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ABSTRACT

STRUCTURE AND SUBSTRATE SPECIFICITY OF TAXUS
N-BENZOYLTRANSFERASE OF THE BAHD SUPERFAMILY

By
Danielle Marguerite Nevarez
The native Taxus N-debenzoyl-2-deoxypaclitaxel:N-benzoyltranstferase (NDTBT) from
the paclitaxel pathway transfers a benzoyl group from the corresponding CoA thioester to the

amino group of the B-phenylalanine side chain of N-debenzoyl-2'-deoxypaclitaxel. To elucidate

the substrate specificity NDTBT with a Hisg-fusion epitope was overproduced in Escherichia

coli. Purified enzyme was incubated with semisynthetically derived N-debenzoyltaxoid
substrates and aroyl CoA donors (benzoyl; ortho-, meta-, and para-substituted benzoyls; various

heterole carbonyls; alkanoyls; and butenoyl). Several unnatural N-aroyl-N-debenzoyl-2'-

deoxypaclitaxel analogues were biocatalytically assembled with catalytic efficiencies (Viax/Km)

ranging between 0.15 and 1.74 nmol/min/mM. In addition, several N-acyl-N-debenzoylpaclitaxel
variants were biosynthesized when N-debenzoylpaclitaxel and N-de(fert-butoxycarbonyl)

docetaxel (i.e., 10-deacetyl-N-debenzoylpaclitaxel) were used as substrates. The relative velocity

(vre]) for NDTBT with the latter two N-debenzoyl taxane substrates ranged between ~1% and

200% for the array of aroyl CoA thioesters compared to benzoyl CoA. Interestingly, NDTBT
transferred hexanoyl, acetyl, and butyryl moieties more rapidly than butenoyl or benzoyl groups
from the CoA donor to taxanes with isoserinoyl side chains, whereas N-debenzoyl-2'-
deoxypaclitaxel was more rapidly converted to its N-benzoyl derivative than to its N-alkanoyl or
N-butenoyl congeners. Biocatalytic N-acyl transfer of novel acyl groups to the amino functional

group of N-debenzoylpaclitaxel and its 2’-deoxy precursor reveal the surprisingly indiscriminate



specificity of this transferase. This feature of NDTBT potentially provides a tool for alternative
biocatalytic N-aroylation/alkanoylation to construct next generation taxanes or other novel
bioactive diterpene compounds.

To elucidate the basis of the broad substrate specificity and to direct mutational analysis,
the crystal structure for NDTBT was sought. Therefore, several chromatographic methods were
applied to increase the purity of the protein from 70%, obtained in previous attempts, to >95%,
without losing activity. This sequence of chromatographic steps was also used to purify 10-
deacetylbaccatin III: 10B-O-acetyltransferase (DBAT) and a modified taxane-2a-O-
benzoyltransferase (mTBT) to 90-95% purity. Preliminary screens for crystals of purified
NDTBT (at 5 mg/mL) with and without benzoyl CoA in a matrix of crystallization buffers were

negative. The histidine tag was hypothesized to inhibit crystallization and thus is currently being
removed; attempts to cleavage of the Hisg-tag from NDTBT by thrombin-catalyzed scission

yields only ~10% of the liberated protein.

Meanwhile, a mutagenesis study was constructed to examine potential structural
components of the Taxus acyltransferase family responsible for substrate selectivity. Regional
and domain swapping between pairs of enzymes: NDTBT/DBAT and DBAT/mTBT were
employed to evaluate these structural hypotheses. Vinorine synthase and anthocyanin
malonyltransferase, homologous enzymes in the same BAHD family whose structures have been
solved, were used as models to identify mutagenic sites for constructing the chimeras of the
Taxus enzymes. The so-derived mutant chimeras were purified from a nickel affinity column at
0.24 mg/L yield. The mutants were incubated with the parent substrates and none of the mutants
made products detectable by LC-ESI/MS analysis. The chimeras are potentially inactive because

incorrect splicing sites were perhaps unexpectedly identified to construct the mutant enzymes.
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CHAPTER 1

INTRODUCTION
1.1. Paclitaxel Background
Paclitaxel is a plant-derived tri-cyclic diterpenoid (Figure 1.1) with antimitotic properties

that was originally isolated from the bark of the Pacific yew tree (Taxus brevifolia).l The

National Cancer Institute (NCI) and the United States Department of Agriculture (USDA)

identified this secondary metabolite in 1971 during a general screen of flora obtained in the

Pacific Northwest for natural products with anticancer properties.

Figure 1.1 — Structure of Paclitaxel.
After clinical trials in the 1980s, the Food and Drug Administration (FDA) approved

paclitaxel for use against ovarian cancer in 1992, and it has since been approved to treat a range

. 3 . . . L
of carcinomas.” This pharmaceutical is applied in the treatment of breast cancer, non-small-cell

lung cancer, head-and-neck cancer, AIDS-related Kaposi’s sarcoma, and has recently been

. . . . . . 4-9 .
effective in regimens against Alzheimer’s disease and tuberculosis. = Paclitaxel has also been

implemented as a preventative measure in heart disease by decreasing in-stent restenosis.

These applications are possible due to unique characteristic of paclitaxel in regulating non-



functional, highly-reproducing tumor cells.
Unlike previous chemotherapeutic drugs (such as vinblastine, vincristine, and colchicine)

that target tubulin and depolymerize microtubules, paclitaxel was the first anti-cancer agent to

.- . 11-13 . ..
promote and stabilize microtubule assembly. Both modes (microtubule depolymerization or

stabilization) disrupt mitosis, leading to cell arrest and eventually apoptosis. ! Influenced by

paclitaxel-promoted microtubules, essential, non-functional pathways associated with regulating

apoptosis in cancerous cells are operational, i.e., the phosphorylation of Bcl2, activation of Raf-
.- . 15-17 . . . . . .

1, and activation of cJun kinase. Paclitaxel binds to the B-tubulin subunit in a stoichiometric

ratio initiating polymerization and distorting the equilibrium between free-tubulin dimers and

microtubules (Figure 1.2).]8’ 1o Although tubulin and paclitaxel interaction has been extensively

Heterodimer Initiation Polymerization/ Elongation

Formation .

@ Normal microtubule

Normal 13 protofilaments
Polymerization 000
MAP é) 24 3
>
a-tubulin GTP Qpm O

O
@) +
(&)
B-tubulin (ap) \ %é Paclitaxel-promoted @ Stabilized microtubule
rig% Polymerization ®c 12 protofilaments
i
: <>
- nm
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Figure 1.2 - Normal versus Paclitaxel -promoted Microtubule Assembly.

Adapted from Kingston, DGI (2001) Chem. Comm. 867-880.18 For interpretation of the
references to color in this and all other figures, the reader is referred to the electronic version of
this dissertation.




studied by photoaffinity labeling, fluorescence spectroscopy, and nuclear magnetic resonance

measurement, the most compelling discovery was evidenced by x-ray crystallographic structural

. 20-22 . . .
analysis. Several research groups have provided experimental, theoretical, and molecular

modeling evidence positing that paclitaxel adopts a T-shaped conformation when it binds

tubulin, thus creating a stabilized paclitaxel-tubulin complex (Figure 1.3).23’ 24

Figure 1.3 — Crystal Structure of Paclitaxel in T-Form.
Carbon is white, oxygen is red, and nitrogen is blue. Create by PyMol of PDB#1JFF .23

This unique mode of tubulin binding has generated a high demand for paclitaxel in
treating the aforementioned medical conditions. The supply from the natural source was not
sustainable despite the prevalence of Taxus sp. in different parts of the world. Only a limited

amount (140 mg per kg of bark) of paclitaxel could be isolated from the inner bark of the slow-

. 2 .
growing and sparsely populated tree.” Consequently, other routes were explored as sustainable

. . 2 . . .
alternatives to mass-produce paclitaxel.” The pharmaceutical company Bristol-Myers Squibb

(BMS) licensed a semi-synthesis technology for supplying the drug, which the company
trademarked as Taxol. There were three approaches evaluated for the production of paclitaxel,

including semi-synthesis, renewable Taxus cell cultures, and bioengineered heterologous hosts.

1.2. Paclitaxel Production



SEMI-SYNTHESIS
While the total synthesis of this complex diterpenoid structure was a major achievement

by several research groups, the goal of these multistep processes (>80 steps) was not intended to
. . 25-28 . .. .
address the supply chain (2% yield). Interesting chemistries and synthetic approaches,

however, were elucidated while constructing the stereogenic centers, installing the oxy
functional groups, acylating the various hydroxyls and amino groups towards the complex
molecule.

A semi-synthetic approach developed at Florida State University (Tallahassee, FL)

employed fewer steps (~37 steps) to mass-produce aclitaxe1.29 This technology was licensed b
ploy Y Y p p gy y

Bristol-Myers Squibb and involved isolating the advanced natural products 10-deacetylbaccatin
IIT and baccatin III from the needles of Taxus baccata (English yew). These late-stage

metabolites were present at 0.3% per dry weight compared to paclitaxel at 0.001-0.005% per dry

. . . 30, 31 .
weight in 7. baccata (Figure 1.4). These precursors were reacted with a B-lactam synthon

to complete the semi-synthesis of paclitaxel (Figure 1-5). This method was easily employed to

. . .. . . . 31,32
synthesize paclitaxel analogues to evaluate structure activity relationship (SAR) studies.

10-Deacetylbaccatin II1 Baccatin 111

Figure 1.4 — Taxane Core Analogues: 10-Deacetylbaccatin III and Baccatin III.



TES-CI, Pyridine
25°C, 17 h, 70%

»

7-TES-Baccatin 111

i. 0.1 M in THF, n-BulLi, -45°C
1i. 0.2 M in THF, warm to 0°C, 2 hr, 95%
iii. HF-pyridine, MeCN, 98%

OTES

N
Q\« O
O

Paclitaxel B-Lactam

Figure 1.5 — Semi-synthesis Beta-lactam Method.

Paclitaxel analogues from combinational libraries were analyzed for potency, solubility,

and cancer-type speciﬁcity.33 Various SAR studies demonstrated that the acyl group side chains

are responsible for cytotoxicity against cancer cells (Figure 1.6).34 Antimitotic activity is
achieved when there is an acyl group at the C2 hydroxyl (see Figure 1.6 for numbering) and the

. .o 35 " . . . . . .
oxetane ring is intact.  In addition, the isoserinyl side chain at C13 is essential to anchor

. . 19 . . . . .
paclitaxel to B-tubulin. = Furthermore, the most notable semisynthesized analogue identified in
combinatorial chemical libraries from preliminary SAR studies is docetaxel, which entered the

market as Taxotere by Rhone-Poulenc Rorer in 1996 (Figure 1.7),36 and is used for breast, non-

small cell lung, prostate, gastric adenocarcinoma, and head and neck cancers.



C10 acetyl group not required

C3' N-acyl group

necessary C9 carbonyl group switch

to OH gives slight increase
in activity

C13 side chain is essential

. C7 removal does not
for cytotoxicity

change activity

Removal of 2'-OH decreases activity C4 deacetylation reduces activity

Figure 1.6 — Structure-Activity Relationships.
Adapted from Kingston, D. G. 1. (2000) J. Nat. Prod. 63, 726-734.34

CELL CULTURES
Despite the deployment of the semi-synthetic method, the large-scale production required

exorbitant volumes of organic solvents, redundant protecting group manipulations, heavy metal

catalysts, and large volume disposal.]8 In addition, BMS realized that extracting the natural

products from renewable Taxus needles needed for the semisynthesis was costly and laborious.

Thus, to reduce their environmental footprint and cut back on the processing workload, the

pharmaceutical company licensed a Taxus plant cell fermentation technology from Phyton.38

This technology is the current resource to supply paclitaxel; unfortunately, this technology also

has challenges pertaining to cell maintenance costs, and requires obligatory isolation and

purification steps.38 Along with Taxol, Taxotere is currently being produced by the

semisynthesis approach using baccatin III isolated from the cell cultures. Incidentally, besides

cultivating paclitaxel and related taxanes exclusively from the Taxus species, several endophytic

. . . . 39-43
fungi have been identified which also produce taxanes.



Figure 1.7 — Semisynthetically-derived Docetaxel (Taxotere®).

PACLITAXEL BIOSYNTHESIS

The biosynthesis of paclitaxel purportedly involves 19 enzymatic steps including a

. 44 .
cyclase, several hydroxylases, an aminomutase, and several acyltransferases. = Like most

diterpenes found in plants, the carbon skeleton of paclitaxel is derived from the 1-deoxy-D-

xylulose-5-phosphate pathway to form the terpene building blocks isopentenyl diphosphate

45, 46

(IDP) and dimethylallyl diphosphate (DMADP). The committed step towards paclitaxel

biosynthesis is the cyclization of the universal diterpenoid precursor geranylgeranyl diphosphate
to taxa-4(5),11(12)-diene by taxadiene synthase. Taxadiene is oxidized to taxadien-5a-ol by a

cytochrome P450-dependent taxadiene Sa-hydroxylase followed by double-bond rearrangement

and hydroxylation.47’ 48 Next, the C5 hydroxyl group is likely acetylated by taxadien-5a-o0l-O-

acetyltransferase (TAT), followed by hydroxylation at C10 by a taxane 10B-hydroxylase (Figure

1.8)‘49, 50

The order of the next steps in the pathway has not yet been determined, and the timing of
the taxane-2a-O-benzoyltransferase (TBT) catalysis on the pathway is currently being explored
by in vitro experiments to identify alternative natural substrates. Compared to hypothetical

pathways drawn for paclitaxel biosynthesis, TBT favors taxane substrates that are acylated at the
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Farnesyl diphosphate GGPPS 17
) OPP
OpPP
Isopentyl diphosphate Geranylgeranyl diphosphate Taxa-4(5), 11(12)-diene

Taxadien-5a,10B-diol monoacetate

Figure 1.8 — Proposed Beginning Biosynthesis Pathway of Paclitaxel.
GGPPS: geranylgeranyl diphosphate synthase; TS: taxadiene synthase; H 5a: cytochrome P450
taxadiene So-hydroxylase; TAT: taxadien-5a-ol-O-acetyltransferase; H 10B: cytochrome P450
taxadiene 10B-hydroxylase.

C7 hydroxy1.5l’ 7 The regioselectivity of other hydroxylases, besides the 50- and 10B-

hydroxylase, are known, but their timing on the paclitaxel pathway is not established.53_55

Nonetheless, as with the very early steps, the order of the later-occurring steps on the pathway
can be delineated with more certainty. The last steps on the pathway continue with acetylation at

the C10 hydroxyl by 10-deacetylbaccatin III-10B-O-acetyltransferase (DBAT) to make baccatin
III (Figure 1.9), the taxane core of paclitaxel.56 A B-phenylalanyl moiety is then transferred to

the C13 hydroxyl of baccatin III by an acyl CoA-dependent baccatin III:3-amino-3-
phenylpropanoyltransferase (BAPT). Subsequent C2'-hydroxylation of the [-amino
phenylpropanoid by a P450-dependent hydroxylase, and final N-benzoylation of the amino group

by N-debenzoyl-2'-deoxypaclitaxel:N-benzoyltransferase (NDTBT) completes the biosynthesis



of paclitaxel (Figure 1.9).57_59 B-Phenylalanine is isomerized from o-phenylalanine via a

phenylalanine aminomutase (PAM) that is connected to the paclitaxel pathway; however, the

ligase needed to biosynthesize the B-phenylalanine CoA substrate for BAPT so far remains

. . 60 . . . . o . .
unidentified. ~ This missing catalyst is necessary to completely semi-biosynthesize paclitaxel

from baccatin III in a heterologous host bioengineered with the necessary genes.

BIOENGINEERING
Over the last two decades, several genes on the paclitaxel pathway were isolated from a cDNA
library, and the encoded enzymes were expressed and biochemically characterized in vitro and

assayed in heterologous systems (e.g. Escherichia coli and Saccharomyces cerevisiae) by

44, 61-6

analyzing their activity in vitro and in vivo. A current goal is to produce paclitaxel from

primary metabolites in organisms bioengineered with Taxus enzymes and by manipulating the
endogenous Taxus pathways to increase flux to the final product. There have been recent

achievements in this endeavor, pertaining to isoprenoids in microbes and taxadiene biosynthesis
. . . . 64-66 . .

in yeast and Arabidopsis thaliana. Very recently, E. coli was successfully engineered to
over-produce the building blocks of the taxane skeleton that ultimately yielded taxa-4(20),11(2)-

. . . . 7
diene-5a-ol in the host bacteria engineered to co-express of a soluble P450 hydroxylase.6 In

another bacterial-based system, E. coli was engineered to express 10-deacetylbaccatin I1I-10B-O-
acetyltransferase (DBAT) and a small/medium chain acid:CoA ligase. Baccatin III and it C10

analogues were semi-biosynthesis from 10-deacetylbaccatin III and cosubstrates acetic-,

. . . . 56, 68
propionic-, or butyric acid fed to the bacteria.



A. o NH,; O NH, O
PAM OH  CoA ligase SCoA
H OH ——» — >
NH,
a-Phenylalanine B-Phenylalanine B-Phenylalanine CoA

Paclitaxel

Figure 1.9 - Acetylation at C10 and Biosynthesis Steps of the C13 Side-Chain.
A. Biosynthesis of b-phenylalanine coenzyme A substrate, PAM: phenylalanine
amminomutase. B. DBAT: 10-deacetylbaccatin III:10-O-acetyltransferase; BAPT: 13-O-
phenylpropanoyltransferase; NDTBT: N-debenzoyl-2'-deoxypaclitaxel: N-benzoyltransferase.

10



In vitro production of paclitaxel is a tractable alternative that would employ enzymes as
biocatalysts in one-pot reactions. This approach is commonly used in academia and in industry to
produce novel compounds or alter the structure of existing lead compounds for commercial use.
Since several enzymes on the paclitaxel pathway are characterized with their presumed natural
cosubstrates, it is foreseeable that an in vifro approach can potentially be used for paclitaxel
synthesis. Thus, the substrate specificity and mechanisms of the 7Taxus-derived enzymes need to
be explored. This information will be valuable when designing biocatalytic routes to produce
paclitaxel analogues. Further, directed mutagenesis within the active site of these catalysts could

either expand or hone substrate selectivity and increase turnover.

1.3. Taxus Acyltransferases

Of the 19 enzymatic steps in the pathway, five steps are catalyzed by functionally-defined
acyltransferases, which belong to a super-family of acyltransferases designated BAHD

[benzylalcohol acetyl-, anthocyanin-O-hydroxy-cinnamoyl-, anthranilate-N-hydroxy-

. . . 9 .
cinnamoyl/benzoyl-, deacetylvindoline acetyltransferase] (Table 1.1).6 Each family member

requires a coenzyme A-dependent acyl group donor and contains a conserved HXXXD sequence

motif presumed to be involved in the transfer mechanism of various acyl groups [alkyl, aroyl, or
phenylpropanoyl] to the acceptor molecule.59 As mentioned above, these acyl side chains are

responsible for the pharmacophore of paclitaxel and its analogues; some of the latter have

demonstrated increased potency and solubility compared to the parent molecule.

11



The native DBAT from Taxus has modest promiscuity for non-natural acyl groups

(propionyl and butyryl) from CoA donors to its corresponding diterpene co-substrate, 10-

deacetylbaccatin HI.62’ 68 Recently, a modified TBT (Table 1.1) with increased protein solubility

was found productive with 7,13-0O,0-diacetyl-2-O-debenzoylbaccatin III and a broad range of

acyl coenzyme A cosubstrates (benzoyl; ortho-, meta-, and para-substituted benzoyls; various

. 2
heteroaromatic carbonyls; alkanoyls; and butenoyl).5

Table 1.1 - Taxus Acyltransferases Characteristics

Accession | Amino
Name Number Acids Reference
Taxadien-5a-o0l-O-acetyltransferase (TAT) AF190130 439 44
Taxane-2a-O-benzoyltransferase (TBT) AF297618 440 46
10-Deacetylbaccatin I1I-10B-O-acetyltransferase
(DBAT) AF193765 | 440 51
Baccatin III:3-amino-3-phenylpropanoyltransferase

(BAPT). AY082804 | 445 52

N-Debenzoyl-2'-deoxypaclitaxel: N-
benzoyltransferase (NDTBT) AF466397 441 65

1.4. Project Outline

In the foregoing discussion, it is apparent that Taxus acyltransferases can transfer a range
of natural acyl groups from CoA thioester donors to a hydroxytaxoid acceptor. Therefore, it
seems the Taxus family of acyltransferases can generally transfer similar non-natural acyl groups
of slightly altered form. This hypothesis was tested by challenging an N-debenzoylpaclitaxel-/N-
benzoyltransferase (designated NDTBT) on the paclitaxel pathway with a broad array of
cosubstrates.

In Chapter 2, the relative substrate-specificity was examined and the kinetics constants
were calculated for native NDTBT, using benzoyl CoA and non-natural aroyl/alkyl CoA

thioesters with N-debenzoyl-2'-deoxypaclitaxel. A variety of non-natural acyl CoA thioesters

12



obtained from commercial sources or synthesized were incubated with enzyme, and each product
mixture was examined by HPLC, MS, and NMR to identify de novo biosynthetic products. In
addition, the substrate specificity study on NDTBT was examined with two other taxane
acceptors N-debenzoyl-paclitaxel and 10-deacetyl-N-debenzoyl-paclitaxel, which lacked or
possessed an acetyl group at C10, respectively (Figure 1.10). Together, the taxane substrates
examined whether the Cl0-acetyl group and the 2'-hydroxyl group of the side chain would

preclude catalysis.

N-Debenzoylpaclitaxel 10-Deacetyl-N-debenzoylpaclitaxel

Figure 1.10 - Structures of Taxane Analogues: N-Debenzoylpaclitaxel and 10-Deacetyl-N-
debenzoylpaclitaxel.

Chapter 3 details the improvements made towards purifying three Taxus acyltransferases
for future crystallographic analysis. A series of nickel affinity, anion exchange, and gel filtration
column chromatography steps was used to extend an original purification strategy employing
only nickel affinity chromatography. The additional purification steps yielded protein at 95-99%
purity 1 mg/L cell culture, compared to the 70% purity enzyme outlined previously in Chapter 2.
These purified enzymes will also be employed in coupled enzyme assays containing coenzyme A
ligases to optimize the turnover of acylated taxanes as well as to recycle the CoA by-product

back into the reaction stream as an acyl CoA.

13



In Chapter 4, a mutagenesis screen was conducted among three 7Taxus acyltransferases N-
debenzoyl-2'-deoxypaclitaxel: N-benzoyltransferase (NDTBT), 10-deacetylbaccatin III-10B-O-
acetyltransferase (DBAT), and taxane-2a-O-benzoyltransferase (TBT) by domain and regional
swaps to create chimeric mutants for crystal structure analysis. A homology-modeled structure of
the Taxus DBAT (10-deacetyl-baccatin I11:10-O-acetyltransferase) was constructed based on the

structure of acetyltransferase vinorine synthase in the same family, and the conserved active site

. . . 70 . . . . . .
residues were identified. = These residues established a basis for site-directed mutagenesis and

domain swapping. These changes were be assessed by assays that compared kinetic parameters

. 52, 70, 71 .
between the wild-type and mutant enzymes. Also, based on regional swaps of a

homologous anthocyanin malonyltransferase in an earlier study, similar regions were swapped to

make chimeric proteins between pair 1: NDTBT and DBAT and pair 2: DBAT and TBT.52’ 72

These alterations were anticipated to reveal, at least in part, the dependence of certain regions or
domains on substrate specificity by converting aroyltransferases NDTBT or TBT into alkyl
transferases, and reciprocally changing alkyltransferase DBAT to an aroyltransferase.

Chapter 5 provides an overview of future applications of Taxus acyltransferases as
biocatalysts and describes a possible direction for paclitaxel synthesis in heterologous organisms.
Also described are some insights based on preliminary experiments involving in vivo
biosynthetic turnover and evaluating the properties of the transferases to optimize crystallization

conditions for structural analysis.

