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ABSTRACT

THE SYNTHESIS OF TAXANE SUBSTRATES AND
PHENYLPROPANOID COENZYME A THIOESTERS TO PROBE THE
MECHANISM OF TAXUS ACYLTRANSFERASES

By

Yemane A. Mengistu

The use of Taxus acyltransferase enzyme could minimize the several protection
and deprotection steps involved in the semisynthesis of next generation paclitaxel
analogues. N-Debenzoyl-2'-deoxypaclitaxel:N-benzoyltransferase (NDTBT) transfers a
benzoyl group to the free amine of the phenylpropanoid side chain of N-debenzoyl-2'-
deoxypaclitaxel. To investigate the substrate specificity of NDTBT; various congeners of
N-debenzoylpaclitaxel were made and incubated with several acyl CoA thioesters. It was
found that NDTBT transferred several different acyl groups to the amino group of these

substrates.

The paclitaxel pathway enzyme baccatin III:3-amino-3-phenylpropanoyltransferase
(BAPT) shown to transfer B-phenylalanine analogues to the baccatin III core contains a
glycine in place of a conserved histidine residue in the active site; thus, the substrate is
hypothesized to participate in the catalytic mechanism. Thioesters with modifications at

the B-carbon were synthesized and site-directed mutagenesis of BAPT was conducted.
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CHAPTER ONE

BROAD SUBSTRATE SPECIFICITY OF N-DEBENZOYLPACLITAXEL
ACYLTRANSFERASE (NDBAT)

1. Introduction

1.1 Paclitaxel Background and Development

The natural product paclitaxel (Figure 1) is a diterpene pharmaceutical that is widely used
as an antimitotic agent' The drug was first identified in and isolated from the Pacific yew
(Taxus brevifolia) in 1963. The mechanism of action involves promoting polymerization
of B-tubulin subunits, and specifically by inhibiting microtubule depolymerization during
cell division causing cell arrest and apoptosis.3' 4 Paclitaxel (Taxol®) and docetaxel
(Taxotere®) (Figure 2) are important anticancer agents in the treatment of a broad range
of malignancies including carcinoma of the ovary, lung, head, neck, bladder, and
esophagus. They have also demonstrated effectiveness in the initial therapy against
earlier stages of cancer, a setting in which any new therapy is likely to make its greatest
impact.> ® Currently, a combinations of docetaxel and other anticancer drugs have shown
good activity in advanced stage pretreated non-small cell lung cancer pretreated with
other cancer agents’and node positive breast cancer.® These pharmaceuticals are also

receiving great attention for the treatment of Alzheimer’s and coronary restenosis.” '



Figure 2: Docetaxel (Taxolere®)

Paclitaxel stabilizes microtubules against depolymerization, which is its primary
mechanism that inhibits cell proliferation. Moreover pleiotropic effects exhibited by this
drug may be responsible for its success where other chemotherapeutic agents fail'" 12
This could be because paclitaxel also modulates the expression of genes that encode
enzymes for membrane assembly and those that participate in cell proliferation and
apoptosis--processes with mechanisms independent of microtubule stabilization."" ' In
addition, anti-angiogenic activity, also independent of microtubule assembly, has been
shown at 1-10 nmol/L of paclitaxel.'* '* Although paclitaxel has led to improvement in
the duration and quality of life for some cancer patients, the majority will develop

progressive disease after initially responding favorably to paclitaxel treatment.'® Despite



the success of paclitaxel and docetaxel in chemotherapy, there are demands to maximize
the potential benefit of paclitaxel and its analogues in order to minimize the resistance

developed against paclitaxel and docetaxel.'’

Various approaches have been undertaken to obtain better analogues of paclitaxel with
increased water solubility, specificity, and improved activity against multi-drug resistant
(MDR) tumors.'® The targets include the synthesis of next generation analogues and
prodrugs with better and enhanced blood-brain barrier permeability, bioavailability, and
cancer-target specificity. Preparations of new formulations with improved physical
properties, and cocktail therapy along with other drugs based on the combinatorial
chemistry libraries of several paclitaxel analogues are also being evaluated.
Investigations of the biological activity of these analogues revealed lead compounds with

better efﬁcacy.'g'25

The structure-activity relationships of paclitaxel have been studied for several years.26
and some of the results are summarized in Figure 3. These drug congeners have provided
a foundation for the design of new generation paclitaxel analogues. Each functional
group of the C-13 isoserinyl side chain of paclitaxel is essential for the bioactivity of
paclitaxel.” ® However, substitutions of the phenyl group of the naturally occurring
phenylisoserine with other alkyl groups improve the activity of paclitaxel. % As shown in
Figure 4, combinations of acetyl group substitutions at C-10 and benzoyl at C-2 result in

more efficacious taxoids compared to the parent drug.*® *!



