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The cDNA clone for a 10-deacetylbaccatin III-10-O-acetyl trans-
ferase, which catalyzes formation of the last diterpene intermedi-
ate in the Taxol biosynthetic pathway, has been isolated from
Taxus cuspidata. By using consensus sequences from an assembly
of transacylases of plant origin and from many deduced proteins
of unknown function, a homology-based PCR cloning strategy was
employed to amplify initially a 911-bp gene fragment of the
putative taxane C-10 hydroxyl acetyl transferase from Taxus. This
amplicon was used to screen a cDNA library constructed from
mRNA isolated from methyl jasmonate-induced Taxus cells, from
which the full-length 10-deacetylbaccatin III-10-O-transacetylase
sequence was obtained. Expression of the ORF from pCWori1 in
Escherichia coli JM109 afforded a functional enzyme, as deter-
mined by 1H-NMR and MS verification of the product baccatin III
derived from 10-deacetylbaccatin III and acetyl CoA. The full-length
cDNA has an ORF of 1,320 bp corresponding to a deduced protein
of 440 residues with a calculated molecular weight of 49,052,
consistent with the size of the operationally soluble, monomeric,
native acetyl transferase. The recombinant acetyl transferase has
a pH optimum of 7.5, has Km values of 10 mM and 8 mM for
10-deacetylbaccatin III and acetyl CoA, respectively, and is appar-
ently regiospecific toward the 10-hydroxyl group of the taxane
ring. Amino acid sequence comparison of 10-deacetylbaccatin
III-10-O-acetyl transferase with taxadienol-5-O-acetyl transferase
and with other known acyl transferases of plant origin indicates a
significant degree of similarity between these enzymes (80% and
64–67%, respectively).
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Taxol† is one of the structurally more complex members of the
taxoid family of natural products characterized by the tricy-

clic diterpene taxane ring system. There are at least 12 distinct
enzymatic reactions involved in Taxol biosynthesis (1, 2). Al-
though the complete course of the Taxol biosynthetic pathway
may involve metabolites that are transiently acylated and deacy-
lated for the purpose of organellar targeting or flux regulation
(thereby increasing the number of pathway steps), the acyl
groups derived from five acyl transferase reactions are present
in the final product, Taxol. The first acyl transferase in the Taxol
pathway seems to be taxadien-5a-ol-O-acetyl transferase (3),
which converts the intermediate taxa-4(20),11(12)-dien-5a-ol to
taxa-4(20),11(12)-dien-5a-yl acetate (Fig. 1A). The gene encod-
ing this 5a-ol transacetylase has been cloned from Taxus cuspi-
data and heterologously expressed in Escherichia coli (4). The
5a-yl acetate ester is considered to be the third specific inter-
mediate of the Taxol biosynthetic pathway, because it can be
further transformed to a series of advanced polyhydroxylated
taxa-4(20),11(12)-diene metabolites in Taxus microsomal prep-
arations optimized for cytochrome P450 reactions (5). More-
over, the 4(20)-ene-5a-acetoxy functional grouping present in
taxadien-5a-yl acetate is postulated to proceed through a 4(20)-
epoxy-5a-acetoxy intermediate, which undergoes intramolecular
rearrangement to the 4-acetoxy-4(5)-oxetane found in advanced
taxoid metabolites (ref. 6; Fig. 1B).

A survey of all taxoid metabolites characterized to date (7)
suggests that the second acylation reaction in the Taxol pathway
is the benzoylation of the taxane C-2 hydroxyl group of an
advanced intermediate (2), whereas the third acylation reaction
is considered to be the acetylation of the C-10 hydroxyl group of
the advanced metabolite 10-DAB to yield baccatin III (ref. 2;
Fig. 1 A), the immediate diterpenoid precursor of Taxol. Evi-
dence for the latter enzymatic transformation was obtained first
by using crude cell-free extracts from needles of Taxus baccata
(8), and a purified acetyl CoA:10-hydroxytaxane O-acetyl trans-
ferase has now been prepared from cultured Taxus chinensis cells
(9). Herein, we describe the isolation and sequence of the gene
encoding a DBAT from T. cuspidata and report the properties
of the recombinant enzyme.

