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ABSTRACT

Podophyllum species, the source of important secondary metabolite, podophyllotoxin, is over-exploited for
production of anti-cancer drugs endangering this genus globally. Lack of complete knowledge on podophyllotoxin
biosynthesis is a major drawback in its cultivation and identification for alternative plants. The current study on
secoisolariciresinol dehydrogenase, dirigent protein oxidase and pluviatolide synthase identifies their role in regulating
podophyllotoxin biosynthesis. The present computational analysis of podophyllotoxin proposes a correlating
interconnected network of pathways for podophyllotoxin biosynthesis besides identifying potential substitute species
for the biosynthesis of podophyllotoxin and accounting for possible reason for variation in podophyllotoxin yield

from different species of this genus.
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1. INTRODUCTION

Podophyllum belongs to the family of Berberidacea
of the order Ranunculales and is globally represented
largely by three species, the P. hexandrum, P. peltatum,
and P. sikkimensis. Its peculiar growth requirements
is of well-drained humus rich soil and temperature
of not more than 10-20 °C, persistent largely in the
temperate and sub-alpine regions, has restricted the
natural occurrence of this species globally. P. hexandrum
grows in the Himalayan region of the Indian subcontinent
and is known as The Himalayan or Indian mayapple'.
P.peltatum is found in North America and known as
American Mayapple?
Podophyllotoxin (PTOX) is the most significant and
medicinally important secondary metabolite isolated from
this species. It is obtained abundantly from the roots and
rhizome of Podophyllum species. It is enlisted under the
List of Essential Medicines released by the World Health
Organisation (WHO) in 2017? and is the most active naturally
occurring cytotoxic product used for the preparation of anti-
cancer drugs Etoposide, Teniposide and their derivatives. It is
also reported to have anti-viral activity and protective ability
against radioactivity damages'*”.

The precursor to podophyllotoxin biosynthesis is the
phenylpropanoid pathway®. The scattering of genes that
govern this extensive pathway are a major limitation
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in understanding it’. Coniferyl alcohol is converted to
pinoresinol which is further reduced to secoisolariciresinol
involving enzymes dirigent protein oxidase and coniferyl
alcohol dehydrogenase'™". Secoisolariciresinol is converted
to matairesinol by secoisolariciresinol dehydrogenase and
further on to podophyllotoxin by a series of multi-step
reactions's, a brief overview of which is given Fig. 1.
The biosynthesis of PTOX involves the production
other secondary metabolites as hinokinin and yatein which
are considered to be its precursors'” - This biochemical
pathway is found not only in Podophyllum but also
various other plant species?*?*. Not many natural sources
are available for obtaining PTOX, but of those present,
the rhizomes of Podophyllum species* form the major
source for the procurement of this important lignan.
Due to extensive demand coupled with the slow growth
rate of this important plant?*2°, this species is now
endangered, leading to the exploration of other approaches
for the chemical synthesis and in-vitro production of
this compound?’~*?. But these methods have been unable
to adequately supply to fulfil the demand of PTOX on
commercial level due to lack of complete conclusive
information on the biosynthetic pathway of this metabolite.
Figure 1 A schematic flowchart for showing the
biosynthesis of podophyllotoxin and the intermediate
pathways involved in the process. The texts in red are
our enzymes of interest governing the different steps in
the biosynthesis of podophyllotoxin. The present work
focuses on the utilisation of computational data for
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Figure 1. A schematic flowchart for the biosynthesis of
podophyllotoxin and the intermediate pathways
involved in the process of biosynthesis of
podophyllotoxin.

Table 1. Nucleotide and protein sequence ID numbers corresponding our enzymes

of interest obtained

the study of PTOX, by plant bioinformatics approach.
This report might be able give an insight and a better
understanding of the metabolite production at the molecular
level besides indicating some closely related species,
by phylogenetic analysis, which can be used for the
commercial production of podophyllotoxin.

