ABSTRACT
CANTY, NICHOLAS KONIG. Deoxypodophyllotoxin Synthase — Investigating the Pivotal
Carbon-Carbon Bond Formation in Aryltetralin Lignan Biosynthesis
(Under the direction of Dr. Wei-chen Chang).

Lignans constitute a large and diverse class of phenylpropanoids widely distributed
throughout the plant kingdom.! They exhibit a wide range of pharmaceutically relevant
biological activities and consequently have attracted widespread research interest. One of the
most well-known and commercially relevant lignans is podophyllotoxin from mayapple species
(Podophyllum peltatum, Sinopodophyllum hexandrum).? It exhibits potent antineoplastic,
antiviral, and antimalarial properties and as such has become a lead compound for drug
development.®* In fact, podophyllotoxin and semi-synthetic structural analogs etoposide and
teniposide are listed on the World Health Organization’s List of Essential Medicines, and dozens
more have entered clinical trials.>® Unsurprisingly, the pharmacological importance of
podophyllotoxin has elicited numerous synthetic approaches over the years. Nonetheless, current
production requires isolation of key precursors from producing plants.’ !

Deoxypodophyllotoxin synthase, a non-heme iron enzyme, catalyzes the oxidative
cyclization of its substrate (-)-yatein to (-)-deoxypodophyllotoxin, thereby completing the
aryltetralin lignan scaffold via stereo- and regioselective C(sp?)-C(sp®) bond formation.!' Deeper
insight into how DPS facilitates this synthetically challenging transformation may provide a

foundation for developing sustainable and economical chemoenzymatic methods to access this

important molecular scaffold.
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CHAPTER 1: Introducing Non-Heme Iron Enzyme Deoxypodophyllotoxin Synthase (DPS)
1.1 Introduction: Fe/20G Dependent Oxygenases

Mononuclear non-heme iron and 2-oxoglutarate (Fe/20G) dependent oxygenases
constitute a diverse superfamily of enzymes ubiquitous in both eukaryotes and prokaryotes. They
are involved in numerous vital biological processes, including primary metabolism and the
biosynthesis secondary metabolites, oxygen sensing, and controlling metal homeostasis and
epigenetic regulation.'?

While most characterized Fe/20G enzymes have been shown to catalyze hydroxylation,
the enzyme family exhibits impressively diverse reactivity, facilitating a range of oxidative
transformations. Other known transformations include halogenation, desaturation, epoxidation
and C-C/O/N bond formation (Figure 1.1).'* Unsurprisingly, Fe/20G dependent enzymes are
particularly well represented in natural product biosynthesis.!* Furthermore, their unique ability
to selectively functionalize inert C-H bonds is of high interest to the synthetic community, as
selective C-H activation presents one of the major challenges and current limitations of organic
synthesis.!> Though numerous powerful organometallic reactions have been developed in pursuit
of overcoming this challenge, they often require the use of toxic and expensive reagents, as well
as the presence of directing groups in close proximity to the targeted C-H bond.'® In enzymatic
catalysis, selectivity is instead imparted by the precise alignment of a substrate in the enzyme’s

active site.
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Figure 1.1: Functional diversity of Fe/20G enzymes.

Despite their functional diversity, Fe/20G enzymes share common mechanistic
principles. In 1982, Hanauske-Abel and Giinzler first proposed a comprehensive mechanism for
Fe/20G hydroxylases (Scheme 1.1). Though the reaction mechanism was based on little
experimental data, it has since been largely validated.!’

In the resting state, the mononuclear Fe(II)-center is coordinated by a 2-His, 1-Glu/Asp
motif (hence termed the facial triad) and three water molecules in octahedral geometry. Bidentate
coordination of co-substrate, 2-oxoglutarate (20G), displaces two water ligands, and binding of
the primary substrate in the active site displaces the final water ligand. This results in square-
pyramidal geometry and leaves an open coordination in axial position. Oxidative addition of
molecular oxygen to the open coordination site yields a reactive Fe(Il)-superoxo intermediate.
Subsequent attack of the distal oxygen on C2 of 20G triggers O-O bond cleavage and
decarboxylation of 20G to succinate, thereby forming a short lived, high-valent (S = 2) Fe(IV)-

oxo (ferryl) complex. The reactive ferryl complex then abstracts a hydrogen atom from the



substrate, resulting in a substrate radical and reduced Fe(III)-OH (ferric-hydroxide) complex.
This process is commonly referred to as hydrogen atom transfer or hydrogen atom abstraction.
“Rebound” of the coordinated hydroxyl ligand on the substrate radical produces the hydroxylated
product and regenerates Fe(Il). The catalytic cycle is completed by release of the product and
succinate (Scheme 1.1). The general mechanism up until C-H bond cleavage is broadly
applicable to members of the Fe/20G family, however the fate of the substrate radical is
dependent on the specific chemical environment of the respective enzyme’s active site (Scheme

1.1).1819



Scheme 1.1: Conserved mechanism of Fe/20G hydroxylases.
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1.2 Structure and Relevance of Lignan Natural Products

Lignans are a large and diverse class of natural products widely distributed in the plant
kingdom and are found in roots, rhizomes, stems, leaves, seeds and fruits.! They are derived
from the stereoselective oxidative coupling of two phenylpropanoid monomers, also termed
monolignols, at the olefin of the propenyl moiety. The resulting 3-B’ (C8-C8”) bond defines the
substance class. Another defining characteristic of lignans is that oxygen represents the only
heteroatom incorporated into the scaffold. Despite this rather narrow definition and common
origin, lignans exhibit a vast structural diversity. A highly divergent biosynthesis leads to
different patterns in cyclization, dividing lignans into structural subtypes: furofurans, furans,
dibenzylbutanes, dibenzyllactones, dibenzylcyclooctadienes, aryltetralins and arylnaphtalenes
(Figure 1.2).2° Lignans exhibit a broad range of biological activities including antioxidant,
antimicrobial, antiviral and antineoplastic properties, making them a rich source of lead
compounds for drug development .*?!24 In fact, many lignan-rich plants have been known to
humans for their therapeutic properties and potential health benefits and have a long history of
use in traditional medicine and diet. Prominent examples include flax (Linum usitatissimum),
sesame (Sesamum indicum), forsythia (Forsythia suspensa), olive (Olea europaea) and

schisandra (Schisandra chinensis).”
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Figure 1.2: Structural features of aryltetralin lignans.

One of the most well-known lignans is podophyllotoxin, an aryltetralin lignan found in
mayapple species (Podophyllum peltatum, Sinopodophyllum hexandrum). Aryltetralin lignans
are characterized by a core scaffold comprised of 4 ring systems connected by 3 consecutive
chiral systems, as depicted in Figure 1.2. Podophyllotoxin is a potent anti-cancer and anti-viral
agent that prevents cell division by destabilizing microtubules. It was FDA-approved for the
treatment of external warts caused by human papillomavirus (HPV) in 1990, but has been used
since 1942226 Medicinal use of Podophyllum was reported as early as 900 AD in The Leech
Book of Bald, an English pharmaceutical reference book.? Since the 1970s, dozens of
podophyllotoxin derived drugs have entered clinical trials. Deoxypodophyllotoxin, a biosynthetic

precursor to podophyllotoxin, was approved for phase I trials by the National Medical Products