Materials and Methods
Substrates. [20-3H]Taxa-4(20),11(12)-dien-5a-ol (6 Ciymol) was
synthesized as described (10). Unlabeled CoA and [2-3H]acetyl
CoA were obtained from Sigma and DuPontyNEN, respectively.
Authentic 10-DAB and baccatin III were generously provided by
David Bailey of Hauser Chemical Research (Boulder, CO).
Methyl jasmonate was obtained from Bedoukian Research
(Danbury, CT).

Bacterial Strains, Plasmid Constructs, and Cloning. To facilitate the
isolation of clones encoding transacylases involved in Taxol
biosynthesis, a cDNA library was constructed from mRNA
derived from Taxus cell suspension cultures induced with methyl
jasmonate to increase Taxol production (4, 11). Transacylase
sequences were PCR-amplified from this enriched T. cuspidata
cell library cDNA as template with the previously described
transacylase-specific, 72-fold degenerate reverse primer [AT-
REV1, 39-CT(AyG) AA(AyG) CC(IyCyA) ACC CC(IyCyA)
TT(TyC) GG-59; ref. 4] and a 144-fold degenerate forward
primer [AT-FOR3, 59-TT(CyT) TA(TyC) CCI TT(CyT)
GC(IyCyA) GG(IyCyA) AG-39] that was designed based on a
consensus sequence element (FYPFAGR) noted in an assembly
of seemingly related deduced proteins containing few defined
transacylase sequences of plant origin and many sequences of
unknown function (4). The Taq polymerase catalyzed PCRs were
performed at relatively low annealing temperatures (40–45°C)
and with MgCl2 concentrations varying between 1 and 5 mM to
optimize the amplification of potential transacylase sequences,
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while minimizing production of nonspecific amplicons. A 911-bp
fragment (designated pPRB2) was amplified by these means
(PCR conditions: 94°C for 4 min; 32 cycles at 94°C for 45 s, 45°C
for 1.2 min, and 72°C for 2 min; and, finally, 74°C for 5 min; each
reaction contained 3 units of Taq polymerase and 2 mM MgCl2)
and was found, by cloning and sequencing, to have significant
nucleotide-level homology (80%) to the T. cuspidata taxadien-
5a-ol-O-acetyl transferase gene (4), thus suggesting that pPRB2
may represent a partial cDNA sequence of a related taxoid acetyl
transferase. By high-stringency screening of the T. cuspidata
cDNA library (6.0 3 104 plaques) with a 32P-labeled probe
derived from pPRB2 (designated probe 2), one putative full-
length clone was obtained by standard hybridization and puri-
fication procedures (12). This full-length clone was 99% identical
to probe 2, indicating that the probe had located its cognate. A
subsequently designed primer set (293NDEF, 59-GGGAATTCC-
ATATGGCAGGCTCAACAGAATTTGTGG-39; 293XBAR, 39-
GTTTATACATTGATTCGGAACTAGATCTGATC-59) was
employed to amplify the full-length acetyl transferase gene and to
incorporate NdeI and XbaI restriction sites at the 59 and 39 termini,
respectively, for directional ligation into vector pCWori1 (13). This
construct was used to transform E. coli JM109 by established
methods (4).

Expression, DBAT Assay, and Product Identification. For the enzyme
preparation, E. coli cells transformed with the pCWori1 vector
harboring the putative DBAT gene were grown overnight at 37°C
in 5 ml of Luria–Bertani medium supplemented with ampicillin,
and 1 ml of this inoculum was added to and grown in 100 ml of
Terrific Broth culture medium supplemented with 1 mM isopropyl-
b-D-thiogalactopyranoside, 1 mM thiamine HCl, and 50 mgyml
ampicillin. After 24 h, the bacteria were harvested by centrifugation,

