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Abstract

The biosynthesis of the anticancer drug Taxol in yew (Taxus) species is thought to involve the preliminary formation of the advanced
taxane diterpenoid intermediate baccatin III upon which the functionally important N-benzoyl phenylisoserinoyl side chain is subse-
quently assembled at the C13-O-position. In vivo feeding studies with Taxus tissues and characterization of the two transferases respon-
sible for Cl3-side chain construction have suggested a sequential process in which an aminomutase converts a-phenylalanine to
B-phenylalanine which is then activated to the corresponding CoA ester and transferred to baccatin III to yield B-phenylalanoyl baccatin
III (i.e., N-debenzoyl-2’-deoxytaxol) that undergoes subsequent 2’-hydroxylation and N-benzoylation to afford Taxol. However, because
the side chain transferase can utilize both B-phenylalanoyl CoA and phenylisoserinoyl CoA in the C13-O-esterification of baccatin III,
ambiguity remained as to whether the 2’-hydroxylation step occurs before or after transfer of the amino phenylpropanoyl moiety.
Using cell-free enzyme systems from 7Taxus suspension cells, no evidence was found for the direct hydroxylation of B-phenylalanine
to phenylisoserine; however, microsomal preparations from this tissue appeared capable of the cytochrome P450-mediated hydroxylation
of B-phenylalanoyl baccatin III to phenylisoserinoyl baccatin III (i.e., N-debenzoyltaxol) as the penultimate step in the formation of Tax-
ol and related N-substituted taxoids. These preliminary results, which are consistent with the proposed side chain assembly process, have
clarified an important step of Taxol biosynthesis and set the foundation for cloning the responsible cytochrome P450 hydroxylase gene.
© 2005 Elsevier Inc. All rights reserved.
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Taxol [1] (generic name paclitaxel, Fig. 1) is well estab-
lished as a potent antineoplastic drug with excellent activity
against a range of cancers [2]. This taxane diterpenoid (tax-
oid), derived from yew (Taxus) species [3], continues to find
wide application in the treatment of additional cancer
types, for earlier use in disease intervention, and in combi-
nation with other chemotherapeutic agents [4]. Total syn-
theses of Taxol have been achieved by several elegant
routes [5] but the approach is commercially impractical
[6]. The increased demand for the drug therefore shifted
destructive isolation from the original, low-yielding source
(the bark of the Pacific yew, Taxus brevifolia) to semisyn-
thetic approaches [7]. These methods involve synthetic side
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chain attachment to the C13-O-position of more readily
available baccatin III derivatives (Fig. 1) that can be isolat-
ed in higher yield from the needles of various Taxus species
as a renewable resource. For the foreseeable future, the
supply of Taxol and its precursors will continue to rely
on yew species [8] or cell cultures derived therefrom [9],
and drug sourcing and patient treatment costs will remain
critical issues [10]. For these reasons, it is important to
understand the biosynthesis of Taxol and its underlying
molecular genetics, with the view to improving drug yields
by transgenic means. This approach holds most promise
for Taxus cell culture production methods [11].

The Taxol biosynthetic pathway is considered to require
19 enzymatic steps from the universal diterpenoid precur-
sor geranylgeranyl diphosphate which is cyclized, in
the committed step, to taxa-4(5),11(12)-diene [12]. This
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Fig. 1. Outline of Taxol biosynthesis involving the construction of baccatin III and the final assembly of the C13-side chain. The enzymatic steps indicated
are: 1, geranylgeranyl diphosphate synthase; 2, taxadiene synthase; 3, phenylalanine aminomutase; 4, amino phenylpropanoyl CoA ligase; 5, amino
phenylpropanoyl-13-O-transferase; 6, side chain-2’-hydroxylase; and 7, benzoyl-N-transferase. Ac is the acetyl group, Bz is the benzoyl group, and OPP is

the diphosphate moiety.

parental olefin (Fig. 1) is then functionalized by a series of
eight cytochrome P450-mediated oxygenations and three
CoA-dependent acylations, and undergoes oxidation at
C9 and a ring expansion step to form the oxetane group
en route to the late stage intermediate baccatin III. Consid-
erable information is now available about the enzymes and
genes involved in the construction of baccatin III [13], to
which the functionally important side chain at C13 [14] is
then appended (in five additional steps) to complete the
pathway to Taxol.

Previous in vivo studies with Taxus, in which labeled
amino acids were used to elucidate the mode of assembly
of the Cl3-side chain, showed that the intact side
chain (N-benzoyl phenylisoserine) was not incorporated
into Taxol, whereas B-phenylalanine and, to a lesser extent,
o-phenylalanine and phenylisoserine were utilized as pre-
cursors [15]. These results, along with earlier work on the
origin of B-phenylalanine from o-phenylalanine [16,17],