Various modifications of the 3'-N- acyl group of paclitaxel demonstrates better activity.
Ojima and coworkers have synthesized several analogues by replacing the phenyl group
of 3'-N-benzoyl with other groups such as cyclopentyl, tertbutyloxy, cyclohexyl and other
groups which resulted in equipotent or more active analogues compared to the parent
drug.l' . For example, cyclohexyl in place of phenyl (Figure 4) creates a paclitaxel
analog that is 20 times more potent than paclitaxel in non small cell carcinoma.**. The
ester group at C-2 and C-4, along with the oxetane and the rigid taxane are essential for
activity,u’ however substituting the C-2 benzoyl with meta substituted benzoyl groups

produce a more cytotoxic drug.]2

Acetyl or acetoxy

group may be removed

without significant loss .

of activity;some acyl analogs Reduction May be esterified,epimerized or

have improved activity Iamc{?‘rlio‘;es removed without significant loss
> of activity.Some derivatives have

N-acyl group required;

some acyl analogs
have improved /—\
activity

improved activity.

Oxetene or cyclopropane
ring required for activity

k/Removal of acetate reduces activity
slightly. Replacement by other
groups can increase activity.

Hydroxy group
helpful but not essential

Group may be changeu
to alkenyl or

substituted phenyl. "
Some groups give Free 2-hydroxy
improved activity group

Acyloxy group essential; certain
alkenyl and substituted aromatic
groups give improved activity

Figure 3: Structure activity relationship of paclitaxel



Figure 4: The ICso (nm/L) of various modified paclitaxel analogs compared with
paclitaxel

A = Human breast cancer cell line; B = multidrug resistant human breast cancer cell line

Replacement of the natural acyl groups with surrogate groups at the 3'-N-, 2-O and/or the
10-O-positions ( Figure 4) by synthetic means has provided paclitaxel analogues that are
more efficacious than the parent drug, regarding physical, chemical and biological

24,25

properties. This demonstrated that these sites were central to the development of next

generation paclitaxel compounds22 (Figure 3).



1.2  Application of Biocatalysis in the Construction of Paclitaxel
Analogues

1.2.1 Introduction

The tremendous demand for paclitaxel in basic research and cancer chemotherapy forced
researchers to secure better ways of resourcing paclitaxel. The total synthesis of
paclitaxel was a major achievement that involved greater than 90 steps, and thus was
never considered to address commercial supply.?® ***3 A significant source of paclitaxel
is from Taxus cells, which are grown in a suitable media and later extracted to acquire the
pharmaceutical.* This biological production circumvents the several steps of purification
needed to fraction plant chlorophylls, lignins and other non-essential plant products from
the desired taxane products when using the natural resources, the Taxus brevifolia tree; 3
Bristol-meyers Squibb adopted and optimize this method for the current supply of

Taxol®. 38,39

TIPSO Ph

HO o OH AcO o OTES 3 J;S o
1.Ac;0, CeCly_ °© T
XY 2 TESCI 4. Deprotection ' 2X°
HO 8Bz GAc
10-Deacetylbaccatin il 7-TES-baccatin |l

Figure 5: Ojima-Holton coupling for the synthesis of Paclitaxel



An alternative method of semisynthesizing paclitaxel and its analogues*® was developed
wherein the N-benzoylisoserinyl side chain was coupled to baccatin III that is derived
synthetically from an abundant naturally occurring precursor of paclitaxel, 10-
deacetylbaccatin III, found in the needles of Taxus baccata.*' This semisynthetic method,
however, involves silyl protection at the C7-hydroxyl, acetylation of 10-deacetylbaccatin
III at C10 to afford 7-O-protected baccatin III, synthetic attachment of the N-Bz
phenylisoserine side chain at the C-13 hydroxyl, and, finally, deprotection to yield
paclitaxel (see Figure. 5); implementing biosynthetic (i.e. enzymatic) methods to
construct paclitaxel and its analogues would circumvent these protecting group
manipulations. The demand for enantiopure pharmaceuticals and fine chemicals and
corporate awareness of the impact of their environmental footprint has prompted
initiatives to employ environmentally friendly synthesis as an alternative to chemical
synthesis laden with petroleum based solvents. Biocatalysis is being implemented into
methods that facilitate the production of rare pharmaceuticals and precursor compounds,

particularly for those that require many synthetic steps.*

1.2.2. Acyltransferases on Paclitaxel Pathway

Acyltransferases are a key class of enzymes in the biosynthesis of important natural
products, and catalyze regioselective acylation reactions during the assembly of

compounds such as paclitaxel, daunorubicin, lovastatin and penicillin.**



The gene encoding the 10-deacetylbaccatin III-10-O-acetyltransferase (DBAT), taxane-
2a-benzoyltransferase (TBT), taxadiene-5a-O-acetyltransferase (TAT), N-debenzoyl-2-
deoxypaclitaxel:N-benzoyltransferase(NDTBT), and baccatin III:3-amino-3phenylpro-
panoyltransferase(BAPT) have been isolated, expressed, and the corresponding enzymes
characterized.*