Administration in China in 2017.?7 Its semi-synthetic glycosylated congeners etoposide and
teniposide were approved for medical use in the United States in 1983 and 1992 respectively.
Both are used for the treatment of several cancer types, including lung cancer, lymphoma,
leukemia, neuroblastoma and testicular cancer. Etoposide is listed in the World Health
Organization’s List of Essential Medicines.>%?® Structures of deoxypodophyllotoxin,
podophyllotoxin, as well as etoposide, teniposide and etopophos are depicted in Figure 1.3.
However, natural occurrence of podophyllotoxin and its structural analogs
(podophyllotoxins) in producing organisms is often very low. Podophyllotoxin accounts for 0.3-
1.0% (w/w) of rhizome mass, making extraction laborious and uneconomical.’>** As a result, an
estimated 300,000 Ibs. of mayapple roots are harvested per year to cover the demand of
podophyllotoxin and epipodophyllotoxin, the precursor to etoposide and teniposide.” As
mayapple species are not suitable to farm, wild S. hexandrum has become an endangered
species.’!3?
Therefore, gaining insight into the biosynthesis of podophyllotoxins can provide a

foundation for developing sustainable and economical methods of production and for guiding the

search for new pharmaceutically relevant structural analogs.
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Figure 1.3: Structures of deoxypodophyllotoxin, podophyllotoxin, and analogs etoposide, teniposide and etopophos



1.3 Current Understanding of Lignan Biosynthesis
1.3.1 Podophyllotoxin Biosynthesis

Coniferyl alcohol (CA) serves as the common precursor to all lignans known to date. It is
a product of phenylpropanoid metabolism, a highly important metabolic pathway in plants giving
rise to not only lignans, but also flavanones, chalcones, stilbenes and various other classes of
natural products, diverting a significant flux of phenylalanine and tyrosine from protein synthesis
to produce para-hydroxy-cinnamyl alcohols.?-*

Initial extrusion of ammonia is facilitated by phenylalanine ammonia lyase
(PAL)/tyrosine ammonia lyase (TAL) to produce the corresponding cinnamic acid. Subsequent
hydroxylation and O-methylation are catalyzed by cyctochrome P450 monooxygenases and
SAM-dependent O-methyltransferases respectively, while reduction to the alcohol is enabled via
CoA-ligation by 4-coumarate-CoA-ligase (4CL) to produce the corresponding activated CoA-
ester followed by successive reductions by NADPH-dependent cinnamoyl-CoA reductase (CCR)

and cinnamyl alcohol dehydrogenase (CAD) (Scheme 1.2).354



Scheme 1.2: Biogenesis of coniferyl alcohol.
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Dimerization of CA proceeds in a phenolic oxidative coupling reaction facilitated by an
oxidase, e.g. laccase, and dirigent protein (DIR), in which the oxidase generates a phenoxy
radical and DIR induces stereo- and regio-selective coupling of two monolignol radical species
(Scheme 1.3).41-%

The regioselective coupling mediated by DIR facilitates the formation of the lignan-
defining C8-C8’ bond yielding pinoresinol. This step is also the source of chirality in lignan
biosynthesis. Overall, three new bonds (including one C-C and two C-O bonds) and four new
stereocenters are generated in this single-step coupling — a feat unachievable by synthetic
methods. Notably, DIR-mediated polymerization of CA yields the structural polymer lignin, the

second most abundant biopolymer on earth.*44’
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Scheme 1.3: Formation of matairesinol in the scaffold-generating pathway in lignan biosynthesis.
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Following dimerization, pinoresinol is subjected to consecutive reduction by pinoresinol
lariciresinol reductase (PLR), producing lariciresinol and secoisolariciresinol.
Secoisolariciresinol in turn is oxidized by secoisolariciresinol dehydrogenase (SDH) to form
matairesinol. Overall, four different lignan scaffolds are produced: furofuran (pinoresinol), furan
(lariciresinol), dibenzylbutane (secoisolariciresinol) and dibenzyllactone (matairesinol). A vast
majority of lignan natural products originate from either one of the four intermediates. At each
step, some intermediate flux is diverted from the general pathway and subjected to scaffold-
tailoring transformations, which ultimately is the key to complexity generation in lignan
biosynthesis.**

The pathway from matairesinol to podophyllotoxin is no exception. A series of scaffold-
tailoring transformations on the dibenzylbutyrolactone scaffold of matairesinol eventually

generate yatein, the immediate precursor to the aryltetralin lignan scaffold (Scheme 1.4). Due to

11



the pharmacological importance of podophyllotoxin, its biosynthesis has been the subject of
extensive research, and responsible genes have been largely identified.”!

The conversion of (-)-matairesinol to (-)-pluviatolide proceeds via methylenedioxy
(MDO) bridge formation. In plants, such transformations are commonly associated with the
cytochrome P450 monooxygenase family (CYP). Leveraging massively parallel sequencing of
Sinopodophyllum hexandrum and Podophyllum peltatum transcriptomes, two P450s involved in
(-)-pluviatolide formation were identified, S=tCYP719A23 and PpCYP719A24.5? Unlike Fe/20G
enzymes, CYPs utilize heme as a cofactor and require an external reductant like NAD(P)H, but
both utilize activation of molecular oxygen to generate a reactive, high-valent iron complex to
perform oxidative transformations on their primary substrates.>

In the next step, (-)-pluviatolide is converted to (-)-bursehernin via O-methylation at C4°.
Subsequent C5’-hydroxylation yields (-)-5’-desmethyl-yatein, followed by C5’-O-methylation to
yield (-)-yatein.’* This alternating pattern of hydroxylation and subsequent O-alkylation
represents a common scaffold-tailoring strategy in lignan biosynthesis.” Like MDO-bridge
formation, aryl-hydroxylations in lignan biosynthesis are generally associated with CYPs. O-
Methylations are catalyzed by (S)-adenosyl-L-methionine (SAM) dependent O-
methyltransferases. In 2015, Lau and Sattely identified the remaining four enzymes responsible
for the conversion of (-)-pluviatolide to (-)-deoxypodophyllotoxin in Sinopodophyllum
hexandrum. SAM-dependent O-methyltransferases SH=OMT3 and SZOMT1 were implicated in
(-)-bursehernin and (-)-yatein formation respectively, while C-5’ hydroxylation was shown to be
catalyzed by SACYP71CU1.8 Finally, iron and 2-oxoglutarate (Fe/20G) dependent
deoxypodophyllotoxin synthase SZDPS (also known as $4#2-ODD) facilitates cyclization of

-)-yatein to (-)-deoxypodophyllotoxin, completing the aryltetralin lignan scaffold.®>¢ To date,
(-)-y () ypodophy pleting the ary g

12



the gene responsible for the conversion of deoxypodophyllotoxin to podophyllotoxin remains

elusive.?’

Scheme 1.4: Biosynthetic route to aryltetralin scaffold.
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1.3.2 Deoxypodophyllotoxin Synthase

Scheme 1.5: DPS-catalyzed stereo- and regioselective carbon-carbon bond formation.

MeO E OMe

OMe

(-)-yatein (-)-deoxypodophyllotoxin

From a synthetic chemist’s perspective, the DPS-catalyzed cyclization is quite
remarkable. Overall, DPS facilitates a two-electron oxidation (on substrate (-)-yatein), forging a
C(sp?)-C(sp’) bond and a stereocenter in the process (Scheme 1.5). Performing an analogous
coupling reaction using organic synthetic methodology would require the prior installation of an
orthogonal pair of functional groups at C2 and C7’ (and/or the presence of directing groups to
guide reactivity), as well as the use of a suitable catalyst. The introduction of such compatible
functional group pairs is often far from trivial. Late-stage installation is usually hampered by
inherent molecular steric and electronic constraints, while introducing them early in the synthesis
necessitates their compatibility with subsequent transformations.’’ Additionally, the strict control
of chirality presents a further obstacle thus far limiting the commercial use of producing
podophyllotoxins by pure total synthesis.*®

The mechanism of the DPS-catalyzed transformation was elucidated by our lab in 2022
using substrate-bound structural analysis, biochemical assays with substrate analogs and
chemical model studies (Scheme 1.6).!! Initial hydrogen atom abstraction of the pro-R hydrogen

atom at C7’ by a presumptive Fe(IV)-oxo species generates a substrate radical and Fe(III)-
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hydroxo intermediate. Instead of canonical hydroxyl-rebound, electron transfer from the
substrate radical to the ferric metal center generates Fe(II)-OH and results in a secondary
carbocation at C7’. Subsequently, C-C bond formation is likely induced by rotation of the

benzodioxole moiety, positioning its C6 in close proximity to the C7’-centered carbocation.

