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Abstract

In addition to the anticancer drug Taxol, yew (Taxus) species produce a large variety of other taxane diterpenoids which differ
mainly in the type of acyl and aroyl groups appended to the many hydroxyl functions on the taxane core; acetate esters are partic-
ularly common. Taxol bears an acetate at C10 and another at C4 thought to originate by intramolecular migration of a C5 acetate
function in the process of oxetane ring formation, but many other naturally occurring taxoids bear acetate groups at C1, C2, C7, C9,
and C13, in addition to C5 and C10. cDNAs encoding a taxoid Sa-O-acetyltransferase (taxadien-5a-0l as substrate) and a taxoid
10B-O-acetyltransferase (10-deacetylbaccatin III as substrate) have been acquired from a recently isolated family of Taxus acyl/
aroyltransferase clones. To explore the origins of other acetylated taxoids, the group of recombinant Taxus acyltransferases was
investigated with a range of polyhydroxylated taxoids as substrates. From this survey, a new acetyltransferase clone (denoted
TAX19) was identified that was capable of acetylating taxadien-5a-ol with activity comparable to that of the previously identified
Sa-O-acetyltransferase (clone TAX1). However, when these two recombinant enzymes were presented with taxadien-triol and tetraol
substrates, they exhibited different regiospecificities. The TAX1 enzyme preferentially acetylates the “northern’ hemisphere hydrox-
yls at C9 and C10, whereas the TAX19 enzyme preferentially acetylates the “east-west”” pole positions at C5 and C13. The TAX1
enzyme possesses the lowest Ky value with taxadien-50-0l (an early pathway metabolite) as substrate, with much higher Ky values
for the polyhydroxylated taxoid substrates, whereas the TAX19 enzyme possesses lower Ky, values (than the TAXI1 transferase) for
all taxoid substrates tested. These results suggest that both TAX1 and TAX19 acyltransferases may function at the early C5 acet-
ylation step of taxoid metabolism, and that the TAX19 acyltransferase, because of its broader specificity for polyhydroxylated tax-
oids, may also function later in metabolism and be responsible for the production of many other acetylated taxoids.
© 2004 Elsevier Inc. All rights reserved.
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Taxoids (taxane diterpenoids), isolated from yew
(Taxus) species, consist of a group of highly functional-
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Fig. 1. Outline of the Taxol biosynthetic pathway. Hydroxylation of the committed precursor taxa-4(5),11(12)-diene to taxadien-50-ol by the taxoid
So-hydroxylase (A), hydroxylation of taxadien-Sa-ol by the taxoid 13a-hydroxylase (B), acetylation of taxadien-50-ol by the taxadienol-O-
acetyltransferase (TAX1 or TAX19) (C), hydroxylation of taxadien-50-yl acetate by the taxoid 10B-hydroxylase (D), acetylation of 10-
deacetylbaccatin III (10-DAB) by the 10-DAB-10-O-acetyltransferase (TAX6) (E), and the side chain attachment to baccatin III to form Taxol (F)
are depicted. Broken arrows indicate multiple steps, several of which remain undefined.

substitutions. These latter functional groups include ace-
tyl, propionyl, and butyroyl esters, and their hydroxyl-
ated and methylated derivatives, tigloyl and benzoyl
esters, and amino acid derivatives, such as cinnamoyl,
aminophenylpropanoyl (Winterstein’s acid), and phenyl-
isoserinoyl esters, as well as occasional glycosyl groups.
Taxol (Fig. 1, generic name paclitaxel) bears acectate
groups at C4 and C10, a benzoate at C2, and the unusual
N-benzoylphenylisoserine side chain appended at C13
(the C2-benzoate, C13-side chain, and C4-acetate are
important in the pharmacophore for promoting tubulin
binding that underlies the cytotoxic mode of action of
Taxol [3]). However, taxoids bearing acetate groups vari-
ously at Cl1, C2, C5, C7, C9, C10, and C13 positions are
far more numerous than Taxol and its congeners.

The rationale for the production of such a vast
assortment of acetylated taxoids is unknown. Some of
these metabolites may be relevant intermediates, or
may simply represent the consequence of promiscuous
acyltransferase activity, while others may play a role in
plant defense in possessing antifeedant [4] and anti-
fungal [5,6] activities, and toxicity towards mammals
[7,8]. What is clear is that Taxus, both intact plants
and derived cell cultures [9], direct considerable pathway
flux to the production of acetylated taxoids rather than
Taxol, and that any approach to improving the produc-
tion yields of Taxol and its immediate precursors must
take into account these apparently diversionary taxoid
biosynthetic side-routes.

Considerable progress has been made in elucidating
the biosynthesis of Taxol and other taxoids in yew

[10,11]. These efforts have led to the isolation of many
genes encoding enzymes of the pathways, including
genes for taxadiene synthase, the committed step [12],
several cytochrome P450 taxoid hydroxylases [13-17],
and all of the acyl and aroyltransferases thought to be
involved in Taxol production. The latter are represented
by the Cl3-side chain transferase [18] and N-benzoyl-
transferase [19], the taxoid C2-O-benzoyltransferase
[20] and C10-O-acetyltransferase [21], and the C5-O-ace-
tyltransferase that operates on taxa-4(20),11(12)-dien-
Sa-ol as a presumptive early pathway step [22]. The
C4-acetate function of Taxol (Fig. 1) is thought to arise
by intramolecular migration of the C5-acetate group in
the process of oxetane (D-ring) formation [23] (Fig. 2).

Genes encoding the acyl and aroyltransferases of
Taxol biosynthesis have been cloned by several strate-
gies employing cDNA libraries derived from transcripts
isolated from Taxus cell cultures induced with methyl
jasmonate for increased Taxol production [11]. These
approaches, in addition to the random sequencing of
an EST? library from similarly induced Taxus cells

2 Abbreviations used: BisTris-propane, 1,3-bis[tris(hydroxylm-
ethyl)methylamino]propane; COSY, correlated spectroscopy; DTT,
dithiothreitol; EST, expressed sequence tag; GCG, Genetics Computer
Group; GC-MS, gas chromatography-mass spectrometry; HPLC,
high performance liquid chromatography; LB, Luria-Bertani media;
Mopso, 3-morpholino-2-hydroxypropanesulfonic acid; NMR, nuclear
magnetic resonance spectroscopy; NOESY, nuclear Overhauser effect
spectroscopy; SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel
electrophoresis; TOCSY, two-dimensional homonuclear total correla-
tion spectroscopy; Tris, tris-(hydroxymethyl)-aminomethane.
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Fig. 2. A postulated biosynthetic scheme for oxetane ring formation in late-stage taxoids. The 4(20)-ene-5a-ol functional grouping is converted to the
4(20)-ene-5a-yl acetate, followed by epoxidation to the corresponding 4(20)B-epoxy-5a-acetoxy derivative, and then intramolecular rearrangement to

the 4a-acetoxy-4,5B-oxetane moiety.