14
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CHAPTER 2

SUBSTRATE SPECIFICITY OF A TAXUS N-BENZOYLTRANSFERASE

Reproduced by permission from Danielle M. Nevarez, Yemane A. Mengistu, Irosha N.
Nawarathne, and Kevin D. Walker.
“An N-Aroyltransferase of the BAHD Superfamily Has Broad Aroyl CoA Specificity in Vitro
with Analogues of N-Dearoylpaclitaxel”. Journal of the American Chemical Society, 131, 5994-

6002. Copyright 2009 American Chemical Society.

Yemane A. Mengistu synthesized the paclitaxel core substrates and standards.

Irosha N. Nawarathne synthesized the CoA substrates.
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2.1. Introduction

The antineoplastic agent paclitaxel (Taxol) and docetaxel (Taxotere) (Figure 2.1)

promote and stabilize microtubule assembly and, consequently, disrupt mitosis. This aberration

. ) . .
ultimately leads to cell cycle arrest and apoptosis. Application of these drugs remains

prominent in the treatment of various cancer types and in the management of heart disease. The

pharmaceuticals are also receiving interest in newly developed regimens against Alzheimer’s

. .25 .. . . . .
disease and tuberculosis. ~ Structure-activity relationship studies demonstrated that the various

acyl group types and their distinct regiochemistry partially define the potency of the active

pharmacophore that causes the drugs to bind tubulin and stabilize microtubules.6 Analysis of the

biological activity of paclitaxel analogues derived from various combinatorial chemistry libraries

has identified several lead compounds with greater efficacy than the parent drug, with regards to

o . . . . . N
better water solubility, tissue-specific targeting, and enhanced blood-brain barrier permeability.
13 . . . L . ,

Several components of the isoserinyl side chain are required for activity, including the 2'-

hydroxyl, 2-aryl, and a 3’—N—arylamide.]4 Presently, each derivative is principally obtained by

Paclitaxel (Taxol) Docetaxel (Taxotere)

Figure 2.1 - Structures of Antineoplastic Taxanes: Paclitaxel, and Docetaxel.
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semisynthetic methods that require protecting group management, which generally affects
overall product yield.lj At least 10 steps are necessary to install a 3’-(4-O-methylbenzamide) in

place of the naturally occurring 3’-benzamide in the molecule, five of which include
protection/deprotection manipulation of competing reactive centers. Briefly, the semisynthesis of
arylamide analogues of paclitaxel includes selective hydroxyl group protection at C7, selective
acylation at the C13 hydroxyl with either a N,O-acetal-N-aroylphenylisoserine, activated as a

mixed anhydride or a N-aroyllactam precursor of N-aroylphenylisoserine, and finally

16

. . 9,
deprotection to construct the target product (Figure 2.2).

N, O-Acetal-N-aroylphenylisoserine
R, = alkyl
R, = variable aryl

Protected N-Aroyl-
N-debenzoylpaclitaxel precursor

N-Aroyl-N-debenzoylpaclitaxel

Figure 2.2 - A Route to N-Aroyl-N-debenzoylpaclitaxel Analogues.
a. Base, THF. b. Deprotection.
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Conceivably, the application of biocatalytic acylation in the described semi-synthetic
methods could potentially reduce the number of protection steps in the assembly of these next
generation compounds. Taxus-derived acyltransferases belong to a superfamily of plant-derived
acyltransferases designated BAHD, the acronym being derived from the abbreviations of the

names (BEAT, AHCT, HCBT, and DAT) of the first four enzymes identified and characterized
. . L 17-19 . . .

in this family. In general terms, each member of this family requires a coenzyme A-
dependent acyl group donor and contains a conserved HXXXD amino acid sequence diad that is
presumably involved in the transfer of various acyl groups [alkyl, aroyl, or phenylpropanoyl] to a

. . 19 e s NPT
corresponding hydroxylated and/or aminated substrate. =~ Generally, the specificity of individual

members of the BAHD superfamily varies from restricted to broad substrate access in vitro and

20, 21

in vivo. The paclitaxel biosynthetic pathway in Taxus spp. contains five such

acyltransferases that transfer alkanoyl/aroyl groups to different taxane structures. The N-
debenzoyl-2'-deoxypaclitaxel: N-benzoyltransferase (designated herein as NDTBT) is unique
among the pathway catalysts in terms of recognizing an amine acceptor group of the diterpene
co-substrate; the other Taxus acyltransferases convey an alkanoyl or aroyl group to variously
positioned hydroxyls. In particular, the monomeric NDTBT catalyzes the formation of a

benzamide functional group from cosubstrates benzoyl CoA and N-debenzoyl-2'-deoxypaclitaxel

(Figure 2.3).22 A previous, limited study revealed that the product derived from NDTBT in

.. . . .., 22
assays containing acetyl CoA and the diterpene substrate was below detection limits. In

addition, the substrate specificity of NDTBT was recently assessed with the aim of dissecting the

function of the catalyst in the biosynthesis of naturally occurring advanced taxanes found in

Taxus spp.23 The results from this previous work demonstrated that NDTBT was limited to
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N-Debenzoyl-2'-deoxypaclitaxel 2'-Deoxypaclitaxel
Figure 2.3 — Enzymatic Benzoylation of N-Debenzoyl-2'-deoxypaclitaxel.
a. NDTBT, benzoyl CoA.
benzoyl CoA as the acyl donor; whereas, tigloyl, hexanoyl, or butenoyl was not transferred to the
N-debenzoyl taxanes as assessed by UV-HPLC monitoring of the biosynthetic products.

In this chapter, the products isolated from in vitro assays with mixtures of NDTBT, N-
debenzoylpaclitaxel precursors, and acyl CoA thioesters were either analyzed by UV-HPLC in
mixed substrate assays to calculate specificity constants or separated by HPLC with the effluent
directed toward a tandem mass spectrometer (MS/MS) for selected molecular ion fragmentation
analysis. The high sensitivity of this MS/MS method enabled us to reveal the extremely broad
substrate specificity of the N-benzoyltransferase. Relative kinetic constants are reported for the

enzyme with the various combinations of taxane and acyl CoA substrates.

2.2 Materials and Methods

2.2.1. Reagents and Solvents
N-tert-Butoxycarbonyl-(3R)-B-phenylalanine was obtained from Acros Organics (Morris
Plains, NJ), docetaxel was obtained from OChem (Des Plaines, IL), coenzyme A was acquired

from ARC (St. Louis, MO), and benzoyl CoA and all other reagents were obtained from Sigma-
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Aldrich (St. Louis, MO) and used without further purification, unless indicated otherwise.
Baccatin III was purchased from Natland (Research Triangle Park, NC). N-Debenzoyl-(3'R)-2'-
deoxypaclitaxel was synthesized as described, except that the enantiomeric N-tert-

butoxycarbonyl-(3R)-B-phenylalanine, instead of the racemate, was coupled to 7-TES-baccatin

IIT; deprotection by described methods yielded the desired product.24_26

2.2.2. Co-substrate Synthesis

2.2.2.1. Synthesis of Coenzyme A Thioesters

The following synthesis was conducted by Irosha Nawarathne.

Several aroyl CoA donors (heteroaroyls and variously substituted benzoyls) were synthesized via

a previously described method that proceeds through a mixed ethyl carbonate anhydride.27

Briefly, triethylamine (3.0 puL, 30 umol) was added to a solution of the corresponding carboxylic

acid (27 pmol) in 5:2 CH,Cly/THF (v/v, 1.4 mL) under Ny gas. The mixture was stirred for 10

min at 23 °C, ethyl chloroformate (2.9 pL, 30 umol) was added in one portion, and the reaction
was stirred for 1 h at 23 °C. The solvents were evaporated under reduced pressure, and the

residue was dissolved in 0.5 mL of zert-butyl alcohol. Coenzyme A as the sodium salt (23 mg, 30

umol dissolved in 0.5 mL of 0.4 M NaHCO3) was added to the solution, and the mixture was

stirred for 0.5 h at 23 °C, then quenched with dropwise addition of 1 M HCI, and adjusted to pH
3-5. The solvents were evaporated under vacuum, and the residue was dissolved in water (5 mL,
pH 5) and loaded onto a C18 silica gel column (10% capped with TMS) that was washed with
100% MeOH (50 mL) and pre-equilibrated with distilled water (100 mL, pH 5). The sample was

washed with water (100 mL, pH 5) and then eluted with 15% MeOH in water (50 mL, pH 5).
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The fractions containing aroyl CoA, as determined by TLC, were combined, and the solvent was
. . . 1 .

evaporated to yield product (95-99% yield at 95-99% purity, assessed by H NMR). A Varian

Inova-300 or a Varian UnityPlus500 instrument was used to acquire proton nuclear magnetic

1
resonance ( H NMR) spectra.

2.2.2.2. Synthesis of N-debenzovlpaclitaxel Analogues

The following synthesis was conducted by Yemane Mengistu.

2.2.2.2.1. Synthesis of 2'-TBDMS-docetaxel.

The following synthesis is based on a similar procedure reported previously. 8 In brief, to

a solution of docetaxel (220 mg, 0.27 mmol) dissolved in DMF (2.4 mL) were added imidazole
(92 mg, 1.32 mmol, 5 equiv) and fert-butyldimethylsilyl chloride (TBDMS-CI) (204 mg, 1.32
mmol, 5 equiv). The solution was stirred at 23 °C, and then after 18 h, the mixture was diluted

with ethyl acetate and extracted with water (2 x 30 mL) and brine (1 * 30 mL). The organic layer
was dried (MgSQy), concentrated in vacuo, and purified by silica gel column chromatography
(1:2 EtOAc/hexane, v/v) to yield 2'-TBDMS-docetaxel as a white powder (246 mg, 0.267 mmol,

99% yield at 99% purity as judged by 1H NMR). ESI-MS (positive ion mode) 944.6 [M + Na]+.

"H NMR (CDCl3, 300 MHz) 6: 8.09 (d, 2H, J) 7.5 Hz, ortho-ArH of C2 benzoyl), 7.56 (t, 1H, J

) 7.5, 7.2 Hz, para-ArH of C2 benzoyl), 7.46 (t, 2H, J ) 7.8, 7.2 Hz, meta-ArH of C2 benzoyl),
7.36 (m, 4H, ArH of C3’ phenyl), 7.28 (m, 1H, ArH of C3' phenyl), 6.31 (t, 1H, J ) 8.7 Hz, H-

13), 5.66 (d, 1H, J) 7.2 Hz, H-2), 5.43 (br d, 1H, J) 9.3 Hz, H-3"), 5.30 (br d, 1H, J ) 9.0 Hz,
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NH), 5.18 (s, 1H, H-10), 4.95 (d, 1H, J) 8.1 Hz, H-5), 4.5 (d, 1H, J) 2.6 Hz, H-2"), 4.32-4.17

(m, 1H, H-7), 4.17 (dd, 2H, J ) 7.2 Hz, H-20), 3.93 (d, 1H, J) 6.6 Hz, H-3), 2.61-2.58 (m, 1H, H-

6), 2.53 (s, 3H, C(0)OCHj at C4), 2.38-2.39 (m, 3H, H- 60, H-14), 2.02 (s, 4H, H-18, H- 6p)
1.73 (s, 3H, H-19), 1.28 (s, 9H, OC(CH3)3), 1.28 (s, 3H, H-17), 0.72 (s, 9H, SiC(CH3)3), -0.13

(s, 3H, SiCH3), -0.34 (s, 3H, SiCH3).

2.2.2.2.2. Synthesis of 10-Acetyl-2'-TBDMS-docetaxel.

To a solution of 2-TBDMS-docetaxel (240 mg, 0.26 mmol) and anhydrous cerium
chloride (6.3 mg, 0.1 equiv) dissolved in THF (5 mL) was added excess acetic anhydride (10
mL, dropwise). The reaction progress was checked by TLC for the formation of product. After 1

h, the reaction mixture was diluted with EtOAc (100 mL) and washed with saturated aqueous
NaHCO3 solution (3 x 40 mL) and then brine (20 mL). The organic layer was dried (NaySQOg4)
and concentrated under reduced pressure. The residue was purified by silica gel flash column

chromatography (1:1 EtOAc/Hexane, v/v), and the isolated product was concentrated in vacuo to

give 10-acetyl-2’-TBDMS-docetaxel (231 mg, 0.24 mmol, 93% yield at 95% purity as

determined by 'H NMR). ESI-MS (positive ion mode) 986.4 [M + Na] . 'H NMR (CDCls, 300

MHz) ¢: 8.09 (d, 2H, J) 6.9 Hz, ortho-ArH of C2 benzoyl), 7.56 (t, 1H, J) 7.5 Hz, para-ArH of
C2 benzoyl), 7.45 (t, 2H, J) 7.5 Hz, meta-ArH of C2 benzoyl), 7.36 (m, 4H, ArH of C3’ phenyl),
7.28 (m, 1H, ArH of C3' phenyl), 6.30 (s and br t, 2H, H-10, H-13), 5.66 (d, 1H, J) 7.2 Hz, H-2),
5.44 (d, 1H, J) 9.6 Hz, H-3"), 5.30 (br d, 1H, J ) 9.2 Hz, NH), 4.95 (d, 1H, J) 7.8 Hz, H-5), 4.5

(d, 1H, J) 1.8 Hz, H-2"), 4.42 (dd, J) 6.6, 4.5 Hz, 1H, H-7), 4.30 (d, 1H, J) 8.4 Hz, H-2001), 4.17

(d, 1H, J) 8.1 Hz, H-20B), 3.81 (d, 1H, J) 7.2 Hz, H-3), 2.53 (s, 3H, C(O)OCHj3 at C-4), 2.41-
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2.33 (m, 3H, H-6R, H-14), 2.20 (s, 3H, C(O)OCHj3 at C-10), 2.04 (s, 4H, H-18, H-6B) 1.83 (s,
3H, H-19), 1.28 (s, 12H, H-16, OC(CH3)3), 1.13 (s, 3H, H-17), 0.724 (s, 9H, SiC(CH3)3), -0.14

(s, 3H, SiCH3), -0.32 (s, 3H, SiCH3).

2.2.2.2.3. Synthesis of 10-Acetyldocetaxel.

To a solution of 10-acetyl-2’-TBDMS-docetaxel (231 mg, 0.24 mmol) dissolved in THF
(5 mL) at 0 °C were added pyridine (0.75 mL) and a solution of 70% HF dissolved in pyridine
(0.75 mL). The reaction was stirred at 0 °C and then gradually warmed to room temperature (25
°C). The progress of the reaction was monitored by TLC, showing ~40% conversion of the
starting material. Additional pyridine (0.5 mL) and HF/pyridine solution (0.5 mL) were added at
0 °C, and the mixture was warmed to 25 °C and stirred for 10 h to complete the reaction. The

solution was diluted with EtOAc (100 mL), and the organic layer was washed successively with

a 5% (w/v) solution of NaHCO3 (2 x 10 mL), a 5% (v/v) solution of HCI (2 x 10 mL), water (10

mL), and brine (15 mL). The organic fraction was dried (MgSOg4) and concentrated under

vacuum, the crude mixture was purified by silica gel column chromatography (1:1

EtOAc/hexane, v/v), and the fractions containing product were concentrated in vacuo to provide

10-acetyldocetaxel (193 mg, 0.22 mmol, 89% yield at 95% purity as judged b 1H NMR). ESI-
y g y purity as judged by

MS (positive ion mode) 872.3 [M + Na]+. 1H NMR (CDCl3, 500 MHz) ¢: 8.12 (d, 2H, J ) 7.5

Hz, ortho-ArH of C2 benzoyl), 7.62 (t, 1H, J ) 7.5, 7.0 Hz, para-ArH of C2 benzoyl), 7.51 (t,
2H, J) 7.5 Hz, meta-ArH of C2 benzoyl), 7.40 (m, 4H, ArH of C3' phenyl), 7.33 (m, 1H, ArH of

C3' phenyl), 6.31 (s, 1H, H-10), 6.25 (t, 1H, J) 9.0 Hz, H-13), 5.68 (d, 1H, J ) 7.0 Hz, H-2), 5.45
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(brd, 1H, J) 9.3 Hz, H-3"), 5.30 (br d, 1H, J) 9.3 Hz, NH), 4.95 (d, 1H, J) 8.0 Hz, H-5), 4.64
(d, 1H, J) 2.3 Hz, H-2'), 4.42 (dd, J ) 9.0, 8 Hz, 1H, H-7), 4.30 (d, 1H, J ) 8.5 Hz, H-20a), 4.17

(d, 1H, J) 8.5 Hz, H-20B), 3.81 (d, 1H, J) 7.5 Hz, H-3), 3.4 (br d, 1H, 2'-OH), 2.61-2.57 (m, 1H,
H-60), 2.38 (s, 3H, C(O)OCHj at C-4), 2.33 (m, 3H, H-14), 2.25 (s, 3H, C(0)OCHj3 at C-10),
1.91-1.89 (m, 1H, H-6B), 1.86 (s, 3H, H-18), 1.70 (s, 3H, H-19), 1.35 (s, 9H, OC(CH3)3), 1.27

(s, 3H, H-16), 1.16 (s, 3H, H-17).

2.2.2.2.4. Synthesis of N-Debenzoylpaclitaxel.
To a solution of 10-acetyldocetaxel (170 mg, 0.20 mmol) dissolved in acetonitrile (1 mL)
was added (dropwise) 88% formic acid solution (2 mL) at 0 °C, and the reaction was slowly

warmed to 25 °C. After 4 h, the reaction was judged to be ~50% complete according to TLC

(90:10 chloroform/methanol, v/v, Rf = 0.3) and was quenched by partitioning between NaHCO3
solution and chloroform. The aqueous fraction was removed, and the organic layer was extracted
with 5% (w/v) NaHCO3 solution (40 mL). The aqueous fractions were combined and back-
extracted with chloroform (2 % 25 mL). The organic fractions were combined, dried (MgSQOy,),
and concentrated in vacuo, and the resultant residue was purified by silica gel column
chromatography (8% MeOH in CHCl3) to provide N-debenzoylpaclitaxel (105 mg, 0.14 mmol,

70% yield) as a pale yellow solid. ESI-MS (positive ion mode) 750.2 [M + H]+, 768 [M + Na]+.

"H NMR (CDCl3, 300 MHz) 6: 8.07-8.04 (m, 2H, ortho-ArH of C2 benzoyl), 7.65 (t, 1H, J ) 8.3

Hz, para-ArH of C2 benzoyl), 7.51 (t, 2H, J) 8.1, 6.9 Hz, meta-ArH of C2 benzoyl), 7.38 (m,

4H, ArH of C3' phenyl), 7.28 (m, 1H, ArH of C3' phenyl), 6.27 (s, 1H, H-10), 6.14 (t, 1H, J ) 8.0
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Hz, H-13), 5.63 (d, 1H, J) 7.2 Hz, H-2), 4.93 (d, 1H, J ) 8.1 Hz, H-5), 4.42-4.34 (m, 1H, H-7),

4.32-4.27 (m, 3H, H-200,B and H-2'), 4.13 (d, 1H, J) 8.7 Hz, H-3"), 3.75 (d, 1H, J ) 6.9 Hz, H-
3), 2.56-2.48 (m, 1H, H-6R), 2.24 (s, 3H, C(0)OCHj at C10 or C4), 2.23 (s, 3H, C(0)OCH3 at

C10 or C4), 1.98-2.10 (m, 3H, H-14 and H-6p), 1.88 (br s, 3H, H-18), 1.65 (s, 3H, H-19), 1.24

(s, 3H, H-16), 1.12 (s, 3H, H-17).

2.2.2.2.5. Synthesis of 10-Deacetyl-N-debenzoylpaclitaxel.
A solution of docetaxel (100 mg, 0.124 mmol) in concentrated formic acid (25 mL) was

stirred for 4 h at 25 °C. The mixture was concentrated, and the residual acid was removed as an
azeotrope with toluene. The residue was partitioned against 5% (w/v) NaHCOj3 solution and
ethyl acetate. The aqueous fraction was removed, and the organic layer was again extracted with

5% (w/v) NaHCOj3 solution (40 mL). The aqueous fractions were combined and back extracted

with ethyl acetate (3 x 25 mL). The organic layer was dried (MgSO4) and concentrated under

vacuum. The resulting crude product was purified by silica gel column chromatography (95:5

EtOAc/MeOH, v/v) to obtain 10-deacetyl-N-debenzoylpaclitaxel as a white powder (54 mg,

0.075 mmol, 60% yield). ESI-MS (positive ion mode) 708.2 [M + H]+. 1H NMR (CDCl3, 300

MHz) ¢: 8.06 (d, 2H, J ) 7.8 Hz, ortho-ArH of C2 benzoyl), 7.62 (t, 1H, J ) 7.5, 7.2 Hz, para-
ArH of C2 benzoyl), 7.51 (t, 2H, J ) 7.5 Hz, meta-ArH of C2 benzoyl), 7.39 (m, 4H, ArH of C3’
phenyl), 7.30 (m, 1H, ArH of C3' phenyl), 6.13 (t, 1H, J) 9.0 Hz, 13-H), 5.64 (d, 1H, J) 7.2 Hz,
H-2), 5.20 (s, 1H, H-10), 4.93 (d, 1H, J ) 7.8 Hz, H-5), 4.35-4.28 (m, 3H, H-2', H-3', H-200),

426 (m, 1H, H-7), 4.15 (d, 1H, J) 8.4 Hz, H-20b), 3.88 (d, 1H, J) 7.2 Hz, H-3), 2.62-2.52 (m,
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1H, H-6R), 2.25 (s, 3H, C(O)OCHj3 at C-4), 2.07-2.02 (m, 1H, 2H, H-14), 1.90 (s, 3H, H-18),

1.82 (m, 1H, H-6B), 1.75 (s, 3H, H-19), 1.21 (s, 3H, H-16), 1.11 (s, 3H, H-17).

2.2.3. Genetic Manipulations

2.2.3.1. Storage of E. coli Strains and Plasmids

The ndtbt cDNA (accession AF466397) in pSBET vector was given by Washington State
Research Foundation (Pullman, WA). This was originally transformed into JM109 E. coli cells
and DH5a cells for long-term storage. Glycerol samples were prepared by adding 0.75 mL of an

overnight culture to a sterile vial containing 0.25 mL of 80% (v/v) glycerol. The solution was

mixed, flash frozen in liquid N», and then stored at -78 °C.

2.2.3.2. Small-scale Purification of Plasmid DNA

Overnight 5 mL cultures were used as the start culture for the QIAprep Spin Kit (Qiagen,
Valencia, CA). Instead of their Elution Buffer (EB), 30-40 uL of deionized water at pH 8.0 was

used to elute plasmid from the column.

2.2.3.3. Customized Primers

Primers were created to amplify ndtbt with the addition of restriction enzyme cut-sites
flanking the gene for subcloning into other expression vectors. Other primers were made for
incorporating mutations and a sequencing set was necessary for DNA sequencing. Custom
primers (Table 2.1) were ordered from MSU’s Macromolecular Structure, Sequencing and
Synthesis Facility (MSSSF) using the Applied Biosystems 3948 DNA Synthesis and Purification

System.
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Table 2.1 Custom Primer Sequences

Name KDW 5" - 3’ Sequence Apply
F10-1 77 | ATGGAGAAGGCAGGCTCAAC Seq
F10-2 78 | TTGGCATCCATTGGACACTGC Seq
F10-3 79 | TGGATAGCACGGACAAAGGC Seq
F10-4 80 | CTTTTCTATACCTACTACCTGCC Seq
R10-A 81 CAACACCTTGGAGAGAGCC Seq
R10-B 82 | AGATGTAGAGGGTCTTCAGG Seq
R10-C 83 | GGGTTTGTAACTACCCTTGACC Seq
R10-D 84 | TCACACTTTACTTACATATTTCTCTATC Seq
NdelKOFor 121 | GCCATTGGTACTGCATACGCAATGGATAATGTC Mut
NdelKORev 122 | GGACATTATCCATTGCGTATGCAGTACCAATGG Mut
T7 promoter 155 | TAATACGACTCACTATAGGG Sub/Seq
T7 terminator | 156 | GCTAGTTATTGCTCAGCGG Sub/Seq

Sub — subcloning; Seq — sequencing; Mut — mutations

2.2.3.4. Polymerase Chain Reaction Protocol

A general subcloning procedure was conducted as follows: in a 50-uL reaction were

added 10X buffer (5 pL), 10 mM dNTP mixture (1 pL), forward primer (20 pmol/uL, 1 uL),

reverse primer (20 pmol/uL, 1 uL), 100 ng DNA/plasmid, Turbo Pfu DNA polymerase (1 uL),

and ddH»O to bring the volume to 50 pL. A PTC-100 Programmable Thermal Controller (MJ

Research, Inc.) was used with this program: dwell at 94 °C for 2 min, and then cycle at 94 °C for

45 s, between 48-54 °C (exact temperature determined empirically) for 30 s, 72 °C for 1 min/kb

of template sequence, cycled 25-35 times (determined empirically), with an extension

temperature of 72 °C for 5 min and a final 4 °C hold.

