joining tree was constructed (with 1000 bootstrap value) using
MEGA6 [12].

2.6. Expression, purification and enzyme assay of recombinant EGS

Plasmid of the pET 102 harboring full-length transcripts of EGS was
introduced into Rosetta 2 (DE3) chemically competent cells. A single
colony was inoculated in 5 mL of Luria Bertani broth (LB) and incubated
on a rotary shaker (200 rpm) at 37 °C for 12 h. This culture was used for
inoculating 50 mL “terrific broth” (TB) in a 250 mL Erlenmeyer flask and
incubated on a rotary shaker (200 rpm) at 37 °C till optical density
reached 0.6-0.8. The culture was induced with 1 mM Isopropyl 3-D-1-
thiogalactopyranoside (IPTG) and incubated on a rotary shaker for
12 h at 18 °C. After incubation cells were pelleted by centrifugation
and purification was carried out as described in Supplementary data S2.

Enzyme activity was measured by GC-FID as described previously
[2,4]. The assay mixture (200 pL) consisted of 50 mM MES buffer (pH
6.5), 1 mM coniferyl acetate/ coumaryl acetate/cinnamyl acetate and
20 pg of purified protein. The enzyme reaction was initiated by adding
1 mM NADPH. The mixture was incubated at 25 °C for 30 min. After this
incubation period, the assay contents were cooled to 4 °C on ice and
then linalool (1 pg) as an internal standard and NaCl (~200 mg) were
added. The assay contents were extracted with DCM (1 mL x 3). The
combined organic phase was dried over anhydrous sodium sulphate
and concentrated to nearly 50 pL by flushing it with nitrogen. This
extract (1 pL) was subjected to GC-FID and GC-MS analyses. For kinetic
experiments, substrate concentrations ranged from 0.1 to 5 mM.

2.7. Modeling and docking analysis

Homology models for OgIEGS, ObalEGS, OtIEGS and OKEGS were
constructed with SwissModel server (http://swissmodel.expasy.org/)
using the structure of EGS-NADP + EMDF complex (PDB ID: 2QZZ).
Energy minimization of predicted models was done with GROMOS96
force field using Swiss PDB viewer (http://spdbv.vital-it.ch/). Modelled
structures were validated by RAMPAGE (http://mordred.bioc.cam.ac.
uk/~rapper/rampage.php), Molprobity (http://molprobity.biochem.
duke.edu/) and ProSA analysis (https://prosa.services.came.sbg.ac.at/
prosa.php). AutoDock 4.2 software (http://autodock.scripps.edu/) was
used to convert receptor and ligand from *.pdb to *.pdbqt format and
to set other docking parameters. The grid map was set around the
Lys132 residue of EGS. Initially, two catalytic water molecules were
docked in the active site. EGS with catalytic water molecules was
taken for further docking with substrates i.e. cinnamyl, coumaryl and
coniferyl acetates. The structure of the EGS + NADP + substrate
complex was further optimized by energy minimization in Swiss PDB
viewer (http://spdbv.vital-it.ch/). Complexes were analyzed for polar
contact in the binding pocket using PyMol (https://www.pymol.org/).

2.8. Statistical analysis

All the metabolite and gene expression analyses were carried out
with three biological and three technical replicates each. Data sets
were represented as mean =+ standard deviation. Significant differences
between samples for gene expression analysis were performed with
two-way ANOVA followed by Bonferroni's multiple comparisons test.

3. Results
3.1. Distribution of phenylpropanoids in different tissues of Ocimum species

The GC-FID and GC-MS analyses of the metabolite extracts from
different tissues of various Ocimum species indicated the presence of
at least six major phenylpropanoids with significant variation in their
distribution across five species (Table 1). Predominantly, we detected
end products of the phenylpropanoid pathway that were active in
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Table 1
Levels of phenylpropanoids in different tissues of five Ocimum species.

