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a b s t r a c t
Taxol is a well-known effective anticancer compound. Due to the inability to synthesize sufﬁcient quantities of taxol to satisfy commercial demand, a biotechnological approach for a large-scale cell or cell-free
system for its production is highly desirable. Several important genes in taxol biosynthesis are currently
still unknown and have been shown to be difﬁcult to isolate directly from Taxus, including the gene
encoding taxoid 9a-hydroxylase. Ginkgo biloba suspension cells exhibit taxoid hydroxylation activity
and provides an alternate means of identifying genes encoding enzymes with taxoid 9a-hydroxylation
activity. Through analysis of high throughput RNA sequencing data from G. biloba, we identiﬁed two candidate genes with high similarity to Taxus CYP450s. Using in vitro cell-free protein synthesis assays and
LC–MS analysis, we show that one candidate that belongs to the CYP716B, a subfamily whose biochemical functions have not been previously studied, possessed 9a-hydroxylation activity. This work will aid
future identiﬁcation of the taxoid 9a-hydroxylase gene from Taxus sp.
Ó 2013 Elsevier Inc. All rights reserved.

1. Introduction
Taxol was ﬁrst extracted from the Paciﬁc Yew bark in 1963 by
American chemists Wani and Wall [1]. Its signiﬁcant antineoplastic
effect on ovarian, breast and other cancers is accomplished by a
unique mechanism of preventing tubulin dissociation [1]. Given
its important application in medicine, natural production of taxol
is unable to meet demand, and new methods for commercial
production are needed. Understanding the biosynthesis of this
important metabolite is a prerequisite for directly manipulating
Taxol yields in in vitro and in vivo systems. Taxol biosynthesis in
Taxus involves 19 steps beginning with geranylgeranyl diphospheate [2], but only 13 of these taxol biosynthetic genes have been
identiﬁed. Importantly, the genes responsible for C9 oxidation,
C1 hydroxylation, oxetane formation, and C20 hydroxylation of
taxol biosynthetic pathway in Taxus sp, are unknown.
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Taxoid 9a-hydroxylation is thought to occur early in the biosynthesis pathway [3]. It was reported that a putative candidate
for the cytochrome P450 taxoid 9a-hydroxylase had been identiﬁed [4], however, the sequence for the clone was not released
and no enzymatic validation was performed. Given the difﬁculties
in identifying genes from Taxus sp, alternative systems for studying
taxoid synthesis have been explored. Hu et al. [5] found that
ﬁlamentous fungi could speciﬁcally hydroxylate taxane skeletons
at 1b and 9a position, similar to Taxus chinensis suspension
cells that preferentially produce 9a-hydroxylation rather than
9b-hydroxylation. Dai et al. [6] found that Ginkgo biloba suspension
cells could hydroxylate 2a,5a,10b,14b- tetraacetoxy-4(20),11-taxadiene (sinenxan A, SIA) at 9a position with a yield close to 70%
(Fig. 1) [7]. Thus, G. biloba cells possess taxoid 9a-hydroxylase
activity and could provide an alternate source for obtaining genes
with Taxoid 9a-hydroxylase activity. Using RNA sequencing data
from G. biloba, candidate genes with high similarity to a Taxus
CYP450 were identiﬁed. Using in vitro cell free protein synthesis
assays, we demonstrate by LC–MS analysis that one candidate possessed 9a-hydroxylation activity. The identiﬁcation of a G. biloba
gene encoding a protein with taxoid 9a-hydroxylase activity will
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Fig. 1. G. biloba cells can transform sinenxan A (SIA) to 9OH-SIA.