suggest that B-phenylalanine (derived by mutation of
o-phenylalanine [18]), as the free amine, is attached to
baccatin III, and that this side chain is hydroxylated and
N-benzoylated to complete the route to Taxol (Fig. 1).
These biosynthetic results prompted a search for the
enzymes and genes involved in Cl13-side chain assembly,
which has recently yielded the phenylalanine aminomutase
[19] and the two responsible transferases [20,21]. In the case
of the transfer reactions, functional screening of a family
(58-69% sequence identity within the group) of previously
acquired Taxus acyl/aroyl transferase cDNAs [12,22] affor-
ded the benzoyl CoA-dependent, regio- and stereo-selective
transferase responsible for the final benzamidation step of
the Taxol pathway [20], and the C13 phenylpropanoid side
chain-CoA acyl transferase that mediates the critical 13-O-
esterification of baccatin III [21]. The kinetic properties
and specificity of this latter recombinant transferase, which
catalyzes the attachment of the biologically important
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Taxol side chain precursor, indicate that, at saturation
with the baccatin III and amino phenylpropanoyl CoA
co-substrates, the enzyme prefers B-phenylalanoyl CoA
(Viee=1.0) over 3-phenylisoserinoyl CoA (Vg = 0.4);
a-phenylalanoyl CoA and N-benzoyl phenylisoserinoyl
CoA are not productive acyl donors (V¢ < 0.01).

The evidence thus far suggests that the biogenesis of
the side chain begins with the isomerization of a-phenyl-
alanine to P-phenylalanine by the aminomutase [19],
which is converted by an as yet undefined ligase to the
reactive CoA ester and transferred to the C13-hydroxyl
of baccatin III to yield 13-O-B-phenylalanoyl baccatin
IIT (i.e., N-debenzoyl-2’-deoxytaxol), as a true intermedi-
ate on the pathway to Taxol, which subsequently under-
goes C2’-hydroxylation and N-benzoylation as final side
chain modifications [20,21]. However, the lack of absolute
selectivity of the Cl13-side chain transferase leaves open
the possibility that 2-hydroxylation of B-phenylalanine
precedes transfer (i.e., of phenylisoserine) to the baccatin
IIT core rather than transfer of p-phenylalanine and
subsequent 2’-hydroxylation of the 13-O-substituted
baccatin III. This ambiguity in timing has stimulated a
more direct evaluation of the side chain hydroxylation
step using cell-free extracts of Taxus suspension cell
cultures that produce Taxol [23]. The failure thus far to
demonstrate direct hydroxylation of B-phenylalanine to
phenylisoserine in these cell-free enzyme systems under
reaction conditions described for other amino acid
hydroxylases [24], and the fact that all other oxygenations
of the taxoid core are seemingly mediated by cytochrome
P450 enzymes [13] led to an evaluation of Taxus cell
microsomes for the target activity. The results described
herein are entirely consistent with the cytochrome P450-
catalyzed 2’-hydroxylation of B-phenylalanoyl baccatin
IIT  (N-debenzoyl-2’-deoxytaxol) to phenylisoserinoyl
baccatin III (N-debenzoyltaxol), and they support the
proposed assembly sequence in which side chain transfer
precedes 2’-hydroxylation.

Materials and methods

Plant cell cultures. The source and preparation of (uninduced) sus-
pension cell cultures of Taxus x media cv Hicksii (cell line MhOOD) have
been described, as have the methods for taxoid isolation and LC-MS
analysis [23,25].

Substrates and reagents. [13->H]N-Debenzoyl-(3'R)-2'-deoxytaxol
(19.5 Ci/mol) was synthesized at the 100 mg scale by literature methods
[26,27], except that N-Boc-(3R)-B-phenylalanine (Peptech, Burlington,
MA) was coupled with [13-3H]7-triethylsilyl-baccatin III with deprotec-
tion as described [28]. The free-amine product was partially purified via
preparative, normal-phase TLC by development twice with CH,Cl/
MeOH (95:5, v/v), and a diffuse, low R; band was collected and the silica
gel was eluted with MeOH. The eluate was brought to pH 9 by dropwise
addition of conc. NH4OH, then extracted with CH,Cl, (3x), and the ex-
tract was concentrated for separation by tapered-layer silica gel TLC
(Analtech, Newark, DE) by development twice with CH,Cl,/MeOH as
before. The product (R = 0.3) was eluted from the gel with MeOH, and
the identity as N-debenzoyl-2'-deoxytaxol (B-phenylalanoyl baccatin III)
was confirmed by LC-MS.

The conversion of [13-*H]N-debenzoyl-(3'R)-2'-deoxytaxol to
[13-*H](3’ R)-2'-deoxytaxol (of the same spec. act.) was carried out by the
Schotten-Baumann N-benzoylation procedure as described [28].
[13->H]Baccatin III (72 Ci/mol) was synthesized as described [29] but
included an additional deprotection step of the 7-triethylsilyl derivative
using HF [28]. [7-"*C]Benzoyl CoA (0.019 Ci/mol) was prepared by liter-
ature procedure [28], and other acyl CoA thioester salts were purchased
from Sigma Chemical (St. Louis, MO). The synthesis of [1-'*C]3R-pB-
phenylalanine (3-amino-3-phenylpropanoic acid; 0.14 Ci/mol) was carried
out as described [30] starting from [*C]NaCN (Sigma). Ferredoxin and
ferredoxin reductase, as well as all of the inhibitors and biochemicals
mentioned below, were obtained from Sigma.