2. METHODOLOGY

Since the purpose of this study was to investigate
the effect of some important enzymes known to regulate
other secondary metabolites, for their potential role in
regulating the podophyllotoxin biosynthesis pathway, the
selections of these enzymes were made as per extensive
literature survey.

2.1. Selection of Enzymes

NCBI was used to identify three major enzymes that
may have significant role in podophyllotoxin biosynthesis
pathway in Podophyllum peltatum and Podophyllum
hexandrum as mentioned below. The selection was
done in accordance with the roles of these enzymes in
governing the other secondary metabolite biosynthesis
pathways in these species3*34.
1. Secoisolariciresinol dehydrogenase
2. (thizome) Dirigent protein oxidase
3. Pluviatolide synthase
The nucleotide and protein ID for all the
three enzymes was obtained from NCBI for
future reference and given in Table 1.

3. TOOLS AND DATABASES

Nucleotide (GenBank ID) Protein ID BLAST f d f 1 th
was performed for a e
Enzyme Name . .
P.peltatum Phexandrum  P.peltatum P.hexandrum nucleotide (BLA_STH) and protein (BLASTp)
sequences against the three enzymes.
b ent .
(thizome) dirigent —\ baor736 1 KJS9SSTIL AAK3S666.1  AIA24213.1 The Blast results were studied further to
protein oxidase obtain distance tree results which were
Seccoisolariciresinol analysed for obtaining the most closely
d:ﬁ;zlriog:lifslzesmo KR779861.1 EF205022.1  ALD5I317.1  ABNI14311.1 related species of potential importance
Pluviatolide UniprotKB was simultaneously studied
to identify th lated path d
synthase KC110998.1 KC110997.1  AGC29954.1  AGC29953.1 d‘l t;ﬂee[é ‘mi tabzlirce ;;WOI;ES :Z:Z;;I; g
CYP719A2 (3)/(4 . . .
)4 with them were obtained from BioCyc
'PREDICTED: discase resistance response protein 206-like [Gossypium rai...
9 r@dingent protein oxidase [Sinopodophyllum hexandrum]
. @ o hizome dirigent protein [Podophyllum peltatum]

0.1 . o“-'dirigc:m protein [Dysosma tsayuensis]
| l & ]

@ pinoresinol synthase [Dysosma pleiantha]

Figure 2. Distance tree obtained for protein BLAST of protein AAK38666.1

98



SRIVASTAVA AND SOOD: COMPUTATIONAL ANALYSIS FOR REGULATION OF PODOPHYLLOTOXIN BIOSYNTHESIS PATHWAY

|0.l |

®secoisolariciresinol dehydrogenase-like [Hevea brasiliensis]

@ secoisolanciresinol reductase [Dysosma pletantha)
@2 secoisolanciresinol dehydrogenase [ Dysosma pleiantha]
“@secoisolariciresinol dehydrogenase [Sinopodophyllum hexandrum]
"Jsccoisolaricircsinol dehydrogenase [Phialocephala sp. SA-2014)
Q secoisolariciresinol dehydrogenase [Podophyllum peliaturn]
gsccoisolariciresinol dehydrogenase [synthetic construct]
2Rcc)€ame: Full=Secoisolaniciresinol dehydrogenase [Podophyllu...

Figure 3. Distance tree obtained for protein BLAST of ALD51317.1

0.02 |

CYP719A23 [Sinopodophyllum hexandrum]
§CY P719A [Sinopodophyllum hexandrum]
@ methylenedioxy bridge-forming enzyme [Dysosma vers..
CYP7I19A [Podophyllum peltatum]
9 CYP719A24 [Podophyllum peltatum)

SCYP719A24 [synthetic construct]

Figure 4. Distance tree obtained for protein BLAST of ID AGC29954.1

and MetaCyc databases. The metabolic networks were
also studied to compute and develop a comprehensive
network of interconnected pathways for the biosynthesis
of podophyllotoxin in Podophyllum species.