aid efforts to increase semi-synthetic synthesis of taxol as well as
identify the equivalent gene in Taxus.
2. Materials and methods
2.1. Enzymes, substrates, and reagents
G. biloba cells, substrate SIA and the standard of 9OH-SIA were
provided by Prof. Jungui Dai from the Chinese Academy of Medical
Sciences and Peking Union Medical College. Enzymes and vectors
were purchased from Tiangen Biotech Co., Ltd. cDNA Synthesis
Kit was purchased from Invitrogen (Carlsbad, CA). Gel Extraction
Kits and Plasmid Extraction Kits were obtained from Axgen
(Tewksbury, MA). DNA marker, Restriction Endonucleases and T4
DNA Ligase were obtained from Takara (Japan). Other chemicals
were purchased from Sigma (St. Louis, MO).
2.2. Identiﬁcation and cloning of 9a-hydroxylase candidates
G. biloba transcriptome datasets from our own RNA-sequencing
work with G. biloba cells [8], Roche 454 sequencing dataset of G. biloba leaf tissue generated by Dr. Shilin Chen’s group at the Institute
of Medicinal Plant Development, China (Accession: SRX022356) and
G. biloba transcriptome datasets generated by the Prof. C.R. Buell
laboratory at the Department of Plant Biology, Michigan State
University [9] were used in our study. G. biloba secondary stem
RNA-Seq data (Accession: SRX087427), G. biloba sterile seedling
RNA-Seq data (Accession: SRX087425), G. biloba ripe fruit (with
seed) RNA-Seq data (Accession: SRX087424), G. biloba lateral roots
RNA-Seq data (Accession: SRX087422 and G. biloba mature leaf
(fully expanded) RNA-Seq data (Accession: SRX087421) were
downloaded from GenBank. The data in sra format were converted
to data in fastaq format using the fasta-dump in NCBI SRA Toolkit.
The 454 transcriptome dataset (SRX022356) was also downloaded
from GenBank and assembled using MIRA [10] with default settings.
All of the Illumina transcriptome datasets were separately assembled with ABySS [11]. The assembly with ABySS used the optimal
parameter for k-mer as determined for each dataset. The assembly
data from each dataset were merged into one assembly using
CAP3 [12]. The candidate CYP450s were obtained by BLAST search
(tblastn) of this ﬁnal assembly against the Taxus known p450s that
are involved in taxol biosynthesis with E value set to 1e5.
To amplify the candidate p450 clones identiﬁed by bioinformatics analysis, total RNA was extracted from cultured G. biloba cells
using the CTAB procedure from Chang [13]. For contig5382, one
speciﬁc pair of primers was designed for its ampliﬁcation: 50 -GACATTCACATCCTCCAGTAGT-30 (Forward)/50 -CCATAGAGGTCCTACATT
CATC-30 (Reverse). Another speciﬁc pair of primers was designed
for ampliﬁcation of contig5926: 50 -GAGATGAGTATTTTGTCGAGGAT
TA-30 (Forward)/50 -CCTCTATACGATTGGGATCGGTACA-30 (Reverse).
The fragments were ampliﬁed by PCR conditions of 94 °C for
5 min, then 30 cycles at 94 °C for 30 s, 55 °C for 30 s, 72 °C for
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4 min, and ﬁnally, 72 °C for 10 min. The reaction system was 25 ll
containing a mixture of 12.5 ll 2  Pfu PCR Master Mix, 1 ll primer
(10 lM) respectively, 2 ll cDNA and 8.5 ll sterile ddH2O. According
to the instructions of DNA gel extraction kit, PCR products were
puriﬁed and undertook the second round of PCR in the same program except for changing Tm to 58 °C. The resulting amplicon was
excised from a gel after electrophoresis, gel puriﬁed, added dA to
the blunting end and cloned into pGM-T (Tiangen, Beijing). This
was used to transform Escherichia coli TOP 10 F’ cells, which were selected on ampicillin. Positive transformants were grown for plasmid
preparation and sequence veriﬁcation. pGM-T plasmids containing
right cDNA inserts were used as PCR template. A subsequently designed primer set was used for second round PCR ampliﬁcation of
contig5382 (50 -CGGGGTACCCCGTCAATCCCTTGATTCAAGAT-30 /50 TTGGATATCCAATGGTTTGGAGTGGGGAGAC-30 ). While for second
PCR ampliﬁcation of contig5926, the following primer set was used:
50 -TTGGATATCCAAATGGGTATTTTGTTGTGGAT-30 /50 -CCGCTCGAGC
GGTCAGGATCTGGGAAACAATTTG-30 .
The second round of PCR ampliﬁcation of the fragments was
done using the following PCR conditions; 94 °C for 5 min; 25 cycles
at 94 °C for 30 s, 55 °C for 30 s, 72 °C for 3 min. and ﬁnally, 72 °C for
10 min. The reaction system was 25 ll consisting of; 12.5 ll
2  Pfu PCR Master Mix, 1 ll primer (10 lM) respectively, 0.5 ll
plasmids and 10 ll sterile ddH2O. Directionally ligated pEU-E01-MCS
vector with directional ligation was used to transform E. coli TOP
10 F’ cells by established conventional methods. The two clones
were constructed into a vector for cell-free expression.
2.3. Cell free protein expression
Cell free protein expression of the two candidate genes was performed using the Premium PLUS Expression Kit (CellFree Sciences
Co., Ltd, Japan), following the manufacturer’s instruction.
2.4. SDS–PAGE analysis
10 ml 12% SDS–polyacrylamide separating gel and 10 ml
SDS–polyacrylamide stacking gel were prepared for protein electrophoresis. 10 ll expression products or control samples was
mixed with 2  SDS–PAGE loading buffer respectively and boiled
for 5 min prior to loading. 10 ll protein marker and 20 ll sample
was loaded into wells by tips. Gel electrophoresis was run at a
constant voltage of 20 V. The gel was put into 25 ml Coomassie
Blue staining solution and shaken for 5–10 min in order stain
thoroughly. After removing the staining solution, the gel was
rinsed with distilled water and then destaining solution was added
until bands were visualized.
2.5. Enzymatic reaction and analytical procedures
The cell free synthesis expression products derived from
KF773141 and KF773140 and vector only control (no gene insert)
were incorporated into to same enzymatic reaction mixtures.
Assays were performed in 10 ml centrifugal tubes containing
0.5 mg of the taxoid substrate sinenxan A (SIA), 10 ll DMSO as solvent, 450 ll (225 ll per tube  2) cell free synthesis expression
products, 0.25 g glucose-6-phosphate, 3 unit of glucose-6-phosphate dehydrogenase, 2.3 mg FAD, 0.9 mg FMN, 22.3 mg NADPH
in a total volume of 1 ml of Tris–HCl (pH7.5). Following incubation
for 70 min in the dark at 32 °C with gentle shaking, the reaction
mixture was saturated with 1 ml NaCl and mixed gently by pipetting. Then extracted with 2 ml of hexane:ethyl acetate (4:1, v/v)
and blended fully. This mixture was centrifuged at 5000 rpm for
5 min. The supernatant was transferred to a new tube and the
extraction and centrifugation were repeated. All the supernatant
(4 ml) was collected and freeze dried for 30 min. Finally 100 ll
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acetonitrile were added and transferred to sample vials for LC–MS
analyses.