Scheme 1.6: Proposed mechanism of DPS-mediated cyclization.

MeO OMe MeO OMe
Me Me
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1.4 Developments in the Preparation of Podophyllotoxins

The clinical importance of podophyllotoxin and structural analogs (podophyllotoxins) has

elicited numerous synthetic approaches in recent years. A brief overview of notable reports is
provided in the following, more details on chemical and biological syntheses can be found in

reviews by Shen,?’ and Zhang.*®

1.4.1 Chemical Synthesis

A concise total synthesis of racemic podophyllotoxin employing a C(sp*)-H arylation
strategy was reported in 2014 by Maimone et al. (Scheme 1.7).%° The corresponding arylation
precursor was prepared via diastereoselective cycloaddition, positioning an acetonide-directing
group adjacent to the desired arylation site. Subsequent Pd(II)-catalyzed coupling with
3,4,5-trimethoxyphenyl iodide was followed by a one-pot cleavage of the acetonide directing
group and the acetal group, products (£)-podophyllotoxin and (+)-epipodophyllotoxin were
obtained in 43% and 33% respectively. Notably, this late-stage arylation strategy enables rapid

access to podophyllotoxin analogs with varied E-ring substitution.
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Scheme 1.7: Total synthesis of racemic (epi)-podophyllotoxin reported by Maimone et al.>
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1.4.2 Synthetic Biology

In a 2019 study, Sattely and co-workers reconstituted the entire biosynthetic pathway
from coniferyl alcohol to (-)-deoxypodophyllotoxin by transient co-expression of 16 genes from
Sinopodophyllum hexandrum in Nicotiana benthamiana (tobacco).®® Accumulation of 4.3 mg/g

dry plant weight (-)-deoxypodophyllotoxin was detected, and 0.71 mg/g dry plant weight (-)-
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deoxypodophyllotoxin were obtained following isolation. As shown in Scheme 1.8, several
enzymes are utilized to convert L-phenylalanine to products (-)-deoxypodophyllotoxin and
(-)-4’-desmethylepipodophyllotoxin (not isolated) in planta. Notably, exogenous addition of on-
pathway intermediates was not required due to the native presence of L-phenylalanine. For more

detail, please refer to the original publication.®

Scheme 1.8: Biological synthesis of (-)-deoxypodophyllotoxin via plant chassis reported by Sattely et al.®
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MeO
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MeO OMe MeO OMe
H Me
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1.4.3 Chemoenzymatic Synthesis
An asymmetric chemoenzymatic synthesis of (-)-podophyllotoxin was reported by

Renata and co-workers. Key intermediate (-)-yatein was produced in a copper-mediated
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oxidative enolate coupling of a chiral oxazolidinone with an ester.®' DPS was then leveraged to

forge the critical C-C bond, producing (-)-deoxypodophyllotoxin. Completion of the synthesis

was achieved via benzylic oxidation with CrO3 and subsequent diastereoselective reduction with

L-selectride, yielding (-)-podophy

llotoxin (Scheme 1.9).

Scheme 1.9: Chemoenzymatic synthesis of (-)-podophyllotoxin leveraging DPS.%!
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1.5 Outlook

Despite this significant progress, extraction of key precursors from producing plants such
as Sinopodophyllum hexandrum and Podophyllum peltatum still remains the main method of
obtaining podophyllotoxins. On the other hand, while synthetic and biotechnological approaches
are emerging as promising alternatives, their economic viability is still limited.1%-61-63

The advantages and disadvantages of organic and biological synthesis seem to
complement each other. The precision and complex machinery of enzymatic catalysis can
provide unmatched selectivity, allowing for chemistry thus far unavailable to synthetic chemists,
but is often highly substrate specific. By contrast, the development of organic synthesis has given
rise to an enormous arsenal of reactions to address inherent limitations in selectivity, thus
making them more applicable to a broader range of substrates.

Chemoenzymatic synthesis has the potential to combine advantages of both, making use

of the efficiency, scalability, and broader scope of organic synthesis, while leveraging the

precision and chemical finesse of enzymatic catalysis to circumvent inherent limitations.
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CHAPTER 2: Investigations into the Mechanism and Substrate Scope of DPS
2.1 Introduction: Scope of Thesis

A deeper understanding of how DPS catalyzes completion of the tetracyclic core may be
the key to realizing efficient access to the aryltetralin lignan scaffold. Furthermore, it may
provide a foundation for developing sustainable and economical chemoenzymatic methods of
producing podophyllotoxins.

In pursuit of this goal, I will address the synthesis of mechanistic probes to evaluate and
access the promiscuity of DPS. Additionally, this study will provide insight into its underlying
catalytic mechanism and active-site residues essential to substrate recognition. Together, these
observations may aid in applying strategies such as structure-guided and semi-rational site-
selective mutagenesis, and bioinformatics approaches toward ultimately harnessing the synthetic

potential of DPS.
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2.2 Results and Discussion

2.2.1 Synthetic Preparation of Substrate Analogs

With the overarching goal of probing, and ultimately expanding, the substrate scope of

DPS to access a library of natural and non-natural aryltetralin lignans, (particularly

podophyllotoxin and the etoposide aglycone (-)-4’-desmethylepipodophyllotoxin), using a single

enzymatic transformation, I initially set out to devise a synthetic route to the native substrate of

DPS, yatein.

Ideally, the synthesis would: (i) provide a concise and efficient route to yatein, (ii) be

suitable to rapid diversification and (ii1) be readily amendable to introducing asymmetric

conditions at a later stage to produce enantio-enriched target compounds.

Scheme 2.1: Preparation of lactone intermediate 3.

fo) diethyl succinate, o Hy’
o " NaOMe .~ o S OMe 10% Pd/C (cat.)
_—
<0 MeOH <o OH EtOAc
70 °C, 2 hours r.t.,, o.n.
19 75% 1 quant.
o 1. KO'Bu, NaBH,, CaCl,,
EtOH o
é OMe -78 °C to r.t., 14 hours %
OH 2. HClI,
CHCI3/H,0
) 100 °C, 1 hour 3
88%

A suitable method adhering to the criteria above was identified (Scheme 2.1). Starting

from piperonal 19, condensation with a succinate ester would generate the corresponding
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o/B-unsaturated acid intermediate 1, followed by reduction of the olefin to form 2 and subsequent
lactonization to give 3, the direct precursor to yatein 11.°%%4-%¢ Finally, enolization of the lactone
intermediate and Sy2-reaction with 3,4,5-trimethoxybenzyl bromide 7 would yield yatein 11
(Scheme 2.2).!¢457 For clarity, structures of numbered compounds are provided in Appendix

A.18.

Scheme 2.2: Completing the synthesis of native substrate yatein.