4. RESULTS

BLAST analysis for the individual enzymes was
documented as phylogenetic tree. Figures 2,3 and 4 give
the distance tree results for protein BLAST (BLASTn)
for these enzymes. BLAST analysis results for the three
enzymes provided the phylogenetic relationship between
P.hexandrum and P.peltatum.

5. DISCUSSION

The tree results revealed that Podophyllum hexandrum
and Podophyllum peltatum are not essentially similar in
their genomic sequences for the enzymes in question. This

dissimilarity may account for the difference in the yields of
PTOX with higher yields from P-hexandrum™®.The examination
of the metabolic pathways governed by these enzymes,
helped to identify various substrates in the biosynthesis
of PTOX. This information helped develop a prospective
metabolic network for PTOX biosynthesis involving the
metabolic pathways for the biosynthesis of important
secondary metabolites as hinokinin and yatein as shown in
Fig. 5337

This network gives an overview that the biosynthesis
of podophyllotoxin cannot be studied independently and
must be examined with respect to the substrates involved
in the biosynthesis of other secondary metabolites as
well. It is also in conjunction with a study conducted by
Kumar, et.al. who studied the pathway genes in PTOX
biosynthesis. He identified 5 genes namely secoisolariciresinol
dehydrogenase, p-coumarate-3-hydroxylase, cinnamyl
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Figure 5. The interlinking pathway for podophyllotoxin biosynthesis as developed after analysis of
the metabolic pathways governed by the three enzymes of interest.

alcohol dehydrogenase, cinnamoyl CoA reductase and
cinnamate 4-hydroxylase, to be in abundance in the roots
and rhizome of P.hexandrum, thereby confirming the role
of these genes in the biosynthesis of podophyllotoxin?®,
The distance tree results also helped us to identify the other
plant species that can potentially be used for the production of
podophyllotoxin. The Dysosma and Linum species were found
to be close relatives of Podophyllum in evolutionary context
and possessed nearly similar sequences for the enzymes
under investigation, Dysosma species was particularly closely
related. These species are currently being studied as substitute
for the production of podophyllotoxin and also for their role in
promoting the growth of Podophyllum species under in-vitro
conditions.
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6. CONCLUSION

The study helped to identify three important enzymes
for their indirect roles in biosynthesis of podophyllotoxin,
besides studying the phylogenetic relationship between
P.hexandrum and P.peltatum which gave an overview
for the possible reason for the difference in yields
of podophyllotoxin. It also helped identify closely
related alternative plant species for Podophyllum for
podophyllotoxin biosynthesis. The interconnected network
of pathway developed, gives a comprehensive overview
of the different substrates and the secondary metabolites
produced. It also helps to establish factors influencing
these individual pathways that may also regulate the
biosynthesis of podophyllotoxin. Further in-vitro studies
will help to confirm the results obtained.



REFERENCES

1.

10.

11.

12.

Hartwell, J.L. a-Peltatin. A New Compound isolated
from Podophyllum peltatum. J. Am. Chem. Soc.,
1947, 69(11), 2918.

doi: 10.1021/ja01203a515.

Moraes, R.M.; Burandt, C.; Ganzera, M.; Xingli, L.
I.; Khan, I. & Canel, C. The American may apple
revisited—Podophyllum peltatum—still a potential
cash crop? Econ. Bot., 2000, 54(4), 471-476.

doi: 10.1007/BF02866546.

World Health Organisation., WHO Model List of
Essential Medicines. 20th List, March 2017.

Giri, A. & Narasu, M.L. Production of podophyllotoxin
from Podophyllum hexandrum: a potential natural
product for clinically useful anticancer drugs.
Cytotechnology, 2000, 34(1), 17-26.

doi: 10.1023/A:1008138230896.

Goel, H.C.; Sinha, A.K. & Dogra, R.A Process for
Preparation of a Radioprotective Herbal Extract from
Tinospora sps., Indian Patent filed, Patent Office,
2001, New Delhi, India.