Species Tissues Level of phenylpropanoids [ng/g of fresh weight (FW) 4 SE]

Eugenol Eugenol methyl ether Chavicol Estragole Cis-methylcinnamate Trans-methylcinnamate
Ogl YL 15,106.43 4 26.72 ND 7.68 £0.33 ND ND ND
ML 11,692.18 4+ 82.45 ND 5.57 + 0.04 ND ND ND
I 9229.38 4 14.92 ND 8.32 £ 0.51 ND ND ND
F 9911.74 + 8.48 ND 8.53 £0.19 ND ND ND
S 141412 £ 2.97 ND 1.32 £ 0.11 ND ND ND
R 53.61 + 1.68 ND ND ND ND ND
Ogll YL 14,942.73 £+ 147.1 ND ND ND ND ND
ML 5192.45 4+ 45 ND ND ND ND ND
I 4178.02 £ 5.6 ND ND ND ND ND
F 3329.96 + 0.04 ND ND ND ND ND
S 364.21 4 22.6 ND ND ND ND ND
R 53.08 + 21 ND ND ND ND ND
otl YL 212.76 + 0.54 5653.86 4+ 11.52 ND ND ND ND
ML 489.6 4 0.41 2037.41 £ 2.17 ND ND ND ND
[ 237.6 4+ 3.22 2376.26 + 31.54 ND ND ND ND
F 1003.88 £+ 8.5 1212.21 £ 8.55 ND ND ND ND
S 351.75 £ 3.65 143.49 + 3.88 ND ND ND ND
R ND ND ND ND ND ND
otll YL 41.57 £ 2.2 7320.34 £ 30.78 ND ND ND ND
ML 386.97 + 16 2676.53 4+ 23.81 ND ND ND ND
[ 59.52 +£ 54 5818.25 4 40.72 ND 3.86 £ 0.19 ND ND
F 90.39 £+ 0.16 3988.1 + 10.84 ND ND ND ND
S 119.59 + 6.45 786.2 + 10.28 ND ND ND ND
R ND ND ND ND ND ND
Ok YL 3.39 £ 0.59 ND ND ND ND ND
ML 411 £ 0.82 ND ND ND ND ND
[ 2.65 + 0.98 ND ND ND ND ND
F ND ND ND ND ND ND
S 43.08 + 13.16 ND ND ND ND ND
R 967.88 & 21.44 ND ND ND ND ND
Oa YL 13.41 £ 0.6 ND ND ND ND ND
ML 37.84 +17.81 ND ND ND ND ND
I 3.76 + 0.03 ND ND ND ND ND
F ND ND ND ND ND ND
S 47.16 +£ 3.5 ND ND ND ND ND
R 855.35 + ND ND ND ND ND
Obal YL 2.95 + 0.23 246 + 1.68 ND 50.61 + 0.7 430.28 + 2 3250.07 4 10.95
ML 2.04 + 043 10.05 + 0.35 ND 17.62 4+ 0.55 259.68 4 1.28 1518.91 £ 5.19
I ND 2475 £ 6.1 ND 225.49 4 48.99 23229 +3.73 7325.25 + 28.57
F 6.26 + 0.54 8.28 + 0.88 ND 3713 +£ 134 145.06 + 3.21 2331.16 4 10.85
S 0.65 + 0.01 1.54 & 0.06 ND ND 11.5 + 0.03 27.93 £+ 0.07
R ND 9.68 £ 0.1 ND 34347 4+ 3.22 ND ND
Oba I YL 328 £ 0.15 29.19 £+ 0.67 10.86 + 0.27 1735.77 £ 103.2 358.46 + 27.94 2565.36 + 67.72
ML 5.15 + 0.33 25.61 &+ 1.56 3.54 +0.17 680.57 £+ 72.26 44329 + 16.97 2769.87 4 34.07
I ND 2329 £+ 142 ND 569.94 + 18.61 237.99 4+ 4.08 7645.68 4 39.78
F ND 10+ 139 ND 297.03 + 18.74 150.09 + 3.63 3877.79 4+ 80.08
S 2.21 + 0.05 1.92 4 0.06 2.52 +£0.19 23.89 4+ 0.91 12.11 £ 0.57 39.66 + 1.66
R 266.48 £ 3.12 ND ND ND ND 59.62 £ 5.44
Oba Ill YL ND 7.91 £ 0.46 ND 26.72 4+ 0.26 307.81 4+ 4.61 227411 4+ 35.98
ML ND 9.46 £ 0.53 ND 30.55 £ 2.06 4225 + 6.81 1509.08 + 25.13
[ ND 331+ 025 ND 36.64 4 7.01 177.04 £ 19.99 277245 + 11.3
F ND 9.92 + 1.06 ND 77.96 + 8.15 310.73 4 31.96 62219 4+ 11.23
S 12.36 + 0.37 ND ND ND 6.2 + 1.08 22.21 4+ 1.08
R 315.14 £+ 5.15 ND ND ND ND ND
Oba IV YL ND 19.45 £ 1.75 ND 170.03 + 1.54 272.09 + 7.9 2746.56 + 9.55
ML 484 4+ 0.14 1.07 & 0.06 2.09 + 0.05 2439.36 + 6.96 ND ND
I ND 6.72 + 0.22 ND 724.76 + 19.97 95.59 + 1.53 2014.48 + 333
F 3.03 £ 0.2 274 £ 0.22 9.43 + 045 3526.9 4+ 10.87 ND 10.57 £ 0.34
S 2.54 + 0.03 ND 22.57 £ 0.33 151.75 £ 2.3 ND ND
R 112.58 + 1.44 ND ND 3294292 ND 12.66 £+ 1.07

