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Abstract

Monoterpenoid indole alkaloids (MIAs) are among the most complex specialized
metabolites with a broad range of pharmacological activities. These natural products have
been used as anticancer (vinblastine and vincristine) and antiarrhythmic (ajmaline) agents
since the 1970s. Despite the low vyield, the plant Catharanthus roseus (Madagascar
periwinkle) remains the sole commercial source for MIA vinblastine and vincristine
production because of the complex structure and stereochemistry makes the total synthesis
difficult and costly. The complete elucidation of the 28-genes vinblastine biosynthetic
pathway in 2018 allows the assembly of this remarkable pathway in microorganisms for
the industrial production of vinblastine, which also unlocks the door to producing a broad
range of medicinal MIAs using the core pathway. In this thesis, the biosynthesis of early
vinblastine intermediate geissoschizine from tryptamine and secologanin precursors was
engineered in E. coli by inhibiting the leaky expression of genes during the biomass
accumulating stage. The expression issue of the O-acetylstemmadenine oxidase in yeast
was solved by replacing its signal peptide with that of the yeast carboxypeptidase Y, which
allowed the biosynthesis of two late vinblastine intermediate catharanthine and tabersonine
in yeast from geissoschizine intermediate. This research is the first example of microbial
production of these MIAs, which lays the foundation for the complete biosynthesis of

vinblastine in microbes.
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A. Literature Review

A.l. Introduction

Plants produce a massive variety of compounds during their life cycles. Many of these
compounds, termed as the secondary metabolites, are not needed for immediate plant
survival but may be used to defend the plants against herbivory and bacterial attacks, or
communicate with the environment. The secondary metabolites, also known as natural
products, are the source of bioactive and other valuable compounds throughout human
history. These metabolites contribute to around 25% of modern medicine in human health
(Yun et al., 2013). Notably, in the group of antibiotics and anticancer drugs, more than
60% of them have been derived from plant metabolites (Ozber, Watkins, & Facchini,
2020). Plant natural products not only provide a broad range of pharmaceutical drugs but
also supply economically valuable products such as flavours, fragrances, dyes, food
preservatives. Alkaloids are one of the largest groups of bioactive secondary metabolites
which contain nitrogen in their structure. Among the alkaloids, monoterpenoid Indole
Alkaloids (MIAs) are one of the most diverse and largest alkaloid groups, with more than
3000 alkaloids identified so far. MIAs are well known for their dynamic bioactivities, and
they can be found in thousands of plant species in the Apocynaceae, Loganiaceae and
Rubiaceae families (Vincenzo De Luca, Salim, Thamm, Masada, & Yu, 2014).

Madagascar Periwinkle or Catharanthus roseus is the source of more than 130
different MIAs, including catharanthine, vindoline in the aboveground organs

(Westekemper et al., 1980), ajmalicine, serpentine, tabersonine, lochnericine, and



hérhammericine in roots (Van Der Heijden et al., 1989; Morgan & Shanks, 2000). More
importantly, valuable anticancer drugs vinblastine and vincristine (Fig. 1) are isolated from
this plant. In addition to these two drugs, C. roseus also produces ajmalicine and serpentine,
which are used as antihypertensive and sedative, respectively (Pan, Mustafa, Tang, Choi,
& Verpoorte, 2016). Lochnericine and hérhammericine as cytotoxic compounds were also
extracted from C. roseus (Cordell & Farnsworth, 1976). Notably, almost all of the MIAs
have been derived from central precursor strictosidine (Fig. 1) (Heijden, Jacobs, Snoeijer,
& Hallard, 2004). Because of the pharmaceutical value of these MIAs, numerous studies
have been conducted on MIAs biosynthetic pathways in this plant during the past few
decades (Salim & De Luca, 2013).

For more than fifty years, the dimeric MIAs vinblastine and vincristine have been
used for cancer treatment against lymphoma and leukemia and still play a crucial role in
modern pharmacotherapy. Because of the complex structure and complicated
stereochemistry of vinblastine, the chemical synthesis of this molecule is difficult and
costly and direct extraction of C. roseus remains the sole source for vinblastine production.
However, because of the low concentration of these two compounds in C. roseus and the
costly purification procedure, these two therapeutic agents are expensive. Despite the
cultivation of C. roseus under UV-light and nitrogen sources, which increase the
abundance of vinblastine, only 0.1-20 g/ton-dry leaf can be harvested. Also, geographical
and seasonal variation leads to different qualities and quantities of extracted vinblastine.
Although original plant sources can be modified to accumulate target pathway metabolites,
engineering plants have been more challenging than microbes due to the complexity of

plant physiology and metabolism (Tatsis & O’Connor, 2016). With the development of
2



modern synthetic biology, it is possible to make biosynthetic production of vinblastine in
microbial platforms such as E. coli and yeast to improve the production of vinblastine and
reduce the cost (Schldger & Drdager, 2016). The full elucidation of the vinblastine
biosynthetic pathway in C. roseus in 2018 finally allows the complete biosynthesis of

vinblastine in heterologous systems, which is explained in the following section.

Figure 1. 1) Anticancer drug vinblastine 11) Anticancer drug vincristine 111) MIA key intermediate

strictosidine



A.2. Research background

A.2.1 Isoprenoid and Iridoid pathway in C. roseus

The vast majority of the >3,000 reported MIAs are derived from a single MIA
strictosidine by the condensation of tryptamine and a secoiridoid, secologanin. Tryptamine
which itself derived from decarboxylating the amino acid tryptophan, provides the indole
ring in the MIA structure. Secologanin, provided by the isoprenoid and iridoid pathways,
adds the monoterpene moiety to the indole. From strictosidine, numerous enzyme catalysts
are responsible for generating thousands of structures. In C. roseus, these reactions occur
in several distinct tissues, including the internal phloem-associated parenchyma (IPAP)
cells, leaf epidermis (the outmost layer of the leaf), and specialized cells such as laticifers
and idioblasts.

The isoprenoid pathway involves enzymatic reactions to the synthesis of
isopentenyl diphosphate (IPP) (Salim & De Luca, 2013). There are two separate
biosynthetic pathways for IPP biosynthesis in plants, the cytosolic mevalonate pathway
(MVA) and the plastidic MEP pathway (Lichtenthaler, 1999). Most studies show that the
MEP pathway produces IPP towards MIA biosynthesis in C. roseus (Thamm, Qu, & De
Luca, 2016). The MEP pathway starts in C. roseus IPAP cells with the condensation of
pyruvate with D-glyceraldehyde-3-phosphate mediated by 1-deoxy-D- xylulose-5-
phosphate synthase (DXS) to form 1-deoxy-D-xylulose-5-phosphate. In the next step, this
intermediate is converted into 2-C-methyl-D-erythritol-4-phosphate catalyzed by the
enzyme 1-deoxy-D-xylulose-5-phosphate reducto isomerase (DXR). Then, 2-C-methyl-D-
erythriol-4-phosphate is converted to 4-cytidyl diphospho-2C-Methyl-D-erythrol 2-

4



phosphate. 2C-Methyl-D-erythrol 2,4 cyclodiphosphate is then formed by 4-cytidyl-
diphospho-2-C-methyl-D-erythritol synthase (MECS). 4-hydroxy-3-methylbut-2-enyl
diphosphate is formed in the next stage by the hydroxymethylbutenyl diphosphate synthase
(HDS) enzyme. The pathway then produces IPP, which is in equilibrium with dimethylallyl
diphosphate (DMAPP) by isopentenyl diphosphate isomerase (ID1) (Pan et al., 2016). After
IPP and DMAPP are produced by the MEP pathway, these two molecules condense
together to form geranyl diphosphate (GPP) in the reaction mediated by geranyl
diphosphate synthase (GPPS), which is the precursor of all monoterpenes (C10 or two
isoprene units). Similarly, sesquiterpenes (C15 or three isoprene units), diterpenes (C20 or
four isoprene units), and triterpenes (C30, or six isoprene units) are formed by respective
synthases by condensing various numbers of IPP to DMAPP or other terpene substrates
(Moser & Pichler, 2019). In C. roseus, GPPS has the key role towards providing a
monoterpenoid branch to the MIA pathway (Contin, Van Der Heijden, Lefeber, &
Verpoorte, 1998). Subsequently, GPP is converted to geraniol, catalyzed by geraniol
synthase (GES) (Simkin et al., 2013).

After the geraniol production by the MEP pathway, the iridoid pathway follows to
convert geraniol to secologanin. The first step of this pathway is hydroxylation of geraniol
to 10- hydroxygeraniol by geraniol 10-hydroxylase (G10H) (Oudin, Courtois, Rideau, &
Clastre, 2007), and subsequently it is converted to 10-oxogeranial by 10-hydroxygeraniol
oxidoreductase (10HGO). Iridoid synthase (1S) converts 10-oxogeraniol to iridodial, which
equilibrates with cis-trans nepetalactol (Geu-Flores et al., 2012). Nepetalactol is converted
to 7-deoxyloganetic acid by 7-deoxyloganetic acid synthase (7DLS). The next two steps

include forming 7-deoxyloganic acid by 7-deoxyloganetic acid glucosyltransferase
5



(7DLGT) and then converting to loganic acid by 7-deoxyloganic acid 7-hydroxylase
(7DLH). All the above steps occur in C. roseus IPAP cells. After this step, loganic acid is
transported to the leaf epidermis, and there, in the presence of loganic acid O-
methyltransferase (LAMT) it is converted to loganin. Finally, loganin yields to secologanin
by secologanin synthase (SLS) (Qu et al., 2015). The pathway supplies secologanin which

condenses with tryptamine in the downstream biosynthetic pathway.

H

0
)\/\)\/\ e )/\/\)\/\
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Figure 2. Iridoid pathway; conversion of geraniol to secologanin
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A.2.2 MIA vinblastine pathway in C. roseus

The vinblastine pathway starts from the condensation of tryptamine and secologanin in
the leaf epidermis. Tryptamine is derived from amino acid tryptophan by tryptophan
decarboxylase (TDC) (V. De Luca, Marineau, & Brisson, 1989). Condensation between
tryptamine and secologanin mediated by strictosidine synthase (STR) leads to the
formation of strictosidine, the key intermediate in MIA production. This enzyme is
expressed in the vacuole of leaf epidermis cells (Treimer & Zenk, 1979;Mcknight,
Roessner, Devagupta, Scottl, & Nessler, 1990).

In the next step, the glucose moiety of strictosidine is removed, which catalyzes by the
expression of strictosidine pB-D-glucosidase (SGD). Removal of glucose moiety from
strictosidine forms various unstable aglycones in equilibrium, with cathenamine and
epicathenamine being the major structures. The remarkable diversities of the aglycones
structures and enzymes that are specific for individual aglycone is recognized as key to the
initial diversity of MIAs. Sub-cellular localization studies have shown that this enzyme
expresses in the nucleus (Geerlings, Martinez-Lozano Ibafiez, Memelink, Van Der
Heijden, & Verpoorte, 2000). Particularly related to vinblastine biosynthesis, strictosidine
aglycones are reduced to 19E-geissoschizine by geissoschizine synthase (GS) (Qu,
Thamm, et al., 2018), while they can also be converted to ajmalicine and other MIAs that
are no longer intermediates to vinblastine (Hemscheidt & Zenk, 1985).

Following the formation of 19E-geissoschizine, seven enzyme-mediated reactions are
needed to produce the iboga type MIA, catharanthine and aspidosperma type MIA,
tabersonine. At first, 19E-geissoschizine is oxidated by a cytochrome P450, geissoschizine

oxidase (GO), to an unstable intermediate. The next step involves a cinnamyl alcohol
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dehydrogenase-like enzyme, Redoxl. Then, unstable intermediate is converted to
stemmadenine catalyzes by an aldo-keto—type reductase enzyme, Redox2. Stemmadenine
is a critical intermediate in the vinblastine pathway. In the next step, stemmadenine-O-
acetyltransferase (SAT) mediated the O-acetylation of stemmadenine to O-
acetylstemmadenine (OAS) (Qu, Easson, et al., 2018). Subsequently, precondylocarpine
acetate is formed from O-acetylstemmadenine in the reaction catalyzes by O-
acetylstemmadenine oxidase (ASQO). Then, precondylocarpine acetate is reduced to
dihydroprecondylocarpine acetate by DPAS, which likely results in simultaneous
elimination of the acetate group leading to a highly unstable secodine type of MIA
intermediate (Qu, Safonova, & De Luca, 2019; Caputi et al., 2018). Two homologous
hydrolases, HL1 and HL2, work separately to cyclize this intermediate to catharanthine
and tabersonine, respectively (Qu, Easson, et al., 2018). After this step, catharanthine is
secreted from the leaf epidermis to the surface by a transporter (Yu & De Luca, 2013).
After the formation of aspidosperma MIA, tabersonine, it takes seven enzymatic
reactions to produce vindoline. The first five steps of this conversion take place in the leaf
epidermis cells, while the last two steps occur at laticifer/idioblast cells. The first two steps
convert tabersonine to 16-methoxytabersonine, which is mediated by tabersonine 16-
hydroxylase (T16H) and 16-hydroxytabersonine O-methyltransferase (L60OMT) (Besseau
etal., 2013; Levac, Murata, Kim, & Luca, 2008). The next two steps involve the formation
of 3-hydroxy-16-methoxy-2,3-dihydrotabersonine catalyzed by tabersonine 3-oxygenase
(T30) and tabersonine 3-reductase (T3R) (Qu et al., 2015). The last step which takes place
in leaf epidermis cells is N-methylation to yield desacetoxyvindoline mediated by N-

methyltransferase (NMT) (Salim, Wiens, Masada-Atsumi, Yu, & De Luca, 2014; De luca,
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Balsevich, Tyler, & Kurz, 1987). Then desacetoxyvindoline is transported to
laticifer/idioblast cells to yield deacetylvindoline catalyzes by desacetoxyvindoline-4-
hydroxylase (D4H) (De Carolis & De Luca, 1993). Subsequently, Deacetylvindoline 4-O-
acetyltransferase (DAT) catalyzes the final step to produce vindoline (Vincenzo De Luca,
Balsevich, & Kurz, 1985; Fahn, Gundlach, Deus-Neumann, & Stockigt, 1993)

Finally, dimeric anticancer MIA, vinblastine, is formed by coupling vindoline and
catharanthine (Verpoorte, van der Heijden, & Moreno, 1997). This step is catalyzed by a
peroxidase (PRX1) enzyme. PRX1 is characterized and purified from C. roseus
(Sottomayor, LOpez-Serrano, Dicosmo, & Ros Barceld, 1998). The presence of
catharanthine and vindoline in leaf epidermis cells and idioblast/laticifer cells, explains the
low abundance of vinblastine in C. roseus.