Goel, H.C.; Prakash, H.; Ali, A. & Bala, M. Podophyllum
hexandrum modulates gamma radiation-induced
immunosuppression in Balb/c mice: implications in
radioprotection. Mol. Cell. Biochem., 2007, 295(1),
93-103.

doi: 10.1007/s11010-006-9277-5.

Sudo, K.; Konno, K.; Shigeta, S. & Yokota, T.
Inhibitory effects of podophyllotoxin derivatives on
herpes simplex virus replication. Antiviral Chem.
Chemother., 1998, 9(3), 263-267.

doi: 10.1177/095632029800900307.

Nag, A.; Choudhary, S.; Masand, M.; Parmar, R.;
Bhandawat, A.; Seth, R. & Sharma, R.K. Spatial
transcriptional dynamics of geographically separated
genotypes revealed key regulators of podophyllotoxin
biosynthesis in Podophyllum hexandrum. /nd. Crops
and Prod., 2020, 147, 112247.

doi: 10.1016/j.indcrop.2020.112247.

Arneaud, S.L. & Porter, J.R. Investigation and
expression of the secoisolariciresinol dehydrogenase
gene involved in podophyllotoxin biosynthesis. Mol.
Biotechnol. 2015, 57(11), 961-973.

doi: 10.1007/s12033-015-9888-8.

Davin, L.B.; Wang, H.B.; Crowell, A.L; Bedgar,
D.L.; Martin, D.M.; Sarkanen, S. & Lewis, N.G:
Stereoselective bimolecular phenoxy radical coupling
by an auxiliary (dirigent) protein without an active
center. Sci., 1997, 275(5298), 362-367.

doi: 10.1126/science.275.5298.362.

Gang, D.R.; Costa, M.A.; Fujita, M.; Dinkova-
Kostova, A.T.; Wang, H.B.; Burlat, V. & Lewis,
N.G. Regiochemical control of monolignol radical
coupling: A new paradigm for lignin and lignan
biosynthesis. Chem. & Biol. 1999, 6(3), 143-151.
doi: 10.1016/S1074-5521(99)89006-1.

Xia, Z.Q.; Costa, M.A.; Proctor, J.; Davin, L.B.
& Lewis, N.G. Dirigent-mediated podophyllotoxin

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

SRIVASTAVA AND SOOD: COMPUTATIONAL ANALYSIS FOR REGULATION OF PODOPHYLLOTOXIN BIOSYNTHESIS PATHWAY

biosynthesis in Linum flavum and Podophyllum
peltatum. Phytochem. 2000, 55(6), 537-549.

doi: 10.1016/S0031-9422(00)00242-9.

Halls, S.C. & Lewis, N.G. Secondary and quaternary
structures of the (+)-pinoresinol-forming dirigent
protein. Biochem. 2002, 41(30), 9455-9461.

doi: 10.1016/S0031-9422(00)00242-9.

Davin, L.B. & Lewis, N.G. An historical perspective
on lignan biosynthesis: Monolignol, allylphenol and
hydroxycinnamic acid coupling and downstream
metabolism. Phytochem. Rev. 2003, 2(3), 257-288.
doi: 10.1023/B:PHYT.0000046175.83729.b5.
Halls, S.C.; Davin, L.B.; Kramer, D.M. & Lewis,
N.G. Kinetic study of coniferyl alcohol radical
binding to the (+)-pinoresinol forming dirigent
protein. Biochem. 2004, 43(9), 2587-2595.

doi: 10.1021/bi10359590.

Xia, Z.Q.; Costa, M.A.; Pélissier, H.C.; Davin, L.B.
& Lewis, N.G. Secoisolariciresinol dehydrogenase
purification, cloning, and functional expression:
Implications for human health protection. J Biol.
Chem. 2001, 276(16), 12614-12623.

doi: 10.1074/jbc.M008622200.