AcO o OH

HO OOH

BAPT, 3-amino-3
-phenylpropanoy!l CoA
» TAXOL

o NDTBT, benzoyl CoA

DBAT

HO (:)Bz 6Ac

Figure 6: Biocatalytical route for the synthesis of paclitaxel

Even though paclitaxel and its precursors like baccatin III and 10-deacetylbaccatin III are
important taxoids,* there are many naturally occurring taxoids such as cephalomanine,
taxol C, taxuspinanane J, taxuspine N, 10-deacetylcephalomanine, and other compounds
that have different acylation patterns and a variety of acyl and aroyl combinations. The
functional groups include esters of acetate, propionate, butyrate, butyrate, (including
hydroxylated and branched derivatives), tigloate, benzoate and phenylpropionate , as well
as occasional glycosyl .groups.“‘ “7 The variety of different acyl group types at a specific
regiocenter acyltransferase suggests that the acyltransferases catalyzing the acyl group
attachment could have broad substrate specificity that generates the taxane variants at a

particular hydroxyl or amino group.



1.2.3 Synthesis of Taxane Substrates

The paclitaxel biosynthetic pathway in Taxus spp. contains five acyltransferases that
transfer acyl/aroyl groups to different taxane structures. The N-debenzoyl-2'-
deoxypaclitaxel: N-benzoyltransferase (NDTBT) catalyzes the last step of paclitaxel
biosynthesis by transferring the benzoyl group to the free amine position to form a
benzamide functional group.(Scheme 1).“* NDTBT belongs to a large superfamily of
acyltransferases, designated BAHD,* *° acyltransferase which was named according to
the first letter of each of the first four enzymes first characterized in this family
(benzylalcohol O-acetyltransferase (BEAT),anthocyanin O-hydroxycinnam-
oyltransferase, (AHCT) N-hydroxycinnamoyl/benzoyltransferase =~ (HCBT), and

deacetylvindoline 4-O-acetyltransferase (DAT)).5 !

Scheme 1: Proposed mechanism of NDTBT

With the aim of biocatalytically synthesizing several N-acyl-N-debenzoylpaclitaxel
variants and to test the broad specificity of NDTBT, it is imperative to synthesize various

N-debenzoyl taxane substrates.



Thus, N-debenzoylpaclitaxel, and N-debenzoyl-2'-deoxypaclitaxel were synthesized to
assess enzyme selectivity for the diterpene co-substrate. In particular, we wanted to
evaluate the dependence of 2'-hydroxylation on the N-acylation and to determine whether
N-acylation precedes hydroxylation. The other taxane 10-deacetyl-N-debenzoylpaclitaxel,
would aid in dissecting whether the acetyl group at C-10 would affect N-acylation by
NDTBT catalysis. The relevant substrates were synthesized from baccatin III and
docetaxel, which are commercially available. The synthesis of these substrates discussed

in the next section.

1.3 Results
1.3.1 Synthesis of N-Debenzoyl-2'-deoxypaclitaxel

N-Debenzoyl(3'R)-2'-deoxypaclitaxel was synthesized first by selectively protecting the
7-hydroxyl of baccatin III (1), which is the most reactive hydroxyl group of baccatin-
I11,°2 to give 2 (Scheme 2). The protected baccatin III was coupled to N-Boc-R-p-
phenylalanine using O,0-di(2-pyridyl) thiocarbonate (DPTC) in the presence of a
catalytic amount of 4-(N,N-dimethylamino)pyridine (DMAP).”'54 to form ester 3 (N-Boc-
N-debenzoyl-2'-deoxypaclitaxel), followed by deprotection to give 4 (3'R-N-debenzoyl-

155

2'-deoxypaclitaxel™) as a single diasteromer.

