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Synopsis
Introduction
The Ocimum genus belongs to the Lamiaceae family. According to World Flora Online, this
genus comprises 66 species. In this study, we made an attempt to characterize 4CLs from O.
kilimandscharicum. Functional characterization of 4CL includes gene expression analysis, in
vitro and in vivo characterization using Escherichia coli and Nicotiana benthamiana model

systems, respectively.
Statement of problem

Ocimum is known for several important medicinal properties, including antimicrobial activity,
antiinflammation activity, antistress activity, antidiabetic, antioxidant and wound healing, etc.
Exact compounds or groups of compounds associated with these activities are not known in
Ocimum species. Metabolic analysis revealed that Ocimum species are rich in either
phenylpropanoids (O. gratissimum) or terpenoid (O. kilimandscharicum) or they may have
combination of both compounds in substantial amounts (O. canum). In most of the Ocimum
species of 4CL enzymes are not characterized besides having its important role in the
phenylpropanoid biosynthesis pathway (Gurav et al., 2021; Singh et al., 2015). Functional
characterization of 4CL isoforms in Ocimum will help to understand the role of individual
isoforms in phenylpropanoid diversity and plant physiology. Knowledge about the contribution
of Ok4CLs in modulation of flux towards either lignin or non-structural phenylpropanoids will
be useful to improve plant physiology or essential metabolite content in this important plant
species. Further, this knowledge could be used for the development or screening of a variety with

high essential oil production.
Objectives

On the basis of available information, the major objective of this study is the characterization of
4-Coumarate CoA-Ligase isoforms from Ocimum kilimandscharicum. The work of this thesis is

divided into divided into three parts.

1. Functional characterization of recombinant Ok4CL isoforms.
2. Determination of active site residues of Ok4CLs responsible for substrate specificity.
3. Functional characterization of Ok4CLs in Nicotiana benthamiana.
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Methodology

A) In vitro functional characterization of Ok4CL isoforms

i) Transcriptome analysis

We have transcriptome data from four tissues of O. kilimandscharicum, including trichome, root,
flower and leaf. All 4CL annotated sequences were selected for further analysis. A number of
4CL sequences annotated from each tissue, includes 25 from a flower, 24 from a trichome, 11
from a root and 18 from a leaf. All sequences were assembled using CAP3 Sequence Assembly
Program (Huang, X. and Madan, A. 1999). Based on assembly results, we removed the
overlapping portion of sequence and assembled the remaining part to produce longer sequences.
With this, we got 48 sequences of putative 4CLs. Then ORF analysis was performed using the
OREF finder web tool from the NCBI. Based on this, we selected all those sequences having start
to end codon sequence and the presence of two conserved signature motifs in its sequence. Two
signature motifs present in 4CL include box-I and box-II. All those enzymes having Box-I
(SSGTTGLPKGV) are grouped into a superfamily of adenylate-forming enzymes. Box-II
(GEICIRG) is involved in catalysis. Sixteen such sequences were found having these two

conserved motifs and we have selected these for further characterization.
ii) Gene expression analysis

Expression of Ok4CL isoforms analysed in young leaf, mature leaf, stem, root, trichome,
inflorescence, androecium, gynoecium, sepal and petal from O. kilimandscharicum. 2ng RNA
was used for cDNA synthesis using SuperScript III reverse transcriptase system
(Invitrogen,Carlsbad, USA). cDNA synthesis was confirmed by PCR using a set of primers that
amplifies a short sequence elongation factor lo (EF1a). gRT-PCR primers were designed for all
putative 15 Ok4CL genes using Primer 3.0 (http://bioinfo.ut.ee/primer3-0.4.0/) and Oligo
Analysis online tool (http://www.operon.com/tools/oligo-analysis-tool.aspx). qRT-PCR primers
were synthesized from Eurofin India (Banglore, India). qRT-PCR was performed on an Applied
Biosystems 7500 Fast Real-Time PCR System by using the SYBR green protocol. Three
biological and technical replicates were used for each sample. The reaction mixture contains 5
ul of SYBR green master-mix, 0.5 pl of 10uM forward and reverse gene-specific primers and 1
pl of diluted cDNA (1:2) with nuclease-free water added to make up a volume to10 pl. Standard
plots of putative 4CLs were generated using a gene-specific set of primer-pairs. Different cDNA

dilutions (1:2, 1:3, 1:8, 1:16 and 1:32) were used for generation of standard plots.

iii) Phylogenetic analysis
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Phylogenetic tree constructed with amino acid sequences of functionally characterized 4CLs
from other plants and putative Ok4CLs of O. kilimandscharicum. Deduced amino acid sequence
generated from putative Ok4CL genes of O. kilimandscharicum using online ExPASy Translate
tool. Amino acid sequences of functionally characterized 4CLs from other plants downloaded
from the NCBI database. Selected sequences were aligned using the Clustal W tool. All
parameters kept as a default for alignment. A phylogenetic tree was constructed using the MEGA
6.0 tool. The type of tree is neighbor joining and the model used for this is the Poisson model.
Thousand bootstrap replicates are used while other parameters kept are as default settings. Scale
shown at the bottom of the tree indicates that the length of the branch represents 0.02 amino acid

changes.
iv) Gene cloning, expression and functional characterization of Ok4CLs

pGEX-4T and pET28a expression vectors used for expression of Ok4CL7 and -15, respectively
in the bacterial system. Ok4CL7 (Ndel and EcoRl) and Ok4CL15 genes were cloned using
restriction enzyme-based cloning. Various constructs were confirmed using restriction enzyme

digestion and sequencing.

Vectors having 4CL gene(s) were transformed into BL21 chemically competent cells and
standard protocol was used for protein expression. Expression was induced by IPTG (500ul of
IM for 1 litre or 0.5 uM). Ok4CL7 and -15 proteins were purified using GST and Ni-NTA slurry,
respectively. Purified protein separated on 12% SDS-PAGE gel. The reaction mixture of 200 pul
contains substrate (0.2 mM), adenosine triphosphate (2.5 mM), coenzyme A (0.2 mM) and
enzyme (5 pg). All assays were performed in Tris-HCI buffer (200 mM; pH 8.0) having MgCI12
(25 mM). Blanks used for all assays contain heat-inactivated enzymes and all other components.
The change in absorbance was monitored with a UV—visible spectrophotometer (Labindia Pvt
Ltd., India). The optimum pH and temperature required for activity of recombinant Ok4CL7 and
-15 was determined using ferulic acid and sinapic acid, respectively. The range of pH 5 to pH 9
used for determining optimum pH, while the optimum temperature range was from 20°C to 80°C.
The absorbance was measured at absorption maxima at 311, 333, 345, 346, and 352 nm for the
corresponding cinnamoyl-CoA, 4-coumaroyl-CoA, feruloyl-CoA, caffeoyl-CoA, and sinapoyl-
CoA products, respectively. The optimum pH required for the activity of Ok4CL7 and -15 was
determined using range assay buffers from pH 4 to 9. Temperatures ranging from 20 to 80°C

were used to determine the optimum enzyme activity.
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B) Determination of active site residues

i) Molecular docking analysis for determination of residues interacting with substrate in

active site

Interaction and substrate preferences of recombinant Ok4CL7 and -15 with their substrate was
studied using molecular docking. Three-dimensional structures of Ok4CL7 and -15 were
predicted using Populus tomentosa 4CL (PDB ID: 3NI2) and Nicotiana tabacum 4CL (PDB ID:
5BST) crystal structures as templates, respectively. Structures were energy minimized using
Maestro 10.1 Tools and substrate binding pocket residues were predicted by superimposing
models with templates. Ok4CL structures were then prepared for docking by adding Kollman
and Gasteiger charges in AutoDock Tools. Docking of substrates with Ok4CLs were performed
using AutoDock Vina. After docking simulations, 10 docking poses were generated with each
substrate. Binding pose with the lowest binding score were selected for further analysis. Substrate

binding poses were analyzed using the BIOVIA Discovery Studio 4.5 software.
ii) Determination of specificity determining residues in Ok4CL isoforms

Based on molecular docking analysis, amino acids interacting with a substrate in the active site
of Ok4CLs were selected for the development of mutants. Based on docking study analysis and
previous reports, 27 amino acids of Ok4CL7 were selected for further study- S226, V276, Y277,
S280, L281, H317, S345, C346, G347, A348, A349, P350, G371, Y372, G373, M374, E376,
A379,L380, A381, V396, D456, V468, R471, K473, K477 and Q482. Similarly, 29 amino acids
interacting with a substrate in the active site of Ok4CL15 were selected for further study- S189,
H237, V238, Y239, V242, S243, P279, V306, C307, G308, A309, A310, P311, Q331, G332,
Y333, G334, M335, T336, L339, V340, L341, M343, C359, T417, D419, 1431, R434 and K525.

Using DUET tool models developed using replacement amino acid residue at all selected
positions with all other standard amino acids. Based on predicted stability change (AAG), models
were selected for molecular docking analysis. Molecular docking analysis of mutant models
performed using AutoDock Vina with all possible substrates related to plant metabolism.
Variants showing significant variation in binding energy with a substrate selected for the
experimental validation. Mutant Ok4CLs were generated using the QuikChange lightning site-
directed mutagenesis kit. Standard protocol provided by the manufacturer used for the mutant
development. Mutation at the desired position was confirmed by DNA sequencing. Expression

of the mutant proteins and functional characterization work is in progress.
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C) In vivo characterization of Ok4CL isoforms
i) Cloning and development of transgenic Nicotiana benthamiana lines

Based on in vitro enzyme activity and substrate preferences, recombinant Ok4CLs are selected
for in vivo characterization. Ok4CL7, -11 and -15 were further sub-cloned in the pRI101AN
vector using restriction enzyme-based cloning. Clones were confirmed by restriction enzyme
digestion and sequencing. Constructs were transformed into Agrobacterium tumefaciens
GV2260 strain using heat-shock method. Positive colonies were inoculated and used for Agro-
infection by co-cultivation method. Explant kept in liquid Murashige and Skoog (MS) medium
having A. tumefaciens for 30 min on a shaker at 28°C. Then transferred to co-cultivation medium
having MS medium and 2% sucrose. After 48 hours explants were transferred to regeneration
medium having cefotaxime (500mg/L), kanamycin (50mg/L), benzylaminopurine (1mg/L) and
naphthaleneacetic acid (0.1mg/L). Explants were sub-cultured after every two weeks on a fresh
regeneration medium. Callus growth was induced from the explant and after 3 to 5 weeks, shoots
were emerged on from the explant callus. Shoots were transferred to the root induction medium
having cefotaxime (500mg/L), kanamycin (50mg/L) and indole-3-butyric acid (0.1mg/L).
Positive lines were confirmed using PCR both from genomic DNA and cDNA (generated from
mRNA). Positive lines were transferred to hardening and tissue from these lines will be used for

gene expression and metabolite analysis.
ii) Subcellular localization of Ok4CLs isoforms

mCherry (red fluorescence protein) fused with Ok4CL isoforms were cloned in the pRI101AN
vector for fusion protein expression in plants. Constructs were confirmed by restriction enzyme
digestion and sequencing. Constructs transformed into 4. tumefaciens GV2260 strain. Positive
colonies were inoculated in the LB medium and used for the agroinfiltration experiments. Two
month old N. benthamiana and O. kilimandscharicum used for the transient gene expression
using agro-infiltration method. Tissue was harvested after 72 hours of post infiltration and

observed under a confocal microscope and obtained data was analyzed.
iii) Qualitative analysis of lignin using phloroglucinol staining

Stem from the wild and the transgenic lines of N. benthamiana used for lignin analysis.
Phloroglucinol specifically stains lignin and forms a bright pink-red colour. Handmade stem
section stained using phloroglucinol stain (3% in ethanol) and observed under brightfield

microscope.
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Conclusions

Transcriptome data from four tissues of O. kilimandscharicum (including trichome, root, flower
and leaf) were analysed. In total, 15 ORFs were selected on the basis of full length sequences
and conserved motifs. The phylogenetic analysis with the reported 4CL isoforms clustered into
two clades namely, class I and class II. Class I is involved in the biosynthesis of lignin and Class
II is involved in the biosynthesis of phenylpropanoids other than lignin. Selected 4CLs were
grouped into three major clades belonging to known three classes (CLs involved in lignin
biosynthesis, non-structural phenolics biosynthesis and uncharacterized) as mentioned earlier.
Ok4CL8, -9 and -16 grouped with other 4CLs in class-I, while all other Ok4CLs appeared in the
uncharacterized clade (Class I1I) along with other 4CLs. Ok4CL3, -4 and -5 form a separate clade
due to the presence of the fatty acyl CoA synthetase domain. Interestingly, Ok4CL15 is not
clustered with any of the class. Comparatively, it is close to class I and class II than unclassified
4CLs. Comparative analysis of gene expression values indicates differential and tissue-specific
expression of 4CLs in O. kilimandscharicum. Most of the 4CLs were expressed in the trichome,
while the least expression was observed in floral organs. Ok4CL11 was highly expressed in
young and mature leaves, trichomes, androecium and petal. Whereas, Ok4CL8 had high
expression in stem tissue. Ok4CL5 and -15 were abundant in inflorescence and root tissues.
Ok4CL7 is highly expressed in trichome, young leaf, mature leaf and root, while Ok4CL15 shows
expression in most of the O. kilimandscharicum tissues, with the highest levels in the root.

Recombinant Ok4CL7 and -15 were purified and separated on 12% SDS-PAGE. The
activity of recombinant Ok4CL7 and -15 proteins were studied with cinnamic acid, p-coumaric
acid, caffeic acid, ferulic acid and sinapic acid. Product formation was analysed by measuring
the absorption of reaction mix at corresponding A max of CoA product: p-coumaric acid (p-
coumaroyl CoA: 333nm), ferulic acid (Feruloyl CoA 345 nm), and caffeic acid (Caffeoyl CoA
345 nm). Out of the five substrates, Ok4CL7 utilized p-coumaric acid, caffeic acid and ferulic
acid. Ok4CL15 showed activity with p-coumaric acid, ferulic acid and sinapic acid. Both
recombinant 4CLs proteins utilized p-coumaric acid and ferulic acid and inactive against
cinnamic acid.

Interaction analysis of Ok4CL7 and -15 docked complexes illustrated the functional
groups of substrates and their intermediates form several non-covalent interactions with binding
site residues. On the basis of docking results mutant models developed using DUET server.
Mutants of Ok4CL7 and -15 expressed in bacteria and purified. Currently, efforts are underway
to test the activity of 4CL mutants with different substrates to study the effect of mutation on

enzyme specificity.
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Coding sequences of Ok4CL7, -11 and -15 were cloned in pRI101AN binary vector for
in planta expression. N. benthamiana transgenic lines were generated using the cocultivation
method. Ok4CL11-Nb overexpression (OE) shows rootless phenotype. Preliminary analysis
using phloroglucinol staining shows lignin content is affected in the stem of Ok4CLI1-OE-Nb
lines. Transgenic lines were transferred to glass house for hardening. Gene expression and
variation in metabolite content will be studied using qRT-PCR and LCMS, respectively.

Localization of Ok4CLs is studied using the fusion constructs of Ok4CLs with mCherry.
Fusion constructs were transformed in Agrobacterium tumefaciens (GV2260) and infiltrated in
the leaves of 1 month old N. benthamiana plants. Confocal imaging showed that both Ok4CL7
and -15 localizes to peroxisomes. The presence of peroxisome targeting signal 1 (PTS1) in their
protein sequences further confirms the observed localization findings. Further, experiment are

required to validate this data using organelle specific markers or dyes.
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Organization of thesis

The thesis is organized into five chapters; the contents of which are listed below.
Chapter 1: Introduction and review of literature

This chapter gives detailed description of the topics underlying the genesis of thesis. Literature
about the importance of plant 4-coumarate-CoA ligase in plant specialized metabolite

biosynthesis is covered in this chapter.

Chapter 2: Diversity of 4-coumarate-CoA ligases in Ocimum kilimandscharicum and

functional characterization of two candidate Ok4CLs

Gene expression of fifteen OK4CL isoforms is studied in different tissues of O.
kilimandscharicum. Moreover, two isoforms of Ok4CL (Ok4CL7 and -15) are functionally
characterized. Optimum parameters required for enzyme activity are also analyzed in this

chapter.
Chapter 3: Molecular dissection of substrate specificity mechanism in Ok4CLs

This chapter deals with the in-silico analysis of enzyme substrate interaction. Amino acid
residues interacting with substrate in active site are predicted by molecular docking analysis.

Mutant models are also developed to identify specificity determining residues.

Chapter 4: In planta characterization of three 4CL isoforms from Ocimum

kilimandscharicum

Three Ok4CL isoforms (Ok4CL7, -11 and -15) were overexpressed in Nicotiana benthamiana
to study their roles in plant growth and development. Overexpression of Ok4CLI1 in N.
benthamiana affected root growth. Different approaches, such as metabolite profiling,
transcriptomics, gene expression analysis, RNAI, grafting, chemical applications, etc. are

performed to find the reason behind root growth affected phenotype.
Chapter 5: Summary and future prospects

This chapter gives the overall summary of the thesis and future directions of this work.
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Chapter 1

Introduction and review of literature

Coumarin

Contents of Chapter 2 have been published in the review article listed below.

Lavhale, S.G., Kalunke, RM. & Giri, A.P., Structural, functional and
evolutionary diversity of 4-coumarate-CoA ligase in plants. Planta (2018), 248:
1063-1078 (Cited 46 times)
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Chapter 1 Introduction and review of literature

1.1 Plant phenylpropanoids
Plants have diverse range of metabolites that are obligatory for normal growth, development,
and reproduction. Functions played by metabolites have very crucial role in plant life cycle
which includes mechanical support, attraction of pollinators and frugivores, protection from
biotic and abiotic stresses, interaction with environment, allelopathy effect, etc. (Bennett and
Wallsgrove 1994; Ferrieri et al. 2015; Goufo et al. 2017). Plant secondary metabolites are
categorized based on chemical structure, composition, solubility and pathway in which they
are synthesized. For example, on the basis of chemical structure three groups (i) terpenoids,
(ii) phenylpropanoids and (iii) alkaloids are known. The recent advances in metabolite analysis
technologies empower the study of metabolites on large-scale derivatives of individual
metabolite and metabolic pathways at cellular and organelle level (Fukushima et al. 2009; Kueger
et al. 2012; Freund and Hegeman 2017; Floros et al. 2017). Number of secondary metabolites have
been characterized (Supplementary material, Table S1), containing numerous valuable
properties/applications such as colour, flavour, medicine, etc. (Korkina 2007; Tatsis and
O’Connor 2016; Citti et al. 2017).

Phenylpropanoids are synthesized from aromatic amino acids such as phenylalanine
(Phe) and tyrosine (Tyr) via phenylpropanoid pathway (Herrmann and Weaver 1999; Tzin and
Galili 2010; Anand et al. 2016). Along with these aromatic precursor amino acids, tryptophan is
also synthesized in plastid via shikimic acid pathway in plants (Schmid and Amrhein 1995;
Herrmann and Weaver 1999; Tzin and Galili 2010). The shikimic acid pathway utilizes
phosphoenolpyruvate from glycolysis and erythrose 4-phosphate from hexose monophosphate
pathway to generate aromatic amino acids (Tohge et al. 2013). Further, general
phenylpropanoid pathway begins with oxidative deamination of Phe and Tyr by phenylalanine
ammonia lyase (PAL) and by tyrosine ammonia lyase (TAL) which leads to formation of
cinnamic acid and p-coumaric acid, respectively. In subsequent steps, cinnamic acid is
converted to various methoxy and hydroxy derivatives such as p-coumaric acid, caffeic acid,
ferulic acid, 5-hydroxyferulic acid and sinapic acid using hydroxylases and methyltransferases
enzymes (Fraser and Chapple 2011) (Figure 1.1). These methoxy and hydroxy derivatives
utilized to corresponding CoA esters by 4CL. Products of 4CL are subsequently used by
various oxygenase, reductases and transferases for biosynthesis of lignin, flavonoids,
anthocyanins, aurones, stilbenes, coumarins, suberin, cutin, sporopollenin, etc. (Vogt 2010).
Thus, 4CL is one of the key branch point enzyme in phenylpropanoid pathway. The gene family
encoding these enzymes constitutes multiple isoforms of 4CL, which potentially perform

diverse functions, which are yet to be fully characterized (Costa et al. 2005; Gui et al. 2011) .
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However, literature reviews are available on phenylpropanoid pathway that comprehends little

information on 4CL (Vogt 2010; Fraser and Chapple 2011).
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Figure 1.1 General phenylpropanoid pathway.

1.2 Unique catalytic features of plant 4CL enzymes

The 4CL catalyzes the ligation of Coenzyme-A (CoA) with cinnamic acid and its
methoxy/hydroxy derivatives, like caffeic acid, ferulic acid etc. (Figure 1.1). This enzyme
belongs to the family of adenylate -forming enzymes, which has two conserved peptide motifs:
box I (SSGTTGLPKGYV) and box II (GEICIRG) (Uhlmann and Ebel 1993; Allina et al. 1998;
Hu et al. 1998; Ehlting et al. 1999; Schmelz and Naismith 2009). Box I is the adenosine
monophosphate (AMP) binding domain and is conserved in all the members of adenylate
forming enzyme family. This AMP binding domain widely exists in proteins of all living
organisms and are involved in wide range of functions with fruit fly luciferase, gramicidin S
synthetase, all type of CoA ligases, etc (Fulda et al. 1994). While the function of Box II is
unclear and not directly involved in catalysis (Stuible et al. 2000). Further, the substrate-
binding domain (SBD) is variable in different isoforms of 4CL. In Arabidopsis thaliana,
domain responsible for the substrate specificity determination was studied using domain-
swapping approach for two isoforms, At4CL1 and At4CL2. Both enzymes utilize 4-coumarate
as a substrate but only At4CL1 is capable to utilize ferulate. Two adjacent domains known as
SBD I and SBD II were identified. Out of these two, either one SBD of AtCL1 is sufficient to

recognize ferulate (Ehlting et al. 2001). AtCL2 contain 12 amino acid residues in substrate
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binding pocket (SBP), which were determined using crystal structure with the help of
gramicidin S synthase homology model. Amino acids in SBP include Ile-252, Tyr-253, Asn-
256, Met-293, Lys-320, Gly-322, Ala-323, Gly-346, Gly-348, Pro-354, Val-355, and Leu-356.
These 12 amino acids are flanked by conserved box I and box II motifs (Schneider et al, 2003).
The members of acyl-activating enzyme superfamily share a little sequence identity, but all
they have conserved box I. In Arabidopsis, this superfamily has 77 4CL genes and their
phylogenetic analysis shows that they formed seven groups and all have unique conserved box
I (Shockey et al. 2003).

The probable function of any enzyme can be deciphered by analysis of its primary
sequence and three-dimensional structure. Various features of 4CL structure were examined
with the help of site-directed mutagenesis, domain exchange, mathematical modeling,
crystallography, etc. Crystal structure of Pt4CL1 from Populus tomentosa was studied by
employing anomalous dispersion together with molecular replacement method using luciferase
from firefly as a model. Pt4CL1 contains 536 amino acids and has two globular domains, one
at N-terminal and other at C-terminal having 434 and 102 amino acids, respectively. N-terminal
domain has three sub-domains: N1, N2 and N3. N1 and N2 are similar in structure and have 6
parallel along with 2 antiparallel 5-sheets in center. The eight central -sheets are flanked by 4
and 2 a-helices at each end. Three residues are crucial for Pt4CL1 catalytic activity (Lys-438,
GIn-443, and Lys-523) while five residues for substrate binding (Tyr-236, Gly-306, Gly-331,
Pro-337, and Val- 338) (Hu et al. 2010). Based on crystal structure and reported sinapic acid
converting 4CLs from other plants, At4CL2 has been modified using domain exchange and
site-directed mutagenesis techniques to achieve an improved sinapic acid conversion rate. This
has been achieved in two steps 1) replacing substrate- binding pocket region of At4CL2 from
Box I to Box II with substrate- binding pocket from At3g21230 gene encoding 4CL like protein
and 2) deletion of either V355 or L356 but not both. They replace three amino acid residues
(N256A, M293P and K320L) in At4CL2; this modified 4CL shows 30 folds improvement in
conversion rate of sinapic acid (Schneider et al. 2003).

Some 4CLs have inter-protein interactions for its regulatory function. For example,
Ptr4CL3 and Ptr4CL5 isoforms from Populus trichocarpa interact with each other and form
tetramer having three Ptr4CL3 and single Ptr4CL5. The mathematical model was developed to
study their kinetics at different ratios and activation components. Using this model and
experimental analysis like microdissection, co-immunoprecipitation, chemical cross-linking,
bimolecular fluorescence complementation and mass spectrometry, showed that Pt4CL5 has a

regulatory role in Ptr4CL3-Ptr4CL5 tetrameric complex (Chen et al. 2014a). Mechanism of
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4CL activity also studied in Nt4CL2 isoform from Nicotiana tabacum. The crystal structure of
Nt4CL2 reveals that this enzyme present in two conformations during catalysis, namely
adenylate-forming and thioester forming. During the catalysis process, enzyme forms two
conformations in which substrate is converted to adenylate intermediate and then to thioester

form (Figure 1.2) (Li and Nair 2015).
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Figure 1.2 Mechanism of reaction catalyzed by 4CL.

1.3 Evolution and diversity of plant 4CLs

The evolution of phenylpropanoid pathway was crucial precondition for colonization of
terrestrial plants on land. The products of this pathway such as flavonoids and lignin protect
plants from UV light and provide structural support, respectively (Douglas 1996). Phylogenetic
analysis of 4CL genes showed that the 4CL genes separated into two distinct clades from
monocot and dicot plants. This is probably because 4CL genes evolve independently after the
separation of monocots and dicots during the course of evolution. In dicot plants, 4CL genes
grouped into two clusters: type I and type Il (Figure 1.3, Table 1.1). Type I cluster is mainly

involved in monolignol biosynthesis whereas type II is involved in phenylpropanoid
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biosynthesis other than lignin. In Arabidopsis thaliana, At4CL1, At4CL2 and At4CL4 belong
to type [ and At4CL3 comes under type II cluster (Sun et al. 2013). Sun et al. (2013) categorized
monocot 4CL’s into two other clusters type III and IV with their similar functions as that of
type I and II, respectively. In rice, Os4CL1, Os4CL3, Os4CL4 and Os4CLS5 belong to type 111,
whereas Os4CL2 belongs to type IV. These different clusters formation suggest that the
evolution of 4CL genes in dicot and monocot is an independent event after its separation.
However, PintadCL3 isoform from Pinus taeda (a gymnosperm plant), is phylogenetically
closer to type Il angiosperm 4CLs than to type I1I Pinta4CL1 (Chen et al. 2014b). This suggests
that type I and II might have diverged before the divergence of gymnosperm and angiosperm
lineages (Cukovic et al. 2001). Amino acid sequences of At4CL1 and At4CL2 from
Arabidopsis thaliana are more similar to each other (86% identical) as compared to At4CL3
sequence, which shows 71 and 73% identity with At4CL1 and At4CL2, respectively. These
findings suggest that At4CL1 and At4CL2 are the recently evolved (Ehlting et al. 1999).
Similarly, Salvia miltiorrhiza genome have ten Sm4CL related genes, out of these, only three
(Sm4CL1, Sm4CL2 and Sm4CL3) were clustered with bonafide 4CLs in phylogenetic analysis.
Sm4CL1 and Sm4CL2 clustered in type I, which are involved in lignin biosynthesis whereas
Sm4CL3 clustered in type II 4CLs, which are involved in flavonoid biosynthesis (Wang et al.
2015).

The evolution of 4CL genes was studied in the 11 genera of Larix (family: Pinaceae)
by comparing its copy number, GC content and codon usage, sequence divergence, and
phylogenetic analysis (Wei and Wang 2004). The 4CL sequences were grouped into two
paralogous clades, 4c/A and 4c[B. Both the clades have sequences from all studied 11 species
of Larix genera, but some species have more than one sequence in the same clade. These
findings support that two sister clades 4c/A and 4¢/B is due to duplication in Larix's common
ancestor, thereby leading to co-existence of two alleles in all 11 species. After this duplication,
they might have evolved separately because there is variation in values of mean distance of
synonymous, non-synonymous, and nucleotide substitutions, and ratio of transitions to
transversions. Thus, divergence of genera duplication and deletion in 4CL gene family has
happened, which might be potential reason for variation in sequence and number of alleles.
Therefore, two or three major 4CL loci might be present in Pinaceae family (Wei and Wang

2004).
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Figure 1.3 Phylogenetic tree showing the relationship among different 4CL proteins.

Table 1.1 Number of annotated and characterized 4CL genes in plants.

Annotated Characterized

Plant 4CLs 4CLs Class-I Class-II Reference
Arabidopsis 14 4 3 1 The Arabidopsis
thaliana Genome Initiative,

2000; Costa et al,

2005

Salvia 10 3 2 1 Wang et al, 2015
miltiorrhiza
Populus 20 6 5 1 Zhang et al, 2015
trichocarpa
Populus 20 5 4 1 Zhang et al, 2015
pruinosa
Populus 20 5 4 1 Zhang et al, 2015
euphratica
Salix 12 4 3 1 Zhang et al, 2015
suchowensis

List of annotated and characterized 4CL genes in various plant species such as Arabidopsis thaliana,
Salvia miltiorrhiza, Populus trichocarpa, Populus pruinosa, Populus euphratica and Salix suchowensis
(Table 1.1). In the above-mentioned plant species, only 3 to 6 4CLs are functionally characterized out
of 10 to 20 annotated 4CLs.
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1.4 Gene structure and genomic location of plant 4CLs
The 4CL genes have been studied from numerous plants and it is observed that they exist in
small gene families, where they encode identical, nearly identical, or divergent proteins. In
Arabidopsis thaliana, fourteen genes annotated as a putative 4CLs by in-silico genome
analysis, out of which only eleven were studied for functional characterization. While, rest
three has peroxisome targeting sequence (based on C-terminal signal peptide analysis), which
is absent in bonafide 4CLs (Costa et al. 2005). Genomic location of Arabidopsis thaliana 4CLs
showed a wide distribution on chromosome. Out of eleven functionally characterized 4CLs,
At4CLI1, At4CL3, At4CL9 and At4CLI10 present on chromosome 1; At4CL2, At4CL5 and
At4CL8 is on chromosome 3; At4CL6 and At4CL7 is on chromosome 4; and At4CL4 and
At4CL11 is on chromosome 5. However, only A#4CL2 and At4CLS5 are clustered together on
chromosome 3. Among these, At4CL1I, At4CL2, At4CL3 and At4CL5 are functionally active
(Costa et al. 2005). Sequence analysis of At4CLs shows that At4CL1, At4CL2 have three
introns, whereas At4CL3 have six introns (Figure 1.4). Out of these three extra introns of
At4CL3, first intron resulted from interruption of the first exon and remaining two introns
resulted from interruption in the second exon of the At4CII and At4CI2 (Ehlting et al. 1999).
There is variation in the sequence of 5’ untranslated region and putative promoter region of
AtACL1, AACL2, AtACL3. Putative TATA boxes are located at -124, -103 and -116bp
upstream of translation start codon ATG of At4CL1, At4CL2 and At4CL3, respectively (Ehlting
et al, 1999). For genes involved in phenylpropanoid pathway, like PAL, C4H and 4CL, the
promoter region have conserved box P, box A and box L. Promoter region of 4#4CLI and
At4CL2 contain only boxes P and L whereas 4t4CL3 have all three boxes (Ehlting et al, 1999).
Consequently, in rice five 4CLs are reported namely OsCL1, OsCL2, OsCL3, OsCLA4,
and OsCL5. Sequence analysis of these 4CLs shows that Os4CL1 and Os4CLS5 contain five
exons and four introns. The position of introns is conserved; however, there are differences in
intron length and sequence. Os4CL2 have one additional intron, which results from the
interruption of third exon of Os4CLI and Os4CL5 (Sun et al. 2013) (Figure 1.4). In
Physcomitrella patens, Pp4CL1 and Pp4CL4 have five exons and four introns, while Pp4CL2
and Pp4CL3 have four exons and three introns of similar size (Silber et al. 2008). Sequence
analysis of various 4CL isoforms shows that difference in number of exon and intron has
resulted from interruption of exon. Variation in number of isoform most probably resulted from

gene duplication events (Ehlting et al. 1999) Figure 1.4).
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Figure 1.4 Gene structure of 4CLs from Oryza sativa ssp. japonica, Arabidopsis thaliana, and

Physcomitrella patens.

1.5 Contribution of 4CL in lignification, flavonoid biosynthesis and stress response

The numerous products of phenylpropanoid pathway play a vital role in plants, viz. adaptation,
growth and development, reproduction, protection against biotic and abiotic stresses, etc. Here
we emphasize role of 4CL in biosynthesis of lignins, flavonoids, phenylpropanoids and other

compounds for mechanical support and protection from biotic and abiotic stresses.