1. LDA
2. HMPA,
(o) 3,4,5-triMeOBNBr (7)
% THF
-78 °C to r.t.
o.n.
3 58%

In the first step, piperonal 19 is subjected to Stobbe condensation under basic conditions.
Initial attempts were conducted using dimethyl succinate and, though successful, resulted in poor
yields. Interestingly, a significant increase in yield (~20%) was observed under identical
conditions using diethyl succinate instead.®*¢ The condensation product 2 was first purified
according to literature precedent by recrystallization in methanol.® However, this proved to be
inefficient and time-consuming due to decent solubility of the condensation product in methanol.
I found trituration in diethyl ether to be less prone to product loss, while also avoiding the slow
turnaround of recrystallization.

The next step in the synthesis involves Pd/C-catalyzed hydrogenation to reduce the olefin
of intermediate 2. The reaction readily proceeds under atmospheric pressure and room

temperature to produce the product in quantitative yield. The reaction generally reached
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completion after approximately 6h as indicated by TLC but was generally left to stir overnight.
The product 3 is obtained as a colorless oil that can be used in the next step without further

purification.®* For easier handling, trituration in diethyl ether yields colorless crystals.

Scheme 2.3: Unsuccessful asymmetric hydrogenation attempt.

o H,, [{(R,R)-(Et-DuPhos)}Rh(COD)]BF 4’ o
o 1 mol% o
S OMe N - OMe
/\
% OH NaOMe, MeOH, 8 atm, 48 hours % OH
1 (R)-2

Additionally, asymmetric hydrogenation according to literature precedent (Scheme 2.3)
was attempted. The reported pressure of 8 atm could not be attained using our hydrogenation
apparatus, and full recovery of the starting material was observed. Therefore, screening attempts
were abandoned.®*

Next, the lactone intermediate 3 was obtained in excellent yield (88%) via calcium
borohydride reduction. Calcium borohydride is a suitable reductant in this case, as it provides
chemoselectivity in reducing the ester moiety in the hemiester intermediate 2 over the
carboxylate moiety. Notably, the use of a bulky base like potassium zert-butoxide over potassium
hydroxide significantly increases the yield of this transformation (~30%).°%% Purification by
column chromatography can be omitted. Instead, a simple wash with sodium bicarbonate prior to
removal of the solvent also resulted in pure product.

As shown in Scheme 2.2, the lactone 3 is subjected to enolization using lithium
diisopropylamide (LDA) and hexamethylphosphoramide. The resulting enolate subsequently

reacts with benzyl bromide 7 in an Sy2-reaction to finish installation of the E-ring. LDA is
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prepared in situ by addition of n-butyl lithium to diisopropylamine in THF and must be used
fresh.®® Initial attempts produced very low yields (<10%), likely due to moisture contamination
resulting in lower LDA concentration than expected. Omission of HMPA was also accompanied
by a significant drop in yield.®”%’ Likely, HMPA increases the nucleophilicity of the
corresponding enolate by solvating lithium cations. Purification by column chromatography gave
yatein 11 in reasonable yield (58%).

With the native substrate in racemic form in hand, I set out to design a set of yatein
analogs to serve as initial probes for investigating the substrate scope and necessary conditions
for DPS-mediated C-C bond formation. I first identified suitable substitution sites based on the
mechanistic findings and structural analysis previously reported by our lab.”® The proposed
mechanism of DPS likely undergoes cation-induced C-C bond formation (Scheme 1.6). This
implicates the electronic properties of the E-ring to potentially play a role in the reaction
outcome by stabilizing or destabilizing the carbocation intermediate. Therefore, I chose the para-
position of the E-ring as one suitable modification site.

Structural analysis of the substrate-bound structure of DPS (PDB: 7E37) revealed that the
substrate adopts a U-shaped conformation in the active site, with the E ring located in a tight
hydrophobic pocket (Figure 2.1). Specifically, residues L181, K187, F290 and V298 impose
steric constraints via hydrophobic interactions and hydrogen bonding, and along with n-nt
stacking to H184 position the substrate in the active site. No obvious interactions with the two
meta-methoxy substituents can be identified. Therefore, in addition to the para-position, the two
meta-MeO-substituents were selected as suitable modification sites.

Notably, investigations into the bioactivities of aryltetralin lignans have indicated that

subtle changes in the substitution pattern of the aromatic rings, in particular ring E, could
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significantly alter their mechanism of action, further supporting the choice in modification
sites.f!

Lastly, the benzodioxole moiety was selected due to its direct involvement in cyclization.
It forms n-w interactions with H165 and van-der-Waals interactions with T86, M167, L181 and
F290, effectively forming a barrier between the relatively hydrophobic active site and a polar
surface made up of the carbonyl oxygen atoms of P80, E81, Y82 and G84 (Figure 2.1). This
raised the question if the near planarity of the bicyclic benzodioxole moiety may also be

important to DPS-activity, in addition to its electronic properties.

Figure 2.1: Substrate-bound X-ray structures provide insight into key interactions involved in substrate recognition. Polar

interactions and m— interactions are represented by yellow and cyan dashes, respectively. (PDB: 7E37).
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Having chosen my target modification sites, the next step involved choosing appropriate

modifications. Initially, I planned to install a range of electron donating to electron withdrawing

groups in the para-position to investigate the tolerance of DPS-activity to varied electronic
properties in the E-ring. However, due to the limited commercial availability of corresponding

benzyl bromides or suitable precursors, I chose to take inventory of those available to me and

selected suitable candidates (Figure 2.2).

-
o (o)
MeO
€ H o MeO
MeO %
MeO
Me €
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MeO
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MeO H r
M Me
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21 22
\_

Figure 2.2: Selected candidates for preparation of benzyl bromides. 20 was used as the precursor to lactone intermediate 6.

In addition, analogous synthesis of the lactone intermediate 3 was repeated with

3,4-dimethoxybenzaldehyde 20 as the precursor instead of piperonal 19. Similar yields were

obtained and are summarized in Table 2.1.
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Table 2.1: Obtained yields in the preparation of lactone intermediates 3 and 6.

Precursor | Product Step 1 Step 2 Step 3
19 3 75% Quant. 88%
20 6 77% Quant. 81%

The benzyl bromides 7-10 were readily prepared in near quantitative yield, requiring no
further purification, from the corresponding benzaldehydes (Figure 2.2) via reduction with
sodium borohydride and subsequent bromination with phosphorus tribromide (Scheme 2.5).7!:2
As 3,5-dimethoxybenzyl bromide 22 was commercially available, it was selected to prepare my
first substrate analog.

I attempted the transformation using my optimized conditions described above but was
not able to obtain the desired product. Based on previous experience, I suspected moisture-
contamination in LDA to be the likely culprit. Similar results were observed in subsequent
attempts. Screening other strong bases like n-butyl lithium, LHMDS, potassium fert-butoxide
produced the same results. Finally, I decided to go back and retry the original reaction with
3.,4,5-trimethoxybenzyl bromide 7 to identify the source of the problem, whether it be moisture
contamination in my LDA, my hands, or unsuitable reaction conditions for conversion of
3,5-dimethoxybenzyl bromide 22. To my relief, the reaction with 7 proceeded as expected. These
results indicate an electron-rich benzyl bromide is necessary for successful product formation
under the chosen conditions.

Benzyl bromides 8-10 were readily added to lactone intermediates 3 and 6 to yield the
corresponding dibenzyl butyrolactone substrate analog in comparable yields, as summarized in

the table below (Table 2.2). Notably, varying diastereoselectivity was observed in the final
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coupling reactions. Diastereoselectivity was noticeably greater with LDA when compared to
other screened bases (LHMDS, n-BuLi, KO7Bu). The diastereomeric ratio (dr) values were
determined by 'H-NMR and are provided in the table below (Table 2.2). Interestingly, the choice
of solvent system had a significant impact on the extent of separation during purification. While
varying ratios of ethyl acetate/hexanes resulted in poor or unsuccessful separation, coeluting as a

single spot on TLC, diastereomers were readily separated when using acetone/hexanes instead.

