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Abstract Tryptophan decarboxylase (EC 4.1.1.28) catalyzes
pyridoxal 5'-phosphate (PLP)-dependent decarboxylation of
tryptophan to produce tryptamine for recruitment in a myriad
of biosynthetic pathways of metabolites possessing indolyl
moiety. A recent report of certain indolyl metabolites in
Withania species calls for a possible predominant functional
role of tryptophan decarboxylase (TDC) in the genome of
Withania species to facilitate production of the indolyl progen-
itor molecule, tryptamine. Therefore, with this metabolic
prospection, we have identified and cloned a full-length
cDNA sequence of TDC from aerial tissues of Withania
coagulans. The functional WeTDC gene comprises of
1506 bp open reading frame (ORF) encoding a 502 amino
acid protein with calculated molecular mass and pl value of
56.38 kDa and 8.35, respectively. The gene was expressed in
Escherichia coli, and the recombinant enzyme was affinity-
purified to homogeneity to discern its kinetics of catalysis.
The enzyme (WcTDC) exhibited much higher K,,, value for
tryptophan than for pyridoxal 5’-phosphate and was dedicated
to catalyze decarboxylation of only tryptophan or, to a limited
extent, of its analogue (like 5-hydroxy tryptophan). The
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observed optimal catalytic functionality of the enzyme on
the slightly basic side of the pH scale and at slightly higher
temperatures reflected adaptability of the plant to hot and arid
regions, the predominant natural habitat of the herb. This per-
tains to be the first report on cloning and characterization of
heterologously expressed recombinant enzyme from
W. coagulans and forms a starting point to further understand-
ing of withanamide biosynthesis.

Keywords Ashwagandha - Withania - Tryptophan
decarboxylase - Tryptophan - Tryptamine - Serotonin -
Withanamides

Abbreviations

PCR Polymerase chain reaction

RACE Rapid amplification of cDNA ends

ORF Open reading frame

kDa Kilo dalton

pl Isoelectric point

SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis

IPTG Isopropyl 3-D-1 thiogalactopyranoside

WcTDC Tryptophan decarboxylase from Withania
coagulans

Introduction

Solanaceae is rich in genera having medicinal values, and
Withania is valued as the most important genus among them
due to possession of diverse medicinal properties by different
species of Withania. Two major medicinal species of Withania
are Withania somnifera and Withania coagulans (Tuli and
Sangwan 2010). W. coagulans has been attended far less than
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W. somnifera with respect to investigation of its phyto-chem-
istry, metabolic and molecular biology, and modern molecular
pharmacology, despite its well-descript medicinal value in tra-
ditional Indian systems of medicine (ISM). This may also be
due to restricted distribution of W. coagulans and little, if any,
commercial cultivation of the herb. However, recently, it has
attracted tremendous attention of researchers due to its novel-
ties including with respect to a specific set of withanolides and
pharmacological activities (Gupta et al. 2012; Chaurasiya
et al. 2012; Kushwaha et al. 2013a). W. coagulans is also
referred to as Indian cheese maker or vegetable rennet, due
to milk-coagulating properties of its fruits. It is highly valuated
for its pharmaceutical properties such as anti-hyperglycemic
anti-inflammatory, hepatoprotective, cardiovascular effect,
antibacterial, antifungal, and anthelminthic properties
(Rajurkar et al. 2001; Hemlatha et al. 2004; Jaiswal et al.
2009; Khare 2007). Fruits of the plant are used for health
benefits in case of diabetes, chronic stage of asthma and heart
ailments including high blood pressure, immunological
weakness, and neurological disorders (Maurya and
Akanksha 2010).

Diverse medicinal properties of Withania species are due to
the presence of a variety of characteristic biologically active
phytochemicals that include, among others, withanolides (the
C,g steroidal lactones having an erogstane backbone) such as
withanolide F, coagunolide, coagulin C, coagulin H, coagulin
L, withaferin A, withanone, and withanolide A; tropane alka-
loids like tropine, pseudotropine, and calistegins; and
withanamides such as withanamide A, withanamide B,
withanamide C, withanamide D, and withanamide E.
W. coagulans produces a significant amount of many
withanolides in its aerial parts. This provides a simpler option
of harvesting the issue and its phytochemicals without
digging/destroying the whole plant contrary to the case when
the molecule is root-specific (Mishra et al. 2013).
Withanamides, as reported to be present in Withania species
(Jayaprakasham et al. 2010), represent a new chemical class of
natural products as their structural frame and biogenic origin
are quite different from other secondary metabolites of the
herb. Withanamides being conjugated (sugar-serotonin-fatty
acid) structures, these multi-moiety complex secondary prod-
ucts appear to owe their metabolic origin to multiple primary
metabolic pathways including tryptophan metabolism, lipid
metabolism, and carbohydrate metabolism (Fig. 1). Their bio-
synthesis, though not characterized at all as yet, may follow
the sequence of beginning with synthesis of serotonin follow-
ed by its conjugation with a specific fatty acid on amino-side
and one or more glucose moiety(ies) on hydroxyl-side.
Serotonin is synthesized from tryptophan in plants as well as
animals. However, it is biochemically characterized well in
animals but far little in plants. Overall, the process of serotonin
biogeneration involves two sequential biochemical reac-
tions—decarboxylation and hydroxylation. Contrary to
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animals, decarboxylation of tryptophan to tryptamine is be-
lieved to precede hydroxylation and forms the committed step
of the pathway (Kang et al. 2007). This reaction is catalyzed
by tryptophan decarboxylase (TDC) using pyridoxal 5'-phos-
phate as a cofactor (Fig. 1).