[24], have now yielded a family of 16 closely related acyl-
transferase clones, including the above-described five
[18-22] which have been characterized by heterologous
functional expression in Escherichia coli. The recent
acquisition of this family of presumptive taxoid acyl/
aroyltransferase clones has provided the opportunity
to broaden our search for genes relevant to taxoid
metabolism, with immediate focus on those responsible
for the origin of acetylated taxoids and with a long-term
view toward manipulating these genes so as to suppress
side-routes and promote pathway flux towards Taxol. In
this paper, we report the cloning and characterization of
a new taxoid acetyltransferase (denoted TAX19), and a
comparison of the properties of the recombinant enzyme
with those of previously isolated taxoid-O-acetyltransfe-
rases (TAX1 and TAX6), and we discuss the implica-
tions of these findings for the biosynthesis of Taxol
and related acetylated taxoids.

Materials and methods
Substrates

The preparations of ()-taxadien-5a-ol, (+)-taxadien-
Sa-acetoxy-10p-ol, (+)-taxadien-5a-acetoxy-2a,10B-diol,
(+)-taxadien-50,9a,108,130-tetraol, and (+)-taxadien-
Sa-acetoxy-9a,10B,13a-triol [16,25-27] have been de-
scribed. (+)-Taxadien-50,10B-diol was generated by
deacetylation of the 5-monoacetate [26] using magne-
sium methoxide [16]. Authentic 10-deacetylbaccatin 111
was kindly provided by David Bailey of Hauser
Chemical Research (Boulder, CO), and (+)-taxadien-
20,50, 10B-triol and (+)-taxadien-2a,50-diol were gener-
ously provided by Tohru Horiguchi and Robert
Williams of Colorado State University (Fort Collins,
CO). (+)-Taxadien-5a,13a-diol and 2a-hydroxytaxusin
were biosynthetically derived using recombinant taxoid
13a-hydroxylase and taxoid 2o-hydroxylase, respec-
tively, with the corresponding taxadien-5a-o0l and taxu-
sin substrates [14,17]. Acetyl CoA as the sodium salt
was purchased from Sigma Chemical and [*HJacetyl
CoA (2.83Ci/mmol) was purchased from New England
Nuclear and diluted with unlabeled material to 45Ci/
mol at a working concentration of 1 mM.

Heterologous expression in E. coli and functional screen-
ing

Data mining of a Taxus EST library [24] yielded seven
new full-length acyltransferase clones which were subcl-
oned from their original pBluescript vector [24] into
pSBET [28], and then individually transformed into E.
coli BL21(DE3) and BL21 star (DE3) cells (Invitrogen)
for expression as previously described [19]. A total of 16
acyltransferase clones, originating from both the EST
library [24] and a previous homology-based screen of an
induced Taxus cell cDNA library [22], were tested for
function of the corresponding expressed enzyme with
available taxoid substrates (see Table 1), including
taxadien-5a-ol, taxadien-2a,5q-diol, taxadien-5a,13a-di-
ol, taxadien-5a,10p3-diol, taxadien-2a,5a,10p-triol, taxa-
dien-50,,90,108,130-tetraol, taxadien-5a-acetoxy-9a,10p,
13a-triol, and 10-deacetylbaccatin III (Fig. 1). Thus,
soluble enzyme preparations from transformed E. coli
cultures expressing each acyltransferase were prepared
as previously described [19]. Each taxoid substrate
(100 uM) was added to a 10mL screw-capped vial, along
with 50 uL (~500pug protein) of the soluble enzyme ex-
tract, [*H]acetyl CoA (100pM, 45Ci/mol), and 50mM
Mopso buffer (pH 7.5) to a final volume of 200 uL, and
the mixture was then shaken for 16h at 31°C. The reac-
tion products and residual taxoid substrate were then iso-
lated by partitioning between 1 mL of brine and diethyl
ether (2 x 2mL). The pooled ether extracts were dried,
and the resulting residue was redissolved in CH3CN and
analyzed by radio-HPLC with a method previously
described [16].

Partial purification of recombinant acetyltransferases

Following the above screening, and prior to purifica-
tion, the soluble enzyme extracts of E. coli expressing the
target clones were analyzed by SDS-PAGE and Coo-
massie brilliant blue staining [29] to verify production
of the recombinant proteins (~50kDa) relative to a
comparable preparation from the negative control har-
boring empty vector. E. coli cultures confirmed to ex-
press the target acyltransferase genes were grown in
1L LB media (E. coli harboring TAX1 was grown
in the presence of 1M sorbitol and 2.5mM betaine to
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Table 1

Major product formed by, and kinetic analyses of, TAX1 and TAX19 acetyltransferases

M. Chau et al. | Archives of Biochemistry and Biophysics 430 (2004) 237-246

Taxoid substrate TAX1 TAX19
Ky 8.6+ 0.5uM Ky 5.0+203uM
kear: 4.28571 Kea: 29.59571

kead Kn: 0.50pM 157!
Taxadien-5a-yl acetate

No detectable activity

kead Kpp: 5.92uM 57!
Taxadien-5a-yl acetate

Ky 239 £ 5.6uM

1 -
Hé 20
Taxadien-2a,50-diol

Knv: 41.5+£0.2uM
kear: 577871

Taxadien-2c,50.,10B-triol
HO OH

Ky 45.3 £3.0uM
kear: 1191571

Taxadien-50,90,10B,130-tetraol
(taxusin tetraol)
HO OH

Kwm: 279.4 +9.0uM
; kea: 297.9257!