With the full elucidation of the biosynthetic pathways of vinblastine in C. roseus, it is
now possible to engineer this biosynthetic pathway by gene assembly in microorganisms,

which may improve the production of this expensive but highly valuable compound.
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A.2.3. choices of microorganisms for producing plant specialized metabolites

Most secondary metabolites, including vinblastine, are present at extremely low
concentrations in their natural source, which increases the cost of extraction from the plant.
Moreover, the structural and stereochemical complexity makes them difficult and costly to
be chemically synthesized. Synthetic biology methods for engineering metabolites
pathways into other hosts are efficient alternative ways to cost-effective production of
high-value compounds. With the development of modern molecular biology tools, the
heterologous expression has become much more accessible. However, the identification of
biosynthetic pathways of natural products is prior to assembling the pathway into an
alternative host (Dai, Liu, Guo, Huang, & Zhang, 2015).

Plant cells are one of the first choices for the production of secondary metabolites.
The similarity of subcellular compartments and protein processing in most plant cells
makes them the first choice for assembling and engineering the pathway into another plant.
Some platforms, such as Nicotiana Benthamina, have been developed in recent years.
Although tobacco offers advantages such as the convenience for transient protein
expression, the ease for testing compound production, and available necessary enzyme
cofactors, engineering natural product production in other plant systems suffers great
difficulties in genetic manipulation and slow growth in comparison to a microbial host,
make microorganisms the better option as the alternative host (Cravens, Payne, & Smolke,
2019).

Microorganisms have smaller genome sizes, so the complexity in microorganisms
is considerably lower than the plants' cells. Also, there are fewer intracellular organelles in

microorganisms in comparison to plant cells; therefore, metabolite transport between
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enzymatic steps reduces dramatically. The relative simplicity and manipulation of
microorganisms have a significant interest in their engineering for the microbial production
of high-value plant metabolites (Leonard, Runguphan, O’Connor, & Prather, 2009).

Choosing the microbial host platform is the next consideration in metabolic
engineering. Choosing a suitable host organism for metabolites production needs some
general considerations regarding the available tools for the protein expression, such as
strains, vectors, promoters, and signal peptides (Carvalho, Hansen, Kayser, Carlsen, &
Stehle, 2017). Microorganisms such as Escherichia coli and Saccharomyces cerevisiae
(Baker’s yeast) have advantages such as well-established tools available for genetic
manipulation, easily cultured, available genome sequence and have an available range of
developed platform strains (Cravens et al., 2019).

E. coli and S. cerevisiae both have their pros and cons in metabolic engineering.
Advantages of S. cerevisiae are its ease of genomic integration, owing to a high rate of
homology-directed recombination, and as a eukaryote yeast includes many organelles that
are also located in plants, providing necessary compartmentalization when needed.
Efficient homologous recombination enables stable integration of genes into the
chromosome, and many genetic tools are available after decades of research in this
organism (Krivoruchko & Nielsen, 2015). S. cerevisiae, although slower growing than E.
coli, can still be transformed quickly.

On the other hand, E. coli has a growth time 3 — 4 times shorter than S. cerevisiae,
also it is more compatible with very high expression of enzymes and has a different profile
of native metabolites available in comparison to S. cerevisiae (Ajikumar et al., 2010).

Reconstructing and engineering enzymes in E. coli usually shows better titers than yeast.
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For example, engineered E. coli produces 1 g/L taxadiene precursor in contrast to S.
cerevisiae expressing the same genes showing a titer of 72.8 mg/L. However, E. coli is not
amenable for producing eukaryotic enzymes that requires endoplasmic reticulum (ER) or
post-translational modifications such as protein glycosylation, since these features do not
exist in prokaryotic bacteria.

Cytochrome P450 monooxygenase (CYP) enzymes are some of the most frequent
enzymes in plant biosynthetic pathways, because this highly diverse enzyme family is
known to conduct oxidation, hydroxylation, and many other reactions that are necessary
for natural product formations. In plants, the CYPs are exclusively localized on the ER
membranes, and this membrane association is needed for its redox capabilities, and
sometimes important for substrate binding and release. Unfortunately, bacteria do not have
ER, making expressing CYPs in the prokaryotic system highly challenging. Therefore, it
greatly limited the use of bacteria as the host for producing complex plant metabolites,
which usually require multiple CYPs for their biosynthesis. Although a handful CYPs have
been functionally expressed in bacteria after extensive N-terminal membrane domain
modification, their expression requires no modification in yeast. As a eukaryote, yeast has
ER and produces three native CYPs. For these reasons, yeast is the preferred
microorganism for synthesizing highly functionalized plant products, especially for the
compounds that require multiple CYPs (Pyne, Narcross, & Martin, 2019).

Because of the limitations of each system, researchers have started exploring the
co-culture strategies that take advantage of both. For instance, in microbial production of
anticancer paclitaxel, precursor taxadiene was initially carried out in E. coli for its faster

growth dynamics, and the next steps were engineered in yeast for the mediation of
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oxygenation reactions due to its cellular biology and the presence of abundant cellular
membranes which resulted in a higher amount of paclitaxel formation (Zhou, Qiao, Edgar,

& Stephanopoulos, 2016).

A.2.4. Examples of microbial synthesis of plant metabolites

Semi-synthetic production of artemisinin, antimalarial terpenoid extracted from
sweet wormwood (Artemisia annua), is among the most well-known applications for
microbial biosynthesis of pharmaceuticals in microorganisms. The entire mevalonate
pathway for producing the terpene precursor was integrated into the yeast genome to
enhance the production of IPP, which was converted to the sesquiterpene farnesyl
pyrophosphate (FPP) by yeast FPP synthase. Four plant enzymes, including a CYP from
A. annua were responsible for converting FPP to dihydroartemisinic acid. The enhanced
precursor production provided the “push” to the final product. On the other hand,
dihydroartemisinic acid is highly water-insoluble and is rapidly secreted by yeast to the
growth media and precipitated from it, which effectively drives the catalysis equilibrium
to the product formation, providing the “pull” in the biosynthesis. This highly coordinated
metabolic engineering experiment provided the titration rate of 25 g/L in the industrial
batch-feed fermenter. In the next step, artemisinin is produced by synthetic organic
chemistry (Paddon, et al., 2010).

Another notable example is the microbial production of the precursor to the
anticancer drug paclitaxel (Taxol®). This metabolite is naturally produced from several
Taxus spp. including Taxus brevifolia, and industrially produced via cultivating T.

brevifolia cell cultures. While the biosynthetic pathway of paclitaxel has not been
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elucidated yet, its precursor taxadiene, a sesquiterpene, has been microbially produced in
E. coli with high level titration (1 g/L) in a similar fashion seen in dihydroartemisinic acid,
which includes overexpression of the MV A pathway (Zhou et al., 2016).

In addition to these successful cases, there are more examples for pathway
reconstitution, including the microbial formation of (S)-reticuline (Nakagawa et al., 2011),
de novo biosynthesis of morphinan alkaloids in E. coli and yeast (Galanie, et al., 2015),
resveratrol production in yeast (Li, et al., 2016), biosynthesis of branch point flavonoid
naringenin by yeast (Lehka et al., 2017), and the production of geraniol, the key
intermediate in the MIA skeleton and many more monoterpenoids in yeast and E. coli (W.
Liu et al., 2016). With our ability of conducting synthetic biology and the broad range of
applications for natural products, the number of research in the metabolic engineering field

is rising rapidly.

A.2.5. Gene expression in microbial platforms and methods for enhancing the plant

enzyme activity in hosts

In general, pathway assembly and engineering refer to the design and organization
of biosynthetic gene sequences to construct heterologous pathways from the source, such
as a plant producer, into a microbial host. The process includes assembling appropriate
gene promoters, gene terminators, the biosynthetic genes, and their integration into either
the host genome or episomal plasmids, which are circular, double-strand DNA sequences
replicating independently from the host genome replication. The gene expression levels
can be manipulated by promotors of different strengths and inducible promotors that will

only drive the gene expression when an inducer chemical is presented in the growth media.
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The gene expression levels may also be changed by changing the gene copy numbers in
the host.

Although the most common microbial hosts, E. coli and yeast, carry significant
advantages such as fast growth, easy genome editing, and manipulation, there are still
obstacles ahead of the functional expression of plant genes in microbial systems. A number
of plant enzymes contain signal peptide to drive the protein to the specific organelles such
as chloroplast, vacuole, or endoplasmic reticulum, which is a result of highly organized
metabolism in the plant cells. In contrast, E. coli does not have any plant organelles, while
yeast lacks chloroplasts, and its metabolism is simpler. Therefore, plant native signal
peptides may not be properly recognizable by microbial hosts, which leads to either failure
in gene expression or insolubility of the target protein (Williams, McGarvey, Katahira, &
Croteau, 1998). One of the most effective approaches for increasing protein expression in
the microbial host is protein N-terminal truncation. For example, monoterpene geraniol
production in yeast can be improved by assembling truncated genes into yeast (Zhao, Bao,
Li, Shen, & Hou, 2016). In the other example, in the reconstruction of opioid production
in yeast, low activity of salutaridine synthetase (salSyn) was observed. The problem was
caused by the wrong localization of the protein, which was localized to ER lumen instead
of ER outer membrane. Therefore, the post-translational modification does not take place
functionally, and the protein is not N-linked glycosylated. The engineered enzyme
improved conversion of (R)-reticuline to salutaridine by sixfold (Galanie et al., 2015).

Monoterpene biosynthesis in plants usually takes place in the chloroplasts, and the
correspondence monoterpene synthases have the signal peptide, named as plastid targeting

sequence (PTS) that is usually 20-80 amino acids. Although in the plant, the signal peptide
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is cleaved after protein is successfully localized to the target, it is observed that in microbial
host, the PTS is not cleaved after protein expression, resulting in decreased enzyme
activity. Replacing the native gene by the PTS removed truncated version can increase the
microbial production yield. For instance, the truncated version of linalool synthases shows
a 15-fold improvement in the product titers (Cravens et al., 2019).

As the CYP enzymes catalyze oxidation reactions, it is coupled to the reduction of
an enzyme cofactor nicotinamide adenine dinucleotide phosphate (NADPH). This reaction
needs a cytochrome P450 reductase (CPR) partner to transfer electrons between NADPH
and CYP enzymes (Porter, 2002). Typically, each plant has a lot of CYPs and several
CPRs. Pairing CYP-CPR is the other challenge in genetic engineering. While yeast
contains a native CPR, most plant CYPs show better activity when paired with CPRs from
the same plant species (Fossati et al., 2014). To overcome this obstacle, microbial synthesis
research takes a "one-size-fits-all" approach, pairing multiple CYPs with a single CPR.
Paclitaxel and artemisinin microbial synthesis studies are examples of this strategy (Paddon

etal., 2013).

A.2.6. Microbial production of strictosidine in yeast

The early part of the MIA pathway has been assembled and engineered into the S.
cerevisiae host. Strictosidine, the key intermediate for almost all 3000 known MIAs, has
been produced de novo in yeast (Brown, Clastre, Courdavault, & O’Connor, 2015). The
formation of strictosidine requires the formation of tryptamine derived from amino acid
tryptophan decarboxylation and the formation of the monoterpene/iridoid secologanin

derived from GPP. While GPP is produced in C. roseus via the MEP pathway, numerous
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reports have opted to engineer the MVVA pathway for supplying IPP in both E. coli and
yeast hosts. E. coli has its native MEP pathway but lacks the MVA pathway. The
integration of a foreign MV A pathway to E. coli leads to an enhanced supply of IPP. It is
assumed that this effect can be attributed to the lack of tight regulation of the heterologous
pathway by the host E. coli cell (Martin et al., 2003). Many further studies also illustrate
the positive impact of heterologous MVA pathway integration in E. coli on precursors
production (Tabata & Hashimoto, 2004). S. cerevisiae naturally accumulates a large
amount of ergosterol (a triterpene derived from sesquiterpene FPP), which presents the
potential of its own MV A pathway for terpenoid production. Because of the redox systems
in S. cerevisiae, it also allows cytochrome P450 to modify terpenoids skeleton, while E.
coli does not have any redox systems.

In the research by Brown et al. (2015) for microbial production of strictosidine in
yeast, the researchers mixed some previously reported genes in the MVA pathway to
increase the GPP production flux. The first gene integrated into the yeast strain is a N-
terminal truncated HMG-CoA reductase (tHMGR), resulting a non—feedback-regulated
enzyme that is not inhibited by the concentration of its own products. In order to increase
the DMAPP flux, a second copy of IDI1 was integrated into the yeast genome. Moreover,
a second copy of MAF1 was assembled into yeast to prevent IPP from being consumed by
the tRNA synthesis to increase GPP production. While the S. cerevisiae yeast strain has
been successfully engineered for FPP production, its GPP production is limited. ERG20
gene is yeast’s only FPP and GPP synthase, but its GPP product cannot be released from
the catalytic site. In order to solve this bottleneck, the research group assembled the

AgGPPS2 gene, GPP specific synthase characterized from Abies grandis. (grand fir), into
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the yeast strain to increase GPP production. To reduce the flux of FPP and ergosterol
production, which compete with GPP production, the research group replaced the yeast
native FPP synthase ERG20 with a mutant FPP synthase (mFPS144) in the yeast strain
genome. mFPS144 is a mutant version of FPPS from Gallus gallus (chicken), which has
been reported for greater GPP production compared to its FPP synthase activity
(Fernandez, Kellogg, & Poulter, 2000). Followed by these modifications to enhance GPP
production, 11 C. roseus genes (GES, G8H, GOR, IS, 10, 7-DLGT, 7-DLH, LAMT, SLS,
STR, TDC) were introduced to this yeast strain to produce strictosidine. As in the pathway
there are four CYP enzymes (G8H, 10, 7-DLH, SLS), C. roseus CPR and CYB5 (known
to enhance electron transfer) were also assembled into the yeast genome to raise CYP
enzymes activity. Because ISY, 10, 7-DLH, G8H, and SLS require NADPH, and LAMT
requires S-adenosyl-L-methionine, ZWF1 and SAM2 have been added to the platform to
boost the availability of NADPH and S-adenosyl-L-methionine, respectively. However,
strictosidine production was not observed in this initial strain (Brown et al., 2015).
Downstream substrates feeding suggested that one of the bottlenecks is the low
activity or expression of G8H. By assembling a codon-optimized G8H in a high copy
number plasmid to the yeast strain, strictosidine production was observed. To decrease
geraniol side reactions, ATF1 and OYE2, two correspondent genes for alcohol
acetyltransferase and NADPH oxidoreductase, respectively, were deleted from the yeast
genome. Furthermore, in order to boost 10 activity in the conversion of nepetalactol to 7-
deoxyloganetic acid, an alcohol dehydrogenases gene (CYPADH) was added to the yeast
platform. It leads to increase the strictosidine flux in the yeast. Finally, strictosidine

production up to 0.5 mg/L was observed. While this research proves that de novo
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production of strictosidine in an engineered yeast strain is feasible, G8H activity remains

the bottleneck of this part of the pathway and can be further optimized.