1.5.1 Lignification

Lignin is the second most abundant polymer after cellulose and present in secondary cell wall
of all vascular plants. Complexity of lignin structure depends on the proportion of its
constituent monolignol derivatives, namely H, G, and S. These monolignol derivatives

synthesized via multiple routes in phenylpropanoid pathway (Naik et al. 2018). Effect of

2022 Ph. D. Thesis: Santosh Lavhale, (CSIR-NCL, Pune) AcSIR



Chapter 1 Introduction and review of literature

individual 4CL and 4CL complex (Ptr4CL3-Ptr4CL5; Populus tremuloides) on lignin content
was studied for its different aspects such as steady-state flux distribution, robustness and
homeostatic properties by using mathematical modeling . Results of this mathematical
modeling suggest that robustness and stability of pathway for S and G monolignol biosynthesis
increased in the presence of Ptr4CL3-Ptr4CL5 complex (Naik et al. 2018). In aspen (Populus
tremuloides), Pt4CLI gene is specifically expressed in lignin-containing tissue such as xylem,
whereas Pt4CL2 expressed in epidermal layers of stem and leaf. Pr4CL1 shows the highest
activity with 5-hydroxy ferulic acid, whereas Pt4CL2 is inactive with 5-hydroxyferulic acid
and has highest utilization rate with coumarate. The compartmentalized expression and
substrate preferences suggest that Pt4CLI and Pt4CL2 are involved in biosynthesis of lignin
and other phenylpropanoids, respectively (Hu et al. 1998; Sutela et al. 2014). Three 4CL
protein isoforms were detected in hybrid poplar (Populus trichocarpa and Populus deltoides)
using fast-protein liquid chromatography. All of them utilize hydroxycinnamic acid but are
inactive against sinapic acid (Allina et al. 1998). In this hybrid, 4CL1 is preferably expressed
in old leaves, green stem and xylem while 4CL2 is expressed in young leaves (Allina et al.
1998). Five Pto4CL isoforms were characterized in Populus tomentosa by expression analysis
and activity of recombinant enzymes with different substrates. All five isoforms have different
substrate specificities and turnover rates. None of them is able to utilize sinapate as substrate.
Over-expression of all these five isoforms leads to significant increase in level of lignin. In
case of Pto4CL4, over-expressed transgenic tobacco increase in naringenin content was
observed (Rao et al. 2015). Crude proteins extracted from developing xylem of Robinia
pseudoacacia have three 4CL isoforms. The isoform Rp4CL1 preferably utilise p-coumarate
as substrate, but unable to utilize ferulate and sinapate. Rp4CL2 and Rp4CL3 utilize sinapate
and also show high activity with caffeate and p-coumarate. The crude extract from the shoots
also has very similar substrate preference pattern. These results suggest that sinapate activating

Rp4CL isoforms are constitutively expressed in lignin-forming cells (Hamada et al. 2004).

1.5.2 Flavonoid biosynthesis

Plant produces flavonoids, hydroxycinnamic acids and their related compounds. These
compounds have wide range roles in plant including attractant, deterrent, symbiotic and
allelopathic interaction, and crucial for protection from UV radiation (Mierziak et al. 2014).
These compounds are primarily present in epidermis of leaves, stems, apical meristem and
pollen. Flavonoids with conjugated double bonds are potent antioxidant than single conjugated

bond. Furthermore, they undergo functional group modification (methylation and
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glycosylation) to alter the reactivity, solubility and stability. In addition, they are known to
protect from reactive oxygen species (ROS) by suppressing singlet oxygen, inhibiting enzymes
that generate ROS (cyclooxygenase, lipoxygenase, monooxygenase, xanthine oxidase),
chelating ions, quenching of free-radical and recycling of other antioxidants. All UV radiations
induce synthesis of protecting flavonoids but comparatively, UVC and UVB inducemore than
UVA (Saewan and Jimtaisong 2013; Mierziak et al. 2014; Panche et al. 2016; Surjadinata et
al. 2017; Zhao et al. 2017). Product of 4CL enzyme is required for flavonoid biosynthesis.
Condensation of p-coumaroyl-CoA/cinnamoyl CoA molecule with three molecules of
malonyl-CoA to yield chalcone, this reaction catalyzed by CHS. Then chalcone is isomerized
to flavanone by CHI. Flavanone further utilized by several branch pathways to synthesize
various flavonoids, including aurones, dihydrochalcones, flavanonols (dihydroflavonols),
isoflavones, flavones, flavonols, leucoanthocyanidins, anthocyanins and proanthocyanidins
(Hahlbrock and Scheel 1989; Dixon’ and Paiva 1995; Holton and Cornish 1995; Mierziak et
al. 2014). Specific 4CL isoform is found to be responsible for flux diversion toward flavonoid
biosynthesis. In Arabidopsis thaliana, At4CL3 is specifically expressed in light- exposed
tissues such as leaves and flowers and positively correlated with flavonoid content of these
tissues (Lee and Douglas 1996). Similar expression pattern is observed in case of rice Os4CL2
gene in rice. Os4CL2 was specifically expressed in the anther and expression is escalated by
UV irradiation, suggesting its potential involvement in flux diversion for flavonoid
biosynthesis (Sun et al. 2013). Pueraria lobata used as an herbal drug to prevent migraine,
hypertension, alcoholism and cardiovascular disorder. Its main active ingredient includes iso-
flavonoids such as puerarin, daidzin, genistin and other compounds. In this plant, PI4CL
expression is found to be highest in root tissue. The level of puerarin is also highest in root.
Upon treatment with methyl jasmonate (MeJA), expression level of PI4CL1 is upregulated and
content on puerarin is also increased over three-fold. This suggests that PI4CL1 is responsible

for biosynthesis of these isoflavonoids in Pueraria lobata (Li et al. 2014).

1.5.3 Protection from biotic and abiotic stresses

Various reports show that the level of 4CL increases upon biotic and abiotic stresses. Protection
from this is mainly achieved by modulating the level of lignin, flavonoid and other secondary
metabolites. In Arabidopsis thaliana, At4CL expression is studied in response to various
stresses. In wound treatment the expression level of At4CL1 and At4CL2 was increased (Lee
and Douglas 1996; Ehlting et al. 1999), while the level of A#4CL3 decreased (Soltani et al. 2006).
At4CL3 is involved in  flavonoid biosynthesis while A#4CL1 and At4CL2 involved in lignin
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biosynthesis (Ehlting et al. 1999). In Ocimum basilicum, one of the Ob4CL was decreased in
response to drought stress, and this might be because of 4CL involvement in the biosynthesis
of metabolites other than lignin (Abdollahi Mandoulakani et al. 2017). Physaria pruinosa is
salt tolerant species of poplar, while Populus trichocarpa is salt sensitive. When callus grown
in salt stress condition, expression of Pp4CL2, Pp 4CL11, and Pp4CL12 is induced
significantly in the resistant species compared to sensitive ones (Zhang et al. 2015). During
infection of Alternaria solani to tomato (Solanum lycopersicum L.), the transcript level of 4CL
gene is found to be upregulated (Shinde et al. 2017). These data suggest that in plant, 4CL play

a role during biotic and abiotic stress.

1.6 Activity and expression of 4CL tightly regulated at various levels

1.6.1 Regulation at transcriptional level

The transcriptional control of phenylpropanoid enzymes is a key factor for regulation (Dixon’
and Paiva 1995). Promoter region of Ec4CLI from Eucalyptus camaldulensis studied to
investigate its role at transcriptional level regulation. The 1127 bp 5° upstream sequence
contains various regulatory elements, including cis-regulatory and cis-acting regulatory
elements. These elements include light-responsive, low temperature-responsive, abscisic acid-
responsive, fungal elicitor responsive, meristem-specific activation and element for restricting
vascular expression to the xylem tissue (Hue et al. 2016). Methylation pattern in the upstream
promoter region of St4CL1 and St4CL1a genes is studied in Solanum tuberosum. No difference
is observed in the methylation pattern between elicitor stimulated (Phytophthora infestans
culture filtrate) and non- elicitor stimulated (Becker-Andre et al. 1991). In case of Pc4CL
promoter from Petroselinum crispum, a change in methylation pattern is observed when treated
with UV light, but a similar change is not observed in case of St4CL promoter (Douglas et al.
1987; Becker-Andre et al. 1991). This difference in gene expression and methylation pattern is
probably due to lack of two motifs in St4CL, which are present in Pc4CL promoter region
centered around -57 and-127 relative to transcription start site (Becker-Andre et al. 1991)
(Figure 1.5; Table 1. 2). Transcription factor MYB is known to regulate phenylpropanoid
pathway enzymes including 4CL expression. Over-expression of 4tMYB4 in tobacco reduces

the basal transcript levels of C4H, 4CL1 and CAD genes.
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Figure 1.5 Structural features of promoter might be involved in regulation of 4CL gene
expression. Presence of different boxes and methylation sites in promoter region of 4CLs might be

involved in regulation of differential gene expression.

In addition, an AtMYB4 mutant Arabidopsis thaliana shows enhanced tolerance to UV-
B relative than wild type. Expression of AtMYB4 is reduced upon exposure to UV-B light and
wounding, leading to de-repression of C4H, resulting in higher synthesis of protecting sinapate
esters. Upon UV-B exposure, over expressing AtMY B4 Arabidopsis thaliana plants are more
sensitive, leading, leading to death (37% plants) while no death in wild-type plants. In addition,
these lines have reduced sinapate ester level and unchanged flavonoid composition, this
suggest that AtMYB4 negatively regulates biosynthesis of UV protectant metabolites (H Jin
2000). In Ipomoea batatas (sweet potato), IbMYBIa transcription factor regulates expression
of anthocyanin biosynthesis genes along with 4CL. IbMYBIa positively regulate multiple
anthocyanin biosynthetic genes. This is confirmed by over-expression of [bMYBIa under
different promoters in tobacco. These transgenic lines showed increased expression of genes
encoding PAL, C4H, 4CL, CHS, CHI, F3H, DFR, and ANS (An et al. 2015) (Table 1.2).

Developmentally regulated and wound induced gene expression of 4CL is studied using
fusion of 4CL promoter (truncated and full) with GUS (beta-glucuronidase). In Arabidopsis
thaliana transformed with GUS coding region under control of 4CL promoter (full/truncated),
expression of GUS::At4CL1 and GUS::At4CI2 is restricted to vascular tissues of root and

aerial organs. The At4CL3::GUS expression is higher in non-vascular tissue (leaf and
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cotyledons), upper part of hypocotyls, and roots whereas the At4CL4::GUS expression is
restricted to roots only. Regulatory element analysis shows that -950 to -750bp region of the
At4CL2 promoter regulates early wound response, while region from -950 to -1600 bp
negatively affects early wound response. Late wounding response of A#4CL2 may be because
of presence of late wound response element in intron 1/2/3. The constructs with all intron show
a strong response after 72 h of wound compared to a construct with less introns and without

introns (Soltani et al. 2006).

1.6.2 Regulation by plant hormones

Hormones modulate metabolic pathways including phenylpropanoid pathway by regulating
4CL expression (Table 1.2). For example, two-month-old Plagiochasma appendiculatum
callus treated with abscisic acid (ABA), salicylic acid (SA) and MeJA, Pa4CLI showed
upregulation in case of SA and MeJA treatment while downregulation in response to ABA
treatment (Gao et al. 2015). Hc4CL from Hibiscus cannabinus showed downregulation when
treated with MeJA and SA. However, in ABA treatment, Hc4Cl transcript level slightly
decreased in 1 h and then subsequently increased to maximum in 24 h (Chowdhury et al. 2013).
Expression of Nt4Cll and Nt4CL2 (Nicotiana tabacum) was induced upon wounding and
MeJA treatment (Lee and Douglas 1996). In Salvia miltiorrhiza, MeJA responsive element
present in SmC4H1, Sm4CL2, Sm4CL3, Sm4CL- likel, Sm4CL-like2, Sm4CL-like3, Sm4CL-
like6, Sm4CL- like7 and their expression may be regulated by MeJA (Wang et al. 2015).
Information about the role of hormonal regulation in 4CL genes from Arabidopsis thaliana,
Pennisetum purpureum, Morus notabili, Camellia sinensis are reported in Table 1.2. Specific
4CL isoform get upregulated or downregulated in response to particular type of hormone in
different plants. For example, in response to SA treatment, Pa4CL in Plagiochasma
appendiculatum is upregulated while, Hc4CL is downregulated in Hibiscus cannabinus. These

findings suggest that each 4CL isoform has differential response to stimuli.
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Table 1.2 List of reported factors/elements that regulate 4CL in plants.

Factor/Element Effect Reference
Ip4CL IbMYBla Over-expression leads  (An et al. 2015)
to anthocynin
accumulation
Os4CL2 Wounding Down-regulation (Sun et al. 2013)
UV radiation Up-regulation
Pa4CL SA and MeJA Up-regulation (Gao et al. 2015)
ABA Down-regulation (Gao et al. 2015)
Hc4CL SA and MeJA Down-regulation (Chowdhury; et al. 2013)
ABA Up-regulation (Chowdhury; et al. 201)
At4Cl1, Wound and MeJA Up-regulation (Lee and Douglas 1996)
At4CI2 Peronospora parasitica Up-regulation (Ehlting et al. 1999)
infection and wounding
At4CL3 Peronospora parasitica  No change (Ehlting et al. 1999)
infection and wounding
Ob4Cl Drought stress Down-regulation (Mandoulakani et al. 2017)
Pp4CL ABA, MeJA and GA Up-regulation (Peng et al. 2016)
Pe4CL2, NaCl stress Change depends upon  (Zhang et al. 2015)
Ped4CLI1, genotypes
Pe4CLI2
Pe4CLS NaCl stress Down-regulation (Zhang et al. 2015)
Pe4CL9, NaCl stress No change (Zhang et al. 2015)
Pe4CL10
Ma4CL3 Wounding, salicylic Up-regulation (CH Wang 2016)
acid, and ultraviolet
treatments
Mt4CL Alumium stress Up-regulation (Chandran et al. 2008)
Cs4CL Catechin treatment Down-regulation (Rani et al. 2009)
Drought stress, ABA  Down-regulation, (Rani et al. 2009)
and GA3 Decrease in Catechin
content
Wounding Up-regulation, (Rani et al. 2009)
15ncrease in Catechin
content
Sa4CL3 Light exposer Up-regulation (Gaid et al. 2011)
St4CLs* Phytophthora infestans Up-regulation (Fritzemeier et al. 1987)
infection and
arachidonic acid
Ps4CLs* Phytophthora High expression in  (Schmelzer et al. 1989)
megasperma  glycinea epidermal cells, oil-
infection duct epithelial cells
and developing xylem
Pv4CL Sclerotinia Up-regulation (Oliveira et al. 2015)

sclerotiorum

1b, Ipomoea batatas L.; Os, Oriza sativa L.; Pa, Plagiochasma appendiculatum Lehm. &
Lindenb.; He, Hibiscus cannabiuns L.; At, Arabidopsis thaliana L.; Ob, Ocimum basilicum L.,
Pp, Pennisetum purpureum Schumach. ; Pe, Populus euphratica Oliv.; Ma, Morus notabili L.;
Mt, Medicago truncatula L.; Cs, Camellia sinensis L.; Sa, Sorbus aucuparia L.; St, Solanum
tuberosum L.; Ps, Petroselinum sativum L.; Pv, Phaseolus vulgaris L.; * analysis using
northern blot technique.
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1.6.3 Regulation in response to biotic and abiotic stresses

Several reports suggested that the 4CL gene expression is regulated by various abiotic stresses
such as drought, salinity, temperature, etc. (Table 1.2). In Arabidopsis thaliana, upon
wounding, expression of At4CL1 and At4CL2 increased after 2.5 h and then reversed to the
basal level of expression, but again increased to maximum after 48 h (Ehlting et al. 1999).
Similar gene expression patterns like 4¢4CLI and At4CL2 were shown by Hc4CL in Hibiscus
cannabinus plant in response to wounding (Choudhary et al, 2013). The At4CL3 expression
level showed downregulation that beaome normal by 4 h and then simultaneously increased
up to 72 h post wounding (Soltani et al. 2006). At4CL4 expression also increased up to 2.5 h
and remained higher up to 12 h and then fall down to basal level. Expression pattern of 4t4CL3
show by is Soltani et al. (2006) is different from pattern shown by Ehlting et al. (1999). In
Oryza sativa japonica, upon wounding Os4CL3, Os4CL4, Os4CL5 and other genes of
phenylpropanoid biosynthesis pathway were significantly upregulated, whereas Os4C// and
Os4CL2 were downregulated. When dark-adapted rice plants were illuminated with UV light,
Os4CLI1, Os4CL3, Os4CL4, and Os4CL5 were downregulated and Os4CL2 upregulated. It
concluded that the Os4CL2 is probably involved in biosynthesis of flavonol (Sun et al. 2013).
When Ocimum basilicum plants were subjected to controlled drought stress condition, the
expression levels of Ob4CL and ObC4H genes decreased, while the expression levels of
CVOMT and EOMT were increased and CAD expression was relatively unchanged. This has
been correlated with essential oil compounds and observed that highest amount of methyl
chavicol, methyl eugenol, a-bergamotene, and pB-myrcene. This suggests that altered gene
expression in response to drought stress increases methylchavicol and methyleugenol content
(Mandoulakani et al. 2017). In response to NaCl treatment PAL, CCoAOMT, C3H, HCT and
F5H genes were upregulated, which are involved in lignin biosynthesis (Choudhary et al, 2013;
Kim et al, 2013). It clearly indicated that 4CL has a significant role in countering various
abiotic stresses. This has been also proven in other plants like Populus euphratica, Morus
notabili, Medicago truncatula, Camellia sinensis, and Sorbus aucuparia (Table 1.2).

In response to biotic stresses like bacterial/fungal/virus infection and insect infestation
plant combat through phenylpropanoid modulation. The 4CL of phenylpropanoids pathway is
one of the key enzymes and its expression altered in response to biotic stresses (Table 1.2),
indicating that 4CL has a significant role in counteracting various biotic stresses. Potato leaves
infected with Phytophthora infestans leads to rapid accumulation of PAL and 4CL and other
genes from phenylpropanoid pathway. Phytophthora infestans is one of the most destructive

fungal pathogens and leads to rapid browning and hypersensitive cell death around the
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infection site. In this study, mRNA of both PAL and 4CL gene has maximum translational
activity after 2 h and enzyme activity increased up to two-fold in 6 to 12 h after infection
(Fritzemeier et al. 1987). Similar type upregulation of 4CLs gene observed in case of following
plant-pathogen interaction Arabidopsis thaliana-Peronospora parasitica, Solanum tuberosum,
Phytophthora infestans, Petroselinum sativum, Phytophthora megasperma, Phaseolus vulgaris
and Sclerotinia sclerotiorum (Table 1.2). Grapevine red blotch-associated virus is major
problem to cultivated grapevines (Vitis vinifera). Infection of this virus leads to downregulation
of phenylpropanoid pathway genes along with 4CL at the ripening stage (Blanco-Ulate et al.
2017).

1.7 Functional specificity of 4CL isoforms: a case study
Co-expression analysis of At4CLI, At4CL3 from Arabidopsis thaliana and Gm4CL4 from
Glycine max was performed individually using STRING (Search Tool for the Retrieval of
Interacting Genes/Proteins, all the parameters were kept as default except number of
interactions to show was set to 20) database and merged (Szklarczyk et al. 2015) (Figure 1.6).
At4CLI co-expressed with lignin biosynthesis genes while A#4CL3 with flavonoid
biosynthesis genes. This shows that each 4CL isoform may be responsible for metabolic flux
diversion. Both At4CL1I and At4CI3 also show co-expression with genes of other metabolite
biosynthetic pathway (other than lignin and flavonoid biosynthesis genes). Gm4CL4 shows co-
expression with genes for biosynthesis of lignin, flavonoid, other metabolites and
uncharacterized genes (Figure 5). Based on 4CL's co-expression analysis from Arabidopsis
thaliana (At4CL1 and At4CL2) and Glycine max (Gm4CL4), it showed that some plants may
have single isoform for both lignin and flavonoid and some plant may have separate isoform

for each of the class.
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Figure 1.6 Co-expression analysis of A#4CL1, At4CL3 and Gm4CLA4.

1.8 Scope of 4CLs in metabolic pathway engineering for various products

Enzymes of phenylpropanoid and flavonoid metabolism present in the form of membrane-
associated multienzyme complexes as a metabolon on the cytosolic face of the endoplasmic
reticulum (Hrazdina and Wagner 1985). These organized multienzyme complexes are efficient
in channeling of intermediates between enzymes of sequential reactions (Winkel-Shirley 1999;
Burbulis and Winkel-Shirley 1999). Interactions and organization of metabolon may vary in
different plant species (Fujino et al. 2018). As per reviewed by Chemler and Koffas (2008) it
is possible to synthesize flavonoids by gene cloning and expression of 4CL and other enzymes
involved in its biosynthesis in bacterial (Escherichia coli) and yeast (Saccharomyces
cerevisiae). 4CLs has been used for modification of crop metabolites for economic benefit and

also used for biosynthesis of commercially important metabolites.

1.8.1 Fuel and paper industry
Lignin along with cellulose microfibrils provides rigidity to plant. Lignin content affects

utilization of plant material for chemicals, fiber and energy production, etc. Lignin is one of
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the products of phenylpropanoid pathway and expression of specific 4CL isoforms plays role
in lignin biosynthesis (Costa et al. 2005; Shigeto et al. 2017). Transgenic aspen (Populus
tremuloides Michx.) in which Pt4CLIgene was silenced showed downregulation of lignin
biosynthesis. Such plants showed reduced lignin up to 45% while 15% increased cellulose
content. Silenced lines have a thicker stem, longer internodes, larger leaves and an overall
enhanced growth rate than the control (Hu et al. 1999). Sugarcane is a best raw material for
bioethanol production. Two 4CL isoforms are characterized from Saccharum spp. hybrids. Out
of two, Sh4CL1 is involved in lignin biosynthesis based on phylogenetic analysis and RNAi
silencing. RNAi suppression of Sh4CL1 leads to a decrease in 16.5% lignin content and shows
improvement of 52 to 76% saccharification rate compared to wild type control. This suggests
that 4CL silencing can be used to improve lignocellulosic raw material for biofuel production

(Jung et al. 2016).

1.8.2 Natural product industry

Various valuable natural products (NPs) are available from the general phenylpropanoid
pathway. The use of 4CL to produce high-value NPs has already been proven in bacterial,
fungal and plant systems. Resveratrol is an important secondary metabolite, which has health-
promoting properties and found in red wine (Giovinazzo et al. 2012). Fusion of 4t4CLI from
Arabidopsis thaliana and stilbene synthase (VVSTS) from Vitis vinifera was used to improve
resveratrol synthesis in yeast. With this fusion, 15-fold more resveratrol level achieved
compared to yeast individually expressing these enzymes (Wang et al. 2011). Rosmarinic acid
is also one of the important products of phenylpropanoid pathway produced by fusion of 4-
hydroxyphenyllactic acid with 4-coumaroyl-CoA, this reaction is catalyzed by
hydroxycinnamoyl-CoA: hydroxycinnamoyl transferase. It has various biological activities
including antiviral, antibacterial, antioxidant and anti-inflammatory (Petersen and Simmonds
2003). Rosmarinic acid accumulation increased from 2.1 to 3.9-fold in response to MeJA
treatment in cell cultures of Agastache rugosa Kuntze. Transcript level of ArPAL, Ar4CL, and
ArC4H were increased up to 4.5-, 3.4- and 3.5-fold, respectively, compared to untreated culture
cells (Kim et al. 2013). Plants belonging to order Zingiberales produce curcuminoids that has
wide range of applications including food additive, stimulant, food colouring agent, anti-
tumour, antioxidant and hepatoprotective, etc (Amalraj et al. 2017). Biosynthesis of
curcuminoids in FEscherichia coli was achieved by cloning of enzymes: 4CL from
Lithospermum erythrorhizon and curcuminoid synthase (CUS) from rice. Ferulic acid from

rice bran pitch, an industrial waste during rice edible oil production was used during growth of
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recombinant Escherichia coli expressing 4CL and CUS for production of curcuminoids
(Katsuyama et al. 2008). Os4CL in Ocimum sanctum is responsible for partition of metabolite
flux towards eugenol biosynthesis (Rastogi et al, 2013). Eugenol inhibits advanced glycation
end products in diabetes (Singh et al. 2016). 4CL has a prominent role in natural product

synthesis improvement.

1.8.3 Food technology

The expression pattern of genes involved monolignol and flavonoid biosynthesis are studied
during the fruit ripening in apple. Differential expression of PAL and 4CL isoforms leads to
suppressing lignin biosynthesis and strong induction of flavonoid biosynthesis during fruit
ripening (Baldi et al. 2017). Results show that fine-tuning of the pathway was achieved by
differential expression of branch point enzyme isoforms such as PAL and 4CL. The differential
expression of a specific 4CL isoform was observed at different stages of pear fruit development
(Cao et al. 2016). Thus, using 4CL manipulation for metabolic pathway engineering is useful

in post-harvesting and food technology-related industries.

1.9 Conclusions and future perspectives

1. The 4CL is essentially involved in channeling precursors for different phenylpropanoid
biosynthesis. Based on phylogenetic analysis, 4CL divided into four clusters: type 1
involved in monolignol biosynthesis, type Il involved in phenylpropanoid biosynthesis
other than lignin, type III and I'V are present in monocots with similar functions as type
I and II, respectively. The 4CL genes in monocots and dicots are evolved independently
after their separation. However, type I and II might have been diverged before the
divergence of gymnosperm and angiosperm lineages. The 4CL activity and expression
are tightly regulated spatio-temporal and in response to biotic and abiotic stresses.

2. The role of amino acids in SBP and domains of 4CL is well studied with the help of
techniques such as bioinformatics tools, crystallography, site directed mutagenesis, etc.
Its activity has been successfully improved by site- directed mutagenesis and domain
exchange approaches.

3. Co-expression analysis of characterized 4CL from various plants suggests that single
4CL is required for the lignin and flavonoid biosynthesis, whereas some plants have
separate 4CL’s for these biosynthetic pathways.

4. The metabolic pathways are regulated at entry point, branch point and/or in some cases

by intermediate enzymes for its final product biosynthesis. However, terminal enzymes
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are well studied in most of metabolic pathways. The 4CL enzymes are mostly studied
in the context of functional characterization and regulation by external factors. The
effect of internal factor/triggers on 4CL function and regulation remains enigmatic,
which is an important aspect of harnessing further applications in metabolic
engineering. It has been established that specific PAL isoforms also play an essential
role in the regulation of phenylpropanoid pathway, which is the first committed step
of this pathway.

5. The detailed validation is a prudent necessity for efficient metabolic pathway
engineering: (i) the role of intermediate and end product metabolites during specific
4CL isoform activity; (ii) involvement of transcription factors in regulating the levels
of individual 4CL isoforms; (iii) cross-talk with other pathways; (iv) splicing
mechanism in the formation of multiple isoforms; (v) regulation at -post-translational
level; (vi) activity optimization in bacterial or yeast host system, etc. Such information
is highly imperative to achieve efficient metabolic pathway engineering for

commercially important candidate metabolites.

1.10 Objectives of the work

Ocimum is known for several important medicinal properties, including antimicrobial activity,
anti-inflammation activity, anti-stress activity, antidiabetic, antioxidant and wound healing,
etc. Exact compounds or groups of compounds associated with these activities are not known
in Ocimum species. Metabolic analysis revealed that Ocimum species are rich in either
phenylpropanoids (O. gratissimum) or terpenoid (O. kilimandscharicum) or they may have a
combination of both compounds in substantial amounts (O. canum) (Singh et al. 2015; Gurav
etal. 2021). Most of the Ocimum species of 4CL enzymes are not characterized besides having
an important role in the phenylpropanoid biosynthesis pathway. Functional characterization of
4CL isoforms in Ocimum will help to understand the role of individual isoforms in
phenylpropanoid diversity and plant physiology. Knowledge about the contribution of Ok4CLs
in the modulation of flux towards either lignin or non-structural phenylpropanoids will be
useful to improve plant physiology or essential metabolite content in this important plant
species. Further, this knowledge could be used for developing or screening variety with high
essential oil production. Based on available information, the major objective of this study is
the characterization of 4-Coumarate CoA-Ligase isoforms from Ocimum kilimandscharicum.

On this background, we have defined the objectives of the thesis work as follows:
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2.1 Introduction

Phenylpropanoids protect plants from various biotic or abiotic stress conditions. Many of them
are known to have or being explored for medicinal properties. 4-coumarate CoA ligase (EC
6.2.1.12) (4CL) is a crucial enzyme involved in the phenylpropanoid pathway. It serves as the
main branch point in the pathway (Gui et al. 2011). They are encoded by a multigene family
of adenylate forming enzymes. 4CLs convert hydroxy or methoxy cinnamic acid derivatives
to the corresponding activated thioesters. Products of 4CL are utilized by various oxygenase,
reductases, and transferases for the biosynthesis of lignin, flavonoids, anthocyanins, tannins,
aurones, stilbenes, coumarins, suberin, cutin, sporopollenin, etc. (Vogt 2010). It has been
reported that 4CLs might play a crucial role in lignin biosynthesis (Kollmann et al. 1968;
Boerjan et al. 2003; Vanholme et al. 2010). Lignin is the polymer of H-lignin, G-lignin and S-
lignin monomers. Monolignols of H-lignin, G-lignin and S-lignin are synthesized from p-
coumaroyl CoA, feruloyl CoA and sinapoyl CoA, respectively (Whettena9’ and Sederoffavb
1995; Boerjan et al. 2003; Vanholme et al. 2010). Also, several non-structural
phenylpropanoids synthesized via 4CLs exhibit diverse functions in plant physiology.
Amongst these, flavonols and isoflavones negatively regulate the transport of auxin hormone
(Deng and Lu 2017). They are also involved in the attraction of symbiotic bacteria for nitrogen
fixation (Hassan and Mathesius 2012; Dastmalchi and Dhaubhadel 2015). Moreover,
flavonoids protect the plant against UV-B irradiation, sugar stress, nutrition deficiency (low
phosphate/iron/nitrogen), low temperature, drought, pathogen infection, and herbivores attack
(Shah and Smith 2020). Anthocyanins, another metabolite from this class, shows various colors
ranging from orange to pink, red, and purple. Anthocyanins impart pigmentations to flowers,
fruits and seeds to attract pollinators and seed dispersal (Shi and Xie 2014). These potential
features of 4CL in plant physiology urge the importance of molecular investigation in the

functionality of 4CLs in phenylpropanoid rich medicinal plants like species of Ocimum.

Ocimum has remarkable diversity in metabolite contents with a variety of medicinal
properties (Singh et al. 2015; Gurav et al. 2022). Functions of Ocimum 4CLs beyond
phenylpropanoid biosynthesis are still enigmatic. Gene expression profiles and quantification
of metabolite contents showed that eugenol and camphor biosynthesis is tissue-specific in O.
kilimandscharicum (Singh et al. 2020). A particular 4CL isoform was co-expressed with
EUGENOL SYNTHASE 1 in leaf tissue (Singh et al. 2020). This chapter deals with the analysis
of 4CL diversity using the phylogenetic similarity search network and gene expression in

various tissues. Following this, we have performed the structural-functional characterization
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of two recombinant 4CL isoforms from O. kilimandscharicum (Ok4CL7 and -15).
Characterization of two recombinant Ok4CL7 and -15 might shed light on their putative

functions in the O. kilimandscharicum phenylpropanoid and lignin pathway.

2.2 Materials and methods
2.2.1 Plant material and chemicals

O. kilimandscharicum plants were grown in the field at CSIR-National Chemical Laboratory,
Pune, India. After flowering, tissues (flowers, young leaves, roots, and trichomes) were
harvested and stored in liquid nitrogen for further analysis. Substrates of 4CL, such as p-
coumaric acid, cinnamic acid, ferulic acid, caffeic acid and sinapic acid (Sigma-Aldrich, St.
Louis, USA), Coenzyme A (Sisco Research Laboratories, Mumbai, India), complementary
DNA (cDNA) synthesis kit (Applied Biosystems, Waltham, USA), RNA isolation total plant
RNA extraction-Spectrum kit (Sigma Aldrich) were purchased. The plasmids like pGEM-T,
pGEX 4T, pET28a and pRI101AN were purchased from Takara (Takara, Kyoto, Japan) and
the solvents for High-Performance Liquid Chromatography (HPLC) and Mass Spectrometry
(MS) from Merck (Kenilworth, NJ, USA).

2.2.2 Identification of 4-CLs from O. kilimandscharicum transcriptome datasets

Total RNA extracted from 100 mg tissue of flowers, young leaves, roots, and trichome using
Spectrum Plant RNA Isolation kit (Sigma-Aldrich). The quality of RNA was checked on the
NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, USA). The
transcriptome was sequenced using the Illumina NextSeq500 next-generation sequencing
(NGS) (San Diego, USA) platform. De novo assembly was performed using Trinity software
without a reference genome (Grabherr et al. 2011) and transcript annotation using NCBI-
BLAST-2.2.29+ (Altschul et al. 1990). Transcriptome Sequencing and analysis is outsourced
at GenotypicTechnology, Bangalore, India. Annotated 4-Coumarate CoA Ligase (4CL)
encoding genes were selected from the de novo assembled O. kilimandscharicum
transcriptome. Open Reading Frame (ORF) analysis was performed using the ORF Finder web

tool from NCBI (https://www.ncbi.nlm.nih.gov/orffinder/). Sequences having the start and

stop codons as well as the presence of two conserved signature motifs (Box-I and Box-II) were
selected for further study (Figure 2.1 A and B). All those enzymes having Box-I
(SSGTTGLPKGV) are grouped into a superfamily of adenylate-forming enzymes. These

enzymes produce adenylated intermediate during the catalysis. Fifteen ORF sequences from

2022 Ph. D. Thesis: Santosh Lavhale, (CSIR-NCL, Pune) AcSIR 25



Chapter 2 Characterization of Ok4CL enzymes

O. kilimandscharicum transcriptome had these two conserved motifs, and they were selected
for further analyses (Ok4CL1 to 14).