To facilitate subcloning a site-specific mutagenesis protocol was used to remove an

internal Ndel restriction site with the following oligonucleotide sets:

pair 1: T7 promoter primer (5'-TAATACGACTCACTATAGGG-3)

NdelKORev primer (5'-GACATTATCCATTGCGTATGCAGTACCAATGG-3")

pair 2: NdeIKOFor primer (5'-GCCATTGGTACTGCATACGCAATGGATAATGTC-3")
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T7 terminator primer (5-GCTAGTTATTGCTCAGCGG-3)

The nucleotide mutation is bold text and underlined.

2.2.3.5. Agarose Gel Electrophoresis and Isolation, Purification, and Quantification of DNA

Agarose gels are comprised of 1% Ultra Pure Agarose (w/v) (Sigma, St. Louis, MO) in
TAE buffer (40 mM Tris base, 40 mM glacial acetic acid, 1 mM EDTA, pH 8.3). Ethidium
bromide (0.5 ug/mL) was added to the agarose to allow visualization of DNA fragments under a
UV lamp. Agarose gels were run in the TAE buffer at 89-109 volts, depending on gel size. The
size of the DNA fragments was determined by comparison to a 1-kb DNA Ladder (New England
Biolabs, Ipswich, MA). The DNA band of interest was excised from the gel using a razor while
visualizing by UV light. DNA was isolated from the agarose by using the QIAquick Gel
Extraction Kit (Qiagen, Valencia, CA). 30-40 uL of deionized water at pH 8.0 was used to elute
a plasmid from the column. The purity and concentration of DNA was calculated from taking the

spectrophotometer measurement at 260 nm and 280 nm.

2.2.3.6. Subcloning Procedures

2.2.3.6.1. Restriction Enzyme Digestions of DNA.

The derived blunt-end cDNA amplicons of ndtbt and empty pET28a (Novagen) were
digested with Ndel and BamHI (New England Biolabs, Ipswich, MA). Usually about 1 pg of
DNA/plasmid was incubated for 1 h at 37 °C with 2-5 units of each restriction enzyme with
appropriate buffer. Digestions were cleaned by separation and size detection on agarose gel

before excising band from gel for purification.
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2.2.3.6.2. Ligation of DNA.

Molar ratios of insert to vector were typically maintained at 3 to 1 for DNA ligations with
sticky over-hanging ends. Most reactions contained 3 pg of DNA along with 5X T4 ligation
buffer (2 uL) and T4 DNA ligase (1 pL) (New England Biolabs, Ipswich, MA) in a total volume
of 20 pL. The reaction was incubated at 16 °C for 10 h and then used to transform competent E.

coli cells.

2.2.3.6.3. Preparation of Competent E. coli Cells.

Competent cells were prepared according to a modified procedure reported by Sambrook
et al.29 Luria-Bertani (LB) medium (5 mL) containing antibiotics, when appropriate, was

inoculated with a single colony from an LB plate containing the appropriate antibiotics. The
culture was grown at 37 °C with shaking at 250 rpm for 10-12 h. An aliquot (1 mL) from the

culture (5 mL) was used to inoculate LB (100 mL) containing the appropriate antibiotics. The

culture was grown at 37 °C with shaking at 250 rpm until the cells reached ODg( between 0.4

and 0.6. The culture was transferred to a centrifuge bottle that had been sterilized with a 25%
(v/v) bleach solution and rinsed four times with sterile, deionized water. The cells were harvested
by centrifugation (4000g, 5 min, 4 °C) and the culture medium was decanted. All subsequent
manipulations were carried out on ice. The harvested cells were resuspended in ice-cold 0.9%

NaCl (100 mL), and the cells were collected by centrifugation (4000g, 5 min, 4 °C). The 0.9%

NaCl solution was decanted, the cells were resuspended in ice-cold 100 mM CaCl, (50 mL) and

stored on ice for 30 min. After centrifugation (4000g, 5 min, 4 °C), the cells were resuspended in

4 mL of ice-cold 100 mM CaCl; containing 15% glycerol (v/v). Aliquots (100 pL) of competent
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cells were added to 500 pL microfuge tubes, immediately frozen in liquid nitrogen, and stored at

-78 °C.

2.2.3.6.4. Transformation of Competent E. coli Cells.

Frozen competent cells were thawed on ice for 5 min before transformation. A small
aliquot (1 to 10 puL) of plasmid DNA or a ligation reaction was added to the thawed competent
cells (0.1 mL). The solution was gently mixed by tapping and stored on ice for 30 min. The cells
were then heat-shocked at 42 °C for 30 seconds and returned to ice briefly (1 min). LB (0.5 mL,
no antibiotics) was added to the cells, and the sample was incubated at 37 °C (with agitation) for
1 h. If the transformation was plated onto LB plates, 0.1 mL of the culture was spread onto plates
containing the appropriate antibiotics. An aliquot of competent cells with no DNA added was
also carried through the transformation protocol as a control. These cells were used to check the

viability of the competent cells and to verify the absence of growth on selective medium.

2.2.3.6.5. Verifying cDNA Insertion
Transformation colonies were individually selected and transferred to a new agar plate
with appropriate antibiotics. Some cells were resuspended in water (20 pL), boiled for 5 min,

and centrifuged at 16 000g for 1 min to clear cell debris. 5 pL of colony sample was added to
ddH»O (13.6 pL), 10X Tagq buffer (2.5 pL), 50 mM MgCl, (0.75 pL), 10 mM dNTP mixture (1
uL), T7 promoter primer (1 pL), T7 terminator primer (1 pL), and 7ag DNA polymerase (0.2
uL) (Invitrogen) for (see 2.2.3.4.). Samples were loaded onto an agarose gel and viewed by UV

for a positive amplicon size ~1.3 kb. Plasmid from positive colonies was collected as previously

described (see 2.2.3.2.). Sequencing was completed by MSU’s Research Technology Support
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Facility using ABI PRISM® 3730 Genetic Analyzer. Primers are listed on Table 2.3 for forward
and reverse sequencing and analysis was conducted by aligning sequences with known DNA

sequence (accession AF466397).

2.2.4. Expression and Purification of NDTBT

2.2.4.1. Culture Medium and Solutions

All solutions were prepared in deionized water. LB medium contained Bacto tryptone (10
g), Bacto yeast extracts (5 g), and NaCl (10 g) or 25 g of LB Miller mixture per 1 L was
autoclaved. Solid medium was prepared by addition of 1.5% (w/v) Bacto agar to the LB medium
before autoclaving and cooled before appropriate antibiotics were added.

Antibiotics were added where appropriate to the following final concentrations unless
noted otherwise: ampicillin, 50 pg/mL; kanamycin, 50 pg/mL; and chloramphenicol 34 pg/mL.
Stock solutions of antibiotics were prepared in water with the exceptions of chloramphenicol,
which was prepared in 100% aqueous ethanol. Antibiotics and isopropyl pB-D-

thioglucopyranoside (IPTG) were sterilized through 0.22-um membrane filters.

2.2.4.2. Heterologous Expression of ndtbt, Protein Isolation, and Purification

2.2.4.2.1. Expresson of ndtbt cDNA.

Recombinant ndtbt was expressed in the described bacterial expression system and
. . . . . . 29
harvested according to a previously reported protocol, with slight modifications.” Cultures were

grown overnight at 37 °C in 5 mL of LB medium supplemented with 50 pg/mL kanamycin and

35 pg/mL chloramphenicol. Bacteria transformed with empty vector were processed

analogously. The 5-mL inoculum was added and grown at 37 °C to ODggg = 0.5-0.7 in 1 L of
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LB medium supplemented with the appropriate antibiotics, and then gene expression was
induced with 100 uM IPTG, and the culture was incubated at 20 °C. After 18 h, the cells were
harvested by centrifugation at 2000g for 20 min at 4 °C, the supernatant was discarded, and the

pellet transferred to a pre-weighed 50-mL Corning Tube for storage at -20 °C.

2.2.4.2.2. Protein Harvest

The pellet was resuspended in lysis buffer (50 mM sodium phosphate, 300 mM sodium
chloride, and 10 mM imidazole, pH 8.0 at 3 mL/g cells) at 4 °C. The cells were lysed at 4 °C by
sonication (6 x 20 s bursts at 60% power at 1 min intervals) with a Misonix XL-2020 sonicator
(Misonix Inc., Farmingdale, NY), and the cell-lysate was clarified by ultracentrifugation at 46

000g for 1 hat4 °C.

2.2.4.2.3. Determination of Protein Concentration
Protein concentrations were assessed by the Bradford method (Coomassie (Bradford)
Protein Assay Kit (Pierce, Rockford, IL)) and compared against a series of bovine serum

albumin protein standards of varying concentrations.

2.2.4.2.4. Protein SDS-PAGE Analysis

SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) analysis
followed the standard Laemmli protocol. Preparation of a 12% separating gel started from
mixing 4 mL of 30% (w/v) aqueous acrylamide stock solution containing N,N'-methylene-
bisacrylamide (0.8% (w/v)), 1.5 M Tris-HCI (pH 8.8) (2.5 mL), 3.4 mL of distilled de-ionized

water, 20% (w/v) aqueous SDS solution (50 pL), 10% (w/v) aqueous ammonium persulfate
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solution (50 uL), and N,N,N',N'-tetramethylethylenediamine (TEMED) (5 uL). The solution was
mixed thoroughly and poured into a 0.75 mm-width gel cassette to about 1.5 cm below the top of
the gel cassette. --Amyl alcohol was overlaid on top of the solution and the gel was allowed to
polymerize for 1 h at room temperature (25 °C). The stacking gel was prepared by mixing 0.67
mL 30% acrylamide stock solution containing N,N'-methylene-bisacrylamide (0.8% (w/v)), 1.25
mL of 0.5 M Tris-HCI (pH 6.8), and 3.075 mL of distilled de-ionized water, 50 4L of 20% (w/v)
aqueous SDS solution, 25 uL of 10% (w/v) aqueous ammonium persulfate solution, and 5 uL of
N,N,N’,N’-tetramethylethylenediamine (TEMED). -Amyl alcohol was removed from the top of
the gel cassette, which was subsequently rinsed with water and wiped dry. After insertion of the
comb, the gel cassette was filled with stacking gel solution, and was allowed to polymerize for 1
h at 25 °C.

The comb was removed and the gel cassette was installed into the electrophoresis
apparatus PROTEAN (Bio-Rad, Hercules, CA). The apparatus was then filled with buffer
containing 192 mM glycine, 25 mM Tris-base, and 0.1% SDS (w/v). Each protein sample (10
uL) was diluted with 5X Laemmli sample buffer consisting of 62.5 mM Tris-HCI, 10% glycerol,
4% SDS, 5% B-mercaptoethanol, and 0.002% bromophenol blue; then heated at 100 °C for 5 min
and centrifuged. Samples and 8 uL of protein ladder marker (Prosieve) were loaded into the
sample wells and were run at 180 volts for 1.5 hours.

The gel was removed from the cassette and submerged in 45% (v/v) methanol, 10% (v/v)
glacial acetic acid in water for 3 min. Then protein gel was transferred into staining solution
containing 0.1% (w/v) Coomassie Brilliant Blue R, 45% (v/v) methanol, and 10% (v/v) glacial
acetic acid in water for 1 h. Destaining was carried out in a solution containing 45% (v/v)

methanol, 10% (v/v) glacial acetic acid in water for 30-60 min. The recombinant protein

41



migrated to an Ry consistent with the calculated molecular weight of NDTBT (~49 kDa) on

SDS-PAGE. For long-term storage, SDS-PAGE gels were dried following Promega’s Gel
Drying Kit (Madison, WI).

KODAK 1D Image Analysis Software (Version 3.6.3) was used to integrate the relative
intensity of the enzyme band against BSA standards ranging from 2 to 10 mg/mL, and
overexpression was verified by immunoblot analysis. By comparison, NDTBT was not
detectable in soluble extracts isolated from bacteria transformed with empty vector.

The protein was recognized in a Western blot analysis according to a method based on
the 1-Step TMB-Blotting Kit (Pierce, Rockford, IL) with the following antibodies: Monoclonal

Anti-polyHistidine and Anti-Mouse IgG Peroxidase Conjugate (Sigma, St. Louis, MO).

2.2.4.2.5. Protein Purification

The supernatant of the lysed bacterial cells was incubated with 1 mL of HIS-Select
Nickel Affinity Gel (Sigma, St. Louis, MO) per 8 g of wet pellet in batch mode at 4 °C. After 2
h, the mixture was poured into an Econo column (BioRad, 20 cm % 2.5 cm), the lysis buffer was
drained. The resin was washed with five column volumes of wash buffer (50 mM sodium
phosphate and 300 mM sodium chloride, pH 8.0) containing 20 mM imidazole, and the bound
protein was eluted with one column volume of wash buffer containing 250 mM imidazole. The
imidazole was removed from the eluent by consecutive concentration by centrifugation (30 000
MWCO, YM30 membrane, Millipore, Billerica, MA) and dilution in assay buffer (50 mM
sodium phosphate, 5% glycerol, pH 8.0) until the imidazole was 1.5 uM. After the concentration
and purity of the NDTBT were determined, aliquots containing NDTBT at 2-10 mg/mL were

flash frozen in liquid nitrogen, and stored at -78 °C.
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2.2.5. Enzymatic Assays and Analysis

2.2.5.1. Crude Lysate Activity Assay

To verify functional expression of the NDTBT, total protein (5 mg) from the clarified
lysate was withdrawn from the supernatant of lysed bacteria that expressed ndtbt and from the
supernatant of similarly processed cells that were transformed with empty vector. Each soluble
enzyme fraction (1 mL) was separately assayed with benzoyl CoA and N-debenzoyl-2'-
deoxypaclitaxel (each at 1 mM) at 31 °C. After 2 h, the assays were quenched with 0.1 N HCI
until pH 4-5 to partition the amine substrate to the aqueous fraction.

The assays were then separately extracted with ethyl acetate (2 X 1 mL), the respective
organic fractions were combined, the solvent was evaporated, and the residue was redissolved in
50 pL of acetonitrile. A 25-uL aliquot was loaded onto a reversed-phase column (Allsphere

ODS-25 pm, 250 mm x 4.6 mm, Alltech, Mentor, OH) and eluted isocratically with 50:50 (v/v)

solvent A/solvent B [97.99% H,O with 2% CH3CN and 0.01% H3PO4 (v/v); 99.99% CH3CN

with 0.01% H3POg4 (v/v); flow rate of 1 mL/min; 4778 monitoring of the effluent for 20 min] on

an Agilent 1100 HPLC system (Agilent Technologies, Wilmington, DE) connected to a UV
detector. UV-absorbance profiles of the biosynthetic product isolated from the assay containing
crude enzyme extract of ndtht-expressing cells were compared to absorbance profiles of the
products identically isolated from control assays containing extracts of cells transformed with
empty vector.

Products eluting from the HPLC column corresponding to a de novo UV-absorbance
peak were collected and further analyzed by direct injection-electrospray ionization mass

spectrometry, in positive ion mode. A Q-ToF Ultima Global electrospray ionization tandem mass
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spectrometer (ESI-MS/MS, Waters, Milford, MA) with a Waters CapLC capillary HPLC was
used for mass spectral analysis. The isolated product had a molecular weight and ionization
pattern that were identical to those of authentic 2'-deoxypaclitaxel when analyzed by similar

methods.

2.2.5.2. Kinetic Evaluation of NDTBT with N-Debenzovl-(3'R)-2'-deoxypaclitaxel

To establish linearity with respect to time and enzyme concentration, varying amounts of
NDTBT were incubated with benzoyl CoA (the natural acyl group donor, at 50 uM), and N-
debenzoyl-(3'R)-2'-deoxypaclitaxel was maintained at saturation (I mM) in 2 mL of assay
buffer. Aliquots (200 pL) from each assay were collected, quenched with 0.1 M HCI at 30 min
intervals over 2.5 h, and extracted with ethyl acetate. The organic solvent was removed, and the

products in the resultant residue were dissolved in 50 puL of acetonitrile and were analyzed by

UV-HPLC with 4778 monitoring of the effluent, as before. The peak area corresponding to the

biosynthetic 2'-deoxypaclitaxel was converted to concentration by comparison to the peak area
obtained with authentic 2'-deoxypaclitaxel (0 to 30 uM at 5 uM intervals). Kinetic parameters
were determined under steady state parameters using 0.5 mg/mL of protein and a 20-min
incubation time. The concentration of benzoyl CoA was independently varied (0-1000 uM) in

separate assays while N-debenzoyl-(3'R)-2'-deoxypaclitaxel was maintained at apparent

saturation (1 mM). The initial velocity (v,) was plotted against substrate concentration for each
. . 2 . .
data set, and the equation of the best-fit line (R = 0.96) was determined (Microsoft Excel 2003,

Microsoft Corporation, Redmond, WA) to calculate the V5« and Ky parameters (see Appendix

A).
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2.2.5.3. Kinetic Evaluation of NDTBT with Competing CoA Substrates

The general NDTBT assay to identify productive aroyl CoA substrates contained purified
enzyme (~100 pg) in 500 puL of assay buffer, N-debenzoyl-2'-deoxypaclitaxel, and an aroyl CoA,
each at 500 uM. The reaction was incubated for 3 h at 31 °C, quenched by the addition of 0.1 M
HCI, and extracted with ethyl acetate (1 x 2 mL). The solvent was evaporated in vacuo, and the
remaining residue was dissolved in 50 pL of acetonitrile and analyzed by HPLC, as described
above. UV-Absorbance profiles of isolated crude product derived from these assays were
compared to absorbance profiles of a sample identically isolated from control assays, in which
one cosubstrate and/or enzyme was omitted. Eluent from the HPLC column that correlated with
a de novo UV-absorbance peak was further analyzed by ESI-MS (positive ion mode) to confirm
product identity.

After productive CoA thioester substrates were identified, the procedure to calculate the
relative kinetic constants of NDTBT for multiple competing CoA substrates was adapted from a
method used to study the kinetics of a Taxus acyltransferase with multiple substrates. This
relative kinetics evaluation method was advantageous toward conserving the dearth of
semisynthetically derived N-debenzoyl-2'-deoxypaclitaxel and acyl CoA cosubstrates by
reducing the number of replicate assays needed to construct plots to evaluate the kinetics of the
transferase with each acyl CoA substrate. The substrate specificity of NDTBT for the productive
acyl CoA thioesters, identified above, was assessed by incubating each CoA thioester (500 uM)
separately with 100 uM benzoyl CoA, 100 pg of NDTBT enzyme, and 500 pM N-
debenzoylpaclitaxel, in a 200 pL assay.

After 20 min, the samples were acidified, and the biosynthetic products were isolated by

extraction with ethyl acetate as described previously. The products were loaded onto the
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reversed-phase HPLC column and eluted by a gradient of solvent A/solvent B [99.99% H,O

with 0.1% TFA (v/v); 99.99% CH3CN with 0.1% TFA (v/v); gradient: 0-5 min at 80% (A), 5-11
min at 80-50% (A), 11-21 min at 50-20% (A), 21-23 min at 20-0% (A), 23-25 min at 0% (A),
25-33 min at 0-80% (A)] at a flow rate of 1.5 mL/min and 4778 monitoring of the effluent.

The following calculations were used to correct the variance in the molar absorptivity of

the different aromatic chromophores of the various biosynthetically N-aroylated products. The

area under the absorbance peak corresponding to 2 nmol of each aroyl free acid (4,qiq) was

independently calculated. The A4,.jq values were each added to the peak area for the absorbance

of the substrate N-debenzoyl-2'-deoxypaclitaxel (Ayxane) monitored at the same wavelength and

concentration as the free acids to approximate the total absorbance peak area (Atota] = Aacid +

Ataxane)- The quotient derived by dividing Ayta) for the benzoic acid/taxane pair by Aigig for
each free acid/taxane pair was used to calculate the relative molar absorptivity. This ratio was
multiplied by the area under the UV absorbance (45,g) peak for each biosynthetic N-aroyl

product, eluting from the HPLC; this normalized peak area was directly compared to the
absorbance peak corresponding to the 2'-deoxypaclitaxel (made biosynthetically in the same

mixed-substrate assay). The acquired absorbance ratios were each multiplied by the specificity

constant (Vpax/Kny) of NDTBT calculated for benzoyl CoA and N-debenzoyl-2'-deoxypaclitaxel

as substrates, and the resultant values are reported as specificity constants relative to that of

NDTBT for each surrogate acyl CoA substrate.
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2.2.5.4. Relative Velocities of NDTBT with N-Debenzoylpaclitaxel Analogues

In general, the conversion rate of each N-debenzoyl isoserinoyl taxane substrate to its N-
benzoyl isoserine derivative by NDTBT catalysis was estimated to be 10-20-fold less compared
to the conversion rate for the N-debenzoyl-2'-deoxypaclitaxel substrate. Therefore, to optimize
the amount of biosynthetic product for detection by LC-ESI/MS/MS analysis, N-
debenzoylpaclitaxel or 10-deacetyl-N-debenzoylpaclitaxel (derived from docetaxel) and several
different acyl CoA thioesters, all substrates at apparent saturation (1 mM), were incubated for 2 h

with NDTBT (100 pg in 200 puL of assay buffer, as described previously) to calculate the relative

velocity (vye]) of each set of diterpene and acyl CoA substrate. The isoserinoyl taxanes and CoA

thioester substrates at | mM were judged to be at steady state (<10% conversion of substrate) at
the termination of the reactions.

Each assay was extracted with ethyl acetate (2 x 1 mL), the solvent was removed in
vacuo, the remaining residue was dissolved in 50 pL of acetonitrile, and a 20-uL aliquot of the

sample was analyzed by LC-ESI tandem mass spectrometry. The abundance of the selected

+
molecular ion (MH ), derived in the first-stage MS, of the authentic standard was linearly

proportional to a concentration below 25 puM, and the ion abundance profiles in the MS/MS
spectra of authentic compounds were comparable to those observed for each biosynthetic product
that was structurally similar (see Appendix B). Based on these correlations, the relative amounts
of N-aroylated biosynthetic product (paclitaxel, its N-acyl-, or 10-deacetyl-N-acyl derivatives)

made by the NDTBT was assessed by comparing the area under the corresponding ion

abundance peak for each of the selected molecular ions (MH+).
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2.3. Results

2.3.1. Expression and Activity of NDTBT
To obtain a sufficient quantity of functional catalyst needed for this investigation, where

several activity screens and kinetic assays were conducted, methods used previously to express

. . . . 22 .
ndtbt in bacteria were modified to scale up the production of enzyme. ~ Briefly, the ndtbt cDNA

was subcloned into expression vector pET28a to incorporate an N-terminal Hisg-tag epitope for

immunoblot analysis and purification by nickel-affinity resin chromatography. To optimize the
enzyme expression level, the resulting plasmid was transferred into E. coli BL21-CodonPlus
(DE3)-RIPL cells. These cells were used to express tRNA adapter molecules (rare in wild-type

E. coli) that recognize codons present in the recombinant ndtht cDNA derived from Taxus plants.
The NDTBT-Hisg fusion (1 mg) was used at 70% purity.