Biochemistry and molecular biology of secondary metab-
olism of W. somnifera has been well established by our group
during the last decade (Chaurasiya et al. 2012; Mishra et al.
2013; Sabir et al. 2012a, b; Sangwan et al. 2004, 2007, 2008;
Mishra et al. 2014; Sangwan and Sangwan 2014). To catalyze
the expansion of parallel knowledge base on W. coagulans
with respect to its metabolic and molecular aspects of second-
ary metabolites, we have published an efficient in vitro regen-
eration and genetic transformation method for the plant
(Mishra et al. 2013). In sequences, we have reported isolation
and characterization of a tropinone reductase involved in
tropane alkaloid metabolism in W. coagulans (Kushwaha
et al. 2013a, b). On the basis of recent studies that report an
occurrence of withanamides in Withania, we aimed to isolate
TDC gene from W. coagulans for making a beginning in un-
derstanding the metabolic pathway of withanamide synthesis
in this species through observations from cloning and charac-
terization of a new candidate gene, tryptophan decarboxylase,
from the plant. This report describes molecular details of a
full-length gene of tryptophan decarboxylase from the leaves
of W. coagulans, its cloning in Escherichia coli (BL21) for
induced overexpression in the heterologous system, homoge-
neity purification of the recombinant enzyme, and catalytic
and kinetic aspects of the enzyme catalyzed reaction, and their
regulatory significance at the committed step of the pathway.

Materials and methods
Plant material

Multiple shoot cultures of W. coagulans were established and
maintained in tissue culture conditions in our lab at Central
Institute of Medicinal and Aromatic Plants, Lucknow, India,
as reported earlier (Mishra et al. 2013). The tissue culture
raised plants (Fig. 2) were maintained on MS media supple-
mented with 5 mg 1! kinetin and 10 mg "' BAP.

Chemicals

All chemicals, protein molecular weight markers, DNA
markers and restriction enzymes, etc. were purchased from
Sigma-Aldrich (USA) and/or Thermo Scientific (Fermentas).
Solvents were purchased from Merck Chemicals (Germany).
Ni-NTA affinity chromatography resin was procured from
Novagen. Tissue culture grade agar, sucrose, MS media com-
ponents, and plant hormones used in the study were purchased
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Fig. 1 Structural features of
withanamides involving a
serotonin moiety, a fatty acid
chain (R), and a glucose moiety
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from HiMedia (India). All other chemicals and reagents were
of highest purity available from local vendors.

RNA isolation and ¢cDNA synthesis
In vitro grown shoots of W. coagulans were sampled and

processed for total RNA isolation using TRI reagent (Sigma-
Aldrich). After checking the quality and quantity, the RNA

Fig. 2 Establishment of multiple shoot cultures of Withania coagulans at
25 days of growth

was used for cDNA synthesis using RevertAid™ first strand
cDNA synthesis kit (Fermentas) according to the manufac-
turers’ instructions. For 5RACE, SMARTer™ cDNA library
was synthesized using SMARTer™ cDNA synthesis kit
(Clontech).

Cloning of full-length cDNA of TDC from W. coagulans

Degenerate primers, TDCNTerF and TDCNTerR (Table 1),
were designed to isolate the TDC from W. coagulans. Core
fragment of tryptophan decarboxylase from W. coagulans
(WeTDCI) was obtained by PCR with these degenerate
primers. The PCR product was analyzed by agarose gel elec-
trophoresis and purified using Sigma GeneElute™ gel extrac-
tion kit as per protocol described in the kit. The PCR amplicon
was cloned in cloning vector (pJET1.2/blunt) from Fermentas
and was subjected to sequencing. After confirming the signif-
icance homology of the amplicon with other tryptophan
decarboxylases from plants, gene-specific primers were de-
signed to carry out 3' RACE and 5'RACE. For 3' RACE, 3’
AP and gene-specific primers (WcTDCDF1 and
WcTDCDEF2) were used, while for 5’RACE, CDSIIA (provid-
ed in SMARTer™ cDNA synthesis kit) and gene-specific
primers (WcTDCUR1 and WcTDCUR?2) were used. For
cloning of full-length ¢cDNA of Wc¢TDC, primers
WCcTDCFLF and WcTDCFLR flanked with restriction sites
of BamHI and Sacl, respectively, were used. Amplified frag-
ment was ligated in pJET1.2, the blunt end cloning vector, and
the vector with insert was used to transform E. coli (DH5x)
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Table 1 List of primers used to

clone and express WeTDC Primer Sequence (5" to 3') Purpose

TDCNTerF GCCACTTGAMSCKGARGAATTCCG Forward primer in degenerate PCR
TDCNTerR CCVCCACCSGTRCCHGAAAACATG Reverse primer in degenerate PCR
WcTDCURI  CGTGACATCTTTCATAATGGTG To carry 5RACE

WcTDCUR2 AGGTAACCCGGTTCGACTTGGC To carry 5’RACE

WcTDCDF1  TTGGAAATGCTAGTTATGGATTG To carry 3'RACE

WcTDCDF2 ~ ATGCTAGTTATGGATTGGTTAGCC To carry 5RACE

3" AP GGCCACGCGTCGACTAGTAC(T),7 To carry 5’RACE

WcTDCFLF  ggatccATGGGAAGCCTTGATTCAAATAAC  Forward primer to clone full-length WecTDC
WcTDCFLR  gagctcTAGAAAGATTTAACAAACG Reverse primer to clone full-length WcTDC

cells. Plasmid was isolated and subjected to sequencing to for
its identification based on sequence homology.

Computational analysis of the gene sequence

The basic local alignment search tool (BLAST) of National
Center for Biotechnology Information (NCBI; http://blast.
ncbi.nlm.nih.gov/Blast) was used for sequence similarity
analysis of WcTDC with other known TDCs from plants.
CLUSTALW?2 (http://www.ebi.ac.uk/Tools/msa/clustalw?2)
was used to align nucleotide and amino acid sequences.
Open reading frame (ORF) finder graphical analysis tool of
NCBI (www.ncbi.nlm.nih.gov/projects/gorf) was used to
identify the coding sequence. Hosted tools at the site of
ExPASy Bioinformatics resource portal of Swiss Institute of
Bioinformatics (http://www.expasy.org/proteomics/) was used
for deduction of amino acid sequence of the cloned WcTDC.
Databases of protein motifs (ProSite, http://prosite.expasy.org/
scanprosite/) and fingerprints (PRINTS, www.bioinf.man.ac.
uk/dbbrowser/PRINTS/) were used to document the
conserved motifs in the enzyme. To profile the sequence
divergence-based evolutionary position of WcTDC, a phylo-
genetic tree was developed using MEGAS software
(http://www.megasoftware.net) following maximum
likelihood method. Bootstrap method was followed for
corroborating the consistency of each node.