OK4CL5 | TSGTTSSPKGYVLHHRGAYLMA-———— VSNAMVWGIGEGDVYLWTLPMFHENGWEFPW-T
OK4CL7 LTHGNFIAMIELFVRFEASLYDYPSTANVYLAVVPMFHUSGLELFVLG
OK4CL2 LTHGNFIAMIELFVRFEASLYDYPSTANVYLAVVPMFHUSGLELFVLG
OK4CL11 LTHGNFIAMIELFVRFEASLYDYPSTANVYLAVVPMFHUSGLELFVLG
OK4CL15 LSHRNIITCISQQVDGENP-ANHIDCEDRLLCVLPLFHUMSMESVMLC
At4cCL3 LTHKSLITSVAQQVDGDNP-NLYLKSNDVILCVLPLFHESMSLESVLLN
Gm4CL1 LSHKNLVTTIAQLVDGENP-HQYTHSEDVLLCVLPMFHE¥ALNSILLC
At4cCLl LTHKGLVTSVAQQVDGENP-NLYFHSDDVILCVLPMFHE¥ALNS IMLC
At4CL2 LTHKGLVTSVAQQVDGENP-NLYFNRDDVILCVWPMFHE¥ALNS IMLC
sk ox . L S

OK4CL5 LAALCVTSICLRQVTAKAVYSAIANLGVTHFEAAPVVLNTIVNASKEDTILPLPRIVKVM
OK4CL7 LLSLGSTVVTMRKFDGDEMVRAIDRYGITHLHAVPPILIALTKRAKNADGNGFQS-LKQV
OK4CL2 LLSLGSTVVTMRKFDGDEMVRAIDRYGVTHLHAVPPILVALTKRAKNTDGNGFRS-LRQV
OK4CL11 LLSLGSTVVTMRKFDGDEMVRAIDRYGVTHLEAVPP ILVALTKRAKNGDGSGFRS-LRQV
OK4CL15 SLRAGAAIVIMPRFELNELMEVIQKYKVTIABFVPPILLGIAKSQT-AAKFDLSS-VRRV
At4cCL3 SLRSGATVLLMHKFEIGALLDLIQRHRVTIABLVPPLVIALAKNPT-VNSYDLSS-VRFV
Gm4CL1 GIRSGAAVLILQKFEITTLLELIEKYKVTVASFVPPIVLALVKSGE-THRYDLSS—-IRAV
At4cCLl GLRVGAAILIMPKFEINLLLELIQRCKVTVABMVPPIVLAIAKSSE-TEKYDLSS-IRVV
At4CL2 SLRIGATILIMPKFEITLLLEQIQRCKVTIVAMVVPPIVLAIAKSPE-TEKYDLSS-VRMV

. . . . . * e % * .. . . . . .
OK4CL5 EAGAAPPPSVLSAMLQRGF---KITHEYELSETY@PSTICVWKPEWDSLPPEDQARMNAR
OK4CL7 BCEAAPLSEKSIVELIEALPHVDFIQBYEGMTESTABATR--GYN-—-NG-——————————
OK4CL2 BCEAAPLSEKSIVELIEALPHVDFIQBYEBMTESTABATR--GYN-—-NG-——————————
OK4CL11 BCEAAPLSEKSIVELVEALPHVDF IQBYEBMTESTABATR--GYN-—-NG-——————————
OK4CL15 FicC@EAPMDRKLELSLKSKLPNAI IGOGYEMTEALBNESMCLGFA-——KFP——————————
At4CL3 EsEAAPLGKELQDSLRRRLPQAILGQEYEMTEAGBYESMSLGFA-——KEP——————————
Gm4CL1 WiTEAAPLGGELQEAVKARLPHATFGOBYEMTEAGBEEAT SMAFA-——KVP——————————
At4cLl KSEAAPLGKELEDAVNAKFPNAKLGQEYEMTEAGBVMBAMSLGFA-——KEP——————————
At4CL2 KS@AAPLGKELEDAISAKFPNAKLGOEYEMTEAGBYMBAMSLGFA—-——~KEP——————————

*okokx : : R .
BoxlI
OK4CL5 QGVRYTGLEGL-—————— DVVNTETMQPVPADGTTYGEIVFRGNVVMKGYLK————————
OK4CL7 —-GVKKYSSVGLLSPNIEAKVVDWVTGAL--VPPGS f GELWLRTPGNMKGYLNNTEATV-—
OK4CL2 —GVKKYSSVGLLSPNIEAKVVDWVTGAL--VPPGS f GELWLRTPGNMKGYLNNTE—————
OK4CL11 -~GVKKYSSVGLLSPNIEAKVVDWVTGAL--VPPGS f GELWLRTPGNMKGYLNNTEAT- -
OK4CL15 -MKFKAGSCGNVIKNARMKIIDPATGAS--LDRNQRGEICLKGE SVMKGYYKDPEAT- -~
At4CL3 -IPTKSGSCGTVVRNAELKVVHLETRLS--LGYNQPGEICIRGDOIMKEYLNDPEATSAT
Gm4CL1 —-SKIKPGACGTVVRNAEMKIVDTETGDS--LPRNKEGEICIIGI'KVMKGYLND———————
At4cCLl ~FPVKSGACGTVVRNAEMKIVDPDTGDS--LSRNQPGEICIRGHQOIMKGYLNNPAAT- -~
At4cCL2 —-FPVKSGACGTVVRNAEMKILDPDTGDS--LPRNKPGEICIRGNQIMKGYLNDPLA-———
* .. * *ke o **k ke

Figure 2.1 A. Sequence Alignment of 4CLs from O. kilimandscharicum and a representative
from A. thaliana G. max. Substrate binding residues highlighted in pink colour; Box-I: Adenylate

forming domain and Box-1I: Required for catalysis.
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Figure 2.1 B Flowchart of analysis performed to select putative 4CL sequences from O.

kilimandscharicum transcriptome data.

2.2.3 Phylogenetic, sequence similarity network and domain analysis

Phylogenetic analysis of 4CLs was performed using MEGA 6 software (Tamura et al., 2013).
Deduced amino acid sequences of all putative 4CLs from O. kilimandscharicum and reported
4CLs were aligned using the MUSCLE alignment tool (Edgar 2004). Reported 946 plant 4CL
sequences were retrieved from the UniProt protein database (partial, hypothetical and putative
sequences were excluded). Aligned sequences in fasta file format used for phylogenetic tree
construction using the neighbour-joining method with 1000 bootstrap value and by keeping the
rest of the parameters default. The relation among 4CL sequences was also studied by
Sequence Similarity Network (SSN) wusing SSNpipe with default protocol
(https://github.com/ahvdk/SSNpipe, https://github.com/ahvdk/SSNpipe/wiki/SSNpipe-Usage-

140

Examples). BLAST e-value used for edge distance calculations. Cut-off value 1e'*® was used
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for network building as it is the highest to achieve confident clustering. The output network
was visualized using Cytoscape 3.7.2. Domain architecture of selected 4CLs studied using

Conserved Domains Database (CDD) (Lu et al. 2020).

2.2.4 Gene expression analysis

Gene expression of putative 4CLs studied in different tissues from O. kilimandscharicum.
Total RNA was isolated from 100 mg of freshly collected tissue, using Spectrum Plant RNA
extraction kit as described (Anand et al. 2016) (Figure 2.2). Genomic DNA contamination in

isolated RNA was removed using RNase free DNase treatment.
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Figure 2.2 RNA isolation from different tissue of O. kilimandscharicum plants.

Two pg RNA was used for cDNA synthesis using SuperScript III reverse transcriptase
system (Invitrogen, Carlsbad, USA). cDNA synthesis was confirmed by PCR using a set of
primers that amplifies a short sequence elongation factor 1a (EF1a). qRT-PCR primers were
designed for all putative 15 Ok4CL genes using Primer 3.0 (http://bioinfo.ut.ee/primer3-0.4.0/)

and Oligo Analysis online tool (http://www.operon.com/tools/oligo-analysis-tool.aspx). qRT-

PCR primers were synthesized (Eurofins, Bangalore, India) and used for analysis. qRT-PCR
was performed on an Applied Biosystems 7500 Fast Real-Time PCR System using the SYBR
green protocol. Three biological and technical replicates were used for each sample. The
reaction mixture contains 5 ul of SYBR green master-mix, 0.5 pl of 10uM forward and reverse
gene-specific primers (Table 2.1) and 1 pl of diluted cDNA (1:2) with nuclease-free water
added to make up a volume to 10 pl. Standard plots of putative 4CLs were generated using a
gene-specific set of primer pairs. Different cDNA dilutions (1:2, 1:3, 1:8, 1:16 and 1:32) were
used to generate standard plots. The qRT-PCR reaction for sample cDNA was optimized using
different concentrations of primer and cDNA. Absolute gene expression was performed using

the standard plot method. Heatmap of Ok4CL genes expression across various tissues of O.
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kilimandscharicum was illustrated using normalized z-score. Multiple Experimental Viewer

(MeV) (http://mev.tm4.org/#/welcome) software was used to plot the heatmap.
2.2.5 Cloning, recombinant protein expression and purification of Ok4CL7 and -15

As the representative of different clades, three candidate Ok4CLs, Ok4CLI11, -7 and -15, were
selected for heterologous expression and in vitro characterization. Putative full-length coding
sequences of Ok4CL7 (1731 bp), Ok4CL11 (1731 bp), Ok4CL15 (1608 bp) were amplified
from cDNA by PCR using a high-fidelity Q5 polymerase (New England Biolabs, Ipswich,
USA). Amplified sequences were cloned into expression vectors (Ok4CL7 in pGEX 4T and
Ok4CL15 in pET 28a) using T4 DNA Ligase (New England Biolabs). Ndel and EcoRI
restriction sites used for Ok4CL7 and 11 cloning, while Ndel and Sall used for OK4CL15.

These restriction sites were included in forward and reverse primers, respectively (Table 2.1).

Table 2.1 Primers used for qRT PCR and full-length cloning of Ok4CL7 and -15.

Primer name

Nucleotide sequence

OKA4CL! RT F CCTCCATTATGAAAGGTTACTTC
OK4CL1 RT R GGTGAGTAAGCAACAAAGCC
OK4CL2 RT F TTAGGTAATGCTTTGGAGGGTGTT
OK4CL2 RT R AAAATCGCGGCGGTGTCGTTT
OK4CL3 RT F ATGTGACGAAGGGCTACAAGAAT
OK4CL3 RT R ATGTGACGAAGGGCTACAAGAAT
OK4CL4 RT F CCAAAGGCGTTGTTTACAGC
OK4CL4 RT R TTTGTGAGTGGCTATGCTGTC
OK4CL5 RT F GCATATCTCATGGCCGTAAG
OK4CL5 RT R AGCACAAAAATGGGTGACACC
OK4CL6 RT F GATGACGAAGTCGGATTTGG
OK4CL6 RT R AGGCTCAGTTGTACGAGTG
OK4CL7 RT F TTAGGTAATGCATTGGAGGGTTGC
OK4CL7 RT R AGTATAAAATCGCGGCGGTGTCCT
OK4CL8 RT F TATGGGATGACTGAAGCGGGGCCA
OK4CL8 RT R GTAGACTCCGGATCATTGAGAT
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OK4CL9 RT F

GGACAGGGTTATGGGATGACC

OK4CL9 RT R

GTAAGAAACAAAATACGTTG

OKA4CL10 RT F

AGCAGCATTCAGAGCAATAAATC

OK4CL10 RT R

TGAAACCAAGGCTTCGGAG

OK4CL11 RT F

GTTTTGGATTTGAGCTGTGAGAA

OKA4CL11 _RT R

CAGTAGTGCCAGACGAGTAC

OK4CL12 RT F

TGTTGACCGCATCAAAGAGC

OK4CL12 RT R

ACATCTTCTTCAGTCAGTGAGC

OK4CL13 RT F

TGGAAGCCCTAATAGTGGATTC

OK4CL13_RT R

ACGGTCCACAACATAGAGTC

OK4CL15 RT F

ATTTGCCTCAAAGGAAGCTCC

OK4CL15 RT R

ACAGCAGCATCAGATATGGAG

OK4CL16 RT F

GACCTTGTTTGATAAACGGAGTG

OK4CL16 RT R

AGGAAGGCGAAGACAACC

Ok4CL7 Ndel-FF

AATACATATGATGGCTGCATTAATAAAAGCCC

Ok4CL7 EcoRI-FR

AATAGAATTCCTAAAGCCTGGAAACAAACAAGTTC

Ok4CL15 Ndel-FF

AATACATATGATGGAGCTGAAAGAAGAGAAG

Ok4CL15 Sall-FR

AATAGTCGACTTACATTCTAGCTCTCAGATTCTTCC

The constructs having either of the 4CL genes were transformed in ArcticExpress

(DE3) competent cells (Agilent Technologies, Santa Clara, USA). A single colony of
ArcticExpress cells having expression construct/plasmid was inoculated in primary culture and
grown in a shaker incubator at 37°C overnight (~14 hrs.). 10 mL of inoculum used from
primary culture for 1 litre of secondary culture. Secondary culture allowed growing up to log
phase (ODeoo ~ 0.45). Once the culture reaches to log-phase, then it is kept at 4°C for chilling.
Gene expression was induced by adding 0.5 M IPTG to 1 L culture (ODsoo ~0.45) and cultures
grown at 12°C in a shaker incubator for overnight (~14 hrs.). The bacterial cell pellet was
obtained by centrifugation of culture at 3500 g for 10 min. Pellet was resuspended in 10 mL
lysis buffer (Tris [5S0 mM], NaCl [200 mM], glycerol [5% v/v] and lysozyme [0.2 mg/mL] pH
8.0), followed by sonication using VibraCell (Sonics, Newtown, USA) (10 seconds on and off

cycle with an amplitude of 45%) for cell lysis. For recombinant proteins, buffer containing Tris
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(50 mM), NaCl (200 mM), glycerol (5% v/v) was used throughout the purification process.
Cell lysate/cell debris was separated using centrifugation at 11200 g for 60 min at 4°C. The
supernatant was collected in a fresh tube. Supernatant further filtered using 0.2-micron syringe
filters for removal of any solid matter. Clear supernatant along with slurry was kept for binding
on a shaker for 3 hrs at 4°C. Ok4CL7 and 11 were purified using Glutathione Sepharose 4B
(GE Healthcare, Chicago, USA), whereas Ok4CL15 with Ni-NTE slurry (Roche, Basel,
Switzerland). For elution of Ok4CL7 and 11, reduced glutathione (20 uM; pH 8.0) was used,
whereas imidazole (200 uM; pH 8.0) used for Ok4CL15. Size of purified proteins confirmed
by separating on 12% SDS-PAGE gel. Salts were removed using dialysis against Mili Q water.
Purified recombinant Ok4CL7 and OK4CL15 protein aliquots were stored at -80 °C after the
snap freeze in the liquid nitrogen until further use. We could not successfully obtain

recombinant protein of Ok4CL11.

2.2.6 Enzymatic assays of recombinant Ok4CL7 and -15

All enzyme assays were performed in three replicates. The activity of recombinant purified
Ok4CL enzymes was studied with five substrates: p-coumaric acid, caffeic acid, cinnamic acid,
ferulic acid and sinapic acid as described previously (Gui et al. 2011; Gao et al. 2015). The
reaction mixture of 200 ul contains substrate (0.2 mM), adenosine triphosphate (2.5 M),
coenzyme A (0.2 mM) and enzyme (5 pg). All assays were performed in Tris-HCI buffer (200
mM; pH 8.0) having MgCl2 (25 mM). Blanks used for all assays contain heat-inactivated
enzymes and all other components. The absorbance change was monitored with a UV—visible
spectrophotometer (Labindia Pvt Ltd., Mumbai, India). Optimum pH and temperature required
for recombinant Ok4CL7 and Ok4CL15 activity were determined using ferulic acid and sinapic
acid, respectively. Range of pH 5 to pH 9 used for determination optimum pH, while for
finding out optimum temperature range from 20°C to 80°C were used. The absorbance was
measured at absorption maxima at 311, 333, 345, 346, and 352 nm for the corresponding
cinnamoyl-CoA, 4-coumaroyl-CoA, feruloyl-CoA, caffeoyl-CoA, and sinapoyl-CoA products,
respectively (Stoekigt and Zenk 1975; Schatz and Grisebach 1982). Substrate concentration
used for enzyme kinetics ranged from 10 to 400 uM for coumaric acid and caffeic acid, whereas
25 to 800 uM for ferulic acid. All other components of the reaction were kept constant (ATP
[2.5 mM]; CoA [0.2 mM], Enzyme [5 pg]). The average value of three replicates used to plot
the graph. Standard deviation calculated using three replicate values and plotted as an error bar

of respective value in the graph.
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2.2.7 Characterization of recombinant Ok4CL products on HPLC and LC-MS/MS

Ok4CL assay products for substrates 4-coumaric acid, caffeic acid, ferulic acid and sinapic acid
were analyzed on Waters HPLC using reversed-phase C18 column at 24°C with 0.7 mL/min
flow rate. Photodiode array (PDA) detector used to analyze the change in absorption. 20 ul of
sample injected from each reaction. Three runs of each enzyme with each substrate. i) standard
substrate; ii) heat-inactivated enzyme and all other components; iii) reaction mixture with the
active enzyme. Product peak was observed at absorbance 333 nm (p-coumaroyl CoA), 345 nm
(caffeoyl CoA), 346 nm (feruloyl CoA) and 352 nm (sinapoyl CoA) (Knobloch and Hahlbrock
1977; An et al. 2015). Acetonitrile and ammonium acetate (0.1M; pH 4.5) was used as the
mobile phase. Previous protocol with modifications was used for HPLC analysis (Costa et al.
2005). The gradient used ranges from 0 to 100% ACN. ACN reaches 65% in approximately
25 min and 100% in about 28 min. 100% ACN wash was given for 30 min. For equilibration
of the system before the next run, 100% ammonium acetate (pH 4.5) for 8 min. The product
peak was collected and dried using a lyophilizer. Purified metabolites were dissolved in 50%
acetonitrile and 50% water and used for characterization by LC-MS/MS. Orbitrap Fusion mass
spectrometer (Thermo Scientific) coupled with the heated electrospray lon source was used for
data acquisition. For MS1 mode, the mass resolution was kept at 120,000 and for MS2
acquisition, the mass resolution was 30,000. Mass range of data acquisition was 60-900 da.
Extracted metabolites were separated on UPLC ultimate 3,000 installed with the Xbridge
Amide column. Accurate mass and fragmentation pattern were acquired for the mixture by
separating them on the HILIC column and positive and negative ionization mode both. The
purified mixture was separated by solvent A was 20 mM ammonium acetate in the water of PH
9.0 and mobile phase B was 100% acetonitrile. The elution gradient starts from 85% B to 10%
B over 14 min, with a flow rate of 0.35 ml/min. LC-MS/MS acquired data has been processed

using the Xcalibur software (Thermo Scientific) using the default setting.
2.2.8 Statistical analysis

At least three replicates were used for all statistical analysis. Significance of Ok4CL7 and
Ok4CL15 gene expression calculated using multiple unparallel t-tests in GraphPad Prism
version 9.0.0 for macOS, GraphPad Software, CA, USA, www.graphpad.com. (ns= P > 0.05;
*=P <0.05; **=<0.01; ***=P < 0.001; **** =P < 0.0001). Significant differences between

data were determined using the One-way Analysis of Variance (ANOVA: single factor) tests.

Error bars represent the mean + standard deviation. One-way ANOVA test suggested a
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significant difference between data p <0.005 for both the enzymes substrate preference

experiments.

2.3 Results and discussion
2.3.1 Ok4CLs diverged depending on their biological roles

Fifteen annotated 4CL sequences were retrieved from O. kilimandscharicum transcriptome
datasets. Domain analysis depicts that most of Ok4CLs contain AMP-BD, CaiC, and 4CL
domains, indicating their homology and possible functional conservation (Table 2.2). The open
reading frame of these Ok4CLs had Box-I and Box-II signature motifs. The phylogenetic tree
was constructed using 946 plant 4CLs protein sequences, including 15 putative Ok4CLs. These

4CLs were grouped into nine major clades (Figure 2.3).

escale:0l —

Figure 2.3 Phylogenetic analysis of plant 4CLs. The phylogenetic tree was constructed
using 946 4CLs from the UniProt database and 15 4CLs from O kilimandscharicum. Plants
4CLs are distributed in 9 clades (highlighted in different colors).
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Table 2.2 Classified features of Ok4CL enzyme (clade and domain arrangement) along

with selected other plant 4CLs.

Name and Accession number Length (aa) Clade Domain(s)

OK4CL1 MW413287 555 Clade Il  AMP-BD, CaiC, 4CL

Ok4CL2 MW413288 477 Clade Il AMP-BD, CaiC, 4CL

OK4CL3 MW413289 523 Clade Il AMP-BD, CaiC,
FACL fumlOp like

OK4CL4 MW413290 484 Clade Il AMP-BD, CaiC, ttLC FACS
AEE21 like

OK4CL5 MW413291 614 Clade Il  AMP-BD, CaiC, PLN02479,
ttLC FACS AEE21 like

OK4CL6  MW413292 380 Clade Il AMP-BD, CaiC

OK4CL7 MW413293 576 Clade Il AMP-BD, CaiC, 4CL

OK4CL8 MW413294 446 Clade 1 AMP-BD, CaiC, 4CL

OK4CL9_ MW413295 425 Clade 1 AMP-BD, CaiC

OK4CL10_MW413296 454 Clade Il  AMP-BD, CaiC

OK4CL11_MW413297 576 Clade Il  AMP-BD, CaiC, 4CL

Ok4CL12 MW413298 424 Clade Il  AMP-BD, CaiC, 4CL

OK4CL13_MW413299 454 Clade Il AMP-BD, CaiC

OK4CL15 MW413300 535 Clade AMP-BD, CaiC, 4CL

/11T

OK4CL16_MW413301 412 Clade 1 AMP-BD, CaiC

N. tabacum 4CL2_A0AIS44AFV7 542 Clade 1 AMP-BD, CaiC, 4CL,
PLN02246

G. max 4CL2_Q8S5C1 547 Clade I AMP-BD, CaiC, 4CL,
PLN02246

P. tomentosa ACL_Q941M4 536 Clade I AMP-BD, CaiC, 4CL,
PLN02246

V. vinifera 4CL1_A0A438CEN2 548 Clade I AMP-BD, CaiC, 4CL,
PLN02246

C. annuum 4CL1_A0A2G2YZHS 553 Clade I AMP-BD, CaiC, 4CL,
PLN02246

N. attenuata 4CL2_A0A314L3J8 558 Clade 1 AMP-BD, CaiC, 4CL,
PLN02246

A. thaliana 4CL1 _A0A178W9CI 561 Clade I AMP-BD, CaiC, 4CL,
PLN02246,
PLN02574

A. sativum 4CL_G3CU71 545 Clade I AMP-BD, CaiC, 4CL,
PLN02246

Z. marina 4CL1_A0AOK9PSW3 552 Clade I AMP-BD, CaiC, 4CL,

Z. mays 4CL1_B4FQP4 555 Clade 1 AMP-BD, CaiC, 4CL,
PLN02246

P. patens subsp. patens 585 Clade IT AMP-BD, CaiC, 4CL,

4CL2 B7SBAO PLN02246
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P. taeda 4CL_U5SMY99 575 Clade II AMP-BD, CaiC, 4CL,
PLN02246

G. max 4CL2_P31687 562 Clade II AMP-BD, CaiC, 4CL,
PLN02246

A. thaliana 4CL3_Q98777 561 Clade 11 AMP-BD, CaiC, 4CL,
PLN02246

V. vinifera 4CLI1_A0A438DX51 547 Clade IIT  AMP-BD, CaiC

C. annuum 4CL11_A0AIUSFQI18 554 Clade Il AMP-BD, CaiC, 4CL

N. tabacum 4CL11_A0A1S4B2L5 551 Clade Il AMP-BD, CaiC, 4CL

A. thaliana 4CL17_Q9M0X9 544 Clade Il AMP-BD, CaiC, 4CL

G. max 4CL_H2BER4 540 Clade Il AMP-BD, CaiC, 4CL

A. annua 4CL17_AOA2UIMBW6 535 Clade Il  AMP-BD, CaiC, 4CL

N. tabacum 4CL1_A0A1S4A42D2 565 Clade Il  AMP-BD, CaiC, 4CL

C. cajan ACL1_A0A151S5161 608 Clade Il AMP-BD, CaiC, 4CL

A. thaliana 4CL1_Q84P24 566 Clade Il  AMP-BD, CaiC, 4CL,
PLN02574

E. sagittatum 550 Clade III AMP-BD, CaiC, 4CL

4CL2 A04047DMV6

V. vinifera 4CL1_A0A4438K487 549 Clade Il  AMP-BD, CaiC, 4CL

Z. mays 4CL14 _A0A317YF40 551 Clade Il  AMP-BD, CaiC, 4CL

P. andersonii ACL_A0A2P5B929 556 Clade Il AMP-BD, CaiC, 4CL

N. papyraceus 560 Clade Il  AMP-BD, CaiC, 4CL

4CL2 A0A346TLE9

G. s0ja 4CLI9C_A0A4445KB03 472 Clade Il AMP-BD, CaiC, 4CL

AMP-BD:AMP binding domain; CaiC:Acyl-CoA synthetase; 4CL:4 Coumarate CoA Ligase
PLNO02246:4-coumarate--CoA ligase; PLN02574:4-coumarate--CoA ligase- like; ttLC FACS AEE21
like: Fatty acyl-CoA synthetases similar to LC-FACS from Thermus thermophiles and Arabidopsis;
FACL fuml10p_like: Subfamily of fatty acid CoA ligase (FACL) similar to Fum10p of Gibberella
moniliformis.

Representative 4CLs selected from each clade and putative Ok4CLs were further used
for phylogenetic tree construction (Figure 2.4). Selected 4CLs were grouped into three major
clades belonging to known three classes (4CLs involved in lignin biosynthesis, non-structural
phenolics biosynthesis and uncharacterized) as mentioned earlier. Ok4CLS, 9 and 16 grouped
with other 4CLs in class-I, while all other Ok4CLs appeared in the uncharacterized clade
(Class III) along with other 4CLs. Ok4CL3, 4 and 5 form a separate clade due to the fatty acyl
CoA synthetase domain (Figure 2.4). Interestingly, Ok4CL15 is not clustered with any of the

class. Comparatively, It is close to class I and class II than unclassified 4CLs.
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Figure 2.4 Phylogenetic analysis of 4CLs. Class-1 4CLs are involved in the biosynthesis of
lignin and Class-Il -4CLs are involved in the biosynthesis of non-structural

phenylpropanoids.

A similar classification was reported for the 4CL isoforms in several plants (Ehlting et
al. 1999; Lindermayr et al. 2002; Lavhale et al. 2018). Piper nigrum 4CLs distributed in class-
I'and class-II. Class-1 4CLs were active towards the lignin biosynthesis substrates like coumaric
and ferulic. In addition to this, Class-II 4CLs are also active toward piperonylic acid, 3,4-
(Methylenedioxy) cinnamic acid (MDCA), and piperic acid (Jin et al. 2020). 4CLs from
monocot and dicot separated into two clades due to their parallel evolution after speciation
(Sun et al. 2013). Pinus taeda 4CL (Pinta 4CL3, gymnosperm) isoform was grouped with
Class-1I angiosperm 4CLs, suggesting their evolutionary conservation (Chen et al. 2014). Some

4CLs contain conserved motifs as 4CLs and they are homologous with 4CL sequences
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(Cukovic et al. 2001). These are also classified as 4CL-like and their functions are not yet clear

(Raes et al. 2003). Further, similarity among the 4CLs was studied using the sequence

similarity network (SSN). Our analysis showed three major clusters with an E value of 1'%

(Figure 2.5).
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Figure 2.5 The sequence similarity network analysis of various plant 4CLs, including that

from O. kilimandscharicum showed five clusters at the E-value of 1¢!40,

In the first cluster, Ok4CL7 -15 were grouped with 4CL from Epimedium sagittatum
(AOAOATDMV6), Prunus andersonii (A0A2P5B929) and Narcissus papyraceus
(AOA346TLE9). In the second cluster, Ok4CL2, -3, -8, -12, -13 and -5 were clustered with
others 4CLs from Nicotiana tabacum (AOA1S4A2D2), (AOA1S4AFV7), Zea mays
(AOA317YF40), Vitis vinifera (AOA338K487), Arabidopsis thaliana (Q9IM0X9) (Q82P24),
Cajanus cajan (AOA1518S161), Glycine max (H2BERA4), Artemisia annua (AOA2UIMBW6).
In the third cluster, Ok4CL1, -9, -10 and -16 were clustered with 4CLs from Nicotiana
attenuata (A0OA314L318), G. max (P31687), Physcomitrella patens subsp. patens (BTSBAO),
V. vinifera (AOA438CEN2), G. max (Q8S5C1) A. thaliana (Q9S777), C. annum
(AOAT1UBFQ18), Allium sativum (G3CU71G3CU71) Zostera marina (AOAOK9PSW3),
Populus  tomentosa (Q941M4), A. thaliana (AOA178WICl), Capsicum annum
(AOA2G2YZHS) and Pinus taeda (USMY99). Corroboration in phylogenetic and SSN

clustering affirms the 4CLs clustering according to their evolutionary conservation.

The 4CL isoforms are characterized from several plants. These isoforms were grouped

into two broad classes. Class-I is mainly involved in lignin biosynthesis and contains 4CLs
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from dicotyledonous plants, such as At4CL1 and -2 (Lee and Douglas 1996; Vogt 2010). Many
of the candidates from Class-II are possibly involved in the biosynthesis of non-structural
phenolics, such as flavonoids and antitoxins and possess 4CLs from monocotyledonous,
dicotyledonous and gymnosperm plants, e.g. At4CL3 (Lee and Douglas 1996; Hamberger and
Hahlbrock 2004; Gui et al. 2011).

Selected Ok4CLs have conserved adenosine monophosphate binding sites and acyl
CoA synthetase (CaiC) domain. 4CL domain was absent in Ok4CL3, -4, -5, -9 and -16. Out of
these, Ok4CL3, -4 and -5 contain fatty acyl CoA synthetase FACS) domain, proposing their
potential role in fatty acid metabolism (Table 1). OK4CL7, -8 and -15 have 4CL, CaiC and
AMP binding domain (Figure 2.6).
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7 CaiC 572
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; CaiC ot

1|‘,‘ l 4CL JW 46
OKA4CL8 |
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Figure 2.6 Domain analysis. OK4CL7, -15 and -8 from O. kilimandscharicum have several
domains, including AMP BD- AMP binding domain; CaiC (Acyl CoA Synthetase); 4CL (4-

Coumarate-CoA Ligase).

2.3.2 Ok4CL7 and -15 exhibits differential expression in various tissues

Comparative analysis of gene expression values indicates differential and tissue-specific
expression of 4CLs in O. kilimandscharicum (Figure 2.7A). Most of the 4CLs were expressed
in the trichome, while the least expression was observed in floral organs. Ok4CL11 was highly
expressed in young and mature leaves, trichomes, androecium and petal. Whereas, Ok4CLS
had high expression in stem tissue. Ok4CLS5 and -15 were abundant in inflorescence and root
tissues (Figure 2.7A). Ok4CL7 is highly expressed in trichome, young leaf, mature leaf and
root, while Ok4CL15 shows expression in most of the O. kilimandscharicum tissues, with the

highest levels in the root (Figure 2.7B).
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Figure 2.7 Ok4CL gene expression analysis in different tissues of O. kilimandscharicum.
A. Gene expression analysis of putative fifteen Ok4CLs inten different tissues of O.
kilimandscharicum, such as androecium, gynoecium, inflorescence, mature leaf, petal, root,
sepal, stem, trichome, and young leaf. B. Ok4CL7 and -15 expression analyses in all ten

tissue types of O. kilimandscharicum.

The expression of 4CL isoforms studied in several plants (Lee and Douglas 1996; Di
et al. 2012; Lavhale et al. 2018). In some plants, 4CL isoforms are expressed across all the
tissues, while others have tissue-specific expressions, e.g. Hibiscus cannabiuns, Isatis

indigotica, and Rubus idaeus (Kumar and Ellis 2003; Di et al. 2012; Emran et al. 2013).
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Expression of 4CL isoforms also varies during plant development (Costa et al. 2005; Emran et
al. 2013). In H. cannabiuns, 4CL expression in stem increases from 2 to 20 weeks of
development (Emran et al. 2013). Phenylpropanoid pathway products protect plants from
wounding, irradiation with UV light or pathogen attack (Lee and Douglas 1996). In 4. thaliana,
the expression of 4¢4CL1 and -2were upregulated by wounding and the treatment with methyl
jasmonate (Lee and Douglas 1996). A#4CLI and -2 expression were upregulated by
Peronospora parasitica infection and wounding (Ehlting et al. 1999). Tissue-specific
expression of Ok4CLs might indicate their engagement in the specialized function through

variable substrate specificities.

2.3.3 Recombinant Ok4CL7 and -15 proteins differ in biochemical properties and

substrate specificity

Recombinant Ok4CL7 and -15 were purified separated on 12% SDS-PAGE (Figure 2.8A and
B). The activity of recombinant Ok4CL7 and -15 proteins was studied with cinnamic acid, p-
coumaric acid, caffeic acid, ferulic acid and sinapic acid. A single point assay revealed that
Ok4CL7 and -15 preferred ferulic acid and sinapic acid, respectively. Moreover, optimum pH
and temperature for Ok4CL7 were determined using ferulic acid as a substrate, while sinapic
acid was used as a substrate for Ok4CL15. The observed optimum pH for Ok4CL7 and -15
activity were pH 8 and 7, respectively (Figure 2.9A). Both Ok4CL7 and -15 show maximum
activity at 40°C (Figure 2.9B). Out of the five substrates, Ok4CL7 utilized p-coumaric acid,
caffeic acid and ferulic acid (Figure 2.10A). Ok4CL15 showed activity with p-coumaric acid,
ferulic acid and sinapic acid (Figure 2.10B). Both recombinant 4CLs proteins utilized p-

coumaric acid and ferulic acid and inactive against cinnamic acid.
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-

Figure 2.8 Recombinantly expressed (A) Ok4CL7 and (B) Ok4CL15 showed the
predominant band on 12% SDS PAGE. Ok4CL7 and -15 proteins were observed at expected
size 90.4 kDa and 58.9 kDa, respectively.
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Figure 2.9 Determination of optimal conditions for 4CL7 and -15 activities.
B. Determination of optimum pH for Ok4CL7 and -15. C. Determination of optimal
temperature for Ok4CL7 and -15.
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Figure 2.10 The activity of 4CL7 and -15 with different substrates. A. Ok4CL7 showed
activity with p-coumaric acid (p-coumaroyl CoA: 333nm), ferulic acid (feruloyl CoA: 345
nm), and caffeic acid (caffeoyl CoA: 345 nm). B. Ok4CL15 showed activity with p-
coumaric acid, ferulic acid, and sinapic acid (sinapoyl CoA: 352nm). Analysis of enzyme
assay reaction on HPLC. Three runs of each enzyme with each substrate. i) standard
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substrate; ii) heat-inactivated enzyme and all other components; iii) reaction mixture with
the active enzyme. C. Enzyme activity with p-coumaric acid (COU), p-coumaroyl CoA
product peak observed at RT 21.05. D. Enzyme activity with caffeic acid (CAF), caffeoyl
CoA product peak observed at RT 19.02. E. Enzyme activity with ferulic acid (FER),
feruloyl CoA product peak observed at RT 21.38. F. Enzyme activity with sinapic acid (SIN),
sinapoyl CoA product peak observed at RT 20.7.

