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Abstract

Podophyllotoxin derivatives are in high demand for cancer chemotherapy. The natural 
source producing the highest podophyllotoxin levels, Podophyllum hexandrum, is endan-
gered; therefore, other resources have to be exploited. In this chapter, we searched 
for the P. hexandrum cytochrome P450 and endogenous redox partner, NADPH P450 
reductase, responsible for the conversion of deoxypodophyllotoxin into podophyllo-
toxin. In total, six cytochrome P450 candidates and one NADPH P450 reductase were 
found by transcriptome analysis of P. hexandrum datasets using motifs of conserved 
cytochrome P450 and NADPH P450 reductase domains. P. hexandrum CYP82D61 and 
NADPH P450 reductase were functionally expressed in Escherichia coli and this combi-
nation resulted in conversion of deoxypodophyllotoxin into epipodophyllotoxin.

Keywords

etoposide, podophyllotoxin, epipodophyllotoxin, deoxypodophyllotoxin, 
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Introduction

The high demand for the anticancer drug etoposide and its precursor podophyllotoxin 
has led to the shortage of etoposide1,2. Podophyllotoxin is extracted from Podophyllum 
hexandrum roots, which produces the highest podophyllotoxin levels reported. Due to 
the high demand, this plant is listed in CITES as an endangered species3,4; therefore, 
alternatives routes toward podophyllotoxin are being explored. Podophyllotoxin is 
produced in P. hexandrum via the lignan pathway5. In short, matairesinol is converted into 
deoxypodophyllotoxin by five consecutive enzymatic steps; before further conversion into 
podophyllotoxin by a hitherto unidentified enzyme. Deoxypodophyllotoxin can be obtained 
from the roots of the easily cultivated Anthriscus sylvestris6 or from recombinant tobacco 
leaves7. Subsequently, deoxypodophyllotoxin can be converted to epipodophyllotoxin, 
the C-7 epimer of podophyllotoxin (Fig. 1). Either by recombinantly expressed membrane-
bound cytochrome P450 enzyme (P450) from the human liver, CYP3A4, in Escherichia coli8 
or the P. hexandrum CYP82D61 in tobacco leaves9. 

FIGURE 1. Chemical structures of deoxypodophyllotoxin, podophyllotoxin, epipodophyllotoxin and 

etoposide.

P450s catalyze a large number of reactions of which hydroxylation is the most common; 
therefore, P450s are classified as monooxygenases. Plant P450s form a highly divergent 
gene superfamily with high structural conservations, but relatively low sequence con-
servation; except for some highly conserved domains for oxygen binding and activation; 
the catalytic triade; and heme binding10. For catalytic activity the P450 requires a redox 
partner, the membrane-bound NADPH-cytochrome P450 reductase (CPR). The CPR 
shuttles electrons from NADPH (nicotine amide dinucleotide phosphate) to the heme 
group of the P450 through the highly conserved flavin adenine dinucleotide (FAD) and 
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flavin mononucleotide (FMN) binding domains11; other highly conserved domains are the 
NADPH-, P450-, and cytochrome c-binding domains12. P450 and CPR are often expressed 
as fusion protein in E. coli to ensure they both localize closely together; however, this is 
not always necessary for activity13. 

A dedicated P450 enzyme that converts deoxypodophyllotoxin into podophyllotoxin 
and its endogenous redox partner could possibly be found by a systematic analysis of 
P. hexandrum transcriptome datasets. Vascular plants, like P. hexandrum, contain one 
to three CPR paralogs depending on the species11. To our knowledge a P. hexandrum 
CPR has not been annotated to date. The limited number of possible candidates and 
the high sequence conservation eases the search. On the contrary, approximately 1 % 
of the protein-encoding genes in plants are P450s14; therefore, narrowing the search is 
essential. Most plant P450s are anchored in the ER membrane and face the cytosolic 
side15; therefore, the predicted presence of a transmembrane domain can be used to 
select full-length candidates in combination with the presence of conserved domains. 
Transcripts of the genes involved in the podophyllotoxin biosynthesis pathway are known 
to be upregulated under stress conditions. Interestingly, podophyllotoxin production was 
increase and fifteen P.  hexandrum P450 transcripts were upregulated16; therefore, further 
exploration of these transcripts might reveal the P450 responsible for the conversion of 
deoxypodophyllotoxin into podophyllotoxin.

In this chapter, we report the search for full-length candidate P. hexandrum P450s for 
the conversion of deoxypodophyllotoxin to podophyllotoxin as well as its endogenous 
redox partner. To this end, we mined the P. hexandrum transcriptome database yielding 
six P450s and one CPR.

Material and Methods

Materials

Cloning
All synthetic genes were obtained from ThermoFisher Scientific (GeneArt Strings DNA 
Fragments/De novo gene synthesis, Landsmeer, the Netherlands). The pGEM T-easy 
Vector System was obtained from Promega Benelux (Leiden, the Netherlands). Primers 
were ordered from Eurofins (Ebersberg, Germany). The cells used were E. coli Dh5α (Gibco 
BRL, Gaithersburg, USA). Chemical used were: dNTP (separate tubes), restriction enzymes 
and buffers used in cloning from ThermoFisher Scientific (Landsmeer, the Netherlands); 
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kinase, ligase and ligation buffer from Promega Benelux (Leiden, the Netherlands); Taq 
polymerase and buffers, Q5 hot start high-fidelity DNA polymerase and buffers from 
Bioké (Leiden, the Netherlands).

Bioconversion
The cells used were E. coli Dh5α (Gibco BRL, Gaithersburg, USA). Tryptone, yeast 
extract, sodium chloride (> 99 %), ampicillin, peptone, glycerol (> 98 %), IPTG (> 98.5 %), 
δ-aminolevulinic acid hydrochloride (≥ 97 % (v/v)) and thiamine hydrochloride (≥ 99 %), 
glucose (> 99.5 %) were purchased from Duchefa (Haarlem, the Netherlands). Iron(III)
chloride hexahydrate (≥ 99 %), di-potassium hydrogen phosphate trihydrate (≥ 99.0 %) 
and potassium dihydrogen phosphate (≥ 99.5 %) were purchased from Merck (Darmstadt, 
Germany). Other chemicals used were DMSO (≥ 99.9 %, Sigma-Aldrich, St. Louis, USA) and 
HCl (37 %, VWR, Fontenay-Sous-Boris, France). Deoxypodophyllotoxin was purified at the 
department of Chemical and Pharmaceutical Biology (≥ 98 %, University of Groningen, 
the Netherlands).