resuspended in 20 ml of assay buffer (25 mM Mopso, pH 7.4), and
then disrupted by sonication at 0–4°C. The resulting homogenate
was centrifuged at 15,000 3 g to pellet debris. After determining by
SDSyPAGE that a protein of the appropriate size ('50 kDa) was
expressed in operationally soluble form, a 1-ml aliquot of the
supernatant was incubated with 10-DAB (400 mM) and
[2-3H]acetyl CoA (0.45 mCi; 400 mM) for 1 h at 31°C. The reaction
mixture was then extracted with ether, and the solvent was con-
centrated in vacuo. The crude product (pooled from five such
assays) was purified by silica gel TLC [70:30 (volyvol) ethyl ac-
etate:hexane]. The band comigrating with authentic baccatin III (Rf
5 0.45 for the standard) was isolated, dissolved in 100 ml of
acetonitrile, and analyzed by radio-HPLC on a Perkin–Elmer
HPLC ISS 200 system equipped with a Packard A100 radioactivity
detector (see Fig. 2). The sample was loaded onto an Alltech
Econosil C18 column (5 m; 250 3 4.6 mm), eluted at 1 mlymin with
a linear gradient from 95:5 (volyvol) H2O:CH3CN to 10:90
(volyvol) H2O:CH3CN over 10 min, then eluted to 100% CH3CN
with a concave gradient over 30 min, and held at 100% CH3CN for
10 min. The TLC-purified product was also analyzed by combined
liquid chromatography-MS on a Hewlett–Packard Series 1100
MSD system in the atmospheric pressure chemical ionization mode.
The sample was dissolved in acetonitrile, loaded onto a Phenome-
nex Curosil PFP column (Belmont, CA; 5 m; 4.6 3 250 mm), and
eluted with 50:50 (volyvol) acetonitrile:water at 1 mlymin, with the
effluent directed to the atmospheric pressure chemical ionization
mass spectrometer (see Fig. 3). Proton 1H-NMR spectra were
recorded on a Varian Mercury 300, and samples were dissolved in
deuterated chloroform as internal standard.

Partial Purification and Characterization of Recombinant T. canadensis
DBAT. E. coli JM109 cells were grown and harvested as described
above. After centrifugation (15,000 3 g), the supernatant was

Fig. 1. (A) Outline of the Taxol biosynthetic pathway. The cyclization of geranylgeranyl diphosphate to taxadiene by taxadiene synthase and the hydroxylation
to taxadien-5a-ol by taxadiene 5a-hydroxylase (a), the acetylation of taxadien-5a-ol by taxa-4(20),11(12)-dien-5a-ol-O-acetyl transferase (b), the conversion of
10-deacetylbaccatin III (10-DAB) to baccatin III by 10-deacetylbaccatin III-10-O-acetyl transferase (DBAT) (c), and the side-chain attachment to baccatin III to form
Taxol (d) are highlighted. The broken arrow indicates several as yet undefined steps. (B) Postulated biosynthetic scheme for the formation of the oxetane, present
in Taxol and related late-stage taxoids, in which the 4(20)-ene-5a-ol is converted to the 4(20)-ene-5a-yl acetate, followed by epoxidation to the 4(20)-epoxy-
5a-acetoxy group and then intramolecular rearrangement to the 4-acetoxy oxetane moiety. Ac, acetyl; Bz, benzoyl; t-BOC, tertiary-butoxycarbonyl; OPP,
diphosphate.
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applied to a column of O-diethylaminoethylcellulose (2.8 3 10
cm, Whatman DE-52) that was previously washed with 25 mM
Mopso buffer (pH 7.4) containing 3 mM DTT and 1 M NaCl and
then equilibrated with this buffer (without NaCl). After removal
of unbound material, protein was eluted with a linear gradient
of 0 to 200 mM NaCl in equilibration buffer (total volume of 125
ml at 3 mlymin). Fractions containing DBAT activity (eluting at
'120 mM NaCl) were combined and subjected to dilution and
ultrafiltration (Amicon Diaflo YM 10 membrane, Millipore) to
decrease the salt concentration to '5 mM as well as to remove
selectively proteins of molecular weight lower than that of
DBAT.

For kinetic evaluations, linearity with respect to protein
concentration and time was first established, and the concen-
trations of 10-DAB (0.5–200 mM) and [2-3H]acetyl CoA (0.5–
200 mM) were then independently varied while the remaining
reactant was maintained at saturation. Double reciprocal plots
were constructed for each data set, and the equation of the
best-fit line (R2 5 0.97) was determined (KALEIDAGRAPH, ver-
sion 3.08, Synergy Software, Reading, PA). To examine the
influence of pH on transacetylase activity, enzyme preparations
(2 ml) were dialyzed at 4°C for 24 h in Mes (pH 6), Mopso (pH
7.4), glycine (pH 8), Capso (pH 9), and Caps (pH 10 and 11), all
at 25 mM containing 3 mM DTT, before the assay.