A homology-based 3-D model was built for analyz-
ing the structural aspects of WcTDC protein, and it was
generated through SWISS-MODEL Workspace in an au-
tomated mode using 1js3A.pdb as template. A 3-D
model of aromatic amino acid decarboxylase from Sus
scrofa was used as a template. For expanding the
knowledge on topological contours, the developed mod-
el of WcTDC was overlapped with a template model
using UCSF-Chimera package. The Consurf server
(http://consurf.tau.ac.il) was used to determine the
degree of conservation. Amino acids participating in a
binding site for pyridoxal 5'phosphate were determined
using 3-D LigandSite server (www.sbg.bio.ic.ac.uk/
~3dligandsite/).
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Inducible heterologous production of the recombinant
WcTDC protein in E. coli

The pJET vector having cloned full-length cDNA of WcTDC
was digested with BamHI and Sacl restriction enzymes, and
the digested reaction mixture was checked on 1 % agarose
electrophoresis gel. Restriction digestion WeTDC fragment,
cleaved out from the vector, was picked as gel plug, eluted,
and ligated into pET 28a vector and linearized with the appro-
priate restriction enzyme. The pET 28a construct having
WeTDC, an insert was used to transform competent cells of
E. coli BL21 (DE3). Recombinant colonies were selected on
kanamycin and chloramphenicol (50 pug/ml each) supple-
mented Luria agar medium. Induction of the recombinant
WcTDC protein was carried out by adding isopropyl (3-D-1
thiogalactopyranoside (IPTG) solution up to a concentration
of 0.8 mM in media and growing the culture at 18 °C for
overnight. To harvest the protein, bacterial cells were pelleted
down by centrifugation at 5000 rpm for 5 min and pellet was
suspended in lysis solution (10 mM imidazole, 50 mM Tris,
300 mM NaCl, 10 % glycerol). The suspension was sonicated
and then centrifuged at 12,000xg to collect the soluble intra-
cellular protein fraction. Overexpression of the recombinant
protein was checked by SDS-PAGE analysis of protein prep-
arations from induced and un-induced cultures.

Western blot analysis

Induced soluble protein fraction was further subjected for
Western blot analysis to confirm induction of the recombinant
Hise-WcTDC protein. Crude extract of induced soluble pro-
tein was separated on SDS-PAGE and recombinant protein
then transferred to nitrocellulose membrane. Protein-bound
membrane was screened against (His)s tag antibodies as pri-
mary antibodies, and this membrane was washed to remove
the unbound antibodies. It was again exposed to a solution of
anti-mouse IgG monoclonal antibodies as secondary antibod-
ies conjugated with alkaline phosphatase. The membrane was
soaked with substrate BCIP/NBT, and recombinant protein
was visualized as colored product of reaction.
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Purification of recombinant protein WsTDC

Recombinant WcTDC protein was purified using Ni*™*-
NTA-affinity column chromatography. To purify the
WcTDC protein, bacterial culture was inoculated in a
large volume (1 1) and the culture was induced by
using 0.8 mM IPTG as above. Buffers and solutions
for protein purification through the metal-affinity chro-
matography were used as per the manufacturer’s proto-
col. Crude induced bacterial protein was passed
through a column of Ni**-NTA Superflow resin
(Novagen). Purified protein fractions were collected,
checked on SDS-PAGE for their homogeneity purifica-
tion. The concentration of protein was determined by
Bradford’s assay.

TDC catalytic activity assay

Catalytic activity of WcTDC was determined by using fluo-
rometric assay developed by Sangwan et al. (1998), using a
fluorescence spectrometer (Cary Eclipse, Perkin Elmer). In
brief, tryptamine formed by the catalytic action of the enzyme
was selectively separated from tryptophan by pH-guided lig-
uid-liquid partitioning and measured by fluorometrically
using 280 and 350 nm as the excitation and emission wave-
length, respectively. Composition and conditions of the assay
were changed according to the requirement of experiments for
the kinetic characterization of the recombinant enzyme.

Identification of catalytic reaction product

Product was identified by using HPLC (C,g column, Waters,
MA, USA). Briefly, enzymatic reaction was set in a large
volume (10 ml). The reaction was terminated with addition
of NaOH, and the product was extracted into ethyl acetate.
Ethyl acetate phase was evaporated, and the residue was dis-
solved in 50 pl of methanol. Methanol and water containing
20 mM ammonium acetate were used as mobile phase with a
flow rate of 1 ml/min, and PDA was used as detector
(280 nm).

Results
Cloning of WcTDC

To isolate TDC gene from W. coagulans, a cDNA library was
prepared from total RNA isolated from in vitro grown multi-
ple shoot cultures of the plant (Fig. 2). The PCR reaction of
cDNA with degenerate primers resulted in a 0.4-kb amplicon
that was cloned and sequenced. The amplicon sequence
displayed a significant sequence homology with plant TDCs.
On the basis of sequence of the putative core WeTDC

fragment, primers were designed to amplify the rest of the
gene fragments toward 5" and 3’ends of the WeTDC cDNA
by 5'RACE and 3'RACE approach. 5RACE and 3'RACE
PCR produced 0.2 and 1.2 kb amplicons, respectively.
Collation of sequences of the three PCR fragments (internal,
3'RACE, and 5'RACE fragments) resulted in assembly of full-
length cDNA of WceTDC that was 1.5 kb in size (Online
Resource 1A, B). Full-length cDNA of WeTDC with flanking
restriction sites was PCR-amplified using appropriate full-
length primers flanking, and the amplicon was cloned in clon-
ing vector (pJET 1.2 blunt end vector) and sequenced (Online
Resource 1C).