Western blot
Sample buffer (4x), MOPS buffer, PageRuler Plus Prestained Protein Ladder, and NuPage 
4-12 % Bis-Tris Protein gels were purchased from ThermoFisher Scientific (Landsmeer, 
the Netherlands). Glycine (≥ 99 %) and Tween 20 were purchased from Sigma-Aldrich 
(St. Louis, USA). Other chemicals used are Immobilon-P PVDF membrane (pore size 
0.45 µm, Merck, Darmstadt, Germany), Tris base (ultrapure, > 98.5 %, Duchefa, Haarlem, 
the Netherlands), methanol (technical grade, Boom, Meppel, the Netherlands), and blocking 
buffer for fluorescent western blotting (Rockland, Limerick, USA).

LC-ESI-MS/MS
Chemicals used were acetonitrile (≥ 99.8 % (v/v), VWR, Fontenay-Sous-Boris, France), 
ammonium formate (≥ 97 % Sigma-Aldrich, St. Louis, USA) and formic acid (≥ 98 %, 
Merck, Darmstadt, Germany). The reference compounds deoxypodophyllotoxin, epi-
podophyllotoxin (98 %, Toronto Research Chemicals, Toronto, Canada) and podophyllotoxin 
(≥ 98 %, Sigma-Aldrich, St. Louis, USA) were obtained for reference purpose. 

NADPH-P450 reductase assay
Di-potassium hydrogen phosphate trihydrate (≥ 99.0 %) and potassium dihydrogen 
phosphate (≥ 99.5 %) were purchased from Merck (Darmstadt, Germany). Cytochrome C 
from equine heart (≥ 95 %, C2506), potassium cyanide (≥ 98 % (v/v)) and NADPH (≥ 97 %) 
were purchased from Sigma-Aldrich (St. Louis, USA). Protease inhibitor cocktail (EDTA 
free) was obtained from Roche Diagnostics (Mannheim, Germany).
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Transcriptomic data analysis 

Search for cytochrome P450 candidates in Podophyllum hexandrum database
To identify candidate P450s involved in podophyllotoxin biosynthesis, fifteen cytochrome 
transcripts upregulated under stress conditions and related to increased podophyllotoxin 
production were downloaded from the Studio of Computational Biology and Bioinformatics16 
and BlastN analysis against the Medicinal Plants consortium P. hexandrum contig dataset 
was performed17. The contigs of the P450 hits were downloaded and open reading 
frames were searched for by ORFfinder and subsequently the coding region of the 
P450 candidates were downloaded (NCBI ORFfinder tool at https://www.ncbi.nlm.nih.
gov/orffinder/). 
To select full-length P450 candidates, we used the MEME motif discovery tool18 to identify 
three motifs required for oxidation reactions (heme-binding, KETLR consensus of the 
catalytic triade (E-R-R) and oxygen-binding) in 18 cytochromes from various plant species19. 
Default settings were used and the motif length was restricted to 20 amino acids. The MAST 
scanning tool18 was used to identify these motifs in the P450 candidates. Predictions for 
presence of transmembrane domains (TMHMM tool20), localization to the ER (Plant-mPLoc 
tool21) and theoretical molecular weight were performed for the P450 candidates (pI/Mw 
tool22). The remaining P450 candidates were compared by multiple sequence alignment 
using the Clustal Omega server (default parameters)23. 

Search for NADPH P450 reductase in Podophyllum hexandrum database
To identify candidate CPRs in P. hexandrum, the MEME tool18 was used to identify five 
motifs required for CPR activity (FMN-, cytochrome C-, FAD- and NADPH binding domains) 
in 54 plant CPRs of 35 different plant species (default settings)11,12. The MAST tool (default 
settings)18 was used to identify one or more CPR candidates containing these motifs in 
the P. hexandrum predicted product dataset of the Medicinal Plants consortium17. 
The corresponding contigs were obtained from the P. hexandrum contig database and 
open reading frame searches were performed to search for the CPRs containing the 
5 motifs (ORFfinder) and subsequently the coding regions were downloaded (NCBI). 
Predictions for presence of transmembrane domains (TMHMM tool20), localization to 
the ER (Plant-mPLoc tool21) and theoretical molecular weight were performed for the 
candidate CPRs (pI/Mw tool22). The CPRs were compared to other plant CPRs by multiple 
sequence alignment using the Clustal Omega server (default settings)23.
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Cloning

Plasmid
The six P. hexandrum P450 genes were cloned together with a CPR gene into a bicistronic 
pCW vector. The used vector allowed for independent expression of the P450 and CPR 
gene under control of a Tac-promoter. A plasmid without P450 and CPR was used for 
control experiments and is referred to as a control plasmid. As starting material for cloning, 
a pCW vector containing the human CYP3A4 and human CPR was used as previously 
described by our laboratory8.

Genes
The six P. hexandrum P450 genes and the CPR were ordered as DNA strings. For the 
P450s, we replaced the first six amino acids of the P450s by the amino acids MALLLAVF 
to facilitate expression24; inserted restriction sites NdeI and XbaI respectively at the N- and 
C-terminus (including noncoding overhangs) and a SalI restriction site before the stop 
codon to facilitate cloning (Fig. 2A). The nucleotide sequence of the bicistronic vector 
between the stop codon and XbaI was kept unaltered. 
For the P. hexandrum CPR, we inserted the restriction sites XbaI and HindIII at the N- and 
C-terminus respectively to facilitate cloning (including noncoding overhangs, Fig. 2B). The 
nucleotide sequence of the bicistronic vector between the XbaI restriction site and the 
start codon was kept unaltered in order to maintain the ribosomal binding site and the 
promotor region. 
The P450s and CPR genes were codon pair-optimized for E. coli. Only, the synthesis of 
CYP89A167 failed.