10



AcQ O OTES

TESCI, py
25 °C,18h, rt, 82%

DMAP, DPTC,
N-(R)-Boc-B-phenylalanine
Toluene, 70 °C, 24h,

84 %

r, 65 %

Scheme 2: Synthesis of 3'R-N-debenzoyl-2'-deoxypaclitaxel

1.3.2. Synthesis of 2'-deoxypaclitaxel

The 2'-deoxypaclitaxel was synthesized by the Schotten-Baumann method®® where 3'R-
N-debenzoyl-2'-deoxypaclitaxel (4) was acylated by treatment with benzoyl chloride
under basic conditions (Scheme 3). The final product was used as a product standard for

comparison against the biosynthetically derived product § (2'-deoxpaclitaxel).
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Scheme 3 The synthesis of 2'-deoxypaclitaxel

1.3.3 Synthesis of N-Debenzoylpaclitaxel Substrate

Previous studies on the acetylation of 10-deacetylbaccatin III (6) using acetic anhydride
and pyridine resulted in a mixture of 7-acetylbaccatin III,%’10-deacetyl-7-acetylbaccatin
III, and baccatin IIT (1) (i.e.,C10 acetylation exclusively).52 Therefore, we initially
attempted to acetylate the C10 hydroxyl of docetaxel (Scheme 5) using acetic anhydride,
hoping to acquire a mixture of acetylated regioisomers, from which the desired product
would be isolated. Regrettably, 7, 10, 2'-triacetylated docetaxel (8) was formed

exclusively.

HO OOH

I

o CeCl3, THF, 4 h, 95%

HO

éBz (:)Ac
6 1

Scheme 4: Selective acylation of 10-deacetylbaccatin III
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Scheme 5: Acetylation of docetaxel with and without Lewis acid.

As an alternative, the synthesis of N-debenzoylpaclitaxel started by chemoselectively
protecting the 2'-hydroxyl position of commercially available docetaxel(7)*® using rert-
butyldimethylsilyl chloride, (TBDMS-CI) (Scheme 6) followed by regioselective
acetylation using cerium chloride as a Lewis acid to give 10-acetyl-2'-O-(tert-
butyldimethylsilyl) docetaxel (11) at more than 95% yield.” The method was adopted
from selective acetylation of 10-deacetylbaccatin III (10-DAB) to produce baccatin

1% (Scheme 4).
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TBOMSCI, Imidazole >L b
—_—— (0] N

DMF,t,18h,99%

AcO, CeCl3, THF
23°C, 1.5 hr, 93%

HF/Pyridine

[
THF 11,4h,89% i

HCOOH,4h,t,70%

Scheme 7: Synthesis of N-debenzoylpaclitaxel



The resulting product (11) was deprotected with HF/pyridine to give 10-acetylated
docetaxel (12). The 10-acetyl-docetaxel was further deprotected by formic acid treatment
to give N-debenzoylpaclitaxel (13) (Scheme 7), which was to be used as a substrate for

NDTBT enzyme.*

1.3.4 Synthesis of 10-Deacetyl-N-debenzoylpaclitaxel

Various analogues of paclitaxel with the 3'N-benzoyl of paclitaxel replaced with other

! and the acyl group at C10 replaced with various alkyl group are largely

acyl groups6
provided by synthetic means.? These synthetic methods require several protecting group
manipulation steps that ultimately affect the optimal yield of the final target compound.
Alternatively the use of chemo-and regioselective acyltransferases could reduce the
number of protecting group steps. 10-Deacetyl-N-debenzoylpaclitaxel (14) is a model

substrate to test whether NDTBT can bioscatalytically N-acylate. paclitaxels either

acylated or deacylated at C-10. To obtain 14, docetaxel (7) was deprotected with formic

acid as shown below (Scheme 8).

HCOOH,Toluene

>

rt, 4h, 60%

Scheme 8: Synthesis of 10-deacetyl-N-debenzoyl paclitaxel
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1.3.5 Protein Harvest and Activity Assay of the NDTBT

With the taxanes substrates in-hand, the NDTBT enzyme needed to be overexpressed in
E. coli, isolated, and tested for activity. Recombinant ndtbr cDNA was expressed and
harvested following standard procedures.*® Briefly, the ndrbt cDNA was subcloned into
expression vector pET28a, and the resulting plasmid transformed into E.coli cells. The
bacteria was grown to log phase, then induced with 0.1 mM IPTG at 16°C for 16 h. The
cells were harvested by centrifugation and the cell pellet was resuspended in lysis buffer.
The soluble protein fraction was purified and the resulting enzyme was assayed by the

following procedure.