The function of the benzoyltransferase was assessed similarly to a previously described

22 . . . .
method.~ To produce sufficient de novo biosynthetic product for characterization, larger

amounts of NDTBT (0.5 mg/mL) were used in 200 pL assays in the present investigation

. . 22 .
compared to the 0.5 ug/mL used in a previous study.  The co-substrate concentrations of the

donor and acceptor substrates (0.40 and 0.42 mM, respectively) were approximately 2.5 times

. 22 . " . .
their reported K)j values. After reacting under these conditions, the biosynthetic product was

isolated as described previously and was characterized by H NMR and direct injection LC-

ESI/MS to confirm its identity as 2'-deoxypaclitaxel, thus verifying that the isolated enzyme was

. 22
functional.
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2.3.2. Kinetic Evaluation with Competing CoA Substrates
N-Debenzoyl-2'-deoxypaclitaxel at 1 mM and the benzoyltransferase were assayed
separately with different aroyl CoA substrates that were synthesized by a previously described

process, which involved coupling a mixed anhydride carboxylic acid with coenzyme A under
. . . 27 ep . . .
mildly basic aqueous conditions.” Acidifying the aqueous assay solutions to pH 4, to terminate

the assays prior to extraction of the assay buffer with organic solvent, ensured that the amine
substrate persisted as the ammonium ion and thus partitioned to the water fraction, while the N-
aroylated products partitioned to the organic phase. The extracted products were further
authenticated as N-acyl analogues by mass spectrometry. Analogous assays conducted with
enzyme isolated from E. coli harboring the empty vector did not show a detectable product.

All of the aroyl CoA thioesters examined, except for 2-methylbenzoyl CoA, in this study

were productive with NDTBT and N-debenzoyl-2'-deoxypaclitaxel. The specificity constant

(Vmax/Knm) 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 resulting product mixture was analyzed by reversed phase HPLC with UV

monitoring (47g) of the effluent. To assess the relative molar absorptivity for quantifying each

biosynthetic N-aroyl product would require the synthesis of several different N-aroylated
authentic standards via the N-debenzoyl substrate. This route would quickly exhaust our supply
of this costly diterpene substrate. Therefore, instead of using a linear regression correlation of

concentration and absorbance to quantify the biosynthetic products in the competitive assays, the

absorbance (472g8) of each N-acyl-N-debenzoyl-2'-deoxypaclitaxel derivative was approximated

by first individually determining the 45,5 of each free acid corresponding to the N-acyl group of
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a biosynthetic product. This absorbance value was then added to that of the N-debenzoyl-2'-
deoxypaclitaxel substrate at the same concentration and wavelength used with the free acids to

calculate the molar absorptivity. From these values, the relative specificity constants (Table 2.2)

were calculated based on that of NDTBT for benzoyl coenzyme A (Vipax/Kym ) 1.6 nmolemin

1-mM_l) (Entry 1A); the catalytic efficiency for 4-methylbenzoyl CoA (1.7 nm01°min_1'mM_1,

Entry 4A) was nearly equal to that of the natural substrate. The efficiencies of NDTBT for the

other coenzyme A thioesters of substituted-aroyls or heterole carbonyls ranged from 0.15 to 1.1

nmol-min_l-mM_l. The para-substituted aroyls displayed the highest efficiency compared to

their meta- and/or ortho-regioisomers (Table 2.2).

2.3.3. Relative Velocities of NDTBT with Taxanes
In a previous survey, cytochrome P450 hydoxylase activity in microsome preparations

derived from Taxus cell cultures was found to hydroxylate at C2' of N-debenzoyl-2'-

deoxypaclitaxel to produce N—debenzoylpaclitaxel.30 These data suggested that N-benzoylation

occurs as the last step in the paclitaxel biosynthetic pathway and hinted that the
benzoyltransferase could transfer an acyl group to the substrate amino group located vicinal to a
hydroxyl group (Figure 2.4). In contrast, a nontaxane acyltransferase, anthranilate N-
benzoyltransferase, has narrow substrate specificity for the amine acceptor substrate;

intriguingly, 3- or 4-hydroxyanthranilate substrates were not productive substrates of the

. 31 .
anthranilate benzoyltransferase.” These results prompted us to examine the effect of the

hydroxyl group vicinal to the amine acceptor group of isoserinoyl taxanes on NDTBT catalysis
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Table 2.2 — Relative Kinetics of NDTBT with Aroyl CoA Thioesters and N-
Debenzoylpaclitaxel Analogues

R30 O OH

A. N-Debenzoyl-2'-deoxypaclitaxel
R1=H, Ry=H, R3=Acetyl

B. N-Debenzoylpaclitaxel
R1=H, Rp=0OH, R3=Acetyl

C. 10-O-Deacetyl-N-debenzoylpaclitaxel
R;=H, R,=0H, R3=H

R, A B C R, A B C
(from CoA) | (VmaxKM) | Veel | Vrel (from CoA) | (Vmax’KM) | Vrel | Vrel
0 1.6 o
©)‘\; 1 | (nmol/min/m | 100% | 100% /OO)k;;’ 9 0.38 85% | 11%
M)
0 Not 0
; 2 | Detectable ND 3% 1cl ff 10 0.37 <1% | 8%
(ND) 108
0 (0]
\©)‘\f; 3 0.27 27% | 33% /@)‘\fe‘ 11 1.1 <1% | 40%
Cl
O o
f 4 1.7 33% | ND @)kf 12 0.31 200% | 36%
150
o
Fi Oug; 5 0.85 8% | 38% O::ﬁ\f; 13 0.15 19% | 43%
F Of; 6 0.34 11% | 19% “ O; 14 0.39 19% | 5%
S8 g
(0]
Q)J\:; 7 0.97 11% | 68% Q 15 0.37 22% | 3%
. sjkff
(0] 0]
A 0 179 1 1 22% | 29°
NCO)‘\;’! 8 0.15 9% 7% Nﬁs)\;; 6 0.16 %o 9%
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B-Phenylalanine Baccatin I1I

N-Debenzoylpaclitaxel Paclitaxel

Figure 2.4 — Late-Occurring Steps on the Paclitaxel Biosynthesis Pathway.
a. Phenylapropanoyltransferase, b. C2' P450 hydroxylase, c. NDTBT, benzoyl CoA.

with a broad range of non-natural aroyl CoA substrates. N-Debenzoylpaclitaxel and N-de(tert-
butoxycarbonyl)docetaxel (i.e., 10-deacetyl-N-debenzoylpaclitaxel) substrates required for this
investigation were both prepared from docetaxel (Figure 2.5).

Because of the prohibitive expense of docetaxel to semisynthesize adequate N-
debenzoylpaclitaxel analogues, the use of these analogues needed to be rationed, in the present
study. Therefore, to conserve the supply of these derivatives, the substrates were incubated at a
single concentration (1 mM) with each of the 16 aroyl CoA thioesters (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. The first
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Docetaxel 10-Deacetyl-N-debenzoylpaclitaxel

0 0
)(O )J\OOOH )J\OOOH

10-Acetyl-2"-TBDMS-docetaxel N-Debenzoylpaclitaxel

Figure 2.5 - Synthesis of N-Debenzoylisoserineoyltaxanes.
a. 1. Formic acid, ii. NaHCOj3, 60% yield. b. i. TBDMS-CI, imid., 99% yield, ii. Ac,0O, CeCls,
93% yield. c. i. HF/pyridine, ii. Formic acid, iii. NaHCO3, 62% yield.

+ . . .
stage mass spectrometer was set to select for the MH ion of the product, which was directed

into a fragmentation chamber, and the resulting fragment ions were analyzed by the second-stage
mass spectrometer set to scan mode. Typical diagnostic fragment ions were m/z 509 (for the 10-
acetyl and 10-deacetyl taxane substrates), 569 (for the 10-acetyl taxane substrates), and the
distinct side chain fragment ion for product characterization (Figure 2.6 and see Appendix B). In
these assays, the kinetic parameters of NDTBT were unknown, regarding whether the non-

natural aroyl CoA thioesters were first-order or at saturation at 1 mM; however, to provide a
rough approximation of the relative velocities (ve]) of NDTBT (100 pg) for each CoA thioester

(Table 2.2), the rates were estimated to be at steady state and first-order.
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Intact side chain ion + H" m/z 509 m/z 569
R=variable aryl/alkyl

Figure 2.6 - Typical Fragment Ions Observed in the MS/MS Profiles of
Isoserinoyl Taxanes.

The rate (~10 pmol/h) at which benzoyl CoA and N-debenzoylpaclitaxel was converted
to paclitaxel by NDTBT was set at 100% and compared to the rates of NDTBT with each of

various aroyl CoA thioesters and the same taxane substrate (Table 2.2 for the following entries).

Surprisingly, the vy of 2-furanoyl CoA was 200% (Entry 12B) relative to benzoyl CoA,

whereas 3-furanoyl CoA was 19% (Entry 13B). The vy values for the other 2- and 3-

heteroaromatic carbonyl CoA thioesters displayed similar kinetics to that of the 3-furanoyl
thioester, ranging between 19% and 22% (Entries 14-16B). NDTBT was productive with 3-
methoxybenzoyl CoA, which was utilized at 85% (Entry 9B) of the rate for benzoyl CoA. The
relative rates of the catalyst for the methyl-, fluoro-, and cyano-substituted benzoyl CoA

thioesters were modest (Entries 3-8B), with the exception of 2- and 3-chlorobenzoyl CoA

(Entries 10-11B); the products derived from the latter were only marginally detectable, at vy <
1% (data not shown).
In a parallel study, we assessed whether the absence of the acetyl group at C10 of the N-

debenzoylpaclitaxel affected the specificity of the NDTBT with the array of aroyl CoA

thioesters. The rate (~20 pmol/h) at which benzoyl CoA and 10-deacetyl-N-debenzoylpaclitaxel
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was converted to 10-deacetylpaclitaxel (Entry 1C) by NDTBT was set at 100% and compared to

the rates at which the enzyme converted each of various aroyl CoA thioesters and the taxane

substrate to a respective product. 4-Fluorobenzoyl CoA (vye]) 68%, Entry 7C) and 3-furanoyl

CoA (vre]) 43%, Entry 13C) were used at a rate most comparable to that at which NDTBT used

benzoyl CoA. Interestingly, all of the other aroyl CoA thioesters tested were productive (with
relative conversion rates between 3% and 38%), except for 4-methylbenzoyl CoA (Entry 4C),

which did not produce detectable product.

2.3.4. Relative Velocities with Alkanoyl/Alkenoyl CoA Substrates
Four non-aromatic CoA thioesters (acetyl CoA, butyryl CoA, butenoyl CoA, and

hexanoyl CoA) were assayed with the three N-debenzoyl taxoids, described herein. None of the

isolated biosynthetic products were detectable by HPLC with UV monitoring (A477g), likely due

to low abundance and/or co-elution of the biosynthetic products from the HPLC column with
other unknown compounds extracted from the assay mixture. As an alternative, the samples were
analyzed by the more selective LC-ESI-MS/MS procedure utilized earlier in this study. As
before, typical diagnostic fragment ions were m/z 509, 569, and the side chain fragment ion
(ordinarily the base peak) that confirmed the identity of the N-alkanoyl/alkenoyl taxane (Figure
2.6 and see Appendix B). The relative rates of product formation were calculated from the mass
spectrometry data by a method analogous to that used for the N-aroylation products (Table 2.3).
N-Debenzoyl-2'-deoxypaclitaxel was incubated with NDTBT and benzoyl CoA, and the

relative rate (~200 nmol/h) of the benzoyl group transfer to the N-debenzoyl taxane was

compared to the rate of acyclic carbonyls. The v, for the transfer of acetyl (shortest chain) and
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Table 2.3 — Relative Kinetics of NDTBT with Short Hydrocarbon Chain CoA
Thioesters and N-Debenzoylpaclitaxel Analogues

R3Q O OH A. N-Debenzoyl-2'-deoxypaclitaxel

R1=H, Ro=H, R3=Acetyl

B. N-Debenzoylpaclitaxel
R1=H, Ry=0H, R3z=Acetyl

C. 10-O-Deacetyl-N-debenzoylpaclitaxel
Ri=H, R,=0H, R3=H

R, A B C
(from CoA) Vel Vrel Vrel
(0]
©)ﬁ; 1 100% 13% 12%
R g1 47% 85% 35%
Py s |18 3% 100% 92%
PPt s |19 2% 2% 3%
o2 VREL 36% 68% 100%

hexanoyl (longest chain) groups were 47% and 36%, respectively (Entries 17D and 20D),

relative to the transfer rate for the benzoyl group. The vy for the C4 chains, butenoyl and

butanoyl, were only at 2% and 3%, respectively. For N-de(tert-butoxycarbonyl)docetaxel and N-

debenzoylpaclitaxel (i.e., 2'-hydroxylated substrates), the relative velocity of the most productive

acyclic CoA substrate was set to 100%. In contrast to N-debenzoyl-2'-deoxypaclitaxel, the

alkanoyl CoA thioesters (Entries 17E/F, 18E/F, and 20E/F) gave superior turnover with the 2'-

hydroxylated taxoids, compared to benzoyl CoA (~10 and ~20 pmol/h, Entries 1E/F,

respectively). The 2-butenoyl group was transferred the slowest by NDTBT to all of the taxoid
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cosubstrates (Entries 19D/E/F), which may be a consequence of the extended, fixed geometry of

the trans-double bond.

2.4. Discussion

Broad substrate specificity of enzymes on secondary metabolic pathways has been

. . . . . 32 .
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,
or 10-deacetyl-N-debenzoylpaclitaxel. Other BAHD family acyltransferases, benzoyl
CoA:benzoylalcohol benzoyl transferase (Clarkia breweri plant), and alcohol acyltransferases
from wild strawberry (Fragaria Vesca), cultivated strawberry (Fragaria % ananassa), and

banana (Musa sapientum) also have broad substrate specificity with varying acyl CoA donors

33, 34 . . .
and a range of alcohol acceptor substrates. As structural information becomes available for

these BAHD acyltransferases, including NDTBT, the rationale for their broad substrate
specificity can likely be understood, and the mechanism defining the variable substrate access
can be systematically compared.

A prior seminal description of NDTBT primarily focused within the context of paclitaxel

biosynthesis and thus screened the function of the catalyst with benzoyl CoA and a single

diterpene substrate, N—debenzoyl—2’—deoxypaclitaxel.22 Substrate specificity analysis was limited

to acetyl CoA and phenylacetyl CoA, neither of which was found to be productive in this earlier

22 . .. . . . . .
study. "~ In a more recent biosynthesis investigation, the assembly of the isoserinoyl side chain of
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paclitaxel was investigated.23 The superior catalytic transfer of benzoyl to N-debenzoylpaclitaxel
compared to N-debenzoyl-2'-deoxypaclitaxel (Figure 2.4) supported an earlier claim that 2'-

hydroxylation precedes N—benzoylation.30 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 as assessed by UV-HPLC analysis alone.23

In contrast, the current investigation was formulated by consideration of the several

described next-generation paclitaxel molecules derived by synthetic replacement of the N-

benzoyl of the natural product with several different kinds of non-natural N-aroyl groups.w

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-
, 3-, and 4-substituted benzoyls, alkanoyl, and alkenoyl (cf. Tables 2.2 and 2.3) to any tested N-
debenzoylated taxane used as a cosubstrate. More importantly, 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

. . . . 2 ..
supports the observation described in a previous study. 3 In addition, the lack of a C10-acetyl

group on the taxane substrate did not affect the function of the enzyme, and therefore,
conceivably, Cl0-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
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generally did not affect NDTBT activity, although the para-regioisomers within a homologous
series were typically transferred faster.

It was very apparent that the scale of the assays used in this investigation produced a
paucity of isoserinoyl taxane products, on the order of pmol/h, and thus precluded their detection
by UV-HPLC. 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
categorical identification of the fragment ion of the intact side chain for each of the
biosynthetically acquired N-acyl derivatives.

In conclusion, we demonstrated that the wild-type Taxus N-benzoyltransferase 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 and likely accounts for the variety of N-acyl

.. . . . 35 "
derivatives of paclitaxel analogues found in 7axus plants and derived cell cultures.”  In addition,

the described substrate specificity will expand the current knowledge of the selectivity of
enzymes that belong to the BAHD acyltransferase superfamily. It is still premature nonetheless,
particularly without enzyme structural data, to speculate why NDTBT displays the unique kinetic
parameters in terms of substituent regiochemistry in the aroyl CoA substrate, with regards to
sterics and inductive effects. 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'-hydroxy 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
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NDTBT specificity, the underlying effect of the 2'-hydroxyl on preferential alkanoyl CoA
binding remains a mystery. Conceivably, when structural data become 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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APPENDIX A

KINETIC PARAMETERS FOR NDTBT

0.140
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. >
=
'€ 0.100 .
2
< 0.080
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- y=ml * x/(m2+x)
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Figure A.1 — Michaelis-Menten Curve for NDTBT.
Vinax = ml = 0.139 nmol/min; Ky =m2 =74.31 uM
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Figure A.2 — Double-Reciprocal Plot for NDTBT.

Viax = 0.147 nmol/min; K\g = 93 uM
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APPENDIX B

MASS SPECTRA OF PRODUCT STANDARDS AND BIOSYNTHESIZED

PRODUCTS MADE BY NDTBT

I, Danielle M. Nevarez, obtained the following mass spectra data. Standards were either
commercially available or synthetically made by either Yemane A. Mengistu or Irosha N.
Nawarathne (See Chapter 2). A Q-ToF Ultima Global electrospray ionization tandem mass

spectrometer, (ESI-MS/MS, Waters, Milford, MA) was used for mass spectral analysis.

ESI-MS/MS Analysis of Authentic Taxanes Analogs. ESI-MS/MS of authentic N-benzoylated

taxane standards (paclitaxel, 2'-deoxypaclitaxel, and docetaxel) are shown in Figures B.1, B.2,

and B.3.
100 - 286.1 Q

&\/ 80 i

54

5

B 60 -

=

0

<

2 40

= 509.3

R 20 - Exact Mass = 853.4

m [C-13 Side Chain + H]' m/z = 286.1
O 1 l\ wa ;Imwuwul‘n | \ \ “I | 5|6|9‘|3 : .
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m/z

Figure B.1 — Tandem Mass Spectrum of Paclitaxel Standard.
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Figure B.2 — Tandem Mass Spectrum of 2’-Deoxypaclitaxel Standard.
182.1
1009 06.1
80
60 - 327.2
40 A
509.2
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Figure B.3 — Tandem Mass Spectrum of Docetaxel Standard.
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ESI-MS/MS Analysis of Biosynthetic Products Catalyzed by NDTBT. Spectra of the various
biosynthetically derived N-aroyl- and N-alkyl-N-debenzoylpaclitaxel analogs and the spectra are

labeled by structure (below).
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el
£
=
< 60 -
3]
2
= 40 -
e
X
20 A 569.3
Exact Mass = 853.3
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Figure B.4 — Tandem Mass Spectrum of Biosynthesized Paclitaxel.
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Figure B.5 — Tandem Mass Spectrum of Biosynthesized N-(2-Methylbenzoyl)-N-
debenzoylpaclitaxel.
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Figure B.6 — Tandem Mass Spectrum of Biosynthesized N-(3-Methylbenzoyl)-N-

debenzoylpaclitaxel.
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Figure B.7 — Tandem Mass Spectrum of Biosynthesized N-(4-Methylbenzoyl)-N-

debenzoylpaclitaxel.
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Figure B.8 — Tandem Mass Spectrum of Biosynthesized N-(2-Fluorobenzoyl)-N-
debenzoylpaclitaxel.
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Figure B.9 — Tandem Mass Spectrum of Biosynthesized N-(3-Fluorobenzoyl)-N-
debenzoylpaclitaxel.
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Figure B.10 — Tandem Mass Spectrum of Biosynthesized N-(4-Fluorobenzoyl)-N-
debenzoylpaclitaxel.
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Figure B.11 — Tandem Mass Spectrum of Biosynthesized N-(3-Cyanobenzoyl)-N-

debenzoylpaclitaxel.
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Figure B.12 — Tandem Mass Spectrum of Biosynthesized N-(3-Methoxybenzoyl)-N-

debenzoylpaclitaxel.
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Figure B.13 — Tandem Mass Spectrum of Biosynthesized N-(3-Chlorobenzoyl)-N-
debenzoylpaclitaxel.
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Figure B.14 — Tandem Mass Spectrum of Biosynthesized N-(4-Chlorobenzoyl)-N-
debenzoylpaclitaxel.
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Figure B.15 — Tandem Mass Spectrum of Biosynthesized N-(2-Furanoyl)-N-

debenzoylpaclitaxel.
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Figure B.16 — Tandem Mass Spectrum of Biosynthesized N-(3-Furanoyl)-N-

debenzoylpaclitaxel.
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Figure B.17 — Tandem Mass Spectrum of Biosynthesized N-(Thiophene-2-carbonyl)-N-

debenzoylpaclitaxel.
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Figure B.18 — Tandem Mass Spectrum of Biosynthesized N-(Thiophene-3-carbonyl)-N-
debenzoylpaclitaxel.
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Figure B.19 — Tandem Mass Spectrum of Biosynthesized N-(Thiazole)-N-
debenzoylpaclitaxel.
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Figure B.20 — Tandem Mass Spectrum of Biosynthesized 10-deacetylpaclitaxel.
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Figure B.21 — Tandem Mass Spectrum of Biosynthesized N-(2-Methylbenzoyl)-10-deacetyl-
N-debenzoylpaclitaxel.
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Figure B.22 — Tandem Mass Spectrum of Biosynthesized N-(3-Methylbenzoyl)-10-deacetyl-
N-debenzoylpaclitaxel.
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Figure B.23 — Tandem Mass Spectrum of Biosynthesized N-(4-Methylbenzoyl)-10-deacetyl-
N-debenzoylpaclitaxel.
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Figure B.24 — Tandem Mass Spectrum of Biosynthesized N-(2-Fluorobenzoyl)-10-deacetyl-
N-debenzoylpaclitaxel.
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Figure B.25 — Tandem Mass Spectrum of Biosynthesized N-(3-Fluorobenzoyl)-10-deacetyl-
N-debenzoylpaclitaxel.
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Figure B.26 — Tandem Mass Spectrum of Biosynthesized N-(4-Fluorobenzoyl)-10-deacetyl-
N-debenzoylpaclitaxel.
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Figure B.27 — Tandem Mass Spectrum of Biosynthesized N-(3-Cyanobenzoyl)-10-deacetyl-
N-debenzoylpaclitaxel.
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Figure B.28 — Tandem Mass Spectrum of Biosynthesized N-(3-Methoxybenzoyl)-10-
deacetyl-N-debenzoylpaclitaxel.
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Figure B.29 — Tandem Mass Spectrum of Biosynthesized N-(3-Chlorobenzoyl)-10-deacetyl-
N-debenzoylpaclitaxel.

78



Cl

100 1 320.1

80 -

60 1

40 1

% Relative Abundance

20 - Exact Mass = 845.3
[C-13 Side Chain + H]" m/z =320.1

200 400 600 800 1000
m/z

Figure B.30 — Tandem Mass Spectrum of Biosynthesized N-(4-Chlorobenzoyl)-10-deacetyl-
N-debenzoylpaclitaxel.

100 | 276.1 —
80 -
60 1

40 +

% Relative Abundance

20 - Exact Mass = &801.3
[C-13 Side Chain + H]+ m/z=1276.1

il Dt | ‘ I

200 400 600 800 1000

()

m/z
Figure B.31 — Tandem Mass Spectrum of Biosynthesized N-(2-Furanoyl)-10-deacetyl-N-
debenzoylpaclitaxel.