ND = Not detected. The results shown are an average of three biological replicates & standard errors.

respective Ocimum species (Fig. 1). In Ogl, eugenol content varied from
15,106 ng/g of fresh weight (FW) in young leaves to 1414 ng/g of FW in
stem (Table 1). In case of Ogll, eugenol content was highest in young
leaves (14,942 ng/g of FW) which showed lower levels in mature leaves
(5192 ng/g of FW). Eugenol methyl-ether was detected only in Otl and
Otll and was most abundant in young leaves with 5653 and 7320 ng/g
in Otl and II, respectively. Eugenol was also detected in O. tenuiflorum
young and mature leaves, accounting for 213 ng/g to 490 ng/g of FW

in Otl, and 41 to 490 ng/g of FW in OtIl. Methyl cinnamate was a
major phenylpropanoid in Oba subtypes, with its trans isomer being
more abundant than cis. In Obal, t-methyl cinnamate was present in var-
ied concentrations among the different tissues ranging from 28 ng/g in
stem to 7325 ng/g in inflorescence. In Oballl, t-methyl cinnamate was
the principal component in flower (6221 ng/g of FW) and inflorescence
in Oball (7645 ng/g FW). Root tissues had trace levels of these
compounds in most of these species.
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3.2. Cloning and phylogenetic analysis of EGS from various Ocimum species

NCBI database search for EGS indicated a previously characterized
EGS from O. basilicum (accession No: DQ372812), designated as
ODbEGST. This sequence was used for OgIEGS cloning, which generated
a 945 bp open reading frame (ORF) encoding 314 amino acids with an
estimated molecular weight of 36 kDa. Similarly, nine EGS ORFs from
other Ocimum species were also cloned and sequenced. Amino acid
sequence alignments of EGSs indicated high sequence conservation
among them. The lead residue, Lys132, was conserved in all the EGSs,
with variations in residues lining both the active site (Phe85) and
NADP™ binding sites (Ser43) (Fig. 2). Phylogenetic analysis based on
the neighbor-joining tree clustered these EGSs into four different
groups. ObalEGS and OKEGS formed a sub-cluster with reported
ODbEGS1 indicating evolutionary proximity among them (Fig. 3). The
evolutionary relatedness of OgIEGS and Ogll EGS (99% identity) and
that of OaEGS, OtIEGS and OtIIEGS (97% identity) was also evident as
they were in separate sub-cluster of EGSs.

3.3. Differential expression patterns of CFAT and EOMT result in varied
levels of metabolites

The expression pattern of CFAT, responsible for diverting flux
towards phenylpropanoid pathway, was analyzed in young leaf tissue
of all five Ocimum species (Fig. 4A). Transcript levels of CFAT were
highest in species accumulating eugenol (Ogl) or eugenol methyl
ether (Otl), for which eugenol is the precursor molecule. In other species
(Ok, Obal and Oa), where eugenol levels were in traces, low levels of

ObaEGS1

2 0. basilicum 1 EGS

0. basilicum III EGS

O. basilicum EGS1

O. basilicum 11 EGS

0. basilicum IV EGS

O. kilimandscharicum EGS
0. gratissimum 1 EGS

O. gratissimum I EGS

O. americanum EGS

0. tenuiflorum 1 EGS

O. tenuiflorum 11 EGS
Clarkia breweri EGSI

Vitis vinifera EGS

Glycine max EGS
-Medicago truncatula EGS4
Medicago truncatula EGS9
-Medicago truncatula EGS6
Medicago truncatula EGS5
Rosa chinensis EGS