Taxus cell feeding studies. To compare in vivo conversions and relative
incorporation rates of putative taxoid intermediates and side chain pre-
cursors, [°H]N-debenzoyl-(3'R)-2’-deoxytaxol (107 dpm at 19.5 Ci/mol),
[PH](3'R)-2'-deoxytaxol (107 dpm at 19.5 Ci/mol), [*H]baccatin III
(107dpm at 19.5 Ci/mol), and ['*CJ]3R-B-phenylalanine (10’ dpm at
0.14 Ci/mol) were each dissolved in 0.5 mL MeOH and added to separate
wells of a sterile six-well plate (Cellstar, Copell, TX). After evaporation of
the solvent, 10 mL of 8-day-old 7. x media (cell line MhOOD) cell sus-
pension was added to each well, and the plate was shaken at 120 rpm at
room temperature for 10 days in the dark. The media were then removed
by vacuum filtration and extracted with an equal volume of CH,Cl,, and
the filtered cells were also extracted CH,Cl, assisted by sonication. The
organic extracts were dried under vacuum, and the residues were redis-
solved in CH3CN, filtered through 0.2 um PTFE syringe filters, and
analyzed by radio-HPLC as described below.

Enzyme isolation and assay. The soluble enzyme fraction from 14-day-
old T.x media suspension cell cultures (line MhOOD) was prepared by
methods previously described to isolate operationally soluble taxoid acyl
transferases from this tissue [22] except that, for the isolation of putative
oxygenases, the initial centrifugation step was carried out at 3000g for
20 min, and the buffer was 100 mM Hepes (pH 7.2) containing 15% (v/v)
glycerol, 1 mM MgCl,, 2mM EGTA, 5mM dithiothreitol, 5mM
Na,S,0s5, 10 mM glycerol-1-phosphate, 10 mM lidocaine, 10 mM pro-
caine, and 1 mM benzamidine.

The microsomal enzyme fraction from 14-day-old 7. x media suspen-
sion cell cultures (line MhOOD) was prepared by methods employed pre-
viously to examine cytochrome P450 oxygenases of taxoid metabolism
[31,32] with the following modifications: frozen, pulverized cells, after
transfer to extraction buffer, were further homogenized using a glass Ten-
Broek tissue grinder; the intermediate centrifugation stop at 20,000g was
omitted; and the resulting microsomal pellet was resuspended in 25 mM
Hepes buffer (pH 7.2) containing 5% (v/v) glycerol, ] mM EGTA, 10 mM
MgCl,, 1 mM KCI, 1 mM dithiothreitol, and 25 pg leupeptin/mL.

Aliquots of the soluble enzyme or microsomal fractions (500 pg pro-
tein) were assayed with either [14C]B-phenyla1anine (400 uM, 28.6 nCi),
[*H]N-debenzoyl-(3' R)-2'-deoxytaxol (130 uM, 2.5 uCi), or [PH](3R')-2'-
deoxytaxol (130 uM, 2.5 puCi) as substrate, in the presence of all possible
combinations of ferredoxin (1.5 mM), ferredoxin reductase (5 uM), Fe*"
(5 mM), a-ketoglutarate (50 or 100 M), sodium ascorbate (5 mM), FMN
(2.5 uM), FAD (2.5 uM), NADPH (1 mM), and a regenerating system (for
NADPH where appropriate) consisting of glucose-6-phosphate (2 mM)
and glucose-6-phosphate dehydrogenase (0.2 U), with incubation for 1 h
at 27 °C in air, in the dark.

The target product ['*CJ3-phenyl-(3R)-isoserine (from ['*CJ3R-p-
phenylalanine) was isolated by adjusting the assay mixture to pH 9 (with
sat. NaHCO3) to neutralize the free amine, followed by extraction with
three volumes of ethyl acetate, and concentration of solvent. To facilitate
the analysis by reversed-phase radio-HPLC, the target product was
derivatized by N-benzoylation and methylation (with diazomethane) to
the 2-N-benzoyl-3-phenylisoserine methyl ester by methods previously
described [28]. The target product [*H]N-debenzoyltaxol (from [PH]N-
debenzoyl-(3' R)-2'-deoxytaxol) was extracted from the assay mixture with
ethyl acetate after adjustment to pH 9, as before. For the analysis by
radio-HPLC, the product was converted to Taxol via N-benzoylation [28].

The N-acylated derivatives were analyzed by reversed-phase radio-
HPLC using an Agilent 1100 Series HPLC coupled to a Packard A-100
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flow-through radio-detector using 3a70b scintillation cocktail (RPI, Mt.
Prospect, IL). The primary analytical method employed a Phenomenex
Curosil 5 uPFP column (250 x 4.6 mm) developed (at 1 mL/min) with
CH;CN/H,0 starting at 20% CH3CN to 80% CH3;CN (linear gradient
over 60 min), then to 100% CH;CN (10 min hold), followed by re-equil-
ibration to starting conditions. Product identification was determined by
matching retention times of radio-peaks to those of authentic standards.
Additional verification was provided by substituting [ring->Hs]benzoyl
chloride in the N-benzoylation derivatization reaction to permit analysis
of any stable isotope-labeled product by LC-MS methods previously de-
scribed [25]. Analysis of the free amine forms (of substrates and products)
was also performed directly by radio-HPLC using the same instrumen-
tation and column as above but with development (at 1 mL/min) using
CH;CN: 10 mM ammonium formate (pH 3) starting at 30% CH;CN to
100% CH;CN (linear gradient over 40 min with 10 min hold), followed by
5% CH;3CN wash (10 min) and re-equilibration to starting conditions.