HO'
Taxadien-5o-acetoxy-
9a,10B,130-triol

kead Kn: 0.14pM 157!
Taxadien-10B-acetoxy-2a,5a-diol

kea Knpz 0.26pM 157!
Taxadien-10B-acetoxy-5a,9a, 13a-triol

* 7OAc kead Kng: 1.07pM 157!
Taxadien-50,,9a,10B-triacetoxy-130-o0l

Keag: 5213571
ead Kng: 219 pM 1571
Taxadien-5a-acetoxy-2a-ol

Ky 129+ 1.0uM

Kear: 27.92571

kead Kng: 2.17pM 1571
Taxadien-5a-acetoxy-2a,10B-diol

Ky: 17.3£0.2uM

keag: 1547571

kead! Kni: 0.90 uM’ls’1
Taxadien-13a-acetoxy-5a,9a, 10B-triol

Ky 83.5+£8.3uM

kear: 1449757

kead Kng: 1.74pM 1571
Taxadien-50,13a-diacetoxy-9a,108-diol

The taxoid test substrates are shown in the left column, along with the corresponding Ky, kca, and catalytic efficiency values determined with the
partially purified enzymes at optimum pH and saturating acetyl CoA concentration.

reduce the formation of inclusion bodies [30]), shaken at
37°C until cell density increased to Aggg ~0.5, and then
induced with 0.5mM IPTG and grown for another 24 h
at 18°C. The transformed bacteria were harvested by
centrifugation (6000g for 20min), washed with phos-
phate buffered saline, and centrifuged again. The pel-
leted cells were resuspended in extraction buffer
(50mM Mopso, pH 7.2, with 5% v/v glycerol, and
0.5mM DTT) and lysed by sonication (3 x 30s) on ice
using a Virsonic 475 (Virtis, Gardiner, NY) at medium
power with the 0.5in. probe. The derived homogenate
was centrifuged (10,000g) for 20min, and the resulting
supernatant was centrifuged again at 45,000g for 1h to
provide the soluble enzyme extract. Using a Bio-Rad
BioLogic LP pump with UV-monitoring at 254nm,
the protein extract (50mL) was loaded onto a diethyla-
minoethyl-cellulose (10 g, Whatman DE-52, Clifton, NJ)
column that was previously equilibrated with 50mM
Mopso, pH 7.2, containing 5% v/v glycerol, SmM
MgCl,, and 1mM DTT (equilibration buffer) and eluted

with a linear NaCl gradient (0-100mM; 200mL, 2mL/
min) in the same buffer. Fractions containing the target
enzyme (eluting between 30 and 65mM), as determined
by the above assay, were pooled and loaded (2mL/min)
onto a ceramic hydroxyapatite (10 g, Bio-Rad, Hercules,
CA) column preequilibrated with the above equilibra-
tion buffer. The column was washed (3mL/min) with
25mL of equilibration buffer, followed by 50mL of
50mM Mopso, pH 7.2, containing 1 M NaCl, then again
with 25mL of equilibration buffer, followed by elution
with a linear gradient of 0 to 50mM potassium phos-
phate buffer (pH 7.2, 200mL, 3mL/min). Fractions con-
taining the acetyltransferases free of competing activities
(eluting between 10 and 25mM), as determined by as-
say, were analyzed by SDS-PAGE with Coomassie bril-
liant blue staining, and these fractions were pooled,
concentrated using an Amicon Centriprep YM-30
centrifugal concentrator, and used for subsequent char-
acterization studies. An aliquot of the pooled concen-
trated protein (12pg) was analyzed by SDS-PAGE to
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determine the relative percentage of recombinant pro-
tein with respect to total protein present for the purpose
of calculating k... A 1L culture of E. coli harboring
TAX19 yielded ~5mg of partially purified acyltransfer-
ase (60% pure); a 1 L culture of E. coli harboring TAX1
yielded ~1mg of partially purified acyltransferase (40%
pure). TAX1 preparations were scaled up fivefold for
routine use.

Product identification and enzyme characterization

After establishing reaction linearity with respect to
protein concentration and time, the pH optimum of
the purified recombinant acetyltransferase was deter-
mined in Tris (pH 6.5-8.0), Bistris-propane (pH 6.5—
9.0), and phosphate (pH 5.0-9.5) buffers (each at
100mM) over intervals of 0.5 pH units. Assays were per-
formed for 1 min at 31°C with 100 uM of taxadien—tet-
raol as co-substrate, 15ug of partially purified enzyme
in the appropriate buffer, and 100 uM [*H]acetyl CoA
(45Ci/mol) in a total assay volume of 200 uL. Reaction
products were extracted by partitioning between 1 mL
brine and diethyl ether (2 x 2mL), the pooled ether ex-
tracts were dried, the residue was redissolved in acetone,
and an aliquot was counted by scintillation spectrometry
from which rates were determined based on the specific
activity of [*HJacetyl CoA and the calculated enzyme
content.

Kinetic values for taxadien-5q-ol, taxadien-2a,5o-di-
ol, and taxadien-2a,50,10B-triol (all at a concentration
range of 2-100puM), taxadien-50,9a,10B,13a-tetraol (at
a concentration range of 5-300uM), and taxadien-5a-
acetoxy-9a,10B,13a-triol (at a concentration range of
5-500uM) were determined by Eadie-Hofstee plotting
using Microsoft Excel software; assays were performed
at the optimum pH of 8 in 100mM phosphate buffer
at operational saturation of [*HJacetyl CoA. The
reported values are means £ SD of two independent
replicates.

For structural elucidation of biosynthetic products,
the assays were scaled up sufficiently (in 100mM phos-
phate buffer, pH 8.0, with SmM DTT and 100 uM each
of acetyl CoA and taxoid substrate; 4h at 31°C) to gen-
erate about 1mg of material. The products were ex-
tracted as before and purified by HPLC on a
Metachem 5p Taxsil column with isocratic elution
(2:3, CH5CN:H,0). The purified material was concen-
trated to remove CH;CN, NaCl was added to the resid-
ual aqueous phase, and the product was extracted twice
with an equal volume of diethyl ether. The ether was
evaporated, and the residual material was lyophilized
and then dissolved in 100% CDCIl; for NMR analysis.
'"H NMR, NOESY, COSY, and TOCSY experiments
were performed on a Varian Mercury 300 MHz instru-
ment. Coupled GC-MS analyses were performed on a
Hewlett-Packard 6890 MSD system (electron impact

at 70eV ionizing voltage) using a Phenomenex ZB5 col-
umn (30m x 0.25mm, 5% phenyl polysiloxane) with
cool on-column injection, and programming from
40°C at 30°C/min to 220°C, then 2°C/min to 260°C,
and finally 20°C/min to 320°C.