Constructs
Constructs used in this study are listed in Table 1 and Suppl. Table 1; the construct 
number is indicated between brackets in this section. The graphical representation of 
the various constructs are shown in Fig. 2 (C-E). The sequences of all the constructs were 
confirmed by sequencing (Macrogen, Europe). The synthesized P. hexandrum P450s 
and CPR genes (Fig. 2 A-B) were cloned into pGEM-T Easy Vector System according to 
Promega’s protocol for blunt-ended PCR products. Subsequently, the constructs were 
transformed into Dh5α cells (1-6). 

Bicistronic construct
The CYP82D61 gene was cloned into the bicistronic pCW vector containing the human 
CYP3A4 and human CPR genes (7) using NdeI and XbaI restriction sites; thereby, removing 
the CYP3A4 gene (8, Fig. 2C). To facilitate detection of protein expression, a polyhistidine-tag 
was attached to the C-terminus of CYP3A4 and CYP82D61 by Q5 site-directed mutagenesis 
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following the protocol of New England Biolabs (9-10, Fig. 2D). Mutagenic primers were 
designed using the NEBaseChanger (www.nebasechanger.neb.com, Suppl. Table 2). 
The P. hexandrum CPR was cloned (from 6) into the bicistronic pCW vector containing 
the P. hexandrum CYP82D61 and human CPR (10) using XbaI and HindIII restriction sites; 
thereby, removing the human CPR gene (11). 

Fusion construct
For the P. hexandrum P450 fusion to CPR, we removed 50 amino acids of the N-terminus  
of the CPR to reduce membrane association without compromising catalytic activities25. 
The construct was obtained by amplification of a truncated part of the P. hexandrum CPR 
from the pGEM CPR construct (6). Mutagenic primers were designed with NEBaseChanger 
(Suppl. Table 2), which included a SalI restriction site and the artificial linker (STSSGS) at the 
N-terminal of the CPR and a polyhistidine-tag at the C-terminal of the CPR. The truncation 
was performed by PCR amplification using the Q5 hotstart polymerase protocol of New 
England Biolabs. The PCR product was digested with SalI and HindIII and the resulting 
product was ligated into the SalI and HindIII cut pCW CYP82D61His and human CPR (10); 
thereby removing the stop codon of CYP82D61 (12, Fig. 2E). 

Nr. Construct Genes Abbreviation Reference

1 pGEM CYP81D61 CYP82D61 None This study

2 pGEM CYP81B56 CYP81B56 None This study

3 pGEM CYP81B57 CYP81B57 None This study

4 pGEM CYP82D174 CYP82D174 None This study

5 pGEM CYP709F5 CYP709F5 None This study

6 pGEM PhCPR P. hexandrum CPR None This study

7 pCW CYP3A4 + hCPR CYP3A4, human CPR None 8

8 pCW CYP82D61 + hCPR P. hexandrum CYP82D61, human CPR None This study

9 pCW CYP3A4His + hCPR Human CYP3A4, human CPR + This study

10 pCW CYP82D61His + hCPR P. hexandrum CYP82D61, human CPR None This study

11 pCW CYP82D61His + PhCPR P. hexandrum CYP82D61 and CPR Ph This study

12 pCW CYP82D61-tPhCPRHis P. hexandrum CYP82D61 and CPR  
(fusion protein)

tPh This study

13 pCW ori (control plasmid) None - 8

TABLE 1. Constructs used in this study.

His = polyhistidine tag attached to the C-terminus of the P450 or P450 fusion to CPR 
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Expression in E. coli 
Expression in E. coli DH5α containing the expression constructs has been performed as 
described previously8, with some modifications. Briefly, the cells were grown overnight 
(37 °C, 250 rpm) in Luria-Bertani broth medium (ampicillin 100 µg/mL). The cultures were 
diluted to an OD600 of 0.1 in 100 mL Terrific broth medium (according to Cold Spring 
Harbor Protocols) in 500 mL Erlenmeyer flasks supplemented with 100 µg/mL of ampicillin. 
The cultures were incubated at 30 °C and 200 rpm until an OD600 of 0.3 was reached. 
Gene expression was under control of a Tac-promoter and was induced by addition of 
1 mM IPTG, 0.5 mM δ-aminolevulinic acid, 1 mM thiamine and 25 μM FeCl3 followed by 
incubation for 24 h. Cells were harvested by centrifugation (2900 g, 10 min, 4 °C) and 
washed in 0.1 M potassium phosphate buffer (pH 7.4). 

FIGURE 2. Graphical representation of DNA strings and constructs.

A) DNA string P450 candidates as ordered; B) DNA string CPR candidate as ordered, the CPR part that will be 
truncated in the protein fusion is represented by the left part of the cpr gene (50 amino acids); C) construct 
part on the bicistronic pCW vector containing P450 and CPR genes (constructs 7-8); D) construct part on the 
bicistronic pCW vector containing P450 gene with C-terminal polyhistidine tag (brown box) and CPR gene 
(constructs 9-11); E) construct part on the pCW vector containing the genes encoding for the fusion protein of 
P450 with truncated CPR with C-terminal polyhistidine tag (brown box, constructs 12). Artificial linker is shown 
by a grey box. Abbreviations used: p450, cytochrome P450; cpr, NADPH cytochrome reductase
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Western blot
The P450s or fusion protein of P450 with CPR were detected by their poly-histidine 
tag at the C-terminus. Cells were resuspended in 0.1 M potassium phosphate buffer 
(pH 7.4) supplemented with protease inhibitor cocktail to a final OD600 of 3.5. Cells (600 µL) 
were lysed by sonication for 30 seconds (Brandson Sonifier 450, duty cycle 20 % and 
output 1, Danbury, Connecticut). Supernatant and pellet fractions were separated by 
centrifugation. The pellet fraction was resuspended in 600 µL buffer. Sample buffer was 
added to supernatant and pellet samples and the samples were boiled for 5 minutes. 
The proteins were separated on a 4-12 % NuPage Bis-Tris gel (MOPS buffer, 150 V) and 
transferred to a PVDF membrane (transfer buffer: 25 mM Tris base, 150 mM glycine, 
20 % methanol, chilled before usage). The membrane was incubated sequentially with 
blocking buffer, a 1:2000 dilution of monoclonal anti-polyhistidine peroxidase conjugate 
antibody (A7058, Sigma), and a 1:10000 dilution of a goat-anti-mouse IgG H&L (IRDye 
800CW) antibody (AB216772, Abcam). The membrane was washed with TBST buffer 
before, between and after the incubation steps. Detection was performed by a ODESSEY 
Imaging system (LI-COR, Bad Homburg, Germany). 