The presumed natural substrate N-debenzoyl-2'-deoxytaxol and other N-
debenzoylpaclitaxel substrates (10-deacetyl-N-debenzoylpaclitaxel and N-debenzoyl-
paclitaxel) were incubated with NDTBT in the presence of various CoA donors including
benzoyl; ortho-, meta-, and para-substituted benzoyl; various heteroyls, alkanoyls; and
butenoyl CoAs. The choice of aroyl, alkanoyl and heteroyl CoA donors was based on the
biological activity of various non-natural aroyl, and alkanoyl N-acylated taxanes made

synthetically by replacing the benzoyl group with these unnatural groups.?

To assess whether a de novo product was formed, the assays were extracted, and the
product mixture was analyzed by either UV-HPLC in mixed substrate assays to calculate
the relative specificity constants, or the mixture was separated by HPLC with the effluent
directed toward a tandem mass spectrometer (MS/MS) for selected molecular ion

fragmentation analysis. The UV and mass spectrometric data revealed that several
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different types of N-acylated paclitaxel analogues were biosynthesized by NDTBT

catalysis.

1.3.6 Relative Substrate Specificity of NDTBT with Various Aroyl CoAs.

The relative substrate specificity of NDTBT for various aroyl CoA and N-debenzoyl-2'-
deoxypaclitaxel was calculated by competitive assay method where benzoyl CoA was
incubated in pair with each aroyl CoA used herein. The specificity constant (Vma/Km) of
NDTBT for each aroyl CoA was estimated from the amount of N-aroylated taxane made
from the corresponding thioester in a competitive substrate reaction under typical assay

conditions. The relative specificity constants were calculated based on that of NDTBT for

benzoyl CoA (Viax/Km = 1.6 nmolemin'smM™") (Table 1; Entry 1A).

The relative velocity, instead of the specificity constants, of NDTBT with N-
debenzoylpaclitaxel and 10-deacetyl-N-debenzoylpaclitaxel substrates was calculated in
order to conserve the dearth amount of these substrates. Thus, accordingly, each was
incubated separately at a single concentration done (1 mM) with each of the 16 aroyl
CoAs (at 1 mM) for 2 h, in duplicate runs. Each sample was analyzed by ESI-MS/MS to
verify N-aroylated product identity and to quantify the relative rate at which the
biosynthesized products were formed. In these assays, the kinetic parameters of NDTBT
were unknown, regarding whether the non-natural aroyl CoAs were first-order or at

saturation at 1 mM; however, to provide a rough approximation of the relative velocities
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(Vrel) of NDTBT (100 pg) for each CoA thioester (Table 1 and 2, entries B and C), the

rates were estimated to be at steady state and first-order.

The non-aromatic CoA thioesters (acetyl CoA, butyryl CoA, butenoyl CoA, and hexanoyl
CoA) were assayed with the three N-debenzoyl taxoids. The relative velocity was
determined by using LC/MS/MS to increase detection and the velocity was compared

with the benzoyl CoA.

As shown in table (1 and 2), NDTBT displayed a range of catalytic efficiencies and

relative velocities with various CoAs with each of the N-debenzoylpaclitaxel substrates.
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Table 1: Relative kinetics of the benzoyl, substituted aroyl and heteroaroyl groups

Derived%rlom CoA A (Vmax/Km) B Vel C Vel
(nmol'min-mM™) | Ry=OH, R3=Ac | Ry=OH,R3=H
Rr=H,R3=Ac
[e]
@/K/ 1 1.6 100 100
[e]
o |
Not detectable Not detectable 13%
[e]
ol
0.27 27% 33%
(o]
Y/ 4
/©/“\ 1.7 33% Not detectable
F (o]
/ 5
©/k 0.85 8% 38%
(¢}
Y |8
0.34 11% 19%
(o]
O*/ 7 0.97 <11% 68%
F
[e]
NCO/L/ 8 0.15 <9% 17%
[e)
/0\©/u\ / 9
0.38 85% 11%
(¢}
Cl\@/k/ 10
0.37 < 1% 8%
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Table 1: Continued Relative kinetics of NDTBT for heteroaroyl CoA groups

Ri A (Vmax/ Kwm) B Vel CVryel
Derived from CoA
Ro=H,R3=Ac R2=0H,R3=Ac Rp=0H,R3=H
0
Jog
cl 11 1.1 <1% 40%
(o]
N/
o 12 0.31 200% 36%
(0]
(O M
\Q)k / 13 0.15 19% 43%
(o]
N
E?/U\/ 14 0.39 19% 5%
(0]
STN /
— 15 0.37 22% 3%
(0]
N
r‘\\:?/U\/ 16 0.16 22% 29%

Vmax/Kwm values are listed as nmol-min"-mM"!