Results and Discussion
Cloning and Heterologous Expression of DBAT from T. cuspidata. The
Taxol pathway is presumed to proceed through the late-stage,
oxetane-bearing metabolite 10-DAB, which is regiospecifically
10-O-acetylated to the penultimate pathway intermediate, bac-
catin III (ref. 2; Fig. 1). In an effort to isolate the gene

responsible for the acyl group transfer from acetyl CoA to
10-DAB, a homology-based PCR cloning strategy was used to
amplify transacylase sequences from enriched library cDNA
made from mRNA isolated from T. cuspidata cells treated with
methyl jasmonate to induce Taxol production. Sequence analysis
of the resulting 911-bp amplicon revealed a partial cDNA
(designated pPRB2) that bore 80% nucleotide-level homology to
the T. cuspidata taxadien-5a-ol-O-acetyl transferase gene (4),
suggesting that the full-length version of pPRB2 may encode
another taxoid transacetylase.

By using 32P-labeled pPRB2 as a probe to screen the library
described above, the full-length cDNA was obtained, transferred
into vector pCWori1, and expressed in E. coli JM109 to test for
the function of this putative transacetylase. After preliminary
determination that a protein of the appropriate size ('50 kDa,
determined by SDSyPAGE) was expressed in operationally
soluble form, preparative-scale cultures of the transformed
bacteria were generated, and the resulting soluble enzyme
fraction was partially purified by anion-exchange chromatogra-
phy to remove competing activities and assayed under standard
conditions (4) with 10-DAB (400 mM) and [2-3H]acetyl CoA
(0.45 mCi, 400 mM) as cosubstrates. This enzyme preparation
yielded a single reaction product on reversed-phase radio-HPLC
analysis, with a retention time of 7.0 6 0.1 min (coincident radio
and UV traces) corresponding exactly to that of authentic
baccatin III (Fig. 2). Extracts of E. coli transformed with empty

Fig. 2. Radio-HPLC analysis of the biosynthetic product (retention time 5
7.0 6 0.1 min) generated from 10-DAB and [2-3H]acetyl CoA by the recombi-
nant acetyl transferase. The UV profile (Upper) and the coincident radioac-
tivity profile (Lower) coincide with the retention time of authentic baccatin III.
For column, solvent, flow rates, and counting details, see Materials and
Methods.

Fig. 3. Combined reverse-phase HPLC-atmospheric pressure chemical ion-
ization MS analysis of the biosynthetic product (retention time 5 8.6 6 0.1
min) generated by the recombinant acetyl transferase with 10-DAB and acetyl
CoA as cosubstrates (Upper spectrum) and of authentic baccatin III (retention
time 5 8.6 6 0.1 min; Lower spectrum). The diagnostic mass spectral fragment
ions are at myz 605 (P 1 NH4

1), 587 (PH1), 572 (PH1 2 CH3), 527 (PH1 2
CH3COOH), and 509 (PH1 2 (CH3COOH 2 H2O). For column, solvent, flow rates,
and instrument details, see Materials and Methods.
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vector controls did not yield detectable product when assayed by
identical methods (data not shown).

The identity of the biosynthetic product was further verified as
baccatin III by combined liquid chromatography-MS analysis
(Fig. 3), which demonstrated the identical retention time (8.6 6
0.1 min) and mass spectrum for the product and for the authentic
standard. Finally, a sample of the biosynthetic product, purified
by silica gel TLC, gave a 1H-NMR spectrum identical to that of
authentic baccatin III, confirming that the enzyme was DBAT
and that the corresponding gene had been isolated.

Characterization of Heterologously Expressed DBAT. The recombi-
nant enzyme was determined to have a pH optimum of 7.4, with
half-maximal velocities at pH 6.4 and 7.8. The Km values for
10-DAB and acetyl CoA were determined to be 10 mM and 8
mM, respectively, by Lineweaver–Burk analysis (for both plots,
R2 5 0.97). These kinetic constants for DBAT are comparable
to those of the taxa-4(20),11(12)-dien-5a-ol acetyl transferase
(possessing Km values for taxadienol and acetyl CoA of 4 mM and
6 mM, respectively). The DBAT seems to acetylate the 10-
hydroxyl group of taxoids with a high degree of regioselectivity,
because the enzyme does not acetylate the 1b-, 7b-, or 13a-
hydroxyl groups of 10-DAB, nor does it acetylate the 5a-
hydroxyl group of taxa-4(20),11(12)-dien-5a-ol.