The taxadien-50,9a,10B-triacetoxy-13a-0l standard
was generated chemically from taxadien-9a,10B-diacet-
oxy-5a,13a-diol [16] by TES protection of the C13-hy-
droxyl, followed by acetylation of the CS5-hydroxyl
[16], and TES deprotection using HF/pyridine [31]. This
product was purified using a previously described meth-
od [16] (yield ~25%, >95% purity by NMR) and ana-
lyzed by '"H NMR: &; 0.74 (s, CH;), 0.96 (s, CH3),
1.15 (m, H14a), 1.49 (s, CHy), 1.72 (m, H6), 1.76 (m,
H2), 1.77 (m, H1), 1.88 (m, H7), 2.02 (s, COCH3), 2.06
(s, COCH3y), 2.12 (s, COCH3), 2.23 (d, allylic-CHs;,
J=1.2Hz), 2.84 (dt, H14B, J = 3.4, 10.8, 16.2Hz), 3.05
(br s, H3), 445 (dd, H13, J=4.5, 11.1Hz), 4.89 (d,
H20, J =2.2Hz), 5.23 (d, H20, J = 1.5Hz), 5.37 (¢, H5,
J=3.3Hz), 579 (d, H9, J=10.5Hz), 6.06 (d, H10,
J=10.5Hz).

Results and discussion
Preliminary screening of acetyltransferase clones

Screening of the Taxus acyl/aroyltransferase clones,
verified to express the recombinant enzyme by SDS—
PAGE, was conducted using soluble protein extracts
of the corresponding transformed bacteria with all avail-
able taxoid substrates and acetyl CoA as co-substrate,
and with product assessment by GC-MS and radio-
HPLC. The previously described recombinant 10-deace-
tylbaccatin I1I-10-O-acetyltransferase (TAX6) [21] was
shown to acetylate taxadien-5o,9a,108,13a-tetraol to
the corresponding tetraol-9-acetate, tetraol-10-acetate,
and tetraol-9,10-diacetate, and to convert taxadien-5o-
acetoxy-9a,10B,13a-triol to the corresponding tetraol-
5,9-diacetate and tetraol-5,10-diacetate. None of the
other test substrates was measurably functional with this
enzyme. These newly described activities of the 10-
deacetylbaccatin Ill-acetyltransferase (see Fig. 1) are
consistent with the utilization of moderately to highly
functionalized taxoids by this enzyme, with a common
“northern hemisphere” regioselectivity. The previously
characterized taxoid side chain-N-benzoyltransferase
(TAX10) [19] and a new EST-derived acyltransferase
clone (designated TAX14) were found to selectively con-
vert taxadien-5a,13a-diol [14] to the same diol monoac-
etate; however, due to limited availability of this
substrate, the product could not be prepared in sufficient
amount to determine identity. TAX14 was also shown
to convert taxadien-5a,10B-diol to the 5-monoacetate
derivative. The previously described taxoid Sa-acetyl-
transferase (TAX1) [22] and a previously undefined
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acyltransferase (TAX19) were both found to acetylate a
range of taxoid substrates, including taxadien-5a-ol, tax-
adien-5a,10B-diol, taxadien-5a,130-diol, taxadien-2a,50,
10B-triol, taxadien-50,9a,10p,13a-tetraol, and taxadien-
Sa-acetoxy-9a,108,13a-triol. The TAX19 enzyme was
also able to utilize taxadien-2o,50-diol as substrate
(Table 1). Because of the range of substrates utilized
and sequence considerations (see below), the TAXI
and TAX19 acetyltransferases were examined in greater
detail. Both recombinant enzymes were fractionated to
remove competing hydrolases and provide sufficient
purification without undue loss of activity (~50% pure)
to allow accurate calculation of k., values.

Substrate selectivity and regioselectivity of TAXI and
TAX19

At optimum pH and saturating CoA levels, both par-
tially purified TAX1 and TAX19 acyltransferases were
able to convert taxadien-5a-0l to taxadien-5a-yl acetate
(Table 1); this is the original activity for which TAX1
was designated a taxoid Sa-O-acetyltransferase [22].
Like the TAX10 and TAX14 acyltransferases described
above, the TAX1 and TAX19 enzymes were also capa-
ble of acetylating taxadien-5a,13a-diol to the same diol
monoacetate but, unlike TAX10, these other enzymes
could additionally acetylate taxadien-5a,10B-diol to
taxadien-5a-acetoxy-10B-ol (product identification by
HPLC-based comparison to the authentic standard
[13]). One interesting difference with respect to substrate
utilization was demonstrated by the ability of the
TAX19 acetyltransferase to acetylate taxadien-2a,50-di-
ol; the TAX1 enzyme had no detectable activity with
this substrate. The acetylated product of taxadien-
2a,50-diol was analyzed by GC-MS (R, 17.61 min) and
yielded a fragmentation pattern consistent with a diol
monoacetate. The parent ion (P") was observed at
mlz 346, as were diagnostic fragment ions at m/z 328
(P"™-H,0), 313 (P"-H,0-CHj;), 286 (P*—-CH;COOH),
268 (P"—-CH3COOH-H,0), and 253 (P*—-CH;COOH-
H,0-CHj;). Subsequent studies with taxadien-2ao,50,
10B-triol as substrate revealed the first example of a
regiospecific difference between the TAX1 and TAX19

Table 2

acetyltransferases. The TAX19 enzyme was capable of
acetylating this taxoid triol to taxadien-5o-acetoxy-
20,,10B-diol (identification by GC-MS comparison to
the authentic standard [27]). The regiospecific acetyla-
tion at the C5 hydroxyl (but not the C2 hydroxyl) of this
2,5,10-triol suggests that the TAXI19 transferase also
regiospecifically acetylated the C5 position of the above
taxadien-2,5-diol (but this identification was not con-
firmed). TAXI1 transferase, on the other hand, also acet-
ylated this taxadien—triol but the product had a different
HPLC retention than did the C5-acetoxy derivative pro-
duced by TAX19, indicating that acetylation by TAX1
occurred at either the C2 or C10 positions (likely the
C10-hydroxyl; see below).