subfamily of P450s and thus we designated them as GbCYP725A
and GbCYP716B respectively (Supplemental Fig. 3).

2.6. LC–MS analyses

3.2. Protein gel electrophoresis analyses

LC–MS analyzes were performed on a Thermo Scientiﬁc LTQ FT
LC–MS system using a SunFire TM column (4.6 mm inner
diameter  150 mm, 5 lm particle size, C18). The temperature of
the column was constant at 40 °C. The mobile phase was acetonitrile in water using a H2O:CH3CN gradient from 5% to 100% CH3CN
at 1 ml/min over 50 min, followed by 5 min hold at 100%. The ﬂow
rate was 1 ml per minute. The sample injection volume was 10 ll.

The candidate 9a-hydroxylation clones were cloned and in vitro
transcribed and expressed using a cell free protein expression
system based on wheat germ extracts. Protein products were
separated on a SDS–PAGE gel followed by Coomassie blue staining
to visualize protein bands. GFP and DHFR clones inserted into the
expression vector pEU-E01 vector were included used as positive
controls (27 KDa and 23 KDa respectively), and an empty pEUE01 vector was used as a negative control. Based on the BSA
reference standard, the concentration of KF773141 and KF773140
expression products was 150 ng/ll. The size of the expressed
protein of the clone KF773141 was as expected to be 55 KD
(Supplemental Fig. 4).