Enzyme characterization. In addition to the aforementioned substrates,
enzyme preparations were also evaluated with [*H]baccatin III (200 pM)
and [*H]benzoyl CoA (50 utM) as substrates to determine the presence of
endogenous side chain precursors and the relevant side chain transferase
[21] and N-benzoyl transferase activities [20]. Cytochrome P450 CO-dif-
ference spectra were obtained by methods previously described for Taxus
cell microsomes [32]. The influence of CO saturation on enzyme activity
was also determined by sparging the reaction mixture with CO for 4 min
prior to initiating the assay by addition of NADPH and incubation in air.
Miconazole and clotrimazole were tested as inhibitors by separate addi-
tion (at 100 pM) to the assay mixtures prior to initiating the reaction by
addition of NADPH. NADPH and flavin (FAD and FMN) dependence
were tested by omission of the appropriate cofactor from the reaction
mixture. Positive control reactions with microsomal preparations were
carried out for the cytochrome P450 taxoid Sa-hydroxylase, 10p-hydrox-
ylase, and 13a-hydroxylase as previously described [33-35].

Results
Preliminary studies

In an initial attempt to define the sequence of the assem-
bly steps of C13-0-side chain construction in Taxol biosyn-
thesis, labeled B-phenylalanine, baccatin III, N-debenzoyl-
2'-deoxytaxol, and 2’-deoxytaxol (see Fig. 1) were com-
pared as precursors by in vivo feeding studies with
T. x media cells. Incubation under standard conditions, fol-
lowed by isolation and radio-HPLC analysis of the derived
metabolites, revealed incorporation of radiolabel from
baccatin III, B-phenylalanine, and N-debenzoyl-2’-deoxy-
taxol into Taxol, taxol B, (cephalomannine) and taxol C
(Fig. 2) in a roughly equal proportion, with the highest
conversion efficiency for baccatin III; [PH]2’-deoxytaxol
was not detectably incorporated into Taxol (or either

Cephalomannine
(Taxol B)

o

R= ©)L Taxol
[¢]
/\HL

TaxolC

]

Fig. 2. The structures of advanced taxoids.

of the two N-acylated taxol homologues). These results,
particularly the conversion of N-debenzoyl-2’-deoxytaxol
coupled to the apparent failure of 2’-deoxytaxol to undergo
hydroxylation, are consistent with previous feeding studies
with intact yew tissue [15] and with the selectivities of the
recombinant transferases involved in side chain construc-
tion [20,21], and they support the proposed pathway to
Taxol (Fig. 1) involving transfer of B-phenylalanine (via
the CoA ester) to baccatin III, followed by 2’-hydroxyl-
ation and final N-benzoylation.

However, the apparently more efficient incorporation of
baccatin III than the presumed advanced intermediate N-
debenzoyl-2’-deoxytaxol, as well as the failure of baccatin
III to detectably label the supposed intermediates N-deben-
zoyl-2'-deoxytaxol and N-debenzoyltaxol on route to Tax-
ol and its congeners, were unanticipated; the seemingly less
efficient labeling from B-phenylalanine can be rationalized
as resulting from dilution with endogenous material [19].
It was not feasible to determine possible differences in up-
take efficiency between baccatin III and the two side chain
derivatives (especially the free amine), nor to account for
potential complications arising from endogenous esterases
that might hydrolyze the side chain derivatives back to
baccatin III with reincorporation of the latter. Both of
these uncertainties could easily confound the interpreta-
tion. Nevertheless, the results (particularly the incorpora-
tion of N-debenzoyl-2’-deoxytaxol) are highly suggestive,
but do not prove, that 2’-hydroxylation follows the transfer
of B-phenylalanine to baccatin III.

Cell-free enzyme systems

To examine in greater detail the presumptive hydroxyl-
ation step of the C13-O-side chain assembly process, the
candidate taxoid substrates N-debenzoyl-2’-deoxytaxol
(B-phenylalanoyl baccatin I1I) and 2'-deoxytaxol (3-phe-
nylisoserinoyl baccatin III), and the potential amino acid
substrate B-phenylalanine were evaluated under a broad
range of oxygenase reaction conditions using cell-free en-
zyme preparations from 7. X media cells. Assay of the sol-
uble enzyme fraction with the three potential substrates
failed to yield the target products, phenylisoserine from
B-phenylalanine or 2’-hydroxylated derivatives of the tax-
oids, or any other recognizable oxygenated metabolites,
although control incubations with [*H]benzoyl CoA to af-
fect the terminal transfer step to N-debenzoyltaxol [20]
readily demonstrated the presence of the functional trans-
ferase in these preparations.

With the microsomal fraction, B-phenylalanine was not
detectably converted to 3-phenylisoserine, nor was 2'-
deoxytaxol converted to Taxol, under any reaction condi-
tions tested. However, N-debenzoyl-2'-deoxytaxol was
converted to N-debenzoyltaxol (as evidenced by the
radio-HPLC determination of labeled Taxol following syn-
thetic N-benzoylation of the reaction products) in the pres-
ence of NADPH/O, (Fig. 3). Sporadic conversion was also
observed in the presence of Fe?"/a-ketoglutarate/ascorbate
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Fig. 3. Radio-HPLC analysis of (A) the biosynthetic products cephalo-
mannine (1), Taxol (2), and taxol C (3) generated from N-debenzoyl-2'-
deoxytaxol by T. X media cell microsomal preparations in the presence of
NADPH and O,; (B) the biosynthetic products from the identical
experiment following synthetic N-benzoylation of the reaction mixture;
and (C) the biosynthetic products from the identical experiment conducted
in the presence of 100 uM clotrimazole. Peaks were identified by retention
time coincidence of each radiolabeled peak with that of the authentic
standard determined by the absorbance profile (4,s4). The absence of the
minor unidentified products in (C) suggests that these metabolites are also
2’-hydroxylated taxoids but which have undergone O-deacylation by a
small amount of contaminating esterase activity in the preparation. This
phenomenon has been observed previously with acylated taxoid substrates
using Taxus microsomes [32,39].

but only when NADPH and the cytochrome P450 inhibi-
tors clotrimazole or miconazole were also present in the
reaction mixture.