79



100 - 276.1

3]

= 80
=]

=
3
< 60 1
5]
2
= 40
(2
X
20 Exact Mass = 801.3
[C-13 Side Chain + H]" m/z =276.1
O y ‘h I ‘ \‘ \ . 509'3| . .
200 400 600 800 1000
m/z
Figure B.32 — Tandem Mass Spectrum of Biosynthesized N-(3-Furanoyl)-10-deacetyl-N-
debenzoylpaclitaxel.
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Figure B.33 — Tandem Mass Spectrum of Biosynthesized N-(Thiophene-2-carbonyl)-10-
deacetyl-N-debenzoylpaclitaxel.
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Figure B.34 — Tandem Mass Spectrum of Biosynthesized N-(Thiophene-3-carbonyl)-10-
deacetyl-N-debenzoylpaclitaxel.
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Figure B.35 — Tandem Mass Spectrum of Biosynthesized N-(Thiazole)-10-deacetyl-N-
debenzoylpaclitaxel.
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Figure B.36 — Tandem Mass Spectrum of Biosynthesized N-Acetyl-N-debenzoyl-2'-
deoxypaclitaxel.
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Figure B.37 — Tandem Mass Spectrum of Biosynthesized N-Butyryl-N-debenzoyl-2'-

deoxypaclitaxel
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Figure B.39 — Tandem Mass Spectrum of Biosynthesized N-Hexanoyl-N-debenzoyl-2'-
deoxypaclitaxel
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Figure B.40 — Tandem Mass Spectrum of Biosynthesized N-Acetyl-N-debenzoylpaclitaxel.
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Figure B.41 — Tandem Mass Spectrum of Biosynthesized N-Butyryl-N-debenzoylpaclitaxel
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Figure B.43 — Tandem Mass Spectrum of Biosynthesized N-Hexanoyl-N-

debenzoylpaclitaxel
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Figure B.44 — Tandem Mass Spectrum of Biosynthesized N-Acetyl-10-deacety-N-
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Figure B.45 — Tandem Mass Spectrum of Biosynthesized N-Butyryl-10-deacety N-
debenzoylpaclitaxel.
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Figure B.46 — Tandem Mass Spectrum of Biosynthesized N-(2-Butenoyl)-10-deacety
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CHAPTER 3

PROTEIN PURIFICATION OF TAXUS ACYLTRANSFERASES FOR
PRELIMINARY CRYSTAL STRUCTURE ANALYSIS

3.1. Introduction

As mentioned previously in Chapter 1, Taxus acyltransferases belong to an enzyme
superfamily called BAHD, which is the acronym for the first four plant-derived members,
including BEAT: benzylalcohol O-acetyltransferase from Clarkia breweri; AHCT: anthocyanin
O-hydroxycinnamoyltransferases from Petunia; HCBT: anthranilate N-

hydroxycinnamoyl/benzoyltransferase from Dianthus caryophyllus; DAT: deacetylvindoline 4-

1
O-acetyltransferase from Catharanthus roseus). These members use an acyl coenzyme A as a

substrate to transfer the alkyl/aroyl group to an acceptor hydroxyl or amino group of a co-
substrate. Although these enzymes participate in secondary metabolite biosynthesis in plants,

their products can provide functions ranging from phenotypic advantages for reproduction to

defense mechanisms.

The first identified member of this family is a benzylalcohol acetyltransferase, designated

BEAT, produces acetylated precursors that are responsible for floral scent in C. breweri.5 A

malonyltransferase, found in the anthocyanin biosynthetic pathway in scarlet sage (Salvia

splendens) flowers, gives rise to compounds responsible for floral pigmentation whose colors

range from red to blue.3 BAHD members were also identified to catalyze steps on the pathway to

phytoalexins used to defend the plant against specific pathogens.4 Other members are

characterized as catalyzing important steps leading to precursors or end products identified
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fortuitously as medicinal compounds, such as vincaleucoblastine and vincristine from

Catharanthus roseus and morphine from Papaver somniferum.

Most members of the BAHD family contain conserved amino acids, a catalytic diad

HXXXD and a DFGWG sequence near the C-terminus thought to join in preserving the enzyme

structure. Earlier mutagenesis studies demonstrated that the catalytic histidine is essential for

. . . . .., 10-12
function and that alteration of the structural motif resulted in decreased activity. The BAHD

family sorts into clades according to phylogenetic analysis, which reveals other conserved
.~ 9 13 ..
secondary motifs. Of the 5 distinct clades, the Taxus acyltransferases belong to clade 5,
which is the only clade that contains benzoyl transferases, and whose sequences share a GYYGN
o9 .
motif. The  benzoyltransferases  from  Taxus  N-debenzoyl-2'-deoxypaclitaxel:/NV-
benzoyltransferase (NDTBT) (described in this dissertation) and a modified taxane-2a-O-
. 1 .
benzoyltransferase (described elsewhere 4) use an array of aroyl- and alkyl CoA substrates with
three N-debenzoylated taxane analogues (cf. Chapter 2) and several different 2-debenzoyl
15

. T . e ., 14,
taxanes, respectively, indicating their broad substrate specificity. The Taxus 10-

deacetylbaccatin III: 10B-O-acetyltransferase (DBAT) was able to catalyze the transfer of acetyl,

propionyl, and n-butyryl to the C10 hydroxyl group of 10-deacetylbaccatin III and docetaxel (cf.

Chapter 1, Figures — 1.4 and 1.7 for structure).M Surprisingly, DBAT could also transfer an

acetyl group to the C4 hydroxyl of 4-deacetylbaccatin III.] 7

Homology-based structural analysis is one strategy used to model an enzyme active site

and identify crucial residues or structural motifs responsible for substrate binding, catalytic
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activity, and substrate specificity. However, the accuracy of a homology model is dependent on
the sequence identity between the reference-template sequence and the sequence whose structure

is unknown. Alignment errors are more prevalent when the identity is below 30% due to mis- or

. . . . . 18
non-aligned stretches of sequence that results in unguided folding assignments.” These errors

include distortions of core segments as well as side-chain packing. Therefore, a bona fide crystal
structure of NDTBT would better inform about the active site topology over that of a modeled
structure and, moreover, would provide a solid basis for rational mutation strategies.

Vinorine synthase from Rauvolfia serpentina (VS) and anthocyanin malonyltransferase

from Dendranthema morifolium (Dm3MaT) are the only acyltransferases from the BAHD family
. 10, 19 . . .

with crystal structure data. Their structures show they are comprised of two domains

connected by a loop region, and a substrate-access channel connecting the binding site of the

19 .- . .
acceptor substrate to that of the acyl CoA donor. = Additional mutagenesis studies on the

. . . . ... 10
malonyltransferase identified key residues responsible for substrate selectivity. = Successful

crystallization of NDTBT would provide another candidate to compare with the known
structures in the BAHD family.

The art of crystallizing an enzyme is dependent on the size of the protein, its solubility,

its tertiary and quaternary structure, and its purity. 0 Protein at greater than 90% purity is
essential for success in crystallographic studies, although crystallization has been observed for
protein at between 80% to 90% purity. The purity of NDTBT was obtained at 70% in previous

attempts for the study described herein. Alternatively, several chromatographic methods were

applied to obtain NDTBT at >95% purity, without losing activity. Once the purification
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milestone was achieved, NDTBT was added to screening boxes containing a matrix of variable

crystallization conditions.

3.2. Materials and Methods

3.2.1. Substrates and Plasmids

Baccatin III and 10-deacetylbaccatin III (10-DAB) were purchased from Natland Corp.
(Research Triangle Park, NC). Acetyl- and benzoyl-coenzyme A thioesters were obtained from
Sigma-Aldrich. The 7,13-diacetylbaccatin III and 7,13-deacetyl-10-debenzoylbaccatin III were
synthesized by Irosha Nawarathne and obtained from laboratory stocks. N-Terminal DBAT and

N-terminal mTBT were available from laboratory stock.

3.2.2. Genetic Manipulations

All protocols pertaining to genetic manipulation can be found in Chapter 2 Materials and

Methods section. Any variations to previously described methods are listed in this section.

3.2.2.1. Customized Primers

Primers were created to amplify the ndtbt, dbat, and mtbt cDNAs an insert restriction
enzyme cut-sites flanking the genes for sub-cloning into pET28a vector (Novagen). The Ncol cut
site (5'-CCATGG-3') was at the 5'-terminus, while the BamHI cut site (5'-GGATCC-3') was at
the 3'-terminus of the full-length cDNA. Other primers were made for incorporating internal
mutations and a generic set was designed for DNA sequence applications. Custom primers were

ordered from the Macromolecular Structure, Sequencing and Synthesis Facility (MSSSF)
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(Michigan State University, East Lansing, MI) using the Applied Biosystems 3948 DNA

Synthesis and Purification System. All the primers used in this section are listed in Table 3.1.

3.2.2.2. Polymerase Chain Reaction Protocol

A general subcloning procedure was conducted as follows: in a 50-uL reaction were
added 10X buffer (5 pL), 10 mM dNTP mixture (1 pL), forward primer (1 pL of a 20 pmol/puL

solution), reverse primer (I pL of a 20 pmol/uL solution), 100 ng plasmid DNA, Turbo Pfu
DNA polymerase (1 puL), and ddH,O to bring the volume to 50 pL. A PTC-100 Programmable

Thermal Controller (MJ Research, Inc.) was used with this program: dwell at 94 °C for 2 min,
and then cycle at 94 °C for 45 s, between 48-54 °C (exact temperature determined empirically)
for 30 s, 72 °C for 1 min/kb of template sequence, cycled 25-35 times (determined empirically),

with an extension temperature of 72 °C for 5 min and a final 4 °C hold. The annealing

temperature was 4 °C less than the melting temperature (T,,) of the primers used, and the

elongation rate (1 min/kilobase) was dependent upon amplicon size.

3.2.2.2. Sub-cloning for C-terminal HisE-tag Inserts

All the following constructs were sequence verified and the primer sequences can be

found in Table 3.1.

3.2.2.2.1. Construction of NDTBT-CT Insert

To facilitate sub-cloning, an internal Ncol restriction site was altered with the following

primer sets — pair 1: ForNcol (RED) and RevKOANcol primers were used to insert a Ncol site
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Table 3.1 — Custom Primer Sequences

Name 5’ 2 3’ Sequence Application

F10-1 ATGGAGAAGGCAGGCTCAAC Seq
F10-2 TTGGCATCCATTGGACACTGC Seq
F10-3 TGGATAGCACGGACAAAGGC Seq
F10-4 CTTTTCTATACCTACTACCTGCC Seq
R10-A CAACACCTTGGAGAGAGCC Seq
R10-B AGATGTAGAGGGTCTTCAGG Seq
R10-C GGGTTTGTAACTACCCTTGACC Seq
R10-D TCACACTTTACTTACATATTTCTCTATC Seq
BamHI-NS CTCGAGCGGATCCACTTTACTTAC Sub

T7 promoter TAATACGACTCACTATAGGG Sub/Seq

T7 terminator GCTAGTTATTGCTCAGCGG Sub/Seq
ForNcol (RED) GCAGATATACCATGGAGAAGGC Sub
ForKO-Ncol GTTTGTGGAAGCTATGGTGGAAG Mut
RevKO-Ncol CTTCCACCATAGCTTCCACAAAC Mut
R06-A AGTCATCCAAATCTCCTAAGACTG Seq
R06-B CGGTATAAAGGGTCTTCCGG Seq
R06-C TATCCATTGCACATACGGTACC Seq
R06-D CACGAGACTTACATTATCTGCATG Seq
F06-1 TGCCTCAGACAGAGTTTCCG Seq
F06-2 CAGGTAACTCGTTTTACATGTGG Seq
F06-3 GCTCTGCGTTCGAAGTTGTATC Seq
F06-4 CATAGTTGGATTTGGTGATCGAAG Seq
T6NCO-311F GTGGAAGCAATGGCTGACAC Mut
T6NCO-311R GTGTCAGCCATTGCTTCCAC Mut
T6NCO-483F GAGTTTCTGCCACGGTATATGTG Mut
T6NCO-483R CACATATACCGTGGCAGAAACTC Mut
T6NCO-527F CTTATAGCTATGGGAGAGATGGC Mut
T6NCO-527R GCCATCTCTCCCATAGCTATAAG Mut
RBNST6 AATTAACGGATCCCCAGGCTTAGTTAC Sub
FNCOT6 TATAGCACCATGGCAGGCTCAAC Sub
RO2-A CTG AAA TGC TGG ATC GTA CTC ATT G Seq
R02-B GCT ACT ACA ACT TCG AACGCA G Seq
RO2-C GCA TGG GGC TTA CAT TCA CTG Seq
F02-1 GGC AGG TTC AAT GTA GAT ATG ATT G Seq
F02-2 GGA ATC GGC CAGTTA CTT AAA G Seq
F02-3 GCA ATG GAT AAT GTC AAA GAC CTC Seq
FNcol-2 TATAGCACCATGGGCAGGTTC Sub
F2-A/B TTTGTGGAAGCAATGGCTGAC Mut
R2-A/B GTCAGCCATTGCTTCCACAAA Mut
RBHNS-2 AATTAAAGGATCCCCTAACTTAGAGTT Sub

Sub — sub-cloning; Seq — sequencing; Mut — mutations
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upstream of the ndtbt cDNA and remove the internal Ncol site, respectively; pair 2: ForKO-Ncol
and BamHI-NS primer were used to remove the wild-type stop codon yet kept the cDNA in-
frame with the C-terminal polyhistidine tag and terminal stop codon encoded on the vector.
Primer pairs 1 and 2 were used separately to amplify the ndtbt cDNA, and then equal amounts
were mixed in a PCR reaction with the ForNcol (RED) primer and BamHI-NS primer creating a

full length insert for directional ligation using Ncol and BamHI.

3.2.2.2.2. Construction of DBAT-CT Insert

To facilitate sub-cloning of the dbat cDNA, install a 5'-terminal Ncol site and remove
three internal Ncol restriction sites (311, 483, and 527 base pair from the beginning) the
following primer sets were used. To install the 5'-terminal Ncol site and remove the Ncol site
beginning at base pair 311 from the start codon — pair 1: FNCOTG6 primer (inserted a Ncol site
upstream of the dbat cDNA) and T6NCO-311R primer (removed the internal Ncol site); pair 2:
TONCO-311F primer and RBNST6 primer, removed the wild-type stop codon yet kept the
cDNA in-frame with the C-terminal polyhistidine tag and terminal stop codon encoded on the
vector. Primer pairs 1 and 2 were used separately to amplify the ndtbt cDNA, and then equal
amounts were mixed in a PCR reaction with the FNCOT6 primer and RBNST6 primer creating a
full length insert for the next mutation.

Ncol 483 Site (located 483 base pairs from the start codon) was removed with the
following primer pairs — pair 1: FNCOT6 primer and TONCO-483R primer; pair 2: TONCO-
483F primer and RBNST6 primer. Primer pairs 1 and 2 were used separately to amplify the ndtbt
cDNA, and then equal amounts were mixed in a PCR reaction with the FNCOT6 primer and

RBNST6 primer creating a full length insert for the next mutation.
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Ncol 527 Site (located 527 base pairs from the start codon) — pair 1: FNCOT6 primer and
TONCO-527R primer; pair 2: TONCO-527F primer and RBNST6 primer. Primer pairs 1 and 2
were used separately to amplify the ndtbt cDNA, and then equal amounts were mixed in a PCR
reaction with the FNCOT6 primer and RBNST6 primer creating a full length insert for

directional ligation using Ncol and BamHI.

3.2.2.2.3. Construction of mTBT-CT Insert

To facilitate sub-cloning, an internal Ncol restriction site was altered with the following
primer sets - pair 1: FNcol-2 primer (inserted a Ncol site upstream of the mtbt cDNA) and R2-
A/B primer, pair 2: F2-A/B primer and RBHNS-2 primer, used to remove the wild-type stop
codon yet kept the cDNA in-frame with the C-terminal polyhistidine tag and terminal stop codon
encoded on the vector. Each set was separately amplified, and then equal amounts were mixed in
a PCR reaction with FNcol-2 primer and RBHNS-2 primer creating a full length insert for

directional ligation using Ncol and BamHI.

3.2.2.3. Preparation of Competent £. coli Cells

Competent cells were prepared according to a procedure adapted from Sambrook et al.zl

In general, Luria-Bertani (LB) medium (5 mL) containing antibiotics when appropriate was
inoculated with a single colony from an LB agarose plate containing the appropriate antibiotics.
The culture was grown at 37 °C with shaking at 250 rpm for 10-12 h, and eight 500-uL aliquots

of the overnight culture were used to inoculate separate 5-mL portions of LB containing the
appropriate antibiotics. These cultures were grown at 37 °C with shaking at 250 rpm until ODg(

= 0.4 — 0.6. These cultures were transferred to a 50 mL conical centrifuge tube, harvested by
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centrifugation (4000g, 5 min, 4 °C) and the culture medium was decanted. All subsequent

manipulations were carried out on ice. The harvested cells were resuspended in ice-cold 100 mM

CaCly (50 mL), incubated for 30 min, centrifuged (4000g, 5 min, 4 °C), the supernatant was

decanted, the cells were resuspended in ice-cold 100 mM CaCl, (50 mL), and incubated for 10

min. The samples were decanted, and the cells were centrifuged (4000g, 5 min, 4 °C) and

resuspended in 4 mL of ice-cold 100 mM CaCl, containing 15% glycerol (v/v). Aliquots (100

puL) of competent cells were added to 500-pL microfuge tubes, immediately frozen in liquid

nitrogen, and stored at -78 °C.

3.2.3. Protein Expression and Purification

All proteins, wild type and mutants, were subjected to the following procedures, unless

otherwise stated.

3.2.3.1. E. coli Cell Culture

All N- or C-terminal Hisg-tagged recombinant proteins were overproduced in the

described bacterial expression system and harvested according to a previously reported protocol,

with slight modiﬁcations.” Cultures were grown overnight at 37 °C in 100 mL of LB medium

supplemented with 50 pg/mL kanamycin and 35 pg/mL chloramphenicol for nt-ndtbt and ndtbt-

ct (the nt-prefix or ct-suffix designate a cDNA encoding either the N- or C—terminal Hisg

epitope, respectively) expressed in E coli BL21-CodonPlus (DE3)-RIPL cells. Since
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recombinants nt-dbat, dbat-ct, nt-mtbt, and mtbt-ct were expressed in BL21 (DE3) E. coli cell
lines, the growth media was supplemented with 50 ng/mL kanamycin.
To six flasks containing LB medium (850 mL), supplemented with the appropriate

antibiotics, was added 16 mL of the 100-mL inoculum, and the cultures were grown at 37 °C to
ODgoo = 0.5 — 0.7. Gene expression was induced with isopropyl-B-D-1-thiogalactopyranoside

(500 uM), and the culture was incubated at 20 °C for 18 h. The cells were harvested by
centrifugation (4000g, 10 min, 4 °C), the supernatant was discarded, and the pellet was

transferred to a pre-weighed 50 mL Corning Tube for storage at -20 °C.

3.2.3.2. Protein Harvest

The pellet was resuspended in lysis buffer (50 mM Tris-HCI, 300 mM sodium chloride,
10% glycerol, pH 8.0 at 3 mL/g cells) at 4 °C. The cells were lysed at 4 °C by sonication (6 x 15
sec bursts at 60% power at 45 sec intervals) with a Misonix XL-2020 sonicator (Misonix Inc.,
Farmingdale, NY), and the cell-lysate was clarified by ultracentrifugation at 46,000g for 1 h at 4

°C.

3.2.3.3. Protein Purification

The supernatant of the lysed bacterial cells was incubated with 1 mL of Ni-NTA agarose
(Qiagen, Valencia, CA) per 8 g of wet pellet in batch mode at 4 °C. After 1 h, the mixture was
poured into an Econo column (BioRad, 20 cm x 2.5 c¢cm), and the lysis buffer was drained. The
resin was washed with five column volumes of wash buffer (50 mM Tris-HCI, 300 mM sodium
chloride, 10% glycerol, pH 8.0), and the bound protein was eluted with 1.5 column volumes each

of a step-gradient of wash buffer containing a 10, 50, 100, 150, 200 mM imidazole.
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To determine which fraction of imidazole contained the target enzyme, an SDS-PAGE
gel was run. An aliquot (5 pL) of enzyme fraction eluting from the column was combined with
10 uL of SDS-PAGE dye, and the mixture was boiled, centrifuged, decanted and the supernatant
was loaded onto the gel. Usually the recombinant protein eluted from the column in the 100 mM
and 150 mM imidazole. These fractions were combined, and the imidazole was removed from
the eluent by repeated cycles of concentration by centrifugation (30,000 MWCO, YM30
membrane, Millipore, Billerica, MA) and dilution in storage buffer (50 mM Tris-HCI, 10%
glycerol, pH 8.0) until the imidazole was 1.5 uM.

The protein was diluted with storage buffer (50 mL) before loading onto a column packed
with Q-Sepharose Fast Flow anion exchange resin (Amersham) (40 mL) that was previously
equilibrated with storage buffer. Proteins were eluted at with a linear gradient NaCl (0 — 400 mM
in storage buffer) at 5 mL/min over 33 min. The target enzyme principally eluted from the
column in 90 — 150 mM NaCl. These fractions were pooled and the NaCl was removed by
repeated cycles of concentration by centrifugation and dilution in gel buffer (50 mM Tris-HCI,
20 mM NaCl, 10% glycerol, pH 8.0). The isolated protein (~10 mg) was loaded onto a gel
filtration column (150 mL, Superdex 200 Prep grade in a XK16/70 column (GE Healthcare,
Piscataway, NJ)) and eluted with gel buffer at 1 mL/min over 2.5 h. Generally, the enzyme
eluted between 75 — 90 min. Fractions containing the protein were pooled and the NaCl was
removed from the eluent by repeated cycles of concentration by centrifugation (30,000 MWCO,
YM30 membrane, Millipore, Billerica, MA) and dilution in storage buffer (50 mM Tris-HCI,

10% glycerol, pH 8.0).

3.2.3.4. Enzyme Storage
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After enzyme concentration and purity is determined, aliquots (100 uL) at 2 mg/mL were

flash frozen in liquid nitrogen and stored at -78 °C.

3.2.4. Enzymatic Assays and Analysis
3.2.4.1. Activity Assay

In general, the function of the expressed target purified protein (20 — 100 ug) was
assayed (200 uL reaction volume) with appropriate cosubstrates (each at 200 M) at 31 °C.
Briefly, NDTBT was incubated with benzoyl CoA and N-debenzoyl-2'-deoxypaclitaxel, DBAT
with free CoA and baccatin III, and mTBT with benzoyl CoA and 7,13-diacetyl-2-
debenzoylbaccatin III. After 20 min, each assay was separately quenched and extracted with
ethyl acetate (3 x 1 mL), the organic fractions were combined, the solvent was evaporated, and
the residue was re-dissolved in 100 pL of acetonitrile. Aliquots (10 pL) were analyzed by direct
injection-electrospray ionization mass spectrometry, in positive ion mode. A Q-ToF Ultima
Global electrospray ionization tandem mass spectrometer (ESI-MS/MS, Waters, Milford, MA)

with a Waters CapLC capillary HPLC was used for mass spectral analysis. The molecular ions
(M + H]+) of the isolated products and their fragment ion profiles were identical to those of
authentic 2'-deoxypaclitaxel, baccatin III, and 7,13-diacetylbaccatin III, respectively, when

analyzed by identical methods (Table 3.2).

Table 3.2 — Activity Assay for NDTBT, DBAT, and mTBT

Coenzyme A Product,
. Taxane +
Enzyme | Reaction (200 puM) Substrate [M + H]
(200 uM) m/z
NDTBT | Forward | \-debenzoyl-2" Benzoyl CoA 2'-deoxypaclitaxel, 838

deoxypaclitaxel
DBAT | Reverse baccatin 111 Free CoA 10-deacetylbaccatin, 545

7,13-diacetyl-2-
mTBT | Forward debenzoylbaccatin

Benzoyl CoA 7,13-diacetylbaccatin, 671
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3.2.5. Crystal Box Set-up

Crystallization screens were set up using the Crystal Gryphon (Art Robbins Instrument)
for the sitting-drop method in a 96-well plate format. Purified enzyme (0.3 pL of a 5 mg/mL
stock) was mixed with 0.3 pL of buffer solutions. The matrices used were Index, SaltRx-1,
SaltRx-2, PEG/Ion Screen 1, PEG/Ion Screen 2, Crystal Screen 1, Crystal Screen 2 (Hampton
Research Corp., Aliso Viejo, CA), Wizard I, Wizard 2, Wizard 3, and Wizard 4 (Emerald
BioSystems, Inc, Bainbridge Island, WA). Each screen was conducted in duplicate; one batch
was incubated at room temperature (25 °C), the other at 4 °C. Boxes were observed under a
compound light microscope every day for two weeks, then every other week for 2 months at

ambient temperature.

3.2.6. Thrombin Digestions

Thrombin digestions were conducted using Novagen’s Thrombin Kit with purified protein
(1 mg) and biotinylated thrombin (1 unit) with the mixture incubated for 16 h at 25 °C.
Thrombin was removed after running the sample over streptavidin agarose, and eluents
containing protein were detected by immunoblot analysis. The fractions containing protein were
combined, concentrated during the buffer exchange into storage buffer (50 mM Tris-HCl, 10%
glycerol, pH 8.0) by centrifugation (30,000 MWCO, YM30 membrane, Millipore, Billerica, MA)

and stored at -80 °C.