2.7. Phylogenetic analysis
Homolog sequences were collected from plants and bacteria by
a similarity search against NCBI non-redundant (nr) database. Multiple sequence alignment was performed using ClustalX2 [14] and
the ambiguous regions and gaps were removed. The most optimal
model of protein substitution matrix with rate heterogeneity was
determined by ModelGenerator (v_851) [15]. The phylogenetic
tree was reconstructed with PHYML 3.0 [16]. Bootstrap analyses
used 100 pseudo-replicates. The tree topology structure was
viewed and edited with NJplot [17].
3. Results
3.1. 9a-Hydroxylase candidate identiﬁcation and sequence analyses
To ﬁnd potential CYP450s candidates with 9a-hydroxylation
activity in G. biloba, RNA sequence libraries of our own [8] and
those publically available were combined and assembled into
one large dataset. This large transcriptome assembly was then
interrogated by performing BLAST searches (tblastn) against
known Taxus P450s that are involved in taxol biosynthesis (Supplemental Table 1). A total of 325 assembled sequences were found
that possessed signiﬁcant similarities to these proteins (Supplemental Table 2). Two candidates (contig5926 and contig5382) with
the greatest similarities to Taxus P450s from our G. biloba cell line
[8] (E value < 10147 and 10120 respectively) were selected for further characterization. The sequences of contig5382 and contig5926
are both full length, and have been deposited in GenBank (accession numbers KF773141-KF773140, respectively). The ORF of
KF773141 is 1458 bp and encodes a 485-residue hydroxylase with
a calculated molecular weight of 54,842 and exhibited characteristic sequence elements of cytochrome P450 including a signal peptide (amino acids 1–27), a typical N-terminal membrane anchor
(amino acids 10–28), the oxygen binding domain, the reductase
binding domain, the conserved PSRF (amino acids 407–410, generally is PERF) motif, the highly conserved PFG element binding to
heme (amino acids 422–424), the ETLR salt bridge (amino acids
353–356, the motif is EXXR), and the essential cysteine at position
430 (Supplemental Fig. 1). The ORF of KF773140 is 1512 bp and it
codes for a 503-residue hydroxylase with a calculated molecular
weight of 57,202 and exhibits characteristic sequence elements
of a cytochrome P450 including a typical N-terminal membrane
anchor (amino acids 21–43), the oxygen binding domain, the
reductase binding domain, the conserved PSRF (amino acids
425–428, generally is PERF) motif, the highly conserved PFG element binding to heme (amino acids 441–443), the ETLR salt bridge
(amino acids 371–374, the motif is EXXR), and the essential
cysteine at position 449 (Supplemental Fig. 2). Phylogenetic
analysis comparing the two candidate genes to 39 known plant
and bacterial taxoid hydroxylases revealed that KF773140 and
KF773141 grouped with the known CYP725A and CYP716B