Interestingly, labeled taxol B (cephalomannine) and tax-
ol C (Fig. 2) were also observed as reaction products

(Fig. 3) from [*H]N-debenzoyl-2’-deoxytaxol (along with
labeled Taxol after synthetic N-benzoylation), suggesting
that, following the 2’-hydroxylation step, N-acylation had
also occurred in these microsomal preparations. To test
this possibility, the experiment was repeated, but without
the additional N-benzoylation step, with the result that
Taxol, cephalomannine, and taxol C were observed in the
same proportions as before and no N-debenzoyltaxol was
detected (Fig. 3). Final confirmation of this phenomenon
was provided by conducting the N-benzoylation reaction
with [*Hs]benzoyl chloride, a procedure that failed to yield
deuterium-labeled Taxol. Thus, it was clear that, following
the microsomal hydroxylation of N-debenzoyl-2’-deoxy-
taxol to N-debenzoyltaxol, sufficient transferase activity
and acyl/aroyl CoA precursors were present in these mem-
branous preparations to affect essentially quantitative con-
version (albeit at very low radiotracer scale) to the N-
substituted derivatives Taxol, cephalomannine, and taxol
C (Fig. 2).

Several observations can be gleaned from these results.
The conversion of N-debenzoyl-2’-deoxytaxol (B-phe-
nylalanoyl baccatin III), coupled to the failure of f-
phenylalanine to undergo hydroxylation, suggests that
hydroxylation does not occur at the level of the amino acid
but rather that B-phenylalanine is activated and transferred
to baccatin III prior to the hydroxylation step. The failure
of 2’-deoxytaxol to undergo 2'-hydroxylation, however,
indicates that the 2’-hydroxylase does not operate on N-ac-
ylated taxoid derivatives but rather on the free amine (i.e.,
N-debenzoyl-2’-deoxytaxol). This result is consistent with
prior evidence suggesting that N-benzoylation is the final
step of Taxol biosynthesis [20] (N-acylation in the case of
cephalomannine and taxol C formation). Finally, it is nota-
ble that the 2’-hydroxylation product of N-debenzoyl-2'-
deoxytaxol (ie., N-debenzoyltaxol) was not
directly observed because this metabolite was efficiently
transformed to the N-substituted terminal taxoids Taxol,
cephalomannine, and taxol C in these microsomal prepara-
tions. This surprising observation indicates that both trans-
ferase activity and acyl/aroyl CoA cosubstrates are present
in these membranes at levels sufficient to conduct at least
radiochemical scale conversions, in spite of all prior evi-
dence indicating that these side chain transferase systems
are operationally soluble [20,21]. It is of additional signifi-
cance that no 2’-deoxytaxol was detected as a product of
N-debenzoyl-2'-deoxytaxol with these “transferase compe-
tent” microsomes, nor was 2’-deoxycephalomannine or 2'-
deoxytaxol C apparently formed (based on retention time
estimates, since these two 2’-deoxytaxoid standards were
not available). Given that N-debenzoyl-2’-deoxytaxol is a
competent substrate for the N-benzoyl transferase [20],
the absence of 2’-deoxytaxoids in these reactions indicates
that the 2’-hydroxylation and N-acylation are closely
coupled in sequence. The physiological significance of this
apparent channeling, observed at these relatively low rates
of in vitro conversion, is not known and warrants further
study.
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Enzyme characterization

The 2’-hydroxylase activity was restricted to the micro-
somal fraction prepared from T. X media suspension cul-
ture cells, and so was further characterized under
conditions of pH, buffer composition, and cofactor compo-
sition that had been optimized for other microsomal cyto-
chrome P450 taxoid hydroxylases from this tissue [31,32].
Under these conditions, the specific activity for 2’-side
chain hydroxylation (based on total protein or cytochrome
P450 content determined by CO-difference spectrometry)
was nearly 5-fold less than that for the positive controls
measured for the previously characterized cytochrome
P450 taxoid Sa-hydroxylase, 10B-hydroxylase, and 13a-hy-
droxylase [33-35] (e.g., 1 nmol/h/mg microsomal protein
compared to 5 nmol/h/mg microsomal protein for taxadi-
ene-Sa-hydroxylase). The 2’-hydroxylation activity was
absolutely dependent on O, and the cofactor set of
NADPH, FAD, and FMN, and was completely inhibited
by pre-treatment with CO or the inhibitors miconazole or
clotrimazole at 100 pM added prior to NADPH (Fig. 3);
under these conditions, activity was negligible (<0.1 nmol/
h/mg microsomal protein). The 2’-hydroxylation reaction
was not supported by the combination of Fe’*, a-ketoglu-
tarate, and ascorbate. However, this cofactor set, in the
presence of NADPH, FAD, FMN, and the azole inhibitors
(at sufficient levels to eliminate the NADPH-dependent
reaction), did sustain detectable 2’-hydroxylation activity,
a curious observation for which we have no explanation.
These results suggest that the 2’-hydroxylation reaction is
mediated by a cytochrome P450 oxygenase, as are other tax-
oid hydroxylation reactions, only in this case operating on
the C13-side chain rather than the taxane core.