Ok4CL7 preferred substrates were caffeic acid, followed by p-coumaric acid and ferulic
acid. Ok4CL15 has more preference for sinapic acid than p-coumaric acid and ferulic acid. The
products formed were characterized and validated using HPLC (Figure 2.10C, D, E, F). The
peaks of p-coumaroyl CoA, feruloyl CoA, caffeoyl CoA and sinapoyl CoA were observed at
retention time 21.05, 19.02, 21.38 and 20.07 mins, respectively. The product was purified using
HPLC and further confirmed by mass spectrometry using accurate mass and fragmentation
pattern match (Figure 2.11). Different peaks of p-coumaroyl CoA (912.5418 Da for at 1.73
retention time) and feruloyl CoA (942.1552 Da at 3.89 retention time) were observed (Figure
2.11).

Substrate specificities among the 4CL isoforms define their role in plant growth,
development and defense (Li et al. 2015; Lavhale et al. 2018). Sinapic acid converting 4CLs
are very rare in angiosperms (Hamada et al. 2004). Alternative pathways for sinapoyl alcohol
formation is reported in some plants, including 4. thaliana (Li et al. 2000; Costa et al. 2005).
In A. thaliana, syringyl lignins and sinapate/sinapyl alcohol are derived from methylation of 5-
hydroxy ferulic acid instead of sinapic acid or sinapoyl CoA (Costa et al. 2005). Sinapic acid
converting isoforms of 4CL4 are also characterized from A. thaliana and Robinia pseudoacacia
(Hamberger and Hahlbrock 2004; Hamada et al. 2004). The isoform Rp4CLI1 utilizes p-
coumarate as a substrate, preferably over ferulate and sinapate. Rp4CL2 and Rp4CL3 can
activate sinapate along with caffeate and p-coumarate. Crude protein extracts from the shoot
and developing xylem showed similar substrate preferences as Rp4CL2 and Rp4CL3. This
suggests that sinapate-activating isoforms might be involved in lignin biosynthesis (Hamada et

al. 2004).
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Figure 2.11 Analysis of 4CL enzyme assay products on LC-MS. A:Coumaroyl CoA; B:Feruloyl
CoA; C:Caffeoyl CoA. Different peaks of p-coumaroyl CoA (912.5418 Da for at 1.73 retention time)
and feruloyl CoA (942.1552 Da at 3.89 retention time) were observed.

2.4 Conclusions

Two isoforms of 4CL were functionally characterized from O. kilimandscharicum for the first
time. While we could not successfully obtain recombinant protein of Ok4CL11. Gene
expressions of Ok4CL7 and -15 were high in trichomes and root tissues compared to other
tissue types tested. Optimum pH required for Ok4CL7 and Ok4CL15 activities was found to
be 8 and 7, respectively. Both 4CLs showed maximum activities at 40°C. Ok4CL7 catalyzed
the conversion of p-coumaric acid, ferulic acid and caffeic acid into their corresponding CoA
esters. Furthermore, Ok4CL 15 could catalyze the conversion of p-coumaric acid, ferulic acid
and sinapic acid into respective CoA esters. However, both 4CLs were unable to utilize
cinnamic acid. Specific non-covalent interactions between the substrate and binding pockets
of Ok4CLs are essential for their catalytic activities. It appears that Ok4CL15 could be
involved in lignin biosynthesis due to its high expression in root tissues and catalytic activity
to convert sinapic acid to sinapoyl CoA. The results of this study allow us to understand the
function of 4CL isoforms of O. kilimandscharicum and its potential role in the diversification

of the phenylpropanoid pathway.
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3.1 Introduction

4CL belongs to the family of adenylate-forming enzymes. They are involved in plant
specialized metabolite biosynthesis, protein biosynthesis, posttranslational modification,
nucleotide, amino acid and fatty acid metabolism (Lavhale et al. 2018). They catalyze the
substrate activation by ligating Coenzyme A in two steps, adenylate formation and thio-

esterification (BERG 1956).

In vitro activity of Ok4CL7 and -15 shows differential substrate selection and activity.
OKA4CL7 preferably utilizes p-coumaric acid, ferulic acid and caffeic acid, while Ok4CL15
utilizes p-coumaric acid, ferulic acid and sinapic acid (Lavhale et al. 2021). Differential
substrate selection by Ok4CLs may contribute to regulation flux in the phenylpropanoid
pathway. 4CL is known for diverting flux in the phenylpropanoid biosynthesis pathway. 4CLs
are broadly classified into two classes- class I and class II. Class I is involved in lignin
biosynthesis, whereas class II is involved in the biosynthesis of nonstructural phenolics like

flavonoids, coumarins, etc.

Molecular modeling and docking, followed by in silico analysis of enzyme-substrates
interaction provided information about residues contacting the substrate in the binding pocket
of enzyme. It helps in the identification of residues from the active site and binding pocket
contributing to substrate preferences, also sheds light on structural features affecting enzyme
activity (cavity size, orientation, etc.). Furthermore, docking analysis helps to predict binding
affinity by calculating theoretical binding energy on enzyme-substrate interaction. This
information could be used to predict the substrate preferences of enzymes. Further, the outcome

from the in silico could be experimentally validated by performing assays.

In the current chapter, we have studied the interaction of Ok4CL7 and -15 with
substrates to identify residues involved in the interaction. Based on the interaction study of the
preferred and non-preferred substrate, mutant models were developed to validate the
indispensability of selected residues in substrate preference. Based on outcomes from in silico
experiments, 4CL mutants were prepared by site-directed mutagenesis and used to check their
interaction by in vitro enzyme assay. The outcome of this study will generate information on

active site residues in 4CL that contributes to substrate preferences.
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3.2 Materials and methods

3.2.1 Comparison of 4CL protein sequences from Ocimum kilimandscharicum and

reported 4CLs from other plants

Characterized plant 4CL sequences were selected for comparison of amino acid residues.
Ok4CLs were compared with selected sequences, including plant 4CLs from Arabidopsis
thaliana, Nicotiana tabacum and Glycine max. Uniport accession numbers of selected 4CLs-
At4CL1(Q42524), 4CL2 (Q9S725), At4CL3(Q9S777), At4CL4 (Q 84P23), Gm4CLI
(Q8S564), Gm4CL2 (P31687), Gm4CL3 (Q8S5C2), and Nt4CL2 (024146). Sequences were

aligned using the multiple sequence alignment tool (https://www.ebi.ac.uk/Tools/msa/)

(Madeira et al. 2019). Clustal Omega tool used for alignment and all other parameters set to

default. Output format was set to Clustal W with character counts.

3.2.2 Molecular docking analysis for determination of residues interacting with the

substrate in the active site

Interaction and substrate preferences of recombinant Ok4CL7 and -15 with selected substrates
were studied using molecular docking. Three-dimensional structures of Ok4CL7 and -15 were
predicted using the SWISS-MODEL server (Waterhouse et al., 2018). Populus tomentosa 4CL
(PDB ID: 3NI2) and Nicotiana tabacum 4CL (PDB ID: 5BST) crystal structures as used as
templates for prediction of Ok4CL7 and -15 structures, respectively. Structures were energy
minimized using Maestro 10.1 Tools (Maestro, Schrodinger, LLC, New York, NY, 2020) and
substrate binding pocket residues were predicted by superimposing models with template
structure. Ok4CL structures were then prepared for docking by adding Kollman and Gasteiger
charges using AutoDock Tools (Morris et al., 2009). After adding polar hydrogens to the
protein structure, the docking grid was set around substrate-binding residues using the
AutoGrid Tool. The prepared structure was saved in *.pdbqt format for further analysis.
Structures of the feruloyl adenylate and cinnamoyl adenylate were generated in Marvin sketch
software (http://www.chemaxon.com) and converted in *.pdbqt format using AutoDock Tool.
Docking of substrates with Ok4CLs was performed using AutoDock Vina (Trott and Olson
2009). After docking simulations, ten docking poses were generated with each substrate. The
binding pose with the lowest binding score was selected for further analysis. Substrate binding
poses were analyzed using the BIOVIA Discovery Studio 4.5 software (Dassault Systémes
BIOVIA, Discovery Studio Modeling Environment, Release 2017, San Diego: Dassault
Systémes, 2016).
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3.2.3 Development of 4CL mutant models to alter substrate specificity

The enzyme's affinity or substrate preference depends on binding pocket residues of the
enzymes. Preference for a particular substrate could be influenced by variation in binding site
residues. Binding pocket residues of Ok4CL7 and -15 were identified by molecular docking
analysis with substrates. These residues were subsequently mutated to confirm their
functionality. Based on enzyme-substrate interaction analysis as well as previous reports, 27
amino acids of Ok4CL7 were selected for further study- S226, V276, Y277, S280, L281, H317,
S345, C346, G347, A348, A349, P350, G371, Y372, G373, M374, E376, A379, L380, A381,
V396, D456, V468, R471, K473, K477 and Q482. Similarly, 29 amino acids interacting with
the substrate in the active site of Ok4CL15 were selected for further study- S189, H237, V238,
Y239, V242, S243, P279, V306, C307, G308, A309, A310, P311, Q331, G332, Y333, G334,
M335, T336, L339, V340, L341, M343, C359, T417, D419, 1431, R434 and K525.

The DUET tool developed mutant models by replacing residue at selected positions
with all other standard amino acids. Models were selected for molecular docking analysis based
on predicted stability change (AAG). Molecular docking analysis of mutant models performed
using AutoDock Vina with major substrates related to plant metabolism. Variants showed
significant binding energy variation with a substrate selected for the experimental validation.
Ok4CL mutants with specific position changes were generated using the QuikChange lightning
site-directed mutagenesis kit. The standard protocol provided by the manufacturer was used
for the mutant development. Mutation at the desired position was confirmed by DNA
sequencing. Expression of the mutant proteins and functional characterization work is in

progress.

CoA ligase enzymes belong to the family of adenylate-forming enzymes. They are
involved in several metabolic pathways, including phenylpropanoid biosynthesis (Schmelz and
Naismith 2009; Orlova et al. 2012). 4CL substrates from several metabolic pathways such as
phenylpropanoid, ubiquinone, terpenoid, fatty acid, etc., biosynthesis pathways were used to
study interaction with Ok4CL mutants (Table 3.1). Structures of the 4CL substrates were
generated in Marvin sketch software (http://www.chemaxon.com) and further converted in
* pdbqt format using AutoDock Tool. Docking of substrates with Ok4CLs was performed
using AutoDock Vina.
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Table 3.1 List of the substrates used for interaction study with Ok4CL mutants and their

respective metabolic pathways.

Substrate Pathway
4-Coumaric acid, coumaroyl adenylate, = Ubiquinone and other terpenoid-quinone biosynthesis
Ferulic acid, Caffeic acid, Sinapic acid, ~ Phenylpropanoid biosynthesis
sinapoyl adenylate, Cinnamic acid and ~ Biosynthesis of plant specialized metabolites
cinnamoyl adenylate
Oleic acid and Succinate Fatty acid biosynthesis

Citrate cycle (TCA cycle)

Propanoate metabolism

Microbial metabolism in diverse environments
2-succinylbenzoate Ubiquinone and other terpenoid-quinone biosynthesis
Acetate Glycolysis / Gluconeogenesis

Pyruvate metabolism

Glyoxylate and dicarboxylate metabolism

Propanoate metabolism

Methane metabolism

4-Hydroxybutyrate Butanoate metabolism
Carbon metabolism
Biotin Biotin metabolism
Pimelic acid Biotin metabolism
Oxalate Glyoxylate and dicarboxylate metabolism
Anthranilic acid Phenazine biosynthesis

Aminobenzoate degradation
Biosynthesis of specialized metabolite
Microbial metabolism in diverse environments

3.2.4 Cloning, expression and purification of mutant Ok4CL proteins

Based on binding scores of Ok4CL mutants with substrates as well as previous reports, amino
acid residues were selected for replacement or deletion in Ok4CL7 (K4771, K477V and L380)
and Ok4CL15 (G308L and K525I). Mutations were incorporated in Ok4CL7 and -15 genes
cloned in the expression vector (pET28a and pGEX4T) using QuikChange Lightning Multi
Site-Directed Mutagenesis Kit (Agilent, USA). Primers were designed as per the manual to
change nucleotide at the appropriate position in the DNA of Ok4CL genes (Table 3.2). Primers
25 to 45 bases in length, with a melting temperature (Tm) of >75 °C, were designed. Desired
mutation point is kept at the middle of the primer. Plasmids having the Ok4CL gene were
isolated from the E. coli top 10 cells. These cells are dam+ have the ability to methylate DNA
at a specific site. Methylated plasmids are used as a template to synthesize mutant strands
(plasmid). Mutant strand synthesis reaction mix contains 2.5 pl QuikChange Lightning Multi
reaction buffer (10x) dsDNA template 1 pl (100 ng), 2 pl of forward and reverse mutagenic
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primers (100ng), dNTP 1pl, 1ul of QuikChange Lightning Multienzyme blend nuclease and
free water added to make 25 pl final volume. A mutant strand is synthesized on the thermal
cycle using this reaction mix. The cycle sequence consists of 1 cycle at 95 °C for 1 minute, 30
cycles at 60 °C for 4 minutes, and the final step 65 °C for 1 minute. Dpn I (1pul) restriction
enzyme was added to each amplification reaction and kept at 37 °C for 1 minute. Dpn I cleaves
explicitly DNA containing methylated adenine. Template DNA plasmid is degraded at this
step. PCR products (~5ul) transformed into XL10-Gold ultracompetent cells (provided along
with kit) using the heat-shock method. Transformed cells spread on LBA medium containing
ampicillin x-gal and IPTG. After overnight incubation at 37 °C, white colonies inoculated in
LB containing ampicillin (100pg/mL). The next day, the plasmid is isolated and mutation at
desired position is confirmed by sequencing (Figure 3.1). Mutant plasmids transformed into
Arctic DE3 competent cells for protein expression. Protein expression was induced in a
secondary culture growing at log phase by adding 0.5 mL of 1M IPTG. Cultures were incubated
at 12 °C overnight. Protein was purified from overnight grown cultures by affinity purification

method.

Ok4CL7-K4771 Ok4CL7-K477V Ok4CL7 - L380 Ok4CL15-G308L Ok4CL15-K5251

TCAT CAAGTACAA TCATCAAGTACAA CCGCATTGGCAAC TCTG C6G6CGCGGC CTGGTAAAATTCT

M &MWM Mx‘w\,/\ﬁ\m
! !

TCATCATTTACAA TCATCGTGTACAAA CCGC'GCAA 5TCTGCCTGGCGGC CTEGEGTATCATTCT(

\“\ “’\ A
Figure 3.1 Analysis of DNA sequence for the desired mutation in OK4CL7 and -15 gene.

\
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3.3. Results and discussion
3.3.1 Adenylate forming domain and conserved residues present in Ok4CLs

4CLs are functionally characterized from several model plants, such as Arabidopsis thaliana,
Glycine max and Nicotiana tabacum. Active site residues of the 4CL enzymes are characterized
by various tools like modeling, molecular docking, structure and crystallography. Schneider et

al. (2003) studied At4CL2 structure by crystallography and identified 12 amino acids
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responsible for the substrate specificity. These residues are present in the substrate-binding
pocket (SBP) of At4CL2 (Schneider et al. 2003). Alignment of reported 4CLs and from
Ok4CLs shows that adenylate forming domain (box I), box II and most of the conserved
residues are present in both Ok4CL7 and -15 (Figure 3.2). According to modeling and site-
directed mutagenesis study, valine is essential for activity. Deletion of a single amino acid
valine (corresponding to V355 in At4CL2) from soybean Gm4CL2 and -3 leads to gain of
sinapic acid converting activity (Lindermayr et al. 2003). Gm4CL1 (V is absent) (Lindermayr
et al. 2003) and At4CL4 (L is absent) (Hamberger and Hahlbrock 1998) are naturally able to
utilize sinapic acid. Naturally, Nt4CL2 does not utilize sinapic acid as a substrate (Li and Nair
2015). They developed sinapic acid using mutant Nt4CL2 by deleting V at the 341 position (Li
and Nair 2015). Interestingly, V is present at the same place in Ok4CL15 and it can utilize
sinapic acid. At the same time, V is absent in Ok4CL7, but it cannot use sinapic acid (Figure
3.2). These results suggest that some other residues are essential, along with the position of
valine and leucine for the utilization of sinapic acid as a substrate. Amino acids highlighted in
red interact with the substrate in the active site; residues shown in the red box are probably

responsible for sinapic acid specificity (Figure 3.2).
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Ok4CL7 SSGTTGKSKGVMLTHGNFIAMIELFVRFEASLYDYPSTANVYLAVVPMFHVYGLSLEFVLG
Ok4CL15 SSGTTGLPKGVMLSHRNIITCISQQVDGENPA-NHIDCEDRLLCVLPLFHVYSMVSVMLC
At4CL4 SSGTTGLPKGVMITHKGLVTSIAQKVDGENPN-LNFTANDVILCFLPMFHIYALDALMLS
At4CL3 SSGTTGLPKGVVLTHKSLITSVAQQVDGDNPN-LYLKSNDVILCVLPLFHIYSLNSVLLN
Gm4CL3 SSGTTGLPKGVVLTHKSLTTSVAQQVDGENPN-LYLTTEDVLLCVLPLFHIFSLNSVLLC
Gm4CL1 SSGTSGLPKGVMLSHKNLVTTIAQLVDGENPH-QYTHSEDVLLCVLPMFHIYALNSILLC
Gm4CL2 SSGTTGLPKGVMLSHKGLVTSIAQQVDGDNPN-LYYHCHDTILCVLPLFHIYSLNSVLLC
Nt4CL2 SSGTTGLPKGVMLTHKGLVTSVAQQVDGENPN-LYIHSEDVMLCVLPLFHIYSLNSVLLC
At4CL1l SSGTTGLPKGVMLTHKGLVTSVAQQVDGENPN-LYFHSDDVILCVLPMFHIYALNSIMLC
At4CL2 SSGTTGLPKGVMLTHKGLVTSVAQQVDGENPN-LYFNRDDVILCVWPMFHIYALNSIMLC
kkkk ok kkkpook oo * o L I L

Ok4CL7 LLSLGSTVVTMRKFDGDEMVRAIDRYGITHLHAVPPILIALTKRAKNADGNGFQSLKQVS
Ok4CL15 SLRAGAAIVIMPRFELNELMEVIQKYKVTIAPFVPPILLGIAKSQTA-AKFDLSSVRRVV
At4CL4 AMRTGAALLIVPRFELNLVMELIQRYKVTVVPVAPPVVLAFIKSPET-ERYDLSSVRIML
At4CL3 SLRSGATVLLMHKFEIGALLDLIQRHRVTIAALVPPLVIALAKNPTV-NSYDLSSVRFVL
Gm4CL3 ALRAGSAVLLMQKFEIGTLLELIQRHRVSVAMVVPPLVLALAKNPMV-ADFDLSSIRLVL
Gm4CL1 GIRSGAAVLILQKFEITTLLELIEKYKVTVASFVPPIVLALVKSGET-HRYDLSSIRAVV
Gm4CL2 GLRAKATILLMPKFDINSLLALIHKHKVTIAPVVPPIVLAISKSPDL-HKYDLSSIRVLK
Nt4CL2 GLRVGAAILIMQKFDIVSFLELIQRYKVTIGPFVPPIVLAIAKSPMV-DDYDLSSVRTVM
At4CLl GLRVGAAILIMPKFEINLLLELIQRCKVTVAPMVPPIVLAIAKSSET-EKYDLSSIRVVK
At4CL2 SLRIGATILIMPKFEITLLLEQIQRCKVTVAMVVPPIVLAIAKSPET-EKYDLSSVRMVK

. e . %k . . * . .. dk ... . ok ke .
Ok4CL7 CGAAPLSEKSIVELIEALPHVDFIQGYGMTEST. RG--YNNG-GVKKYSSVGLLSPN
Ok4CL15 CGAAPMDRKLELSLKSKLPNAIIGQGYGMTEAL MCLGFAKFPMKFKAGSCGNVIKN
At4CL4 SGAATLKKELEDAVRLKFPNAIFGQGYGMTESGYV SLAFAKNPFKTKSGACGTVIRN
At4CL3 SGAAPLGKELQDSLRRRLPQAILGQGYGMTEAG] MSLGFAKEPIPTKSGSCGTVVRN
Gm4CL3 SGAAPLGKELVEALRNRVPQAVLGQGYGMTEAG] MCLGFAKQPFPTKSGSCGTVVRN
Gm4CL1 TGAAPLGGELQEAVKARLPHATFGQGYGMTEAGPL-RAISMAFAKVPSKIKPGACGTVVRN
Gm4CL2 SGGAPLGKELEDTLRAKFPNAKLGQGYGMTEAGPVLIMSLAFAKEPIDVKPGACGTVVRN
Nt4CL2 SGAAPLGKELEDTVRAKFPNAKLGQGYGMTEAGPVIAMCLAFAKEPFEIKSGACGTVVRN
At4CLl SGAAPLGKELEDAVNAKFPNAKLGQGYGMTEAGPVIRMSLGFAKEPFPVKSGACGTVVRN
At4CL2 SGAAPLGKELEDAISAKFPNAKLGQGYGMTEAGPVIRAMSLGFAKEPFPVKSGACGTVVRN
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Ok4CL7 IEAKVVDWVTGALVPPGSIGELWLRT
Ok4CL15 ARMKIIDPATGASLDRNQRGEICLKG
At4CL4 AEMKVVDTETGISLPRNKSGEICVRG
At4CL3 AELKVVHLETRLSLGYNQPGEICIRG
Gm4CL3 AELRVVDPETGRSLGYNQPGEICIRG
Gm4CL1 AEMKIVDTETGDSLPRNKHGEICIIG
Gm4CL2 AEMKIVDPETGHSLPRNQSGEICIRG
Nt4CL2 AEMKIVDPKTGNSLPRNQSGEICIRG
At4CL1l AEMKIVDPDTGDSLSRNQPGEICIRG
At4CL2 AEMKILDPDTGDSLPRNKPGEICIRG
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Figure 3.2 Alignment of Ok4CL7 and -15 amino acid sequences from O.
kilimandscharicum reported 4CL from A. thaliana, G. max and N. tabacum. Twelve
amino acids highlighted in yellow are reported to interact with substrate in the active site of
4CLs. The conserved box I and II are highlighted in cyan color.

3.3.2 Differential interactions of Ok4CL7 and -15 with substrates contributes to variation

in substrate preferences

Interaction of Ok4CL7 and -15 docked complexes illustrated the functional groups of
substrates and their intermediates form several non-covalent interactions with binding site
residues. Ok4CL7 has a binding score of -6.3 and -5.4 kcal/mol with feruloyl and cinnamoyl
adenylate, respectively. While, Ok4CL15 has a binding score of -6.7 and -5.8 kcal/mol with
feruloyl and cinnamoyl adenylate, respectively. Binding energy score pattern corroborating
with the in vitro activity studies. It predicts that feruloyl adenylate is a more preferred substrate
over cinnamoyl adenylate in Ok4CL7 and -15. In Ok4CL7, Asp456 and Lys473 interact with
ribose, whereas Lys477 and GIn482 interact with a-phosphate (Figure 3.3). Feruloyl adenylate
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(preferred substrate) showed Pi-sigma interaction with Tyr277 and carbon-hydrogen bond with
Ser345 and Cys346 (Figure 3.3). These additional interactions are absent in cinnamoyl
adenylate; hence, it is not preferred as a substrate by Ok4CL7. In Ok4CL15, Asp419 and
Arg434 interact with ribose, whereas Lys525 forms a salt bridge with a-phosphate of adenylate.
Ser243 and Cys336 make polar contacts with functional groups of feruloyl adenylate. These
substrate-specific interactions are absent in the case of the Ok4CL 15 and cinnamoyl adenylate

complex (Figure 3.3).

Feruloyl adenylate Cinnamoyl adenylate

Ok4CL7

OKk4CLI15 M) Y
@}

@ @®" " a
@ @ . . ® )
)

Figure 3.3 Substrate preferences of Ok4CLs. Molecular interaction of substrate binding
pocket of Ok4CL7 with substrate-specific functional groups. (A) Feruloyl adenylate
contributes to forming the salt bridge with Tyr277 hydrogen bonds with Ser345 and Cys346.
(B) Unfavourable substrate cinnamoyl adenylate showed the absence of substrate-specific
interactions. (C) Similarly, in Ok4CL15, feruloyl adenylate functional groups form hydrogen
bonds with Ser243 and Cys307, whereas (D) Cinnamoyl adenylate does not have any specific
interaction.

Most of the substrate-binding site residues of Ok4CL7 and -15 are conserved with 4CLs
from other plants. In Nicotiana tabacum 4CL2, lysine interacts with a-phosphate of adenylate.
Mutation of this lysine residue to alanine results in a complete loss of activity (Li and Nair
2015). Similarly, the indispensability for tryptophan present near the substrate has been
validated in N. fabacum by mutagenesis. It has been observed that this mutant showed
decreased activity. Tyr277 and Tyr239 also showed proximity with a substrate suggesting

likeliness in their functionality with N. tabacum and P. tomentosa 4CLs. This interaction
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analysis showed high corroboration with studies and highlights conservation of the substrate-

specificity mechanism in different plants 4CLs.

3.3.3 Models of Ok4CL7 and -15 mutants show variation in affinity towards sinapic acid substrate

compared to respective wild type enzyme

The molecular interaction study selected 27 and 29 positions in Ok4CL7 and -15 for mutation,
respectively. Mutant models for each selected position in both 4CLs were prepared using the
DUET server by replacing the original amino acid residue with all 19 standard amino acids.
Models of Ok4CL7 and -15 were developed (Table 3.3 and 3.4). Folding energy (AAG or
Delta Delta G or DDQG) is a predicted measurement for protein stability compared to protein
with single point mutation. It gives an idea about the effect of single-point mutation on protein
stability. Based on AAG values provided by the DUET server, the top three stable replacements
were selected for point mutation. Selected values or point mutations are circled in red (Table

3.3 and 3.4). All replacement with negative AAG value from further study.

Interaction of selected mutants studied with different substrates (Table 3.1) using
AutoDock Vina tool as described previously. Binding scores are normalized by calculating z-
score and heatmap generated from normalized binding energy scores. Hierarchical clustering
is used to cluster binding scores with a similar pattern among mutants and vice versa. An
increase in the binding score of Ok4CL7 with sinapoyl adenylate was observed upon
replacement of lysine (K) at 477 positions with leucine (L) or isoleucine (I) or valine (V)
(Figure 3.5). Similarly, in the case of Ok4CLI15, replacement of K at 525 positions with
isoleucine leads to increase binding energy towards sinapoyl adenylate, coumaroyl adenylate

and cinnamoyl adenylate substrates (Figure 3.6).

4CL mutant enzyme were expressed and purified using affinity chromatography.
Kinetic parameters of purified enzymes were studied in comparison with wild 4CL. Ok4CL7-
K477V shows no activity with any substrates, including sinapic acid, ferulic acid, p-coumaric
acid, caffeic acid and cinnamic acid. This results suggest that K at 477 positions is crucial for

enzyme activity. In vitro activity and validation of other selected mutants is in progress.
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Table 3.2 Predicted stability change (AAG) of Ok4CL7 variants. Replacement of amino acids at selected with all other 19 standard amino acids

leads to change in folding energy. Replacements showing positive AAG chosen for further study (highlighted in red circle).
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Table 3.3 Predicted stability change (AAG) of Ok4CL15 variants. Replacement of amino acids at selected with all other 19 standard amino acids

leads to change in folding energy. Replacements showing positive AAG chosen for further study (highlighted in red circle).
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Figure 3.5 Binding energy of Ok4CL7 variants with different substrates. Significant change binding energy is highlighted in the red box.
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3.4 Summary

The sequence of amino acids (primary structure) in protein is crucial for three-dimensional
structure or confirmation and ultimately for enzyme activity. Multiple sequence alignment of
reported plant 4CLs and O. kilimandscharicum 4CLs suggested that box I, box II and other
residues required for enzyme activity are conserved. Moreover, Ok4CL7 and -15 showed
differential substrate specificity towards sinapic acid, which is different from reported 4CLs
from G. max and N. tabacum. The comparison of 4CL sequences suggests that other than the
position of V and L, some other residues are responsible for substrate selectivity.

In silico analysis of 4CL interaction with preferred and non-preferred substrates
leads to identifying amino acid residues interacting with the substrates. Models were developed
by replacing interacting amino acids with other standard amino acids to check their importance
in the interaction with the substrates. In Ok4CL7, replacing lysine at 477 positions with either
leucine, isoleucine, or valine leads to an increase in affinity for sinapic acid. In the case of
Ok4CL15, replacing lysine at 525 with isoleucine leads to an increase in affinity for sinapic
acid. Developing 4CL mutants and testing their activity with different substrate is in progress.
A preliminary experiment shows that replacing leucine at 477 with valine in Ok4CL7 leads to

loss of enzyme activity.
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Chapter 4

In planta characterization of three 4CL

isoforms from Ocimum kilimandscharicum
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4.1 Introduction

Plants produce a variety of specialized metabolites to cope with various biotic and abiotic stress
conditions and modulate their growth, development and health accordingly. Many of these
specialized metabolites and their derivatives have similar functions with less or more efficiency
(like enzyme isoforms). Having several alternate combinations for the similar function is an
advantage to plants, which helps in modifying the response or the strength of response to a
specific stimuli, leading to the achievement of the desired goal. Several reports suggested that
4-Coumarate-CoA Ligases (4CLs) are involved in the protection of plants from biotic and
abiotic stress conditions (reviewed in Lavhale et al. 2018). 4CL isoforms from several plant
species have been characterized by their overexpression in model plants, Nicotiana tabacum
or  Nicotiana  benthamiana. For  example, = Df4CL2 isoform  from Drysopteris
fragrans (commonly known as the fragrant woodfern) was overexpressed in N. tabacum to
study it’s in planta function. In this study, the authors found that Df4CL2 was involved in the
biosynthesis of both lignin and flavonoids (Li et al. 2020). Similarly, Fm4CL-like-1 gene
from Manchurian ash (Fraxinus mandshurica) was overexpressed in N. tabacum for its
functional characterization (Chen et al. 2019). Considering these recent reports, it is apparent
that the in planta characterization of the enzymes of plant origin gives better idea about their
physiological functions at the metabolite and morphological levels. Another advantage of in
planta characterization of such enzymes with multiple isoforms is that it provides the

information on their unique as well as common functions at the whole-plant level.

Earlier, we have investigated the biochemical and biophysical characteristics of two
4CL isoforms (Ok4CL7 and -15) from the plant species O. kilimandscharicum (Chapter 2;
Lavhale et al. 2021). Both Ok4CL7 and -15 have common as well as unique differential
substrate preferences. For example, p-coumaric acid and ferulic were used by both of them,
whereas caffeic acid is exclusively used by Ok4CL7 and sinapic acid by Ok4CL15. Ok4CL11
was also tested for the in vitro activity, but it was found to be inactive with any of the substrates
tested under given experimental conditions (cinnamic acid, p-coumaric acid, caffeic acid,
ferulic acid, and sinapic acid). Thus, the current chapter deals with the in planta functional
characterization of Ok4CL isoforms (Ok4CL7, -11 and -15). Owing to a poor regeneration
efficiency coupled with limited success of Agrobacterium-mediated stable transformation
methods for several members of Ocimum species, in this work, we have overexpressed three
Ok4CL isoforms (Ok4CL7, -11 and -15) in N. benthamiana and investigated their effects on

the plant phenotypes and metabolite profiling. Interestingly, we observed a ‘rootless or
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‘retarded root growth’ phenotype in the Ok4CL11 overexpression lines of N. benthamiana,
whereas no such phenotype was observed in Ok4CL7 and -15 overexpression lines.
Considering the role of 4CLs in the phenylpropanoid biosynthesis pathway, we also carried out
metabolite profiling of the overexpression lines and wild-type N. benthamiana plants. To
dissect the ‘rootless’ or ‘retarded root growth’ phenotype observed in the Ok4CLI1
overexpression lines, a number of approaches, such as transcriptomics, auxin and kaempferol
quantification, grafting (in vitro), chemical treatment, phenotype rescue, etc. were undertaken.

The findings of these experiments and ongoing work are described in this chapter.

4.2 Materials and methods
4.2.1 Generation of Ok4CL7, -11 and -15 overexpression gene constructs

pRIT0O1AN binary vector is used for in planta gene expression. This vector contains a 5’
untranslated region (UTR) of the alcohol dehydrogenase gene from Arabidopsis thaliana,
which helps to enhance the stability of the transcript. It is suitable for gene expression in
dicotyledonous plants because pRI101AN contains a 35S promoter from the Cauliflower
mosaic virus (CaMV) and the nopaline synthase terminator (Figure 4.1A). The longest open
frame (ORF) of Ok4CL7 (1731 bp), -11 (1731 bp) and -15 (1530 bp) were amplified by PCR
using high-fidelity Phusion DNA Polymerase (Thermo Fisher Scientific, Waltham,
Massachusetts, United States) using cDNA synthesized from the leaf tissue of O.
kilimandscharicum as a template. Subsequently, these ORFs were cloned in to a sub-cloning
vector pGEM-T Easy (Promega Corporation, Madison, Wisconsin, United States) and
confirmed by Sanger sequencing. Further, these ORF sequences were mobilized in to a binary
vector pRI1I01AN. Ok4CL7 and -11 were cloned using Ndel and EcoRI restriction enzyme
sites in forward and reverse primers, respectively. Similarly, Ok4CL15 was cloned
using Ndel and Sacl restriction enzyme sites in forward and reverse primers, respectively.
Cloning of Ok4CL genes in pRI101AN vector was confirmed using restriction digestion
(Figure 4.1B), followed by Sanger sequencing.
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Figure 4.1 Ok4CLs overexpression constructs in a binary vector pRI101AN. (A)
Schematic representation of the overexpression constructs of Ok4CL genes. (B)
Confirmation of Ok4CL7, -11 and -15 (Gel i-ii) gene constructs in pRI101AN vector by
EcoRI and Ndel/Sall restriction enzyme digestions.