The TAX1 and TAXI19 transferases were also both
capable of converting taxadien-50,9a,108,13a-tetraol
to a number of different acetylated products (Table 2).
One product formed by the TAX1 enzyme (25% of
product mix; R; 27min by HPLC) was purified by
HPLC (~1mg, >95% purity) and the structure was
determined by 'H NMR: &; 0.91 (s, CH;), 1.01 (s,
CHj), 1.2 (dd, Hl4a, J=16.9, 13.8Hz), 1.43 (s, CH;),
1.53 (m, H7), 1.66 (m, H2), 1.7 (m, H1), 1.74 (m, HO),
2.02 (s, COCHy), 2.16 (d, allylic-CH;, J =1.2Hz), 2.87
(dt, H14B, J=3.6, 9.3, 15.6Hz), 3.00 (br s, H3), 4.35
(¢, H5, J=3Hz), 4.43 (br d, H13, J=7.2Hz), 4.72 (d,
H20, J=1.2Hz), 490 (d, H10, J=11.7Hz), 5.11 (s,
H20), 5.60 (d, H9, J=12Hz). Based on these proton
assignments, and spectrometric comparison with the
substrate tetraol and its peracetylated derivative (taxu-
sin), this product was confirmed as taxadien-9a-acet-
oxy-50,108,13a-triol. A second product (55% of the
product mix) formed by the TAX1 transferase with the
taxadien—tetraol substrate had a slightly later retention
time than the first (R, 28 min by HPLC), and this prod-
uct was also purified (~1mg, >90% purity) and the
structure was determined by 'H NMR: &; 0.89 (s,
CH3), 0.91 (s, CHy), 1.24 (dd, H14a, J=4.5, 10.5Hz),
1.40 (s, CHy), 1.68 (m, H2), 1.7 (m, H6), 1.7 (m, H1),
1.8 (m, H7), 2.11 (s, COCHs3), 2.22 (d, allylic-CHs;,
J=1.5Hz), 2.81 (dt, H14B, J=3.6, 8.9, 14.7Hz), 3.25
(br s, H3), 4.12 (d, H9, J=9.9Hz), 4.34 (br s, H5),
4.37 (br s, H13), 4.71 (s, H20), 5.07 (s, H20), 5.89

Distribution of products formed by TAX1 and TAX19 acetyltransferases with taxadien-50,94,108,13a-tetraol (tetraol) and taxadien-5u-acetoxy-

90,108,130-triol (tetraol-5OAc) as substrates

TAX1 TAX19
Tetraol Tetraol-50Ac Tetraol Tetraol-50Ac
5 5%
9 25% 9 15% 9 10% 9 15%
10 55% 10 35% 10 20% 10 20%
9,10 20% 9,10 50% 13 45% 13 65%
5,13 20%

The acetylated hydroxyl group(s) and the relative percentage conversion rates are shown for each substrate.
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(d, H10, J=9.9Hz). Based on these assignments, and
comparison with reference NMR spectra of the starting
tetraol, taxusin, and other tetraol derivatives [16], this
product was confirmed as taxadien-10B-acetoxy-
50,,90,130-triol. Similar methods and comparison to
authentic standards [16] were used to determine the
identities of the remaining TAX1 and TAX19 enzyme
products, and to demonstrate that the major product
formed by the TAX19 acetyltransferase from taxadien-
50,,90,10B,13a-tetraol was taxadien-13a-acetoxy-5a,9a,
10B-triol (Table 2). With the TAXI1 transferase, the
major product formed from taxadien-Sa-acetoxy-9a,
10B,13a-triol was taxadien-5o,90,10B-triacetoxy-13a-ol,
and with the TAX19 transferase, the major product
from this substrate was taxadien-5q,13a-diacetoxy-
9a,10B-diol (Table 2); these results are entirely consis-
tent with the regioselectivities of the respective enzymes
observed with the taxadien—tetraol substrate.

The TAXI19 transferase acetylated taxadien-2a,50,
10B-triol principally to taxadien-Sa-acetoxy-2a,10p-diol
(by comparison to the authentic standard [27]), whereas
the major product of the TAX1 enzyme with this triol
substrate had a slightly longer retention time by GC
(19.87min) and a mass spectrum entirely characteristic
of a triol monoacetate. The parent ion (P') was not
observed at m/z 362; however, diagnostic fragment ions
were observed at m/z 344 (P*-H,0), 329 (P*~H,0-CH,),
302 (P*-CH;COOH), 284 (P*—CH;COOH-H,0), 269
(P"-CH3COOH-H,0-CH3), and 251 (P*—-CH3;COOH-
H,0-CH;3;-H,0). The triol monoacetate produced by
TAX1 was not available in sufficient quantity to permit
NMR analysis; however, the regiospecificity of this acet-
ylation could be inferred from other results. Because
TAXI1 does not acetylate taxadien-2o,50,10p-triol at
C5, the only other possible positions are either the C2 or
C10 hydroxyl. TAX1 does not acetylate taxadien-2a.,50-
diol but is capable of acetylating taxadien-5a,10B-diol
to the C5-monoacetate derivative, and is capable of acet-
ylating taxadien-50,9a,108,13a-tetraol to the C9-acetate
and the Cl10-acetate derivatives; note again that TAX19
preferentially acetylates the “east—west hemisphere” hy-
droxyl groups (C5 and C13 of this substrate). Because
TAX1 does not acetylate the C2-hydroxyl of taxadien-
2a, Sa-diol (nor that of 2a-hydroxytaxusin [17]) but rather
has a tendency to acetylate the C10-hydroxyl of polyhydr-
oxylated taxoid substrates, it is very likely that the TAX1
transferase acetylates taxadien-2a,5a,10B-triol regiose-
lectively at C10. Given the differences in selectivity
observed, it is of note that both TAX1 and TAX19
transferases are capable of efficiently acetylating the
C5-hydroxyl of taxadien-5a-ol and taxadien-5a,10B-diol.
These observations suggest that the presence of a
C2-hydroxyl and/or the presence of multiple hydroxyl
groups in the substrate promote differential steric
effects that expose regiochemical differences in the acety-
lation capability of these enzymes. Thus, the TAX1 and

TAXI19 transferases have apparently similar activities
with less functionalized taxoids; however, at the level
of triol and tetraol substrates, and with 2a-hydroxy-
containing diols, these enzymes demonstrate differences
in regioselectivity.