A = N-debenzoyl-2'-deoxypaclitaxel, B = N-debenzoylpaclitaxel, C= 10-deacetyl-N-
debenzoylpaclitaxel
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Table 2: Relative kinetics of NDTBT for alkanoyls CoA with taxane substrates

R Vrel Vel Vrel
Ro=H,R3=Ac | R, =0H, R3=Ac R,=OH,
R.=H
(o]
/
©)‘\ 17 100% 13% 12%
(0]
PN y
18 47% 85% 35%
(e}
/\/u\/
19 3% 100% 92%
/\/loj\
™
/ 20 2% 2% 3%
/\/\)ok
/|
21 36% 68% 100%
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1.4 Discussion

Broad substrate specificity of enzymes on secondary metabolic pathways has been
suggested as important for the evolution of metabolite diversity.* The results of this
study demonstrated the extraordinarily broad substrate specificity of the recombinantly
expressed NDTBT enzyme in purified form when incubated with several acyl-CoA donor
substrates and three N-debenzoylpaclitaxel derivatives, N-debenzoyl-2'-deoxypaclitaxel,

N-debenzoylpaclitaxel, and 10-deacetyl-N-debenzoylpaclitaxel.

1.4.1 Substrate Specificity

Previous work with the intent to dissect the paclitaxel biosynthetic pathway has shown
that only benzoyl CoA was transferred when NDTBT was incubated with a single taxane
substrate, N-debenzoyl-2'-deoxypaclitaxel, while acetyl CoA and phenylacetyl CoA were
not productive.® In a more recent biosynthetic investigation,”’the assembly of the
isoserinoy! side chain of paclitaxel was investigated. The result showed that benzoyl CoA
was transferred superior on to N-debenzoylpaclitaxel compared to N-debenzoyl-2'-
deoxypaclitaxel supporting an earlier claim that 2'-hydroxylation precedes N-
benzoylation.66 This prior study also concluded that NDTBT did not transfer other
naturally occurring short chain alkanoyl/alkenoyl groups to the amino group of the N-

debenzoylpaclitaxel substrate.®
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The hypothesis developed herein was that NDTBT could feasibly transfer non-natural
aroyl moieties in addition to transferring a benzoyl to the amino functional group of
various derivatives of N-debenzoylpaclitaxel. To evaluate this theory, the paclitaxel
pathway N-benzoyltransferase was examined for its utility to N-aroylate analogues of
advanced taxane metabolites. NDTBT was shown to indiscriminately transfer aroyl
groups, including heteroles, 2- and 3-substituted benzoyls, alkanoyl, and alkenoyl (cf.

Tables 1) to either of the N-debenzoylated taxanes used as a co-substrate.

These results indicate that the N-benzoyltransferase is not limited to N-debenzoyl-2'-
deoxypaclitaxel as a substrate that contains the B-phenylalanine side chain. The diverse
specificity for N-aroylation was largely unaffected by the presence of the vicinal
hydroxyl group at C2' of the phenylisoserinoyl diterpenes, and thus supports the
observation described in a previous biosynthetic study.®® In addition, the lack of a C10-
acetyl group on the taxane substrate did not affect the function of the enzyme, and
therefore, conceivably, C10-acetylation could occur as a last step in the biosynthesis of
paclitaxel. Furthermore, ortho-, para- or meta-substitution on the benzoyl group
transferred from CoA generally did not affect NDTBT activity, although the para-

regioisomers within a homologous series were typically transferred faster.
The application of a selective and more sensitive HPLC electrospray ionization tandem

mass spectrometric analysis enabled the detection of the array of biosynthetic products

made by NDTBT catalysis, described herein; moreover, this mode of analysis enabled
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categorical identification of the fragment ion of the intact side chain for each of the

biosynthetically acquired N-acyl derivatives.

1.4.2. Kinetics Analyses

The catalytic efficiency Vi,«/Km for benzoyl CoA was calculated with respect to the N-

debenzoyl-2'-deoxytaxol whereas the specificity constant (Viyax/Km) of NDTBT for each

aroyl CoA was estimated from the amount of N-aroylated taxane made from the
corresponding thioester in a competitive substrate reaction under the same assay

conditions.

p-Methylbenzoyl CoA is best transferred by the NDTBT (1.7 nmol'min”-mM™")
compared to the natural substrate when using the presumed taxane substrate (N-
debenzoyl-2'-deoxypaclitaxel) whereas the 2-methylbenzoyl CoA was not productive. In
the case of halogen-substituted benzoyl CoA, p-chlorobenzoyl CoA with catalytic
specificity of (1.1 nmol'min’-mM™ entry 11A) is the best among halogen substituted

benzoyl CoA.