The 2’-hydroxylation reaction is presumed to give rise to
the naturally occurring 2'R-configured biosynthetic prod-
ucts based upon the radiochromatographic coincidence
with authentic Taxol, cephalomannine, and taxol C.
Authentic 2’'S-configured taxoid standards are not avail-
able for comparison but these diastereoisomers would al-
most certainly be chromatographically distinguishable
from the 2’ R-configured natural products.

Discussion

Previous in vivo feeding studies with Taxus tissues [15]
and in vitro characterization of the responsible transferases
[20,21] provided broad outlines of the Cl3-side chain
assembly process but could not resolve the issue of 2’'-hy-
droxylation timing [13]. Thus, transfer of B-phenylalanine
to baccatin 111 to afford N-debenzoyl-2’-deoxytaxol, as well
as 2-hydroxylation of B-phenylalanine to 3-phenylisoserine
followed by transfer of the phenylisoserinoyl moiety to
baccatin III to yield N-debenzoyltaxol, appeared possible
based on the extant data and the feeding studies with Taxus
cells described herein. Although the phenylpropanoyl CoA
ligase involved in side chain assembly has not yet been
characterized, and B-phenylalanoyl CoA has not yet been

tested as a hydroxylation substrate, the present failure to
affect the direct conversion of B-phenylalanine to 3-phenyl-
isoserine coupled to the preliminary demonstration of cyto-
chrome P450-mediated conversion of [-phenylalanoyl
baccatin III (N-debenzoyl-2’-deoxytaxol) to 3-phenyliso-
serinoyl baccatin III (N-debenzoyltaxol) indicates that
transfer of the amino phenylpropanoid side chain (as [-
phenylalanoyl CoA) precedes the 2’-hydroxylation step.

By clarifying the sequence of side chain assembly reac-
tions, the present results have implicated both 13-O-B-phe-
nylalanoyl baccatin III (N-debenzoyl-2'-deoxytaxol) and
13-0-3-phenylisoserinoyl baccatin III (N-debenzoyltaxol)
as true intermediates on the pathway to Taxol, although
neither metabolite was detectably labeled in Taxus cell feed-
ing studies in which [*H]baccatin III was readily incorporat-
ed into Taxol and its congeners. Both of these 13-O-
substituted baccatins have been previously reported as min-
or metabolites of Taxus [36,37], and N-debenzoyltaxol (but
not N-debenzoyl-2’-deoxytaxol, 2’-deoxytaxol or phenyl-
isoserine) was detected in extracts of T.Xx media cells
(unpublished data). These observations, along with the rel-
ative abundances of B-phenylalanine and baccatin III mea-
sured in vivo [38], suggest that the rate-limiting step in side
chain assembly resides beyond the aminomutase [19](i.¢., at
the aroyl CoA ligase reaction) but that, in the presence of
both B-phenylalanoyl CoA and baccatin III co-substrates,
the subsequent steps of the process are relatively fast and
efficiently coupled because neither downstream intermedi-
ate on route to Taxol appears to appreciably accumulate.

The finding that the biosynthetic product of the 2’-hy-
droxylation reaction, N-debenzoyltaxol, was subsequently
converted to Taxol (by N-benzoyl transfer), cephaloman-
nine (by N-tigloyl transfer), and taxol C (by N-hexanoyl
transfer) (Fig. 3) by these microsomal preparations, in
rough proportion to their natural occurrence in Taxus cells
[25], was surprising in indicating that sufficient transferase
activities (and the relevant acyl/aroyl CoA co-substrates)
were present in these membranous preparations to conduct
the observed reactions, at least at the radiochemical level.
This finding, which may suggest the operation of a metab-
olome for the kinetically efficient process of side chain
assembly without accumulation of intermediates, bears fur-
ther investigation, and, along with the above consider-
ations regarding the seeming limitation in ligase-mediated
B-phenylalanoyl CoA supply, may have important implica-
tions for the transgenic manipulation of Taxus cell cultures
to improve Taxol production yields.

The finding that the side chain 2’-hydroxylation step is
apparently catalyzed by a cytochrome P450 oxygenase is
also of significance, in that all of the other known hydrox-
ylases of taxoid metabolism (that hydroxylate at the 24, 5o,
7B, 10B, 130, and 14 positions of the taxane core), and for
which the corresponding genes have been defined, are also
cytochrome P450 oxygenases [12,13]. Although the 2’-hy-
droxylase operates on the C13-side chain, rather than on
the taxane core as do the other pathway hydroxylases
(see Fig. 1), the observations that the reaction is likely cyto-
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chrome P450-mediated and that the substrate is typically
“taxoid” in structure suggest that the corresponding gene
resides within the previously isolated family of Taxus cyto-
chrome P450 cDNAs [12,13] and provide impetus for the
cloning effort. Functional screening is underway, and it is
anticipated that the gene will soon be available for biotech-
nological evaluation, and that the recombinant hydroxy-
lase will permit determination of specificity and kinetics
unencumbered by the difficulties encountered with the na-
tive, microsomal enzyme.