A.2.7. Microbial conversion of tabersonine to vindoline in yeast

Biosynthesis of vindoline from tabersonine mediated by seven enzymes, T16H,
160MT, T30, T3R, NMT, D4H and DAT. T30 and T3R were characterized and identified
from C. roseus in 2015 and completed this enzymatic reaction (Qu et al., 2015) and
unlocked the doors for microbial production of vindoline from tabersonine.

In the research by Qu and co-workers, a S. cerevisiae yeast strain was constructed
with T16H, 160MT, T30, T3R, NMT, D4H, DAT and CPR on high-copy plasmids. This
strain was successfully convert tabersonine to vindoline. The titration rate for vindoline
production was 1.1 mg/L. Moreover, it was observed that more than 95% of vindoline
presents at extracellular material, which can be extracted by ethyl acetate easily. However,
this research suggested that T16H, NMT and D4H proteins are bottlenecks of this microbial
production and need to be further optimized (Qu et al., 2015).

Recently, another research group studied on optimization of vindoline biosynthesis
from tabersonine in yeast by manipulating the enzyme stoichiometry (Cruz et al., 2021). In
this pathway, the key enzyme T3O accepts tabersonine and 16-methoxytabersonine
substrates, which leads to the production of both the desired vindoline for vinblastine
formation and the undesired vindorosine by-product (Fig. 4). It is reasoned that increased
T16H activity may enhance the flux to the methoxylated version. The research group
included a second copy of T16H to the yeast strain, which effectively reduced the undesired

reaction to less than 10%. Following this direction, the research group optimized the
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160MT activity. Changing subcellular localization of 160MT from the cytosol to ER,
where the CYP enzyme T16H resides, did not reduce the accumulation of 16-
hydroxytabersonine. Moreover, using a 160MT from a different plant source (Vinca

minor) did not increase 16-methoxytabersonine production either.

Tabersonine 16-hydroxytabersonine 16-methoxytabersonine

I I lTSO
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Figure 4. (1) Biosynthetic pathway of vindoline from tabersonine (I1) undesired side reaction,

conversion of tabersonine to vindorsine

However, the addition of a second copy of 160MT did enhance the 16-methoxytabersonine

production but did not lead to increased vindoline production, which suggested that the
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next bottleneck was T3O. Because the addition of the second copy of T3O directs
tabersonine to the undesired epoxidation reaction, Cruz and co-workers decided not to do
so0. Instead, to prevent the negative effect of several episomal plasmids in the cells, they
integrated the first four genes (T16H, 160MT, T30 and T3R) into the yeast genome. Two
copies of T16H and 160MT and one copy of T30, T3R and CPR were assembled into the
yeast genome. Surprisingly, it increased the production of 16-methoxy-2,3-dihydro-3-
hydroxytabersonine, which is in the desired pathway. Also, no accumulation of
downstream intermediates was observed (Cruz et al., 2021).

In the other study by Liu and co-workers to optimize vindoline production from
tabersonine, CPR and CYBS5 were also integrated into S. cerevisiae genome to increase
electron shuttle and boost CYP enzyme activity. In this research, all these C. roseus genes
were integrated into the genome by CRISPR/Cas9 technology to improve strain stability.
It is observed that the yeast strain with 4 copies of T16H and 160MT, 2 copies of T30,
T3R, NMT, D4H and DAT, single copy of CPR and CYBS5 is the optimal strain for
vindoline production rate with 3.2 mg/L. To decrease the interference of electron shuttle
between NADPH and CYPs enzymes, native S. cerevisiae CPR (ScCPR) was deleted in
the genome and replaced by Arabidopsis thaliana (AtCPR) and CrCYB5. The additional
copy of AtCPR-CrCYB5 was added to the yeast strain on a plasmid, leading to 2-fold
vindoline production. Because plant-native CYPs-CPR enzymes are targeted on ER
membrane, the researchers hypothesize that the enzyme activity might be increased by ER
expansion by deletion of OPI1 and overexpression of INO2 as suggested in other studies.
Moreover, similar to the engineered S. cerevisiae yeast strain for strictosidine production,

ZWF1 and SAM2 have been added to the yeast strain to boost the availability of NADPH
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and S-adenosyl-methionine, respectively. Finally, with fermentation optimization and
using the rich medium (YP), this engineered yeast strain could produce vindoline up to
16.5 mg/L. Interestingly, this study also showed that by optimization the pH of the culture
medium, the activity of 160MT could be enhanced. Similar to the findings of Cruz et al.
(2021), the research group also suggested that increasing the expression level of T16H and
160MT, in parallel with improving the specificity of T30 toward 16-methoxyl-
tabersonine, can boost vindoline production and inhibit the vindorsine pathway (T. Liu et

al., 2021).

A.2.8. Strictosidine production in Nicotiana benthamiana

Microorganism production of strictosidine and other MIAs has been hampered by
the low titration rate and yield so far. An alternative method for de novo strictosidine
production was attempted using the plant system by Dudley and co-workers (2021).
Nicotiana benthamiana (tobacco) is a suitable host for the production of natural products
(Goodin, Zaitlin, Naidu, & Lommel, 2008). Similar to the attempt of yeast de novo
strictosidine production, GPPS from P. abies and DXS from C. roseus have been co-
expressed in N. benthamiana to increase the available substrate GPP for GES. It is notable
that, the GPP in the cytosol can be hijacked by undesired side-reaction to produce FPP
mediated by FPP synthase in N. benthamiana. Hence, the research group took advantage
of the tobacco native MEP pathway localized in chloroplast for GPP production, which
could feed into the remaining iridoid pathway localized in the cytosol to increase
strictosidine production. They also attempted inactivating FPPS in N. benthamiana to

optimize strictosidine production. In the final engineered tobacco, all CYPs enzymes are
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paired with endogenous NbCPR. While strictosidine production in N. benthamiana still
needed optimization, this research showed that strictosidine could be produced by plant
platforms which might lead to the biosynthesis of other valuable MI1As with this technique

(Dudley et al., 2021).

A.2.9. Secretory pathway; Protein N-Glycosylation

One of the enzymes in the vinblastine pathway, O-acetylstemmadenine oxidase
(ASO), is a FAD-dependent monooxygenase glycoprotein, which requires proper N-
glycosylation for its proper folding and enzyme activity. Therefore, it is imperative to
introduce the protein N-glycosylation and secretory pathway, which are involved in this
process.

The protein secretory pathway is among the most common and important processes,
especially in eukaryotic cells, responsible for sorting protein for N-glycosylation and post-
translation modification. N-glycosylation is referred to as attaching a glycan moiety
(oligosaccharide) to the nitrogen atom of a polypeptide, usually on the asparagine or
arginine side chains. Attaching the sugar tag is required for some of the proteins to be
folded correctly. This complex pathway has been detected in plants, eubacteria, archaea
and yeast, and it is essential for enzyme activity (Lechner & Wieland, 1989;Ruiz-May, et
al., 2012).

The secretory pathway begins on the cytosolic side of the endoplasmic reticulum
(ER), where proteins are produced from the ER attached ribosomes. Protein chaperons bind
to the signal peptides of the glycoproteins that are deemed for glycosylation and facilitate

the translocation of the polypeptides inside ER lumen. Dolichol-
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linked oligosaccharide intermediate, GlcsMangGIcNAc: dolichylpyrophosphate donates
the oligosaccharide moiety to the polypeptide, which is catalyzed by oligosaccharyl
transferase. In the next step, several enzymes in the ER lumen further modify the glycoside
moiety, which allows the recognition of other protein chaperons that help fold the
polypeptides properly, and eventually release the folded, glycosylated protein from ER to
the cis-Golgi apparatus by complex sets of vesicles. In the cis-Golgi several mannose
residues are sequentially trimmed. Subsequently, the protein is transferred to the medial
Golgi, where a few mannose residues are chopped off, and N-acetyl glucosamine residues
are added to the protein, which is mediated by N-acetyl glucosamine transferase. In the
next step, the protein, along with the modifying tag, moves from medial Golgi to trans-
Golgi networks. There are additional modifications in trans-Golgi as well. Galactose and
N-acetyl muramic acid residues are added to the protein in this step. The secretory pathway
and N-linked glycosylation process is required for these glycoproteins to be folded
properly, which also increases protein stability. It is notable that, N-linked glycosylation
rarely takes place in bacteria cells(Saint-Jore-Dupas et al., 2006;Ruiz-May et al., 2012).
Finally, the proteins are released from the Golgi apparatus and secreted outside of the cells,
or in certain cases, they can be transported to the specific organelles such as ER, vacuole,

and lysosome.

A.2.10. Scaling up microbial production from bench to industry

After laboratory bench-scale production of natural products in microorganisms, the
production can be scaled up to the industrial level by the fermentation process. Bench-scale
fermentation usually runs with the volume of 0.5-5 L, and more than 5 L counts as

25


https://www.sciencedirect.com/topics/chemistry/oligosaccharide

industrial production (Schapper, Alam, Szita, Eliasson Lantz, & Gernaey, 2009). This
process involves enhancing the host strain and optimizing growth conditions to maximize
products titration rate. It is interesting that improving commercially fermentative
production has been studied for centuries in food and beverages industries (Manfredini,
Cavallera, Marini, & Donati, 1983). Today fermentation process involves the production
of a broad range of applications such as pharmaceutical agents, health care products, food
additives, enzymes, and antibiotics (Baltz, Demain, & Davies, 2010). So, improving the
fermentation process has become more important than ever.

Strain enhancement can be achieved by random mutation, metabolic engineering,
and genetic recombination. Random stain mutation is a shotgun method aiming to screen
for product yield increase without any prior knowledge of the microorganism. The instance
for this enhancement is penicillin production in green mold, which raised more than 4000-
fold in comparison to the parent strain by random strain mutation. Mutation is the
permanent change in the DNA sequence at the specific site. Mutations can occur when a
single nucleotide is changed or when one or more nucleotide base pairs in the chromosome
are substituted, deleted, or rearranged. Mutation is usually taken place by exposing genetic
material (in vivo or in vitro) to a range of physical or chemical agents known as mutagens.
X-ray and UV radiation, ethyl methanelsulfonate (EMS), hydroxylamine are examples of
common mutagens. They may cause double-strand breakage, faulty pairing or nucleotides
substitution. There are some parameters to control mutation, such as the mutagen dose,
exposure time etc. (Parekh, Vinci, & Strobel, 2000). Unlike the targeted genetic
modification method, the mutation does not need elucidation of strain genomic map or

metabolites biosynthetic pathway.
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The other method for strain improvement includes targeted genetic engineering and
recombination. While mutation is a random technique, genetic engineering alters the
specific site of the microorganism genome to add or delete genes to alter the metabolism.
These techniques require sufficient understanding of the genes and genomes of the
microorganisms. For instance, the genetic engineering of strictosidine biosynthesis and
dihydroartemisinic acid production in yeast involved multiple deletions of enzymes
competing with the target metabolism and the addition of plant enzymes that form the new
biosynthetic pathways.

After each alteration or mutation, the strains should be screened for analysis of the
desired property. The classical approach is random screening. Following the induction of
a mutation or any optimization, survivor strains are chosen randomly to further analysis for
their capacity to generate the desired metabolite. Improved mutants are generally
discovered by screening a large number of altered organisms. By utilizing analytical
methods such as high-performance liquid chromatography (HPLC), analysis of the mutants
is more accurate and convenient. Moreover, there are other methods, such as near-infrared
spectroscopy (NIR) and Fourier transform infrared spectroscopy (FT-IR), which help to
avoid solvent-based techniques to reduce waste disposal (Parekh et al., 2000).

Further improvements include optimizing the fermentation process and
microorganisms' growth conditions. It includes growth and operation conditions such as
temperature, pH, oxygen supply, CO> content and medium composition, which all have
significant impacts on microbial growth and metabolism (Parekh et al., 2000).

Recently, with the improvement of mathematical modelling and computational

techniques, the metabolic flux may be modelled to suggest precise pathway optimization.
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The aim of this technique is to use more linear analysis to optimum flux distribution.
Computational modelling of input and products flux can lead to optimizing secondary
metabolite production (Varma & Palsson, 1994).

The other common method in improving the fermentation process is media design.
The nutrient profile of the media is related to the elemental composition of the cells. To
reach a high microorganism growth rate, there should be a composition balance between
phosphate, sulfate, magnesium, and other salts (Parekh et al., 2000). In both batch and
continuous systems, the mixing pattern plays a crucial role in optimizing the fermentation.
Also, optimal mixing makes an even temperature profile in the reactor. Optimized mixing
is a balance between ensuring homogeneous conditions and efficient mass and heat
transfer, and at the same time, it should be avoided to damage the cells (Schapper et al.,
2009). While there are a lot of emerging technologies to improve the fermentation process,
but there should be more effort on engineering the fermentation procedure in all manners,
such as strain enhancement, bioreactor design, screening methods etc., to maximize the

production of desired metabolites.