3.3. Results

3.3.1. Expression and Activity Assays for NDTBT, DBAT, and mTBT
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3.3.1.1. N-Debenzoyl-2'-deoxypaclitaxel: N-benzovltransferase (NDTBT)

NDTBT was expressed in E. coli as described in Chapter 2, with slight modifications as

follows. The N-terminal and C-terminal Hisg-tag epitopes of NDTBT (designated NT-NDTBT

and NDTBT-CT, respectively) were expressed from the vector pET28 in E. coli BL2I-
CodonPlus (DE3)-RIPL cells. The expressed epitopes were separately loaded onto nickel affinity
resin. The column was eluted with a step gradient of imidazole and NDTBT-CT was obtained at
75% purity, after concentrating and desalting.

The sample was then loaded onto and eluted from an anion exchange column (Q-
Sepharose). The NDTBT-CT (~50 kDa) partitioned into 3 'Pools' with other proteins in the

sample as indicated by the peaks detected by UV-monitoring of the effluent from the FPLC

A Pool C B.

Pool B

Pool A Pool B Pool C
______ Fractions 232425 282930 L 3536 37

50 kDa =»

Relative abundance

Relative time

Figure 3.1 - NDTBT-CT Purification from Q-Sepharose Anion Exchange Column.
A. Chromatogram of protein elution from FPLC with 5-mL fractions (5 mL/min) indicated in
purple boxes. B. Stained SDS-PAGE of 10 pL of each fraction listed, and L is the protein
ladder (225, 150, 100, 75, 50, 35, 25, 15, 10, 5 kDa).
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chromatogram (Figure 3.1.A). 'Pool" A was partitioned into three 5-mL fractions 23, 24, and 25,
'Pool' B into fractions 28, 29, and 30, and "Pool' C into fractions 35, 36, and 37. 'Pool' A eluted in
270 — 310 mM salt, concentrated, and desalted before testing positive for activity. 'Pools' B and
C were not investigated further since additional protein bands, not related to NDTBT-CT, were
observed by SDS-PAGE analysis with Coomassie Blue staining (Figure 3.1.B).

The 'Pool' A fractions were combined and loaded onto a gel-filtration column of
Superdex 200 prep from which the majority of NDTBT-CT eluted four 3-mL fractions (25, 26,
27, and 28) (Figure 3.2.A). The elution volume of the target protein (in 9 mL of gel buffer)
matched that of a ~40 kDa standard (evaluated earlier), providing evidence that NDTBT-CT was
monomeric (Figure 3.2.B). This gel permeation step yielded protein at >95% purity with an

isolated yield from E. coli at about 1.2 mg/L culture.

A. B.

Fractions 23 242526 27 L 2829 30 31

50 kDa => T

Relative abundance

Fraction 23 | Fraction 31

Relative time
Figure 3.2 - NDTBT-CT Purification from Superdex 200 Gel Filtration Column.
A. Chromatogram of protein elution from FPLC with 3-mL fractions (1 mL/min) indicated in
blue boxes. B. Stained SDS-PAGE of 10 uL of each fraction listed, and L is the protein ladder
(225, 150, 100, 75, 50, 35, 25, 15, 10, 5 kDa).
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The activity of the benzoyltransferase was assessed by incubating it with N-debenzoyl-2'-

deoxypaclitaxel and benzoyl CoA cosubstrates, and the product was analyzed by LC-ESI/MS in
positive-ion mode. The retention time (R; = 8.7 min) and molecular ion ([M + H]Jr (m/z 838))

and the diagnostic fragment ion (m/z 270, derived from N-benzoylated 13-side chain) of the

biosynthetic product 2'-deoxypaclitaxel were identical to those of the authentic standard.

3.3.1.2. 10-Deacetyl-baccatin I1I:10-O-acetyltransferase (DBAT)

The N-terminal Hisg-tag fusion of DBAT (10-deacetylbaccatin III:10-O-

acetyltransferase), designated NT-DBAT, was purified by nickel affinity column
chromatography to provide NT-DBAT at 60% purity from fractions eluting between 100 mM
and 150 mM imidazole. After desalting and concentrating, the activity was tested in the reverse
DBAT reaction by employing substrates baccatin III and free CoA, and analyzed by LC-ESI/MS

in positive-ion mode (Figure 3.3). The retention time (R; = 5.4 min) and molecular ion ([M + H]Jr

(m/z 545)) of the product 10-deacetylbaccatin were identical to that of the authentic standard.

DBAT
+ Acetyl CoA

Baccatin 111 10-O-Deacetylbaccatin I1I

Figure 3.3 - Enzymatic De-acetylation of Baccatin III by 10-Deacetylbaccatin I11: 10-
O-acetyltransferase.
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To increase the yield of full-length DBAT protein isolated from the expression host, dbat
cDNA was modified so it would express as a C-terminal Hisg-tag fusion (designated DBAT-CT).

The dbat cDNA was mutated to remove three internal Ncol restriction sites. This allowed
directional ligation of the cDNA insert, cut with Ncol and BamHI, into the pET28 vector cut with
the same restriction enzymes. The expressed DBAT-CT was purified by nickel affinity column
chromatography to provide DBAT-CT at 70% purity, which was a modest improvement (65%)
over purifying NT-DBAT through the same column matrix.

As done before to purify NDTBT, DBAT-CT was further purified by anion exchange
which partitioned into 3 'Pools' eluting from the column (Figure 3.4.A). 'Pool' A was partitioned
into three 5-mL fractions 21, 22, and 23, 'Pool' B into fractions 26, 27, and 28, and 'Pool' C into
fractions 31, 32, and 33. 'Pool' A eluted in 260 — 300 mM salt were concentrated and desalted
before testing positive for activity. 'Pools' B and C were not investigated further since protein
bands observed by SDS-PAGE analysis with Coomassie Blue staining were not near the 50 kDa

marker size (Figure 3.4.B).

>
o

Pool A Pool B Pool C
Fractions 212223 26 27 28 L. 3132 33

50kDa —» -

Relative abundance

Relative time
Figure 3.4 - DBAT-CT Purification from Q-Sepharose Anion Exchange Column.
A. Chromatogram of protein elution from FPLC with 5-mL fractions (5 mL/min) indicated in
purple boxes. B. Stained SDS-PAGE of 10 puL of each fraction listed, and L is the protein
ladder (225, 150, 100, 75, 50, 35, 25, 15, 10, 5 kDa). DBAT-CT at 50 kDa arrow.
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The "Pool' A fractions were combined and loaded onto a gel-filtration column of
Superdex 200 prep from which the majority of DBAT-CT elution time coincided at that of a ~40
kDa standard (evaluated earlier), providing evidence that DBATT-CT was monomeric. After gel
filtration chromatography, yielding functional protein was at 90-95% purity with an isolated

yield from E. coli at about 1.2 mg/L culture.

3.3.1.3. Modified Taxane-2a-O-benzovltransferase (mTBT)

Similar to the purification methods previously described for the other transferases, a
modified tht cDNA (mtbtf) was mutated to remove an internal Ncol restriction to allow

directional ligation of the cDNA insert, cut with Ncol and BamHI, into the pET28 vector cut with
the same restriction enzymes. The resulting plasmid provided a C-terminal Hisg-tag fusion of

taxane-2a-0O-benzoyltransferase (mTBT), designated mTBT-CT and was expressed in

BL21(DE3) E. coli cells.

lanes 1 2 3 4 5 6 7 8 9 10
150kDa '

75kDa
50kDa

Figure 3.5 - SDS-PAGE of mMTBT-CT Fractions from Nickel-Affinity
Chromatography.

Protein bands corresponding to mTBT are boxed in yellow. Lane 1: empty, Lane 2: flow
thru, Lane 3: wash, Lane 4: ladder, Lane 5: 10 mM imidazole, Lane 6: 50 mM imidazole,
Lane 7: 100 mM imidazole, Lane 8: 150 mM imidazole, Lane 9: 200 mM imidazole, Lane

10: empty.
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As described previously for the purification of NDTBT-CT and DBAT-CT, mTBT-CT
was purified through a series of chromatography columns including nickel affinity, anion
exchange, and gel filtration, to yield protein at 90-95% purity. The isolated yield of mTBT-CT

from E. coli was at ~0.35 mg/L of culture. In comparison, mTBT-CT was isolated at 50% purity

from the nickel affinity column, while the N-terminal Hisg-tag fusion of mTBT, designated NT-

mTBT, expressed from the same vector and isolated from the same host was obtained at 30%
purity (Figure 3.5). The purified mTBT-CT was deemed functional in reactions containing 7,13-

diacetyl-2-debenzoylbaccatin and benzoyl coenzyme A, and analyzed by LC-ESI/MS in
positive-ion mode (Figure 3.6). The retention time (R¢ = 8.7 min) and molecular ion ([M + H]Jr

(m/z 671)) of the product 7,13-diacetylbaccatin III were identical to that of the authentic

standard.

0 )

Ay o O)k

mTBT
oS =
)J\O‘“\‘ ) =I={ NSO benzoyl CoA

HO oy 07(

O
7,13-0,0-diacetyl- 7,13-0, O-diacetylbaccatin II1

2-O-debenzoylbaccatin I11

Figure 3.6 - Enzymatic Benzoylation of 7,13-O,0-diacetyl-2-O-debenzoylbaccatin III by
Modified Taxane-2a-O-benzoyltransferase (nNTBT).

3.3.2. Crystal Box Screening of NDTBT-CT
Crystal box screens were with NDTBT-CT (5 mg/mL) were incubated at room
temperature (25 °C) and at 4 °C. Six 96-welled boxes were screened daily under a light

microscope for the first two weeks, and no crystallization was observed. After ~6 weeks at 25
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°C, one sample contained a precipitate that form a single-layer, but none formed clear, large
crystals suitable for x-ray analysis, indicating that the precipitate was possibly salt instead of
protein. The screening boxes were set up for a second round and incubated with benzoyl CoA (1

mM) added to the crystallization buffer to seed crystal growth, but to no avail.

3.3.3. Thrombin Digestions of NT-NDTBT
NT-NDTBT was purified following the same procedure used to isolate the NDTBT-CT,
providing a smaller isolated yield from E. coli (~0.71 mg/L culture) at 95% purity. The pET28

vector contains a thrombin cleavage site between the multiple cloning sites and the N-terminal
Hisg-tag, whereas the NDTBT-CT does not. Thus, the purified NT-NDTBT fusion protein (1

mg) was used in small scaled digestions with biotinylated thrombin and the recovery of liberated
NDTBT was 10% determined by Bradford assay, which was insufficient (0.1 mg) to stock-up for

setting up crystal boxes.

3.4. Discussion

In Chapter 2, the N-terminal polyhistidine-tagged NDTBT (NT-NDTBT) was purified
(70%) by nickel affinity column chromatography with imidazole elution. Based on immunoblot
analysis, the tagged protein was co-eluting with other proteins that appeared as a smear
underneath the target band of protein. This was attributed to premature termination of protein
expression in the bacterial host or to nonspecific shearing of enzyme during isolation of the

overexpressed protein. To circumvent this problem, ndtbt was sub-cloned to incorporate a C-

terminal Hisg-tag and ensure that only full-length protein was binding to the nickel column.

Further anion exchange purification apparently separated NDTBT-CT from its complexes with
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possible endogenous E. coli proteins (cf. Figure 3.1). Although it has not been verified by
sequence analysis, the prominent unknown bands in 'Pools' B and C (cf. Figure 3.1) have
retention factors on SDS-PAGE similar to those of DnaK (~67 kDa) and GroEL (~57 kDa),

respectively. The latter are native proteins of E. coli known to co-elute on nickel-affinity resins

with Hisg-tagged proteins.22 Gel filtration confirmed NDTBT-CT as monomeric (~50 kDa). The

series of purification steps employed for NDTBT-CT yielded protein of greater purity (95-98%
purity) than any previous reports on the Taxus acyltransferase.

With the pure enzyme, crystal screening boxes were constructed for a sitting drop
method. Only small or flat crystals were detected, but none was substantial for further
optimization or x-ray analysis. To enhance the crystallization seeding, screens were repeated

with NDTBT-CT and benzoyl CoA substrate, but no crystals were observed under these

conditions. Hypothetically, the Hisg-tag is likely affecting crystallization. The structures of

vinorine synthase and anthocyanin malonyltransferase, belonging to the same superfamily as
19

NDTBT, were solved when the histidine tag was removed before crystallization.lo’ In

addition, the structures of arginine methyltransferase 10 from Arabidopsis thaliana and the

human arylamine N-acetyltransferases were recently solved when the histidine tag was removed

before crystallization.zi 24 Therefore NT-NDTBT, which has a thrombin cleavage site between

the N-terminal Hisg-tag and NDTBT, was purified using the same purification protocol as

NDTBT-CT. The current conditions for the thrombin cleavage setup with NT-NDTBT resulted
in 10% cleaved protein (~0.1 mg), which was insufficient for crystal box screens. Since large

amounts (~0.71 mg/L) of NT-NDTBT can be now be purified to >90% homogeneity, the
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thrombin cleavage protocol remains to be optimized to access NDTBT without a Hisg-epitope

for crystal screening trials.

Prior to the work with NDTBT-CT, described herein, another lab member, Sean Sullivan,

. .. . . 2
determined the kinetic parameters for NDTBT-CT in an independent study, d and these values

were compared to those calculated in the present study. Since the protein amount was different
between the data sets the only values that are comparable are the Michaelis-Menten constant
(Kyp) and the catalytic turnover (kgat), the latter was ~25-fold increased for NDTBT-CT
compared to NT-NDTBT (Table 3.3). Unfortunately, specific activity calculations of the purified

protein at various stages of purification process were omitted. Only the final specific activity was

reported while obtaining active protein at >90% purity for crystal screening.

Table 3.3 — Kinetic Parameters of N-terminal and C-teriminal His¢-tagged NDTBT

Parameters NT-NDTBT NDTBT-CT
KM 93 uM 116 uM
Vinax 0.148 nmol/min 0.33 nmol/min
keat 0.07 min"" 1.7 min™

Total Enzyme 100 ug 10 ug
Purity 65-70% 95-98%

Although both DBAT and mTBT were purified to about 90-95% purity, no crystal box
screening was conducted due to limited time. However, since large amounts can be now be
purified, crystallization studies can now be attempted by future researchers. Besides using these
pure enzyme samples for x-ray crystallography, the two benzoyltransferases are also being used

in a coupling assay with a benzoate ligase that recycles the CoA substrate (Figure 3.7).
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Preliminary studies demonstrated an increase of product turnover from 2% to ~90% when

coupled with NDTBT-CT.25

O
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Figure 3.7 - Coupling Assay Scheme of Benzoate Ligase with N-Benzoyltransferase.

The k¢4t values are based on the enzyme’s natural substrate. Benzoate ligase (BADA) and
N-benzoyltransferase (NDTBT).
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CHAPTER 4

ACYLTRANSFERASE SELECTIVITY OF REGION-SWAPPED
STUCTURES
4.1. Introduction
Enzymes linked to secondary metabolic pathways diversify the pool of metabolites due to

their relatively loose substrate specificity. This is exemplified by the two Taxus acyltransferases

on the paclitaxel biosynthetic pathway. The N-debenzoyl-2'-deoxypaclitaxel:N-

benzoyltransferase (NDTBT) produced various analogues when incubated with acyl CoA donor
substrates and three N-debenzoylpaclitaxel derivatives.Z’ ¥ The taxane-2a-O-benzoyltransferase
(TBT) was genetically modified TBT (mTBT) to improve solubility, and the substrate specificity

of mTBT was tested with several acyl CoA with one taxane acceptor substrate.3 Other BAHD

family members such as the benzoyl CoA:benzylalcohol benzoyl transferase (Clarkia breweri),
and alcohol acyltransferases from wild strawberry (Fragaria vesca), cultivated strawberry

(Fragaria % ananassa), and banana (Musa sapientum) have broad substrate specificity with

. 4,5
varying donors and alcohol acceptor substrates.

The rationale for the extensive substrate preference by these enzymes is based likely on the
plasticity of the active site architecture and the broader tertiary and quaternary features of the
acyltransferases. Therefore, a systematic mutagenesis study was conducted to evaluate regions of
the enzyme responsible for substrate specificity. Currently, crystal structure data for the Taxus
acyltransferases is so far unavailable. Thus, homology models of the Taxus acyltransferases were

built on the two available crystal structures for BAHD family transferases, vinorine synthase and
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anthocyanin malonyltransferase. These reasonable structure models guided the mutagenesis

approaches to examine specific residues or domains that may be responsible for substrate
speciﬁcity.6’ 7

Vinorine synthase (VS; EC 2.3.1.160) was the first crystallographically solved structure
in the BAHD family. This acetyltransferase converts 16-epi-vellosimine to vinorine on the

biosynthesis pathway of the antiarrhythmic agent ajmaline in Rauvolfia serpentina.6 The VS

structure was not complexed with either 16-epi-vellosimine or acetyl CoA substrate, yet revealed
N-terminal and C-terminal domains composed of 14 B-strands and 13 a-helices that are linked by
a crossover loop (Figure 4.1). This structural arrangement was also observed in the structure of

malonyl CoA:anthocyanidin 3-O-glucoside-6"-O-malonyltransferase (Dm3MaT3) from red

7 .
chrysanthemum (Dendrathem x morifolium). The malonyltransferase structure was in complex

with acyl CoA thioesters, which identified the CoA binding site as an internal tunnel space

accessing the binding site of the acceptor substrate. Region swapping mutagenesis with the

Figure 4.1 - Crystal Structure of Vinorine Synthase.
Blue is N-terminal Domain, yellow is loop region, and red is C-terminal Domain. Created
using 2BGH on PyMOL.
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malonyltransferases revealed key residues responsible for substrate specificity.” This region

swapping procedure identified 3 regions (designated A, B, and C) defined by natural
endonuclease restriction sites shared between the cDNA (89% identical) encoding anthocyanidin

3-0O-glucoside-6"-O-malonyltransferase (Dm3MaTl) and malonyl CoA:anthocyanidin 3-O-

glucoside-3",6"-O-dimalonyltransferase (Dm3MaT2) (Figure 4.2).7 The labeling scheme is

concocted from the region number ascribed to Dm3MaT1 (designated as 'l') and Dm3MaT2
(designated as '2'), and the first, second, or third positioning of the number corresponds to
Region A, B, or C, respectively. For example, encoded protein of mutant '212' is comprised of N-
to C-terminal amino acid sequence from Dm3MaT?2 region A (2), Dm3MaT]1 region B (1), and

Dm3MaT2 region C (2).

Figure 4.2 - Crystal Structure of the Anthocyanin Malonyltransferase.
Region A (blue), region B (yellow), and region C (red). Light blue coloring of the malonyl
CoA substrate was created using 2E1T on PyMOL.

Fortuitously, during the evaluation of the 6 region-swapped mutants the substrate

specificity of Dm3MaT2 with pelargonidin 3-O-glucoside and cyanidin 3-O-glucoside, the
. 7 . .
former was found to be the only productive substrate. Thus, this mutagenesis approach created

chimeric enzymes with narrower substrate specificity than the parent enzyme. These region-swap

122



mutagenesis applications were applied to generate chimeric glycosyltransferases with expanded

or exchangeable substrate specificity when compared to the parent enzymes by domain
.8

swapping.

Based on the homology model of the anthocyanin malonyltransferase, chimeric mutants
were constructed between NDTBT and the Taxus 10-deacetylbaccatin III-10B-O-

acetyltransferase (DBAT), in an attempt to restrict the broad acyl CoA substrate specificity of

e 10, 11 . o
NDTBT and expand the narrow alkyl CoA specificity of DBAT. 0 Besides switching the

regions, domains were arbitrarily identified by the loop junction and swapped to evaluate if this
exchange would affect acyl CoA and taxane selectivity. Differences in taxane substrates (N-
debenzoyl-2'-deoxypaclitaxel and 10-deacetylbaccatin III) of NDTBT and DBAT, respectively

(Figure 4.3), and in the atom acylated (an amino group compared with a hydroxyl group,

respectively),
NH, O
NDTBT: DBAT: mTBT:
N-Debenzoyl-2'-deoxypaclitaxel 10-Deacetylbaccatin 111 7,13-Diacetyl-2-
debenzoylbaccatin

Figure 4.3 — Taxane Substrates Used by Taxus Acyltransferases.
however, encouraged building chimeric mutants between DBAT and mTBT. The wild-type
enzymes of the latter use taxane substrates lacking the phenylpropanoid side chain (cf. Figure

4.3), and each enzyme similarly acylates a hydroxyl group. Thus, chimera made from DBAT and
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mTBT may present fewer differences in substrate utility compared with those made from
NDTBT and DBAT. All chimeric mutants were assayed with a mixture of the natural substrates

used for the wild-type congeners, and the product mixtures were analyzed by LC-ESI/MS.

4.2. Materials and Methods

4.2.1. Reagents and Solvents

All substrates (N-debenzoyl-2'-deoxypaclitaxel; 10-deacetylbaccatin III; baccatin III;
7,13-diacetyl-2-debenzoylbaccatin III; 7,13-diacetylbaccatin) were obtained from laboratory
stocks. Benzoyl CoA and acetyl CoA were obtained from Sigma (St. Louis, MO). The C-

terminal histidine tagged Taxus acyltransferase plasmids were described in Chapter 3.

4.2.2. Genetic Manipulations

All protocols pertaining to genetic manipulation can be found in Chapter 2 Materials and

Methods section. Any variations to previously described methods are listed in this section.

4.2.2.1. Customized Primers

Primers were ordered from the Macromolecular Structure, Sequencing and Synthesis
Facility (MSSSF) (Michigan State University) using the Applied Biosystems 3948 DNA
Synthesis and Purification System, Invitrogen, and Integrated DNA Technologies. The
lyophilized primers were re-suspended in TE buffer (10 mM Tris-HCIL, 1 mM EDTA, 7.5 pH) to
100 pmol/uL, and then a working solution was made to 20 pmol/uL in water. Both
concentrations were stored at -20 °C. Sequencing primers for NDTBT, DBAT, and mTBT are

listed in Chapter 3. All the primers used in this section are listed in Table 4.1.
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4.2.2.2. Construction of Chimeric Mutants

4.2.2.2.1. Construction of Regional Mutants Enzymes Between NDTBT and DBAT

Plasmids separately containing cDNA encoding NDTBT or DBAT with an in-frame C-
terminal histidine tag were used as templates to make the NDTBT/DBAT chimeras. In order to
amplify Region A, of either NDTBT or DBAT, the T7 Promoter and Rev 10/6 AB primers were
used in a PCR reaction; for Region B For 10/6 AB and Rev 10/6 BC primer; and for Region C
For 10/6 BC and T7 terminator primer (Figure 4.4). The Region amplicons were individually
extracted from an agarose gel using the Qiagen QIAquick Gel Extraction Kit. Different
combinations of region inserts for Region A, Region B, and Region C derived from NDTBT
(labeled as 1) or DBAT (labeled as 6) were added into another PCR reaction. These
combinations produced 6 different chimeras (Figure 4.4).

Table 4.1. Custom Primer Sequences
Name 5" = 3’ Sequence
For 10/6 AB | GGTGCTCTGTTTGTGGAAGC
Rev 10/6 AB | GCTTCCACAAACAGAGCACC
For 10/6 BC | GGCTCTTCAAATTCCACATA
Rev 10/6 BC | TATGTGGAATTTGAAGTGCC
For 6/2 AB | GGTGCTGTCTTTGTGGAAGC
Rev 6/2 AB | GCTTCCACAAAGACAGCACC
For 6/2 BC | CCACCCAATGAGTATGTGAAAATT
Rev 6/2 BC | AATTTTCACATACTCATTGGGTGG
A-DiF2 CACTTTCAATTGATTTGCCCACCGCTTAATCTTGAG
A-DiR2 CGAATGTTGACGGTGGGCAAATGAAATCAAAGTG
A-DiF6 CACTTTGAT TTCATTTGCCCACCGTCAACATTCG
A-DiR6 CTCAAGATTAAGCGGTGGGCAAATCAATTGAAAGTG
B-DiF2 CACTTTCAATTGATTCACCCACCTCTTAATCTTGAG
B-DiR2 CCGAATGTTGAAGGTGGGTGAATGAAATCAAAGTG
B-DiF6 CACTTTGATTTCATTCACCCACCTTCAACATTCGG
B-DiR6 CTCAAGATTAAGAGGTGGGTGAATCAATTG AAAGTG
C-DiF6 CAATTTGATTCGATTTGCCCGCCTTCAACATTCG
C-DiR6 CAGCATTGGAGGCGGGCAAATCAATTGAAAGTG
C-DiF10 CACTTTCAATTGATTTGCCCGCCTCCAATGCTG
C-DiR10 CGAATGTTGAAGGCGGGCAAATCGAATCAAATTG
T7 promoter | TAATACGACTCACTATAGGG
T7 terminator | GCTAGTTATTGCTCAGCGG
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NDTBT DBAT

HHHHHH] [ HHHHHH]
Region A Region A
Region B Region B
Region C Region C
] HHHHHH| (] HHHHHH]

Y

Amplify each region in individual PCR reactions and isolate. J

Y

[an PCR reaction 1s a combination of amplicons to construct chimerics:]

[ [ (| HHHHHH| 616
[ ] (] HHHHHH 611
| ] [] HHHHHH| 166
| 1 | HHHHHH| 161
| [l | HHHHHH| 116
| I ] HHHHHH| 661

Figure 4.4 — Construction Scheme for Trimeric Mutants.