Bioinformatic analysis of WcTDC sequence

Sequence of WcTDC BLASTX analysis results revealed that
WcTDC had highest similarity (86 %) with Capsicum annum
TDC (accession number ACN62127.1). It also showed signif-
icant similarity with other TDCs of plant origin (Fig. 3), the
levels of homology being close to 70 %, for example, 72, 72,
70, and 68 % similarity with CacTDC (Cyanea acuminata,
accession number AAB39708.1), MspTDC (Mitragyna
speciosa, accession number AEQ01059.1), OpuTDC
(Ophiorrhiza pumila, accession number BAC415151.1), and
VmiTDC (Vinca minor accession number AEY82397.1), re-
spectively (Fig. 3). Complete ORF of the WeTDC gene cloned
and sequenced represented a WcTDC protein of 502 amino
acids, with calculated pl value of 8.35 and computed molec-
ular weight of 56.38 kDa.

Heterologous expression of WcTDC and purification
of the recombinant enzyme

The full-length cDNA of TDC from W. coagulans was
cloned in pET28a protein expression vector, and the
pET28a-WcTDC construct was mobilized in E. coli
(BL21) cells through transformation of competent cells.
Transformed E. coli cells were selected on kanamycin
(50 mg 1") + chloramphenicol (50 mg 1™") supplemented
LA culture media plates. E. coli (BL21) cells harboring
WeTDC were inoculated and induced with 0.8 mM
IPTG at 18 °C. Production of induced recombinant pro-
tein (WcTDC) was checked by SDS-PAGE and then
confirmed by immunoblot analysis using antibodies
against His-hexamer (Fig. 4). The recombinant protein
was purified by Ni**-NTA metal-affinity chromatogra-
phy to homogeneity level, as discerned by SDS-PAGE
wherein single band matching to the size of Wc¢TDC
(56 kDa) was observed. The pure recombinant enzyme
preparation was examined for catalytic and biochemical
characteristics by HPLC-aided validation of the enzy-
matic reaction product and fluorescence assay of TDC
developed by Sangwan et al. (1998).
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DDC/GAD/HDC/TyrDC PLP
attachment site

CroTDC ———————————————-] MGSIDST-NVAMSN-SPVGEFKPLEAE] 42 CroTDC LSEIANEFG- IWIHVDAAYAGSACICPEFRHYLDGIER! 331
RveTDC ———————————————- MGSIDST-DVAISA-SPVAEFKEP: 42 RveTDC LSEIANEFN-I ICPEFMHYLDGIER 331
VmiTDC IDSTNDVAL a4 VmiTDC LSEITNEFN-I TCPEFRHYLDGIER 333