Kinetic analyses of TAX1 and TAX19

Limited substrate availability prevented kinetic eval-
uation with the taxadien 5,13- and 5,10-diols but such
assessment was possible with the remaining test sub-
strates (Table 1). The TAX1 and TAXI19 acetyltransfe-
rases exhibited the lowest Ky; values for taxadienol,
with respective ke, values of 4.3 and 29.6s~ !, and ki-
netic efficiencies that differed by a factor of 10 (Table
1). TAX19 also utilized taxadien-2a,5a,10B-triol much
more efficiently than did TAXI, again probably due to
the influence of the C2-hydroxyl as noted above. Both
enzymes utilized the taxadien—tetraol with roughly com-
parable efficiency. A notable difference was observed
with taxadien-5a-acetoxy-9a,10B,130-triol as substrate,
for which both enzymes exhibited substantially higher
Ky and kg, values. TAX1 also showed an interesting
trend, in that as the level of substrate functionality in-
creased, both Ky; and k., increased; no trend of this
type was observed with TAXI19, which exhibited
roughly comparable kinetics for taxadien—-monool, diol,
triol, and tetraol substrates.

Both TAX1 and TAX19 exhibited the lowest Ky, val-
ues (and respectable turnover rates) for taxadien-5a-ol,
an early intermediate of Taxol biosynthesis [32], suggest-
ing that acetylation at C5 is of relevance in vivo as an
early pathway step. Based on utilization of the other test
substrates, TAX19 appears to be the more promiscuous
of the two transferases but both enzymes do catalyze
reactions “off pathway” for Taxol production (i.e., C9
acetylation by TAX1 and Cl3-acetylation by TAX19).
Based on the high Kj; values for both enzymes in the
utilization of taxadien-So-acetoxy-9a,10B,13a-triol, it
might be argued that C5-acetoxy taxadien polyols are
not relevant substrates for these enzymes in vivo; how-
ever, the k., values for this substrate were also remark-
ably high, thus yielding quite respectable catalytic
efficiencies (Table 1). The Ky, value for acetyl CoA with
TAXI1 was previously reported as 5.5uM [33]; the Ky
value for acetyl CoA with TAX19 was determined in
this study to be 5.2 +2.5uM. Kinetic parameters in
the present study were measured by total (multiple)
product formation. It is appreciated that these kinetic
values represent a mixture of reaction channels and
(presently indistinguishable) binding modes for the tax-
oid substrate and/or acetyl CoA. The kinetic constants
for TAX1 and TAX19 compare favorable with those
of the 10-deacetylbaccatin III-10-O-acetyltransferase
(TAX6) with Ky, values of 10 and 8 uM for 10-deacetyl-
baccatin III and acetyl CoA, respectively [21].
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Sequence analyses of acetyltransferases

The TAX19 cDNA (orf 1329bp) encodes a 442-resi-
due protein with a calculated molecular weight of
49,290. This size is consistent with the results of SDS-
PAGE analysis of the recombinant protein and is very
similar to that of the TAXI1 taxadienol-5a-O-acetyl-
transferase previously described [22,33]. The cDNA se-
quence does not appear to encode protein N-terminal
targeting information, consistent with the presumptive
cytosolic localization of the enzyme and its operation-
ally soluble nature. Examination of the deduced amino
acid sequence (Fig. 3) revealed the highly conserved
HXXXDG catalytic triad (aa 164-169) found in other
acyltransferases [11,34-36]. Site-directed mutagenesis
of the histidine of the triad has shown that it is essential
for catalytic activity, and it has been suggested that this
residue acts as a general base in the catalytic transfer of
the acyl moiety from acyl CoA to the substrate hydroxyl
group [34,35]. It has also been reported that a cysteine
residue is important for activity of O-acetyltransferases
[37]. An alignment (GCG, Madison, WI, version 10;
gap creation penalty of 3, gap extension penalty of 1)
of the defined Taxus acyltransferases (Fig. 3) reveals

two cysteines, in addition to the one of the HXXCDG
motif, that are highly conserved, one at position 96 (of
TAX19) and the other which is a part of a CGG motif
(aa 153-155). Another conserved element of enzymes
of this type is the DFGWG motif (aa 375-379) [35].
Pair-wise comparisons (GeneDoc, version 2.6.002) of
TAX1 and TAX19 reveal moderate sequence similarity
(S) and identity (/) scores of 77 and 61%, respectively.
Comparisons of the TAX1 and TAX19 sequences with
the other described acyl/aroyltransferases of Taxol bio-
synthesis also showed similar scores (~75% S, ~60%
I). However, one comparison did reveal very high
homology; TAX14 and TAXI19 exhibit similarity and
identity scores of 93 and 87%, respectively. Although
these sequences are highly homologous, the correspond-
ing enzymes utilize only two substrates in common
(taxadien-5a,10B-diol and taxadien-5a,13a-diol). Inter-
estingly, the TAX1 and TAX19 sequences are not as
similar, but the corresponding enzymes utilize several
substrates in common with comparable activities. At
our present level of understanding, it is not possible to
relate primary structure to substrate utilization by this
enzyme type. Neither of the latter acetyltransferases is
highly abundant in the induced 7axus cell EST library