NDTBT c¢DNA (green) and DBAT cDNA (red) with a C-terminal poly-Hisg-tag (HHHHHH).
10/6 AB primer (pink vertical rectangle); 10/6 BC primer (blue vertical rectangle).

4.2.2.2.2. Construction of Regional DBAT/mTBT Mutants

Plasmids separately containing cDNA encoding mTBT or DBAT with an in-frame C-
terminal histidine tag were used as templates to make the mTBT/DBAT chimeras. In order to
amplify Region A, of either mTBT or DBAT, the T7 Promoter and Rev 6/2 AB primers were
used in a PCR reaction; for Region B For 6/2 AB and Rev 6/2 BC primer; and for Region C For
6/2 BC and T7 terminator primer. The Region amplicons were individually extracted from an

agarose gel using the Qiagen QIAquick Gel Extraction Kit. Different combinations of region
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inserts for Region A, Region B, and Region C derived from mTBT (labeled as 2) or DBAT
(labeled as 6) were added into another PCR reaction. These combinations produced 6 different

chimeras.

4.2.2.2.3. Construction of Domain NDTBT/DBAT Mutants

Plasmids separately containing cDNA encoding NDTBT or DBAT with an in-frame C-
terminal histidine tag were used as templates to make the NDTBT/DBAT domain mutants. The
N-terminal domain of NDTBT is amplified using T7 promoter and C-DiR10 primers, while the
C-terminal domain is amplified by C-DiF10 and T7 terminator primers, separately. This is also
respectively conducted using DBAT with T7 promoter and C-DiR6 primers for the N-terminal
domain, and C-DiF6 and T7 terminator primers for the C-terminal domain (Figure 4.5).

The C-Di(R/F)(10/6) primers contained overlapping sequence to allow the 3'-end of the
N-terminal domain of NDTBT to anneal to the 5’-end of the C-terminal domain of DBAT for
elongation in a PCR reaction with T7 promoter and terminator primers. Amplicons are extracted

from the agarose gel using Qiagen QIAquick Gel Extraction Kit.

4.2.2.2.4. Construction of Domain DBAT/mTBT Mutants

Plasmids separately containing cDNA encoding mTBT or DBAT with an in-frame C-
terminal histidine tag were used as templates to make the mTBT/DBAT domain mutants. The N-
terminal domain of mTBT is amplified using T7 promoter and A-DiR2 or B-DiR2 primers, while
the C-terminal domain is amplified by A-DiF2 or B-DiF2 and T7 terminator primers, separately.

This is also respectively conducted using DBAT with T7 promoter and A-DiR6 or B-DiR6
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primers for the N-terminal domain, and A-DiF6 or B-DiF6 and T7 terminator primers for the C-
terminal domain (Figure 4.5).

The A-Di(R/F)(2/6) primers contained overlapping sequence to allow the 3’-end of the N-
terminal domain of mTBT to anneal to the 5’-end of the C-terminal domain of DBAT for
elongation in a PCR reaction with T7 promoter and terminator primers. The B-Di(R/F)(2/6)
primers do the same, but encodes a residue difference of a Histidine 211 found in mTBT, instead
of a Cysteine 216 found in DBAT (Figure 4.5). Amplicons are extracted from the agarose gel

using Qiagen QIAquick Gel Extraction Kit.

NDTBT catctccagttaaat EHSEEEOEEEEEatatgcccacctEEaaty EEdoaggaattgggt
H L @ LN Q F D S I €C P P P M L E E L G

DBAT cagttccagtattat ENGHEEEREEEEatttocccgectECaBaEEEqoaaaatagtt
R F Q Y Y H F Q L I ¢ P P S T F G K I V

TBT tacctccagtttgat aagtctatt

Yy L. Q F D H F D F I HP P L N L E K S5 I

N- I N b)Y U Y A,
N NDIBT ___________DBAl @
N- I ) 7N I N Y U Y -
N- I 5 )= Y-V A -
N i Y I b) - Y-V A - C
Ne ________DbAl . IBl @
TN - N = Y R —

Figure 4.5 — Sequence Alignment for Domain Swapping Between Taxus Acyltransferases
and Schematic of Dimeric Mutants.

4.2.3. Expression and Purification of Chimeric Mutants

4.2.3.1. Culture Medium and Solutions

All solutions were prepared in distilled, deionized water. Luria-Bertani (LB) liquid
suspension medium (20 g of LB ‘Miller’ powder/850 mL water) was autoclaved, and the solid

medium was prepared by adding 1.5% (w/v) Bacto agar to the LB medium before autoclaving.
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The appropriate antibiotics were added to the solid medium after cooling and prior to pouring the
media plates. Antibiotics were added to the following final concentrations unless noted
otherwise: kanamycin, 50 pg/mL and chloramphenicol 34 xg/mL. Stock solutions of antibiotics
were prepared in water with the exceptions of chloramphenicol, which was prepared in 100%
aqueous ethanol. Antibiotics and isopropyl [B-D-thioglucopyranoside (IPTG) stocks were

sterilized through 0.22-4m membrane filters before storing at -20 °C.

4.2.3.2. E. coli Cell Culture

Recombinant chimeric mutants, regional and domain swaps, were expressed in the

described bacterial expression system and harvested according to a previously reported protocol,

with slight modiﬁcations.]2 Cultures were grown overnight at 37 °C in LB medium (5 mL)

supplemented with kanamycin (50 wpg/mL). Bacteria transformed with empty vector were

processed analogously. The 5-mL inocula were added separately to LB medium (850 mL)

supplemented with the appropriate antibiotics and grown at 37 °C to ODgog = 0.5 — 0.7. Gene
expression was induced with isopropyl-p-D-1-thiogalactopyranoside (500 M), and the cultures
were incubated at 20 °C for 18 h. The cells were harvested by centrifugation (2000g, 20 min, 4

°C), the supernatant was discarded, and the pellets were transferred separately into pre-weighed

50 mL Corning Tubes for storage at -20 °C.

4.2.3.3. Protein Harvest

Generally, the pellets from two 850-mL cultures were re-suspended in lysis buffer (50
mM Tris-HCI, 300 mM sodium chloride, and 10% glycerol, pH 8.0 at 3 mL/g cells) and lysed at

4 °C by sonication (5 min x 3 sec bursts at 60% power at 5 sec intervals) with a Misonix XL-
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2020 sonicator (Misonix Inc., Farmingdale, NY). The cell-lysate was then clarified by

ultracentrifugation at 46,000g for 1 h at 4 °C.

4.2.3.4. Protein Purification

Generally, the clarified supernatant of the lysed bacterial cells was loaded onto an Econo
column (BioRad, 20 cm % 0.5 cm) with 0.5 mL of Ni-NTA Agarose (Qiagen, Valencia, CA). The
resin was washed with an equivalent volume of lysis buffer (50 mM Tris-HCI and 300 mM
sodium chloride, 10% glycerol, pH 8.0), and the column was eluted with 1-mL increments of
elution buffer containing 10 mM, 50 mM, 100 mM, 150 mM, or 200 mM imidazole for each

increment. SDS-PAGE analysis was used to identify fractions containing target protein that
migrated to an R consistent with a 50 kDa standard. The fractions were combined and

concentrated (30,000 MWCO, Amicon Ultra 0.5 mL, Millipore, Billerica, MA). The buffer was

exchanged to storage buffer (20 mM Tris-HCI, 5% glycerol, pH 8.0) through concentration

«—50 kDa

'\1

Figure 4.6 - SDS-PAGE Gel of Region Mutants 611 and 661.
10 uL of 1 mL elutions from 10 mM (1), 50 mM (2), 100 mM (3), 150 mM (4), and 200
mM (5) imidazole fractions. L is molecular ladder. Region mutant 611 — composed of
Region A from DBAT (labeled as 6), Region B and C from NDTBT (labeled as 1); and
Region mutant 661 — composed of Region A and B from DBAT, Region C from NDTBT.
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and dilution cycles to 2 mg/mL (Figure 4.6 and 4.7). Purity was determined by Bradford assay,
as described previously, and aliquots (120 pL) were flash frozen in liquid nitrogen and stored at -
78 °C

A-6/2 A-2/6 B-2/6
12345|540L32(12345

+«—350kDa

Figure 4.7 - SDS-PAGE Gel of Dimeric Mutants A-6/2, A2/6 and B-2/6.

10 pL of 1 mL elutions from 10 mM (1), 50 mM (2), 100 mM (3), 150 mM (4), and 200
mM (5) imidazole fractions. L is molecular ladder. Dimeric mutants A-6/2 — composed of
N-terminal from DBAT (labeled as 6), C-terminal from mTBT (labeled as 2), and vise
versa. The ‘A’ label has a Cysteine instead of a Histidine found in ‘B’ Dimeric mutants

4.2.4. Enzymatic Assays and Analysis
4.2.4.1. Activity Assay

To verify functional expression of the chimeric mutants, total protein (100 pg) isolated
from the nickel column was assayed in both the forward- or reverse-catalyzed reaction, dictated
by the relative amount of CoA or acyl CoA added to the assay buffer. The assay composition is
listed in Table 4.2 and each assay was incubated at 31 °C for 1 h. The reactions were quenched
and extracted with ethyl acetate (2 x 1 mL), the respective organic fractions were combined, the

solvents were evaporated, and the residues were redissolved in acetonitrile (100 pL).

4.4.4.2. LC-ESI/MS Analysis

The compounds extracted from each sample were individually analyzed on a Waters

2795 Separations Module (fitted with a Betasil C18, 5 pm, 150 x 2.1 mm (Thermo-Fischer
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Scientific Inc.) reversed-phase HPLC column) coupled to a QToF UltimaTM API (Walters Inc.)

mass spectrometer . A guard column was attached between the separations module and the mass

Table 4.2 — Activity Assay Composition for Chimeric Mutants

. Taxane Coenzyme 4 Assay Volume &
Type Reaction (1 mM) Substrate Buffer
(I mM)

N-debenzoyl-2'-
deoxypaclitaxel Benzoyl CoA or
10-deacetylbaccatin Acetyl CoA

500 pL; 20 mM
NaH2PO4, 5%
glycerol, pH 7.6

NDTBT/DBAT | Forward

I
10-deacetylbaccatin
Forward = 13—diI;(I:et I-2- Beiif;y 11%(2)ior 1 mL; 20 mM
DBAT/mTBT ’ Yl y MOPSO, 5%
debenzoylbaccatin
Baccatin 111 glycerol, pH 7.4
Reverse Free CoA

7,13-diacetylbaccatin

spectrometer. The column was eluted at 0.3 mL/min with a gradient of solvent A: 99.5% H;0O

with 0.5% formic acid (v/v); 99.5% CH3CN and solvent B: 0.5% formic acid (v/v) as follows: 0

- 1.5 min, held at 80% A; 1.5 - 3.3 min, decreased from 80 to 50% A; 3.3 - 6.3 min, decreased
from 50 to 20% A; 6.3 - 6.9 min, decreased from 20 to 0% A; 6.9 - 7.5 min, held at 0% A; 7.5 -
7.6 min, increased from 0 to 80% A; 7.7 - 10 min, held at 80% A. Aliquots at 5-10 pL were
injected for samples extracted from assays incubated with the parent (i.e. wild-type) enzyme.
However, aliquots of 40-50 uL were injected for samples extracted from assays incubated with a
chimeric mutant. The remaining substrate in the samples was diverted to waste prior to entering
the QToF chamber to suppress its ionization signature compared to those of the small quantities
of possible biosynthetic products. Controls assays and product standards were analyzed in

parallel (cf. Figure 4.8 for an example).
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7,13-diacetylbaccatin

100 || ——— Empty Vector
DBAT
80 B B T, mTBT

60 1 7,13-diacetyl-2-debenzoylbaccatin

% Relative Abundance

Time (min)

Figure 4.8 — Chromatogram from LC-ESI/MS of Controls from Reverse Reaction
Assays with 7,13-Diacetylbaccatin.

4.3. Results

4.3.1. Regional Mutants Made by Recombination of NDTBT and DBAT

The splice sites of the model structure were estimated by the cut sites separating Regions
A, B, and C identified in the bona fide structure of anthocyanin malonyltransferase (cf. Figure
4.2). The sites targeted in NDTBT were evaluated for stretches of amino acid sequences that
were conserved in the modeled secondary structure of DBAT. As a first approach, that was later

abandoned, the Taxus transferases were originally screened for the same restriction enzyme sites

(Sphl, Pmll, Spel, and Sall) used to make the anthocyanin mutants.7 Equivalent sites were not

found in the Taxus sequences. More importantly, if the Region B/C junction of the
malonyltransferase was strictly applied to the 7axus mutants, the exchange site would introduce

a frame shift and alter the amino acid sequence in domain C.
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The nucleotide sequence between cDNA of ndtbt and dbat had consensus, but a few silent
mutations were incorporated in the primer designed to allow amplification of each region with
matching overhangs. These mutations did not change the amino acid sequence; they allowed
annealing between the cDNA Region A, B, and C amplicons during the PCR reaction combining
the precursor regions. By over-lap extension full-length chimeric mutants were constructed.

All six constructs for the NDTBT/DBAT chimeric mutants were subcloned and their
sequences were verified. The labeling scheme is concocted from the region number ascribed to
NDTBT (designated as '1") and DBAT (designated as '6'), and the first, second, or third
positioning of the number corresponds to Region A, B, or C, respectively. For example, mutant
'616' is comprised of N- to C-terminal amino acid sequence from DBAT region A (6), NDTBT
region B (1), and DBAT region C (6). The chimeric mutants, ligated into a pET28 expression
vector, were overexpressed in competent BL21 (DE3) E. coli cells. Generally, the isolated target
protein was purified on nickel-affinity resin and eluted from the column with between 50 and
100 mM imidazole. The unaltered enzymes, NDTBT and DBAT, were purified with the same
procedure and tested for activity under the same conditions as with the chimeric mutants.
Activity assays were conducted with N-debenzoyl-2'-deoxypaclitaxel or 10-deacetylbaccatin III

and either benzoyl- or acetyl CoA for each regional chimeric and wild-type enzyme. The

production of taxanes was monitored by LC-ESI/MS and the molecular ions (M + H+) of each

putative metabolite was searched (Figure 4.9). Wild-type NDTBT converted N-debenzoyl-2'-

deoxypaclitaxel to 2'-deoxypaclitaxel ([M + H]+= m/z 838.3), and to N-acetyl-N- debenzoyl-2'-
deoxypaclitaxel when acetyl CoA ([M + H]+= m/z 776.3) was used in place of benzoyl CoA, as

shown previously.2 No product was formed with 10-deacetylbaccatin III and benzoyl- or acetyl
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3) (4)
10-Benzoyl-10-deacetyl-2'-deoxypaclitaxel N-Acetyl-N-debenzoyl-10-benzoyl-10-
deacetyl-2'-deoxypaclitaxel

o ¥

) (6)
Baccatin 11 10-Benzoyl-10-deacetylbaccatin

Figure 4.9 — Possible Products from NDTBT/DBAT Chimeric Mutants.
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CoA substrate when incubated with wild-type NDTBT. Wild-type DBAT converted 10-

deacetylbaccatin and acetyl CoA to baccatin III ([M + H]+= m/z 587.2), as shown previously.”

Chimeric mutants 616 and 161 were isolated at the lowest protein yield 0.06 mg/L and no
products were detected in any assay containing one of several combinations of taxane and CoA
substrates. Mutants 611 and 661 had the highest yield of 0.18 mg/L, yet, no products were
detected in any assay containing one of several combinations of taxane and CoA substrates. The
other two mutants, 166 and 116 gave a yield of 0.12 mg/L and like the others; no products were

detected in any assay containing one of several combinations of taxane and CoA substrates.

4.3.2. Regional DBAT/mTBT Mutants

DNA analysis of the mtbht and dbat sequences revealed that the junction sites used to
construct the NDTBT/DBAT hybrid mutants were not applicable for constructing the
DBAT/mTBT hybrids. Sites proximate to the junction sites for splicing ndtbt and dbat DNA
were chosen for mtbt and dbat. The consensus sites shared between mtbt and dbat eliminated the
need to make mutagenic primers to amplify the appropriate regions of the full-length cDNA. The
hybrid cDNA was constructed similar to the technique described previously in this chapter (cf.
Section 4.3.1). The labeling scheme is concocted from the 'Region number' ascribed to NDTBT
(designated as 2') and DBAT (designated as '6"), and the first, second, or third positioning of the
number corresponds to Region A, B, or C, respectively. Of the several possible mTBT/DBAT
hybrid combinations, only two (226 and 266) were successfully sub-cloned and sequence
verified. The other four cDNAs encoding hybrids 622, 662, 626, and 262 were successfully
amplified by PCR, but were recalcitrant to restriction enzyme digestion and/or the ligation

process.
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During restriction enzyme digestions with Ncol and BamHI, the cDNA seemed to
degrade. The DNA band on an ethidium bromide-infused agarose gel appears as a smear when
visualized under UV-light. Restrictions sites were verified at the 5'- and 3’-ends by sequence
analysis. The construction of these hybrids is pending, and they will likely be tested for function
at a future date.

Generally, the isolated mutant protein was purified on nickel-affinity resin, similarly to
the earlier process (cf. Section 4.3.1). The unaltered enzymes, DBAT and mTBT, were purified
with the same procedure and tested for activity under the same conditions as with the hybrid
mutants.

The first activity assays were conducted with baccatin III or 7,13-diacetylbaccatin and
free CoA substrate, to conserve the acyl CoA substrates, for each hybrid mutant and wild-type
enzyme. Since both DBAT and mTBT are able to catalyze their reverse reactions, that is, the
acyltransferase can hydrolyze the acyl group off of the taxane product in the reverse reaction to

liberate the deacylated taxanes. The productions of taxanes without an acyl group at the C2 or
C10 position was monitored by LC-ESI/MS and the molecular ions (M + H+) of each putative

metabolite was searched. Wild-type DBAT converted baccatin III to 10-deacetylbaccatin ([M +
H]+= 545.3) when free CoA was available. Wild-type mTBT converted 7,13-diacetylbaccatin

7,13-diacetyl-2-debenzoylbaccatin ([M + H]+= 567.3) when free CoA was available. No

products were formed when taxanes were switched in assays of the wild-type enzymes; for
instance, 7,13-diacetyl-2-debenzoylbaccatin was not detectable when 7,13-diacetylbaccatin and

free CoA substrate were incubated with wild-type DBAT.

137



To evaluate the chimeric mutants further, a forward reaction assay was performed using
10-deacetylbaccatin or 7,13-diacetyl-2-debenzoylbaccatin with benzoyl- and acetyl CoA
separately. Each wild-type enzyme, DBAT and mTBT, converted their substrates to their proper
+
]

products: 10-deacetylbaccatin to baccatin III ([M + H] = 587.3), and 7,13-diacetyl-2-

debenzoylbaccatin to either acetylated or benzoylated 7,13-diacetyl-2-debenzoylbaccatin ([M +

H]+= 609.3 or 671.3), respectively. Chimeric mutants 226 and 266 were isolated at the lowest

O

/lkO O OH

DBAT

chimeric mutants chimeric mutants

R 1= H, acetyl, or benzoyl
R»=H, acetyl, or benzoyl

Figure 4.10 - Scheme for DBAT with Natural Substrates and Possible Products from
Chimeric Mutants.

protein yield 0.06 mg/L and no semi-biosynthesized products were detected were detected in any
assay containing one of several combinations of taxane and CoA substrates by LC-ESI/MS for
+
]

individual [M + H] 1ions (Figure 4.10 and Figure 4.11).
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chimeric mutants chimeric mutants

R1=H, acetyl, or benzoyl
R»=H, acetyl, or benzoyl

Figure 4.11 - Scheme for mMTBT with Natural Substrates and Possible Products from
Chimeric Mutants.

4.3.3. Domain Mutants

Comparison of the amino acid sequences of VS, Dm3MaT3, and three Taxus
acyltransferases (NDTBT, DBAT, and mTBT, described herein) revealed a conserved loop
region that was targeted as a junction point between two domains of this family. Oligonucleotide
primers were designed to swap the domains between ndtbt and dbat as well as dbat and mtbt to
make hybrid DNA. The resulting two hybrid cDNA made for each pair were sub-cloned and
their DNA sequences were verified. The labeling scheme is concocted from the domain number

ascribed to NDTBT (designated as '1"), DBAT (designated as '6') and mTBT (designated as '2'),
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and the first and second positioning of the number corresponds to N-terminal Domain, or C-
terminal domain, respectively.

Table 4.3 — Domain Mutants

Domain

Label N-terminal | C-terminal
A-2/6 2 6
A-6/2 6 2
B-2/6 2 6
B-6/2 6 2
C-6/10 6 10
C-10/6 10 6

The cDNA of the domain mutants, ligated into a pET28 expression vector, were
overexpressed in competent BL21 (DE3) E. coli cells. Generally, the isolated target protein was
purified on nickel-affinity resin and eluted from the column with between 50 and 100 mM
imidazole. The purity ranged between the mutants and had a slight improvement when compared
to the regional swapped mutants, from 0.24-0.48 mg/L yield. The unaltered enzymes — NDTBT,
mTBT and DBAT — were purified with the same procedure and tested for activity under the same
conditions as with the domain mutants.

The difference between the A and B group of the DBAT/mTBT hybrid is the cysteine from
DBAT or a histidine from mTBT is conserved in the loop region, respectively. These mutants

were tested with substrates for the forward and reverse reactions in separate sets of assays and
monitored by LC-ESI/MS and the molecular ions ([M + H]+) of each putative metabolite was
searched. Assay compositions were consistent with the previous conditions used for the
NDTBT/DBAT and DBAT/mTBT chimeric Region mutants. Nothing was produced by the

mutants when compared to their wild-type enzymes. Unfortunately, this observation was also

seen when the NDTBT/DBAT dimeric mutants were screened for the forward reaction with N-
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debenzoyl-2'-deoxypaclitaxel or 10-deacetylbaccatin and either benzoyl CoA or acetyl CoA

substrate.