Bioconversion assay
E. coli DH5α cells with expressed P450 and CPR were resuspended in 0.1 M potassium 
phosphate buffer (pH 7.4) supplemented with 1 % glucose to a final OD600 of 33.0 and added 
to buffer (20 % of total volume (v/v)) supplemented with 100 µM deoxypodophyllotoxin 
(prepared as 1.0 mM stock solution in DMSO). The reaction mixture was incubated for 90 
minutes at 37 °C and 250 rpm. The reaction was stopped by addition of 1 M HCl (12.5 % 
v/v). The cells were pelleted by centrifugation (2900 g, 20 minutes, 4 °C). The formation 
of epipodophyllotoxin in the supernatant was determined by LC-ESI-MS/MS.

LC-ESI-MS/MS analysis
The formation of epipodophyllotoxin in the bioconversion samples was investigated by 
liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/
MS). The analysis was performed using a Shimadzu LC system, consisting of two LC-20AD 
gradient pumps and a SIL-20AC auto sampler. The LC system was coupled to an API 3000 
triple quadrupole mass spectrometer (Applied Biosystems/MDS Sciex) via a TurboIonSpray 
source. Data were collected and analyzed by Analyst 1.5.2 acquisition software (Applied 
Biosystems/MDS Sciex). For analysis a Zorbax Eclipse XDB-C18 column (4.6 id. x 150 mm; 
5 μm, Agilent, Santa Clara, USA) and an Eclipse XDB-C18 guard column containing cartridges 
(4.6 id. x 12.5 mm, 5 μm, Agilent, Santa Clara, USA) were used. The mobile phase A was 
[water:acetonitrile (95:5)] and B [acetonitrile:water (95:5)], both supplemented with 0.1 % 
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formic acid and 2 mM ammonium formate. A flow rate of 1 mL/min was used and a time 
program of 25 minutes consisting of (A:B) gradient 15 min 70:30 to 0:100 (v/v); 4 min 0:100 
(v/v) isocratic; gradient 2 min 0:100 to 70:30 (v/v) and equilibration of the LC column with 
4 min 70:30 (v/v) isocratic elution prior to the next analysis. The column temperature was 
held constant at 40 °C. The ionization was performed by electrospray in the positive mode 
(M+NH4). The source temperature was set to 450 °C. The instrument was operated with 
an ionspray voltage of 5 kV. Nitrogen was used both for curtain gas and nebulizing gas. 
Full scan mass spectra were acquired with a scan range of 250 – 1000 amu and a step 
size of 0.1 amu. The presence of the lignans podophyllotoxin and epipodophyllotoxin 
was determined by total ion current (TIC), extracted ion current (XIC), multiple reaction 
monitoring (MRM, 432/185; 432/203; 432/313) and product ion scan (MS2).

NADPH-P450 reductase assay
The active amount of CPR enzyme in the bacterial cells was determined by the cytochrome 
C reduction assay26 with some modifications. In this assay, the CPR accepts electrons 
from NADPH and transfers these to cytochrome C26. Cells were resuspended in 0.1 M 
potassium phosphate buffer (pH 7.4) to a final OD600 of 0.8 and protease inhibitor cocktail 
was added. The cells were lysed by sonication for three times 30 seconds (Brandson 
Sonifier 450, duty cycle 20 % and output 1). Measurements were performed in a 96-wells 
plate in a Spectrostar Omega (BMG Labtech, Ortenburg, Germany). The reaction mixture 
consisted of: 20 µL cell lysate, 30 µL cytochrome C (200 mM), 5 µL potassium cyanide 
(200 mM) and 150 µL potassium phosphate buffer (0.1 M, pH 7.4). Potassium cyanide was 
added to block potential nonmicrosomal activity in E. coli26. The samples were incubated 
for 3 minutes in the spectrophotometer before baseline recording at 550 nm and 10 µL 
NADPH (10 mM) was added. The reduction of cytochrome C was monitored by following 
the increase of absorbance at 550 nm for 3 minutes. The cytochrome C reduction was 
calculated per mL cell lysate using the extinction coefficient of 21 mM-1 cm-1 and Beer’s 
law to correct for the pathlength (0.6 cm).

Results

Selection of cytochrome P450s from Podophyllum hexandrum transcriptome 
database
To find the P. hexandrum P450 enzyme responsible for conversion of deoxypodophyllotoxin 
to podophyllotoxin, transcriptome analysis was performed on an existing dataset, followed 
by bioinformatic analysis of the candidates and selection of full-length P450s. First, we 
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selected fifteen P450 transcripts upregulated under stress conditions in P. hexandrum 
roots that are related to increased podophyllotoxin production16. Next, BlastN analysis was 
performed against the P. hexandrum dataset from the Medicinal Plants Consortium17. We 
found thirteen unique contigs, which contained one to four open reading frames (Suppl. 
Table 3). In total, 10 open reading frames larger than 200 amino acids were found. We 
assumed that full-length P450 candidates contain all conserved P450 domains necessary 
for oxidation reactions and are localized in the ER membrane facing the cytosolic side15. 
Motifs were designed for three conserved P450 domains (Suppl. Fig. 1): oxygen binding 
and activation; K-helix consensus sequence (KETLR) of the catalytic triade (E-R-R); and heme 
binding. In total, six candidates contained all three domains and one or two transmembrane 
helixes (Fig. 3). Two of the four candidates that were not selected (contig 6655 and 44497), 
probably represent two of the remaining six P450 candidates, respectively contig 4178 
(66 % query cover and 96 % identity) and 5369 (56 % query cover and 100 % identity). 
The six full-length P450 candidates were designated by the nomenclature committee 
(David Nelson: dnelson@uthsc.edu) as CYP82D61, CYP81B56, CYP81B57, CYP82D174, 
CYP89A167 and CYP709F5. 

FIGURE 3. Graphical representation of Podophyllum hexandrum P450 candidates.