TAX19 : NWEHRVE- DLNVKSDP'\/MVKPSIPLPKTVLHLSTVDNLP PRGN NS LIV V)9S DESEK T SADD 63
TAXO01 : K- - - -[FHYNLIE MVEPHEPLPKTIL@LSEDNLPGVR ST PN LY NA S|ESYT S AD PA 63
TAX14 (VDEL PJjVRENT FNSLIVYNASDEEEKTSADPA 63
TAX06 Vi 61
TAX19 : My : 130
b:V: (P <[5 T REATAKIL VY Y PEAGRLRIEIENGDLEVIElCIGEC AN FIEAMADNEL S VL.GDIFDDEN P SiHele| L. L E RN i)
TAX14 : KVIREALIKVLVYYFPEAGRLR ENGELEVDCNGEGAAFVEAMYDENL SVLGDLDDLNP SYEDL LI
TAX06 : ;128
TAX19 0) 196
by VORI, LD TIJSSDLEL L VVOV TR FICGGFVVGY S FHHENCDGRRCAMOFLKEL AEMAR GENKLSMEP IW 196
TAX14 AT, PLINTDIVINLY421.VVOVTRFACGGFVVGES FEHET CDCINENAYY FEKAT i Me R CRDKLSCEPIW 196
bV OTING  DJED TD TiBDIEIRT. VOV TR FINCGGFVVGHS FEHGT CDCRRGAGQOF LiTA] 194
TAX19 260
TAX01 259
TAX14 260
TAX06 258
TAX19 : ;327
TAX01 : M WIARTEAFQIPSEEVKELF@MDMRMSFNPP.PIGYYGNIIGEACAHDNEDL-GSLLEAMI : 326
h:V:a 'SP 1 T AWINA R TKAEQT POINON VKLL FADMRKY : 327
TAX06 : 32
DFGWG

TAX19 N : 393
TAX01 DWRLGFDEVDFGWGMAVEVEPVQ -QSA : 390
TAX14 DWRRLGFNEVDFGWGDAVNVCPIQRMTN : 393
TAX06 : 387
bV VAR BERVPN Y FL.FLR PSEDMPDGIK I LMCMS SMVK S FKEENEDMINK Y VIV vy

TAX01 : M----ANQ YFLFLEPSEPDGIKILM-iES-KSFKﬂEME‘ MKECRAT

DSSMVKSFKFEEEDIINKYV TN* : 442

TAX14 : |B---- PNYFLFLRPSEDMPDGEKILMC

* : 439

TAX06 : EKDVS\YVQSHPNYTINEP KNN|isiehyaniS Vi DS TSRO NN N T TNRSQYRIP* : 440

Fig. 3. Deduced amino acid sequence alignment of taxoid acetyltransferases: TAX19 (taxoid So-acetyltransferase), TAX1 (previously identified
taxoid Sa-acetyltransferase), TAX14 (taxadien-5a,13a-diol and 5a,10B-diol acyltransferase), and TAX6 (10-DAB-10-O-acetyltransferase). Black
boxes indicate identical residues; grey boxes indicate identical residues for at least two of the sequences. The conserved motifs are indicated above the

alignment.
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[24] (TAX1 at 0.29,, and TAX19 at 0.1%,) relative to the
other acyltransferases of Taxol biosynthesis (all >1.0%,).
These low abundances may result from downregulation
of the TAX1 and TAX19 genes upon methyl jasmonate
elicitation of the Taxus cells; alterations in gene expres-
sion upon induction of Taxol biosynthesis are not yet
well defined.

Conclusions

With the acyl and aroyltransferases involved in Tax-
ol biosynthesis seemingly defined [11,18,19], we turned
our attention to the origin of other acylated taxoids,
particularly the numerous acetylated derivatives, and
functionally screened all of the available Taxus acyl-
transferase clones with the newly acquired taxoid test
substrates using acetyl CoA as co-substrate. From this
family of taxoid acyltransferases, a new clone, denoted
TAX19, was found to possess taxadien-5q-O-acetyl-
transferase activity like that of the previously isolated
TAX1 acetyltransferase [22]. Both TAX1 and TAXI19
enzymes were subsequently shown to be capable of uti-
lizing a range of polyhydroxylated taxoid substrates
with differing regioselectivities, TAX1 with preference
for C9 and C10 acetylation, and TAX19 with prefer-
ence for CI3 acetylation. The observation that these
two enzymes are capable of acetylating taxadien-5a-ol
with respectable kinetics suggests a role in vivo. Acety-
lation at C5 (i.e., following the first hydroxylation of
the taxane core to taxadien-5o-o0l [32]) would appear
to be an early step of taxoid biosynthesis, the C5-acet-
ylated product leading to subsequent hydroxylation at
C10 [13] and establishing a structural element at C5
that is seemingly necessary for eventual construction
of the oxetane D-ring [23] (see Fig. 2). Although taxa-
dien-5a-yl acetate has been demonstrated as a metabo-
lite of Taxus [33,38], and the enzymology of the
acetylation of taxadien-5a0-ol established [33] and the
corresponding gene isolated [22], it has not been possi-
ble to adequately evaluate the intermediacy of taxa-
dien-Sa-yl acetate in taxoid biosynthesis by feeding
studies with Taxus cells because the uptake of this
metabolite is very inefficient.

Of the two acyltransferases, TAX19 possesses the
broader specificity for the taxoid substrates tested, and
generally the more favorable kinetics. Both enzymes cat-
alyze reactions that could divert the Taxol pathway by
acetylation at C9 (TAX1) or C13 (TAXI19). Neverthe-
less, the seemingly greater promiscuity of the TAXI19
acyltransferase makes it the more likely enzyme involved
in the production of abundant “off-pathway” acetylated
taxoids and, thus, the better candidate for suppression
of side-routes to increase pathway flux towards Taxol.

It is appreciated that the biochemical implications
for TAX1 and TAX19 (and other acyltransferase TAX

clones) derive from studies with a limited set of test sub-
strates. At present, there are exceedingly few accessible
test substrates with functional complexity between that
of taxadien—tetraol and baccatin III (which was not a
substrate for either TAX1 or TAX19 enzyme). It is also
important to note that the operation of an acyltransfer-
ase in vivo is highly dependent upon the type and con-
centration of acyl CoA and aroyl CoA co-substrates
available, an issue not addressed here, and that, with
sufficient time in vivo (as opposed to rapid in vitro
assay), even Kkinetically unfavorable acylations can
contribute to the accumulation of dead-end metabolites.
Given these limitations, it is nevertheless important
to define, to the extent possible, the functions of the
taxoid acyltransferases because these enzymes catalyze
critical steps of Taxol biosynthesis and are largely
responsible for the diverse assortment of other taxoids
found in yew species that, in the context of Taxol
production, represent lost yield. The taxoid substrate
and acyl CoA specificities, and the regioselectivities, of
at least nine more Taxus acyltransferases remain to be
defined.

Acknowledgments

We thank Greg Helms (Washington State University
Center for NMR Spectroscopy), David Hyatt, and Da-
vid Williams for technical assistance.