4.2.2 Development of Ok4CL overexpression lines of N. benthamiana

The Ok4CL110OE-pRI101AN construct was transformed in A. tumefaciens (GV3101 strain)
using the freeze and thaw transformation method. Overexpression lines of Ok4CL7, -11 and -
15 in N. benthamiana were generated through Agrobacterium-mediated leaf transformation
method as described by Horsch et al. (1985) (Figure 4.2). After 3 to 4 weeks on regeneration
medium, shoots emerged from the leaf-derived calli. Healthy shoots (~1 to 2 cm in length)
were excised and transferred on to the rooting media containing the selection antibiotic
kanamycin (50 pg/mL) (Figure 4.2). These overexpression lines were screened for the
presence of the respective transgene. Confirmed overexpression lines were used to study the
function of Ok4CL isoforms by analysing their phenotypic traits, metabolite content, and gene

expression analysis.
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Root induction Medium:
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Indole-3-butyric acid (0.1mg/L) Root induction Medium Regeneration Medium

Figure 4.2 Flow chart depicting the procedure for generation of transgenic N.
benthamiana plants using Agrobacterium-mediated leaf transformation method (as

described in the Methods section).

4.2.3 Analysis of root growth in Ok4CL overexpression lines and wild-type V.

benthamiana plants

Wild-type N. benthamiana plants and overexpression (OE) lines of Ok4CL isoforms
(Ok4CL7/11/15) were sub-cultured using stem as explants and grown in vitro for 3 to 4 weeks
under long-day conditions (16 h light and 8 h dark) in a Plant tissue culture room. After 25
days of stem sub-culture, root growth parameters like number of roots per plant, main root
length (cm) and lateral root formation (numbers and lengths) were scored for Ok4CL

overexpression lines compared to wild-type (WT) plants.

Further, root apices (approximately 2 cm in length from the tip) of OK4CL11-OE lines
and WT N. benthamiana plants were excised and cultured on Murashige and Skoog’s (MS)
medium (Murashige and Skoog, 1962) having 2% sucrose (w/v) under long-day conditions.
Root apex cultures were observed over a period of ten days, and root growth measurements
(root length, number of lateral roots and their lengths) were taken daily from 5" day onwards.
On the 10™ day, root tissues (1 ¢cm apices and rest of the roots) were harvested separately in
liquid nitrogen for metabolite analysis. All samples were stored at -80 °C until further use.

Metabolites were extracted as described previously (Methods section).
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4.2.4 Metabolite profiling and transcriptome of Ok4CL overexpression lines and wild-

type N. benthamiana plants

Wild-type N. benthamiana plants and overexpression (OE) lines of Ok4CL isoforms (Ok4CL7,
-11 and -15) were grown in vitro for 25 days. Whole plants were harvested in liquid nitrogen.
Six plants of the individual line were selected for metabolite profiling and RNA-sequencing
(RNA-seq). Three biological replicates were prepared by pooling tissues from two plants for
each biological replicate (n=3). The tissues were crushed to a fine powder in liquid nitrogen
using mortar and pestle. Aliquots of crushed tissue were prepared and stored at -80 °C for

further use.

Metabolites were extracted in 300 pL of 80% LCMS grade methanol (0.1 % formic
acid) using 100 mg of finely crushed tissue. Tubes were kept for 2 minutes on the vortex to
mix solvent and tissue properly. Subsequently, tube contents were sonicated for 15 minutes,
and the cell lysate was separated by centrifugation at 15000 rpm for 15 minutes at 4 °C. The
supernatant was collected and filtered using a 0.22 pum syringe filter. All samples were stored

at -80 °C for further use.

For RNA-seq, the total RNA from the respective aliquots of the samples used for
metabolite analysis was isolated using RNAiso Plus (TaKaRa, Japan) as per the manufacturer’s
instructions. The total RNA was extracted from 100 mg of fine crushed tissue. RNA was
solubilized in 50 pL of DEPC treated water. RNA quality was checked on 1% agarose gel
(Figure 4.3). Genomic DNA contamination was removed by DNase treatment. Approximately,

3 g of the total RNA was processed for RNA-seq analysis.

WT Ok4CL11-OE1 Ok4CL11-OE2
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

3

Figure 4.3 The total RNA separation on 1% agarose gel. Well numbers (1 to 6) represent
RNA isolated from wild-type N. benthamiana plants, well numbers 7 to 12 indicate RNA
from Ok4CL11-OEIl N. benthamiana line, whereas well numbers 13 to 18 represents RNA
for Ok4CL11-OE2 N. benthamiana line.
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The concentrations of purified mRNA from each sample were quantified on Qubit.
Further, using bioanalyzer, it was observed that all nine samples had RNA integrity (RIN)
values greater than 7 confirming the good quality of our RNA samples. cDNA libraries were
run on [1lumina platform (NovaSeq 6000) using paired end sequencing with read length of 150
bp.

The fastq files were trimmed using fastp tools based on the quality and trim 2 bases
from front and 3 bases from tail. All reads are trimmed to avoid specific sequence bias.
Trimmed samples are mapped using the Hisat 2 genome assembler against the reference N.

benthamiana draft genome sequence v1.0.1

(https://solgenomics.net/organism/Nicotiana benthamiana/genome). Read counts data
normalization, visualization and differential gene expression analysis was performed using the
DESeq2 package (version 1.22.2). The criteria used for differential gene expression analysis

comparisons amongst the samples include log2FC>1 and pad;j value <0.05.
Gene expression analysis using real time PCR

The total RNA (2 png) was used for cDNA synthesis using SSIV-RT (Invitrogen) and Oligo dT
primers. RT-qPCR reactions were run on CFX96 Real-Time System (BIO-RAD) with gene-
specific primers (Table 4.1). The reactions were carried out using TAKARA SYBR® green
master mix (Takara-Clontech) and incubated at 95 °C for 30 s, followed by 40 cycles at 95 °C
for 5 s, gene-specific annealing temperature for 15 s and extension for 72 °C for 15 s. PCR
specificity was checked by melting curve analysis, and data were analyzed using the 272ACt

method.

4.2.5 Root growth phenotype rescue by gene silencing and media supplements

Root growth was affected in Ok4CLI1 overexpressing N. benthamiana plants. There are
several ways to reverse this phenotype. Phenotypes could be reverted by gene silencing or
providing media supplements to overcome the depletion of particular metabolites responsible
for the phenotype. These two strategies (silencing of Ok4CL11 in the Ok4CLOE background
and media supplements to improve lignin biosynthesis in the Ok4CL11-OE lines) were used
to complement the root growth phenotype. Silencing construct of Ok4CL11 in pRI101AN was
prepared by cloning an unique 350 bp sequence of its sense and antisense strand with 500 bp
intron in between the two complementary sequences, which will form double stranded RNA

(dsRNA) after transcription (Figure 4.4A). The gene silencing mechanism (RNA interference;
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RNAJ) involves the formation of dsSRNA with the help of DICER complex, which is then
cleaved by the RISC complex (RNA-induced gene silencing), leading to the formation of 21
to 22 nt short-interfering RNAs (siRNAs.) These siRNAs bind to the target mRNAs, causing
degradation of target mRNAs (Figure 4.4A). The Ok4CL11-pRI10IAN RNAI construct was
transformed into 4. tumefaciens (GV3101 strain), confirmed by restriction digestion and
sequence verified. The leaves of the two Ok4CL11-OF lines (OE1 and OE2) were transformed
with the Ok4CL11 RNAI construct using Agrobacterium-based plant transformation method
(described earlier) and complementation lines of N. benthamiana were generated to observe

the rescue of root growth phenotype.

To check whether the root growth is affected by decreased lignin content or increased
kaempferol level, wild-type plants will be sub-cultured using stem as an explant on MS media
supplemented with kaempferol (1 uM). Also, Ok4CL11 overexpressing N. benthamiana lines
(OE1 and OE2) will be grown on a lignin precursor, coniferyl aldehyde. We are also planning
to sub-culture wild-type N. benthamiana plants on MS medium containing two auxin inhibitors
(2,3,5-triiodobenzoic acid [TIBA; 10 uM] and Naphthylphthalamic acid [NPA; 10 pM]) as
well as kaempferol (100 uM) to study if the application of these auxin inhibitors can lead to

the ‘rootless or ‘retarded root growth’ phenotype.

(A)
5'CCGCAAATCC-----(350bp sense)-----CCGTTCTCCT -------| Intron (500bp)------AGGAGAACGG----(350bp antisense)----GGATTTGCGG 3’
ﬂTranscription
Dicer
5 CCGCAAAUW—‘-‘- - -‘350!)]; sense? ----- CCGUU CuCCU
(NN IR RN AR NN AR R RN AN NY)
3’ GGCGUUUAGG - - - - «(350bp ---GGCAAGAGGA

ﬂbicer mediated cleavage

Y N
o0 DIIIr

ﬂstrand selection

LLLU . gy
LLLLLLEL g
ﬂSiRNA mediated Cleavage

a s @ RISC: RNA-induced
AAAA — AAAA V4 transcriptional silencing

AAA /1; 1;;:.:? _— —"""  Target mRNA cleaved

(8)

5’ CaMV 35S P Sense m Antisense NOS terminator 3

Figure 4.4 (A) Mechanism of siRNA-mediated post-transcriptional gene silencing. (B)
Schematic representation of the Ok4CL11-pRI101AN RNAi construct. Sense or antisense is
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the partial sequence of Ok4CL11 (350 bp) and the intron in between both sequences is 500
bp.

4.2.6 Quantification of GUS activity from the Ok4CL11 overexpression lines and wild-
type N. benthamiana plants transformed with the DR5pro:GUS-pBI101 construct

DR is an artificially synthesized and auxin-responsive promoter that contains seven direct
tandem repeats of 11 bp, including the auxin-responsive factor gene-binding site (TGT CTC)
(Ulmasov et al., 1997). DRS is widely used to monitor auxin accumulation throughout the
plant. Auxin is synthesized mainly in the shoot apex, and young leaf. Additionally, root tip is
also known to synthesize auxin to support its growth (Ljung et al. 2005). Plants establish polar
auxin transport (PAT) throughout the stem from the stem apex to its base, which is crucial for
overall root growths, including primary root length, root hair formation, and the emergence of
lateral roots (Manzano et al. 2014; Orman-Ligeza et al. 2016). To investigate the contribution
of auxin accumulation towards retarded root growth in Ok4CL11-OE lines, the DR5 promoter
sequence (359 bp) driving the expression of GUS gene (DR5pro:GUS) was cloned in the
pBI101 binary vector, using BamHI restriction enzyme site on both primers and the correct

orientation of the promoter sequence was confirmed by sanger sequencing (Figure 4.5).

Figure 4.5 Schematic representation of DR5pro:GUS-pBII101- construct. GUS gene

sequence is 1.8 kb in length.

GUS gene encodes a B-glucuronidase, which hydrolyses X-Gluc (5-bromo-4-chloro-3-
indolyl-beta-D-glucuronic acid), and gives an insoluble and indigo-coloured compound. The
DR5pro:GUS-pBI101 binary construct was transformed in to 4. tumefaciens (GV2260)
and subsequently used to develop its stable transgenic plants in the background of WT and
Ok4CL11-OE lines (OE1 and OE2) of N. benthamiana (as per the protocol described earlier).
WT as well as Ok4CL11-OE lines containing DR5pro:GUS-pBI101 construct are generated.
These lines will be confirmed and used for GUS assay as well as for quantification of MUG

activity in a tissue-specific manner.
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4.2.7 Grafting (homo- and hetero-grafts) to study its effect on root growth

Grafting is known to stimulate various molecular, biochemical and phenotypic changes in both
scion (apex) and stock (base). This tool is routinely used to identify numerous long-distance
macromolecules signals in plants. As we previously observed a root growth retardation in
Ok4CL11-OE lines (OEl and OE2) compared to WT N. benthamiana plants, we developed
both homo- (WT/WT and OE2/OE2) and hetero-grafts (WT/OE2 and OE2/WT) of wild-type
and Ok4CL11-OE?2 line. Homo-grafts of both plants were developed using stock and scion
from the same plant. Hetero-grafts were developed using stock and scion from two different
plants i.e. stock either from WT or OE2 line, and scion from either WT or OE2 line. In vitro
grafts were developed using the ‘wedge’ grafting technique and kept horizontally on wet
blotting paper containing 4 ml of liquid MS media (2% sucrose w/v) in a sterile petri dish.
Plates were kept in the dark for 48 hours and then incubated under long-day conditions. After
7 days, grafts were transferred to magenta boxes containing MS medium (containing 2%
sucrose w/v) in a vertical position. Carefully, any new branches grown on the stock tissues
were removed before transferring to the solid MS medium. Two weeks after transfer to solid
MS medium, root growth parameters were scored from all four types of grafts. Currently, the
grafting experiment is being repeated using both Ok4CL1I-OF lines (OE1 and OE2) along
with WT.

4.3 Results and discussion

4.3.1 Overexpression lines were confirmed by PCR amplification of Ok4CLs using

genomic DNA and cDNA from putative transformants of N. benthamiana

Putative transformants of Ok4CLs in N. benthamiana were confirmed by PCR amplification
of respective transgenes using cDNA (synthesized from mRNA) as well as genomic DNA
isolated from leaves of putative transformants and wild-type plants of N. benthamiana as
negative control (Figure 4.6). We have generated five independent lines
for Ok4CL11 overexpression (Ok4CLI11-OE1 to Ok4CL11-OES), two lines for Ok4CL7
(Ok4CL7-OE1 and Ok4CL7-OE2), and Ok4CL15 gene (Ok4CL15-OE1 and Ok4CL15-OE2)
(Figure 4.6).
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Figure 4.6 Screening of Ok4CLs overexpression lines using RT-PCR. RT-PCR was
performed using cDNA isolated from leaves of (A) Ok4CL11, (B) Ok4CL7, and Ok4CL15
overexpression lines and WT N. benthamiana plants (negative control). Plasmid
(35S:0k4CL11-pRI101AN) construct was used as a template for PCR positive control.
Binary construct plasmids (35S:0k4CLI11-pRI101AN, 35S:0k4CL7-pRI101AN and
35S:0k4CL15-pRI101AN) served as a template for PCR of respective Ok4CL gene (positive

control). PCR master mix was used as a template for PCR negative control.

4.3.2 Root growth was affected in V. benthamiana plants overexpressing Ok4CL11 gene

An interesting phenotype of ‘rootless’ or ‘retarded root growth’ was observed in N.
benthamiana lines overexpressing Ok4CL11 gene (OE1 and OE2). Such phenotype was also
observed for other three Ok4CL11-OE lines (OE1-OES). Further, the aerial (aboveground)
morphology of Ok4CL11 overexpression lines was similar to WT. Supplementing auxin in the
media stimulates rooting (An et al. 2020). However, all five Ok4CL11-OE lines (Ok4CL11-
OE1 to -5) when grown on MS medium supplemented with auxin IBA (Indole butyric acid,
0.1 mg/L), we observed no positive effect on root formation. Root growth analysis
of Ok4CL11 overexpression lines (OE1 and OE2) suggests that >60% plants were rootless and
few plants had significantly affected root growth characteristics. Root number, root length and
lateral root number (LR) were scored in Ok4CL11 overexpression lines and wild-type M.
benthamiana plants. Ok4CL11 overexpression lines (OE1 and OE2) have 80% less root
numbers, 50% less number of lateral roots, and root length was reduced by 50% compared to

WT plants (Figure 4.7B-D). Root growth and morphology of Ok4CL15 overexpression line
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(Ok4CL15-OE1 and OE2) was seen to be comparable to WT plants (Figure 4.7A-D). Root
numbers were significantly higher in the Ok4CL7 overexpression line (Ok4CL7-OE1 and OE?2)
compared to wild-type N. benthamiana (Figure 4.7A-D).

(A)

Ok4CL7-OE 1 and -2 Ok4CL11-OE1 and -2 Ok4CL15-OE 1 and -2
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Figure 4.7 (A) Representative phenotypes of N. benthamiana plants overexpressing
Ok4CL7, -11 (OE1 and OE2), and -15 compared to wild-type (WT) plants. Analysis of root
phenotypes from WT and Ok4CL-OE N. benthamiana lines (Ok4CL11-OE1 and Ok4CL11-
OE2). (B) Number of roots per plant, (C) number of lateral roots on the root; (D), and the
overall root length (cm). WT is a non-transformed plant of N. benthamiana. N= number of
biological replicates. At least fifteen plants per line or WT (i.e. n=15) were used for

measurements of root growth parameters.

Further, we investigated the effect of Ok4CL11 overexpression on root apex growth.
Root apices (approximately 2 cm in length) were excised from the main roots of two Ok4CL1 ]
overexpression lines (OE1 and OE2) and WT, and grown in vitro for 10 days on MS medium.
On an average, the overexpression lines (OEl and OE2) show ~3 mm faster root growth
compared to WT N. benthamiana plants. Moreover, root growth was found to be significantly
higher in Ok4CL11 overexpression lines compared to WT. The average length of the root for
overexpression lines was nearly 20 mm at the end of experiment (10 days), whereas the root
length was approximately 8 mm in WT. LR numbers and length was also higher in

overexpression lines (OE1 and OE2) compared to WT (Figure 4.8).
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Figure 4.8 (A) Analysis of root apex growth. (B) Root length, (C) lateral root number, and
(D) lateral root length. N= number of biological replicates. For WT, n=13; for OE1 line -

1, n=9; and OE2 line, n=27) were used for measurements of root growth parameters.

4.3.3 Flavonoid and lignin content was altered in leaf and stem tissues of Ok4CLI11

overexpressing N. benthamiana lines

The effect of Ok4CL11 overexpression on the metabolite content was studied using the leaf
extracts (in 80% methanol) of transgenic and wild-type N. benthamiana plants. As auxin, a

phytohormone, is essential for root growth in plants, and we proposed that auxin could be the
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potential reason for a reduced root growth phenotype of Ok4CL11-OFE lines. Earlier reports
have suggested that the flavonoids, such as quercetin and kaempferol, can inhibit the polar
auxin transport from the shoot-apex to root (Teale et al., 2021). Our preliminary metabolite
analysis using LC-MS method showed that the level of flavonoids and their glycosides is
increased in Ok4CL11 OE lines compared to WT-Nb plants. (e.g.Apigenein, rutin, 3-Rha-7-
Rha-quercetin, etc Figure 4.9A ). Level of kaempferol also found to be increased in 4CL1 -
OE lines compared to WT plants (Figure 4.9B). Interestingly, inactivated form of IAA also
found to be accumulated in Ok4CLI1-OFE lines (Indole-3-acetyl-L-aspartic acid). Further,
phloroglucinol HCL specifically stains lignin and forms pink colour. Staining the transverse
hand sections of WT and Ok4CL11 overexpressing N. benthamiana plants suggested that the
lignin content is reduced in overexpression lines compared to wild-type (Figure 4.9C).
Overall, these results hypothesize that reduced polar auxin transport due to enhanced
accumulation of flavonoids could be one of the reasons for the reduced root growth phenotype

of Ok4CL11-OE lines. Further experiments were focused on studying this hypothesis.
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Figure 4.9 (A) Relative fold change in metabolite content in WT and Ok4CL11 OE lines (B)
Relative abundance of kaempferol in Ok4CL11-OE lines (OE1 and OE2) and wild-type N.
benthamiana plants. (C) Lignin accumulation in Ok4CL11-OE lines (OE1 and OE2) and
wild-type (WT) N. benthamiana plants.
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4.3.4 ‘Rootless phenotype’ in Ok4CLI1 overexpressing N. benthamiana plants was
rescued by transforming Ok4CL11 RNAI construct

Two Ok4CLI1 overexpression N. benthamiana lines (OE1 and OE2) were used for
transforming the silencing construct of Ok4CLII (Ok4CLI11-pRII0I RNAi) using
Agrobacterium-mediated plant transformation method. Silencing lines are being developed.
Currently, few shoots that have emerged from the overexpression N. benthamiana lines (OE1
and OE2), following the transformation of Ok4CL 11 RNAi construct, are transferred to rooting
medium, and have started to show root formation in Ok4CL11-OEF lines (Figure 4.10). These
results suggests that Ok4CL11-pRI101 RNAI construct could partially rescue the ‘rootless’
phenotype of the Ok4CL 11 overexpression lines (detailed analysis is still pending).

Further, grafting was conducted to understand the mobile nature of the signal (auxin)
that is contributing to the ‘rootless’ phenotype. Different grafts (homo-grafts;WT/WT,
OE2/OE2) and hetero-grafts;WT/OE2, OE2/WT) were performed using WT and Ok4CL1 -
OE?2 line. Minimum ten grafts of each type were developed, and all survived on MS medium.
These grafts were allowed to grow on solid MS medium for 2 weeks. Our observations
suggested that the ‘retarded root growth’ phenotype cannot be rescued by grafting WT on OE2
line (WT/OE2); however, the roots emerged from the WT stock in opposite hetero-grafts
(OE2/WT). The root growth in OE2/WT hetero-grafts was not as vigorous as seen for WT/WT
homo-grafts (Figure 4.10). These results suggest that the local overexpression of Ok4CL11
might contribute to the affected root growth. Based on these findings, we hypothesize that no
or negligible level of auxin in the stem of Ok4CLII-OE1/2 lines (due to excessive
accumulation of kaempferol) and the already present minimum auxin level in the WT stock

could be the reasons for the above observed root growth phenotypes.

Figure 4.10 Grafting experiment using Ok4CLI1-OFE2 line and wild-type (WT) N
benthamiana plants. (A) Stock and scion from WT (WT homo-graft). (B) Stock from the
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OE2 line and scion from WT N. benthamiana plants (WT and OE2 hetero-graft). (C) Stock
and scion from the OE2 line (OE2 homo-graft). (D) Stock from WT and scion from the OE2
line (OE2 and WT hetero-graft). Scale= 1 cm. Arrows indicate graft junctions.

4.3.5 RNA-seq analysis to identify the cause behind ‘retarded root growth’ phenotype in
Ok4CL11-OE lines

Following three weeks of stem sub-culture, whole plants of the two Ok4CL11 overexpression
lines (OE1 and OE2) and WT were harvested for RNA-seq and metabolite profiling. The main
aim of RNA-sequencing analysis is to identify auxin related genes that could be responsible
for reduced growth phenotype of overexpression lines. RNA-seq was carried out in triplicates;
wherein 2 plants (off 6) were pooled together to form three biological replicates. The
concentrations of purified mRNA from each sample were quantified on Qubit. Further, using
bioanalyzer, it was observed that all nine samples had RNA integrity (RIN) values greater than

7 confirming the good quality of our RNA samples (Table 4.2).

Table 4.2 QC reports for RNA-sequencing samples.

Sr. | Sample Name Qubit conc. | Nanodrop conc. | 260/280 RIN
(ng/ul) (ng/ul) Value
1 Wild-type Rep 1 812 751.2 1.98 7.9
2 Wild-type Rep 2 926 961.8 2.00 7.5
3 Wild-type Rep 3 638 650.4 1.99 8.0
4 Ok4CL11-OE2 Rep 1 338 308.6 1.94 8.3
5 Ok4CL11-OE2 Rep 2 576 644.3 1.95 8.0
6 Ok4CL11-OE2 Rep 3 628 583.4 2.00 8.0
7 Ok4CL11-OEl Rep 1 758 831.3 1.88 7.8
8 Ok4CL11-OEl Rep 2 298 285.5 1.97 8.2
9 Ok4CL11-OE1 Rep 3 854 932.1 2.03 8.2

The total RNA was quantified on Quibit and RNA integrity was further checked using
Bioanalyzer. OE1 and OE2 are overexpression lines. Rep= Biological replicate; RIN= RNA

integrity number.

The total number of differentially expressed (DE) genes in comparison to wild-type
plants were 11784 and 8269 in Ok4CL11-OEl and -OE2 lines, respectively (Fig. 4.11A). In
the Ok4CL11-OE1 line with a rootless phenotype, 5792 DE genes were upregulated, whereas
5992 DE genes were downregulated (Fig.4.11A). However, in the Ok4CL11-OE1 line having
reduced root growth phenotype 4321 DE genes were upregulated and 3948 DE genes were

downregulated (Fig.4.11A). To identify the set of common as well as unique genes that were
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differentially expressed in both and/or either line, a comparative analysis was performed and
represented by Venn diagrams. Analysis revealed about 2746 and 3135 genes were commonly
upregulated and downregulated, respectively. Amongst the Ok4CL11-OE lines, OE1 showed
3246 and 2657 DE genes that were specifically up- and downregulated, whereas 1202 and 1186
were uniquely up- and downregulated in the OE2 line, respectively (Fig. 4.11B).

RT-qPCR analysis showed that the majority of the DE genes involved in the
phenylpropanoid pathway were downregulated compared to WT (Fig. 4.11C). These genes
include 4CL, Chalcone synthase (CHS), Chalcone isomerase (CHI), Flavonoid 3'-
monooxygenase (F3H), Phenylalanine ammonia-lyase (PAL), Cinnamyl alcohol
dehydrogenase (CAD), Cinnamoyl-CoA reductase (CCR), Cinnamate 4-hydroxylase (C4H),
Shikimate O-hydroxycinnamoyl transferase (HCT) (Fig. 4.11C). Moreover, two
glycosyltransferase (GT) genes encoding the enzymes that possibly convert flavonoids, such
as kaempferol and quercetin to their respective glycosylic derivatives were upregulated in both
Ok4CL11-OF lines (Fig. 4.11C). Additionally, another GT and one of the 4CLs in N.
benthamiana were also downregulated in both OE lines compared to WT (Fig. 4.11C).
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Figure 4.11 RNA-seq and gene expression analysis : (A) Table for DE genes and (B) Venn
diagrams for DE genes (C)RT-qPCR for of phenylpropanoid pathway genes. GT, Glycosyl
transferase; 4CL, 4-Coumarate-CoA ligase; CHS, Chalcone synthase; CHI, Chalcone
isomerase; F3H, Flavonoid 3'-monooxygenase; PAL, Phenylalanine ammonia-lyase; CAD,
Cinnamyl alcohol dehydrogenase; CCR, Cinnamoyl-CoA reductase; C4H, Cinnamate 4-
hydroxylase; HCT, Shikimate O-hydroxycinnamoyl transferase
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4.3.6 Preliminary analysis suggest that Ok4CL7 and -15 localize to peroxisomes

The vector control (mCherry:pRI101AN) and the C-terminal fusion constructs of mCherry
with Ok4CL7 or -15 in pRI101AN vector were generated individually, and transformed in 4.
tumefaciens (GV3101 strain).

RFP control ! CaMV 35S P AtADH 5’-UTR RFP NOS terminator 3

RFP Phusion with 4CL 5 CaMV 355 P RFP ok4cL

Well no. and sample

1- 1Kb DNA ladder

2- Undigested

3- RD- Ndel + EcoRI mCherry:4CL7:pRI101IAN
4- RD- Ndel + EcoRI+ Sall) ]

Figure 4.12 (A) Schematic representation of mCherry-pRI101AN and mCherry:Ok4CL-
pRI101AN construct prepared for the localization study. (B) Confirmation of mCherry and
Ok4CL7 genes in pRI101AN vector by EcoRI and Ndel/Sall restriction enzyme digestion.

These constructs were transiently expressed by agroinfiltration in leaves of WT N.
benthamiana (4 week old soil grown plants). Local leaves were taken for microscopic imaging
after 3 to 4 days of agroinfiltration. Confocal microscope imaging showed that mCherry
localizes to the nucleus and cell membrane, while mCherry fused with Ok4CL7 or -15 showed
localization to peroxisomes (Figure 4.13). This is a preliminary analysis, and experiments are
underway to study the localization of Ok4CL11 as well as the N-terminal mCherry fusion

constructs of O4CL7, -11 and -15 in leaves of N. benthamiana following agroinfiltration.
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RFP DIC Merged

Figure 4.13 Ok4CL7 and -15 protein localization. Localization of mCherry to the nucleus
and cell membrane (A-C); Ok4CL7 (D-F); and Ok4CL15 (G-I).

4.3.7 List of other ongoing experiments to validate the function of Ok4CL11 in producing

rootless plants

e Mimicking the ‘retarded root growth’ phenotype of Ok4CLII-OFE lines in WT N.
benthamiana plants by independent application of kaempferol (100 uM) or auxin
inhibitors (TIBA [10 uM] or NPA1 [10 uM]) under in vitro conditions.

e Quantifying the levels of natural auxins (IAA and/or IBA) and kaempferol from three
regions of the stem (apical, middle and basal) from Ok4CL11-OF lines in comparison

to WT N. benthamiana plants.
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e Auxin accumulation would be assessed by transforming the DR5prom:GUS fusion
construct in WT and Ok4CL11-OE lines, followed by GUS assay and MUG activity
measurements using whole in vitro grown plants. We hypothesize that these assays
would demonstrate a reduced GUS expression in the stem and the highest expression
in the shoot apex, young leaves and root tips of Ok4CL11-OF lines compared to the
respective WT plants (control).

e Histology of leaf and stem tissues to observes if the vascular bundles as well as the
lignin content in the tissues of Ok4CL-11-OF lines compared to WT.

e ‘Retarded root growth’ phenotype of Ok4CL11 is also being tested in Arabidopsis (Col-

0) and potato (Solanum tuberosum cv. Désirée).

(A) Pr-DR5-GUS-pBI101 (B) Ok4CL11-pRII0IAN RNAi (C) Ok4CL11-pRI1I0IAN

> <}
0Ok4CL11-OE1 Ok4CL11-OE2 Solanum tuberosum

Figure 4.14 Phenotypes observed in ongoing experiments. (A) DR5prom:GUS-pBI10]
expressed in wild N. benthamiana and Ok4CL11 overexpressing N. benthamiana (Ok4CL11-
OEI-pRII0IAN). (B) Root growth was observed in Ok4CLII1-OE2-pRII0IAN upon
expression of Ok4CL11-pRI101AN RNAI construct. (C) Potato shoots regenerated from agro-
infected leaf tissues represent putative transformants of Ok4CL11-OE in Solanum tuberosum

cv. Désirée.
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4.4 Summary

Products of 4CL enzyme are utilized for biosynthesis of structural and non-structural
phenylpropanoid. Several reports suggest that specific 4CL isoforms are involved in the
diversion of flux toward structural phenylpropanoid lignin or other non-structural
phenylpropanoids like flavonoids (Lee Diana et al. 1997; Gui et al. 2011; Chen et al. 2014; Liu
et al. 2017; Baldi et al. 2017). In this chapter, we have overexpressed three Ocimum Ok4CL
isoforms (Ok4CL7, -11 and -15) in N. benthamiana and investigated their effects on the plant
phenotypes, gene expression and metabolite analyses.

The overall plant phenotypes of N. benthamiana lines overexpressing Ok4CL7 and
Ok4CL15 were comparable to WT plants, except Ok4CLI5 overexpression line having
increased number of roots. Interestingly, Ok4CLI1 overexpression N. benthamiana lines
(representative lines OE1 and OE2) showed ‘rootless’ or ‘retarded root growth’ phenotype.
The root growth is influenced by numerous endogenous and exogenous factors. Several
molecules, including hormones (auxin), flavonoids, lignin, etc. also play a crucial role in
regulating primary and lateral root growth. Plant specialized metabolites like flavonoids are
crucial not only for overall plant growth and development, but they also provide protection
against various biotic and abiotic stresses (Shah and Smith 2020). Ok4CL11 overexpression
representative lines (OE1 and OE2) have elevated levels of kaempferol compared to WT N.
benthamiana plants, suggesting that Ok4CL11 is involved in the biosynthesis of flavonoids.
Flavonoids, such as kaempferol, apigenin and quercetin are known for their ability to inhibit
polar auxin transport by inhibiting PIN transporters (Jacobs and Rubery 1988; Peer et al. 2004).
Kaempferol interact with PIN transporters and produces dimer, same as known for auxin
transport inhibitor 1-naphthylphthalamic acid (NPA) (Teale et al. 2021). Overexpression lines
(OEI and OE2) have 80% fewer root numbers, 50% fewer lateral roots, and root length was
reduced by 50%. These results are consistent with the recent report by Chapman and Muday
(2021). The mutants of the genes involved in the biosynthesis pathway of flavonoids
(kaempferol and quercetin), such as chalcone synthase (CHS), Flavonoid 3'-Hydroxylase
(F3'H) and flavonol synthasel (FLSI) produced negligible levels of flavonoids and displayed
enhancement in number of lateral root primordia and also the emergence of lateral roots in
Arabidopsis. Further, authors demonstrated that kaempferol or downstream derivatives
function as a negative regulator of lateral root emergence (Chapman and Muday 2021). ROS
plays a vital role in the plant development process, including root hair elongation, root

gravitropism, root tip elongation, elongation in the root tip and lateral root emergence
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(Manzano et al. 2014; Krieger et al. 2016; Orman-Ligeza et al. 2016; Gayomba and Muday
2020). Accumulation of kaempferol leads to reduced ROS production, which can lead to
inhibition of lateral root emergence (Chapman and Muday 2021). Based on these points, it
appears that the ‘retarded root growth’ phenotype in Ok4CL11 overexpression lines could be
because of elevated levels of kaempferol and reduced polar auxin transport. The ongoing

experiments will further ascertain these claims.
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5.1 Summary

4CL is one of the important enzymes from the phenylpropanoid biosynthesis pathway. The
4CL is essentially involved in channelizing the precursors for different pathways of
phenylpropanoid biosynthesis. 4CLs are explored from several plants for different aspects,
including their functional roles in growth and development, industrial applications in biofuel
production, metabolic pathway flux understanding and the management of stress response of
plants. The focus of this work was to functionally characterize three isoforms of 4CL from O.
kilimandscharicum (Ok4CL7, -11 and -15). We have characterized the functions of these

Ok4CLs using in vitro, in silico and in vivo approaches.