100

Gymnadenia odoratissima EGSIT
Gymnadenia odoratissima EGSI
G lenia conopsea EGSIT
G) lenia conoy EGSI
£ Fragaria x ananassa EGSII
Petunia hybrida EGSI
Clarkia breweri EGSII
82 Fragaria x ananassa EGSIb
100 -Fragaria x ananassa EGSIla
0. basilicum EOMT

Fig. 3. Phylogenetic tree of four eugenol synthases (highlighted in yellow) with other
reported sequences using MEGA6 with the bootstrap value of 1000 iterations. Total 29
EGS sequences were used to construct NJ tree with Ocimum basilicum Eugenol O-
methyltransferase (AF435008) as an out group.
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Fig. 4. Semi-quantitative real time PCR of EGS, EOMT and CFAT in young leaf tissue of all five species, with 18S rRNA as internal reference gene (A), qRT-PCR expression analyses of EGS and
EOMT in different tissues from five Ocimum species (B). Absolute quantification was done by calculating the Ct values and normalizing the results with actin, the endogenous control. Bars
represent the relative standard errors.

CFAT expression was evident. This suggested that expression of CFAT 3.4. EGS expression pattern correlates with the eugenol levels
could be crucial for accumulation of eugenol or phenylpropanoids.

Further, sqRT-PCR and qRT-PCR of EOMT indicated increased expression The expression level of EGS was determined by qRT-PCR in five
in Ot (Fig. 4A) with high abundance in Otl and OtII (Fig. 4B), implying tissues of different Ocimum species (Fig. 4B). These analyses showed a
that EOMT expression might be responsible for the selective accumula- positive correlation between gene expression and eugenol levels. EGS
tion of eugenol methyl ether in OtI and OtII. expression was highest in young leaves and inflorescence tissues across
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Fig. 5. His-tag purified and desalted recombinant EGS proteins run on 12% SDS-PAGE (A), characterization of recombinant EGS (B) - assay of rEGSs with 8 mM coniferyl acetate (1), assay of
rEGSs with 8 mM coumaryl acetate (2), and assay of OgIEGS, OKEGS and OtIEGS with substrate mixed in K, ratios (3).
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all the Ocimum species, while stem had the lowest levels of EGS. The
expression levels of EGS in mature leaves were lower than those in
young ones. In Otl and II, EGS expression levels were lower than that
observed in Ogl and II, which was consistent with the low levels of
eugenol detected in these two species.

3.5. Substrate selectivity of recombinant EGS leads to high eugenol content

The recombinant EGSs were expressed and purified from four
Ocimum species (Fig. 5A). Enzyme assays were performed using
coniferyl acetate, coumaryl acetate and cinnamyl acetate as substrates
with NADPH as a cofactor [1,4,13]. EGS showed catalytic activity
towards coniferyl acetate and coumaryl acetate with different kinetic
parameters (Fig. 5B and Table 2). Assays with buffer as control did not
yield any product. For coniferyl acetate, the apparent K, and Kk, values
of OgIEGS were 0.5 mM and 0.68 min~!, respectively, while these
values were 1.2 mM and 0.2 min~ !, respectively for coumaryl acetate
(Table 2). The kinetic parameters of OtIEGS, OKEGS and ObalVEGS
revealed similar biochemical characteristics. Comparison of coniferyl
acetate with coumaryl acetate for their substrate affinity and turnover
rate indicated that the former was the preferred substrate. When
enzymatic assays were performed by mixing the two substrates in the
ratio of their K, values for respective EGS or in equi-molar concentra-
tion (1 mM each), a similar trend was observed. This was also in agree-
ment with chemical profiling results confirming eugenol as the main
phenylpropanoid over chavicol. However, EGS did not yield any product
when cinnamyl acetate was used as a substrate.