A.3. Experimental design and Objectives

Despite all progress in the microbial synthesis of vinblastine, the production of this
valuable anticancer drug depends on the direct extraction from C. roseus. The low
abundance profile of vinblastine in the native plant and difficult and costly chemically
synthesis of this complex molecule, points out to find an alternative method for its

production. The full elucidation of the 28-step vinblastine biosynthetic pathway in C.
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roseus (Qu, Safonova, et al., 2018) makes it possible to attempt microbial production of
this remarkably complex natural product and evaluate the feasibility.

The de novo production of vinblastine precursor strictosidine (Brown et al., 2015)
and conversion of a late intermediate tabersonine to vindoline (Qu et al., 2015; T. Liu et
al., 2021) have been demonstrated by assembling and engineering relevant biosynthetic
genes into S. cerevisiae yeast strain. However, the remainder of this pathway, namely from
strictosidine to tabersonine and catharanthine, has not been reconstituted in any
microorganism.

Previous efforts for engineering the strictosidine to tabersonine/catharanthine
pathway in our research group showed that there are two major bottlenecks:

Q) co-expression of STR and SGD genes might be toxic to the host organism.

We repeatedly failed to transform the E. coli expressing strain with both
STR and SGD, whereas these two genes could be transformed to an
expressing strain individually or together in a non-expressing strain.

(i)  The FAD-dependent monooxygenase ASO could not be functionally
expressed in yeast. This is a known issue for a number of enzymes in this
class, because the protein folding, glycan attachment, and protein
maturation of these enzymes require plant glycosylation pathway, which is
not native to the simpler eukaryotic yeast.

To overcome the potential toxicity issue of STR and SGD co-expression, we

hypothesized that by inhibiting the leaky expression of STR and SGD in the expressing

strain and inducing their co-expression when enough E. coli biomass has accumulated, we
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may be able to achieve their co-existence in the engineered E. coli strain. A similar
approach would also apply to the yeast strain.

The ASO gene is predicted to contain a N-terminal signal peptide that directs the
polypeptide through the plant glycosylation/secretion pathway in C. roseus. This is a
critical step toward proper folding and expression of ASO. The trials in our group and other
groups have shown that ASO could not be expressed in yeast even after removing its signal
peptide (Qu, Safonova, et al., 2018; Capulti et al., 2018). Lately, it has been reported that
replacing the plant native secretion signal peptide with a yeast signal peptide derived from
the carboxypeptidase Y (CPY) gene enabled the functional expression of a FAD-dependent
monooxygenase (Luo et al., 2019), the tetrahydrocannabinolic acid synthase (THCAS)
from Cannabis sativa, and a SCPL-type acyltransferase involved in the tropane alkaloid
biosynthesis (Srinivasan & Smolke, 2019), which also requires protein glycosylation. In
yeast, CPY signal peptide directs the protein through the classic secretion pathway (ER to
Golgi apparatus) for folding and glycosylation, however at the later stage, the protein is
shuttled back to the vacuole instead of being secreted out of the cell (Blachly-Dyson &
Stevens, 1987). This also provides an advantage since the engineered pathway will require
all enzymes to be presented inside the cell. Therefore, we hypothesize that by replacing the
plant native signal peptide with the CPY signal peptide, we may be able to functionally
express the ASO gene in yeast.

We choose both E. coli and S. cerevisiae platforms for assembling the early part of
the pathway (strictosidine to 19E-geissoschizine) and only S. cerevisiae for the rest of the
pathway (19E-geissoschizine to catharanthine/tabersonine). The geissoschizine to

catharanthine/tabersonine pathway contains a CYP enzyme that is known to be extremely
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difficult to reconstitute in bacteria and a FAD-dependent monooxygenase, the class of
which has never been successfully expressed in bacteria since bacteria do not contain a
protein glycosylation system. By connecting strictosidine and vindoline microbial
production to each other, a significant and valuable alternative for vinblastine production
may be achieved, benefiting the patients relying on this indispensable but expensive drug.
Specifically, this thesis work focused on these below objectives:

Obijective 1. Evaluating the co-expression of STR, SGD, and GS in both E. coli and S.
cerevisiae in the presence of an expression inhibitor.

Obijective 2. Evaluating the expression of ASO fused with yeast CPY signal peptide.
Obijective 3. Assembly of the strictosidine to geissoschizine pathway in yeast and evaluate

the production of the intermediate catharanthine and tabersonine.
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B. Materials and Methods

B.1. General Materials

Reagents for plasmid DNA extraction, DNA gel extraction, Agarose A, Agar A, D-
Glucose anhydrous, D-(+)-Galactose, LB Broth Powder Miller, Ampicillin sodium salt,
Tris hydrochloride, EDTA-Free acid, Polyoxyethylene-20, SDS and Bovine Serum
Albumin were purchased from Bio Basic Inc, ON, Canada. All the restriction enzymes,
Phusion® High- Fidelity DNA Polymerase, were purchased from New England BioLabs,
MA, USA. T4 DNA ligase was purchased from Promega Biotechnology, WI, USA. Yeast
Nitrogen Base Without Amino Acids, Yeast Synthetic Drop-out medium supplements,
Polyethylene glycol 4000, lithium acetate, Peptone, Yeast Extract, Glass beads and
secologanin were purchased from Sigma- Aldrich, MO, USA, while L-leucine, L-
histidine, L- tryptophan and uracil were purchased from BioShop, ON, Canada. Bradford
Protein Assay was purchased from Bio-Rad laboratories, CA, USA.

Rabbit anti-c-Myc and rabbit flag-probe primary antibodies were purchased from
Santa Cruz Biotechnology, TX, USA, while rabbit anti-mouse 1gG (H+L) Cross- Adsorbed
Secondary Antibody (HRP) was purchased from Thermo Fisher Scientific, MA, USA.
TOP10 and BL21-Al Chemically Competent E. coli, Salmon Sperm DNA, SuperSignal™
West Pico PLUS Chemiluminescent Substrate, methanol, Ammonium Persulfate (APS),
Acrylamide/ bis-Acrylamide 29:1- 40% solution, UltraPure™ TEMED, Coomassie
Brilliant Blue R-250 Dye, ethyl acetate and acetic acid were also purchased from Thermo
Fisher Scientific, MA, USA. Tryptamine was purchased from Toronto Research

Chemicals, ON, Canada. 19E-geissoschizine was produced by in-vitro assay enzymatic
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reaction by other lab members. Saccharomyces cerevisiae yeast strain BY47471 (MATa
his3A1 leu2 A0 met1 5A0 ura3A0 YPL154c::kanMX4) was received from the University of

Calgary, Canada.

B.2. Gene Cloning and Sequencing

Codon-optimized CPY- ASO, SGD and dSTR were synthesized by Bio Basic inc.
in pET-Duet (BamHI/ Hindlll), pESC-Ura (BamHI/Srfl) and pUG19 (Notl/ Clal)
plasmids, respectively.

CPY-ASO was amplified using Phusion®_ High- Fidelity DNA Polymerase from
pET-Duetl vector with primer sets 1/2 (table 1) and mobilized to pUG23 and pESC-Ura
vectors. The N-terminal signal peptide of CPY-ASO was released by Sacl in order to make
a truncated version of CPY-ASO (denoted as CPY-dASO). Both versions of CPY-ASO
were cloned into BamHI/ Sall sites in pESC-Ura and pUG23 vectors. In the next step,
either HL1or HL2 was cloned into pESC-Ura-CPY-ASO using primers 22/23 and 24/25
(table 1) within Notl/ Spel sites. Two vectors (pUG23-CPY-ASO and pUG23-CPY-dASO
were cloned for subcellular localization, and four vectors, including pESC-Ura-CPY-
ASO/dASO-HL1/2 were cloned for protein expression and in vivo biotransformation in
yeast. TOP10 E. coli cells were used for all of the gene cloning. In parallel, SAT was cloned
using primers 20/21 (table 1) within Notl/ Spel sites of pESC- Leu vector with GO gene in
Apal/ Sall sites.

dSTR (N-terminal signal peptide free) was cleaved from pUC-SP and mobilized to

Notl/Spel site of pESC-Ura vector with SGD in BamHI/ Srfl sites. Using the Sall
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restriction enzyme, the C-terminal nucleus localizing sequence (NLS) of SGD was cleaved,
and pESC-Ura- dSGD- dSTR was constructed.

For co-expressing STR, SGD and GS in E. coli, dSTR, SGD and GS were cloned
into MultiColi™ vector (Geneva Biotech, Genéve, Switzerland). dSTR was cut from pET-
30b(+) (Ncol/ Sall) and cloned into pDC within Ndel/Xhol sites. SGD was cut from pET-
30b(+) (BamHI1/Sall) and cloned into pDS within Spel/ Xhol sites. GS was cut from pET-
30b(+) (BamHI/Sall) and mobilized into pACE within similar sites. The three plasmids
were integrated to form a single plasmid vector with all three genes (PACE-GS-pDS-SGD-
pDC-dSTR) by DNA recombination according to the manufacturer’s protocol.

After each cloning, the genes were PCR screened by 2X Froggabio master mix
(FroggaBio inc, ON, Canada) and T100™ Thermal Cycler (Bio-Rad Laboratories, CA,
USA). All the primers used for gene cloning were synthesized by Eurofin Genomics, ON,
Canada.

All the cloning samples were Sanger sequenced by Genome Quebec (Canada, QC).
Sequencing results were analyzed and aligned to the original sequences by BioEdit

software version 7.2 (Clustalo method was applied).

Table 1. The list of primers used in this research.

1 CPY-BamHI-F ATAGGATCCGATGAAGGCTTTCACTTCTT

2 synASO-Sall-R ATAGTCGACCAATTCGACTTGCAAGTGT

3 STR-BamHI-F CAAGGATCCAATGGCAAACTTTTCTGAATCT

4 STR-Sall-R ACAGTCGACGCTAGAAACATAAGAATTTCCC

5 dSTR-BamHI-F CGCGGATCCAATGCCAATTTTGAAAAAGATTTT
6 SGD-BamHI-F AAAGGATCCAATGGGATCTAAAGATGATCAGTC
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7 SGD-Sall-R CCGGTCGACGTATTTTTGCTTCTTGACTAACTC
8 Codon-optimized dSTR-F ATGAGTTCTAGTTCACCAA

9 Codon-optimized dSTR-R GCCTCGAGGGAGCTGA

10 Codon-optimized SGD-F ATGGGTTCTAAAGATGATC

11

Codon-optimized SGD-R

CAACAAGTTTATCTTCTTCACG

12 GS-BamHI-F ATAGGATCCGATGGCCGGAGAAACAACCAA
13 GS-Sall-R GGCGTCGACTTCCTCAAATTTCAATGTATTTCCAATG
14 DPAS-EcoRI-F AATAGAATTCGAGAATGGCCGGAAAATCAG
15 DPAS-Notl-R AGCGGCCGCATAACTCTGACGGAGGAGTCA

16

Redox1-BamHI-F

GTAGGATCCGATGGCTGATCGCGTGAAGA

17

Redox1-Sall-R

ATCGTCGACTCAGACAGCTACTGTTGCATT

18

Redox2-BamHI-F

AGAGGATCCGATGGAAAAGCAAGTTGAGAT

19 Redox2-Sall-R TAAGTCGACCAAGTCTCCATCCCAAAGCTC
20 SAT-Notl-F AGCGGCCGCATGGCACCCCAGATGCAGATA
21 SAT-Spel-R GGACTAGTATTGCTAAAATCAGTGTCCAGA
22 HL1-F TTCATGAATTCCTCAACTGATCCAAC

23 HL1-R GTCCTCATGTTTGATGAAAGATGCTA

24 HL2 -F TTCATGGGTTCCTCAGATGAGA

25 HL2-R GTCCTTGATGAAAGAAGCTAAACG

B.2.1. Polymerase Chain Reaction (PCR)

complementary to the original template strand. Phusion® High- Fidelity DNA Polymerase
from New England Biolabs (MA, USA) was used to amplify DNA strands. Based on the

manufacturer protocol, each 50 pL of PCR reaction contains 10 pL of 5X HF buffer, 1 pL

PCR is a technique broadly used for synthesizing a new strand of DNA
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of 10mM dNTP, 2.5 pL of 10uM forward primer, 2.5 uL of 10uM reverse primer, 50-250
ng template DNA, 1 pL of Phusion polymerase and top up the reaction up to 50 uL with
nuclease-free water. Thermocycling conditions for the PCR includes 30 seconds of initial
denaturation at 98°C, DNA denaturation for 10 seconds at 98°C, primer annealing for 30
seconds at 53-58°C, primer extension for 60 seconds at 72°C. The last three steps were
repeated for 30 cycles. Then, there is a final extension step for 5 minutes at 72°C.

For screening the colonies (Colony PCR), 2X Froggabio master mix from
FroggaBio inc (ON, Canada) was used. Based on the manufacturer protocol, for each 50
pL of PCR reaction, 25 pL of 2X Froggabio master mix, forward and reverse primer (2 pL
each) and top up the reaction up to 50 puL with nuclease-free water. Thermocycling
conditions include initial denaturation for 3 minutes at 94°C, DNA denaturation for 15
seconds at 94°C, primer annealing for 15 seconds at 55°C, primer extension for 15 seconds
at 72°C. The last three steps were repeated for 30 cycles. The final extension for 10 minutes

at 72°C is necessary for this PCR.

B.2.2. DNA Purification from Agarose Gel and DNA Ligation

All of the restriction enzyme digestion reactions were incubated at 37°C overnight.
Then enzymatic reaction products were run on 1% agarose gel for around 15 minutes with
110 V electrophoresis in TAE buffer solution. After the electrophoresis run, UV
Transilluminator visualized the bands and DNA fragments were cut out. Then by using a
DNA gel purification kit, the target DNA was harvested from agarose gel.