The relative velocity (Vye]) for various aroyl and non-aroyl CoAs were calculated by

setting the rate for benzoyl CoA at 100% relative to the rates of NDTBT with various
aroyl CoAs and the two taxane substrates, N-debenzoylpaclitaxel and 10-deacetyl N-
debenzoylpaclitaxel (Table 1, Columns B and C). The data shows that the velocities are

distinctly variable with respect to the N-debenzoylpaclitaxel substrates.
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For the halogen substituted such as 2- and 3-chloro benzoyl CoA had relative velocities
of less than 1%. (See Table 1, Entries 10 B and 11 B), while the rest of acyl CoA

substrates had relative velocities between 19 to 85% of the velocity for benzoyl CoA.

The catalytic efficiencies for heteroaroyl CoAs (Table 1, entries 12A, 14A, 15A) is only
around one fourth of that of benzoyl CoA (Table 1, entry 1A). Intriguingly the relative
velocity for 2-furoyl CoA was shown to be surprisingly doubled (200%) compared to
benzoyl CoA whereas, the rate for 3-furoyl was only 19% when these CoAs were

incubated with N-debenzoylpaclitaxel.

For the alkanoyl CoAs (Tablel, Entries 18, 19, 20, 21) each incubated separately with the
three taxanes and NDTBT; the relative velocities were compared with of benzoyl CoA. In
this study, acetyl CoA was converted with greater rate than other alkanoyl CoA with N-

debenzoyl-2'-deoxpaclitaxel (column A, Table 2) as the substrate. In contrast, butenoyl

CoA showed the maximum relative velocity (Vp =100%) with NDTBT and N-

debenzoylpaclitaxel (column B, Table 2) while the natural substrate benzoyl CoA was

lower (Vye; = 13%). For 10-deacetyl-N-debenzoyltaxol (column C, Table 2), hexanoyl

CoA showed the maximum conversion set at Vye] = 100% while benzoyl CoA was

shown to have a Vypj= 12 %.
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1.4.3. Biocatalytic Applications

These results demonstrate that NDTBT can catalyze the conversion of several N-
debenzoylpaclitaxel analogues to various acylated derivatives of paclitaxel regardless of
the hydroxyl group at the 2'-position and acetyl group at the C10-hydroxyl. Most
interestingly, some of the biocatalytically derived compounds are the next generation
paclitaxel compounds that have been derived by synthetic means, such as 3'-N-furanoyl-

N-debenzoyl taxane derivative.

1.4.3.1 Paclitaxels Modified at 3'N and C10

Figure 5 shows promising paclitaxel analogues (16, 17, and 18) that have greater
cytotoxicity against cancer cells and microtubule assembly compared to paclitaxel. It has
been reported that aliphatic and hetero-aromatic N-acyl analogues (18) with a propanoyl
for acetyl replacement at C10 was more cytotoxic and have better microtubule assembly
that paclitaxel.’® ¢’ Notably, when the N-benzoyl was replaced with N-(2-furanoyl), the
efficacy of the analogue was decreased relative to that of paclitaxel; however, when the
N-(2-furanoyl) replacement was coupled with a propanoyl for acetyl replacement at C10,
the cytotoxicity of the analog for human ovarian cancer increased 20-fold while the

microtubule assembly action increased slightly (Figure 6).2
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HO O OAc BH HO O 6Ac OH HO 0 OAc
) o-é °
17 16 18
A =<0.001[0.02] A =14.6[0.02] A =0.004[0.02]
B =0.71[0.44] B =2.0[0.44) B =0.49 [0.44]

Figure 6: Promising paclitaxel analogues derived from a combinatorial chemistry
library.

A is the ICsy (ug/mL) cytotoxicity for human ovarian cancer and B is the Iso (uM) for
microtubule assembly. Paclitaxel values in brackets.

1.4.3.2 Semisynthetic Approaches to Modified Taxanes

The semisynthesis of arylamide analogs of paclitaxel includes selective hydroxyl group
protection at C7, selective acylation at the C13 hydroxyl with either an N, O-acetal-N-
aroylphenylisoserine, activated as a mixed anhydride,“’8 or an N-aroyllactam precursor of
N—aroylphenylisoserine,2l and finally deprotection to construct the target product.63 A
typical example is the synthesis of the unnatural taxane containing a 3'-N-(p-
flurobenzoyl)-3'-debenzoylpaclitaxel which would require a number of steps to install in
place of the naturally occurring 3'-benzamide in the molecule.®® Currently, analog (18) is
made by Holton-Ojima B-lactam synthon method using modified baccatin III analogue