Acknowledgments

We thank Kevin Walker and Raymond Ketchum for
technical assistance and helpful discussion, and Joyce Tam-
ura for preparation of the manuscript. This investigation was
supported by Grant CA-55254 from the National Institutes
of Health and by Mclntire-Stennis Project 0967 from the
Washington State University Agricultural Research Center.

References

[1] M.E. Wall, M.C. Wani, Paclitaxel: from discovery to clinic, Am.
Chem. Soc. Symp. Ser. 583 (1995) 18-33.

[2] B.R. Goldspiel, Clinical overview of the taxanes, Pharmacotherapy 17
(1997) 1105-1255.

[3] E.M. Croom Jr., Taxus for taxol and taxoids, in: M. Suffness (Ed.),
Taxol: Science and Applications, CRC Press, Boca Raton, FL, 1995,
pp. 37-70.

[4] D.T. Brown, Preclinical and clinical studies of the taxanes, in: H.
Itokawa, H.-K. Lee (Eds.), Taxus: The Genus Taxus, Taylor &
Francis, London, UK, 2003, pp. 387-435.

[5] D.G.I. Kingston, P.G. Jagtop, H. Yuan, L. Samala, The chemistry of
Taxol and related taxoids, Prog. Chem. Org. Nat. Prod. 84 (2002) 56—
225.

[6] Z. Xiao, H. Itokawa, K.-H. Lee, Total synthesis of taxoids, in: H.
Itokawa, K.-H. Lee (Eds.), Taxus: The Genus Taxus, Taylor &
Francis, London, UK, 2003, pp. 245-297.

[7] P.G.M. Wuts, Semisynthesis of Taxol, Curr. Opin. Drug Disc. Dev. 1
(1998) 329-337.

[8] Y. Kikuchi, M. Yatagai, The commercial cultivation of Taxus species
and production of taxoids, in: H. Itokawa, K.-H. Lee (Eds.), Taxus:
The Genus Taxus, Taylor & Francis, London, UK, 2003, pp. 151-
178.

[9] Y. Takeya, Plant tissue culture of taxoids, in: H. Itokawa, K.-H. Lee
(Eds.), Taxus: The Genus Taxus, Taylor & Francis, London, UK,
2003, pp. 134-150.

[10] M. McCoy, Lining up to make a cancer drug, Chem. Eng. News 82
(2004) 12-14.

[11] H. Tabata, Paclitaxel production by plant-cell-culture technology,
Adv. Biochem. Eng. Biotechnol. 7 (2004) 1-23.

[12] S. Jennewein, M.R. Wildung, M. Chau, K. Walker, R. Croteau,
Random sequencing of an induced Taxus cell cDNA library for
identification of clones involved in Taxol biosynthesis, Proc. Natl.
Acad. Sci. USA 101 (2004) 9149-9154.

[13] R. Croteau, R.E.B. Ketchum, R.M. Long, R. Kaspera, M.R.
Wildung, Taxol biosynthesis and molecular genetics, Phytochem.
Rev. (2005) in press.

[14] D.G.I. Kingston, Recent advances in the chemistry and structure—
activity relationships of paclitaxel, Am. Chem. Soc. Symp. Ser. 583
(1995) 203-216.

[15] H.G. Floss, U. Mocek, Biosynthesis of taxol, in: M. Suffness (Ed.),
Taxol—Science and Applications, CRC Press, Boca Raton, FL, 1995,
pp. 191-208.

[16] E. Leete, G.B. Bodem, The biosynthesis of 3-dimethylamino-3-
phenylpropanoic acid in yew, Tetrahedron Lett. 1996 (1966) 3925-
3927.

[17] R.V. Platt, C.T. Opie, E. Haslam, Plant proanthocyanidins. Part 8.
Biosynthesis of flavan-3-ols and other secondary plant products from
(2S)-phenylalanine, Phytochemistry 23 (1984) 2211-2217.

[18] K. Walker, H.G. Floss, Detection of a phenylalanine aminomutase in
cell-free extracts of Taxus brevifolia and preliminary characterization
of its reaction, J. Am. Chem. Soc. 120 (1998) 5333-5334.

[19] K. Walker, K. Klettke, T. Akiyama, R. Croteau, Cloning, heterologous
expression and characterization of a phenylalanine aminomutase
involved in taxol biosynthesis, J. Biol. Chem. 279 (2004) 53947-53954.

[20] K. Walker, R. Long, R. Croteau, The final acylation step in taxol
biosynthesis: cloning of the taxoid Cl13-side-chain N-benzoyltrans-
ferase from Taxus, Proc. Natl. Acad. Sci. USA 99 (2002) 9166-9171.

[21] K. Walker, S. Fujisaki, R. Long, R. Croteau, Molecular cloning and
heterologous expression of the C-13 phenylpropanoid side chain-CoA
acyltransferase that functions in taxol biosynthesis, Proc. Natl. Acad.
Sci. USA 99 (2002) 12715-12720.

[22] K. Walker, A. Schoendorf, R. Croteau, Molecular cloning of a taxa-
4(20),11(12)-dien-50-0l-O-acetyl transferase cDNA from Taxus and
functional expression in Escherichia coli, Arch. Biochem. Biophys.
374 (2000) 371-380.