T4 DNA Ligase and 2X ligase buffer (Promega, WI, USA) were used to ligate the

gene into the plasmid vector. All the ligation reactions were incubated at 16°C overnight.
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B.2.3. Plasmid vector transformation into E. coli competent cells

The original source for our TOP10 E. coli cell was Thermo Fisher Scientific;
however, chemically competent cells of TOP10 was made in the lab. Ligation products
were added to the competent cells (not exceeding 10% (v/v)). Cells were incubated in ice
for 5 minutes, then heat shock at 42°C was applied to transform the plasmid into the cells.
Then, cells were incubated in ice for 3 minutes. For each 50 pl of chemically competent
cells, 300 pl of LB media was added and incubated in a shaking incubator at 37°C for one
hour. The cells were spread on the plate with 1 mg/ml ampicillin. The plate was incubated

at 37°C overnight.

B.2.4. Plasmid vector transformation into S. cerevisiae yeast cells

For each transformation, 1 ml of liquid culture from the BY47471 yeast strain was
cultured at 30°C in YPD medium overnight. The competency buffer was made from 120
ul of 50% (w/v) PEG 4000, 25 pl of boiled Salmon Sperm DNA and 18 pl of 1M lithium
acetate. The yeast cells were harvested and washed with autoclaved distilled water. 163 pl
of competency buffer and plasmid vector were added to the washed cells. Then, incubation
in ice for 3 minutes, 40 minutes of heat shock at 42°C in the water bath and incubation in
ice for another 3 minutes is the procedure of transformation. Next, the cells were harvested
and resuspended in water or proper auxotrophic selection and spread on the SC medium

plate. The plate was incubated at 30°C for 2-3 days.
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B.3. Protein extraction from E. coli

1 ml of pACE-GS-pDS-SGD-pDC-dSTR in E. coli strain BL21-Al cultured in LB
Miller media with 1 mg/ml Ampicillin and 2% glucose at 37°C overnight. The next day,
the growth culture was 1:100 diluted in LB Miller media with 1 mg/ml Ampicillin and 2%
glucose and incubated at 37°C, 200 rpm to reach an ODeqo 0f 0.3. Then cells were harvested
and washed with distilled water and resuspended in 50 ml of LB Miller media with 1 mg/mi
Ampicillin. The cells were induced by the addition of arabinose to a final concentration of
0.1% (w/v). The cells with no addition of arabinose were used as the negative control.

For protein extraction, the cells were harvested and resuspended in 300 pl of buffer
(Tris-HCl at pH 7.5 20 mM, NaCl 100 mM, 10% (v/v) glycerol). Subsequently, the cells
were ultrasonicated for a few seconds to lyse the cells and extract the protein. After
centrifugation at top speed, the supernatant, which is the soluble protein, was taken out.
The pellet was resuspended in the buffer (Tris-HCI at pH 7.5 20 mM, NaCl 100 mM, 10%
(v/v) glycerol), which is the insoluble protein. Using Bradford protein assay, the
absorbance of the sample at 595nm was measured by NanoDrop™ One® Microvolume

UV-Vis Spectrophotometer from Thermo Fisher Scientific (MA, USA). Using Bradford

standard curve, the concentration of the protein could be measured. C(”f)z

Absorbance at 595nm
0.0547

B.4. Protein extraction from yeast

20 ml of BY47471 yeast strain harboring specific plasmids cultured in SC medium

with appropriate amino acids dropped out medium with 2% glucose at 30°C, 200 rpm
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overnight. The next day, the cells were harvested and washed with distilled water twice to
remove any glucose. To induce protein expression, the cells were resuspended in SC
medium with 2% galactose and incubated at 30°C, 200 rpm overnight. After 24h of
induction, the cells were pelleted and resuspended in the buffer (Tris-HCI at pH 7.5 20
mM, NaCl 100 mM, 10% (v/v) glycerol). The cells were lysed by beating the cells with
glass beads. For beating, Beadbug™ 3 Position Bead Homogenizer from Benchmark
Scientific (NJ, USA) with top speed was used for 6 minutes to extract the protein from the
yeast cells. After centrifugation, the supernatant was taken out as a soluble protein. The
soluble extracted protein was desalted by the PD-10 column from GE Healthcare (IL,

USA). The protein concentration was measured with the same procedure as E. coli protein.

B.5. Protein SDS-PAGE and Immunoblotting

Protein SDS-PAGE is an electrophoresis technique used for protein separation
according to the protein molecular weight. In order to prepare the protein for
electrophoresis run, 5X SDS loading dye contains 30% glycerol, 10% SDS, 5% B-
mercaptoethanol, 0.02% bromophenol blue and 250 mM Tris-Cl at pH 6.8, added to the
extracted protein. The prepared sample, boiled for 10 minutes to denature the protein. SDS-
PAGE gel has two layers, stacking gel and separating gel. 5% Stacking gel contains 48%
water, 25% Tris-HCI 0.5M at pH 6.8, 25% Acrylamide/ bis-Acrylamide, 1% SDS 10%,
0.3% APS 10%, 0.2% TEMED, and 10% separating gel contains 46.5% water, 25% Tris-
HCI1.5M at pH 8.8, 25% Acrylamide/ bis-Acrylamide, 1% SDS 10%, 0.25% APS 10%,
0.15% TEMED. Stacking gel levelled the protein in each gel to be separated at the

beginning of the separating gel. During the electrophoresis run, the gel is covered by the
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running buffer (Tris-Cl, SDS, glycine at pH 8.3). The electrophoresis was applied at 200V
for 50 minutes. After completion of electrophoresis, staining solution contains 20% (v/v)
methanol, 10% (v/v) acetic acid and 0.1% (w/v) Coomassie blue, applies to the gel
overnight. Heating up the gel inside the staining solution can reduce incubation time to 30
minutes. De-staining solution containing 50% (v/v) methanol, 10 % (v/v) acetic acid, 40 %
(v/v) water, added to the gel to absorb the dye. After 24h incubation with de-staining
solution, the gel can be imaged.

The western blotting or immunoblotting technique is used for detecting a specific
target protein in a protein mixture. The first step is to separate proteins using SDS- PAGE
electrophoresis system. The protein samples are prepared and run for electrophoresis,
similar to the protein SDS-PAGE procedure. Subsequently, the separated protein on the
SDS- PAGE gel transferred to the nitrocellulose PVDF membrane. This step occurred in
the chamber filled with transfer buffer (25 mM Tris- base at pH 8.3, 20% methanol and
190 mM glycine). The electrical current of 90V was applied for 1 hour to let proteins be
transferred from SDS- PAGE gel to the surface of the membrane. Because the membrane
has a high affinity to the proteins, the free surface should be blocked with blocking buffer
(PBS buffer at pH 7.4, 0.05% Polyoxyethylene-20 and 5% BSA) for 1 hour at room
temperature. Then, primary antibody (rabbit anti-mouse anti-c-myc/anti-flag 1:2000
dilution in PBS buffer at pH 7.4, 0.05% Polyoxyethylene-20 and 5% BSA) was applied to
the membrane at 4°C overnight. Primary antibodies have binding sites to attach to the target
protein. After this step, the membrane was washed with wash buffer (PBS buffer at pH 7.4,
0.05% Polyoxyethylene-20) for 1 hour. Rabbit anti-mouse secondary antibody- HRP

(2:5000 dilution in PBS buffer at pH 7.4, 0.05% Polyoxyethylene-20 and 5% BSA) was
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incubated with the membrane for 1 hour at room temperature. The secondary antibody is
coupled with the chemiluminescence molecule and attached to the primary antibody on the
membrane. The washing step was repeated for 1 hour. For visualizing the signals on the
membrane, SuperSignal™ West Pico PLUS Chemiluminescent Substrate was applied, and

Bio-Rad ChemiDoc™ XRS+ System imaged the PVDF membrane.

B.6. In vitro assay

Conversion of tryptamine and secologanin to strictosidine aglycones in vitro assay
(300 pl), contains 50 mM HEPES buffer at pH 7.5, 300 ug total yeast/ E. coli proteins, 5
Mg tryptamine, 5 g secologanin. For the positive control, purified STR and SGD extracted
from E. coli were used, and boiled total protein was used for the negative control. The
reaction took place at 30°C for 1 h and was mixed with an equal volume of methanol for
further LC-MS/MS analysis.

Conversion of strictosidine aglycones to 19E-geissoschizine in vitro assay (300 pl),
contains 20 mM Tris-HCI at pH 7.5, 1 mM NADPH, 300 ug total E. coli proteins, 5 pug
strictosidine aglycones. Purified GS expressing by E. coli was used for positive control
reaction, and the negative control reaction was the same condition with no NADPH. The
reaction was incubated at 30°C for 1 h and mixed with an equal volume of methanol for

further LC-MS/MS analysis.

B.7. In vivo biotransformation assay in E. coli

Single E. coli TOP10 colony carrying pACE-GS-pDS-SGD-pDC-dSTR cultured in
LB Miller media with 1 mg/ml ampicillin and supplemented with 2% glucose overnight at

37°C. The next day the culture was diluted 1:100 to LB Miller and incubated at 37°C to
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reach an ODego Of 0.3. Then, cells were harvested and resuspended in 50ml of LB Miller
media with 1 mg/ml ampicillin and a final concentration of 0.1% (w/v) arabinose. 25 ml of
the culture was induced at 24°C, and the other portion was induced at 30°C for protein
expression. After 4h, 2 ml of the induced culture from both temperatures were taken out
and 1 ml of the culture was fed with secologanin and tryptamine (20 pg each). 1ml
remaining culture was harvested and resuspended in 50 mM Tris-HCI at pH 8 and fed with
the same amount of tryptamine and secologanin. The cultures kept in their expression
temperature overnight. The next day, the samples were mixed with an equal volume of
methanol and analyzed by LC-MS/MS.

The remaining induced culture was incubated overnight and fed with secologanin
and tryptamine (20 pg each). For both 24°C and 30°C, the substrates were directly fed in
the LB medium and also were fed in 50 mM Tris-HCI buffer at pH 8. After 1h, 2h, 4h and
overnight feeding with the substrates, the samples were taken out mixed with the equal

volume of methanol and analyzed by LC-MS/MS.

B.8. In vivo biotransformation assay in yeast

Single yeast [BY47471 (MAToa his3Al  leu2A0  met15A0  ura3A0
YPL154c::kanMX4) colony carrying different recombinant genes cultured in 2 mL SC
medium with dropped out certain amino acids, supplemented with 2% glucose overnight
at 30°C. The next day, cells were harvested and suspended in the SC medium with 2%
galactose for protein induction. After 24h of induction, the cells were harvested and

resuspended into the buffer (Tris-HCI 50 mM at pH 8) and fed with 4 pg of 19E-
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geissoschizine followed by incubation at 30°C for 24h. The culture media was centrifuged

and mixed the supernatant with an equal volume of methanol for further LC-MS analysis.

B.9. LC-MS

The samples were analyzed by Ultivo Triple Quadrupole LC-MS/MS system from Agilent
(CA, USA), equipped with ACE UltraCore™ 2.5 SuperC18 column (50x3 mm, particle
size 2.5ug) as well as a photodiode array detector and a mass spectrometer. For alkaloid
analysis, the following solvent systems were used. Solvent A, Methanol: Acetonitrile:
Ammonium acetate 1 M, water at 29:71:2:398; solvent B, Methanol: Acetonitrile:
Ammonium acetate 1 M: water at 130:320:0.25:49.7. The following linear elution gradient
was used: 0-5 min 80% A, 20% B; 5-5.8 min 1% A, 99% B; 5.8-8 min 80% A, 20% B; the
flow during the analysis was constant and 0.6 ml/min. The photodiode array detector range
was 200 to 500 nm. The mass spectrometer was operated with the gas temperature at 300°C
and gas flow of 10 L/min. Also, it was worked as capillary voltage 4 kV from m/z 100 to m/z
1000 with scan time 500 ms and the fragmentor performed at 135 V with positive polarity. The

MRM mode was operated as same as scan mode with the adjusted precursor and product ion.

B.10. Confocal microscopy

For subcellular localization studies, the samples were imaged by confocal
microscope. Green Fluorescent Protein (GFP) was fused to CPY-ASO in the recombinant
plasmid vector. The GFP is excited at 488 nm and is detected at 510 nm. BY47471 yeast
strain harboring pUG23-CPY-ASO and pUG23-CPY-dASO were cultured at 30°C
overnight. 10 pL of each culture was added on a slide using nail polish to hold the cover

slip in place. Confocal images were collected using a scanning confocal microscope (Leica
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model SP8 with 25 x 0.9 NA lens) to focus on the yeast cells. The confocal microscope
settings were kept constant throughout experiments. The images were processed in FIJI

Software.
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C. Co-expressing strictosidine synthase, strictosidine pg-glucosidase, and
geissoschizine synthase in E. coli and yeast allows the production of
downstream MIAs from tryptamine and secologanin

In order to reconstitute and evaluate STR, SGD and GS expressions, two host
platforms, (i) E. coli (ii) yeast S. cerevisiae, were chosen. Firstly, the genes which encode
these proteins were cloned into proper plasmids designed for either E. coli or S. cerevisiae.
Then, these plasmids harboring the desired genes were transformed into host strains.
Subsequently, the microorganisms were induced to produce the protein, and the expression
and functionality of the proteins were tested. Protein sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), in vitro enzyme assay, and in vivo

biotransformation were performed to analyze protein expression in the microbial hosts.

C.1. dSTR, SGD, GS cloning for expression in E. coli and yeast

The STR genes contain an N-terminal signal peptide (SP) deemed for its vacuole
localization in C. roseus. An N-terminal truncated version of STR (denoted as dSTR) was
chosen to allow its localization in the cytosol. GS (Gene bank accession number M770507),
SGD (Gene bank accession number AAF28800) and STR (Gene bank accession number
CAAT71255) were cloned into pACE, pDS and pDC from Multicoil™ series (Geneva
Biotech, Geneva, Switzerland), respectively. GS, SGD and STR were cut from pET30-b(+)
vector and cloned into pACE, pDS, pDC within BahmHI/Sall, Spel/Xhol, Ndel/Xhol sites,
respectively. The three plasmids were integrated to form a single plasmid vector with all

three genes (PACE-GS-pDS-SGD-pDC-dSTR) by DNA recombination according to the
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manufacturer’s protocol. The pACE-GS-pDS-SGD-pDC-dSTR vector was transformed to
BL21-Al E. coli strain (Invitrogen, MA, USA) for further protein expression. Notably, 2%
(w/v) glucose was added to the media to inhibit the leaky, basal expression of the three
genes. Repeatedly, transforming the pACE-GS-pDS-SGD-pDC-dSTR vector using media
without glucose failed to produce any successful transformants. While protein expression
in BL21-Al cells is induced by adding arabinose, it was reasoned that the basal gene
expression may be toxic to E. coli resulting in repetitive transformation failures. This was
further supported by the fact that pACE-GS, pDS-SGD, and pDC-dSTR could be
transformed into BL21-A1 cells without any complication. Finally, the addition of glucose
to the media allowed large numbers of successful transformants. The presence of all three
genes in selected colonies were verified by polymerase chain reaction (PCR) using the

cloning primers (Fig. 5).
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Figure 5. Agarose gel showing the colony PCR products of STR, SGD and GS from five selected
colonies in E. coli BL21-Al cell line. The sizes of GS, STR and SGD genes are 1059, 1668, 1095 bp,
respectively. Plasmids containing each gene were used as positive PCR controls.