3.6. Stable interaction between EGS and its substrates results in preferential
eugenol accumulation

Three-dimensional structures of EGS showed similarity in structural
attributes with other PIP-family proteins. EGS showed an N-terminal,
Rossman-fold domain, containing a core, six-stranded parallel 3-sheet
flanked on each face by a helical layer. It had two important regions of
catalytic function. First region was the binding pocket of active site,
where a substrate's central scaffold attached leading to successful
enzymatic reaction. p-sheet of the one core edge served as binding
surface for the NADP™" cofactor binding, while C-terminal domain was
presumed to function in substrate binding. The examination of complex
structure showed that in the binding pocket, the quinone-methide
transition state was involved in cleaving the carbon-oxygen bond
from the acetate moiety [14-16] and in serving as the actual substrate
of the reduction reaction via NADPH-mediated hydride transfer
(Fig. 6). Analysis of the polar contact network at the e-amino group of
Lys132 indicated that the unprotonated -NH, state of this residue was
the key donor in hydrogen-bond interactions with the hydroxyl group
of the nicotinamide-ribose and the backbone carbonyl oxygen of
Ser110. Furthermore, due to the electronegative nature of Lys132, it
served as the acceptor in a hydrogen bond with the bridging water
molecule and thus, acted as a general base. The de-protonation of p-
hydroxyl group of the substrate was facilitated by its interaction with
the water molecule (as a hydroxide ion). The second important region

Table 2
Values of kinetic parameters for four recombinant EGS.
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of catalytic function was the capping site of EGS active site, which was
non-polar in nature. Tyr157 was a single residue available for hydrogen
bond interactions with the polar oxygen atoms of the acetate moiety.
The presence of aromatic side-chains in the lining region of the active
site stabilized the binding of substrates.

All the variants of Ocimum EGS had similar three-dimensional struc-
tures. By superimposing Ogl EGS, OKEGS, and OtIEGS on ObalEGS, we
observed that the active site was conserved, including the binding
(Lys132) and capping regions (Tyr157) [17,18]. A docking study of var-
ious substrates (cinnamyl, coumaryl and coniferyl acetates) with
OglEGS, OtIEGS and ObalEGS, indicated difference in binding energies
(Table 3). This might be due to the variation in the residues that line ac-
tive sites. Taken together, EGS binding to coniferyl acetate was relatively
stronger than other substrates, coumaryl or cinnamyl acetate. In the
case of coniferyl acetate, the presence of an additional hydroxymethyl
group at the C3 position led to the formation of extra contact via attrac-
tive van-der-Waals force with lining residues. This might explain the
strong binding of coniferyl acetate establishing it as the preferred
substrate and thus, leading to more eugenol production than chavicol.

4. Discussion

Ocimum is a member of the mint family (Lamiaceae). Different
Ocimum species have various combinations of phenylpropanoids, with
eugenol and eugenol O-methyl ether being the most abundant in
0. gratissimum and O. tenuiflorum species, while methyl cinnamate
and estragole are more in O. basilicum species [5,19]. These compounds
are synthesized in specialized structures (glandular trichomes), located
on the aerial parts [20]. In the present study, eugenol, eugenol methyl
ether, methyl cinnamate and estragole were identified as the major
phenylpropanoids. Young plant tissue such as leaves and inflorescence
had more phenylpropanoids than mature tissues that was consistent
with their defensive role against pathogen attack and herbivory [5]. In
mature leaves and flowers, substantial levels of these compounds
were detected. The root tissue contained trace levels of these com-
pounds, which could be transported through xylem and phloem [21].
There was extensive metabolite diversity, within and across different
Ocimum species, e.g. selective presence of eugenol and eugenol methyl
ether along with varied ratios of different phenylpropanoids in Oba spe-
cies. The metabolite diversity across different species could be explained
by the differential gene expression pattern (e.g. EOMT in Otl and OtlI)
resulting in accumulation of eugenol methyl ether. Consequently in
other species, EOMT expression level was low leading to absence of
this metabolite. Additionally, differences in metabolite profile could
also be attributed to the post-translational modifications, whereby
transcript abundance was not reflected in metabolite formation. For
example, in O. basilicum var. SD, enzyme responsible for methylating
chavicol was abundant but methylchavicol was not detected due to
post-translation ubiquitylation of this enzyme [22]. Variations in
metabolite accumulation within the species could be attributed to a
number of factors. Differential gene expression of pathway enzymes
and transcription factors could also bring these changes [23,24]. For
instance, in two different varieties of O. basilicum SD and EMX-1,