In Chapter 2, two Ok4CL isoforms (Ok4CL7 and -15) were functionally characterized
in vitro from O. kilimandscharicum for the first time. My several attempts failed obtain
recombinant protein of Ok4CL11 in E. coli. Nevertheless, all three isoforms of Ok4CLs were
taken forward for further experiments. Gene expression profiles of Ok4CL7 and -15 were high
in trichomes and roots compared to other tissue types tested. Optimum pH required for
recombinant Ok4CL7 and Ok4CL15 activities was found to be 8 and 7, respectively. Both
4CLs showed maximum activities at 40 °C. Ok4CL7 catalyzed the conversion of p-coumaric
acid, ferulic acid and caffeic acid into their corresponding CoA esters. Furthermore, Ok4CL15
could catalyze the conversion of p-coumaric acid, ferulic acid and sinapic acid into respective
CoA esters. However, both 4CLs (Ok4CL7 and -15) were unable to utilize cinnamic acid. In
silico data indicated that, specific non-covalent interactions between the substrate and binding
pockets of Ok4CLs are essential for their catalytic activities. It appears that Ok4CL15 could
be involved in lignin biosynthesis due to its high expression in root tissues and catalytic activity
to convert sinapic acid to sinapoyl CoA. The results of this study allow us to understand the
function of 4CL isoforms of O. kilimandscharicum and its potential role in the diversification

of the phenylpropanoid pathway.

In Chapter 3, in silico analysis was performed to decipher the reason behind the
differential substrate selectivity. Molecular modeling and docking, followed by in silico study
of enzyme-substrates interaction, provided information about the residue contacts with the
substrate in the binding pocket. Feruloyl adenylate showed a higher number of contacts and
lower binding energy with Ok4CL7 and -15 than cinnamoyl adenylate. Differential substrate
selection or affinity towards a particular substrate by Ok4CLs may contribute to regulation flux
in the phenylpropanoid pathway. p-coumaric acid and ferulic were used by both of them,

whereas caffeic acid is exclusively used by Ok4CL7 and sinapic acid by Ok4CL15. Important
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finding of this study is that Ok4CL7 and -15 have differential selectivity for sinapic acid,
different from reported 4CLs from G. max and N. tabacum. The comparison of 4CL sequences
suggests that other than the position of V and L, some other residues are also responsible for
the substrate selectivity. Models were developed by replacing interacting amino acids with
other standard amino acids to check their importance in interaction with the substrate. In
OK4CL7, the replacement of lysine at 477 position with either leucine, isoleucine, or valine
leads to an increase in affinity for sinapic acid. In the case of Ok4CL15, replacing lysine at 525
with isoleucine leads to an increase in affinity for sinapic acid. Experimental validation of these
results is in progress by developing mutant 4CL enzymes and their kinetics study with different

substrates.

In Chapter 4, we studied the in planta functional characterization of three Ok4CL
isoforms (Ok4CL7, -11 and -15). Due to a poor regeneration efficiency and limited success of
Agrobacterium-mediated stable transformation methods for several members of Ocimum
species, we have overexpressed three Ok4CL isoforms (Ok4CL7, -11 and -15) in N.
benthamiana and studied their effects on the plant phenotypes and metabolite profiling.
Interestingly, we observed a ‘rootless or ‘retarded root growth’ phenotype in the Ok4CLI1
overexpression lines of N. benthamiana, whereas no such phenotype was observed in Ok4CL7
and -15 overexpression lines. Plants overexpressing Ok4CL7 have normal root growth
phenotype, whereas those overexpressing Ok4CL15 have higher number of roots. Considering
the role of 4CLs in the phenylpropanoid biosynthesis pathway, we also carried out metabolite
profiling of the Ok4CL11 overexpression lines and wild-type N. benthamiana plants. To dissect
the ‘rootless’ or ‘retarded root growth’ phenotype observed in the Ok4CL11 overexpression
lines, a number of approaches, such as transcriptomics, auxin and kaempferol quantification,
grafting (in vitro), chemical treatment, phenotype rescue by RNAI, etc. were undertaken. Some
of these objectives are near completion, whereas majority of them are currently ongoing.
Metabolite analysis suggested that overexpression of Ok4CL1 1 leads to increase in kaempferol
accumulation. Kaempferol is known for inhibiting polar auxin transport (PAT) by interaction
with PIN auxin transporters. Plant specialized metabolites like flavonoids are crucial not only
for overall plant growth and development, but they also provide protection against various
biotic and abiotic stresses (Shah and Smith 2020). Preliminary analysis of lignin staining by
phloroglucinol suggests lignin content increased in Ok4CL11-OE lines compared to WT. Based
on these points, it appears that the ‘retarded root growth’ phenotype in Ok4CLI1
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overexpression lines could be because of elevated levels of kaempferol and a reduced polar
auxin transport. The ongoing experiments will further ascertain these claims.

Overall, in this work, we have functionally characterized two 4CL isoforms (Ok4CL7
and -15) using in-vitro approaches, while three isoforms of Ok4CLs (Ok4CL7, -11 and -15)
were using in planta characterization. This work will provide insights for exploring the

potential use of 4CL for metabolic pathway engineering and various other applications.

5.2 Future prospects

The metabolic pathways are regulated at entry point, branch point and/or in some cases by
intermediate enzymes (rate limiting enzymes) for the final product biosynthesis. However,
terminal enzymes are well studied for most of the plant specialized metabolite biosynthesis.
The properties of specific Ok4CL isoforms could be further explored for application in
different fields. In biofuel industries, high saccharification of biomass is preferred to increase
the yield. Lignin is the complex biopolymer, which affects the saccharification. Using specific
4CL isoform having potential to decrease lignin content, it is possible to improve biofuel
production efficiency. Overexpression of Ok4CL11 leads to increase in flavonoid content,
which means it is diverting phenolics flux towards the flavonoid biosynthesis and leads to
decline in the lignin content of plants. Ok4CL11 isoform could be explored for biofuel

production by overexpressing it in other important crops.

4CLs are also successfully used for synthesis of commercially important compounds
like curcumin, resveratrol, trihydroxycinnamoyl spermidines, etc. In most cases 4CL was
expressed in fusion with other enzymes. It is also possible to enhance the level of important
metabolites by overexpressing a particular Ok4CL isoform. In future, 4CL isoforms from O.

kilimandscharicum could be explored for plant natural product biosynthesis.

4CL isoforms are also known for their role in protection from various biotic and abiotic
stresses (reviewed by Lavhale et al., 2018). Further, Ok4CL isoforms could be explored for
their application in development of crops with resistant against biotic or abiotic stress. The site-
directed mutagenesis approach used in this work could also be used to engineer 4CL with
specific substrate preferences. Using this approach, the efficiency of 4CL could also be

improved for the above mentioned applications.
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5.3 Open Questions

As a consequence of this study there sevral important open question are need to be solved.

Few of the important questions listed below-

)

i)

vii)

viii)

Products of 4CL enzyme could be utilized for both lignin and flavonoid
biosynthesis. How overexpression of Ok4CL1 1 in N. benthamiana contributed to

increased accumulation of flavonoid content?

What is the effect of phenylpropanoid diversion towards flavonoid by 4CL
overexpression on detiled morphology, defense, stress response and ecological

the consequences?

Why multiple isoforms present for single enzyme? What is the role of evolution
and how its evolved? (Detailed analysis of factors contributing to origin of
isoforms such as gene duplication, neofunctionalization, alternative splicing,

transposable elements, etc)

Which are the regulatory enzyme of the flavonoid and lignin biosynthesis? (rate

limiting step, commited step, and other mechanisms of pathway regulation)
How the expression of 4CL isoforms is regulated at tissue specific level?

How plant maintain optimum level phenylpropanoids and how it modulates in
response to environmental cues or biotic and abiotic stresses (storage, activation

inactivation, degradion, etc)?
What are the potential application of rootles phenotype?

What are the active site residues or domains responsible for specific substrate
preference? This enzyme could be used or improved for efficient production of

important compounds such as penicillin V, resveratrol, curcumin, etc.
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Title of the thesis: Functional characterization of 4-Coumarate-CoA ligases involved in
phenylpropanoid biosynthesis from Ocimum kilimandscharicum

In plants, specialized metabolites are indispensable for growth and development and various biotic and
abiotic stress responses. 4-Coumarate-CoA Ligase (4CL) is a diverse group of enzymes mainly
involved in the biosynthesis of several phenolic specialized metabolites. 4CL catalyzes the ligation of
CoA to cinnamic acid and its derivatives. Activated CoA esters are utilized for the biosynthesis of
phenolic metabolites and lignin. Ocimum species produce a variety of such specialized metabolites
having multiple medicinal properties. Here, we characterize the diversity of Ocimum
kilimandscharicum 4CLs (Ok4CLs).

Gene expression analysis suggested that Ok4CL?7 is highly expressed in leaf trichomes, whereas
Ok4CL15 is abundant in the roots. The recombinant Ok4CL7 and -15 had optimal enzyme activities at
40 °C in pH 8 and 7, respectively. Ok4CL7 showed substrate preference towards p-coumaric acid,
ferulic acid and caffeic acid. While, Ok4CL15 preferred p-coumaric acid, ferulic acid and sinapic acid.

In silico analysis was performed to decipher the reason behind the differential substrate
selectivity. Molecular modeling and docking, followed by in silico study of enzyme-substrates
interaction, provided information about residues contacts with the substrate in the binding pocket.
Feruloyl adenylate showed a higher number of contacts and lower binding energy with Ok4CL7 and -
15 than cinnamoyl adenylate. Differential substrate selection or affinity towards a particular substrate
by Ok4CLs may contribute to regulation flux in the phenylpropanoid pathway. Further, mutant Ok4CL
proteins were expressed to validate the in-silico results.

Owing to a poor regeneration efficiency coupled with limited success of Agrobacterium-
mediated stable transformation methods for several members of Ocimum species, we have
overexpressed three Ok4CL isoforms (Ok4CL7, -11 and -15) in N. benthamiana and investigated their
effects on the plant phenotypes and metabolite profiling. Our experiments showed that overexpression
(OE) of Ok4CLI11 in N. benthamiana leads to rootless/reduced root growth phenotype compared to
wild-type (WT), but the other two isoforms of Ok4CLs (Ok4CL7 and -15) do not show such root growth
phenotype. Targeted metabolite profiling of whole in vitro plants showed an excessive accumulation of
a flavonoid, kaempferol. Silencing of Ok4CLIl in the Ok4CLII-OE background partially
complemented the rootless phenotype and these RNA: lines exhibited improved root growth compared
to the background OE lines. Grafting suggested that the reduced root growth phenotype cannot be
rescued by grafting WT on OE line (WT/OE), whereas the opposite hetero-grafts (OE/WT) produced
roots from the WT stock. In summary, our results suggest the unique function of Ok4CL11 as a negative
regulator of root growth development possibly by inhibiting polar auxin transport via excessive
accumulation of kaempferol.
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Plant 4-coumarate-CoA ligase (4CL) catalyzes the ligation of CoA to cinnamic acid and its derivatives. Activated
CoA esters are utilized for the biosynthesis of phenolic metabolites and lignin that play essential function in
plants. Here, we characterize the diversity of Ocimum kilimandscharicum 4CLs (Ok4CLs). Phylogenetic analysis
suggest that Ok4CLs could be grouped into three classes, class I - enzymes mostly involved in lignin biosynthesis,
class II - non-structural phenylpropanoid biosynthesis and class III - yet to be characterized for specific role(s).
We selected two Ok4CLs namely Ok4CL7 and Ok4CL15 for further characterization. Gene expression analysis sug-
gested that Ok4CL7 is highly expressed in leaf trichomes, whereas Ok4CL15 is abundant in the roots. The recom-
binant Ok4CL7 and Ok4CL15 had optimal enzyme activities at 40 °C in pH 8 and 7, respectively. Ok4CL7 showed
substrate preference towards p-coumaric acid, ferulic acid and caffeic acid. While, Ok4CL15 preferred p-coumaric
acid, ferulic acid and sinapic acid. Feruloyl adenylate showed higher number of contacts and lowers binding en-
ergy with Ok4CL7 and 15 compared to cinnamoyl adenylate. Based on root-specific expression and preference for
sinapic acid, Ok4CL15 might be involved in lignin biosynthesis. Further exploration is needed to unravel the role
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of diverse Ok4CLs in O. kilimandscharicum.
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1. Introduction

Phenylpropanoids protect plants from various biotic or abiotic stress
conditions. Many of them are known to have or being explored for me-
dicinal properties. 4-coumarate CoA ligase (EC 6.2.1.12) (4CL) is a cru-
cial enzyme involved in the phenylpropanoid pathway as well as
lignin biosynthesis. It serves as the main branch point in the pathway
[1]. They are encoded by a multigene family of adenylate forming en-
zymes. 4CLs convert hydroxy or methoxy cinnamic acid derivatives to
the corresponding activated thioesters. Products of 4CL are utilized by
various oxygenase, reductases, and transferases for the biosynthesis of
lignin, flavonoids, anthocyanins, tannins, aurones, stilbenes, coumarins,
suberin, cutin, sporopollenin, etc. [2]. It has been reported that 4CLs
might plays crucial role in lignin biosynthesis [3-5]. Lignin is the poly-
mer of H-lignin, G-lignin and S-lignin monomers. Monolignols of H-
lignin, G-lignin and S-lignin are synthesized from p-coumaroyl CoA,
feruloyl CoA and sinapoyl CoA, respectively [4-6]. Also, several non-
structural phenylpropanoids synthesized via 4CLs exhibit diverse
functions in plant physiology. Among these, flavonols and isoflavones

* Corresponding author at: Plant Molecular Biology Unit, Biochemical Sciences Division,
CSIR-National Chemical Laboratory, Dr. Homi Bhabha Road, Pune 411 008, MS, India.
E-mail address: ap.giri@ncl.res.in (A.P. Giri).
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negatively regulate the transport of auxin hormone [7]. They are also in-
volved in the attraction of symbiotic bacteria for nitrogen fixation [8,9].
Moreover, flavonoids protect the plant against UV-B irradiation, sugar
stress, nutrition deficient (low phosphate/iron/nitrogen), low tempera-
ture, drought, pathogen infection, and herbivores attack [10]. Anthocy-
anins, another metabolite from this class, shows various colors ranging
from orange to pink, red, and purple. They supply pigmentations to
flowers, fruits and seeds to attract pollinators and seed dispersal [11].
4CL enzymes contain two conserved peptide motifs: box I
(SSGTTGLPKGV) and box II (GEICIRG) [12,13]. Members of adenylate
forming enzymes family have conserved adenosine monophosphate
binding domain (box I). Crystal structure analysis suggested that during
the catalysis process, enzyme undergo two conformations: adenylate
forming and thioester forming [14,15]. 4CL isoforms with differential
substrate affinities can be used to manipulate metabolite flux. Expres-
sion of 4CL isoforms can be modulated in response to a specific trigger
[16-18]. In Arabidopsis thaliana, 4CL1 was upregulated in leaf in re-
sponse to the wound, while 4CL3 was upregulated in light-exposed
seedlings [12,19]. Similarly, Oryza sativa 4CL2 was upregulated by UV
irradiation, suggesting it's role in flux diversion towards flavonoid bio-
synthesis [17]. Ocimum basilicum 4CL (Ob4CL) involved in the non-
structural phenolic biosynthesis was downregulated in response to
drought stress [20]. 4CLs expression transcriptionally regulated by the
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differential methylation patterns of their promoters [21]. Furthermore,
they are controlled by MYB transcription factors in response to various
plant hormones like abscisic acid, methyl jasmonate and salicylic acid
[22-24].

Biocatalytic properties of 4CLs have been explored for commercial
applications in fuel, flavour and natural product synthesis [16,25-27].
The silencing of lignin biosynthesis specific 4CL isoform causes reduc-
tion in lignin content. This de-lignified precursor serves as a suitable
source for producing chemicals, fiber, energy, or fuel [25,28]. In another
study, resveratrol biosynthesis was improved in yeast by fusion of
At4CL1 from A. thaliana and STILBENE SYNTHASE from Vitis vinifera
(VVSTS) [29]. Moreover, curcuminoids biosynthesis in Escherichia coli
was achieved by expressing 4CL from Lithospermum erythrorhizon and
CURCUMINOID SYNTHASE from rice [30]. These potential applications
of 4CL urge the importance of molecular investigation in the functional-
ity of 4CLs in phenylpropanoid rich medicinal plants like species of
Ocimum.

Ocimum has remarkable diversity in metabolite contents with a va-
riety of medicinal properties [31]. Functions of Ocimum 4CLs beyond
phenylpropanoid biosynthesis are still enigmatic. Gene expression pro-
files and quantification of metabolite contents showed that eugenol and
camphor biosynthesis is tissue-specific in O. kilimandscharicum [32]. A
particular 4CL isoform was co-expressed with EUGENOL SYNTHASE 1 in
leaf tissue [32]. In present report, we have analyzed the diversity of
4CL using the phylogenetic and similarity search network. Following
this, we have performed the structural-functional characterization of
two recombinant 4CL isoforms from O. kilimandscharicum (Ok4CL7
and -15). Molecular details of their substrate specificities were analyzed
using molecular docking. Characterization of two recombinant Ok4CL7
and -15 might shed light on their putative functions in the
0. kilimandscharicum phenylpropanoid and lignin pathway.

2. Materials and methods
2.1. Plant material and chemicals

0. kilimandscharicum plants were grown in the field at CSIR-National
Chemical Laboratory, Pune, India. After flowering, tissues (Flowers,
young leaves, roots, and trichomes) were harvested and stored in liquid
nitrogen for further analysis. Substrates of 4CL, such as p-coumaric acid,
cinnamic acid, ferulic acid, caffeic acid and sinapic acid (Sigma-Aldrich,
St. Louis, USA), Coenzyme A (Sisco Research Laboratories, Mumbai,
India), complementary DNA (cDNA) synthesis kit (Applied Biosystems,
Waltham, USA), RNA isolation total plant RNA extraction-Spectrum kit
(Sigma Aldrich) were purchased. The plasmids like pGEM-T, pGEX 4T,
pET28a and pRI 101-AN were purchased from Takara (Takara, Kyoto,
Japan) and the solvents for High-Performance Liquid Chromatography
(HPLC) and Mass Spectrometry (MS) from Merck (Kenilworth, NJ, USA).

2.2. Identification of 4-Coumarate CoA ligases from O. kilimandscharicum
transcriptome datasets

Total RNA extracted from 100 mg tissue of flowers, young leaves,
roots, and trichome using Spectrum Plant RNA Isolation kit (Sigma-
Aldrich). The quality of RNA was checked on the NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific, Waltham, USA). The
transcriptome was sequenced using the Illumina NextSeq500
next-generation sequencing (NGS) (San Diego, USA) platform. De
novo assembly was performed using Trinity software without a ref-
erence genome [33] and transcript annotation using NCBI-BLAST-
2.2.29+ tool [34]. Transcriptome Sequencing and analysis is
outsourced at Genotypic Technology, Bangalore, India. Annotated
4-Coumarate CoA Ligase (4CL) encoding genes were selected from
the de novo assembled O. kilimandscharicum transcriptome. Open
Reading Frame (ORF) analysis was performed using the ORF Finder
web tool from NCBI (https://www.ncbi.nlm.nih.gov/orffinder/).
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Sequences having start and stop codons as well as the presence of
two conserved signature motifs (Box-I and Box-II) selected for fur-
ther study. All those enzymes having Box-I (SSGTTGLPKGV) are
grouped into a superfamily of adenylate forming enzymes. Fifteen
ORF sequences had these two conserved motifs, and they were se-
lected for further analyses.

2.3. Phylogenetic, sequence similarity network and domain analysis

Phylogenetic analysis of 4CLs was performed using MEGA 6 software
[35]. Deduced amino acid sequences of all putative 4CLs from
0. kilimandscharicum and reported 4CLs were aligned using the
MUSCLE alignment tool [36]. Reported 946 plant 4CL sequences were
retrieved from UniProt protein database (partial, hypothetical and puta-
tive sequences were excluded). Aligned sequences in fasta file format
used for phylogenetic tree construction using the neighbour-joining
method with 1000 bootstrap value and by keeping the rest of the pa-
rameters default. The relation among 4CL sequences was also studied
by Sequence Similarity Network (SSN) using SSNpipe with default pro-
tocol (https://github.com/ahvdk/SSNpipe, https://github.com/ahvdk/
SSNpipe/wiki/SSNpipe-Usage-Examples). BLAST e-value used for edge
distance calculations. 1e140 cut-off value was used for network building
as it is the highest to achieve confident clustering. The output network
was visualized using Cytoscape 3.7.2 (https://cytoscape.org/). Domain
architecture of selected 4CLs studied using Conserved Domains Data-
base (CDD) [37]. The schematic diagram of the proteins domain
shown in Fig. 1C is prepared using DOG (Domain illustrator) [38].

2.4. Gene expression analysis

Gene expression of putative 4CLs studied in different tissues from
0. kilimandscharicum. Total RNA was isolated from 100 mg of freshly
collected tissue, using Spectrum Plant RNA extraction kit as described
[39]. Genomic DNA contamination in isolated RNA was removed using
RNase free DNase treatment. Two pg RNA was used for cDNA synthesis
using SuperScript IIl reverse transcriptase system (Invitrogen, Carlsbad,
USA). cDNA synthesis was confirmed by PCR using a set of primers that
amplifies a short sequence elongation factor 1o (EF1at). qRT-PCR
primers were designed for all putative 15 Ok4CL genes using Primer
3.0 (http://bioinfo.ut.ee/primer3-0.4.0/) and Oligo Analysis online tool
(http://www.operon.com/tools/oligo-analysis-tool.aspx). qRT-PCR
primers were synthesized (Eurofins, Bangalore, India) and used for
analysis. qRT-PCR was performed on an Applied Biosystems 7500 Fast
Real-Time PCR System by using the SYBR green protocol. Three biolog-
ical and technical replicates were used for each sample. The reaction
mixture contains 5 pL of SYBR green master-mix, 0.5 pL of 10 uM for-
ward and reverse gene-specific primers (Supplementary Table S1) and
1 pL of diluted cDNA (1:2) with nuclease-free water added to make up
a volume to 10 pL. Standard plots of putative 4CLs were generated
using a gene-specific set of primer-pairs. Different cDNA dilutions
(1:2, 1:3, 1:8, 1:16 and 1:32) were used to generate standard plots.
The qRT-PCR reaction for sample cDNA was optimized using different
concentrations of primer and cDNA. Absolute gene expression was per-
formed using the standard plot method. Heatmap for expression of
Ok4CL genes expression across various tissues of O. kilimandscharicum
was illustrated using normalized z-score. Multiple Experimental Viewer
(MeV) (http://mev.tm4.org/#/welcome) software was used to plot the
heatmap.

2.5. Cloning, recombinant protein expression and purification of Ok4CL7
and 15

As the representative of different clades, two candidate Ok4CLs,
0k4CL7 and 15, were selected for heterologous expression and in vitro
characterization. Putative full-length coding sequences of Ok4CL7
(1730 bp) and Ok4CL15 (1608 bp) were amplified from cDNA by PCR
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Fig. 1. Diversity and domain analysis of Ok4CLs. A. Phylogenetic analysis of 4CLs. Class-1 4CLs are involved in the biosynthesis of lignin and Class-II -4CLs are involved in the biosynthesis of

non-structural phenylpropanoids. B. The sequence similarity network analysis of various plant 4CLs, including that from O. kilimandscharicum showed five clusters at the E-value of 1e
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Three clusters were observed in the SSN network in corroboration with a phylogenetic tree. Ok4CL7 and -11 are grouped in one cluster similar to a single clade. Ok4CL4, -5 and -6 are found
to be disconnected from the total network, indicating their individuality similar to the phylogenetic tree. The remaining sequences were grouped in two major clusters. C. Domain analysis.
0K4CL7, 15 and 8 from O. kilimandscharicum have several domains, including CaiC (Acyl CoA Synthetase); 4CL (4-Coumarate-CoA Ligase).

using a high-fidelity Q5 polymerase (New England Biolabs, Ipswich,
USA). Amplified sequences were cloned into expression vectors
(Ok4CL7 in pGEX 4 T and Ok4CL15 in pET 28a) using T4 DNA Ligase
(New England Biolabs). Ndel and EcoRISall restriction sites used for
0k4CL7 cloning, while Ndel and Sall used for OK4CL15. These restriction
sites were included in forward and reverse primers, respectively (Sup-
plementary Table S1).

The constructs having either of the 4CL genes were transformed in
ArcticExpress (DE3) competent cells (Agilent Technologies, Santa Clara,
USA). A single colony of ArcticExpress cells having expression con-
struct/plasmid was inoculated in primary culture and grown in a shaker
incubator at 37 °C overnight (~14 h). 10 mL of inoculum used from pri-
mary culture for 1 | of secondary culture. Secondary culture allowed
growing up to log phase (ODggo ~ 0.45). Once the culture reaches to
log-phase, then it is kept at 4 °C for chilling. Gene expression was induced
by adding 0.5 M IPTG to 1 L culture (ODggo ~ 0.45) and cultures grown at
12 °C in shaker incubator for overnight (~14 h). The bacterial cell pellet
was obtained by centrifugation of culture at 3500 xg for 10 min. Pellet
was resuspended in 10 mL lysis buffer (Tris [50 mM], NaCl [200 mM],
glycerol [5% v/v] and lysozyme [0.2 mg/mL] pH 8.0), followed by sonica-
tion using VibraCell (Sonics, Newtown, USA) (10 s on and off cycle with
an amplitude of 45%) for cell lysis. For both recombinant proteins, buffer
containing Tris (50 mM), NaCl (200 mM), glycerol (5% v/v) was used
throughout the purification process. Cell lysate/cell debris was separated
using centrifugation at 11,200g for 60 min at 4 °C. The supernatant was
collected in a fresh tube. Supernatant further filtered using 0.2-micron sy-
ringe filters for removal of any solid matter. Clear supernatant along with
slurry was kept for binding on a shaker for 3 h at 4 °C. Ok4CL7 was puri-
fied using Glutathione Sepharose 4B (GE Healthcare, Chicago, USA),
whereas Ok4CL15 with Ni-NTE slurry (Roche, Basel, Switzerland). For
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elution of Ok4CL7, reduced glutathione (20 puM; pH 8.0) was used,
whereas imidazole (200 uM; pH 8.0) used for Ok4CL15. Size of purified
proteins confirmed by separating on 12% SDS-PAGE gel. Salts were re-
moved using dialysis against Mili Q water. Purified recombinant
0k4CL7 and OK4CL15 protein aliquots were stored at —80 °C after the
snap freeze in the liquid nitrogen until further use.

2.6. Enzymatic assays of recombinant Ok4CL7 and Ok4CL15

All enzyme assays were performed in three replicates. The activity of
recombinant purified Ok4CL enzymes was studied with five substrates:
p-coumaric acid, caffeic acid, cinnamic acid, ferulic acid and sinapic acid
as described previously [1,23]. The reaction mixture of 200 pL contains
substrate (0.2 mM), adenosine triphosphate (2.5 M), coenzyme A (0.2
mM) and enzyme (5 pg). All assays were performed in Tris-HCl buffer
(200 mM; pH 8.0) having MgCl2 (25 mM). Blanks used for all assays con-
tain heat-inactivated enzymes and all other components. The absorbance
change was monitored with a UV-visible spectrophotometer (Labindia
Pvt. Ltd., Mumbai, India). Optimum pH and temperature required for re-
combinant Ok4CL7 and Ok4CL15 activity were determined using ferulic
acid and sinapic acid, respectively. Range of pH 5 to pH 9 used for deter-
mination optimum pH, while for finding out optimum temperature
range from 20 °C to 80 °C were used. The absorbance was measured at ab-
sorption maxima at 311, 333, 345, 346, and 352 nm for the corresponding
cinnamoyl-CoA, 4-coumaroyl-CoA, feruloyl-CoA, caffeoyl-CoA, and
sinapoyl-CoA products, respectively [40,41]. Substrate concentration
used for enzyme kinetics ranged from 10 to 400 pM for coumaric acid
and caffeic acid, whereas 25 to 800 uM for ferulic acid. All other compo-
nents of the reaction were kept constant (ATP [2.5 mM]; CoA [0.2 mM],
Enzyme [5 pg]). The average value of three replicates used to plot the
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graph. Standard deviation calculated using three replicate values and
plotted as an error bar of respective value in the graph.

2.7. Characterization of recombinant Ok4CL products on HPLC and LC-MS/MS

Ok4CL assay products for substrates 4-coumaric acid, caffeic acid,
ferulic acid and sinapic acid were analyzed on Waters HPLC using
reversed-phase C18 column at 24°Cwith 0.7 mL/min flow rate. Photodi-
ode array (PDA) detector used to analyze the change in absorption. 20
uL of sample injected from each reaction. Three runs of each enzyme
with each substrate. i) standard substrate; ii) heat-inactivated enzyme
and all other components; iii) reaction mixture with the active enzyme.
Product peak was observed at absorbance 333 nm (p-coumaroyl CoA),
345 nm (caffeoyl CoA), 346 nm (feruloyl CoA) and 352 nm (sinapoyl
CoA) [22,42]. Acetonitrile and ammonium acetate (0.1 M; pH 4.5) was
used as the mobile phase. Previous protocol with modifications was
used for HPLC analysis [43]. The gradient used ranges from 0 to 100%
ACN. ACN reaches 65% in approximately 25 min and 100% in about 28
min. 100% ACN wash was given for 30 min. For equilibration of the sys-
tem before the next run, 100% ammonium acetate (pH 4.5) for 8 min.
The product peak was collected and dried using lyophilizer. Purified
metabolites were dissolved in 50% acetonitrile and 50% water and
used for characterization by LCMS. Orbitrap Fusion mass spectrometer
(Thermo Scientific) coupled with the heated electrospray lon source
was used for data acquisition. For MS1 mode, the mass resolution was
kept at 120,000 and for MS2 acquisition, the mass resolution was
30,000. Mass range of data acquisition was 60-900 da. Extracted metab-
olites were separated on UPLC ultimate 3000 installed with the Xbridge
Amide column. Accurate mass and fragmentation pattern were ac-
quired for the mixture by separating them on the HILIC column and pos-
itive and negative ionization mode both. The purified mixture was
separated by solvent A was 20 mM ammonium acetate in the water of
PH 9.0 and mobile phase B was 100% acetonitrile. The elution gradient
starts from 85% B to 10% B over 14 min, with a flow rate of 0.35 mL/
min. LC/MS acquired data has been processed using the Xcalibur soft-
ware (Thermo Scientific) using the default setting.

2.8. Molecular docking analysis

To understand the interaction and substrate preferences of Ok4CLs
molecular docking was performed. Three-dimensional structures of
0k4CL7 and Ok4CL15 were predicted using Populus tomentosa 4CL
(PDB ID: 3NI2) and Nicotiana tabacum 4CL (PDB ID: 5BST) crystal struc-
tures as templates, respectively. Structures were energy minimized
using Maestro 10.1 Tools (Maestro, Schrédinger, LLC, New York, NY,
2020) and substrate binding pocket residues were predicted by
superimposing models with templates. Ok4CL structures were then
prepared for docking by adding Kollman and Gasteiger charges in
AutoDock Tools [44]. After adding polar hydrogens to protein structure,
the docking grid was set around substrate-binding residues using the
AutoGrid Tool. The prepared structure was saved in *.pdbqt format for
further analysis. Structures of the feruloyl adenylate and cinnamoyl
adenylate were generated in Marvin sketch software (http://www.
chemaxon.com) and further converted in *.pdbqt format using
AutoDock Tool. Docking of substrates with Ok4CLs was performed
using AutoDock Vina [45]. After docking simulations, ten docking
poses were generated with each substrate. The binding pose with the
lowest binding score was selected for further analysis. Substrate binding
poses were analyzed using the BIOVIA Discovery Studio 4.5 software
(Dassault Systéemes BIOVIA, Discovery Studio Modeling Environment,
Release 2017, San Diego: Dassault Systémes, 2016).

2.9. Statistical analysis

At least three replicates used for all statistical analysis. Significance of
Ok4CL7 and Ok4CL15 gene expression calculated using multiple unparallel
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t-tests in GraphPad Prism version 9.0.0 for macOS, GraphPad Software,
CA, USA, www.graphpad.com. (ns = P > 0.05; * = P < 0.05; ** = <
0.01; *** = P<0.001; **** = P<0.0001). Significant differences between
data were determined using the One-way Analysis of Variance (ANOVA:
single factor) tests. Error bars represent the mean 4 standard deviation.
One-way ANOVA test suggested a significant difference between data p
< 0.005 for both the enzymes substrate preference experiments.

3. Results and discussion
3.1. Ok4CLs diverged depending on their biological roles

Fifteen annotated 4CL sequences were retrieved from
0. kilimandscharicum transcriptome datasets. Domain analysis depicts
that most of Ok4CLs contain AMP-BD, CaiC, and 4CL domains, indicating
their homology and possible functional conservation (Table 1). The
open reading frame of these Ok4CLs had Box-I and Box-II signature mo-
tifs. The phylogenetic tree was constructed using 946 plant 4CLs protein
sequences, including 15 putative Ok4CLs. These 4CLs were grouped into
nine major clades (Supplementary Fig. S1). Representative 4CLs
selected from each clade and putative Ok4CLs were further used for
phylogenetic tree construction (Fig. 1A). Selected 4CLs were grouped
into three major clades belonging to known three classes (CLs involved
in lignin biosynthesis, non-structural phenolics biosynthesis and
uncharacterized) as mentioned earlier. Ok4CL8, 9 and 16 grouped
with other 4CLs in class-I, while all other Ok4CLs appeared in the
uncharacterized clade (Class III) along with other 4CLs. Ok4CL3, 4 and
5 form a separate clade due to the presence of the fatty acyl CoA
synthetase domain. Interestingly, Ok4CL15 is not clustered with any of
the class. Comparatively, It is close to class I and class Il than
unclassified 4CLs.

A similar classification was reported for the 4CL isoforms in several
plants [12,16,46]. Piper nigrum 4CLs distributed in class-I and class-II.
Class-14CLs were active towards the lignin biosynthesis substrates like
coumaric and ferulic. In addition to this, Class-Il 4CLs are also active to-
wards piperonylic acid, 3,4-(Methylenedioxy) cinnamic acid (MDCA),
and piperic acid [47]. 4CLs from monocot and dicot separated into two
clades due to their parallel evolution after speciation [17]. Pinus taeda
4CL (Pinta 4CL3, gymnosperm) isoform was grouped with Class-II an-
giosperm 4CLs, suggesting their evolutionary conservation [48]. Some
4CLs contain conserved motifs as 4CLs and they are homologous with
4CL sequences [49]. These are also classified as 4CL-like and their func-
tions are not yet clear [50].