SGD contains a C-terminal nucleus localizing sequence (NLS) motif, which is
responsible for its localization in the nucleus. While this may not be an issue for its E. coli

expression since E. coli does not have a nucleus, it may be beneficial to remove this motif
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to localize SGD in yeast cytosol. It may also be beneficial to optimize the codon usage in
these genes to enhance their expression in yeast, since C. roseus and yeast have different
DNA codon preference. Therefore, the yeast codon-optimized dSTR and SGD (Fig. 6)
were synthesized (Bio Basic, ON, Canada). The clone was also designed to allow the
removal of SGD C-terminal NLS by the restriction enzyme Sall (Fig. 6), which results the
C-terminal truncated SGD (denoted as dSGD).

A. Codon-optimized dSTR sequence

ATGAGTTCTAGTTCACCAATTTTAAAAAAGATTTTTATTGAATCTCCATCTTATGCTCCAAATGCTTTTAC
ATTTGATTCTACTGATAAAGGTTTTTATACTTCTGTTCAAGATGGTAGAGTTATTAAGTATGAAGGTCCTA
ATTCTGGTTTTACTGATTTTGCATACGCTTCTCCATTTTGGAATAAGGCTTTTTGTGAAAATTCAACTGAT
CCTGAAAAAAGACCTTTGTGTGGTAGAACATACGATATTTCTTATGATTATAAGAATAGTCAAATGTACAT
TGTTGATGGTCATTATCATTTGTGTGTTGTTGGTAAAGAAGGTGGTTATGCTACACAACTAGCAACTTCTG
TTCAAGGTGTTCCTTTTAAATGGTTATACGCTGTTACAGTAGATCAAAGAACTGGTATTGTTTATTTTACA
GATGTTTCATCAATTCATGATGATTCACCTGAAGGTGTTGAAGAAATTATGAATACATCTGATAGAACTGG
TAGATTGATGAAATATGATCCATCTACTAAAGAAACAACATTATTGTTGAAAGAATTACATGTTCCAGGTG
GTGCTGAAATTTCAGCTGATGGTTCTTTTGTTGTTGTTGCAGAATTTTTATCTAATAGAATTGTTAAATAT
TGGTTAGAAGGTCCTAAAAAGGGTTCAGCTGAATTTTTAGTTACTATTCCTAATCCAGGTAATATCAAAAG
AAATTCTGATGGTCATTTTTGGGTTTCTTCATCTGAAGAATTAGATGGTGGTCAACATGGTAGAGTTGTTA
GTAGAGGTATTAAGTTTGATGGTTTTGGTAATATTTTGCAAGTTATCCCATTGCCACCACCATACGAAGGT
GAACATTTCGAACAAATTCAAGAACACGACGGTTTGTTGTACATTGGTTCCTTGTTCCACTCCTCAGTCGG

TATCTTGGTCTACGACGACCATGATAACAAGGGTAACTCCTACGTCAGCTCC

B. Codon-optimized SGD sequence
ATGGGTTCTAAAGATGATCAATCATTGGTTGTTGCTATTTCTCCAGCTGCTGAACCAAATGGTAATCATTC
AGTTCCAATTCCATTTGCTTATCCATCTATTCCAATTCAACCAAGAAAACATAATAAGCCAATTGTTCATA

GAAGAGATTTTCCATCTGATTTTATTTTAGGTGCTGGTGGTTCAGCTTATCAATGTGAAGGTGCTTATAAT

GAGGGTAATAGAGGTCCATCTATTTGGGATACTTTTACTAATAGATACCCAGCTAAAATTGCTGATGGTTC
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TAATGGTAATCAAGCTATTAATTCATATAATTTGTATAAGGAAGATATTAAGATTATGAAACAAACTGGTT
TAGAATCATATAGATTTTCTATTTCTTGGTCAAGAGTTTTACCAGGTGGTAACTTATCAGGTGGTGTTAAT
AAGGATGGTGTTAAATTTTATCATGATTTTATTGATGAATTATTGGCTAATGGTATTAAGCCATTTGCTAC
ATTATTTCATTGGGATTTGCCTCAAGCATTAGAAGATGAATACGGTGGTTTCTTGAGTGACAGAATCGTCG
ARGATTTTACCGAATACGCCGAATTTTGTTTCTGGGAATTTGGCGACAAGGTGAAGTTTTGGACCACCTTT
ARCGAACCACATACCTACGTTGCCTCTGGTTACGCCACCGGCGAGTTCGCACCTGGTAGGGGTGGTGCTGA
CGGTARAGGTAACCCAGGTARAGAACCATACATCGCCACCCACAACTTGCTGTTGAGTCATARGGCTGCTG
TCGAAGTTTACAGAAAGAACTTCCAGAAGTGCCAAGGTGGTGAAATTGGTATTGTTTTARATTCTATGTGG
ATGGAACCTTTAAACGAAACTAAAGAAGATATTGATGCTAGAGAAAGAGGTTTAGATTTTATGTTAGGTTG
GTTCATTGAACCGTTAACTACTGGTGAATATCCAAAATCTATGAGAGCTTTAGTTGGTAGTAGATTACCAG
AATTTTCAACTGAAGATTCAGAAAAATTGACTGGTTGTTATGATTTTATTGGTATGAATTATTATACAACT
ACTTATGTTTCTAATGCTGATAAAATTCCAGATACACCAGGTTATGAAACTGATGCTAGAATTAACAAAAA
CATTTTTGTTAAAAAAGTTGATGGTAAAGAAGTTAGAATTGGTGAACCATGTTATGGTGGTTGGCAACATG
TTGTTCCATCTGGTTTATACAACTTGCTGGTTTACACCAAGGAGAAGTATCACGTTCCTGTCATCTACGTT
TCCGAATGCGGCGTTGTTGAAGAAAATAGAACAAATATTTTGT TGACAGAAGGAAAAACTAATATTTTATT
AACTGAAGCTAGACATGATAAACTGAGAGTTGATTTTCTACAATCACACTTAGCTTCTGTTAGAGATGCTA
TTGATGATGGTGTTAATGTTAAAGGATTTTTCGTTTGGTCTTTCTTTGATAATTTTGAGTGGAATTTGGGT
TATATTTGTAGATATGGTATTATTCATGTTGATTACAAGACATTTCAAAGGTATCCAAAAGATAGTGCAAT
TTGGTATAAGAATTTTATTTCTGAAGGTTTTGTTACTAA T RAAAAGAGATTTCGTGAAGAAGATA

AACTTGTTGAATTAGTTAAAAAACAAAAATAT

Figure 6. The yeast codon-optimized sequences of (A) dSTR and (B) SGD. A Sall site was introduced
to SGD at NT1602 (highlighted in magenta). When cloned in the BamHI1/Srfl sites of pESC-Ura vector
that contains a second Sall site, the NLS motif (bold letters) could be removed by digesting with Sall

and self-ligating the plasmid.
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For their expression in yeast, SGD and dSTR were cloned into multiple cloning
sites (MCS) of pESC-Ura vector from the source pUG19 vectors. Specifically, SGD was
cloned into MCS2 BamHI/Srfl sites, and STR was cloned into MCS1 Notl/Clal sites. PCR
and restriction enzyme digestion confirmed the presence of STR and SGD genes in the
plasmid (Fig. 7 and 8). The resulting plasmid was further sequenced to confirm both STR

and SGD genes contained no mutations.
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Figure 7. Agarose gel showing the colony PCR products of STR and SGD in yeast from nine selected

colonies. Plasmids containing each gene were used as positive PCR controls.
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Figure 8. pESC-Ura-dSTR-SGD restriction digestion test for one selected colony; (I) Pstl linearize
vector with the size 9287 bp (I1) Sacl/BamHI cuts the vector to two segments with the size of 7548 bp
and 1739 bp (I11) Xhol cuts vector to two segments with the size of 5857 bp and 3430 bp (IV)

EcoRI/Hindll1 cuts the vector to two segments 6867 bp and 2420 bp

In order to produce the NLS-removed version of SGD (dSGD), the pESC-Ura-
dSTR-SGD was digested by Sall (Fig. 6), and the vector was self-ligated. By PCR, the
proper cleavage of the SGD NLS was confirmed since the primer set that could only anneal
to the full version of SGD could not amplify a product while primers anneal to dSGD were
still able to give positive PCR amplification (Fig. 9). Both pESC-Ura-dSTR-SGD and
pSEC-Ura-dSTR-dSGD plasmids were mobilized to the yeast strain BY47471 for further

protein expression and biotransformation test.
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Figure 9. pESC-Ura-dSGD-dSTR PCR products. As SGD C-terminal NLS has been cleaved, it is
expected that PCR with full-SGD reverse primer could not give a positive PCR amplification. PCR

with SGD forward primer and internal reverse primer amplified as expected.

C.2. dSTR, SGD and GS expression tests in E. coli

C.2.1. Protein expression by SDS-PAGE

Protein SDS-PAGE is an electrophoresis technique used for protein separation
according to the protein molecular weight. Based on this method, the protein can be
visualized by staining the gel with Coomassie blue stain and also, the intensity of each
protein band reflects the amounts of protein. A single colony of BL21-Al E. coli harboring
the pACE-GS-pDS-SGD-pDC-dSTR plasmid was cultured at 37 °C in liquid media in a
shaking flask in the presence of 2% (w/v) glucose to suppress any leaky protein expression.
The growth (biomass) of E. coli was monitored by measuring the culture optical density at
600 nm (ODeoo). After reaching an ODsoo of 0.3 (early exponential phase of growth), the

culture was pelleted and resuspended in fresh media without glucose. Next the cells were
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induced by the addition of arabinose to a final concentration of 0.1% (w/v) and continued
to be cultured at 25 °C. Aliquots of the cells were harvested in a time course, which were
sonicated to lyse the cells and extract the total proteins. At each time point, ODggo Was
measured (Table 2). SDS-PAGE were prepared to visualize STR, SGD and GS expression
at different induction times. Figure 10 and 11 show the total soluble and insoluble proteins
extracted from the cells by SDS-PAGE and purified protein standards for SGD, GS, and
STR.

Table 2. Protein induction time points for E. coli dSTR, SGD, and GS co-expression and the

corresponding culture OD600 values

t=0 t=0.5h t=1h t=2h t=4h t= over night
ODs0o 0.35 0.54 0.73 1.26 2.6 2.8
wa  §§ F 3 % 3 % 1 %
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Figure 10. SDS-PAGE of the total soluble proteins extracted from E. coli culture co-expressing dSTR,
SGD and GS taken at different time points after protein induction. Purified SGD, GS, and dSTR were
used to indicate the expected protein sizes. The uninduced E. coli total soluble proteins were used as a

negative control.
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Figure 11. SDS-PAGE of the total insoluble proteins extracted from E. coli culture co-expressing
dSTR, SGD and GS taken at different time points after protein induction. Purified SGD, GS, and
dSTR were used to indicate the expected protein sizes. The uninduced E. coli total soluble proteins

were used as a negative control.

From t= 0 h to t= 2h, the induced STR and GS protein bands were not visible in
either total soluble or insoluble proteins. After 4 h of induction, STR and GS proteins were
clearly visible in the insoluble protein gel when compared to the purified protein standards
(Fig. 11), while only STR could be clearly distinguished in the soluble protein gel in the
overnight sample (Fig. 10). On these two SGS-PAGE samples, SGD co-migrated with a
protein that already existed in E. coli, therefor its expression could not be unambiguously
detected; however, based on the band intensity after 4h and overnight induction in the

insoluble protein gel (Fig. 11), it was assumed that SGD was expressed in E. coli as well.
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C.2.2. Recombinant dSTR, SGD and GS in vitro assay

After 24h of protein induction, total E. coli proteins were extracted and assayed in
vitro to test dSTR, SGD and GS activities (Fig. 12). Previous research has shown that dASTR
converts the substrates tryptamine and secologanin to strictosidine, which is
deglycosylated by SGD to generate the labile strictosidine aglycones in equilibrium. When
assayed in vitro, GS reduces the strictosidine aglycone using the co-factor reduced
nicotinamide adenine dinucleotide phosphate (NADPH) and generates not only the 19E-
geissoschizine but its diastereomer 19Z-geissoschizine and a third product
tetrahydroalstonine (Qu et al., 2017). Previous results showed that STR and SGD were
active in the HEPES buffer, while GS activities were poor in this buffer system but high
when Tris buffer was used. As a result, STR/SGD and GS reactions were performed

separately.

N

H

Tryptamine GS

OH S8SGD

o
Ox = N “OH
\0._0 OH
o o v o
HO' OH Strictosidine
SN OH

Secologanin

Strictosidine
aglycones

Geissoschizine

Figure 12. Geissoschizine production from secologanin and tryptamine. This part of the pathway had
not been engineered in microorganisms before.

Secologanin and tryptamine (5ug each), and 300 ug total E. coli proteins were
added in a 300 pL reaction containing 50mM HEPES buffer at pH 7.5. Purified STR and
SGD proteins were used as the positive control, and boiled proteins were used as the

negative control. The GS assay (300 uL) contains 20mM Tris buffer at pH 7.5, 1ImM
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NADPH, 5ug strictosidine aglycones previous produced by purified enzymes, and 300 g
total E. coli proteins. The negative control reaction contained everything but NADPH. All
reactions took place at 30 °C for 1h. The reaction products were analyzed by LC-MS/MS.