Enzyme Substrate Kim (MM) Keae (min~1) Keat/Kmn (MM~ min~—1)
OgIEGS Coniferyl acetate 0.5 + 0.04 0.68 + 0.012 1.36
Coumaryl acetate 1.25 4+ 0.09 0.2017 + 0.012 0.16
OtIEGS Coniferyl acetate 117 £ 0.3 1.68 + 0.25 1.44
Coumaryl acetate 1.7 +02 0.8 4+ 0.08 047
OKEGS Coniferyl acetate 041 + 0.14 0.18 £+ 0.013 0.44
Coumaryl acetate 0.55+ 0.2 0.63 + 0.064 1.15
ObalEGS Coniferyl acetate 0.7 + 0.02 0.23 + 0.003 0.33
Coumaryl acetate ND ND

ND: Not detected. The results shown are an average of three technical replicates + standard errors.
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Fig. 6. Molecular docking of OgIEGS with different substrates. Interaction of active site lining residues of OgIEGS with coniferyl acetate (A), coumaryl acetate (B) and cinnamyl acetate (C).
The standard atom coloring is used, with white carbon atoms for the substrates and orange carbons for NADPH. The close interaction between the binding pocket residues of OgIEGS,
substrates and the hydride donor of the nicotinamide (C4) is shown as orange dashed line. Variation in the interaction of ObalEGS with coumaryl acetate (D) as compared to OgIEGS is

highlighted with dashed circle.

differential accumulation of phenylpropanoid was observed due to
varied expression patterns of entry point enzymes, phenylalanine
ammonia-lyase and 4-coumarate-CoA ligase [22].

EGS has been characterized in a number of plant species such as
petunia, clarkia and strawberry [8,13]. In phylogenetic analysis, Ocimum
EGSs were well separated from those of Petunia hybrida, Clarkia breweri,
Vitis vinifera and Medicago truncatula that were grouped in separate
sub-cluster. These 10 EGSs obtained from five Ocimum species were
distributed in two sub-groups. Sequence comparison revealed that
EGSs from different Ocimum species had high sequence conservation
suggesting evolutionary proximity to EGS from other plants. EGS ex-
pression levels were positively correlated with the eugenol levels in dif-
ferent tissues from Ocimum species. EGS expression was highest in Ogl

Table 3
Binding scores of EGS with three substrates.

Compound Binding Score (kcal/mol)

OgIEGS ObalEGS OtIEGS
Coniferyl acetate —7.6 —6.7 —6.9
Coumaryl acetate —-73 —6.6 —6.5
Cinnamyl acetate —7.0 —6.4 —6.3

and Ogll, where eugenol was the major phenylpropanoid. Variation in
CFAT expression levels, along with EGS and EOMT levels might be crucial
for the selective eugenol accumulation among these Ocimum species. It
has been reported that silencing of CFAT led to decreased accumulation
of isoeugenol in petunia [25]. However, further experiments in terms of
their in planta over-expression and silencing would be necessary to
confirm their exact role. Characterizations and comparisons of four
EGSs with coniferyl acetate and coumaryl acetate indicated that the
former was the preferred substrate based upon its enzyme affinity,
turnover number and catalytic efficiency. Additionally, when the sub-
strates were mixed together either in equi-molar ratio or in the ratio
of their K, values, eugenol was the major product, with traces of
chavicol detected in Obal EGS and Otl EGS. A homology model of EGS
was made using the reported ObEGS1 structure as a template and inter-
actions of both the substrates with the enzyme were analyzed. The lack
of a hydroxymethyl substituent at the 3-position, as in the case of
coumaryl acetate, significantly altered its stable interaction with EGS
resulting in reduced preference as a substrate. In case of EGS from Og,
Ok and Ot, coumaryl acetate made polar contact with catalytic water
and Tyr157. Although with Obal EGS, coumaryl acetate interacted
through Tyr157, there was absence of polar interaction between
coumaryl acetate and catalytic water, which might be one of the reasons
for inactivity of EGS with it.
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5. Conclusion

The present investigation provided better insight into the
phenylpropanoids distribution in different tissues of five Ocimum
species. Eugenol abundance was positively correlated with the EGS
and expression levels of CFAT along with kinetic parameters of EGS
revealed selective and higher eugenol accumulation than chavicol in
these Ocimum species. Gene expression studies of EOMT provided
evidence for its accumulation only in O. tenuiflorum species. Homology
modeling and substrate docking clearly demonstrated the stable bind-
ing of coniferyl acetate making it as the preferred substrate compared
to others. Taken together, these findings presented crucial insight for
higher eugenol content in these Ocimum species and could be further
utilized for metabolic manipulations in plants.
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