Further, similarity among the 4CLs was studied using the sequence
similarity network (SSN). Our analysis showed three major clusters
with an E value of 1e' (Fig. 1B). In the first cluster, Ok4CL7 and
0k4Cl15 were grouped with 4CL from Epimedium sagittatum
(AOAOA7DMV6), Prunus andersonii (AOA2P5B929) and Narcissus
papyraceus (AOA346TLE9). In the second cluster, Ok4CL2, Ok4CL3,
0k4CL8, Ok4CL12, Ok4CL13 and Ok4CL15 were clustered with others
4CLs from Nicotiana tabacum (AOA1S4A2D2), (AOA1S4AFV7), Zea mays
(AOA317YF40), Vitis vinifera (AOA338K487), Arabidopsis thaliana
(QI9MOX9) (Q82P24), Cajanus cajan (AO0A151SI61), Glycine max
(H2BER4), Artemisia annua (AOA2UTMBWS). In the third cluster, OkCL1,
OkCL9, OKCL10 and OkCL16 were clustered with 4CLs from Nicotiana
attenuata (AOA314L3]8), G. max (P31687), Physcomitrella patens subsp.
patens (B7SBAO), V. vinifera (AOA438CEN2), G. max (Q8S5C1) A. thaliana
(Q9S777), C. annum (AOATU8FQ18), Allium sativum (G3CU71G3CU71)
Zostera marina (AOAOK9PSW3), Populus tomentosa (Q941M4),
A. thaliana (AOA178W9C1), Capsicum annum (AOA2G2YZHS8) and Pinus
taeda (U5SMY99). Corroboration in phylogenetic and SSN clustering af-
firms the 4CLs clustering according to their evolutionary conservation.

The 4CL isoforms are characterized from several plants. These iso-
forms were grouped into two broad classes. Class-I mainly involved in
lignin biosynthesis and contains 4CLs from dicotyledonous plants,
such as At4CL1 and At4CL2 [2,36]. Many of candidates from Class-II
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Table 1

Classified features of Ok4CL enzyme (clade and domain arrangement) along with selected other plant 4CLs.
Name and accession number Length (aa) Clade Domain(s)
OK4CL1_MW413287 555 Clade III AMP-BD, CaiC, 4CL
0k4CL2_ MW413288 477 Clade 111 AMP-BD, CaiC, 4CL
OK4CL3_ MW413289 523 Clade III AMP-BD, CaiC, FACL_fum10p_like
OK4CL4_ MW413290 484 Clade 11l AMP-BD, CaiC, ttLC FACS AEE21 like
OK4CL5_ MW413291 614 Clade IIl AMP-BD, CaiC, PLN02479, ttLC FACS AEE21 like
OK4CL6_ MW413292 380 Clade III AMP-BD, CaiC
OK4CL7_MW413293 576 Clade III AMP-BD, CaiC, 4CL
OK4CL8_ MW413294 446 Clade I AMP-BD, CaiC, 4CL
OK4CL9_ MW413295 425 Clade I AMP-BD, CaiC
OK4CL10_ MW413296 454 Clade III AMP-BD, CaiC
OK4CL11_MW413297 576 Clade III AMP-BD, CaiC, 4CL
0k4CL12_MW413298 424 Clade III AMP-BD, CaiC, 4CL
OK4CL13_ MW413299 454 Clade 11l AMP-BD, CaiC
OK4CL15_ MW413300 535 Clade I/11/11 AMP-BD, CaiC, 4CL
OK4CL16_ MW413301 412 Clade I AMP-BD, CaiC
N. tabacum 4CL2_AOA1S4AFV7 542 Clade I AMP-BD, CaiC, 4CL, PLN02246
G. max 4CL2_Q8S5C1 547 Clade I AMP-BD, CaiC, 4CL, PLN02246
P. tomentosa 4CL_Q941M4 536 Clade I AMP-BD, CaiC, 4CL, PLN02246
V. vinifera 4CL1_AOA438CEN2 548 Clade I AMP-BD, CaiC, 4CL, PLN02246
C. annuum 4CL1_AOA2G2YZH8 553 Clade 1 AMP-BD, CaiC, 4CL, PLN02246
N. attenuata 4CL2_AOA314L3]J8 558 Clade I AMP-BD, CaiC, 4CL, PLN02246
A. thaliana 4CL1_A0A178W9C1 561 Clade I AMP-BD, CaiC, 4CL, PLN02246, PLN02574
A. sativum 4CL_G3CU71 545 Clade I AMP-BD, CaiC, 4CL, PLN02246
Z. marina 4CLI_AOAOK9PSW3 552 Clade I AMP-BD, CaiC, 4CL,
Z. mays 4CL1_B4FQP4 555 Clade I AMP-BD, CaiC, 4CL, PLN02246
P. patens subsp. patens 4CL2_B7SBAO 585 Clade II AMP-BD, CaiC, 4CL, PLN02246
P. taeda 4CL_U5MY99 575 Clade Il AMP-BD, CaiC, 4CL, PLN02246
G. max 4CL2_P31687 562 Clade Il AMP-BD, CaiC, 4CL, PLN02246
A. thaliana 4CL3_Q9S777 561 Clade I AMP-BD, CaiC, 4CL, PLN02246
V. vinifera 4CLI1_AOA438DX51 547 Clade III AMP-BD, CaiC
C. annuum 4CLI1_AOA1U8FQ18 554 Clade III AMP-BD, CaiC, 4CL
N. tabacum 4CLI1_AOA1S4B2L5 551 Clade III AMP-BD, CaiC, 4CL
A. thaliana 4CLI7_Q9MOX9 544 Clade III AMP-BD, CaiC, 4CL
G. max 4CL_H2BER4 540 Clade III AMP-BD, CaiC, 4CL
A. annua 4CLI7_AOA2U1MBW6 535 Clade III AMP-BD, CaiC, 4CL
N. tabacum 4CLI_AOA1S4A2D2 565 Clade 11l AMP-BD, CaiC, 4CL
C. cajan 4CLI_ADA151SI61 608 Clade 11l AMP-BD, CaiC, 4CL
A. thaliana 4CLI_Q84P24 566 Clade 11l AMP-BD, CaiC, 4CL, PLN02574
E. sagittatum 4CL2_AOAOA7DMV6 550 Clade 111 AMP-BD, CaiC, 4CL
V. vinifera 4CLI_AOA438K487 549 Clade 11l AMP-BD, CaiC, 4CL
Z. mays 4CLI4_A0A317YF40 551 Clade III AMP-BD, CaiC, 4CL
P. andersonii 4CL_AOA2P5B929 556 Clade 11l AMP-BD, CaiC, 4CL
N. papyraceus 4CL2_AOA346TLE9 560 Clade III AMP-BD, CaiC, 4CL
G. soja 4CLI9C_A0A445KB03 472 Clade 11l AMP-BD, CaiC, 4CL

AMP-BD:AMP binding domain; CaiC:Acyl-CoA synthetase; 4CL:4 Coumarate CoA Ligase PLN02246:4-coumarate-CoA ligase; PLN02574:4-coumarate-CoA ligase- like; ttLC FACS AEE21
like: Fatty acyl-CoA synthetases similar to LC-FACS from Thermus thermophiles and Arabidopsis; FACL_fum10p_like: Subfamily of fatty acid CoA ligase (FACL) similar to Fum10p of Gibberella

moniliformis.

are possibly involved in the biosynthesis of non-structural phenolics,
such as flavonoids and antitoxins and possess 4CLs from monocotyle-
donous, dicotyledonous and gymnosperm plants, e.g. At4CL3 [1,51,52].
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Fig. 2. 4CL gene expression analysis in different tissues of O. kilimandscharicum. A. Gene expression analysis of putative fifteen Ok4CLs in ten different tissues of O. kilimandscharicum, such as
androecium, gynoecium, inflorescence, mature leaf, petal, root, sepal, stem, trichome, and young leaf. B. Ok4CL7 and Ok4CL15 expression analyses in all ten tissue types of O. kilimandscharicum.
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acid, and sinapic acid). Product formation was analyzed by measuring the reaction mixture absorption at the corresponding N max of CoA product. A. Ok4CL7 showed activity with p-
coumaric acid (p-coumaroyl CoA: 333 nm), ferulic acid (feruloyl CoA 345 nm), and caffeic acid (caffeoyl CoA 345 nm). B. Ok4CL15 showed activity with p-coumaric acid, ferulic acid,
and sinapic acid (sinapoyl CoA 352 nm). Analysis of enzyme assay reaction on HPLC. Three runs of each enzyme with each substrate. i) standard substrate; ii) heat-inactivated enzyme
and all other components; iii) reaction mixture with the active enzyme. C. Enzyme activity with p-coumaric acid (COU), p-coumaroyl CoA product peak observed at RT 21.05.D.
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Enzyme activity with sinapic acid (SIN), sinapoyl CoA product peak observed at RT 20.7.
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0k4CL4 and Ok4CL5 contain fatty acyl CoA synthetase (FACS) domain,
proposing their potential role in fatty acid metabolism (Table 1).
OK4CL7, 8 and 15 have 4CL, CaiC and AMP binding domain (Fig. 1C).

3.2. Ok4CL7 and 15 exhibits differential expression in various tissues

Comparative analysis of gene expression values indicates differential
and tissue-specific expression of 4CLs in O. kilimandscharicum (Fig. 2A).
Most of the 4CLs were expressed in the trichome, while the least expres-
sion was observed in floral organs. Ok4CL11 was highly expressed in
young and mature leaves, trichomes, androecium and petal. Whereas,
0k4CL8 had high expression in stem tissue. Ok4CL5 and Ok4CL15 were
abundant in inflorescence and root tissues (Fig. 2A). Ok4CL7 is highly
expressed in trichome, young leaf, mature leaf and root, while
0k4CL15 shows expression in most of the O. kilimandscharicum tissues,
with the highest levels in the root (Fig. 2B).

The expression of 4CL isoforms studied in several plants [16,51,53].
In some plants, 4CL isoforms are expressed across all the tissues, while
others have tissue-specific expressions, e.g. Hibiscus cannabiuns, Isatis
indigotica, and Rubus idaeus [53-55]. Expression of 4CL isoforms also
varies during plant development [43,54]. In H. cannabiuns, 4CL expres-
sion in stem increases from 2 weeks to 20 weeks of development [54].
Phenylpropanoid pathway products protect plants from wounding,
irradiation with UV light or pathogen attack [51]. In A. thaliana, expres-
sion of At4CL1 and At4CL2 were upregulated by wounding and the treat-
ment with methyl jasmonate [51]. At4CL1 and At4CL2 expression were
upregulated by Peronospora parasitica infection and wounding [12].
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Tissue-specific expression of Ok4CLs might indicate their engagement
in the specialized function through variable substrate specificities.

3.3. Recombinant Ok4CL7 and Ok4CL15 proteins differ in biochemical prop-
erties and substrate specificity

Recombinant Ok4CL7 and Ok4CL15 were purified separated on 12%
SDS-PAGE (Fig. 3A). The activity of recombinant Ok4CL7 and Ok4CL15
proteins were studied with cinnamic acid, p-coumaric acid, caffeic
acid, ferulic acid and sinapic acid. A single point assay revealed that
0k4CL7 and Ok4CL15 preferred ferulic acid and sinapic acid, respec-
tively. Moreover, optimum pH and temperature for Ok4CL7 were deter-
mined using ferulic acid as a substrate, while sinapic acid was used as a
substrate for Ok4CL15. The observed optimum pH for Ok4CL7 and
0Kk4CL15 activity were pH 8 and 7, respectively (Fig. 3B). Both Ok4CL7
and Ok4CL15 show maximum activity at 40 °C (Fig. 3C). Out of the
five substrates, Ok4CL7 utilized p-coumaric acid, caffeic acid and ferulic
acid (Fig. 4A). Ok4CL15 showed activity with p-coumaric acid, ferulic
acid and sinapic acid (Fig. 4B). Both recombinant 4CLs proteins utilized
p-coumaric acid and ferulic acid and inactive against cinnamic acid.

Ok4CL7 preferred substrates were caffeic acid, followed by p-coumaric
acid and ferulic acid. Ok4CL15 has more preference for sinapic acid than
p-coumaric acid and ferulic acid. The products formed were characterized
and validated using HPLC (Fig. 4C, D, E, F). The peaks of p-coumaroyl CoA,
feruloyl CoA, caffeoyl CoA and sinapoyl CoA were observed at retention
time 21.05, 19.02, 21.38 and 20.07 mins, respectively. The product was
purified using HPLC and further confirmed by mass spectrometry using

Fig. 5. Substrate preferences of Ok4CLs. Molecular interaction of substrate binding pocket of Ok4CL7 with substrate-specific functional groups. A. Feruloyl adenylate contributes to forming
the salt bridge with Tyr277, hydrogen bonds with Ser345 and Cys346. B. Unfavorable substrate cinnamoyl adenylate showed the absence of substrate-specific interactions. C. Similarly, in
0k4CL15, feruloyl adenylate functional groups form hydrogen bonds with Ser243 and Cys307, whereas D. Cinnamoyl adenylate does not have any specific interaction.
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accurate mass and fragmentation pattern match (Supplementary Fig. S2).
Different peaks of p-coumaroyl CoA (912.5418 Da for at 1.73 retention
time) and feruloyl CoA (942.1552 Da at 3.89 retention time) were ob-
served (Supplementary Fig. S2).

Substrate specificities among the 4CL isoforms define their role in
plant growth, development and defence [16,56]. Sinapic acid converting
4CLs are very rare in angiosperms [57]. Alternative pathways for sinapoyl
alcohol formation is reported in some plants, including A. thaliana [43,58].
In A. thaliana, syringyl lignins and sinapate/sinapyl alcohol are derived
from methylation of 5-hydroxy ferulic acid instead of sinapic acid or
sinapoyl CoA [43]. Sinapic acid converting isoforms of 4CL4 are also char-
acterized from A. thaliana and Robinia pseudoacacia [52,57]. The isoform
Rp4CL1 utilizes p-coumarate as a substrate, preferably over ferulate and
sinapate. Rp4CL2 and Rp4CL3 can activate sinapate along with caffeate
and p-coumarate. Crude protein extracts from the shoot and developing
xylem showed similar substrate preferences as Rp4CL2 and Rp4CL3. This
suggests that sinapate-activating isoforms might be involved in lignin bio-
synthesis [57].

3.4. Activity and specificity determining residues in the binding pocket of
Ok4CLs are conserved with other plants

Interaction analysis of Ok4CL7 and 15 docked complexes illustrated
the functional groups of substrates and their intermediates form several
non-covalent interactions with binding site residues. Ok4CL7 has a
binding score of —6.3 and —5.4 kcal/mol with feruloyl and cinnamoyl
adenylate, respectively. While, Ok4CL15 has a binding score of —6.7
and —5.8 kcal/mol with feruloyl and cinnamoyl adenylate, respectively.
Binding energy score pattern corroborating with the in vitro activity
studies. It predicts that feruloyl adenylate is a more preferred substrate
over cinnamoyl adenylate in Ok4CL7 and 15. In Ok4CL7, Asp456 and
Lys473 interact with the ribose, whereas Lys477 and GIn482 interact
with a-phosphate. Feruloyl adenylate (preferred substrate) showed
Pi-sigma interaction with Tyr277 and carbon-hydrogen bond with
Ser345 and Cys346. These additional interactions are absent in
cinnamoyl adenylate; hence, it is not preferred as a substrate by
Ok4CL7 (Fig. 5A, B). In Ok4CL15, Asp419 and Arg434 interact with ri-
bose, whereas Lys525 forms a salt bridge with ai-phosphate of adenyl-
ate. Ser243 and Cys336 make polar contacts with functional groups of
feruloyl adenylate. These substrate-specific interactions are absent in
the case of the Ok4CL15 and cinnamoyl adenylate complex (Fig. 5C, D).

Most of the substrate-binding site residues of Ok4CL7 and 15 are
conserved with 4CLs from other plants. In Nicotiana tabacum 4CL, lysine
interacts with ai-phosphate of adenylate. Mutation of this lysine residue
to alanine results in complete loss of activity [14]. Similarly, the indis-
pensability for tryptophan present near the substrate has been validated
in N. tabacum by mutagenesis. It has been observed that this mutant
showed decreased activity. Tyr277 and Tyr239 also showed proximity
with a substrate suggesting likeliness in their functionality with
N. tabacum and P. tomentosa 4CLs. This interaction analysis showed
high corroboration with studies and highlights conservation of the
substrate-specificity mechanism in different plants 4CLs.

4. Conclusion

Two isoforms of 4CL were functionally characterized from
0. kilimandscharicum. Gene expressions of Ok4CL7and 15 were high in
trichomes and root tissues compared to other tissue types tested, re-
spectively. The optimum pH required for Ok4CL7 and Ok4CL15 activities
was found to be 8 and 7, respectively. Both 4CLs showed maximum ac-
tivities at 40 °C. Ok4CL7 catalyzed the conversion of p-coumaric acid,
ferulic acid and caffeic acid into their corresponding CoA esters. Further-
more, Ok4CL15 could catalyze the conversion of p-coumaric acid, ferulic
acid and sinapic acid into respective CoA esters. However, both 4CLs
were unable to utilize cinnamic acid. Specific non-covalent interactions
between the substrate and binding pockets of Ok4CLs are essential for
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their catalytic activities. It appears that Ok4CL15 could show high ex-
pression in root tissues and catalytic activity to convert sinapic acid to
sinapoyl CoA. This study's results allow us to understand the function
of 4CL isoforms of O. kilimandscharicum and its potential role in the di-
versification of the phenylpropanoid pathway.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2021.03.129.
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Abstract

Main conclusions The 4-coumarate-CoA ligases (4CL) contribute in channelizing flux of different phenylpropanoid
biosynthetic pathways. Expression of 4CL is optimized at developmental stages and in response to environmental
triggers such as biotic and abiotic stresses. The enzyme is valuable in metabolic pathway engineering for curcumi-
noids, resveratrol, biofuel production and nutritional improvement. Vigorous analysis of regulation at functional and
expression level is obligatory to attain efficient commercial production of candidate metabolites using 4CL.

Phenylpropanoid pathway provides precursors for numerous secondary metabolites in plants. In this pathway, 4-coumarate-
CoA ligase (EC 6.2.1.12, 4CL) is the main branch point enzyme which generates activated thioesters. Being the last enzyme
of three shared common steps in general phenylpropanoid pathway, it contributes to channelize precursors for different
phenylpropanoids. In plants, 4CL enzymes are present in multiple isoforms and encoded by small gene family. It belongs to
adenylate-forming enzyme family and catalyzes the reaction that converts hydroxy or methoxy cinnamic acid derivatives to
corresponding thioesters. These thioesters are further utilized for biosynthesis of phenylpropanoids, which are known for
having numerous nutritional and medicinal applications. In addition, the 4CL enzymes have been characterized from various
plants for their role in plant physiology or in biotic and abiotic stresses. Furthermore, specific isoforms are differentially regu-
lated upon exposure to diverse stimuli leading to flux diversion toward the particular metabolite biosynthesis. Evolutionary
studies showed that 4CL separately evolved after monocot and dicot segregation. Here, we provide a comprehensive review
on 4CL, which includes evolution, function, gene/protein structure, role in metabolite biosynthesis and cellular partition, and
their regulation. Based on the available data, we have explored the scope for pathway engineering by utilizing 4CL enzymes.

Keywords Plant secondary metabolites - Phenylpropanoids - 4-coumarate-CoA ligase - Metabolic engineering

Abbreviations COMT Caffeic acid O-methyltransferase

4CL 4-coumarate:CoA ligase EOMT Eugenol O-methyltransferase

C3H p-coumarate 3-hydroxylase FSH Ferulate 5-hydroxylase

C4H Cinnamate 4-hydroxylase CAD Cinnamyl alcohol dehydrogenase

CAD Cinnamyl alcohol dehydrogenase CHS Chalcone synthase

CCoAOMT Caffeoyl-CoA O-methyltransferase ANS,F5H  Ferulate 5-hydroxylase

PAL Phenylalanine ammonia lyase HCT p-hydroxycinnamoyl-CoA:quinate shiki-

CVOMT Chavicol O-methyltransferase mate p-hydroxycinnamoyltransferase
DFR Dihydroflavonol 4-reductase
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pollinators and frugivores, protection from biotic and abiotic
stresses, interaction with environment, allelopathy effect,
etc. (Bennett and Wallsgrove 1994; Bolton 2009; Goufo
et al. 2017; Ferrieri et al. 2015). Plant secondary metabolites
are categorized based on chemical structure, composition,
solubility and pathway in which they are synthesized. For
example, on the basis of chemical structure three groups
(1) terpenoids, (2) phenylpropanoids and (3) alkaloids are
known. The recent advances in metabolite analysis technolo-
gies empower the study of metabolites on a large scale, as
well as the derivatives of individual metabolite and meta-
bolic pathways at cellular and organelle level (Kueger et al.
2012; Fukushima et al. 2009; Floros et al. 2017; Freund
and Hegeman 2017). The number of secondary metabolites
have been characterized (Supplementary material, Table S1)
containing numerous valuable properties/applications such
as color, flavor, and medicine (Korkina 2007; Tatsis and
O’Connor 2016; Citti et al. 2017).

Phenylpropanoids are synthesized from aromatic amino
acids such as phenylalanine (Phe) and tyrosine (Tyr) via
phenylpropanoid pathway (Herrmann and Weaver 1999;
Tzin and Galili 2010; Anand et al. 2016). Along with these

Glucose Glucose 6-P =
) * =
2 * =
= w
) =
s, PEP Erythrose 4-P | £
G -

Pyruvate

aromatic precursor amino acids, tryptophan is also synthe-
sized in plastid via shikimic acid pathway in plants (Schmid
and Amrhein 1995; Herrmann and Weaver 1999; Tzin and
Galili 2010). The shikimic acid pathway utilizes phospho-
enolpyruvate from glycolysis and erythrose 4-phosphate
from hexose monophosphate pathway to generate aromatic
amino acids (Tohge et al. 2013). Furthermore, general phe-
nylpropanoid pathway begins with oxidative deamination of
Phe and Tyr by phenylalanine ammonia lyase (PAL) and by
tyrosine ammonia lyase (TAL) which leads to formation of
cinnamic acid and p-coumaric acid, respectively. In subse-
quent steps, cinnamic acid is converted to various methoxy
and hydroxy derivatives such as p-coumaric acid, caffeic
acid, ferulic acid, 5-hydroxyferulic acid and sinapic acid
using hydroxylase and methyltransferase enzymes (Fraser
and Chapple 2011; Fig. 1). These methoxy and hydroxy
derivatives utilized to synthesize corresponding CoA esters
by 4CL. Products of 4CL are subsequently used by vari-
ous oxygenases, reductases and transferases for biosynthe-
sis of lignin, flavonoids, anthocyanins, aurones, stilbenes,
coumarins, suberin, cutin, sporopollenin, etc. (Vogt 2010).
Thus, 4CL is one of the key branch point enzyme in the

| Shikimic acid Pathway |

Regulation: Transcriptional, Hormonal,
Biotic, Abiotic

M

Fig.1 General phenylpropanoid pathway and role of 4CL as a
branch point enzyme. HMP shunt hexose monophosphate shunt, 4CL
4-coumarate-CoA ligase, PEP phosphoenolpyruvate, PAL phenyla-
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phenylpropanoid pathway. The gene family encoding these
enzymes constitutes multiple isoforms of 4CL, which poten-
tially perform diverse functions, which are yet to be fully
characterized (Gui et al. 2011; Costa et al. 2005). However,
literature reviews that are available on the phenylpropanoid
pathway provide little information on 4CL (Vogt 2010;
Fraser and Chapple 2011). Here, we provide a comprehen-
sive review of the available information on 4CL and offer
insights into its evolution and future potential as target
enzyme for metabolic engineering.

Unique catalytic features of plant 4CL
enzymes

The 4CL catalyzes the ligation of coenzyme A (CoA) with
cinnamic acid and its methoxy/hydroxy derivatives, such as
caffeic acid and ferulic acid (Fig. 1). This enzyme belongs
to the family of adenylate-forming enzymes, which has two
conserved peptide motifs: box I (SSGTTGLPKGYV) and box
II (GEICIRG) (Allina et al. 1998; Ehlting et al. 1999; Hu
et al. 1998; Uhlmann and Ebel 1993; Schmelz and Naismith
2009). Box I is the adenosine monophosphate (AMP) bind-
ing domain and is conserved in all the members of ade-
nylate-forming enzyme family. This AMP binding domain
widely exists in proteins of all living organisms and are
involved in a wide range of functions with fruit fly lucif-
erase, gramicidin S synthetase, all types of CoA ligases, etc.
(Fulda et al. 1994). While the function of Box II is unclear
and not directly involved in catalysis (Stuible et al. 2000).
Furthermore, the substrate-binding domain (SBD) is vari-
able in different isoforms of 4CL. In Arabidopsis thaliana,
the domain responsible for the substrate specificity determi-
nation was studied using domain-swapping approach for two
isoforms, At4CL1 and At4CL2. Both enzymes utilize 4-cou-
marate as a substrate but only At4CL1 is capable of utilizing
ferulate. Two adjacent domains known as SBD I and SBD
II were identified. Out of these two, either one of the SBDs
of AtCL1 is sufficient to recognize ferulate (Ehlting et al.
2001). AtCL2 contains 12 amino acid residues in substrate-
binding pocket (SBP), which were determined using crystal
structure with the help of gramicidin S synthase homology
model. Amino acids in SBP include Ile-252, Tyr-253, Asn-
256, Met-293, Lys-320, Gly-322, Ala-323, Gly-346, Gly-
348, Pro-354, Val-355, and Leu-356. These 12 amino acids
are flanked by conserved box I and box II motifs (Schnei-
der et al. 2003). The members of acyl-activating enzyme
superfamily share little sequence identity, but they all have
conserved box 1. In Arabidopsis, this superfamily has 77
4CL genes and their phylogenetic analysis shows that they
formed seven groups and all have the unique conserved box
I (Shockey et al. 2003).

The probable function of any enzyme can be deciphered
by analysis of its primary sequence and three-dimensional
structure. Various features of 4CL structure were examined
with the help of site-directed mutagenesis, domain exchange,
mathematical modeling, crystallography, etc. Crystal structure
of Pt4CL1 from Populus tomentosa was studied employing
anomalous dispersion together with molecular replacement
method using luciferase from firefly as a model. Pt4CL1 con-
tains 536 amino acids and has two globular domains, one at
N-terminal and other at C-terminal having 434 and 102 amino
acids, respectively. N-terminal domain has three sub-domains:
N1, N2 and N3. N1 and N2 are similar in structure and have 6
parallel along with 2 antiparallel 3-sheets in center. The eight
central f3-sheets are flanked by 4 and 2 a-helices at each end.
Three residues are crucial for Pt4CL1 catalytic activity (Lys-
438, GIn-443, and Lys-523), while five residues for substrate
binding (Tyr-236, Gly-306, Gly-331, Pro-337, and Val-338)
(Hu et al. 2010). Based on crystal structure and reported
sinapic acid converting 4CLs from other plants, At4CL2
has been modified using domain exchange and site-directed
mutagenesis techniques to achieve improved sinapic acid con-
version rate. This has been achieved in two steps (1) replac-
ing substrate-binding pocket region of At4CL2 from Box I to
Box II with substrate-binding pocket from Az3g21230 gene
encoding 4CL-like protein and (2) deletion of either V355
or L356 but not both. They replace three amino acid residues
(N256A, M293P and K320L) in At4CL2; this modified 4CL
shows 30-fold improvement in the conversion rate of sinapic
acid (Schneider et al. 2003).

Some 4CLs have inter-protein interactions for its regula-
tory function. For example, Ptr4CL3 and Ptr4CL5 isoforms
from Populus trichocarpa interact with each other and form
tetramer having three Ptr4CL3 and single Ptr4CL5. The
mathematical model was developed to study their kinetics at
different ratios and activation components. Using this model
and experimental analysis like microdissection, co-immuno-
precipitation, chemical cross-linking, bimolecular fluorescence
complementation and mass spectrometry, it is concluded that
Pt4CLS5 has a regulatory role in Ptr4CL3-Ptr4CL5 tetrameric
complex (Chen et al. 2014a). Mechanism of 4CL activity is
also studied in Nt4CL2 isoform from Nicotiana tobacum. The
crystal structure of Nt4CL2 reveals that this enzyme presents
in two conformations during catalysis namely adenylate form-
ing and thioester forming. During the catalysis process, the
enzyme forms two conformations in which substrate is con-
verted to adenylate intermediate and then to thioester form
(Fig. 2; Li and Nair 2015).
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Evolution and diversity of plant 4CLs

Evolution of phenylpropanoid pathway was a crucial pre-
condition for colonization of terrestrial plants on land. The
products of the pathway such as flavonoids and lignin pro-
tect plants from UV light and provide structural support,
respectively (Douglas 1996). Phylogenetic analysis of 4CL
genes showed that the 4CL genes separated into two dis-
tinct clades from monocot and dicot plants. This is probably
because 4CL genes evolve independently after the separation
of monocots and dicots during the course of evolution. In
dicot plants, 4CL genes grouped into two clusters: type I and
type II (Fig. 3; Table 1). Type I cluster is mainly involved
in monolignol biosynthesis whereas type Il is involved in
phenylpropanoid biosynthesis other than lignin. In Arabi-
dopsis thaliana, At4CL1, At4CL2 and At4CL4 belong to
type I and At4CL3 comes under type II cluster (Sun et al.
2013). Sun et al. (2013) categorized monocot 4CLs into two
other clusters type III and IV with their similar functions as
that of type I and II, respectively. In rice, Os4CL1, Os4CL3,
0s4CL4 and Os4CLS5 belong to type III, whereas Os4CL2
belongs to type I'V. These different clusters formation sug-
gest that the evolution of 4CL genes in dicot and monocot
is an independent event after its separation. However, Pin-
ta4CL3 isoform from Pinus taeda (a gymnosperm plant), is
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phylogenetically closer to type II angiosperm 4CLs than to
type III Pinta4CL1 (Chen et al. 2014b). This suggests that
type I and II might have been diverged before the divergence
of gymnosperm and angiosperm lineages (Cukovic et al.
2001). Amino acid sequences of At4CL1 and At4CL2 from
Arabidopsis thaliana are more similar to each other (86%
identical) as compared to At4CL3 sequence, which shows
71 and 73% identity with At4CL1 and At4CL2, respectively.
These findings suggest that At4CL1 and At4CL2 are the
recently evolved (Ehlting et al. 1999). Similarly, Salvia milti-
orrhiza genome have ten Sm4CL related genes, out of these,
only three (Sm4CL1, Sm4CL2 and Sm4CL3) were clustered
with bonafide 4CLs in phylogenetic analysis. Sm4CL1 and
Sm4CL2 clustered in type I are involved in lignin biosynthe-
sis, whereas Sm4CL3 clustered in type II 4CLs are involved
in flavonoid biosynthesis (Wang et al. 2015).

Evolution of 4CL genes was studied in the 11 genera of
Larix (family: Pinaceae) by comparing its copy number, GC
content and codon usage, sequence divergence, and phylo-
genetic analysis (Wei and Wang 2004). The 4CL sequences
were grouped into two paralogous clades, 4clA and 4cIB.
Both the clades have sequences from all studied 11 spe-
cies of Larix genera, but some species have more than one
sequence in the same clade. These findings support that two
sister clades 4clA and 4cIB is due to duplication in common
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Fig. 3 Phylogenetic tree showing the relationship among differ-
ent 4CL proteins. Type I cluster participates in lignin, while type II
cluster participates in the biosynthesis of phenylpropanoids other
than lignin. The phylogenetic tree was constructed by a neighbor-
joining approach using the deduced amino acid sequences. Only
functionally characterized 4CL protein sequences were selected for
phylogenetic tree (Alignment, Muscle; Model, p-distance; Boot-
strap value, 1000 replicates). 4CL 4-coumate: coenzyme A ligase.
Accession number of 4CL amino acid sequence used to construct
phylogenetic tree and name of the species: Arabidopsis thaliana
AMPd4CLIp (AMP dependent 4CL like protein) (NM_123172);
A. thaliana At4CL1 (U18675); A. thaliana At4CL2 (AF106086);
A. thaliana At4CL3 (AF106088); Agastache rugosa Ar4CL
(AY587891); Allium cepa Ac4CL (AY541033); Angelica sinen-
sis As4CL (AMP18194.1); Camellia sinensis Cs4CL (DQ194356);

Participate in phenylpropanoid
biosynthesis other than lignin

(D49366); L. erythrorhizon Le4CL2 (D49367); Lolium perenne
Lp4CL1 (AF052221); L. perenne Lp4CL2 (AF052222); L. perenne
Lp4CL3 (AF052223); Nicotiana tabacum Nt4CL1 (U50845); N.
tabacum Nt4CL2 (U50846); Oryza sativa Os4CL1 (X52623); O.
sativa Os4CL2 (L43362); Ocimum sanctum Ot4CL (HM990148);
Ocimum basilicum Ob4CL (KC576841); Panicum virgatum Pv4CL1
(EU491511.1); P. virgatum Pv4CL2 (JF414903); Petroselinum
crispum Pc4CL1 (X13324); P.crispum Pc4CL2 (X13325); Pinus
taeda Pt4CL1 (U12012); P. taeda Pt4CL2 (U12013); Pinus radiata
Pr4CL (ACF35279.1); Populus hybrida Poplar4CL1 (AF008184); P.
hybrida Poplar4dCL2 (AF008183); Populus tremuloides Aspen4CL1
(AF041049); P. tremuloides AspendCL2 (AF041050); Prunus
avium PadCL1(GU990523); Rubus idaeus Ri4CL1 (AF239687); R.
idaeus Ri4CL2 (AF239686); R. idaeus Ri4CL3 (AF239685); Scutel-
laria baicalensis Sb4CL (BAD90937.1); Sorbus aucuparia Sa4CL3

Glycine max Gm4CL1 (AF279267);G. max Gm4CL2 (AF002259); (GU949553); Solanum tuberosum St4CL1 (M62755); St4CLla
G. max Gm4CL3 (AF002258); G. max Gm4CL4 (X69955); G. (AF150686)
max Gm4CL14 (X69954); Lithospermum erythrorhizon Le4CL1
Tagle 1 Num.b er of annotated Plant Anno- Character- Class-I  Class-II.  References
an cha{acter}zed 4CL genes tated ized 4CLs
in Arabidopsis thaliana, 4CLs
Salvia miltiorrhiza, Populus
trichocarpa, Populus pruinosa, Arabidopsis thanliana 14 4 3 1 The Arabidopsis Genome Ini-
Populus euphratica, and Salix tiative (2000) and Costa et al.
suchowensis (2005)
Salvia miltiorrhiza 10 3 2 1 Wang et al. (2015)
Populus trichocarpa 20 6 5 1 Zhang et al. (2015)
Populus pruinosa 20 5 4 1 Zhang et al. (2015)
Populus euphratica 20 5 4 1 Zhang et al. (2015)
Salix suchowensis 12 4 3 1 Zhang et al. (2015)
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ancestor of Larix thereby leading to co-existence of two
alleles in all 11 species. After this duplication, they might
have evolved separately because there is variation in values
of mean distance of synonymous, non-synonymous, and
nucleotide substitutions, and ratio of transitions to transver-
sions. Thus, divergence of genera duplication and deletion
in 4CL gene family has happened, which might be poten-
tial reason for variation in sequence and number of alleles.
Therefore, there might be two or three major 4CL loci pre-
sent in Pinaceae family (Wei and Wang 2004).