Both the purified dSTR/SGD proteins and the total proteins of E. coli co-expressing
dSTR/SGD/GS for 24 h converted the substrates to strictosidine aglycones (m/z 351,
retention time 5-6 min), whereas the boiled protein negative control showed no production
of these aglycones (Fig. 13). Similarly, the total proteins of E. coli co-expressing
dSTR/SGD/GS for 24 h converted strictosidine aglycones to 19E-geissoschizine (m/z 353,
3.2 min) and small amounts of tetrahydroalstonine (m/z 353, 5.5 min) when compared to
the respective chemical standards, whereas the negative control did not show these MIAs
(Fig. 14). These in vitro assay results showed that STR, SGD and GS were all expressed

and active in the E. coli co-expressing these three proteins.
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Figure 13. Extracted lon Chromatogram (EIC) for m/z (351) showing the production of the
strictosidine aglycones when the total soluble proteins of E. coli co-expressing dSTR/SGD/GS after 24
h induction were assayed with the substrates tryptamine and secologanin. The bottom trace was the
negative control where the proteins were boiled. The middle trace showed the production of
strictosidine aglycones (labelled) using purified dSTR and SGD proteins as previously described. The
top trace showed the production of strictosidine aglycones in the same condition with the total soluble

proteins of E. coli co-expressing dSTR/SGD/GS after 24 h induction.
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Figure 14. EIC for m/z (353) showing the production of 19E-geissoschizine when the total soluble
proteins of E. coli co-expressing dSTR/SGD/GS after 24 h induction were assayed with the substrate
strictosidine aglycones. The bottom trace was the negative control where no NADPH was added. The
top two traces showed the chemical standards for 19E-geissoscizine and tetrahydroalstonine. The
middle trace showed the production of 19E-geissoschizine (labelled) and small amounts of
tetrahydroalstonine (labelled) using the total soluble proteins of E. coli co-expressing dSTR/SGD/GS

after 24 h induction.
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C.2.3. Recombinant dSTR, SGD and GS in vivo biotransformation in E. coli

The last test for recombinant expression of STR, SGD and GS in E. coli was in vivo
biotransformation. SDS-PAGE results (Fig. 10 and 11) suggested that 4h or 24 h after
protein induction, recombinant proteins were well expressed to be tested in vivo. After 4 h
or 24h of protein induction, 1 mL cell culture was fed with the substrates tryptamine and
secologanin (20 pg each). The production of 19E-geissoschizine was analyzed by LC-
MS/MS in a time course after feeding (1h, 2h, 4h, 24h) for the 24 h induction sample,
whereas only one time point (24 h) were used for the 4 h induction sample. To further
determine the biotransformation efficiency, two biotransformation temperatures (24°C and
30°C) and two media treatments (control LB medium and 20 mM Tris-HCI buffer at pH 8)
were tested. After the biotransformation experiments, each sample was mixed with the
equal volume of methanol and analyzed by LC-MS/MS using the Multiple Reaction
Monitoring (MRM) mode for detecting strictosidine (transition m/z 531->352, 1.2 min),
strictosidine aglycones (transition m/z 351-> 144, 5-6 min), tetrahydroalstonine (transition
m/z 353->144, 5.5 min) and 19E-geissoschizine (transition m/z 353170, 3.2 min).

For the samples with 4h of protein induction, only accumulation of strictosidine
was observed, and none of the other MIAs could be detected. The data suggest that 4h of
protein induction is not adequate for in vivo biotransformation. In comparison, the samples
with protein induced for 24h showed 19E-geissoschizine production, together with much
larger amounts of tetrahydroalstonine by-products (Fig. 15). Notably, geissoschizine was
only detected in the samples incubated at 24 °C in Tris-HCI buffer, but in any other
conditions. At the beginning of feeding (1-2 h), large amounts of strictosidine accumulated,

which began to reduce after 4 h and became only detectable after 24h (Fig. 16).
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Concomitantly, tetrahydroalstonine by-product accumulated as the major MIA at the
expense of strictosidine (Fig. 16). Taken together, the results showed that 19E-
geissoschizine could be produced by E. coli co-expressing dSTR, SGD, and GS, and the
optimum biotransformation condition for geissoschizine production was 24°C incubation,

Tris-HCI buffer at pH 8, and 24h after substrates feeding.

strictosidine 19£-geissoschizine Unknown bi
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Figure 15. LC-MS/MS trances showing the Multiple Reaction Monitoring (MRM) analyses for MIA
production in E. coli co-expressing dSTR/SGD/GS and fed with the substrates tryptamine and
secologanin. The scale was adjusted for illustration of 19E-geissoschizine. The experiments included
different time points (1h, 2h, 4h, and 24 h) after feeding at two temperatures, 24°C and 30°C and the

use of LB medium and 50 mM Tris-HCI at pH 8 for biotransformation. The peaks from left to right

59



are strictosidine (transition m/z 531->352, 1.2 min), 19E-geissoschizine (transition m/z 353->170, 3.2
min), tetrahydroalstonine (transition m/z353-> 144, 5.5 min) and strictosidine aglycones (transition m/z

351>144, 5-6 min). The bottom trace was the negative control where the cells remained uninduced.

strictosidine 19E-geissoschizine Strictosidine aglycones and tetrahydroalstonine

tetrahydroalstonine

24°C-24h expression-1h feeding-Tris
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Figure 16. LC-MS/MS traces showing the Multiple Reaction Monitoring (MRM) analyses for MIA
production in E. coli co-expressing dSTR/SGD/GS and fed with the substrates tryptamine and
secologanin at 24°C, Tris-HCI buffer pH 8 after 24h of protein induction. Scale was adjusted for
illustration of strictosidine and tetrahydroalstonine. The peaks from left to right are strictosidine
(transition m/z 5312352, 1.2 min), 19E-geissoschizine (transition m/z 353->170, 3.2 min),
tetrahydroalstonine (transition m/z353->144, 5.5 min) and strictosidine aglycones (transition m/z

351->144, 5-6 min). The bottom trace was the negative control where the cells remained uninduced.
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The same in vivo biotransformation in E. coli was performed for the optimum
condition (24°C, 24h expression and feeding in Tris-HCI buffer) to quantify MIAs
production. In addition, the expression and feeding at 15 °C was tested as well. The induced
cells were fed with tryptamine and secologanin (5 pg each), and for the negative control,
there was no feeding with the substrates (Fig. 17). Same as the previous biotransformation,
tetrahydroalstonine by-product is the major produced MIA at 24°C, while strictosidine is

the major produced MIA at 15°C.

tetrahydroalstonine
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strictosidine
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Figure 17. LC-MS/MS traces showing the Multiple Reaction Monitoring (MRM) analyses for MIA
production in E. coli co-expressing dSTR/SGD/GS and fed with the substrates tryptamine and
secologanin at 24°C and 15°C, Tris-HCI buffer at pH 8 after 24h of protein induction. The scale was
adjusted for illustration of strictosidine and tetrahydroalstonine. The bottom trace showing the
negative control where the cells were not fed with the substrates. The middle trace showing co-

expressing dSTR/SGD/GS in E. coli at 15°C with strictosidine (labelled) and strictosidine aglycones
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(labelled) as major produced MIAs. The top trace illustrating co-expressing dSTR/SGD/GS in E. coli

at 24°C where tetrahydroalstonine (labelled) is the major produced MIA.

To detect the amounts of produced MIAs trapped inside the E. coli cells, the
samples were sonicated to lyse the cells and extract MIAs. Similarly, the samples were
analyzed by LC-MS/MS with MRM mode (Fig. 18). The results showed that almost 70%

of 19E-geissoschizine and other MIAs accumulated in the media.
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Figure 18. MRM mode for strictosidine, 19E-geissoschizine, strictosidine aglycones and
tetrahydroalstonine. The bottom trace showing accumulated MIA in the media for the sample (24°C,
Tris-HCl at pH 8, after 24h of feeding), which was the optimum biotransformation assay. The top trace
is a similar sample which was sonicated to lyse the cells and showing the accumulation of MIAs inside

the cells and media.
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The best biotransformation reaction (24°C, Tris-HCI at pH 8, after 24h of feeding) was
chosen to quantify 19E-geissoschizine and tetrahydroalstonine using a standard curve of

the chemical standard in various concentrations (Fig. 19).

Total amount of produced 19E-geissoschizine in 600 pL culture (24°C): 8.6 ng

Total amount of 19E-geissoschizine with 100% yield: 4540 ng
The conversion yield for 19E-geissoschizine (24°C): % x 100 = 0.18%

Total amount of produced tetrahydroalstonine in 600 pL culture (24°C): 4167 ng

Total amount of tetrahydroalstonine with 100% yield: 4540 ng

The conversion yield for tetrahydroalstonine (24°C): % x 100 =91.7%

Total amount of produced strictosidine in 600 pL culture (15°C): 177.6 ng

Total amount of strictosidine with 100% yield: 6841 ng

The conversion yield for strictosidine (15°C): %1'16 X 100 = 2.6%
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Figure 19. The standard curve for (I) 19E-geissoschizine (I1) tetrahydroalstonine (I111) strictosidine

showing the correlation between peak area and the amount of compound injected to LC-MS.
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C.2.4. Conclusion

This thesis demonstrates the first example of microbial production of 19E-
geissoschizine from tryptamine and secologanin. By adding glucose to the growth media,
the leaky expression of STR and SGD is repressed, which allowed the co-transformation
of these two genes. The protein expression was induced by arabinose after enough E. coli
biomass has accumulated. Feeding tryptamine and secologanin to the induced E. coli
culture led to 19E-geissoschizine formation together with tetrahydroalstonine by-product
as the major accumulating MIA. The optimum biotransformation condition for 19E-
geissoschizine production was 24°C incubation, Tris-HCI buffer at pH 8, and 24h after
substrates feeding. However, the in vivo 19E-geissoschizine production in E. coli is very

low (0.18% substrate conversion), suggesting further optimization is needed.

C.3. STR, SGD and GS expression tests in yeast

Although 19E-geissoschizine production by E. coli is demonstrated in this research,
the rest of the 28-gene vinblastine pathway cannot be easily assembled E. coli because of
the 6 membranous CYPs enzymes that require eukaryotic endoplasmic reticulum. As a
result, yeast was tested for STR/SGD/GS co-expression, which will be further extended to
include the remaining genes. As aforementioned, SP removed STR (dSTR), and NLS-
removed SGD (dSGD) were used to examine the MIA production in the below vectors:

e pESC-Ura-SGD-dSTR
e pESC-Ura-dSGD-dSTR
Protein activities were tested by in vitro assay, and the in vivo biotransformation of

secologanin and tryptamine to geissoschizine in yeast was also tested.
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C.3.1. Recombinant STR and SGD in vitro assay in yeast

The pESC-Ura yeast vectors harboring either SGD-dSTR or dSGD-STR were
transformed to yeast strain BY47471. Two independent transformants were cultured in
liquid media with 2%(w/v) glucose to accumulate the biomass while also inhibiting the
recombinant protein expression. After 24 h, the grown cultures were mixed and centrifuged
to remove glucose. The cells were further cultured in fresh media containing 2%(w/v)
galactose for 24h to induce the protein expression. After protein induction, the cultures
were lysed by beating the cells with glass beads to extract the total proteins. Subsequently,
secologanin and tryptamine (5ug each), and 300 pg total yeast protein were added in a 300
ML reaction containing 50mM HEPES buffer at pH 7.5. Boiled proteins were used as the
negative control. The reaction took place at 30°C for 1h. The reaction products were
analyzed by LC-MS/MS.

Both total proteins of yeast co-expressing dSTR/SGD and dSTR/dSGD for 24 h
converted the substrates to strictosidine aglycones (m/z 351, 5-6 min). On the other hand,
boiled protein negative control showed no production of strictosidine aglycones (Fig. 20).

The results showed that dSTR, SGD and dSGD are all expressed and functional in yeast.
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Figure 20. LC-MS analyses (EIC m/z 351) showing the production of the strictosidine aglycones
(labelled) when the total soluble proteins of yeast co-expressing dSTR/dSGD (the top trace) or
dSTR/SGD (the middle trace) after 24h induction were assayed with substrates tryptamine and

secologanin. The two bottom traces were the negative control where the proteins were boiled.

C.3.2. STR, SGD and GS in vivo biotransformation in yeast

To further test geissoschizine production in yeast, the dSSTR-SGD and dSTR-dSGD
yeasts were further transformed to include GS cloned in a pSEC-His vector. Therefore, the
two following strains were constructed.

e pESC-Ura-SGD-dSTR+ pESC-His-GS

e pESC-Ura-dSGD-dSTR+ pESC-His-GS
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Similarly, the cells were grown with glucose and induced by galactose for 24h at
30°C, and 1 ml culture was fed with tryptamine and secologanin (5 pg each) in 50mM Tris-
HCI at pH 8. The biotransformation took place at 30°C for 24h followed by analysis by
LC-MS/MS. As shown in Fig. 21, strictosidine was detected in both feeding assays, but the
strictosidine aglycones, geissoschizine, or tetrahydroalstonine by-product could not be

detected in either trial.
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Figure 21. LC-MS analyses of MIA production in yeast co-expressing dSTR, SGD/dSGD, and GS fed
with tryptamine and secologanin. (1) EIC for m/z 353 showing no detection of 19E-geissoschizine or
tetrahydroalstonine (top two traces). The bottom trace was the negative control where the yeast cells
were uninduced. The middle trace showed the chromatogram for biotransformation assay for yeast

co-expressing dSTR/SGD/GS. The top trace showing no production of 19E-geissoschizine in the same
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condition for yeast co-expressing dSTR/dSGD/GS. (I1) EIC for m/z 531 showing the accumulation of

strictosidine (1.2 min) by the same yeasts.

C.3.3. Conclusion

Unlike the results obtained in E. coli, feeding tryptamine and secologanin to the
yeast co-expressing STR, SGD, and GS did not yield detectable amounts of 19E-
geissoschizine. The in vitro assays have shown that dSTR and SGD/dSGD were expressed

and active in yeast. However, GS expression will need to be further tested.