3.3. LC–MS assay and product identiﬁcation
To determine whether the proteins encoded by KF773140 and
KF773141 possessed taxoid 9a-hydroxylase activity, the expressed
proteins were added to a reaction mixture containing the substrate, taxoid sinenxan A (SIA). The molecular weight of SIA is
504 with a retention time of 39.77 min which was clearly detected
in the total HPLC diagram (Supplemental Fig. 5). [M + NH4]+ and
[M + Na]+ ions for SIA were observed simultaneously, while
[M + H]+could not be seen in LC–MS spectra. The molecular ion
peaks of SIA in LC/MS were m/z 522 [M + NH4 + OH-H]+, and 527
[M + Na + OH-H]+ (Supplemental Fig. 6). It generated typical MS/
MS peaks m/z 467 [M + Na-AcO + OH-H]+, 407 [M + Na2AcO + OH-H]+, and 347 [M + Na-3AcO + OH-H]+ (Supplemental
Fig. 7). Proteins with 9a-hydroxylase activity should result in the
addition of an OH group at the C9 position to SIA, a chemical
change that can be detected using LC–MS analysis. The product
of the reaction catalyzed by the protein translated from
KF773141 was analyzed on a LC–MS, and was found to have a
retention time of 31.86 min, which corresponded to the standard
substance 9OH-SIA (retention time 31.84 min) (Fig. 2). The empty
vector controls did not yield detectable product at the same retention time (Supplemental Fig. 8). Again, [M + NH4]+ and [M + Na]+
ions for 9OH-SIA were observed simultaneously, while [M + H]+
could not be seen in LC–MS spectra. The molecular ion peaks of
9OH-SIA in LC/MS were m/z 538 [M + NH4 + OH-H]+, and 543
[M + Na + OH-H]+ (Fig. 3A). Since 9OH-SIA has four acetyl groups,
it generated typical MS/MS peaks m/z 483 [M + Na-AcO + OH-H]+,
423 [M + Na-2AcO + OH-H]+, and 363 [M + Na-3AcO + OH-H]+
(Fig. 4A). The data from MS and MS/MS analysis of 9OH-SIA
(Figs. 3A and 4A) and the product of the protein translated from
KF773141 (Figs. 3B and 4B) clearly indicated that KF773141 has
taxoid 9a-hydroxylase activity in G. biloba cells. The reaction product catalyzed by the protein encoded by KF773140 did not match
the standard substance 9OH-SIA (Supplemental Fig. 9). Base on this
result it appears that the expression product of KF773140 did not
have taxoid 9a-hydroxylase activity.
4. Discussion
The result of our SDS–PAGE analysis and enzyme assay indicated that KF773141 can be successfully expressed in a wheat
germ cell-free protein synthetic system and the encoded enzyme
could 9a-hydroxylate taxoid SIA. The in vivo bioactivity of the taxoid 9a-hydroxylase of KF773141-encoding enzyme (GbCYP716B)
in G. biloba cells may require additional cofactors or proteins that
are required to achieve its full enzyme activity. Further studies
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Fig. 2. The HPLC chromatogram of 9OH-SIA and the product catalyzed by the enzyme encoded by KF773141. (A) 9OH-SIA (B) the product catalyzed by the enzyme encoded
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are required to understand the conditions necessary for optimal
taxoid 9a-hydroxylase activity in vitro with GbCYP716B.
In biosynthesis of taxol, cytochrome P450-mediated oxygenations plays a major role such that approximately one-half of the
proposed 19 distinct enzymatic steps of the pathway are considered to be catalyzed by cytochrome P450 oxygenases [18]. These
taxoid hydroxylases share more than 70% sequence identity but
less than 35% similarity to other plant P450s. These P450s belong
to CYP725 subfamily, which speciﬁcally occurs only in Taxus species [19]. KF773141 belongs to a CYP716-like subfamily which
has high homology with CYP716B2 and CYP716A12. It has been
previously reported that there is some overlap in the CYP716 and
CYP725 families [20]. Speciﬁcally, CYP716B1 of Picea sitchensis
(Sitka spruce) is 44% identical to CYP725A4 (taxadiene 5-a hydroxylase) in taxol biosynthesis in Taxus canadensis (Canadian yew) and
some other CYP725A sequences [21,22]. The 44% sequence identity
between CYP716B sequences of unknown function and CYP725A
sequences that act on taxane diterpenoids suggests there are some
similarities in their substrates. Based on the known evolutionary
relationship, CYP716 and CYP725 have a close phylogenetic
distance that both belong to the CYP85 group. In the taxol biosynthesis pathway, CYP725A is exclusively found in the Taxus genus.
The CYP725 family has some overlap with the more common
CYP716 family and seems to be an offshoot of the much older
CYP716 family [23]. Recent research had shown that some
CYP716 subfamily genes can catalyze oxidation steps in the biosynthesis pathway of some plant secondary metabolites. For
example, Medicago truncatula CYP716A12 is a multifunctional
oxidase involved in the biosynthesis of hemolytic saponins [24],
and CYP716A47 catalyzes the formation of protopanaxadiol during
ginsenoside biosynthesis in Panax ginseng [25]. The CYP716B sequence, which was obtained after the CYP725 family was named,
now appears to bridge CYP716A and CYP725. To date, no gene of
CYP716B subfamily has been functionally characterized.
In this research, we demonstrated that GbCYP716B has the hydroxylation function at 9a-C position of taxoid. Our result also reveals the
molecular mechanism underlying the speciﬁc hydroxylation activity

of converting SIA to 9OH-SIA by G. biloba suspension cells. Our successful identiﬁcation of the taxoid 9a-hydroxylase in G. biloba will facilitate the cloning of taxoid 9a-hydroxylase from Taxus in the near
future. Furthermore, this new gene will also beneﬁt the communities
working towards mass production of taxol from plants and those
improving the production of taxol with genetically engineered
microbes.
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