Graphical representation of Podophyllum hexandrum P450 candidates longer than 200 amino acids. The 
conserved domains are indicated by colored boxes: oxygen binding and activation (yellow); KETLR consensus 
sequences in the catalytic triade (E-R-R, green); and heme binding (orange). The representation is based on 
multiple sequence alignment generated with Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/)23
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Selection of NADPH cytochrome P450 reductase from Podophyllum 
hexandrum transcriptome database
To find the endogenous redox partner for the P450 candidates, the P. hexandrum CPR, 
transcriptome analysis of the P. hexandrum dataset from Medicinal Plants Consortium 
was performed, followed by bioinformatic analysis of the candidates and selection of full-
length CPRs. We assumed that full-length CPR candidates contained all conserved CPR 
domains necessary for shuttling electrons from NADPH to the heme group of the CYP, 
which occurs via the FAD and FMN-domains. Motifs were designed for four conserved 
CPR domains: FMN-; cytochrome C-; FAD-; and NADPH binding (Suppl. Fig 2). Subsequent, 
we searched for protein sequences containing all motifs in the P. hexandrum dataset from 
the Medicinal Plants Consortium17. One candidate CPR was found (predicted molecular 
weight 77 kDa) that was predicted to have a transmembrane domain and localizes to 
the ER. This CPR showed high homology to Camptotheca acuminate CPR (Query coverage 
100 % and identity 79 %) and high sequence similarity in the catalytic domains with other 
plant CPRs, such as Catharanthus roseus and Arabidopsis thaliana (Fig. 4). Therefore, we 
assumed that this candidate represents the P. hexandrum CPR.

FIGURE 4. CPR motifs and graphical representation of various plant CPRs.

Graphical representation of Podophyllum hexandrum CPR (Ph_CPR) compared to various plant CPRs: Ca_CPR 
from Camptotheca acuminata (AJW67229.1); Cro_CPR2 from Catharanthus roseus (CAA49446.1); and At_ATR1 
from Arabidopsis thaliana (AAK96879.1). The conserved domains are indicated by colored boxes: FMN binding 
(purple), P450 binding (yellow); cytochrome C binding (orange); FAD binding (brown) and NADPH binding (green). 
The representation is based on multiple sequence alignment generated with Clustal Omega (https://www.ebi.
ac.uk/Tools/msa/clustalo/)23
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FIGURE 5. Expression of Podophyllum hexandrum CYP82D61 and CYP82D61 fused to CPR in Escherichia 

coli.

Western blot of expressed CYP82D61 (Ph, 59 kDA) and CYP82D61 fused to CPR (tPh, 131 kDA). Escherichia coli 
expressing CYP3A4 (56 kDA) co-expressed with human CPR (+) and E. coli expressing the control plasmid (-) 
were used as controls. Protein molecular weight marker (M, 50, 115 and 185 kDA). The supernatant fraction 
was used for the western blot. Similar results were obtained for the pellet fraction. The molecular mass was 
predicted with pI/MW tool (ExPaSy: https://web.expasy.org/compute_pi/)5

Functional expression of Podophyllum hexandrum P450 and CPR in 
Escherichia coli
To confirm functional expression of the putative P. hexandrum CPR and to assess the 
suitability of our expression system for plant P450s and CPRs, we expressed P. hexandrum 
CYP82D61 and CPR in E. coli. To this end, CYP82D61 was co-expressed with the putative 
P. hexandrum CPR (Ph) and a construct expressing a fusion protein of CYP82D61 and CPR 
(tPh) was designed. Western blot revealed expression of the CYP82D61 and CYP82D61 
fused to the CPR (Fig. 5). The human CYP3A4 co-expressed with human CPR (+) was used 
as positive control and a control plasmid as a negative control (-). 

MkDA

kDA

50

115

185

Ph -+

M tPh -

Next, the ability to convert deoxypodophyllotoxin was assessed. Upon incubation of 
deoxypodophyllotoxin with E. coli cells either co-expressing CYP3A4 with human CPR or 
expressing CYP82D61 fused to the putative P. hexandrum CPR, a product was formed at 
Rt 5.1 min. with a molecular weight of 414 Da and a signal-to-noise ratio larger than 10; 
no product formation was observed in cells expressing the control plasmid (Fig. 6A). The 
product was identified as epipodophyllotoxin by comparison with authentic standards 
(Suppl. Fig. 3). Spectra with increased sensitivity showed that epipodophyllotoxin is also 
produced in the E. coli cells co-expressing P. hexandrum CYP82D61 and CPR (Fig. 6B). 
Further assessment of the construct expressing the CYP82D61 fusion to CPR showed 
similar reduction rates of the universal CPR substrate, cytochrome C, as the human CPR 
co-expressed with CYP3A4, which was a factor 3 - 4 above the autooxidation level (Fig. 
6C). This strengthens our believe that the truncated P. hexandrum CPR is functionally 
expressed and is indeed a P. hexandrum CPR. 
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Discussion 

The high demand for etoposide and production issues have led to the shortage of eto-
poside in the past1,2. It is of utmost importance to have a reliable and sustainable supply 
of etoposide and other podophyllotoxin derivatives in the future to prevent further 
shortages. Podophyllotoxin is produced by plants of various species with the roots of the 
endangered P. hexandrum being the most productive27,28. Therefore, alternative production 

FIGURE 6. Functional expression of CYP82D61 with endogenous Podophyllum hexandrum CPR.

Chromatograms show aligned XICs (A) and TIC +MRM (B), m/z = 432, molecular ion of [M+NH4]. Escherichia coli 
cells co-expressing CYP82D61 with Podophyllum hexandrum CPR (Ph) and E. coli expressing a protein fusion of 
CYP82D61 and P. hexandrum CPR (tPh). C) Cytochrome C reduction assay. Cytochrome C activity is expressed 
as nmol cytochrome C reduced per mL cell lysate (OD600 0.8). The data represent the mean + SD (n=2). E. coli 
expressing CYP3A4 co-expressed with human CPR (+) and E. coli expressing control plasmid (-) were used as 
controls
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routes toward podophyllotoxin have to be explored, such as a bacterial expression system 
using deoxypodophyllotoxin as a substrate. 