and needs more than 13 steps for semisynthesis of 18.°* 7° The application of biocatalytic
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acylation in the described semi-synthetic methods could potentially reduce the number of
protection steps in the assembly of these second generation compounds.”” Conceivably,
Taxus acyltransferases NDTBT and the moderately promiscuous DBAT (10B-O-
acetyltransferase) can facilitate the assembly of analogues such as 18. As noted, NDTBT
can transfer 2-furanoyl to the 3'-amino group of the paclitaxel side chain, while DBAT
catalyze the transfer of propionyl and butyryl from the corresponding acyl CoA to 10-
deacetylbaccatin III to form unnatural analogues of baccatin 1117 Therefore, analog 18 is

a reachable target via biocatalytic production as proposed in Scheme 9.

6 1a

25 2 2N=0)
HO' B20kc
15a

Scheme 9: Use of acyltransferase enzymes to biocatalytically synthesizes potent
analogues of paclitaxel.

DBAT=10-d ylb inll1:10-O-acet; NDTBT=N-debenzoylpaclitaxel-N-
benzoyltransferase BAPT=B in I11:3-amino-3-phenylprop:
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1.5 Conclusion

The data described herein shows that the wild type taxus N-benzoyltransferase(NDTBT)
functions as a general acyltransferase. The broad substrate specificity of NDTBT for a
variety of acyl CoA thioesters provides momentum for the eventual application of this

biocatalyst toward the production of modified paclitaxel compounds.

Furthermore, it was anticipated that NDTBT, a benzoyltransferase, would primarily
aroylate the N-debenzoyl substrates; thus, it was intriguing to see alkanoyl and butenoyl
groups transferred by the catalyst to the acceptor substrate. Moreover, the presence of a
2'-hydroxyl group on the phenylpropanoyl side chain of the taxane substrate increased the
rate of N-alkanoylation/alkenoylation over N-benzoylation. At the early stages of
defining the scope of NDTBT specificity, the underlying effect of the 2'-hydroxyl on
alkanoyl CoA binding remains a curiosity. Conceivably, when structural data becomes
available for NDTBT valuable insight into the mechanism of substrate specificity can be
dissected, and directed mutational analysis can be employed to potentially produce new
catalyst derivatives that are able to transfer a greater or refined scope of novel acyl
groups to the taxane core or other diterpene scaffolds. The production of efficacious
paclitaxel analogues through biocatalytic means in vitro or in vivo in a suitable host
system will facilitate semi-biosynthetic methods that interface synthetic chemistry and

molecular biology.
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CHAPTER 2

THE STUDY OF A PROPOSED SUBSTRATE-ASSISTED-CATALYSIS
MECHANISM FOR THE PHENYLPROPANOYLTRANSFERASE (BAPT)

2.1 Introduction

The acyltransferases involved in paclitaxel biosynthesis all belong to a superfamily
designated BAHD. Enzymes in this family have played a principal role in the evolution

7374 The five acyltransferases involved

of secondary metabolism in several plant species.
in paclitaxel biosynthesis are taxadien-5-ol-O-acetyltransfease (TAT), taxane-2-O-
benzoyltransferase (TBT), 10-deacetylbaccatinlll:10-O-acetyltransferase (DBAT), N-
debenzoylpaclitaxel-N-benzoyltransferase (NDTBT), and baccatin III:3-amino-3-
phenylpropanoyltransferase (BAPT).*> The latter enzyme transfers a p-phenylalanoyl
group to a hydroxytaxane acceptor, and the derived product is an intermediate on

paclitaxel biosynthetic of paclitaxel and its analogues.’® Dissecting the mechanism of the

acyl group transfer catalyzed by BAPT will be central topic of this chapter.

The amino acid sequences of plant-derived acyltransferases in the BAHD family,
including the acyltransferases on the paclitaxel biosynthetic pathway, reveals an HXXXD
motif that is highly conserved in this family of catalysts and is presumed to reside in the
active site.*” The amino acid identity among the taxus acyltransferase is approximately
56% (with functionally equivalent residues at about 73% similarity). However, the BAPT
sequence is unique in that the proposed catalytic motif contains a natural G for H

mutation (i.e., GXXXD). Previously, a study was carried out with the BAHD
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acetyltransferase, vinorine synthase, wherein a site-directed mutation changed the
catalytic Hisep to a catalytically inert alanine. The operationally expressed mutant was
rendered functionally inactive.”® This suggested that His,eo was indispensable for
acetyltransferase activity.”” ® His,q is proposed to serve solely as a general base in the
mechanism of the vinorine synthase catalysis (Scheme 10), whereas the Aspjes in the
HXXXD motif is considered to se<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>