Table 2.2: Final products with respective yields and diastereomeric ratio. *Single diastereomer, Pdetermined by 'H-NMR.

Entry

Yield?
dr®

Entry

Yield? 46% 48% 52%
dr® 5:1 5:1 >20:1

Overall, the native substrate and 6 analogs were prepared for use as mechanistic probes to

test the substrate promiscuity of DPS. A current limitation of the outlined conditions is the need
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of an electron-rich benzyl bromide for the introduction of the E-ring. Further optimization may
be required to expand the substrate analog library. Nonetheless, this method provides a

foundation for future preparation of further structural analogs.
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2.2.2 Overexpression and Purification of DPS

To evaluate the substrate scope of DPS, the protein needed to be purified for subsequent
evaluation of activity via biochemical assays. The E. coli (BL21) cell line was chosen as an
appropriate host for overexpression. In addition to wild-type (wt) DPS, an F255V mutant was
also overexpressed and purified. The F255V mutation was introduced by previous post-doctoral
researcher in the Chang lab, Dr. Haoyu Tang. F255 is located above C7 of yatein. To
accommodate functionality in this position, for example a C7-hydroxyl group to enzymatically
produce epipodophyllotoxin or podophyllotoxin, valine was incorporated instead to create a

larger pocket (Figure 2.3).

Figure 2.3: A closer look at the DPS active site. The location of residue F255 may prevent accommodation of pre-installed

functionality on the C7 of yatein.
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Plasmids containing the genes of wt- and F255V-dps, were transformed into E. coli
(BL21). 6L scale overexpression using Terrific Broth (TB) and subsequent purification using
nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography were performed using the
experimental procedure described in Chapter 2.4. Both wt- and F255V-DPS were successfully
obtained in concentrations of 1.83 mM (4 mL) and 0.93 mM (3 mL) respectively.

Reduced yields are common in protein overexpression and purification of variants, as
mutations may result in reduced solubility or improper folding. No solubility concerns were
observed in the case of DPS-F255V, however additional bands visualized by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) are more prominent in F255V-DPS
(Figures 2.4 and 2.5, Chapter 2.4). Nonetheless, both wild-type and variant are readily obtained
using the procedure delineated in Chapter 2.4. Furthermore, wt-DPS was demonstrated to be
catalytically active, as results obtained from in vitro biochemical assays were consistent with

those previously described by our lab in 2022.7°
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2.3 Conclusion

The results presented herein provide a foundation for developing an efficient, convergent
chemoenzymatic strategy to produce diversified aryltetralin lignans. Utilizing a combinatorial
chemo-enzymatic approach allows for facile, large-scale production and diversification of the
key dibenzylbutyrolactone intermediate via organic synthesis, while harnessing the unique and
powerful chemistry enabled by DPS to complete the aryltetralin lignan scaffold via C(sp®)-C(sp?)
bond formation.

To this end, I have outlined a synthetic strategy for access to analogs of yatein, the native
substrate of DPS, allowing for rapid diversification by introducing a functionalized benzyl
bromide in the final coupling step. Using this method, I have prepared 7 compounds for use as
mechanistic probes. Additionally, I have overexpressed and purified both wild-type DPS and
variant F255V-DPS, providing a platform ready for in vitro biochemical assays for investigations
into its native substrate promiscuity. Taken together with the current mechanistic and structural
understanding, this may provide rationale for structure-guided site-selective mutagenesis in

explorations into the chemoenzymatic potential of DPS.
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2.4 Materials and Methods

General Materials

All chemicals (used without purification unless specifically mentioned) were purchased
from Fisher Chemical (Fair Lawn, NJ), Acros Organics (Geel, Belgium), or Chem-Impex Int’]
Inc. (Wood Dale, IL). Deuterated solvents were acquired by Cambridge Isotope Laboratories Inc.
(Andover, MA). Analytical thin layer chromatography (TLC) was carried out on pre-coated TLC
aluminum sheets (silica gel, grad 60, F254, 5 x 20 cm) acquired from EMD chemicals (Billevica,
MA). Flash column chromatography was performed using silica gel (230-400 mesh, grade 60)
obtained from Fisher Scientific (Hanover Park, IL). Nuclear magnetic resonance (NMR) spectra
were recorded using Bruker 500, 600 or 700 MHz spectrometer at the nuclear magnetic
resonance facility of the Department of Chemistry, North Carolina State University. Chemical
shifts were reported in parts per million (8) relative to the internal standard of tetramethylsilane
(TMS). The signals observed were described as follows: s (singlet), d (doublet), t (triplet), q
(quartet), dd (doublet of doublets), m (multiplet). The number of protons (n) for a given
resonance was indicated as nH.

Enzymes, molecular weight marker, isopropyl B-D-1-thiogalactopyranoside (IPTG),
antibiotics, Luria-Bertani (LB), and E. coli BL21 star (DE3) are products of New England
Biolabs (Beverly, MA), BioBasic (Ontario, Canada), or Bio-Rad (Hercules, CA). Protein
concentrations were recorded by ultraviolet visible (UV-Vis) spectra on Agilent Technologies

UV-Vis 8454 system.
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2.4.1 Preparation of Lactone Intermediate

Scheme 2.4: Preparation of lactone intermediates 3 and 6.
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MeOH R3 EtOAc
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6: Ry, R,y
Step I:

To a solution of benzaldehyde 19 (20) (1.0 eq.) stirring in methanol (~0.67 M) was added
diethyl succinate (1.2 eq.), followed by sodium methoxide (1.5 eq.). The reaction mixture was
brought to reflux by heating an oil bath to 70 °C and stirred at that temperature for 2 hours. Upon
cooling, the solvent was removed under reduced pressure before acidifying to pH < 3 with 6 M
aqueous hydrochloric acid. The mixture was extracted with diethyl ether or ethyl acetate. The
combined organic layers were extracted with saturated sodium bicarbonate (aq.) and the
combined aqueous layers acidified to pH < 3 with 6 M HCI and subsequently extracted with

dichloromethane. The combined organic layers were washed with brine and dried over MgSOa.
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After removal of the solvent in vacuo, the residue was triturated in diethyl ether to afford 1 (4) as

a pale yellow/white solid (75-77%).5%

4

Compound 1 (77% yield; (E)-4-(benzo[d][1,3]dioxol-5-yl)-3-(methoxycarbonyl)but-3-
enoic acid). "H NMR (500 MHz, CDCls): § = 7.82 (s, 1H), 6.89 (d, J= 7.5 Hz, 1H), 6.88 (s, 1H),
6.85 (d, J=7.5 Hz, 1H), 6.00 (s, 2H), 3.83 (s, 3H), 3.60 (s, 2H). 3*C NMR (126 MHz, CDCl3): &
=176.8, 168.3, 148.7, 148.2, 142.6, 128.7, 124.2, 123.8, 109.3, 108.8, 101.6, 52.6, 33.8.