4.4. Discussion

The earlier study on the anthocyanin malonyltransferase catalyst identified residues in
Regions A and C responsible for activity and for honing the substrate selectivity. The study also

showed that Region A was important for recognition of the acyl acceptor substrate, while regions

B and C moderated the acyl CoA binding.7 Considering this information, two of the region-

swapped hybrids (611 and 166) were projected to either transfer a larger than usual benzoyl
group to the C10 position of 10-deacetylbaccatin or a smaller than expected acetyl group to the
amine of N-debenzoyl-2'-deoxypaclitaxel. Notably, the size of the taxane substrates assayed
varied markedly; N-debenzoyl-2'-deoxypaclitaxel has a 3-amino phenylpropanoid side chain at
C13 while 10-deacetylbaccatin has a hydroxyl group at this position, This difference in sterics
along with the acylation of a hydroxyl compared to an amine by the N-benzoyltransferase and
the O-acetyltransferase, respectively, likely added challenges toward constructing a functional
hybrid enzyme between NDTBT and mTBT. However, the similarities in the taxane substrates
(i.e., baccatin III analogues) used by the wild-type DBAT and mTBT coupled with both enzymes
catalyzing the acylation of a hydroxyl group provided a reasonable chance that DBAT/mTBT
hybrid mutants may be functional. Several technical difficulties (amplifying domains, combining
domain precursors for PCR, and digesting full-length hybrid inserts for ligation) precluded
progress towards constructing the desire three-region cDNA hybrids. Only the DBAT/mTBT 266
hybrid was constructed, and it did not catalyze any detectable product from a combination of a

baccatin III analogue and either benzoyl- or acetyl CoA.
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The binding site for the taxane acceptor is comprised of residues from each of the three
Regions that therefore add complexity to its reconstruction in the hybrid mutants. Despite the
several identical residues shared between the wild-type NDTBT and DBAT (60% identity, 74%
similarity), there is significant alteration at the taxane binding site when the domains are
exchanged among the Taxus acyltransferases (Figure 4.12). Further, the homology models of
NDTBT, DBAT, and mTBT used to identify the junction sites to make the Region-swaps were
based on Dm3maT3 that was only 26% identical and 42% similar to the Taxus acyltransferases.
These differences in the Taxus acyltransferases sequences may be too great, rendering hybrid
enzymes with poor intramolecular interactions that affect their function, substrate selectivity and,
occasionally, their heterologous expression. By contrast, the wild-type progenitor
malonyltransferases used to make the cognate chimeras were 89% identical and 93% similar, and

the thioester substrate malonyl CoA was used by both wild-type enzymes. These considerations

Figure 4.12 - Homology Model of NDTBT Based on Dm3MaT3 with Conserved
Residues Between NDTBT and DBAT.

Region A (green), region B (yellow), and region C (red). All grey coloring represents
conserved residues. Pink coloring of the malonyl CoA substrate with the catalytic diad
(orange). A. View of CoA binding site. B. View of acceptor binding site. Created using

PyMOL.
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along with the wild-type malonyltransferases using structurally similar acyl acceptor substrates
likely added to the construction of a functional malonyltransferase hybrid enzyme.

The junction sites between the domains of vinorine synthase and anthocyanin
malonyltransferase raised concerns about whether the domain hybrids would fold correctly. The
relatively modest sequence identity (~60%) among the Taxus acyltransferases used in this study
may have contributed to the mismatches at the interface between the N-domain of one
acyltransferase and C-domain of another. Proper alignment at this interface is needed to maintain
the substrate-access tunnel through the middle of the enzyme (cf. Figure 4.12). It can be
imagined that any slight disruption in this access tunnel would render nonfunctional enzyme.
Intriguingly, the domain-swapped mutant proteins were obtained at two- to three-fold higher
purity from the nickel-affinity column than were the region-swapped mutant protein yet they also
did not produce detectable products from in vitro assays.

Even though the chimeric mutants — regional and domain swaps — between the two Taxus
benzoyltranserses and acetyltransferase had no detectable activity with the native substrates of
the wild-type enzymes, the future of engineering these enzymes to hone or expand substrate
specificity could still be examined by this approach. There are four requirements that need to be
investigated to continue this experiment — increase protein expression, improve the purification
of the mutant enzymes, assay the enzymes with a wider range of substrates, construct mutants
between NDTBT and mTBT (both use benzoyl CoA as a substrate), and obtain the crystal
structure of a Taxus acyltransferase.

The benzoyltransferases, NDTBT and mTBT, were originally surveyed using purified

protein from a nickel-affinity chromatography step providing a purity level of 70% and 30%,

. . .. . . 2, 3 . .
respectively, and demonstrating activity with their substrates. Although these chimeric
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proteins were assumed to have the same activity after this purification step, the yield of the target
protein was extremely low as demonstrated by less the intense and indistinguishable bands from
SDS-PAGE gel analysis. An empty vector control, which contained endogenous proteins that co-
purified from the nickel-affinity column, was also tested to eliminate the background activity of
the non-target protein. Although no activity was detected, it is unknown yet unlikely that these
background enzymes sequester substrate from the chimeric mutants. In order to test this
hypothesis the quantity of substrates incubated needs to be accounted for after an assay reaction
with chimeric mutant and empty vector control, separately.

To evaluate whether the mutants folded correctly, first the purity of the chimeric mutants
needs to be increased by additional purification steps using anion exchange and gel filtration,
described previous herein for the wild-type enzymes. Then application of circular dichroism
(CD) spectroscopy reveal whether the chimeric mutants share the same secondary structure
conformation (a-helices and B-sheets) as the wild-type enzymes. Substrate binding evaluation
can also be employed as a complement to CD to assess if the mutant proteins are misfolded. The

binding site access can be monitored by measuring the levels of free substrate remaining in

solution (i.e., the Kj) after incubating the substrate with an equal molar amount of mutant

enzyme and comparing the results obtained with wild-type enzyme. If these experiments reveal
no significant differences, then the activity of the chimeric mutants needs to be surveyed with a
variety of functional substrates utilized by the wild-type enzymes. The changes imposed by the
swapped regions could dramatically change the expected substrate specificity of the enzymes.
Chimeras were made between NDTBT and DBAT as well as between DBAT and mTBT to
evaluate the effects of changing the secondary structure by screening with various substrates.

The, hybrid enzymes constructed from two wild-type benzoyltransferases (NDTBT and mTBT)
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could help identify residues or regions responsible for taxane selectivity, since both naturally use
a common cosubstrate, benzoyl CoA. Most importantly, however, future mutagenesis studies to
evaluate the catalytic mechanism and substrate selectivity would be greatly informed by the
crystal structure of each Taxus acyltransferase. The structural data would likely show secondary
structures that are substantially different than a model conceived from the Dm3MaT or VS

structures.
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APPENDIX C

AMINO ACID SEQUENCE ALIGNMENTS OF TAXUS ACYLTRANSFERASES WITH

ANTHOCYANIN MALONYLTRANSFERASE AND VINORINE SYNTHASE

Only sequences relating to Chapter 4 are listed in this appendix. Alignments were

constructed by MultiAlin and viewed by ESPript 2.2.
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Figure C.1 — Sequence Alignment of Taxus Acyltransferases.
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Figure C.1 (cont’d)
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Figure C.1 (cont’d)
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Figure C.2 — Sequence Alignment of NDTBT and DBAT with DmMaT3.
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Figure C.2 (cont’d)
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Figure C.2 (cont’d)
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Figure C.3 — Sequence Alignment of DBAT and mTBT with Vinorine Synthase.
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Figure C.3 (cont’d)
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Figure C.3 (cont’d)
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Figure C.4 — Sequence Alignment of Dm3MaT3 and Vinorine Synthase with Taxus

Acyltransferases.

157



Dm3MaT3

Dm3MaT3
VS
NDTBT
DBAT
mTBT

Dm3MaT3

Dm3MaT3
VS
NDTBT
DBAT
mTBT

Dm3MaT3

Dm3MaT3
VS
NDTBT
DBAT
mTBT

Dm3MaT3

Dm3MaT3
VS
NDTBT
DBAT
mTBT

Figure C.4 (cont’d

AYLKRAKYV
AARHEFPPYV
H.LOLNQF
YREQYYHF

MY . LQFDHF

09

260

NOLKD
GALRA
TRIE YMKOQC
TRINCIIROQC
NYIKRC

BIO ﬁll n3
> — 000 QQ0QQQ
160 170 180
QVT PN I NHEICLGhA s TRFIC
KISFI)EC T LSBKIAINVIS T
QVTRI3TICGle T LPRiISVCIMGRG
QVT TIC F FCRIGICMGLG
VT TIC F FHEISVISINGKG
ob
Q000
200 210
GNNDESFLANGTRPLYDRIIKY)ZMLD
............ . - | TEIVLIZNFD
VEPSLEPIWNRELLNIZEDP
ITKPSSEPIWKRELLKIFEDP
FKPSLEPIWNREMVKIZEDT
B12
ﬁ_Q_Q_
240 250
SFNEDYVTIQSLAGP SDKLRATFIILT
NTP....SPELVEPDENVNMEKREVED
SIC....PPP . .EELGOASFVIN
LIC....PPSTF..GKINOG ITS
FIH....PPLNL. .EKSIQA ISF
ol0
270
LAQLPITILEY S
SSASEEKNE .
MEECNEF . C.ES
REESKEF.C

MEEC

158

F.F.




Dm3MaT3

Dm3MaT3
VS
NDTBT
DBAT
mTBT

Dm3MaT3

Dm3MaT3
VS
NDTBT
DBAT
mTBT

Dm3MaT3

Dm3MaT3
VS
NDTBT
DBAT
mTBT

Dm3MaT3

Dm3MaT3
VS
NDTBT
DBAT
mTBT

Figure C.4 (cont’d

1
— .l?lj——-—-b 000 TT ——
320
NDKLQ. .... 1 TAYFERNCVEG
RAKYGAKNKF V] HYA TATL
ALQIPHTENVK NGY AIGT
ALOIPHSENVK KGY FVGT
SFRIPPNEYVK KGY AIGN
B14 né
—000 000000000000000000Q000000Q
330 340 350 360
AKTNLLIGKEG[F I TAAK IGENLHKTLEDYKDG
AVDAEWDKDFPDLIGPLR| SLEKTEDDH&HE...
DNVODLLNGSLLRAIMIIKKAKADLKDNYSRSR
DNVKDLLSGSLLRVVRI KKAKVSLNEEFT.ST
DNVKDLLNGSLLYALMLIKKSKFALNENFK . SR
al2
00000Q r—
370
LKDDME SFND[LV SEGMP
.LLKGMTCLYELEPQELL
TNPYSLDVNKKSDNIL
IVTPRSGSDESINYENIV
ILTKPSTLDANMK
p16 n8
—00000
400 410
el e K PKKLE TWS IDHNGATS Covvnn. ESNED
e (e KPLSACTTTFPKRNAAL Teen ..RSGDG
e (eGP INVISSLOR . LENGLPMFSTFLYLLPAKNKSDG
el (e HADNVIS LVQHGLKD YFLFIRPPRNNPDG
e [ENAVINVISPMQQOQOREHE YFLFLRSAKNMIDG

159




Figure C.4 (cont’d

18 ol3

Dm3MaT3 - 0000000000000Q

430 440 450
Dm3MaT3 LEIG.VCISATOMEDFVHIFDDGLKAYL.[.|......
Vs VEAW. LPMAEDEMAMLPVELILSLVDSDFSK. .. ...
NDTBT IKLLLSCMPPITTLKSFKI EAMIEKYVSKV.....
DBAT IKIL.SEFMPPSIVKSEFKFEMETMTNKYVTKP. . ...
mTBT IKIL.MFMPASMVKPFKIEMEVTINKYVAKICNSKL

160



REFERENCES

161



10.

1.

REFERENCES

Firn, R. D., and Jones, C. G. (2003) Natural products - a simple model to explain
chemical diversity, Nat. Prod. Rep. 20, 382-391.

Nevarez, D. M., Mengistu, Y. A., Nawarathne, 1. N., and Walker, K. D. (2009) An N-
aroyltransferase of the BAHD superfamily has broad aroyl CoA specificity in vitro with
analogues of N-dearoylpaclitaxel, J. Am. Chem. Soc. 131, 5994-6002.

Nawarathne, I. N., and Walker, K. D. (2010) Point mutations (Q19P and N23K) increase
the operational solubility of a 2a-O-benzoyltransferase that conveys various acyl groups
from CoA to a taxane acceptor, J. Nat. Prod. 73, 151-159.

D'Auria, J. C., Chen, F., and Pichersky, E. (2002) Characterization of an acyltransferase
capable of synthesizing benzylbenzoate and other volatile esters in flowers and damaged
leaves of Clarkia breweri, Plant Physiol. 130, 466-476.

Beekwilder, J., Alvarez-Huerta, M., Neef, E., Verstappen, F. W. A., Bouwmeester, H. J.,
and Aharoni, A. (2004) Functional characterization of enzymes forming volatile esters
from strawberry and banana, Plant Physiol. 135, 1865-1878.

Ma, X. Y., Koepke, J., Panjikar, S., Fritzsch, G., and Stockigt, J. (2005) Crystal structure
of vinorine synthase, the first representative of the BAHD superfamily, J. Biol. Chem.
280, 13576-13583.

Unno, H., Ichimaida, F., Suzuki, H., Takahashi, S., Tanaka, Y., Saito, A., Nishino, T.,
Kusunoki, M., and Nakayama, T. (2007) Structural and mutational studies of anthocyanin
malonyltransferases establish the features of BAHD enzyme catalysis, J. Biol. Chem.
282, 15812-15822.

Truman, A. W., Dias, M. V., Wu, S., Blundell, T. L., Huang, F., and Spencer, J. B.
(2009) Chimeric glycosyltransferases for the generation of hybrid glycopeptides, Chem
Biol 16, 676-685.

Hansen, E. H., Osmani, S. A., Kristensen, C., Moller, B. L., and Hansen, J. (2009)
Substrate specificities of family 1 UGTs gained by domain swapping, Phytochemistry 70,
473-482.

Loncaric, C., Merriweather, E., and Walker, K. D. (2006) Profiling a Taxol pathway 10[3-
acetyltransferase: Assessment of the specificity and the production of baccatin III by in
vivo acetylation in E. coli, Chem. Biol. 13, 1-9.

Walker, K., and Croteau, R. (2000) Molecular cloning of a 10-deacetylbaccatin I1I-10-O-

acetyl transferase cDNA from 7axus and functional expression in Escherichia coli, Proc.
Natl. Acad. Sci.U. S. A. 97, 583-587.

162



12. Sambrook, J. R., D. (2001) Molecular Cloning: A Laboratory Manual, Cold Spring
Harbor Laboratory Press.

163



CHAPTER S

CONCLUSIONS AND FUTURE PERSPECTIVES
5.1. Summary

5.1.1. Substrate Specificity of NDTBT

In Chapter 2, the extraordinarily broad substrate specificity of Taxus N-debenzoyl-2'-
deoxypaclitaxel-N-benzoyltransferase (designated NDTBT), on the paclitaxel pathway, was
elucidated by using a variety of aroyl CoA donors (benzoyl; ortho-, meta-, and para-substituted
benzoyls; various heterole carbonyls; alkanoyls; and butenoyl) with N-debenzoylpaclitaxel
derivatives (N-debenzoyl-2'-deoxypaclitaxel, ~N-debenzoylpaclitaxel, and 10-deacetyl-N-

debenzoylpaclitaxel) by biocatalysis. Several unnatural N-aroyl-N-debenzoyl-2'-deoxypaclitaxel

analogues were biocatalytically assembled with catalytic efficiencies (Vpax/Kpm) ranging

between 0.15 and 1.74 nmol - rnin_1 'mM-l. Although relative kinetics were calculated to

conserve the limited supply of substrate, the results mostly demonstrated smaller turnover
compared to natural substrates. The overall conclusion is that NDTBT has a wide substrate
range.

Detection and verification of these bio-synthesized products were analyzed by LC-
ESI/MS/MS and determined by typical diagnostic fragment ions of m/z 509, 569, and the C13
side chain fragment ion. Since the side groups tested were conserved in size, except for some of
the larger substituents at the ortho-, meta-, and para-positions, the cavity that houses the benzoyl
ring must be spacious enough to allow such a range of CoA substrates. To determine which
residues to manipulate to alter the substrate specificity a crystal structure of NDTBT was sought

by first improving protein purity levels.
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5.1.2. Protein Purification for Crystal Structure

In Chapter 3, the purity level of C-terminal Hisg-tagged NDTBT (CT-NDTBT) was

shown to be at >95% after a series of nickel affinity, anion exchange, and gel filtration column
chromatography. This represents an improvement over an original purification strategy
employing only nickel affinity chromatography. This full length enzyme was active and was
used to set up six 96-well plates by the sitting drop method for crystal screening; however, this
effort did not provide substantial crystals for x-ray crystallography. Since the crystal structures of

BAHD transferases vinorine synthase (VS) and anthocyanin malonyltransferase (Dm3MaT3)

were obtained after removing the His-tag, the N-terminal Hisg-tagged NDTBT (NT-NDTBT)

. 1, 2 . . . . . .
was purified. This fusion protein contained a thrombin cleavage site between the tag and

NDTBT. Using the same purification protocol, the purity level was increased from 70% to >95%
yield and the sample were used in a thrombin digestion experiment, which gave a 10% yield that
was inadequate to set up crystallization. Also, taxane-2a-O-benzoyltransferase (TBT) and 10-
deacetylbaccatin III-10B-O-acetyltransferase (DBAT) were purified to 90-95% purity, but remain
to be screened for crystallization. However, while improving purification and screening for
crystallization of the acyltransferases, an experiment to survey the sections of the enzyme

responsible for substrate selectivity was conducted.

5.1.3. Mutagenesis Study to Analyze Substrate Selectivity

In Chapter 4, the mutagenesis screen was conducted among three Taxus acyltransferases
N-debenzoyl-2'-deoxypaclitaxel: N-benzoyltransferase (NDTBT), 10-deacetylbaccatin I1I-10B-O-

acetyltransferase (DBAT), and taxane-2a-O-benzoyltransferase (TBT) by domain and regional
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swaps to create chimeric mutants. Namely, the objective was to convert aroyltransferases
NDTBT or TBT into alkyl transferases, and vice versa with the alkyltransferase DBAT. Regional
swapping sites were based on the homology model with an anthocyanin malonyltransferse

(Dm3MaT3), which unfortunately had a low sequence identity (25-28%) to the Taxus
1 . .
acyltransferases.  Soluble protein extracts were assayed with parent substrates, but there was no

detectable activity by LC-ESI/MS.

Even though the protein yield was below 20% for most of the regional mutants, the
domain swapped constructs demonstrate an increase in soluble protein purified from a nickel-
affinity column. This could indicate that the folding of the domain is dependent upon conserving
the sequence from the parent transferase, or that the internal interaction between the domains is
incompatible. If the former is true, then the regional swaps would cause such a disorder in each

domain that purifying soluble protein would become non-existent.

5.2. Future Goals

5.2.1. Re-evaluate and Survey the Substrate Specificity of NDTBT

Since NT-NDTBT, at 70% purity, was assayed with benzoyl CoA and the previously

proposed natural taxane substrate, N-debenzoyl-2'-deoxypaclitaxel, a re-evaluation is necessary

with the reported natural substrate N-debenzoylpaclitaxel and purified NDTBT.3 Besides finding

the kinetic parameters with benzoyl CoA, the activity of NDTBT should be surveyed with the
same range of acyl CoA donors previously assessed in chapter 2, along with new substrates that
increase the potency of the derivatives.

Besides using variants of the taxane acceptor substrate that have derivatives at the C2,

C10, and C3' position, several types of CoA substrates with increased potency against cancer

166



should be surveyed. From structure-activity relationships (SARs) studies, paclitaxel analogues
that have the phenyl group substituted with the following three ring structures — cyclopentyl, 1-

cyclopentenyl, and 1-cyclohexenyl — have increased potency against non-small cell lung
carcinoma and ovarian cancer.4 The likelihood that NDTBT uses the CoA versions of these side
chains is probable since the other benzoyltransferase, taxane-2a-O-benzoyltransferase (TBT),
was tested with a cyclohexyl group and had a very low k.4t of 2.6 x 10_4 per min.5 Another SAR
study also reported that various 3'-N-thiourea- and 3'-N-thiocarbamate-paclitaxel analogues had
increased cytotoxicity against colon cancer cells.6 It may be premature to incubate the CoA

versions of these groups with NDTBT due to the electron withdrawing effect of the sulfur or
nitrogen on the carbonyl group. The more positively charged carbonyl group likely degrades
rapidly in the basic assay buffer, because preliminary data shows no detectable products when
NDTBT is assayed with N-debenzoyl derivatives and a CoA substrate with a tert-butyl group

instead of a phenyl to make docetaxel (data not shown).

5.2.2. Improving Protein Yield for Crystallography

Although the improved protein purification scheme provides a 90-98% purity level, the
actual amount of recombinant protein found in the soluble lysate is only a fraction of what is
being expressed. A majority of these acyltransferases are found in the insoluble fraction when
purified from E. coli. There are several approaches that can be utilized to overcome this
bottleneck in final yield such as: codon optimization of the gene, sub-clone the genes into other
expression vectors and their suitable E. coli type, mutagenesis studies to increase solubility, or

change into a different expression system. If future applications are to produce paclitaxel
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biosynthetically in bacteria, the first approach would be to codon optimize these Taxus
transferases, because they are plant-derived enzymes containing several codons that are rarely
expressed in the bacterial host. The translation of the NDTBT mRNA is hindered by the 30 rare
codons that encode for arginine, proline, isoleucine, and leucine, whereas DBAT and mTBT
have 38 and 40, respectively.

Once non-tagged, full length purified enzyme can be obtained, then another round of
crystal screening can be performed. Should full length protein be difficult to crystallize, the
transferases can be truncated to express the domain structures separately for isolation before the
screening process. Molecular modeling of crystallized protein domains would be a guide for

further mutational analysis.

5.3. Future Applications and Perspectives

5.3.1. Biocatalysis to Produce Paclitaxel

Biocatalysis-based synthesis of paclitaxel analogues is an alternative approach that
eliminates or minimizes synthetic components, like organic solvent and heavy metal catalyst
usage, which are not environmentally friendly. Although the ultimate goal is to pool all of the
enzymes in the biosynthetic pathway into a one pot assay, there are several steps that are
unknown and enzymes that have yet to be fully characterized, especially those responsible for
constructing the CoA substrates. Currently, it could be possible to biocatalytically synthesize 2'-
deoxypaclitaxel from 10-deacetylbaccatin using these three enzymes — 10-deacetylbaccatin III-
10B-O-acetyltransferase (DBAT), baccatin III:3-amino-3-phenylpropanoyltransferase (BAPT),
and N-debenzoyl-2'-deoxypaclitaxel:N-benzoyltransferase (NDTBT) — with acetyl-, B-

phenylalanine-, and benzoyl CoA substrates.
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Besides semi-biosynthesis of paclitaxel analogues, these transferases can be coupled with
coenzyme A ligases to optimize the turnover of acylated taxanes as well as to recycle the CoA
by-product back into the reaction stream as an acyl CoA. Preliminary data have shown that the

flux towards product formation is significantly increased from 2% to nearly 90% turnover when

coupled with benzoate CoA ligase BadA (Rhodopseudomonas palustris).7

5.3.2. In vivo Studies
Over the last two decades, many of the genes in the paclitaxel pathway have been isolated

from a cDNA library, and have been assayed in heterologous systems (e.g. E. coli and

.. . . C .. 81l .
Saccharomyces cerevisiae) by analyzing their activity in vitro and in vivo. A current goal is

to bioengineer a recombinant organism to produce paclitaxel from primary metabolites to the
final drug, through utility of the known Taxus enzymes and manipulation of the endogenous
metabolic pathways.

There have been recent achievements in this endeavor pertaining to isoprenoids in

. . . . . . . 12-14
microbes and taxadiene biosynthesis in yeast and Arabidopsis thaliana. Very recently, E.

coli was successfully engineered to over-produce the building blocks of isoprenoid biosynthesis
that served as a precursor for taxadiene biosynthesis. The hydrocarbon was subsequently
converted to taxadiene-5-ol by the co-expression of a soluble P450 hydroxylase in this bacterial
system.”” Besides constructing the complete paclitaxel pathway in another organism, a semi-
biosynthesis approach was achieved when E. coli, engineered to express 10-deacetylbaccatin III-
10B-O-acetyltransferase (DBAT) and a small/medium chain acid: CoA ligase, was fed 10-

deacetylbaccatin III and cosubstrates acetic-, propionic-, or butyric acid added to the media.
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Baccatin III and its C10 analogues were produced and were partition by the E. coli into the

. 16,17
media.

It has been mentioned in articles that paclitaxel does not bind to FtsZ, a bacterial

homolog to human B-tubulin, nor does it inhibit bacterial cell division, it is possible that E. coli
. . 18, 19 .. . .
could be engineered to produce paclitaxel. Preliminary in vivo studies of NDTBT expressed

in E. coli cultures were negative for detectable product in the cells or media (data not shown),
which is likely due to the insolubility and bulkiness of the taxane substrate. Yet, this
inconvenience may be overcome if the Taxus enzymes downstream of the DBAT can be
concurrently expressed in the cells to synthesize the product, but ultimately be released from the

cell during extraction and purification.
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