Here, we updated the list of annotated and characterized
4CL genes in various plant species such as Arabidopsis thal-
iana, Salvia miltiorrhiza, Populus trichocarpa, Populus pru-
inosa, Populus euphratica and Salix suchowensis (Table 1).
In the above-mentioned plant species, only 3—6 4CLs are
functionally characterized out of 10-20 annotated 4CLs.

Gene structure and genomic location
of plant 4CLs

The 4CL genes have been studied from numerous plants and
it is observed that they exist in small gene families, where
they encode identical, nearly identical, or divergent proteins.
In Arabidopsis thaliana, fourteen genes annotated as a puta-
tive 4CL by in silico genome analysis, out of which only
eleven were studied for functional characterization. While,
the remaining three have peroxisome targeting sequence
(based on C-terminal signal peptide analysis), which is
absent in bonafide 4CLs (Costa et al. 2005). Genomic loca-
tion of 4CLs in Arabidopsis thaliana showed a wide distri-
bution on chromosome. Out of eleven functionally charac-
terized 4CLs, At4CL1, At4CL3, At4CL9 and At4CLI10 are
present on chromosome 1; At4CL2, At4CL5 and At4CL8
are on chromosome 3; At4CL6 and At4CL7 are on chromo-
some 4; and At4CL4 and Ar4CL11 are on chromosome 5.
However, only At4CL2 and At4CLS5 are clustered together on
chromosome 3. Among these, At4CLI, At4CL2, At4CL3 and
At4CLS5 are functionally active (Costa et al. 2005). Sequence
analysis of At4CLs shows that At4CL1, and At4CL2 have
three introns, whereas Ar4CL3 have six introns (Fig. 4).
Out of these three extra introns of Ar4CL3, the first intron
resulted from interruption of the first exon and the remaining
two introns resulted from interruption in the second exon
of the Ar4CLI and Ar4CL2 (Ehlting et al. 1999). There is
variation in the sequence of 5' untranslated region and puta-
tive promoter region of At4CLI, At4CL2, At4CL3. Puta-
tive TATA boxes are located at — 124, — 103 and — 116 bp
upstream of translation start codon ATG of At4CLI, At4CL2
and At4CL3, respectively (Ehlting et al. 1999). For genes
involved in phenylpropanoid pathway, like PAL, C4H and
4CL, the promoter region has conserved box P, box A and
box L. The promoter region of At4CL1 and At4CL2 contain
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only boxes P and L, whereas Ar4CL3 have all three boxes
(Ehlting et al. 1999).

Consequently, in rice five 4CLs are reported namely
OsCLI, OsCL2, OsCL3, OsCLA4, and OsCLS5. Sequence anal-
ysis of these 4CLs shows that Os4CLI and Os4CL5 contain
five exons and four introns. The position of introns is con-
served; however, there are differences in intron length and
sequence. Os4CL2 has one additional intron, which results
from the interruption of third exon of Os4CLI and Os4CL5
(Sun et al. 2013; Fig. 4). In Physcomitrella patens, Pp4CLI
and Pp4CL4 have five exons and four introns, while Pp4CL2
and Pp4CL3 have four exons and three introns of similar
size (Silber et al. 2008). Sequence analysis of various 4CL
isoforms shows that difference in the number of exons and
introns has resulted from interruption of exon. Variation in
the number of isoforms most probably resulted from gene
duplication event (Ehlting et al. 1999; Fig. 4).

Contribution of 4CL in lignification,
flavonoid biosynthesis and stress response

The numerous products of phenylpropanoid pathway play
a vital role in plants, viz., adaptation, growth and devel-
opment, reproduction, protection against biotic and abiotic
stresses, etc. Here we emphasize role of 4CL in biosynthe-
sis of lignins, flavonoids, phenylpropanoids and other com-
pounds for mechanical support, and protection from biotic
and abiotic stresses.

Lignification

Lignin is the second most abundant polymer after cellulose
and present in secondary cell wall of all vascular plants.
Complexity of lignin structure depends on the proportion
of its constituent monolignol derivatives namely H, G,
and S. These monolignol derivatives are synthesized via
multiple routes in phenylpropanoid pathway (Naik et al.
2018). Using mathematical modeling, the effect of indi-
vidual 4CL and 4CL complex (Ptr4CL3-Ptr4CLS; Populus
tremuloides) on lignin content was studied for its different
aspects such as steady state flux distribution, robustness
and homeostatic properties. Results of this mathematical
modeling suggest that robustness and stability of pathway
for S and G monolignol biosynthesis increased in the pres-
ence of Ptr4CL3-Ptr4CL5 complex (Naik et al. 2018). In
aspen (Populus tremuloides), Pt4CL1 gene is specifically
expressed in lignin-containing tissue such as xylem, whereas
Pt4CL2 is expressed in epidermal layers of stem and leaf.
Pt4CL2 shows highest activity with 5-hydroxy ferulic acid,
whereas Pt4CL2 is inactive with 5-hydroxyferulic acid and
have highest utilization rate with coumarate. The compart-
mentalized expression and substrate preferences suggest
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Fig.4 Gene structure of 4CLs from Oryza sativa ssp. japonica,
Arabidopsis thaliana, and Physcomitrella patens. Gene structure
of different 4CL isoforms shows that there is variation in exon and

that Pr4CLI and Pt4CL2 are involved in biosynthesis of
lignin and other phenylpropanoids, respectively (Hu et al.
1998; Sutela et al. 2014). Three 4CL protein isoforms were
detected in hybrid poplar (Populus trichocarpa and Populus
deltoides) using fast-protein liquid chromatography. All of
them utilize hydroxycinnamic acid but are inactive against
sinapic acid (Allina et al. 1998). In this hybrid, 4CL1 is pref-
erably expressed in old leaves, green stem and xylem while
4CL2 is expressed in young leaves (Allina et al. 1998). Five
Pto4CL isoforms were characterized in Populus tomentosa
by expression analysis and activity of recombinant enzymes
with different substrates. All five isoforms have different
substrate specificities and turnover rates. None of them is
able to utilize sinapate as substrate. Overexpression of all
these five isoforms leads to significant increase in the level
of lignin. In case of Pto4CL4, overexpressed transgenic

e S S
l:‘>—(:%(:%l:]>

intron number, this is due to interruption of exon and gene duplica-
tion event. Arrow represents exon and line represents intron of 4CL
gene. 4CL 4-coumate: coenzyme A ligase

tobacco increase in naringenin content was observed (Rao
et al. 2015). Crude proteins extracted from developing xylem
of Robinia pseudoacacia have three 4CL isoforms. The iso-
form Rp4CL1 preferably utilizes p-coumarate as substrate,
but is unable to utilize ferulate and sinapate. Rp4CL2 and
Rp4CL3 utilize sinapate and also show high activity with
caffeate and p-coumarate. The crude extract from the shoots
also have very similar substrate preference pattern. These
results suggest that sinapate-activating Rp4CL isoforms are
constitutively expressed in lignin-forming cells (Hamada
et al. 2004).

Flavonoid biosynthesis

Plant produces flavonoids, hydroxycinnamic acids and their
related compounds. These compounds have a wide range of
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roles in plant including attractant, deterrent, symbiotic and
allelopathic interaction, and are crucial for protection from
UV radiation (Mierziak et al. 2014). These compounds are
primarily present in epidermis of leaves, stems, apical mer-
istem and pollen. Flavonoids with conjugated double bonds
are potent antioxidants than single conjugated bond. They
furthermore undergo functional group modification (methyl-
ation and glycosylation) to alter the reactivity, solubility and
stability. In addition, they are known to protect from reac-
tive oxygen species (ROS) by suppression of singlet oxygen,
inhibition of enzymes that generate ROS (cyclooxygenase,
lipoxygenase, monooxygenase, xanthine oxidase), chelating
ions, free-radical quenching and recycling of other antioxi-
dants. All UV radiations induce synthesis of protecting fla-
vonoids, but comparatively UVC and UVB induce more than
UVA (Saewan and Jimtaisong 2013; Mierziak et al. 2014;
Panche et al. 2016; Surjadinata et al. 2017; Zhao et al. 2017).
The product of 4CL enzyme is required for flavonoid bio-
synthesis. p-coumaroyl-CoA/cinnamoyl CoA molecule is
condensed with three molecules of malonyl-CoA to yield
chalcone, and this reaction is catalyzed by CHS. Then,
chalcone is isomerized to flavanone by CHI. Flavanone is
further utilized by several branch pathways to synthesize
various flavonoids, including aurones, dihydrochalcones, fla-
vanonols (dihydroflavonols), isoflavones, flavones, flavonols,
leucoanthocyanidins, anthocyanins and proanthocyanidins
(Mierziak et al. 2014; Hahlbrock and Scheel 1989; Dixon
and Paiva 1995; Holton and Cornish 1995). A specific 4CL
isoform is found to be responsible for flux diversion toward
flavonoid biosynthesis. In Arabidopsis thaliana, At4CL3 is
specifically expressed in light-exposed tissues such as leaf
and flowers and positively correlated with flavonoid content
of these tissues (Lee and Douglas 1996). A Similar expres-
sion pattern is observed in the case of rice Os4CL2 gene in
rice. Os4CL2 was specifically expressed in the anther and
expression is escalated by UV irradiation, suggesting its
potential involvement in flux diversion for flavonoid bio-
synthesis (Sun et al. 2013). Pueraria lobata is used as an
herbal drug for prevention of migraine, hypertension, alco-
holism and cardiovascular disorder. Its main active ingredi-
ent includes isoflavonoids such as puerarin, daidzin, genistin
and other compounds. In this plant, PI4CL expression is
found to be highest in root tissue. The level of puerarin is
also highest in root. Upon treatment with methyl jasmonate
(MeJA), expression level of PI4CLI is upregulated and the
content of puerarin is also increased over threefold. This
suggests that P14CL1 is responsible for biosynthesis of these
isoflavonoids in Pueraria lobata (Li et al. 2014).

Protection from biotic and abiotic stresses

Various reports show that the level of 4CL increases
upon biotic and abiotic stresses. Protection from this is
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mainly achieved by modulating level of lignin, flavonoid
and other secondary metabolites. In Arabidopsis thali-
ana, At4CL expression is studied in response to various
stresses. In wound treatment, expression level of Ar4CLI
and Ar4CL2 was increased (Lee and Douglas 1996; Ehlt-
ing et al. 1999), while the level of Ar4CL3 decreased (Sol-
tani et al. 2006). Ar4CL3 is involved in biosynthesis of fla-
vonoid, while At4CL1 and Ar4CL2 are involved in lignin
biosynthesis (Ehlting et al. 1999). In Ocimum basilicum,
one of the Ob4CL isoform decreased in response to drought
stress, this might be because the role of 4CL in the bio-
synthesis of metabolites other than lignin (Mandoulakani
et al. 2017). Physaria pruinosa is a salt-tolerant species of
poplar, while Populus trichocarpa is salt-sensitive. When
callus was grown in salt stress condition, it was observed
that the expression of Pp4CL2, Pp 4CLI11, and Pp4CLI2
is induced significantly in the resistant species compared to
the sensitive one (Zhang et al. 2015). When tomato (Sola-
num lycopersicum L.) was infected with Alternaria solani,
the transcript level of 4CL gene is found to be upregulated
(Shinde et al. 2017). These data suggest that in plant, 4CL
plays a role during biotic and abiotic stress.

Activity and expression of 4CL is tightly
regulated at various levels

Regulation at transcriptional level

The transcriptional control of phenylpropanoid enzymes
is a key factor for regulation (Dixon and Paiva 1995). The
promoter region of Ec4CLI from Eucalyptus camaldulen-
sis is studied to investigate its role at transcriptional level
regulation. The 1127 bp 5’ upstream sequence contains
various regulatory elements including cis-regulatory and
cis-acting. These elements include light-responsive, low
temperature-responsive, abscisic acid-responsive, fungal
elicitor responsive, meristem-specific activation and ele-
ment for restricting vascular expression to the xylem tis-
sue (Hue et al. 2016). Methylation pattern in upstream
promoter region of St4CLI and St4CLIa genes is studied
in Solanum tuberosum. No difference is observed in the
methylation pattern between elicitor stimulated (Phytoph-
thora infestans culture filtrate) and non-elicitor stimulated
(Becker-Andre et al. 1991). In case of Pc4CL promoter
from Petroselinum crispum, change in methylation pat-
tern is observed when treated with UV light but a similar
change is not observed in case of St4CL promoter (Doug-
las et al. 1987; Becker-Andre et al. 1991). This difference
in gene expression and methylation pattern is probably
due to lack of two motifs in St4CL, which are present in
Pc4CL promoter region centered around — 57 and — 127
relative to transcription start site (Becker-Andre et al.



Planta (2018) 248:1063-1078

1071

Table 2 List of reported factors/elements that regulate 4CL in plant

Gene Factor/element Effect References
Ip4CL IbMYBla Overexpression leads to anthocyanin An et al. (2015)
accumulation
0s4CL2 Wounding Downregulation Sun et al. (2013)
UV radiation Upregulation
Pa4CL SA and MeJA Upregulation Gao et al. (2015)
ABA Downregulation
Hc4CL SA and MeJA Downregulation Choudhary et al. (2013)
ABA Upregulation
At4ClI, At4CI2 Wound and MeJA Upregulation Lee and Douglas (1996)
Peronospora parasitica infection and Upregulation Ehlting et al. (1999)
wounding
At4CL3 Peronospora parasitica infection and No change Ehlting et al. (1999)
wounding
0ob4Cl Drought stress Downregulation Mandoulakani et al. (2017)
Pp4CL ABA, MeJA and GA Upregulation Peng et al. (2016)
Pe4CL2, Pe4CL11, Pe4CLI2 NaCl stress Change depends upon genotypes Zhang et al. (2015)
Pe4CLS NaCl stress Downregulation Zhang et al. (2015)
Pe4CL9, Pe4CLI10 NaCl stress No change Zhang et al. (2015)
Ma4CL3 Wounding, salicylic acid, and ultraviolet ~Upregulation Wang et al. (2016)
treatments
Mt4CL Aluminum stress Upregulation Chandran et al. (2008)
Cs4CL Catechin treatment Downregulation Rani et al. (2009)
Drought stress, ABA and GA3 Downregulation, decrease in catechin
content
Wounding Upregulation, increase in catechin
content
Sa4CL3 Light exposure Upregulation Gaid et al. (2011)
St4CLs* Phytophthora infestans infection and Upregulation Fritzemeier et al. (1987)
arachidonic acid
Ps4CLs* Phytophthora megasperma glycinea High expression in epidermal cells, Schmelzer et al. (1989)
infection oil-duct epithelial cells and developing
xylem
Pv4CL Sclerotinia sclerotiorum Upregulation Oliveira et al. (2015)

Ib, Ipomoea batatas L.; Os, Oriza sativa L.; Pa, Plagiochasma appendiculatum Lehm. & Lindenb.; Hc, Hibiscus cannabinus L.; At, Arabidopsis
thaliana L.; Ob, Ocimum basilicum L.; Pp, Pennisetum purpureum Schumach.; Pe, Populus euphratica Oliv.; Ma, Morus notabili L.; Mt, Med-
icago truncatula L.; Cs, Camellia sinensis L.; Sa, Sorbus aucuparia L.; St, Solanum tuberosum L.; Ps, Petroselinum sativum L.; Pv, Phaseolus

vulgaris L

? Analysis is done using northern blot technique

1991; Table 2). The transcription factor MYB is known
to regulate phenylpropanoid pathway enzymes including
4CL expression. Overexpression of AtMYB4 in tobacco
reduces the basal transcript levels of C4H, 4CLI and CAD
genes. In addition, an AtMYB4 mutant Arabidopsis thali-
ana shows enhanced tolerance to UV-B relative than wild
type. Expression of AtMYB4 is reduced upon exposure to
UV-B light and wounding, which leads to de-repression
of C4H that results in higher synthesis of protecting sina-
pate esters. Upon UV-B exposure, overexpressing AtMYB4
Arabidopsis thaliana plants are more sensitive that leads
to death (37% of plants) while no death in wild type plants

occurs. In addition, these lines have reduced sinapate ester
level and unchanged flavonoid composition, this suggests
that AtMYB4 negatively regulates biosynthesis of UV pro-
tectant metabolites (Jin et al. 2000). In Ipomoea batatas
(sweet potato), IbMYBIa transcription factor regulates the
expression of anthocyanin biosynthesis genes along with
4CL. IbMYB]Ia positively regulates multiple anthocyanin
biosynthetic genes. This is confirmed by overexpression
of IbMYB1a under different promoters in tobacco. These
transgenic lines showed increased expression of genes
encoding PAL, C4H, 4CL, CHS, CHI, F3H, DFR, and
ANS (An et al. 2015; Table 2).
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Developmentally regulated and wound-induced gene
expression of 4CL is studied using fusion of 4CL pro-
moter (truncated and full) with GUS (beta-glucuroni-
dase). In Arabidopsis thaliana transformed with GUS
coding region under control of 4CL promoter (full/trun-
cated), the expression of GUS::At4CLI and GUS::At4CI2
is restricted to vascular tissues of root and aerial organs.
The At4CL3::GUS expression is higher in non-vascular
tissue (leaf and cotyledons), upper part of hypocotyls, and
roots, whereas the At4CL4::GUS expression is restricted
to roots only. Regulatory element analysis shows that
— 950 to — 750 bp region of the At+4CL2 promoter regu-
lates early wound response, while region from — 950 to
— 1600 bp negatively affects early wound response. Late
wounding response of A74CL2 may be because of pres-
ence of late wound response element in intron 1/2/3. The
constructs having all intron (intron 1, 2 and 3) shows a
strong response after 72 h of wound compared to a con-
struct having less introns and without introns (Soltani
et al. 2006).

Regulation by plant hormones

Hormones modulate metabolic pathways including phe-
nylpropanoid pathway by regulating 4CL expression
(Table 2). For example, 2-month-old Plagiochasma
appendiculatum thallus was treated with abscisic acid
(ABA), salicylic acid (SA) and MeJA, showed upregula-
tion of Pa4CLI in case of SA and MeJA treatment while
it was downregulated in response to ABA treatment (Gao
et al. 2015). Hc4CL from Hibiscus cannabinus showed
downregulation when treated with MeJA and SA. How-
ever, in ABA treatment, Hc4ClI transcript level slightly
decreased in 1 h and then subsequently increased to
maximum in 24 h (Choudhary et al. 2013). Expression of
Nt4CLI and Nt4CL2 (Nicotiana tabacum) was induced
upon wounding and MeJA treatment (Lee and Douglas
1996). In Salvia miltiorrhiza, MeJA responsive element
present in SmC4HI1, Sm4CL2, Sm4CL3, Sm4CL-likel,
Sm4CL-like2, Sm4CL-like3, Sm4CL-like6, Sm4CL- like7
and their expression may be regulated by MeJA (Wang
et al. 2015). Information about the role of hormonal regu-
lation in 4CL genes from Arabidopsis thaliana, Pennise-
tum purpureum, Morus notabilis, Camellia sinensis are
reported in Table 2. Specific 4CL isoform gets upregu-
lated or downregulated in response to particular type of
hormone in different plants. For example, in response to
SA treatment, Pa4CL in Plagiochasma appendiculatum
is upregulated while, Hc4CL is downregulated in Hibis-
cus cannabinus. These findings suggest that each 4CL
isoform has differential response to stimuli.
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Regulation in response to biotic and abiotic stresses

Several reports suggested that the 4CL gene expression is
regulated by various abiotic stresses such as drought, salin-
ity, and temperature (Table 2). In Arabidopsis thaliana, upon
wounding, expression of At4CLI and At4CL2 increased after
2.5 h and then decreased to the basal level of expression,
but again increased to maximum after 48 h (Ehlting et al.
1999). Similar patterns of gene expression like At#4CL1I and
At4CL2 were shown by Hc4CL in Hibiscus cannabinus
plant in response to wounding (Choudhary et al. 2013). The
At4CL3 expression level showed downregulation and that
become normal by 4 h and then simultaneously increased
up to 72 h post wounding (Soltani et al. 2006). At4CL4
expression also increased up to 2.5 h and remains higher up
to 12 h and then falls down to basal level. Expression pat-
tern of At4CL3 shown by Soltani et al. (2006) is different
from pattern shown by Ehlting et al. (1999). In Oryza sativa
japonica, upon wounding Os4CL3, Os4CL4, Os4CL5 and
other genes of phenylpropanoid biosynthesis pathway were
significantly upregulated, whereas Os4CLI and Os4CL2
were downregulated. When dark-adapted rice plants were
illuminated with UV light, Os4CL1, Os4CL3, Os4CLA4, and
Os4CL5 were downregulated and Os4CL2 upregulated. It
is concluded that the Os4CL2 most probably is involved in
biosynthesis of flavonol (Sun et al. 2013). When Ocimum
basilicum plants were subjected to controlled drought stress
condition, the expression levels of Ob4CL and ObC4H genes
decreased, while expression levels of CVOMT and EOMT
increased and CAD expression was relatively unchanged.
This has been correlated with essential oil compounds and
observed to have the highest amount of methyl chavicol,
methyl eugenol, a-bergamotene, and -myrcene. This sug-
gests that altered gene expression in response to drought
stress leads to increase in the methylchavicol and methyl-
eugenol content (Mandoulakani et al. 2017). In response to
NaCl treatment, PAL, CCoAOMT, C3H, HCT and F5H genes
were upregulated, which are involved in lignin biosynthesis
(Choudhary et al. 2013; Kim et al. 2013). It is clearly indi-
cated that 4CL has a significant role in countering various
abiotic stresses. This has been also proven in other plants
like Populus euphratica, Morus notabili, Medicago trun-
catula, Camellia sinensis, and Sorbus aucuparia (Table 2).

Biotic stresses like bacterial/fungal/virus infection and
insect infestation in plant can be combated through phenyl-
propanoid modulation. The 4CL of phenylpropanoid path-
way is one of the key enzymes and its expression is altered in
response to biotic stresses (Table 2), clearly indicating that
4CL has a significant role in counteracting various biotic
stresses. Potato leaves infected with Phytophthora infestans
leads to rapid accumulation of PAL and 4CL and other
genes from the phenylpropanoid pathway. Phytophthora
infestans is one of the most destructive fungal pathogens
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and leads to rapid browning and hypersensitive cell death
around the infection site. In this study, mRNA of both PAL
and 4CL gene has maximum translational activity after 2 h
and enzyme activity has increased up to twofold in 6-12 h
after infection (Fritzemeier et al. 1987). A similar type of
upregulation of 4CL genes was observed in the case of the
following plant—pathogen interaction Arabidopsis thaliana,
Peronospora parasitica, Solanum tuberosum, Phytophthora
infestans, Petroselinum sativum, Phytophthora megasperma,
Phaseolus vulgaris and Sclerotinia sclerotiorum (Table 2).
Grapevine red blotch-associated virus is a major prob-
lem faced by cultivated grapevines (Vitis vinifera). Being
infected by this virus leads to the downregulation of phe-
nylpropanoid pathway genes along with 4CL at the ripening
stage (Blanco-Ulate et al. 2017).

At4CL3

At4CL1

— Flavanone 3-hydroxylase

Functional specificity of 4CL isoforms: a case
study

Co-expression analysis of At4CLI, At4CL3 from Arabi-
dopsis thaliana and Gm4CL4 from Glycine max was per-
formed individually using STRING (Search Tool for the
Retrieval of Interacting Genes/Proteins, all the parameters
were kept as default except the number of interactions
that need to be shown was set to 20) database and merged
(Szklarczyk et al. 2015; Fig. 5). At4CLI was co-expressed
with lignin biosynthesis genes, while Ar4CL3 with flavo-
noid biosynthesis genes. This shows that each 4CL iso-
form may be responsible for metabolic flux diversion.
Both At4CL1 and At4CI3 also show co-expression with
genes of other metabolite biosynthetic pathways (other

— Chalcone isomerase like _ Chalcone synthase — Chalcone-flavonone isomerase

(. GSTFI2 D Glutathione S-transferase (CFLSI ) Flavonol Synthasel (UGT78D2" UDP-glucosyl transferase MMP2
(ATIG06000) UDP-glycosyltransferase (GYPIBHBD Cytochrome P450 KATS 3-ketoacyl-Cod thiolase Chs8 =
(TT5 ) Transparent Testa 5 @IGNDID Guconate dehydrogenase PALI Phe ammonia-lyase 1 LOC547660 5
| ATI33 Malonyl transferase @GVHAPERD reroxidase PAL2 Phe ammonia-lyase 2 SIHI E
(LOC732575 Chalcone synthase QUGTEID Cinnamate-4-hydroxylase ‘ATSG62210° Embryo-specific protein 3 ( PRIa &
. IFS2 2-hydroxyisoflavanone synthase - Acyltransferase CCoAOMTI O-methyltransferase LOC547729 g

CHIDH " Hydroxyisoflavanone dehydratase @I Vound-induced protein  LOC547582 Glutathione S-transferase (LOC732547

Fig.5 Co-expression analysis of At4CLI, At4CL3 and Gm4CL4 was
performed individually using STRING (Search Tool for the Retrieval
of Interacting Genes/Proteins) database and merged. At4CLI and
At4CL3 shows co-expression with genes related to lignin and flavo-
noid biosynthesis while Gm4CL4 with both pathway-related genes.

Default setting parameters were used except the number of interac-
tions that need to be shown was set to 20. Outcome of each 4CL in
STRING analysis was used to deduce this figure from supplementary
material Fig. S1. 4CL, 4-coumate: coenzyme A ligase; At, Arabidop-
sis thaliana; Gm, Glycine max
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than lignin and flavonoid biosynthesis genes). Gm4CL4
shows co-expression with genes for biosynthesis of lignin,
flavonoid, other metabolites and uncharacterized genes
(Fig. 5). Based on 4CL’s co-expression analysis from
Arabidopsis thaliana (At4CLI and At4CL2) and Glycine
max (Gm4CL4), it showed that some plants may have sin-
gle isoform for both lignin and flavonoid and some plants
may have separate isoform for each of the class.

Scope of 4CLs in metabolic pathway
engineering for various products

Enzymes of phenylpropanoid and flavonoid metabolism
present in the form of membrane-associated multienzyme
complexes as a metabolon, on the cytosolic face of the
endoplasmic reticulum (Hrazdina and Wagner 1985).
These organized multienzyme complexes are efficient in
channeling the intermediates between enzymes of sequen-
tial reactions (Winkel-Shirley 1999; Burbulis and Winkel-
Shirley 1999). Interactions and organization of metabolon
may vary in different plant species (Fujino et al. 2018). As
reviewed by Chemler and Koffas (2008), it is possible to
synthesize flavonoids using gene cloning and expression
of 4CL and other enzymes involved in its biosynthesis
in bacteria (Escherichia coli) and yeast (Saccharomyces
cerevisiae).

Fuel industry

Lignin along with cellulose microfibrils provides rigidity to
plant. Lignin content affects utilization of plant material for
chemicals, fiber and energy production, etc. Lignin is one of
the products of phenylpropanoid pathway and the expression
of specific 4CL isoforms plays a role in lignin biosynthesis
(Costa et al. 2005; Shigeto et al. 2017). Transgenic aspen
(Populus tremuloides Michx.) in which Pt4CLI1 gene was
silenced showed downregulation of lignin biosynthesis.
Such plants showed reduced lignin up to 45% while cellulose
content increased in 15%. Silenced lines have thicker stem,
longer internodes, larger leaves and overall enhanced growth
rate than control (Hu et al. 1999). Sugarcane is the best raw
material for bioethanol production. Two 4CL isoforms are
characterized from Saccharum spp. hybrids. Out of two,
Sh4CLI is involved in lignin biosynthesis based on phylo-
genetic analysis and RNAIi silencing. RNAi suppression of
Sh4CLI leads to decrease in 16.5% lignin content and shows
improvement of 52-76% saccharification rate as compared
to wild type control. This suggests that 4CL silencing can
be used to improve lignocellulosic raw material for biofuel
production (Jung et al. 2016).
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Natural product industry

Various valuable natural products (NPs) are available from
general phenylpropanoid pathway. Use of 4CL for produc-
tion of high value NPs has already been proven in bacterial,
fungal and plant system. Resveratrol is an important sec-
ondary metabolite, which has health-promoting properties
and is found in red wine (Giovinazzo et al. 2012). Fusion
of At4CL1 from Arabidopsis thaliana and stilbene synthase
(VvSTS) from Vitis vinifera can be used to improve resvera-
trol synthesis in yeast. Using this fusion protein (At4CLI-
VsSTS), resveratrol level was increased upto15-fold as com-
pared to yeast individually expressing these enzymes (Wang
et al. 2011). Rosmarinic acid is also one of the important
products of phenylpropanoid pathway produced by fusion
of 4-hydroxyphenyllactic acid with 4-coumaroyl-CoA,
and this reaction is catalyzed by hydroxycinnamoyl-CoA:
hydroxycinnamoyl transferase. It has various biological
activities including antiviral, antibacterial, antioxidant and
anti-inflammatory (Petersen and Simmonds 2003). Ros-
marinic acid accumulation increased from 2.1- to 3.9-fold
in response to MeJA treatment in cell cultures of Agas-
tache rugosa Kuntze. Transcript level of ArPAL, Ar4CL,
and ArC4H were increased up to 4.5-, 3.4- and 3.5-fold,
respectively, compared to untreated culture cells (Kim et al.
2013). Plants belonging to order Zingiberales produce cur-
cuminoids that has a wide range of applications including
food additive, stimulant, food coloring agent, anti-tumor,
antioxidant and hepatoprotective activities, etc. (Amalraj
et al. 2017). Biosynthesis of curcuminoids in Escherichia
coli was achieved by cloning of enzymes: 4CL from Lith-
ospermum erythrorhizon and curcuminoid synthase (CUS)
from rice. Ferulic acid from rice bran pitch, an industrial
waste generated during rice edible oil production was used
during growth of recombinant Escherichia coli expressing
4CL and CUS for production of curcuminoids (Katsuyama
et al. 2008). Os4CL in Ocimum sanctum is responsible for
partition of metabolite flux towards eugenol biosynthe-
sis (Rastogi et al. 2013). Eugenol has a role in inhibiting
advanced glycation end products in diabetes (Singh et al.
2016). 4CL has a prominent role in natural product synthesis
improvement.

Food technology

The expression pattern of genes involved in monolignol and
flavonoid biosynthesis are studied during the fruit ripening
in apple. Differential expression of PAL and 4CL isoforms
leads to suppression in lignin biosynthesis and strong induc-
tion of flavonoid biosynthesis during fruit ripening (Baldi
et al. 2017). Results show that fine-tuning of pathway was
achieved by differential expression of branch point enzyme
isoforms such as PAL and 4CL. The differential expression
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of a specific 4CL isoform was observed at different stages of
pear fruit development (Cao et al. 2016). Thus, use of 4CL
manipulation for metabolic pathway engineering is useful in
post harvesting and food technology-related industry.

Conclusion and future perspectives

1. The 4CL is essentially involved in channelization of
precursors for different phenylpropanoid biosynthesis.
Based on phylogenetic analysis, 4CL is divided in four
clusters,i.e., type I which is involved in monolignol bio-
synthesis, type II that is involved in phenylpropanoid
biosynthesis other than lignin, type III and IV that are
present in monocots with similar functions as type I and
I1, respectively. The 4CL genes in monocots and dicots
evolved independently after their separation. However,
type I and II might have diverged before the divergence
of gymnosperm and angiosperm lineages. The 4CL
activity and expression are tightly regulated in a spatio-
temporal manner, and also in response to biotic and abi-
otic stresses.

2. The role of amino acids in SBP and domains of 4CL is
well-studied with help of techniques such as bioinfor-
matics tools, crystallography, and site-directed mutagen-
esis. Its activity has been successfully improved by site-
directed mutagenesis and domain exchange approaches.

3. Co-expression analysis of characterized 4CL from vari-
ous plants suggests that a single 4CL is required for the
lignin and flavonoid biosynthesis, whereas some plants
have separate 4CLs for these biosynthetic pathways.

4. The metabolic pathways are regulated at entry point,
branch point and/or in some cases by intermediate
enzymes for its final product biosynthesis. However,
terminal enzymes are well-studied in most of the meta-
bolic pathways. The 4CL enzymes are mostly studied in
the context of functional characterization and regulation
by external factors. Effect of internal factor/triggers on
4CL function and regulation remains enigmatic, which
is an important aspect to harness further applications
in metabolic engineering. It has been established that
specific PAL isoforms also play an important role in
regulation of phenylpropanoid pathway, which is the first
committed step of this pathway.

5. The detailed validation is a prudent necessity for effi-
cient metabolic pathway engineering: (a) the role of
intermediate and end product metabolites during specific
4CL isoform activity; (b) involvement of transcription
factors in regulating the levels of individual 4CL iso-
forms; (c) cross talk with other pathways; (d) splicing
mechanism in formation of multiple isoforms; (e) regu-
lation at post-translational level; (f) activity optimization
in bacterial or yeast host system, etc. Such information

is highly imperative to achieve efficient metabolic path-
way engineering for commercially important candidate
metabolites.
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