(Appendix A.1)

M
€0 X OMe

MeO OH

Compound 4 (75% yield; (E)-4-(3,4-dimethoxyphenyl)-3-(methoxycarbonyl)but-3-enoic
acid) 'H NMR (500 MHz, CDCl3): § = 7.86 (s, 1H), 7.00 (dd, J = 8.2, 2.0 Hz, 1H), 6.98 (d, J =
2.0 Hz, 1H), 6.90 (d, J= 8.2 Hz, 1H), 3.91 (s, 3H), 3.89 (s, 3H), 3.85 (s, 3H), 3.63 (s, 2H). 1*C
NMR (126 MHz, CDCl3): 6 =176.5, 168.7, 150.2, 149.1, 143.0, 127.4, 123.0, 122.9, 1124,

111.2,56.1, 52.6, 34.1. (Appendix A.4)
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Step 11:

A solution of 1 (4) in ethyl acetate (~0.5 M) was degassed with nitrogen. 10% Pd/C (cat.)
was added, followed by introduction of hydrogen. The mixture was agitated under a hydrogen
atmosphere (1 atm) for 12 hours. The catalyst was removed by filtration through celite/celite

filtration and the filtrate concentrated in vacuo to afford 2 (5) as a colorless, viscous oil in

0
o OMe
<O OH

Compound 2 (quant. yield; 3-(benzo[d][1,3]dioxol-5-ylmethyl)-4-methoxy-4-

quantitative yield.®

oxobutanoic acid). '"H NMR (500 MHz, CDCls): § =6.72 (d, J= 7.9 Hz, 1H), 6.64 (d, J= 1.7 Hz,
1H), 6.59 (dd, J= 7.9, 1.7 Hz, 1H), 5.92 (s, 2H), 3.67 (s, 3H), 3.04 (m, 1H), 2.97 (dd, J= 13.6,
6.2 Hz, 1H), 2.69 (dd, J = 17.3, 8.8 Hz, 1H), 2.68 (dd, J= 13.6 Hz, 8.8, 1H), 2.44 (dd, J = 17.3,
4.8 Hz, 1H). '*C NMR (126 MHz, CDCL): § = 177.9, 174.6, 147.9, 146.5, 131.7, 122.2, 109.3,

108.4, 101.1, 52.2,43.0, 37.4, 34.7. (Appendix A.2)

MeO
€ OMe

OH
MeO

Compound 5 (quant. yield; 3-(3,4-dimethoxybenzyl)-4-methoxy-4-oxobutanoic acid). 'H
NMR (500 MHz, CDCl3): 6 =6.78 (d, J = 8.1 Hz, 1H), 6.68 (dd, J= 8.1, 2.0 Hz, 1H), 6.66 (d, J

=2.0 Hz, 1H), 3.85 (s, 3H), 3.85 (s, 3H), 3.67 (s, 3H), 3.07 (td, J= 9.0, 4.1 Hz, 1H), 3.00 (dd, J

37



=13.6, 6.1 Hz, 1H), 2.72 (d, J = 8.8 Hz, 1H), 2.69 (dd, J= 8.8, 4.0 Hz, 1H), 2.44 (dd, J=17.2,
4.8 Hz, 1H). '*C NMR (126 MHz, CDCL): § = 177.7, 174.7, 149.1, 148.0, 130.5, 121.2, 112.1,

111.3,56.0, 56.0, 52.2, 43.1, 37.4, 34.8. (Appendix A.5)
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Step II1:

Potassium tert-butoxide (1.1 eq.) was added to a solution of intermediate 2 (5) in ethanol
(0.5 M). The resulting mixture was stirred at room temperature for 30 min. To a suspension of
calcium chloride in ethanol (1.15 M) was slowly added a solution of NaBH4 in ethanol (1 M) at
0 °C. The mixture was stirred at 0 °C for 1 hour, then cooled to -78 °C. The solution of 2 (5) was
slowly added at -78 °C and the resulting mixture was stirred at -78 °C for 2 hours. After 2 hours,
the mixture was allowed to warm to room temperature and stirred for an additional 12 hours. The
solvent was evaporated, and the resulting residue was partitioned between chloroform and water.
Concentrated hydrochloric acid (excess) was added and the mixture was refluxed at 100 °C for
1 hour. Upon cooling, the mixture was extracted with chloroform. The combined organic layers
were washed with saturated sodium bicarbonate (aq.) followed by water and brine. The organic
layers were dried over anhydrous MgSOs. The product 3 (6) was obtained as a yellow, viscous

oil after removal of the solvent under reduced pressure in good yields (81-88%).%%%4

O
Compound 3 (88% yield; 4-(benzo[d][1,3]dioxol-5-ylmethyl)dihydrofuran-2(3H)-one).
'H NMR (500 MHz, CDCl3): 6 = 6.75 (d, J = 7.9 Hz, 1H), 6.63 (d, J = 1.8 Hz, 1H), 6.60 (dd, J =
7.9, 1.8 Hz, 1H), 5.95 (s, 2H), 4.33 (dd, J=9.2, 7.1 Hz, 1H), 4.02 (dd, J=9.2, 6.2 Hz, 1H), 2.84
—2.75 (m, 1H), 2.71 (dd, J = 12.6, 6.1 Hz, 1H), 2.67 (dd, /= 12.7, 7.1 Hz, 1H), 2.60 (dd, J =

17.5, 8.1 Hz, 1H), 2.27 (dd, J=17.5, 7.1 Hz, 1H). '*C NMR (126 MHz, CDCl3): § = 176.9,

148.1, 146.6, 132.1, 121.8, 109.0, 108.6, 101.2, 72.7, 38.8, 37.5, 34.3. (Appendix A.3)
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MeO
Meom
Compound 6 (81% yield; 4-(3,4-dimethoxybenzyl)dihydrofuran-2(3H)-one). '"H NMR
(500 MHz, CDCls): 6 = 6.81 (d, J=8.1 Hz, 1H), 6.69 (dd, J = 8.1 Hz, 1.5 Hz, 1H), 6.65 (d, J =
1.5 Hz, 1H), 4.33 (dd, /=9.0, 7.1 Hz, 1H), 4.03 (dd, J=9.1, 6.1 Hz, 1H), 3.87 (s, 3H), 3.86 (s,
3H), 2.83 (m, 1H), 2.72 (dd, J=12.6, 6.1 Hz, 1H), 2.71 (dd, J = 12.6, 8.2 Hz, 1H), 2.60 (dd, J =

17.5, 8.2 Hz, 1H), 2.29 (dd, J=17.5, 7.1 Hz, 1H). '*C NMR (126 MHz, CDCl5): § =177.0,

149.2, 148.0, 130.9, 120.8, 111.9, 111.5, 72.8, 56.0, 38.7, 37.4, 34.4. (Appendix A.6)
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2.4.2 Preparation of Benzyl Bromides

Scheme 2.5: Synthesis of benzyl bromides 7-10.

o
R
R, ! NaBH,, MeOH 3 OH PBr,, DCM Br
> R > R
RZ 0°C to r.t., 2 hours 4 0°C, 2 hours 4

7,18: R3 _ R4 = -GCH ’
8,1%:R3 _pa - 0Me;49-’=3-7;

_H,

%,20:R3 g =—oMe,R =M
10,21:Ry 5 o, e

Step I:

A solution of benzaldehyde 18-21 (1.0 eq.) in methanol (0.25 M) was cooled to 0 °C,
followed by addition of NaBH4 (2.0 eq.) in portions. After addition, the mixture was allowed to
slowly warm to room temperature. The reaction was followed by TLC (EA:hexanes = 1:2) until
full substrate consumption was observed (~ 1-2 hours). The solvent was removed under reduced
pressure and the residue was partitioned between dichloromethane and water. The aqueous layer
was extracted with dichloromethane. The combined organic layers were washed with brine and
dried over anhydrous magnesium sulfate. Removal of the solvent under reduced pressure
afforded the corresponding benzyl alcohol, which was used in the next step without further

purification.”!"?
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Step 11:

The benzyl alcohol (1.0 eq.) from the previous step was dissolved in dichloromethane
(0.2 M) and cooled to 0 °C. Phosphorus tribromide (1.1 eq.) was added dropwise and the
resulting solution was stirred at 0 °C until full consumption of the starting material. The reaction
was quenched by addition of saturated ammonium chloride (aq.) and extracted with
dichloromethane. The combined organic layers were washed with water and brine and dried over
anhydrous magnesium sulfate. The drying agent was removed by gravity filtration and the
solvent removed under reduced pressure, affording the benzyl bromide 7-10 as a white to tan
solid in (93-96%).7"72

M
eO Br

MeO
Me

Compound 7 (95% yield; 5-(bromomethyl)-1,2,3-trimethoxybenzene). 'H NMR (500
MHz, CDCl3): § = 6.62 (s, 2H), 4.46 (s, 2H), 3.87 (s, 6H), 3.84 (s, 3H). 3C NMR (126 MHz,

CDCls): 6 = 153.4, 138.3, 133.3, 106.2, 61.0, 56.3, 34.4. (Appendix A.7)

oo
Compound 8 (96% yield; 5-(bromomethyl)benzo[d][1,3]dioxole). 'H NMR (500 MHz,
CDCl3): 6 =6.88 (d, J=1.8 Hz, 1H), 6.86 (dd, /= 7.8, 1.7 Hz, 1H), 6.75 (d, J= 7.8 Hz, 1H),

5.97 (s, 2H), 4.46 (s, 2H). 3C NMR (126 MHz, CDCls): & = 148.1, 148.0, 131.7, 122.9, 109.6,

108.5, 101.5, 34.3. (Appendix A.8)
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MeO
Compound 9 (95% yield; 4-(bromomethyl)-1,2-dimethoxybenzene). 'H NMR (500 MHz,
CDCl3): 6=6.95 (dd, J=8.2,2.0 Hz, 1H), 6.91 (d, J=2.0 Hz, 1H), 6.81 (d, /= 8.2 Hz, 1H),

4.50 (s, 2H), 3.90 (s, 3H), 3.88 (s, 3H). '°C NMR (126 MHz, CDCL): & = 149.4, 149.2, 130.4,

121.7,112.2, 111.2, 56.1, 56.0, 34.5. (Appendix A.9)

M
eO Br

Me
Compound 10 (93% yield; 5-(bromomethyl)-1,3-dimethoxy-2-methylbenzene). 'H NMR
(500 MHz, CDCls): & = 6.57 (s, 2H), 4.49 (s, 2H), 3.83 (s, 3H), 3.83 (s, 3H) 2.07 (s, 3H). 13C

NMR (126 MHz, CDCl3): 6 = 158.5, 136.0, 115.2, 104.5, 55.9, 34.8, 8.3. (Appendix A.10)
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2.4.3 Preparation of Substrate Analogs

Scheme 2.6: Synthesis of substrate analogs 11-17.

R 1. LDA
2. HMPA, RBnBr
’
Rm THF
-78°C to r.t.
o.n.

A dry flask was charged with diisopropylamine (1.6 eq.) and THF (1 M) and the solution
was cooled to -78 °C under inert atmosphere. n-Butyllithium (1.5 eq.) was added dropwise over
10 minutes, upon which the solution was stirred for 30 minutes. Hexamethylphosphoramide
(1.1 eq.) was added dropwise, and the mixture stirred for an additional 15 minutes, followed by
dropwise addition of a solution of benzyl bromide 7-10 (1.85 eq.) in THF (0.5 M). The solution
was stirred for 2 hours at -78 °C, then allowed to warm to room temperature and stirred for an
additional 3-12 hours. The reaction was quenched with saturated ammonium chloride (ag.) and

extracted with ethyl acetate. The combined organic layers were washed with 1 M HCI, then with
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water and brine and dried over magnesium sulfate. The solvent was removed under reduced
pressure and the crude product was obtained as a set of diastereomers. Following purification by
silica-gel column chromatography using acetone and hexanes, the final product 11-17 was

obtained as a single diastereomer (42-59%) as a colorless to tan viscous oil.!!5673

Compound 11 (58% yield; (3R,4R)-4-(benzo[d][1,3]dioxol-5-ylmethyl)-3-(3,4,5-
trimethoxybenzyl)dihydrofuran-2(3H)-one). '"H NMR (500 MHz, CDCl3): § = 6.69 (d, J= 7.6
Hz, 1H), 6.47 (d, J = 1.8 Hz, 1H), 6.47 (dd, /= 7.6, 1.8 Hz, 1H), 6.35 (s, 2H), 5.93 (d, /= 3.1
Hz, 1H), 5.93 (d, /= 3.1 Hz, 1H), 4.18 (dd, /=9.0, 7.6 Hz, 1H), 3.87 (dd, J = 9.0, 7.6 Hz, 1H),
3.83 (s, 9H), 2.93 (dd, J = 14.0, 7.5 Hz, 1H), 2.91 (dd, J = 14.1, 8.6 Hz, 1H), 2.65 — 2.56 (m,
2H), 2.55 — 2.46 (m, 2H). '3C NMR (126 MHz, CDCl3): § = 178.7, 153.4, 148.1, 146.6, 137.0,
133.5, 131.7, 121.7, 108.9, 108.5, 106.4, 101.3, 71.3, 61.0, 56.3, 46.6, 41.2, 38.5, 35.4.

(Appendix A.11)
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Compound 12 (58% yield; (3R,4R)-4-(3,4-dimethoxybenzyl)-3-(3,4,5-
trimethoxybenzyl)dihydrofuran-2(3H)-one). '"H NMR (500 MHz, CDCl3): § =6.75 (d, J= 7.7
Hz, 1H), 6.55 (d, J= 7.5 Hz, 1H), 6.50 (s, 1H), 6.36 (s, 2H), 4.20 — 4.14 (m, 1H), 3.92 — 3.86 (m,
1H), 3.85 (s, 3H), 3.82 (s, 12H), 2.98 — 2.88 (m, 2H), 2.72 — 2.64 (m, 1H), 2.63 — 2.55 (m, 2H),
2.55-2.51 (m, 1H). *C NMR (126 MHz, CDCl3): 6 = 178.7, 153.4, 149.1, 148.0 137.0, 133.5,

130.5, 120.6, 112.0, 111.4, 106.4, 71.5, 61.0, 56.3, 56.1, 46.7, 41.2, 38.3, 35.2. (Appendix A.12)

Compound 13 (42% yield; (3R,4R)-3,4-bis(benzo[d][1,3]dioxo0l-5-
ylmethyl)dihydrofuran-2(3H)-one. '"H NMR (500 MHz, CDCl3): 6 = 6.71 (dd, J = 15.7, 8.0 Hz,
2H), 6.63 (s, 1H), 6.60 (d, J = 7.9 Hz, 2H), 6.46 (m, 2H), 5.94 (d, /= 3.0 Hz, 2H), 5.93 (d, J =
3.0 Hz, 2H), 4.13 (dd, J = 8.9, 6.4 Hz, 1H), 3.86 (dd, /= 8.9, 6.4 Hz, 1H), 2.98 (dd, J = 14.0, 4.5
Hz, 1H), 2.84 (dd, J = 14.0, 6.9 Hz, 1H), 2.62 — 2.51 (m, 2H), 2.50 — 2.43 (m, 2H). *C NMR
(126 MHz, CDCls): 6 = 178.6, 148.0, 148.0, 146.6, 146.5, 131.7, 131.5, 122.4, 121.7, 109.6,