References

[1] D.G.I. Kingston, A.A. Molinero, J.M. Rimoldi, Prog. Chem.
Org. Nat. Prod. 61 (1993) 1-206.
[2] E. Baloglu, D.G.I. Kingston, J. Nat. Prod. 62 (1999) 1448-1472.
[3] D.G.I. Kingston, J. Nat. Prod. 63 (2000) 726-734.
[4] W.M. Daniewski, M. Gumulka, W. Anczewski, M. Masnyk, E.
Bloszyk, K.K. Gupta, Phytochemistry 49 (1998) 1279-1282.
[5S] D.H. Young, E.L. Michelotti, C.S. Swindell, N.E. Krauss,
Experientia 48 (1992) 882-885.
[6] W.H. Elmer, M.J.1. Mattina, G.J. MacEachern, Phytopathology
84 (1994) 1179-1185.
[7] L. Odgen, Vet. Hum. Toxicol. 30 (1988) 563-564.
[8] R. Feldman, J.M. Szajewski, J. Chrobak, Z.M. Liberek, Vet.
Hum. Toxicol. 29 (Suppl. 2) (1987) 72.
[9] R.E.B. Ketchum, C.D. Rithner, D. Qiu, Y.S. Kim, R.M.
Williams, R.B. Croteau, Phytochemistry 62 (2003) 901-909.
[10] S. Jennewein, R. Croteau, Appl. Microbiol. Biotechnol. 57 (2001)
13-19.
[11] K. Walker, R. Croteau, Phytochemistry 58 (2001) 1-7.
[12] M.R. Wildung, R. Croteau, J. Biol. Chem. 271 (1996) 9201-9204.
[13] A. Schoendorf, C.D. Rithner, R.M. Williams, R. Croteau, Proc.
Natl. Acad. Sci. USA 98 (2001) 1501-1506.
[14] S. Jennewein, C.D. Rithner, R.M. Williams, R. Croteau, Proc.
Natl. Acad. Sci. USA 98 (2001) 13595-13600.
[15] S. Jennewein, R.M. Long, R.M. Willams, R. Croteau, Chem.
Biol. 11 (2004) 379-387.
[16] M. Chau, S. Jennewein, K. Walker, R. Croteau, Chem. Biol. 11
(2004) 663-672.



246 M. Chau et al. | Archives of Biochemistry and Biophysics 430 (2004) 237-246

[17] M. Chau, R. Croteau, Arch. Biochem. Biophys. 427 (2004) 48-57.

[18] K. Walker, S. Fujisaki, R.M. Long, R. Croteau, Proc. Natl.
Acad. Sci. USA 99 (2002) 12715-12720.

[19] K. Walker, R.M. Long, R. Croteau, Proc. Natl. Acad. Sci. USA
99 (2002) 9166-9171.

[20] K. Walker, R. Croteau, Proc. Natl. Acad. Sci. USA 97 (2000)
13591-13596.

[21] K. Walker, R. Croteau, Proc. Natl. Acad. Sci. USA 97 (2000)
583-587.

[22] K. Walker, A. Schoendorf, R. Croteau, Arch. Biochem. Biophys.
374 (2000) 371-380.

[23] F. Guéritte-Voegelein, D. Guénard, P. Potier, J. Nat. Prod. 50
(1987) 9-18.

[24] S. Jennewein, M.R. Wildung, M. Chau, K. Walker, R. Croteau,
Proc. Natl. Acad. Sci. USA 101 (2004) 9149-9154.

[25] S.M. Rubenstein, A. Vazquez, J.F. Sanz-Cervera, R.M. Willams,
J. Label. Compd. Radiopharm. 43 (2000) 481-491.

[26] T. Horiguchi, C.D. Rithner, R. Croteau, R.M. Williams, J. Org.
Chem. 67 (2002) 4901-4903.

[27] T. Horiguchi, C.D. Rithner, R. Croteau, R.M. Willams, Tetra-
hedron 59 (2003) 267-273.

[28] P.M. Schenk, S. Baumann, R. Mattes, H.H. Steinbiss, Biotech-
niques 19 (1995) 196-200.

[29] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning: A
Laboratory Manual, Cold Spring Harbor Press Laboratory Press,
Plainview, NY, 1989.

[30] J. Blackwell, R. Horgan, FEBS Lett. 295 (1991) 10-12.

[31] I. Ojima, S. Chakravarty, T. Inoue, S. Lin, L. He, S.B. Horwitz,
S.D. Kuduk, S.J. Danishefsky, Proc. Natl. Acad. Sci. USA 96
(1999) 4256-4261.

[32] J. Hefner, S.M. Rubenstein, R.E.B. Ketchum, D.M. Gibson,
R.M. Williams, R. Croteau, Chem. Biol. 3 (1996) 479-489.

[33] K. Walker, R.E.B. Ketchum, M. Hezari, D. Gatfield, M.
Goleniowski, A. Barthol, R. Croteau, Arch. Biochem. Biophys.
364 (1999) 273-279.

[34] W. Shaw, A. Leslie, Annu. Rev. Biophys. Biophys. Chem. 20
(1991) 363-386.

[35] B. St-Pierre, P. Laflamme, A. Alarco, V. De Luca, Plant J. 14
(1998) 703-713.

[36] N. Brown, R. Anderson, S. Caplan, D. Foster, J. McGarry, J.
Biol. Chem. 269 (1994) 19157-19162.

[37] M. Watanabe, T. Sofuni, T. Nohmi, J. Biol. Chem. 267 (1992)
8429-8436.

[38] A. Lovy Wheeler, R.M. Long, R.E.B. Ketchum, C.D. Rithner,
R.M. Williams, R. Croteau, Arch. Biochem. Biophys. 390
(2001) 265-278.



	Regioselectivity of taxoid-O-acetyltransferases: heterologous expression and characterization of a new taxadien-5 alpha -ol-O-acetyltransferase
	Materials and methods
	Substrates
	Heterologous expression in E. coli and functional screening
	Partial purification of recombinant acetyltransferases
	Product identification and enzyme characterization

	Results and discussion
	Preliminary screening of acetyltransferase clones
	Substrate selectivity and regioselectivity of TAX1 and TAX19
	Kinetic analyses of TAX1 and TAX19
	Sequence analyses of acetyltransferases

	Acknowledgments
	References