WcTDC 42 WeTDC LAELADEFD-I TCPEFRQYFNGIERA! 331
CanTDC1 42 CanTDC1 LGELANEFD- IWLHVDAAYGGSACICPEFRQYLDGIE! 331
CacTDCl 39 CacTDC1 L L ICPEFREYLDGIE 328
OprTDC a1 OprTDC T AYAGSACICPEFRQYLDGIELS 330
OpuThC a1 OpuTDC T ICPEFRQYLDGIEL 330
MspTDC MGSIDTSDGDAY 43
HonTDC - T SFSAFPDDKAAFEPLNDS 22 MspTDC LADVANDFN-VWIHVDAAYAGSACICPEFRQYLDGIER 332
osaTpC MAPPSHCHTINGGAPRNGAIPEVETTTSTP-AASDTALLLD; 59 HvuTDC N YAGSACICPEF 341
* : s sz 0saTDC 1LC AGSALVCPEFRDVI 351
[ KKK ARE KKK KKRR | 3 K K *AAE :
I'—ml Do L . : Loz :
croTpC PEP—— YAF 100
RveTDC YAF 100 CroTDC PHLLLRALTTNPEY-LKNKQSDLDKVVDFKNWQIATGRKFRSLKLWLILRSYGVVNL 390
VmiTDC YAF 102 ——— - TRINLLL 390
WcTDC TPIFFVF 100 VmiTDC ) IATGRKFRSLEKLWLIL 392
CanTDC1 F 100 WeTDC VD' )IGTGRKF 390
CacTbel i - ga= o7 CanTDC1 DIGTGRKF 390
oprTDC p FETILKDIKKDIVEGMTNWLSPNFFAY 99
OpuTDC p — —FETILKDIKKDIVEGMTNWLSPNFFAY 99 CacTDC1 sl 387
mspTDe 101 OprTC GTGRRFRALRLWL 389
HvuTDC F 102 OpuTDC GTGRRFRALRLWL 389
OsaTDC L v 119 MspTDC VD! DIGTGERF RLWL RVANL 391
I et et e HvaTDC AHRLSDSLETNPEY-LKNDVTDSGEVT KI YGTAKL 400
0OsaTDC SALVAALGTEQEYILRDAAAEGHDVVDYKDWGTTLTRRFRALKVRLVLRCYGVEGL 411
Y ASE5 | | YHDCRBOXLASE6 IR TEE VT [ *
156 : : YHDCRBOXLASE9 Tt °
i::x xix + 1s6  CroIDC QSHIRSDVAMGKMFEEWVR RIKPDV-------— SSLH---VEE 440
Vi TDC FPATVS: 158  RveTDC QSHIRSDVAMAKMFEDF2 R --PGSD---VEA 439
frp— FPATVSSAA 156  VmiTDC QTHIRSDVAMARMFEG!
CanTDC1 FPATVSSAA 156  WeTDC QSHIRSDVQMARMFEG!
cacTDC1 FPATVSSAAFVGE! 153 canTDCL QSHIRSDVRMARMFEGLVRS
oprTDC FPATVSSAR 155 CacTDC1
opuTDC FPATVSSAAFVGE! 155 opeoe
MspTDC FPATVSSAA 157
HvuTDC FPSTNSAAAIAGD: R 162  OPUIDC
OsaTDC FPASSSTVGA A 175  MspIDC
Wkiz k.. k. 2. ik K k% kAR k: P s HvuTDC RA R -
0OsaTDC RSPPERLGVGVGVGGEKARNE 471
YHDCRBOXLASE? | D okr okLr ok, L : KR kk kpkkkkk; :
croTDC - < TICTIT LEK---LGPDSIGKLVCYGSDQTHTMFPKTCKL 212
RveTDC —GTGGGVL ILCTIL LEE 212 CroTDC 'VNERLLDMLNSTG-RVYMTHTIVGGIYMLRL )LIQKLTDDLLKE 499
VmiTDC B I ILCTIL LEN 214 RveTDC LNRKLLDMLNSTG-RVYMTHTTVGGTYMLRL IKELANDLLKE 498
WeTDC - ILRTLFAARDRKLEN: 212 miTne b — TRKLADDLLEE 500
c“mi T . LIORDRELEN z;z WeTDC LNRKLLDSVNSTG-RVYMTHT IAGGIYMLRFAVGATLTEDRQVIFAWKLINESADALLKS 501
g:zx :gm'[ gee ummmqs S e muu_zs L OMENVORIVVYGSDOTHSFFORTORY 211 CanTDC1 LNKRLLDNVNSTG-RVYMTHTVAGGI YMLRFAVGATFTEDRHLICARKLIKDCADALLRN 501
opaTDC - . S \LEK-——IGMERVGKLVVYGSDQTHSFFQKTCEV 211 CacTDC1 LNRKLLEWVNSTG-QVYITHTRVGGV TLT AWKLIREGADALLCS 498
MspTDC ~GTEGGVLOGTTSEATLCTIIAARDRAFERK - — - IGVENIGKLVVYASDQTHSFFVKTCKL 213 OprTDC LNKELLDLINSTG-! AGGIYML TEEHHVYAAWELIKECTDASLTK 501
HvuTDC T JAAL DIPRLAVYAADQTHSTFFKACRL 222 OpuTDC LNRELLDLINSTG-RAYMTHTRAGGIYMLRFAVGTTLTEEHHVYARRELIKECTDASLTK 501
osaTDC I RKLAE---IGARRIGDLVVYCSDQTHFAFRKAARF 231  MspTDC LNRKLLDRVNSTG-RTYMTHTRAGEVYLLRFAVGATLTEDRHVYAARELIRQCADAVL-K 501
* owk CEExr Th oz kL ckkkx o ko HvaTDC VNRLLMENLNKTG-KAYLAHTVVGDRE JLIKKTTSSIMD- 510
CroTDC AGIYPNNIRLIPTTVETDFGISPQVLREMVEDDVAAGYVPLFLCATLGTTSTTATDEVDS 272 0OsaTbC LNRRLL e .‘:r:::“ ' ' TR “_‘“ 531
RveTDC AGISPRNIRLIPTTAETDFGIAPEVLRGMVEADIAAGLVPLFLCATLGTTSSTATDEVDS 272 i BT PRan iz Teiies
VmiTDC AGIFPDNIRLIPTTLETDFSIDPHVLREMVKADVDAGLIPLFLCATLGTTSTTATDEVSS 274 CroTDC 500
WeTDC AGIFPCNIRAVETCIENDFALSPVVLRKVIEADVAAGLVPLFLCATVGTTSTTAIDPISQ 272 RveTDC 499
CanTDC1 AGIFPCNIRAISTCVENDFSLSPAVLRGIVEVDVAAGLVPLFLCATVGTTSTTAIDPISE 272 VmiTDC 501
CacTDC1 AGILPCNIRSIRTEAVANFSLSPDSLHREIEADVAAGMVPLYLCATVGTTSTTAIDSLSP 269 WeTDC 502
oprTDC AGIFPCNIKLIPTTREDNFSMSPIALREQIEADVADGLVPIFLCATVGTTSTAAIDPVSE 271 —— 503
opuTDC AGIFPCNIKLIPTTREDNFSMSPTIALREQIEADVADGLVPIFLCTTVGTTSTAAIDPVSE 271 CacTDOL
MspTDC AGIFPCNIRIIPTTADDNFSMSPDALRKQIEADVEDGLVPLFICATVGTTSTTAIDEVSE 273 opeTDC
HvuTDC AGFDPANIRSIPTGPETNYGLDPAKLLEVMQADADAGLVPTYVCATVGTTSSNAVDEVGA 282
osaTDC AGIPREHCREIPTCRDDVFALSPTALHAAMOADVDAGLVPLFLCATVGTTQTTAVDEVRE 291 ©OpuTDC TNIIE-——==== 506
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Fig. 3 Sequence comparison of the tryptophan decarboxylase from the presented as highlighted regions. Amino acids depicted in green denote
Withania coagulans (WcTDC) with other TDCs of plant origin. Signature the ProSite motif PS00392 described as DDC/GAD/HDC/TyrDC
amino acid sequences of aromatic L-amino acid decarboxylases are pyridoxal 5'-phosphate attachment site
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Catalytic activity and reaction product identification

Purified WcTDC protein possessed catalytic ability to
produce tryptamine from tryptophan in the presence of
pyridoxal 5'-phosphate (PLP), and the enzyme assay
could be assessed and optimized for linearity with re-
spect to the enzymatic protein concentration in the assay
mixture as well as reaction time (Online Resource 2).
HPLC analysis of the reaction mixture at the end of the
catalytic reaction, when compared with control, revealed
the presence of a significant peak corresponding to stan-
dard tryptamine (Online Resource 3) validating the cat-
alytic ability of the recombinant enzyme to carry out
PLP-dependent decarboxylation of tryptophan into
tryptamine.

pH and temperature optima

The enzyme exhibited the optimum level of catalytic activity
at pH 7.8 with phosphate as assay buffer (Fig. 5a). The opti-
mum temperature for the WcTDC activity was found to be
45 °C (Fig. 5b).

Substrate saturations Kinetics

The substrate saturation curve of WcTDC was simple
hyperbolic for the substrate (tryptophan) as well as co-
factor (pyridoxal 5’-phosphate, PLP) as shown in
Fig. 6a, b. Double reciprocal (Line-Weaver-Burk) plots
of the enzyme (Fig. 6a, b) led to estimates of its K,
values for tryptophan and PLP as 1.49 mM and
5.77 uM, respectively (Table 2).