The enzyme responsible for the conversion of deoxypodophyllotoxin into podophyllotoxin 
in P. hexandrum is unknown; therefore, we searched for this enzyme in the P. hexandrum 
transcriptome database. Deoxypodophyllotoxin can be converted into epipodophyllotoxin, 
the C-7 epimer of podophyllotoxin, by a cytochrome P4508,9. Therefore, we assumed that 
the enzyme responsible for the conversion of deoxypodophyllotoxin into podophyllotoxin 
is also a P450. Approximately 1 % of the protein-encoding genes in plants are P450s14; 
therefore, the selection should be narrowed in order to find the P450 responsible for 
this conversion. The podophyllotoxin production in P. hexandrum increases under stress 
conditions, such as hormone treatment or temperature stress16,29. Additionally, fifteen 
P450 transcripts were upregulated under temperature stress and these were used as 
basis for the P450 search.

The fifteen P450 transcripts were used to find P450 candidates in the P. hexandrum 
transcriptome database of the Medicinal Plants Consortium. In addition, bioinformatic 
analysis was performed to select only full-length P450s. In our search, we found six P450 
candidates from P. hexandrum for the conversion of deoxypodophyllotoxin into podo-
phyllotoxin: CYP82D61, CYP81B56, CYP81B57, CYP82D174, CYP89A167 and CYP709F5. 
Although, CYP81B56 and CYP81B57 have been previously cloned into Saccharomyces 
cerevisiae, a substrate was not identified yet17. CYP82D61 has been previously expressed in 
recombinant tobacco leaves and converted deoxypodophyllotoxin into epipodophyllotoxin 
and demethyldeoxypodophyllotoxin into demethylepipodophyllotoxin9. In plants, CPR is 
the endogenous redox partner of P450 and one to three paralogs are found in vascular 
plants11. We searched in the translated P. hexandrum transcriptome database for proteins 
containing the highly conserved domain sequences for NADPH-cytochrome P450 
reductases. We found one candidate containing all conserved domains.

We expressed one P. hexandrum P450 candidate, CYP82D61, and the endogenous CPR 
in E. coli, which was challenging. Although various medium compositions and cultivation 
conditions were tried, none seemed to increase the expression or conversion levels. 
Therefore, we co-expressed and fused CYP82D61 with various plant CPRs, because the 
endogenous plant CPR is not obligatory for a working expression system25,31,32.

When P450 and CPR are co-expressed, this increases the flexibility of the system as 
protein-protein interaction and P450/CPR ratio can be optimized and multiple P450s can 
be expressed together without introducing additional CPRs13. We co-expressed CYP82D61 
with the putative P. hexandrum CPR and A. thaliana CPR. For both epipodophyllotoxin 
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production was shown with LC-ESI-MS/MS, but the selective MRM spectra was required 
for detection indicating that the production level was low (Suppl. Fig 4). However, we found 
that co-expressing CYP82D61 with C. roseus CPR resulted in epipodophyllotoxin formation 
a factor 10 above the noise level in the extracted ion current spectra (Suppl. Fig. 5A).

Expressing enzymes from various species can be challenging in E. coli, especially membrane-
bound enzymes from eukaryotic origin. Therefore, we expressed P450 and CPR as fusion 
protein, in order to localize both to the same compartment13. An additional advantage 
of fusion proteins is that catalytic rates can be enhanced30. Expressing CYP82D61 as a 
fusion protein with the putative P. hexandrum CPR led to epipodophyllotoxin formation 
above the noise level (signal to noise ratio > 10). When CYP82D61 was fused to C. roseus or 
A. thaliana CPR, epipodophyllotoxin could only be detected in the selective MRM spectra 
(Suppl. Fig. 4 and 5A). 

For all constructs the current production level in the supernatant was too low to quantify; 
therefore, we assume a low conversion of deoxypodophyllotoxin into epipodophyllotoxin.   
Whether the conversion levels were higher for CYP82D61 co-expressed with C. roseus CPR 
and CYP823D61 fused to P. hexandrum CPR compared to the other constructs cannot 
be concluded as we did not normalize for the expression levels. 

Future research should focus on the other P450 candidates and their ability to convert 
deoxypodophyllotoxin. The expression and conversion levels should be compared in a 
more systemic way by including housekeeping control in blots and quantification of (epi)
podophyllotoxin levels by HPLC. However, first the bottleneck for deoxypodophyllotoxin 
conversion should be found and the system should be improved accordingly by using 
various methods as reviewed elsewhere24,33,34. Of the constructs assessed, the CYP82D61 
fused to C. roseus seems to be the only construct without detectable levels of expression 
(Suppl. Fig. 4B); indicating that the expression level is probably very low as epipodo-
phyllotoxin formation was detected (Suppl. Fig. 5). For all constructs a similar expression 
profile was shown for CYP82D61 in supernatant and pellet fractions; whether part of the 
protein is not membrane bound or present in inclusion bodies should be determined. 

Until now, high conversion yields for deoxypodophyllotoxin into epipodophyllotoxin 
have not been reported. Our laboratory showed conversion by the human liver enzyme 
CYP3A4 in E. coli and Lau and Sattely showed conversion by CYP82D61 in recombinant 
tobacco leaves8,9, but both reported yields in the nanogram or low micromole range. 
Furthermore, obtaining a high conversion rate is not sufficient, as subsequently a highly 
efficient extraction is necessary. We detected residual deoxypodophyllotoxin and epi- 
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podophyllotoxin in the pellet fraction of the bioconversion assay; indicating that the current 
extraction protocol should be improved. 

The ability to produce epipodophyllotoxin with CYP82D61 in combination with multiple 
plant CPRs either co-expressed or fused, increases the possible roads toward a system 
producing high (epi)podophyllotoxin levels. This is the first report to date on the functional 
expression of P. hexandrum CYP82D61 and CPR in E. coli. Furthermore, to our knowledge, 
this P. hexandrum CPR was not reported to date.

Until high conversion rates are obtained in the E. coli system, the chemical conversion 
of deoxypodophyllotoxin into epipodophyllotoxin and subsequently to etoposide can 
be used to prevent the extinction of P. hexandrum35–37. Taken together, this study shows 
that searching through publicly available databases can be fruitful in the search toward 
specific enzymes in plants.
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Supplementary methods

Cloning

Genes
The CPR genes encoding the At_ATR1 from Arabidopsis thaliana (AAK96879.1) and the 
Cro_CPR2 from Catharanthus roseus (CAA49446.1) were ordered as DNA strings. The 
synthesis of A. thaliana At_ATR1 failed; therefore, we obtained At_ATR1 on the pMA vector 
from Invitrogen. For both CPRs, we inserted the restriction sites XbaI and HindIII at the 
N- and C-terminus respectively (including noncoding overhangs) to facilitate cloning 
(Fig. 2B). The nucleotide sequence of the bicistronic vector between the XbaI restriction 
site and the start codon was kept unaltered in order to maintain the ribosomal binding 
site and the promotor region. 