109.0, 108.5, 108.4, 101.2, 71.3, 46.6, 41.4, 38.5, 35.0. (Appendix A.13)
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Compound 14 (46% yield; (3R,4R)-3-(benzo[d][1,3]dioxol-5-ylmethyl)-4-(3,4-
dimethoxybenzyl)dihydrofuran-2(3H)-one. '"H NMR (500 MHz, CDCl3): § = 6.76 (d, J= 7.7 Hz,
1H), 6.71 (d, J=7.6 Hz, 1H), 6.60 (s, 1H), 6.59 (d, J = 8.8 Hz, 1H), 6.58 (d, /= 8.8 Hz, 1H),
6.48 (s, 1H), 5.93 (d, /= 3.3 Hz, 1H), 5.92 (d, /= 3.3 Hz, 1H), 4.20 —4.11 (m, 1H), 3.92 - 3.87
(m, 1H), 3.85 (s, 3H), 3.83 (s, 3H), 2.96 (d, /= 12.8 Hz, 1H), 2.85 (d, /= 12.8 Hz, 1H), 2.63 —
2.45 (m, 4H). *C NMR (126 MHz, CDCl3): § = 178.6, 149.2, 148.0, 146.6, 131.5, 130.5, 122.4,

120.8,111.8,111.4, 109.6, 108.3, 101.2, 71.5, 56.1, 56.0, 46.6, 41.3, 38.4, 34.9. (Appendix

A.14)

Compound 15 (46% yield; (3R,4R)-4-(benzo[d][1,3]dioxol-5-ylmethyl)-3-(3,4-
dimethoxybenzyl)dihydrofuran-2(3H)-one). 'H NMR (500 MHz, CDCl3): § = 6.79 (d, J= 8.0
Hz, 1H), 6.69 (d, J = 7.8 Hz, 2H), 6.67 (s, 1H), 6.45 (d, J=7.9 Hz, 1H), 6.43 (s, 1H), 5.93 (d, J =
1.2 Hz, 1H), 5.93 (d, /= 1.2 Hz, 1H), 4.15 - 4.09 (m, 1H), 3.92 — 3.88 (m, 1H), 3.86 (s, 3H),
3.84 (s, 3H), 2.97 (dd, J = 14.0, 6.7 Hz, 1H), 2.89 (dd, J = 14.0, 6.7 Hz, 1H), 2.63 —2.53 (m,

1H), 2.59 (m, 1H), 2.52 — 2.41 (m, 1H). 3C NMR (126 MHz, CDCl3): & = 178.7, 149.2, 148.1,
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148.0, 146.5, 131.7, 130.2, 121.7, 121.5, 112.3, 111.2, 108.9, 108.4, 101.2, 71.3, 56.0, 56.0, 46.7,

41.2,38.5, 34.8. (Appendix A.15)

Compound 16 (48% yield; (3R,4R)-3,4-bis(3,4-dimethoxybenzyl)dihydrofuran-2(3H)-
one). "H NMR (500 MHz, CDCl3): § = 6.79 — 6.72 (m, 2H), 6.68 (s, 1H), 6.65 (d, J = 8.1 Hz,
1H), 6.55 (d, J=8.1 Hz, 1H), 6.48 (s, 1H), 4.12 (m, 1H), 3.92 — 3.88 (m, 1H), 3.85 (s, 3H), 3.85
(s, 3H), 3.83 (s, 3H), 3.82 (s, 3H), 2.95 (m, 2H), 2.65 (m, 1H), 2.58 (m, 1H), 2.52 (m, 1H).

B3C NMR (126 MHz, CDCl3): § = 178.8, 149.2, 149.1, 148.1, 148.0, 130.6, 130.3, 121.5, 120.7,

112.5,112.0, 111.4, 111. 2, 71.4, 56.0, 56.0, 56.0, 56.0, 46.7, 41.2, 38.3, 34.6. (Appendix A.16)

Compound 17 (52% yield; (3R,4R)-3,4-bis(benzo[d][1,3]dioxo0l-5-
ylmethyl)dihydrofuran-2(3H)-one). 'H NMR (500 MHz, CDCl5): § = 6.69 (d, J = 7.6 Hz, 1H),
6.45 (d,J=10.3 Hz, 2H), 6.32 (s, 2H), 5.93 (s, 2H), 4.18 — 4.10 (m, 2H), 3.87 (dd, /=9.2, 7.3
Hz, 2H), 3.79 (s, 6H), 2.97 (dd, J = 13.9, 5.0 Hz, 1H), 2.91 (dd, J=13.9, 7.1 Hz, 1H), 2.63 —

2.56 (m, 2H), 2.51 — 2.48 (m, 2H), 2.05 (s, 3H). 3C NMR (126 MHz, CDCls): 5 = 178.8, 158.5,
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148.0, 146.5, 136.1, 131.8, 121.7, 113.1, 108.9, 108.4, 104.7, 101.2, 71.4, 55.9, 46.7, 41.2, 38.5,

35.6, 8.1. (Appendix A.17)
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2.4.4 Protein Overexpression and Purification

Wild-type- and F255V-DPS were overexpressed in E. coli BL21 (DE3). A single cell
colony was used for the inoculation of a start culture in 250 mL Terrific Broth (TB) solution
containing 50 pg/ul kanamycin. The start culture was incubated at 37 °C and shaken at 220 rpm
for approximately 14 hours and subsequently used to inoculate 1 L x 6 of cells in TB medium.
The cell LB (1 L x 6) was incubated at 37 °C and 220 rpm until reaching an optical density
(OD600) of ~ 0.6. Protein overexpression was then induced with isopropyl B-D-1-
thiogalactosidase (IPTG) and subsequently shaken at 18 °C for an additional 14-16 hours. The
cells were harvested by centrifuging for 30 minutes at 18 °C and 6000 rpm. The obtained cell
weight was approximately 47 g and 30 g for wt- and F255V-DPS respectively.

The resulting cell paste was lysed via sonication (12 cycles with each cycle being 30 sec
induction and 60 sec delay) for 6 min and then centrifuged for 30 minutes at 20,000 rpm 8 °C.
The supernatant was loaded onto a nickel-nitrilotriacetic acid (Ni-NTA) column and washed with
3 column equivalents of lysis buffer (100 mM tris(hydroxymethyl)aminomethane (Tris) at
pH = 7.8). The N-Hise¢-tagged proteins were eluted with the elution buffer containing 250 mM
imidazole and 100 mM Tris at pH = 7.8. Elution fractions containing the proteins were
visualized by SDS-PAGE analysis using 10% Coomassie Blue Staining (Figures 2.4 and 2.5) and
concentrated using Macrosep Advance Centrifugal Devices (Pall, NY). The proteins were
concentrated to a final volume of 4 and 3 mL and subjected to dialysis overnight with 2 L buffer
containing 10 mM EDTA and 100 mM Tris (pH = 7.8), followed by twice with 2 L buffer
containing 100 mM Tris (pH = 7.8). The concentrations of wt- and F255V-DPS were determined

using UV-Vis spectroscopy and calculated to be 1.83 mM and 0.93 mM respectively, using the
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molar absorptivity (calculated from https://ca.expasy.org) of wt-DPS (35597.5 Mlcm™) and

DPS-F255V (35597.5 M-'em™).

Figure 2.4: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of wild-type DPS. Marker

descriptors in kDa. DPS has an approximate mass of ~ 37 kDa.

51



&
o D S\ A\
e st o O @
& P SEUNNIPA RN
Nl N DRV R LR &
2 ¥ OT T > <

Figure 2.5: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of F255V-DPS variant. Marker

descriptors in kDa.
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