[23] R.E.B. Ketchum, D.M. Gibson, R. Croteau, M.L. Shuler, The
kinetics of taxoid accumulation in cell suspension cultures of Taxus
following elicitation with methyl jasmonate, Biotechnol. Bioeng. 62
(1999) 97-105.

[24] R.B. Silverman, Monooxygenation, in: The Organic Chemistry of
Enzyme-Catalyzed Reactions, Academic Press, San Diego, CA, 2000,
pp. 175-226.

[25] R.E.B. Ketchum, C.D. Rithner, D. Qiu, Y.S. Kim, R.M. Williams,
R.B. Croteau, Taxus metabolomics: methyl jasmonate preferentially
induces production of taxoids oxygenated at C-13 in Taxus X media
cell cultures, Phytochemistry 62 (2003) 901-909.

[26] K. Saitoh, I. Shiina, T. Mukaiyama, O,0’-Di-2-pyridyl thiocarbonate
as an efficient reagent for the preparation of carboxylic esters from
highly hindered alcohols, Chem. Lett. 7 (1998) 679-680.

[27] I. Shiina, Y. Suenaga, M. Nakano, T. Mukaiyama, A convenient
method for the preparations of carboxyamides and peptides by using
di(2-pyridyl)carbonate and 0,0’-di(2-pyridyl)thiocarbonate as dehy-
drating reagents, Bull. Chem. Soc. Jpn. 73 (2000) 2811-2818.

[28] G.I. Georg, T.C. Boge, Z.S. Cheruvallath, G.C.B. Harriman, M.
Hepperle, H. Park, R.H. Himes, Shotten—-Baumann acylation of N-
debenzoyltaxol; an efficient route to N-acyl Taxol analogs and their
biological evaluation, Bioorg. Med. Chem. Lett. 4 (1994) 335-338.

[29] G.F. Taylor, S.S. Thornton, C.R. Tallent, J.A. Kepler, Synthesis of
tritium labelled [3”-3H]taxol and [13-3H]taxol, J. Label. Compd.
Radiopharm. 33 (1993) 501-515.

[30] J. Kearns, M.M. Kayser, Application of yeast-catalyzed reductions to
synthesis of (2R,3S)-phenylisoserine, Tetrahedron Lett. 35 (1994)
2845-2848.

[31]J. Hefner, S.M. Rubenstein, R.E.B. Ketchum, D.M. Gibson, R.M.
Williams, R. Croteau, Cytochrome P450-catalyzed hydroxylation of
taxa-4(5),11(12)-diene to taxa-4(20),11(12)-dien-5a-ol: the first oxy-
genation step in Taxol biosynthesis, Chem. Biol. 3 (1996) 479-489.

[32] A. Lovy Wheeler, R.M. Long, R.E.B. Ketchum, C.D. Rithner, R.M.
Williams, R. Croteau, Taxol biosynthesis: differential transformation
of taxadien-5a-ol and its acetate ester by cytochrome P450 hydrox-
ylases from Taxus suspension cells, Arch. Biochem. Biophys. 390
(2001) 265-278.

[33] S. Jennewein, R.M. Long, R.M. Williams, R. Croteau, Cytochrome
P450 taxadiene 5o-hydroxylase, a mechanistically unusual monoox-
ygenase catalyzing the first oxygenation step of Taxol biosynthesis,
Chem. Biol. 11 (2004) 379-387.

[34] A. Schoendorf, C.D. Rithner, R.M. Williams, R. Croteau, Molecular
cloning of a cytochrome P450 taxane 10B-hydroxylase cDNA from
Taxus and functional expression in yeast, Proc. Natl. Acad. Sci. USA
98 (2001) 1501-1506.



R M. Long, R Croteau | Biochemical and Biophysical Research Communications 338 (2005) 410-417 417

[35] S. Jennewein, C.D. Rithner, R.M. Williams, R. Croteau, Taxol [38] R.E.B. Ketchum, R. Croteau, The taxoid metabolome and the

biosynthesis: taxane 13o-hydroxylase is a cytochrome P450-dependent elucidation of the paclitaxel biosynthetic pathway in cell suspension
monooxygenase, Proc. Natl. Acad. Sci. USA 98 (2001) 13595-13600. cultures of Taxus, in: K. Saito, R. Dixon, L. Willmetzer, (Eds.),
[36] E. Baloglu, D.G.I. Kingston, The taxane diterpenoids, J. Nat. Prod. Biotechnology in Agriculture and Forestry, Springer, Heidelberg, 2005,
62 (1999) 1448-1472. in press.
[37] H. Itokawa, Taxoids occurring in the genus ZTaxus, in: H. Itokawa, [39] M. Chau, R. Croteau, Molecular cloning and characterization of a
K.-H. Lee (Eds.), Taxus: The Genus Taxus, Taylor & Francis, cytochrome P450 taxoid 2o-hydroxylase involved in Taxol biosyn-

London, UK, 2003, pp. 35-78. thesis, Arch. Biochem. Biophys. 427 (2004) 48-57.



	Preliminary assessment of the C13-side chain 2 prime -hydroxylase involved in Taxol biosynthesis
	Materials and methods
	Results
	Preliminary studies
	Cell-free enzyme systems
	Enzyme characterization

	Discussion
	Acknowledgments
	References