Constructs
Constructs used in this study are listed in Table 1 and Suppl. Table 1; the construct 
number is indicated between brackets in this section. The C. roseus CPR2 was cloned 
into pGEM-T Easy Vector System according to Promega’s protocol for blunt-ended PCR 
products. This construct and the A. thaliana ATR1 on the pMA vector were transformed 
into Dh5α cells (14-15).

Bicistronic constructs
The C. roseus CPR2 and A. thaliana ATR1 genes were cloned into the bicistronic pCW 
vector containing the P. hexandrum CYP82D61 and human CPR (12) using XbaI and HindIII 
restriction sites; thereby, removing the human CPR gene (16-17). 

Fusion constructs
For the fusion protein, the 71 N-terminal residues from the C. roseus CPR were removed in 
order to reduce membrane association without compromising catalytic activities1. For the 
A. thaliana ATR1 fusion, we removed 49 amino acids to mimic the truncation of C. roseus. 
The constructs of the fusion proteins were obtained by amplification of a truncated part 
of the plant CPRs from the pGEM/pMA CPR construct (14-15). 
For the C. roseus truncation, mutagenic primers were designed with NEBaseChanger 
(Suppl. Table 2), which included a SalI restriction site and the artificial linker (STSSGS). 
The truncation was performed by PCR amplification using the Q5 hotstart polymerase 
protocol of New England Biolabs. The PCR product was digested with SalI and HindIII 
and the resulting product was ligated into the SalI and HindIII cut pCW CYP82D61His and 
human CPR (10); thereby removing the stop codon of CYP82D61 (18). In the next step, 
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Nr. Construct Genes Abbreviation Reference

14 pGEM CroCPR C. roseus CPR2 None This study

15 pMA AtATR A. thaliana ATR1 None This study

16 pCW CYP82D61His + CroCPR P. hexandrum CYP82D61, C. roseus CPR2 Cr This study

17 pCW CYP82D61His + AtATR P. hexandrum CYP82D61, A. thaliana ATR1 At This study

18 pCW CYP82D61-tCrCPR P. hexandrum CYP82D61, C. roseus CPR2 
(protein fusion)

None This study

19 pCW CYP82D61-tCrCPRHis P. hexandrum CYP82D61, C. roseus CPR2 
(protein fusion)

tCRO This study

20 pCW CYP82D61-tAtATRHis P. hexandrum CYP82D61, A. thaliana ATR1 
(protein fusion)

tAt This study

SUPPLEMENTARY TABLE 1. Additional constructs used in this study.

His = polyhistidine tag attached to C-terminus of the P450 or P450 fusion to CPR

a polyhistidine-tag was attached (18→19), to facilitate detection of protein expression, to 
the C-terminus of C. roseus CPR by Q5 site-directed mutagenesis following the protocol 
of New England Biolabs (Fig. 2E). 
For A. thaliana ATR1, the truncation and insertion of the polyhistidine-tag was performed 
in one amplification step (10→20, Fig. 2E) by using Phusion polymerase protocol of New 
England Biolabs. The mutagenic primers were designed with NEBaseChanger (Suppl. 
Table 2). The sequences of all the constructs were confirmed by sequencing (Macrogen, 
Europe). Expression was performed in E. coli Dh5α under the control of a Tac-promotor.
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Nr. Primer Primer Sequence 5’-3’

1 CS_3A4His_FQ CACCACCACTGAATTTTCCTAAGGCCGGTC

2 CS_3A4His_RQ ATGATGATGGGCTCCACTTACGGTGCC

3 CS_6812His_FQ CACCACCACTGAATTTTCCTAAGGCCGGTC

4 CS_6812His_RQ ATGATGATGAGTCGACACAAAACATTTC

5 CS_Sh_CPR1_TF CACGGGCAAGTCGACTAGCAGCGGTAGCAAAAGCAGCAAAC

6 CS_Sh_CPR1_Rhis AGGCTTAAGCTTTTAATGGTGATGGTGATGGTGCCAAACGTCACGCAGATAAC

7 CS_CPR_Cro_TF CACGGGCAAGTCGACTAGCAGCGGTAGTGGTAAA

8 CS_CPR_Cro_R CACGGGAAAAGCTTTTACCAAACGTCACGCAGATAAC

9 CS_tCroCPRHisFQ2 CACCACCACTAAAAGCTTATCGATGATAAGCTGTCAAAC

10 CS_tCroCPRHisRQ ATGATGATGCCAAACGTCACGCAGATAAC

11 CS_At_ATR1_TF GAGCCCGAAGTCGACTAGCAGCGGTAGTACCACCGCAGATCGTAG

12 CS_At_ATR1_Rhis AGGCTTAAGCTTTTAATGGTGATGGTGATGGTGATGGTGCCAAACATCACGCAGATAACG

SUPPLEMENTARY TABLE 2. Primers used in this study. 