Thermostability

The thermostability of WcTDC was observed by incubating
the purified enzyme protein preparation at different tempera-
tures before its use in the enzyme assay. The enzyme retained
almost up to 60 % of its catalytic ability on incubation
at 50 °C (Fig. 7a).

Substrate specificity

For PLP-dependent decarboxylation, WcTDC was highly
specific for tryptophan as substrate (Fig. 7b). The enzyme
could not use other aromatic amino acids like tyrosine as sub-
strate for decarboxylation. 5-Hydroxytryptophan, an analog of
tryptophan, was the only other substrate acceptable for the
enzyme and that too at relatively quite low catalytic rate.

Phylogenetic position of WecTDC

A phylogenetic tree was constructed by using MEGA 5.0
software on the basis of maximum likelihood method to trace
the evolutionary relationship of WcTDC with other plant ami-
no acid decarboxylases. The phylogenetic tree showed that
tryptophan decarboxylases (TDCs) formed a distinctly dis-
crete group, separate from tyrosine decarboxylases (Fig. 8).
TDCs from O. pumila and Ophiorrhiza prostrate joined to-
gether being originated from the same genus. On the other
hand, the two TDCs known from C. annum were positioned
relatively distant in the phylogenetic tree, CanTDC1 grouped
along with WcTDC while CanTDC2 placed in group
consisting PtrTDC (Populus trichocarpa), GmaTYDC
(Glycine max), and CsaTYDC (Cucumis sativus). Distant from
decarboxylases of dicotyledonous plant, decarboxylases of
monocots formed a distinct group but an unusual pattern
was observed for OsaTDC (Oryza sativa) that was found to
be kept between the tyrosine decarboxylases while HvuTDC
(Hordeum vulgare) showed closeness with AraTDC (Actae
racemosa) which belongs to Ranunculaceae family, a primi-
tive family of angiosperms. It indicated of a common ancestor
for the origin of TDC of both monocots and dicots.

Homology-based modeling and structural analysis

A 3-D model of Wc¢TDC protein was computed in SWISS-
MODEL workspace, the protein structure of L-DOPA decar-
boxylase isolated from S. scrofa (1js3A.pdb) was taken as
template to perform the homology modeling or template-
based modeling (Fig. 9a). Superimposition of WcTDC and

Fig. 5 Catalytic activity of 0.050 <
recombinant W¢TDC. a Effect of D Eooss| % 0.022
pH on the level of catalytic 'S % 0.040 F > g 0.020f
activity of recombinant e~ :E )

O~ o035 | 2 Dooisf
tryptophan decarboxylase from g @ w £
Withania coagulans (WcTDC); b I7) ‘TE 0.030 |- 2 % oot
Effect of temperatures on Q § oo | 7) §
WeTDC activity t % 0020 I E - 0.014 |

2 E o E ooz}

£ o015 | s
0.010 1 1 1 1 ) ; ~ 0.010 1 1 N f
55 60 65 70 75 80 85 9.0 20 30 40 so 60 0

pH

Temperature (°C)

@ Springer



188

J.S. Jadaun et al.

WcTDC Activity
V,(nmol sec1 mg'1 protein)

[S],Tryptophan (mM)

Fig. 6 Substrate saturation and double reciprocal curves of Withania
coagulans TDC (WcTDC) for substrate (L-tryptophan) and cofactor
(pyridoxal 5'-phosphate, PLP). Standard assay mixtures were a set
containing sequentially increasing substrate concentration. a Substrate

template model was viewed in UCSF-Chimera package
(Fig. 9b). A superimposed model showed that WcTDC had
a quite similar type of tertiary structure belonging to a con-
served aromatic amino acid decarboxylase. Group II of decar-
boxylase has tightly conserved regions showing evolutionary
conservancy throughout the living organisms. According to
the prediction of Consurf Server tool, WeTDC also maintains
a degree of conservation (Fig. 9¢c). The presence of a binding
pocket for pyridoxal 5’-phosphate in WcTDC was also viewed
by 3-D Ligand site viewer (Fig. 9d).

Discussion

The genus Withania comprises of a large number of species
with varying distributions throughout the world. In India,
W. coagulans is second ranked, next to W. somnifera
(Ashwagandha), among the species of Withania commonly
used for medicinal purposes. Despite that, the plant is not been
far less explored as compared to W. somnifera (Mishra et al.
2013). After the discovery of serotonin-based bioactive sec-
ondary metabolite (withanamides) in the genus
(Jayaprakasham et al. 2010), it is desirable to characterize their
biosynthesis pathway. On the basis of documented structure of
withanamides, serotonin is supposed to be a core component
in the biogeneration of these indolyl molecules. In animals,
serotonin is a neurotransmitter and its biosynthesis has been
studied extensively while in plants, there is very scanty infor-
mation available about its synthesis and role (Akula et al.

Table 2 K, values of W. coagulans tryptophan decarboxylase for
substrate (L-tryptophan) and cofactor (pyridoxal 5'-phosphate)

Km Kcat (Sil) Kcat/Km (Ml Sil)
Tryptophan 149 mM  0.0166x 10> 1.119x 10°
Pyridoxal-5-phosphate  5.77 uM  0.01460 x 10> 2.531 x 10°
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WcTDC Activity

V,(nmol sec™! mg"I protein)

[S], Pyridoxal 5'-phosphate (uM)

saturation curve and double reciprocal plot of WsTDC for L-tryptophan.
b Substrate saturation curve and double reciprocal plot of WcTDC for
pyridoxal 5'-phosphate (PLP)

2011). Though, relatively far little known, available evidences
indicate the key role of TDC in tryptamine production through
pyridoxal-5"-phosphate-dependent decarboxylation of trypto-
phan for its diversified role including follow-up conversion to
serotonin (5-hydroxy tryptamine) by an appropriate hydroxy-
lase (Kang et al. 2007). Though, the mechanism of
withanamide biosynthesis has not at all been examined as
yet. Here, we report, for the first time, a putative pathway
for withanamide biosynthesis in Withania species (Fig. 1)
whereby the sequence of reactions involving TDC and a trypt-
amine hydroxylase generates hydroxyl-tryptamine that may
be glycosylated as well as N-acylated to generate diverse
members of this group of compounds (Fig. 1). Accordingly,
identification and detailed characterization of relevant genes
and enzymes of this model of metabolic pathway become
important to discern the biosynthetic process and its regula-
tion. To make a beginning of investigations in this direction,
the results of this investigation with respect to molecular char-
acteristics of the 7DC gene from W. coagulans (WeTDC),
catalytic attributes of the recombinant enzyme (WcTDC)
and kinetics of the catalytic reaction have been discussed as
comparative account with TDCs from other plants as well as
in the kinetics of flux of tryptophan metabolism toward pro-
duction of tryptamine and potential tryptamine-linked down-
stream indolyl metabolites.