Caspi, R.; Billington, R.; Fulcher, C.A.; Keseler,
[.M.; Kothari, A.; Krummenacker, M. & Karp, P.D.
The MetaCyc database of metabolic pathways and
enzymes. Nucleic acids res. 2018, 46(D1), D633-D639.
doi: 10.1093/nar/gkx935.

MetaCyc hinokinin biosynthesis. (2015, February
6). MetaCyc. https://metacyc.org/META/NEW-IMA
GE?type=PATHWAY &object=PWY-7630

MetaCyc 6-methoxypodophyllotoxin biosynthesis.
(2007, February 16). MetaCyc. https://metacyc.org/
META/NEW-IMAGE?type=PATHWAY &object=P
WY-5479

Gordaliza, M.; Garcia, P.A.; Del Corral, J.M.; Castro,
M.A. & Goémez-Zurita, M.A. Podophyllotoxin:
Distribution, sources, applications and new cytotoxic
derivatives. Toxicon, 2004, 44(4), 441-459.

doi: 10.1016/j.toxicon.2004.05.008.

Biswas, D.; Biswas, P.; Nandy, S.; Mukherjee, A.;
Pandey, D.K. & Dey, A. Endophytes producing
podophyllotoxin from Podophyllum sp. and other plants:
A review on isolation, extraction and bottlenecks.
South African Journal Botany, 2020, 134, 303-313.
doi: 10.1016/j.s2jb.2020.02.038.

Mikac, S.; Markulin, L.; Drouet, S.; Corbin,
C.; Tungmunnithum, D.; Kiani, R., & Laine, E.
Bioproduction of Anticancer Podophyllotoxin and
Related Aryltretralin-Lignans in Hairy Root Cultures
of Linum Flavum L. In Plant Cell and Tissue
Differentiation and Secondary Metabolitese. Edited
by Ramawat K., Ekiert H. & Goyal S. Reference
Series in Phytochem., Springer, Cham, 2019, 503-
540.

doi: 10.1007/978-3-030-30185-9 20.

Palaniyandi, K. & Jun, W. Low temperature enhanced the
podophyllotoxin accumulation vis-a-vis its biosynthetic

101



24.

25.

26.

27.

28.

29.

30.

31.

32.

102

DEF. LIFE SCI. J., VOL. 7, NO. 2, APRIL 2022

pathway gene (s) expression in Dysosma versipellis
(Hance) M. Cheng—A pharmaceutically important
medicinal plant. Process Biochem., 2020, 95, 197-
203.

doi: 10.1016/j.procbio.2020.02.009.

Moraes, R.M.; Bedir, E.; Barrett, H.; Burandt Jr, C.;
Canel, C.& Khan, [.A. Evaluation of Podophyllum
peltatum accessions for podophyllotoxin production.
Planta Medica, 2002, 68(04), 341-344.

doi: 10.1055/s-2002-26740.

Banerjee, A.; Devi, M.; Nag, A.; Sharma, R.K.
& Kumar, A. Modelling probable distribution of
Podophyllum hexandrum in North-Western Himalaya.
Ind For., 2017, 143(12), 1255-1259.

Rust, R.W. & Roth, R.R. Seed production and
seedling establishment in the mayapple, Podophyllum
peltatum L. Am. Midl. Nat., 1981, 51-60.

doi: 10.2307/2425009.

Xu, H.; Lv, M., & Tian, X. A review on hemisynthesis,
biosynthesis, biological activities, mode of action, and
structure-activity relationship of podophyllotoxins:
2003-2007. Curr. Med. Chem. 2009, 16(3), 327-349.
doi: 10.2174/092986709787002682.

Babushkina, E.A.; Belokopytova, L.V.; Gracheyv,
A.M.; Meko, D.M. & Vaganov, E.A. Variation of
the hydrological regime of Bele-Shira closed basin
in Southern Siberia and its reflection in the radial
growth of Larix sibirica. Regional Environ. Change,
2017, 17(6), 1725-1737.

doi: 10.1007/s10113-017-1137-1.