Sequence Analysis. The DBAT cDNA contains an ORF of 1,320
nucleotides (GenBank accession no. AF193765) encoding a
deduced protein of 440 amino acid residues (Fig. 4) with a

calculated molecular weight of 49,052. This size is consistent with
that of the native DBAT protein, '50 kDa, determined by gel
permeation chromatography, indicating the protein to be a
functional monomer; this size is also very similar to that of the
related, monomeric taxadien-5a-ol transacetylase (molecular
weight 5 49,079). The acetyl CoA:DBAT from T. cuspidata
seems substantially different in size from the acetyl CoA:10-
hydroxytaxane-O-acetyl transferase recently isolated from T.
chinensis and reported at a molecular weight of 71,000 (9).

The deduced amino acid sequence of DBAT resembles that of
taxadien-5a-ol acetyl transferase from T. cuspidata (ref. 4; 64%
identity; 80% similarity) and the sequences of other acetyl
transferases (56–57% identity; 65–67% similarity) involved in
different pathways of secondary metabolism in plants (14, 15).
Additionally, DBAT possesses the HXXXDG motif (residues
H162, D166, and G167, respectively) found in other acyl trans-
ferases (refs. 16–19; Fig. 4); this sequence element has been
suggested to function in acyl group transfer from acyl CoA to the
substrate alcohol (15).

As the demand for Taxol use in cancer treatment increases, the
long-term supply of this antineoplastic drug will continue to be
an important issue. The supply of Taxol is currently largely
sustained by semisynthetic means in which 10-DAB, isolated
from yew needles, is used to produce Taxol and the closely
related analog Taxotère (see Fig. 1). The semisynthetic proce-
dure for Taxol production involves protection of the 7-hydroxyl
of 10-DAB, chemical acetylation of the 10-hydroxyl to afford
7-O-protected baccatin III, synthetic attachment of the benzoyl

Fig. 4. Deduced amino acid sequence comparison of DBAT (accession no. AF193765) from T. cuspidata, taxadien-5a-ol-O-acetyl transferase (TAT, accession no.
AF190130) from T. cuspidata, benzylalcohol acetyl transferase (BEAT, accession no. AF043464) from Clarkia breweri, and deacetylvindoline-4-O-acetyl transferase
(DAT, accession no. AF053307) from Catharanthus roseus. Residues boxed in black indicate positional identity for at least two of the compared sequences; similar
amino acids are indicated by gray shading. Asterisks (*) indicate conserved residues in all acetyl transferase sequences of plant origin. Pound signs (#) indicate
a putative acyl group transfer motif (HXXXDG) present in three of the four sequences. The alignment was created with the PILEUP program (Wisconsin Package
Version 9.0; Genetics Computer Group, Madison, WI).
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phenylisoserine side chain at the 13-hydroxyl, and, finally, depro-
tection to yield Taxol. The related procedure for Taxotère
preparation involves protection of the 7- and 10-hydroxyls of
10-DAB, acylation of the 13-hydroxyl with the N-t-butoxycar-
bonyl phenylisoserine side chain, and, lastly, deprotection.

With increased understanding of the enzymology, molecular
genetics, and regulation of the Taxol pathway, it may be feasible
to augment these semisynthetic approaches and, ultimately, to
replace them entirely with organisms genetically engineered for
enhanced Taxol production. In addition to the confirmed DBAT
cDNA and taxadienol-5-O-acetyl transferase cDNA (4), there
are at least three additional transacylation steps in the Taxol

biosynthetic pathway, represented by the 2-debenzoyl baccatin
III-2-O-benzoyl transferase, the baccatin III-13-O-phenyliso-
serine transferase, and the debenzoyltaxol-N-benzoyl trans-
ferase. The general cloning strategy used to obtain taxadienol-
5-O-acetyl transferase (4) and DBAT is likely to yield these
remaining transacylase genes.
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