The observed overall high level of amino acid sequence
similarity of WcTDC with other pyridoxal 5'-phosphate
(PLP)-dependent aromatic amino acid decarboxylases
(AADC) owes to the mechanistic essentiality of decarboxyl-
ation through the involvement of PLP at the cofactor binding
site. Although, Sandmeier et al. (1994) further grouped the
PLP-dependent enzymes in four different classes, (i) group I
represented by glycine decarboxylase; (ii) group II comprised
of L-glutamate decarboxylase (GAD), L-histidine decarboxyl-
ase (HDC), L-3, 4-dihydroxyphenylalanine decarboxylase
(DDC), L-tyrosine decarboxylase (TYDC), and L-tryptophan
decarboxylase (TDC); (iii) group III membered by ornithine
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Fig. 7 Thermostability and substrate-specificity of the recombinant
tryptophan decarboxylase from W. coagulans (WcTDC). a Pattern of
thermostability—the enzyme preparation (WcTDC) was assessed for

decarboxylases (ODCs), lysine decarboxylases (LDCs) and
arginine decarboxylase (ADC) of prokaryotic origin; and
(iv) group IV not only constituted by ODC and LDC of eu-
karyotic origin but also included the ADC and
diaminopimelate decarboxylase (DPDC) of prokaryotic ori-
gin. This similarity of amino acid decarboxylases may be
more meaningful in terms of their evolution and phylogeny
than the catalytic functionality, as, despite clustering together,
catalytic specificity with respect to ability to decarboxylate
amino acid(s) is stringent despite using the same cofactor.
Thus, amino acid binding site similarity is severely limited,
for example, even TDC and TYDC catalyzing

Fig. 8 Phylogenetic relationship
of W. coagulans TDC (WceTDC)
with other plant tryptophan
decarboxylases (7DCs) and
tyrosine decarboxylases (7YDCs)
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catalytic levels remaining when used in the assays after incubation at
different temperatures for 30 min; b substrate specificity of WeT'DC with
respect to acceptable amino acids for decarboxylation

decarboxylation of two structurally quite close aromatic ami-
no acids (tryptophan and tyrosine) though belonged to the
same group (in terms of amino acid similarity quotient) but,
in terms of catalytic ability/properties, they are as much apart
from each other as from other amino acids. TDCs are unable
to decarboxylate tyrosine, and TYDCs are unable to decar-
boxylate tryptophan (Facchini et al. 2000). The existence of
a similarity in TDC gene from plants and animals reflects a
trace of parallel of pattern of evolution (Facchini et al. 2000).

Functionally, TDC-aided tryptamine production is not an
isolated catabolic reaction rather a commitment to a pathway
for production of different classes of indolyl compounds in

LoaLued

WiTYDC
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Fig. 9 Homology-based
molecular modeling of WeTDC
protein. a A 3-D model of
WcTDC, built on SWISS-
MODEL workspace taking
1js3A.pdb as a template; b
constructed structural model of
WcTDC (yellow) superimposed
on 1js3A.pdb (blue)—the
superimposition was performed
using UCSF-Chimera package; ¢
conserved residues in a 3-D
model of WcTDC as discerned
through ConSurf server; d

epiction of putative pyridoxal 5'-
phosphate (PLP) binding site in 3-
D structural model of WeTDC—
the prediction, as performed
through 3-D LigandSite server,
displays PLP molecule as green
highlight and amino acids that
participate in the binding/catalysis
in blue color

fEEEEREL-

Variable Average Conserved

different plants or even plant parts, for instance, serotonin in a
select set of plants across several genera/families, indole alka-
loids particularly in some genera (Catharanthus, Camptotheca,
Ophiorrhiza, and Rauwolfia) of Apocyanaceae, a sub-class of
glucosinolates in some species of Brassicaceae, and recently
reported withanamides in a genus of Solanaceae (De Luca
et al. 1989; Lopez-Meyse and Nessler 1997; Park et al. 2008;
Yamazaki et al. 2003; Liu et al. 2012).

The observed conservation of Lys319 in WeTDC with the
Lys319 positioned in the AADC PLP-binding signature motif
(312 SLsLsphKWLISyLDCccMWVK 333) led to the identi-
fication of co-factor (PLP) binding site in the enzyme.
Generally, pH optima values reported for plant TDCs that
are slightly basic in alignment with the cytosolic localization
of the enzyme suggest its optimal operation under in vivo
intracellular micro milieu. The observed relatively better tem-
perature stability and higher temperature optima for WcTDC
catalytic activity adapt to the usual xerophytic/arid habitat of
the herb. Although, TDC isolated from rice has also been to
have temperature optima of more than 40 °C (Kang et al.
2008). A lower K,,, value of WcTDC for PLP is an obvious
essentiality as it participates in a variety of reactions of prima-
ry metabolism that is operative at far higher rates than reac-
tions of secondary metabolism, as also it does not accumulate
intracellularly at substantial concentrations. The affinity of
TDC for PLP nearly competitive to that for counterparts from
primary metabolism ensures pace of the reaction to be non-
limited by PLP. Indeed, PLP-dependent enzymes contribute to
almost 4 % of enzymes participating in cellular processes