Mingoia, F.; Vitale, M.; Madec, D.; Prestat, G. &
Poli, G. Pseudo-domino palladium-catalyzed allylic
alkylation/Mizoroki—Heck coupling reaction: A key
sequence toward -podophyllotoxin. Tetrahedron Lett.,
2008, 49(5), 760-763.

doi: 10.1016/j.tetlet.2007.11.202.

Wu, Y.; Zhang, H.; Zhao, Y.; Zhao, J.; Chen, J. &
Li, L. A new and efficient strategy for the synthesis
of podophyllotoxin and its analogues. Org. Lett.,
2007, 9(7), 1199-1202.

doi: 10.1021/010630954.

Srivastava, U & Sood, H. Propagation of Podophyllum
hexandrum Royale to Enhance Production of
Podophyllotoxin. Endangered Plants, edited by
Sanjeet Kumar. Ambika Prasad Research Foundation,
IntechOpen, London, England, UK, 2020.

doi: 10.5772/intechopen.93704.

Lata, H.; Moraes, R.M.; Bertoni, B. & Percira, A.M.
In vitro germplasm conservation of Podophyllum
peltatum L under slow growth conditions. In Vitro

Cellular & Developmental Biology-Plant, 2010,
46(1), 22-27.
doi: 10.1007/s11627-009-9243-5.

33. Wankhede, D.P.; Biswas, D.K.; Rajkumar, S. & Sinha,
A.K. Expressed sequence tags and molecular cloning
and characterisation of gene encoding pinoresinol/
lariciresinol reductase from Podophyllum hexandrum.
Protoplasma, 2013, 250(6), 1239-1249.
doi: 10.1007/s00709-013-0505-z.

34. Marques, J.V.; Kim, K.W.; Lee, C.; Costa, M.A.; May,
G.D.; Crow, J.A. & Lewis, N.G. Next generation
sequencing in predicting gene function in podophyllotoxin
biosynthesis. J. Biol. Chem., 2013, 288(1), 466-479.
doi: 10.1074/jbc.M112.400689.

35. Jackson, D.E. & Dewick, P.M. Aryltetralin lignans
from Podophyllum hexandrum and Podophyllum
peltatum. Phytochem., 1984, 23(5), 1147-1152.
doi: 10.1016/S0031-9422(00)82628-X.

36. Seidel, V.; Windhovel, J.; Eaton, G.; Alfermann,
W.A.; Arroo, R.R.; Medarde, M. & Woolley, J.G.
Biosynthesis of podophyllotoxin in Linum album
cell cultures. Planta, 2002, 215(6), 1031-1039.
doi: 10.1007/s00425-002-0834-1.

37. Canel, C.; Moraes, R.M.; Dayan, F.E. & Ferreira, D.
Podophyllotoxin. Phytochem., 2000, 54(2), 115-120.
doi: 10.1016/S0031-9422(00)00094-7.

38. Kumar, P.; Pal, T.; Sharma, N.; Kumar, V.; Sood, H.
& Chauhan, R.S. Expression analysis of biosynthetic
pathway genes vis-a-vis podophyllotoxin content in
Podophyllum hexandrum Royle. Protoplasma, 2015,
252(5), 1253-1262.
doi: 10.1007/s00709-015-0757-x.

CONTRIBUTOR

Ms Utkarsha Srivastava has obtained her post-graduate degree
from Jaypee University of Information Technology, Waknaghat,
Himachal Pradesh, India. Her areas of interest include: Plant
biotechnology, plant bioinformatics and microbiology.

The current research work has been performed solely by her under the
guidance of her supervisor, Dr. Hemant Sood.

Dr Hemant Sood is focused on various aspects of plant tissue
culture, be it development of micropropagation technologies
for different plant species, selection of genetically superior cell
lines for various traits, optimisation of tissue culture protocols
for use in genetic transformation, development of cell culture
technologies for production of phytopharmaceuticals in high
value medicinal plants.

She gave her guidance and input in analysing the results of
the current work. The current study has been performed under
her guidance and support.