Primers 1-4 were used to introduce a polyhistidine-tag to the C-terminal of CYP3A4 and CYP82D61. Primers 5 
and 6 were used to truncate Podophyllum hexandrum CPR at the N-terminal and introduce polyhistidine-tag to 
C-terminal. Primers 7 and 8 were used to truncate Catharanthus roseus CPR at the N-terminus. Primers 9 and 10 
were used to introduce a polyhistidine-tag to the C-terminus of the C. roseus CPR. Primers 11 and 12 were used 
to truncate Arabidopsis thaliana CPR at the N-terminal and introduce polyhistidine-tag to C-terminal. Restriction 
site is underlined (SalI, HindIII); polyhistidine tag sequence is indicated in italics; stop codon is indicated in bold; 
artificial linker is indicated in grey highlight
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P450 
transcripts2

Length (bp) Contignr. in 
P. hexandrum 

database3

Length (bp) Query 
coverage

Identity (%) E-value

22374_113.2 231 2443 2121 100 100 8e-124

21231_74.8 207 2443 2121 100 100 2e-110

7480_81.9 282 35407 1909 100 94.9 2e-76

23096_65.8 225 14928 1681 100 99.1 3e-117

C633658_170.0 129 6812 2446 100 100 3e-67

622_83.1 221 35407 1909 100 97.6 1e-57

22550_157.2 382 39280 738 88 98.2 3e-175

24443_58.5 1594 4178 1886 98 99.6 0

1594 6655 1987 97 95.4 0

8044_85.5 458 3169 1764 100 99.5 2e-111

14613_62.4 299 29413 1360 100 100 1e-161

4571_45.1 366 10374 1469 100 92.9 9e-159

545_158.6 325 2327 1920 100 98.1 1e-168

C723312_251.0 313 44497 2690 100 100 4e-169

313 5369 1708 100 100 2e-169

621_127.4 221 6812 2446 100 96.8 6e-56

C623664_30.0 122 2327 1920 100 92.6 3e-51

SUPPLEMENTARY TABLE 3. Results of BlastN analysis of fifteen P450 transcripts against the Podophyllum 

hexandrum contig datasets of the Medicinal Plants Consortium.

Supplementary Results
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SUPPLEMENTARY FIGURE 1. Conserved domains in P450s.

Logos of MEME motifs representing conserved P450 domains required for oxidation reactions. From top to 
bottom: oxygen binding and activation; K-helix consensus sequence (KETLR) of the catalytic triade (E-R-R); and 
heme binding. Motifs were generated by MEME motif discovery tool and protein sequences containing these 
motifs were searched for by MAST scanning tool (http://meme-suite.org/)4

Oxygen binding

E-R-R triade
(KETLR consensus)

Heme binding

Domain Search motif
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SUPPLEMENTARY FIGURE 2. Conserved domains in CPRs.

Logos of MEME motifs representing conserved CPR domains required for shuttling electrons. From top to bottom: 
FMN binding and cytochrome C binding; FAD binding; FAD and NADPH binding; twice NADPH binding. Motifs 
were generated by MEME motif discovery tool and protein sequences containing these motifs were searched 
for by MAST scanning tool (http://meme-suite.org/)4

FMN binding /
cytochrome C binding

FAD binding

FAD binding /
NADPH binding

Domain Search motif
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SUPPLEMENTARY FIGURE 3. Production of epipodophyllotoxin by CYP82D61 fused to putative Podophyllum 

hexandrum CPR compared to authentic standards.  

LC-ESI-MS/MS analysis after deoxypodophyllotoxin addition to Escherichia coli cells expressing CYP82D61 fused 
to putative Podophyllum hexandrum CPR (tPh). A) TIC +MRM of CYP82D61 fused to P. hexandrum CPR. B) MS2 
of CYP82D61 fused to P. hexandrum CPR. C) TIC +MRM of epipodophyllotoxin, D) MS2 of epipodophyllotoxin, 
E) TIC +MRM of podophyllotoxin, F) MS2 of podophyllotoxin
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SUPPLEMENTARY FIGURE 4. Functional expression of CYP82D61 with various plant CPRs.

LC-ESI-MS/MS analysis after deoxypodophyllotoxin incubation with Escherichia coli cells. Chromatograms show 
TIC +MRM, m/z = 432, molecular ion of [M+NH4]. E. coli cells co-expressing CYP82D61 with Catharanthus roseus 
CPR (A); Arabidopsis thaliana CPR (B); or Podophyllum hexandrum CPR (C) and E. coli expressing protein fusions 
of CYP82D61 to C. roseus CPR (D); A. thaliana CPR (E); or P. hexandrum CPR (F)
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SUPPLEMENTARY FIGURE 5. Functional expression of CYP82D61 with various plant CPRs in Escherichia coli.

A) Chromatograms show aligned XICs, m/z = 432, molecular ion of [M+NH4]. B) Western blot of CYP82D61 
constructs. The supernatant fraction was used for the western blot. Similar results were obtained for the pellet 
fraction. Escherichia coli cells co-expressing CYP82D61 (59 kDA) with Catharanthus roseus CPR (Cr); Arabidopsis 
thaliana CPR (At); or Podophyllum hexandrum CPR (Ph) and E. coli expressing protein fusions of CYP82D61 to 
C. roseus CPR (tCro, 132 kDA); A. thaliana CPR (tAt, 132 kDA); or P. hexandrum CPR (tPh, 131 kDA). E. coli expressing 
CYP3A4 (56 kDA) co-expressed with human CPR (+) and E. coli expressing the control plasmid (-) were used as 
controls. Protein molecular weight marker (M, 50, 115 and 185 kDA). The molecular mass was predicted with 
pI/MW tool (ExPaSy: https://web.expasy.org/compute_pi/)5

A B MkDA

kDA

50

115

185

Cr At Ph -+

M tCr tAt tPh -
+

Cr

At

-

tCro

tAt

tPh

Ph

Time (normalized)

In
te

ns
ity

 
(n

or
m

al
iz

ed
)

Rt 5.25
414 Da



Conversion of deoxypodophyllotoxin in Escherichia coli

69

Supplementary References

1. Leonard, E. & Koffas, M. A. G. 
Engineering of artificial 
plant cytochrome P450 
enzymes for synthesis of 
isoflavones by Escherichia coli. 
Appl. Environ. Microbiol. 73, 
7246–7251 (2007).

2. Kumari, A. et al. Transcriptome 
sequencing of rhizome 
tissue of Sinopodophyllum 
hexandrum at two temperatures. 
BMC Genomics 15, 871 (2014).

3. Marques, J. V. et al. Next generation 
sequencing in predicting gene 
function in podophyllotoxin 
biosynthesis. J. Biol. Chem. 
288, 466–479 (2013).

4. Bailey, T. L. et al. MEME SUITE: 
tools for motif discovery and 
searching. Nucleic Acids Res. 
37, W202–W208 (2009).

5. Gasteiger, E. et al. Protein 
identification and analysis tools on 
the ExPASy server. in The Proteomics 
Protocols Handbook 571–607 (2005).



Chapter 3

70


	Chapter 3