@ Springer

(Percudani and Peracchi 2003), and PLP serves as a versatile
organic cofactor due to its ability to covalently bind with di-
verse substrates and acts as an electrophilic agent providing
stability to carbanionic reaction intermediates (Schneider et al.
2000). Conversely, higher K, value for tryptophan may not
only reflect its regulatory role to some extent, though com-
pared to PLP, tryptophan intracellular steady state levels are
usually much higher. Anaplerotic point catalytic functionality
of TDC as an interlink step between primary and secondary
metabolism (Murch et al. 2000) necessitates balance of flux of
tryptophan across competing metabolic/uses in alignment
with their relative physiological functions/priorities.
Availability of tryptophan and the catalytic protein levels
may be the catalytic rate limiting attributes of TDC reaction
in regulating the synthesis of the biogenic amine (tryptamine).
TDCs characterized from some other plants have also been
shown to have higher K, for tryptophan than for PLP, for
example, K, values for OpuTDC (O. pumila TDC),
CroTDC (Catharanthus roseus TDC), and RvTDC
(Rauwolfia verticillata TDC) have been reported to be 0.72,
1.31, and 2.89 mM, respectively (Yamazaki et al. 2003; Liu
et al. 2012). Low catalytic efficiency, K ./K,,, of WcTDC
toward tryptophan (10*) implicated the previously acquired
data that enzymes of secondary metabolism have this value
lower than primary metabolism (>10°), but the K ,/K,, of
WcTDC for PLP is in range of 10°, nearly close to primary
metabolism (Sharma et al. 2013).

Aromatic amino acid decarboxylases, particularly trypto-
phan decarboxylase from plants, appear to be very peculiar for
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their stringency of substrate specificity in contrast to many
amino acid decarboxylases from animals (Facchini et al.
2000). The observed stringent substrate specificity of
WcTDC also reflected the same pattern. This specificity is
due to the shape of the binding pocket of the enzyme being
restrictive to recognize/bind only indole moiety.
Physiologically, it facilitates amino acid specific balance with
their respective amines for each amino acid. Further, for sec-
ondary metabolism, it allows generation of only the amines
serving as progenitors of specific alkaloids and/or other conge-
ner secondary metabolites. For example, indole alkaloids
through TDC catalysis generated tryptamine and
benzylisoquinoline (BIS or morphinan) alkaloids through
TYDC-catalyzed tyramine production from tyrosine. Indeed,
the observed 5-hydroxy tryptophan as the only other substrate
acceptable, albeit to a limited extent, for WcTDC supports the
binding site specificity. Incidentally, 5-hydroxy tryptophan is
toxic for plants and TDC can alleviate the toxicity to some
extent.

In terms of observed relatively better thermostability of
WcTDC, it joins other enzymes of secondary metabolism en-
zymes characterized from W. coagulans and reported to have
higher thermostability. For example, Kushwaha et al. (2013)
have reported that tropinone reductase I of the plant (WcTRI)
retained >92 % of the activity up to 50 °C. It reflects the adapt-
ability of the plant metabolism to operate even in hot and dry
conditions of cultivation/thriving of the plant. Although prima-
ry metabolic enzymes are considered more crucial for survival,
but enzymes of secondary metabolites also play very important
roles in adaptation to stress conditions (Yadav et al. 2014).
Genes of such enzymes may be new joiner targets for genetic
engineering of plants for survival in xerophytic conditions.

Differences at amino acid level in TDCs from plants cast
the changes in the gene accompanying speciation process. The
phylogenetic tree also includes the TYDC from plant species
as TDC and TYDC belong to the same group of amino acid
decarboxylases (group II) homology model of any plant TDC
is not yet submitted in PDB database; hence, by using the
AADC of animal origin as a template, a 3-D model of
WcTDC was constructed. The model showed resemblance
with DOPA decarboxylase (Burkhard et al. 2001) with well-
identified three domains. A central large domain and a domain
positioned each at C-terminal and N-terminal. A large domain
was comprised of seven beta sheets surrounded by eight oc-he-
lices. C-terminal end domain had four antiparallel beta sheets,
embedded within three alpha helices. The third (N-terminal)
domain contained two helices joined together by an
extended strand. The study presents Ligand Explorer
tool-aided identification of amino acid residues consti-
tuting a PLP binding site in the enzyme. In the 502
amino acid residue catalytic, these are Phe'®!, Thr!'®®,
The!'®”, Ser'®®, His?%, Thr2%, Thi®>®, Gly?®°, Thr2®2,
Asp287, Alazgg, Tyrzgo, Ser316, His318, and Lys319.

Conclusions

Tryptophan-originated indole metabolism in plants for sec-
ondary metabolite production is quite diverse across different
genera covering their specialized types of indolyl phy-
tochemicals. These include, among others, indole alka-
loid producer species in Apocyanaceae, indolyl gluco-
sinolates in some Brassicaceae species, serotonin in sev-
eral species across several families, and withanamides in
Solanaceae species like Withania. Tryptophan decarbox-
ylase catalyzed tryptamine production is specifically
connected to these biosynthetic needs in different plants
for different indolyl molecules calling for understanding
of catalytic and kinetic properties of TDCs from them.
This study gives an account of the 1.5-kb full-length
TDC gene of W. coagulans as well as catalytic and
biochemical features of the recombinant enzyme as well
as their comparison with other plant TDCs. A signifi-
cant sequence similarity of WcTDC with TDCs but not
TYDCs from other, conserved lysine residue (K*'?) in
PLP binding motif, higher K, for tryptophan than for
pyridoxal 5'-phosphate, substrate specificity limited to
tryptophan or its analog having indole structural frame,
and a 3-D homology model resembling other aromatic
amino acid decarboxylases are the major characteristics
of the recombinant enzyme. The study prospects signif-
icant metabolic and physiological significance of the
gene in generating tryptamine-linked secondary metabo-
lites like serotonin, withanamides, etc. Accordingly,
WceTDC would be a very promising gene for targeting
and understanding its role in the metabolism of indolyl
secondary metabolites and associated physiological roles
like defense (Li et al. 2015), disease resistance, etc.
This pertains to be the first report on cloning and char-
acterization of heterologously expressed recombinant en-
zyme from W. coagulans and forms a starting point for
further understanding of withanamide biosynthesis.
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