C.4. Summary

With the full elucidation of the 28-gene vinblastine biosynthetic pathway, it has
become possible to replicate the entire or partial biosynthetic pathway into the
microorganisms such as yeast and E. coli, for the production of desired MIA products and
intermediates that are hard to chemically synthesize or extract from nature sources. This
thesis attempted the co-expression of STR, SGD, and GS to produce geissoschizine from
tryptamine and secologanin in both E. coli and yeast S. cerevisiae. The toxicity from co-
expressing STR and SGD in E. coli was solved by choosing a suitable engineered
vector/strain and the addition of glucose to repress the leaky expression of STR and SGD.
Ultimately, for the first time, this research demonstrated the production of 19E-
geissoschizine in E. coli. Despite successful enzyme in vitro assay of STR and SGD from
the co-expressing yeast, the 19E-geissoschizine production by yeast strains containing

STR, SGD and GS could not be detected.
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D. Functional expression of O-acetylstemmadenine oxidase in yeast by
using the signal peptide from the yeast carboxypeptidase Y protein
enables the production of catharanthine and tabersonine from
geissoschizine in yeast

One of the major issues toward assembling the vinblastine biosynthetic pathway
into yeast is the O-acetylstemmadenine oxidase (ASO) expression. ASO belongs to the
enzyme class flavin adenine dinucleotide (FAD)-dependent monooxygenase. This enzyme
class is known to require the eukaryotic secretion pathway to be glycosylated and folded
properly for enzyme activities, and the recognition for these post-translational
modifications is dependent on their N-terminal signal peptides (SP). Chaperon proteins
recognize and bind to the SP of nascent, unfolded polypeptides of these enzymes on the
endoplasmic reticulum (ER) and facilitate their translocation into the ER lumen. From
there, the SP is cleaved from the polypeptide, and a number of protein chaperons and
enzymes are involved in the glycan attachment, modifications, and protein folding to
produce the functional enzymes, which are further translocated and modified in Golgi
bodies and eventually secreted out of the cells or transported to other cellular locations.

Prokaryotic organisms such as E. coli have very different protein glycosylation
mechanisms. So far, there has been no success in expressing any FAD-dependent
monooxygenase in bacteria. On the other hand, the simple eukaryotic yeast contains
glycosylation machinery similar to that of plants, and it is possible to express these
monooxygenases in yeast. Previously, a FAD-dependent monooxygenase berberine bridge

enzyme (BBE) was functionally expressed in the baker’s yeast Saccharomyces cerevisiae
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(Dittrich & Kutchan, 1991). However, another FAD-dependent monooxygenase
tetrahydrocannabinolic acid synthase (THCAS) could not be directly expressed in S.
cerevisiae but in the methylotrophic yeast Pichia pastoris and the insect cell cultures
(Taura et al., 2007). The results demonstrated that modifications may be needed to at least
some of the FAD-dependent monooxygenases.

ASO expression with or without its native SP in S. cerevisiae was unsuccessful
(Qu, Safonova, et al., 2018; Caputi et al., 2018). Recently, researches have shown that
replacing the protein SP with SP of yeast carboxypeptidase Y (CPY) SP allowed proper
recognition and functional expression of THCAS and a SCPL-type acyltransferase
involved in the tropane alkaloids production in yeast S. cerevisiae (Y. Liu, Jing, Luo, & Li,
2019; Srinivasan & Smolke, 2020). CPY is a yeast native enzyme that is glycosylated but
maintained in the yeast vacuole. We hypothesized that ASO would be expressed properly
with the CPY SP, and allows its retention in yeast vacuole or cytosol.

In this chapter, the codon-optimized ASO was synthesized with the addition of
CPY-SP at its N-terminus. A second version was also created, where the ASO native SP
was removed, but CPY-SP was maintained. The ASO expression was confirmed by
confocal microscopy and immunoblotting. Furthermore, co-expression of 8-genes in yeast
(GO, Redox1, Redox2, SAT, ASO, DPAS, HL1 and HL?2) allowed the production of the
vinblastine precursors catharanthine and tabersonine in vivo by feeding the yeast with 19E-

geissoschizine.
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D.1. Gene cloning

The ASO gene contains an N-terminal SP deemed for directing the protein to the
secretion pathway for glycosylation. To solve its expression problem in yeast, the CPY SP
sequence was added to the ASO gene (Fig. 22), and also the codon was optimized to
enhance its expression in yeast (Bio Basic, ON, Canada). The clone (CPY-ASO) was also
designed to allow the removal of ASO N-terminal native SP by restriction enzyme Sacl
(magenta, Fig. 22), which resulted in the N-terminal truncated CPY-ASO (denoted as CPY -

dASO).

ATGARAGCATTCACCAGTTTACTATGTGGACTAGGCCTGTCCACTACACTCGCTAAGGCCATCTCATTGCA
ARGACCGTTGGGTCTAGATAAGGACGT I T TG A TGATAAAAAAAGTCCCAATAGT TCTTTCAATTT
TCTGCTTTCTTCTTCTACTCTCATCATCCCATGGCTCAll2TTCCTGAAGCTTTTCTCAATTGTATT
TCCAATAAATTTTCATTAGATGTATCCATTTTAAACATTCTTCATGTTCCCAGCAATTCTTCCTATGATTC
TGTTCTCAAATCTACTATCCAAAATCCAAGATTCCTCAAATCACCCAAGCCCTTAGCTATAATCACCCCAG
TACTTCACTCCCATGTCCAATCTGCTGTTATCTGTACCAAACAAGCCGGTTTACAAATTAGAATCCGAAGC
GGAGGAGCTGATTACGAGGGCTTATCCTATCGTTCTGAGGTTCCCTTTATTCTGCTAGATCTCCAGAATCT
TCGATCAATTTCCGTTGATATTGAAGACAACAGCGCTTGGGTCGAATCAGGAGCAACAATTGGTGAATTCT
ATCATGAGATAGCTCAGAACAGCCCTGTTCATGCGTTTCCAGCTGGGGTCTCTTCCTCTGTTGGAATTGGC
GGCCATTTGAGTAGCGGCGGTTTTGGTACATTGCTTCGGARATATGGATTAGCAGCCGATAATATAATCGA
TGCAAARATTGTTGATGCCAGAGGCAGAATTCTTGATAGGGAATCAATGGGAGAAGATCTATTTTGGGCTA
TTAGAGGAGGAGGAGGAGCTAGTTTTGGTGTTATAGTTTCTTGGAAGGTTAAACTTGTARRAGTCCCTCCG
ATGGTAACTGTTTTCATCTTGTCCAAGACTTATGAAGAAGGAGGTTTAGATCTTCTACACAAATGGCAATA
TATAGAACACAAACTCCCTGAAGATTTATTCCTTGCTGTAAGCATCATGGATGATTCATCTAGTGGARATA
ARACACTTATGGCAGGTTTTATGTCTCTGTTTCTTGGAAAAACAGAGGACCTTCTGAAAGTAATGGCGGAA
AATTTCCCACAACTTGGATTGAAARAGGAAGATTGCTTAGAAATGAATTGGATTGATGCAGCAATGTATTT
TTCAGGACACCCAATTGGAGAATCCCGATCTGTGCTTAAAAACCGAGAATCTCATCTTCCARAGACATGCG
TTTCGATCAAATCAGACTTTATTCAAGAACCACAATCCATGGATGCATTGGAAAAGTTATGGAAGTTTTGT
AGGGAAGAAGAAAATAGTCCCATAATACTGATGCTTCCACTGGGGGGAATGATGAGTARAATATCAGAATC
AGAAATCCCATTTCCTTACAGAAAAGATGTGATTTACAGTATGATATACGARATAGTTTGGAATTGTGAAG
ACGATGAATCATCGGAAGAATATATCGATGGATTGGGAAGGCTTGAGGAATTAATGACTCCATATGTGARA
CAACCAAGAGGTTCTTGGTTCAGCACCAGAAACCTTTATACCGGTAAAAATARAGGTCCAGGAACAACTTA
TTCCAAAGCTAAAGAATGGGGATTTCGGTATTTTAATAATAATTTCAAAAAGTTGGCCCTTATCAAAGGAC
AAGTTGATCCAGAAAACTTCTTCTACTATGAACAAAGCATTCCCCCTCTCCATTTACAAGTCGAACTTTGA

Figure 22. The yeast codon-optimized sequence of ASO with the additional of CPY signal peptide
sequence (highlighted in gray). Two Sacl sites were introduced to ASO at NT102 and NT176
(highlighted in magenta). When cloned in the BamHI/Sall sites of pESC-Ura and pUG23 vectors, the
N-terminal ASO native signal peptide can be removed by digesting with Sacl and self-ligating the

plasmid.
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For ASO expression in yeast, CPY-ASO was cloned into MCS2 using primer set
1/2 (Table 1) within BamHI/Sall sites of pESC-Ura vector from the source pET-Duet
vector. Similarly, CPY-ASO was cloned into BamHI/Sall sites of pUG23 vector with the
same primer sets, for C-terminal fusion with a green fluorescent protein (GFP), which
allows its detection by fluorescent confocal microscopy. PCR and restriction enzyme
digestion confirmed the presence of the CPY-ASO gene in the plasmid. Restriction enzyme
Sacl cleaved the ASO native SP, and the plasmid was self-ligated to produce CPY-dASO.
CPY-dASO was cloned into BamHI/Sall sites of pESC-Ura and pUG23 with the same
procedure as CPY-ASO (Fig. 23 to 26). The resulting plasmids were further sequenced to

confirm CPY-ASO genes contained no mutations.

13514581 58816 81781819

- o Ty
1314 15 165 171819

Figure 23. (1) Agarose gels showing the colony PCR products of (1) CPY-ASO and (Il) CPY-dASO
from 19 selected colonies for pUG23-CPY-ASO. The size of CPY-ASO is 1700 bp. Plasmids containing

the CPY-ASO gene were used as the positive PCR control.
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BamHI/Sall BamHI/Clal

BamHI/Sall BamHI/Clal

Figure 24. (1) puG23-CPY-ASO restriction digestion test for three selected colonies; BamHI/Sall cuts
vector to two segments with the size of 6350 bp and 1600 bp while Pstl linearizes vector with the size
8000 bp. BamHI/Clal cuts vector to two segments with the size of 6500 bp and 1400 bp which colonies
1 and 2 are aligned with the expected digestion pattern (I11) pUG23-CPY-dASO restriction digestion
test; BamHI/Sall cuts vector to two segments with the size of 6450 bp and 1500 bp while Pstl linearizes
vector with the size 7900 bp. BamHI/Clal cuts the vector to 6600 bp and 1300 bp. Colonies 1 and 3 are

aligned with the expected digestion pattern.

75



W PP W W R 4

10027 3% 4 TS e R T R 8 N IO 2 13 4 150716 17 1187197 20

I
=
S
S
o
7
o
Q.
)
(%]
<

ASO positive control

Figure 25. Agarose gel showing the colony PCR products of (I) CPY-ASO (I1) CPY-dASO from 20
selected colonies in E. coli TOP10 cell line for pESC-Ura-CPY-ASO. The size of CPY-ASO is 1700 bp.

The plasmid containing CPY-ASO was used as the positive PCR control.
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BamHl/Sall BamHI/Spel Pstl

BamHl/Sall EcoRI/Hindlll

Figure 26. (1) pESC-Ura-CPY-ASO restriction digestion test for one selected colony; BamHI/Sall cuts
vector to two segments with the size of 6700bp and 1600 bp, BamHI/Spel cuts vector to two segments
with the size of 850 bp and 7450 bp, Pstl linearizes vector with the size 8300 bp and Xbal cuts vector
to two segments with the size of 4800 bp and 3500 bp, which aligned with the expected restriction
digestion pattern. (1) pESC-Ura-CPY-dASO restriction digestion test for two selected colonies;
BamHI/Sall cuts vector to two segments with the size of 1500 bp and 6700 bp, EcoRI/Hindlll cuts
vector to two segments with the size of 2500 bp and 5700 bp, Pstl linearizes vector with the size 8200bp.

Both colonies were aligned with the expected restriction digestion pattern.
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Therefore, the following two plasmids were constructed for the confocal microscopy test:

e pUG23-CPY-ASO

e pUG23-CPY-dASO
Also, the following plasmids were constructed for immunoblotting and in vivo
biotransformation assay:

e pESC-Ura-CPY-ASO

e pESC-Ura-CPY-dASO

Subsequently, HL1 (Gene bank accession number MF770512) was cloned into pESC-
Ura-CPY-ASO and pESC-Ura-CPY-dASO in MCS1 Notl/Spel site by digestion-ligation.
Similarly, HL2 (Gene bank accession number MF770513) was cloned into the two
plasmids containing ASO. Therefore, the following four recombinant DNA plasmids were
constructed.

e pESC-Ura-CPY-ASO-HL1

e pESC-Ura-CPY-dASO-HL1

e pESC-Ura-CPY-ASO-HL2

e pESC-Ura-CPY-dASO-HL2

The remaining genes for conversion of 19E-geissoschizine to catharanthine and
tabersonine were cloned into pESC-Leu and pESC-His plasmids. GO (Gene bank
accession number MF770508) and SAT (Gene bank accession number MF770511) were
cloned into MCS2 Apal/Sall and MCS1 Notl/Spel sites of pESC-Leu plasmid,
respectively. The other three correspondent genes, Redox1 (Gene bank accession number

MF770509), Redox2 (Gene bank accession number MF770510) and DPAS (Gene bank
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accession number KU865331), were cloned into the pESC-His plasmid by other lab

members.

D.2. Confocal microscopy detected GFP from the ASO-GFP fusion protein in yeast

By use of the puUG23 plasmid, GFP was fused to the C-terminus of either CPY-
ASO or CPY-dASO. If the target protein were expressed in yeast, its expression would be
visualized by observing GFP fluorescence using confocal microscopy. Also, this technique
is an important tool for protein localization studies. After the transformation of two
plasmids containing CPY-ASO/dASO into BY47471 S. cerevisiae yeast strain, the cells
were cultured in the suitable synthetic complex drop-out medium for 24 h at 30°C. Then,
the cells were observed by the confocal microscope. The confocal microscopy results (Fig.
27) show that GFP fluorescence was clearly visible for both CPY-ASO and CPY-dASO
samples diffused in the entire cell, which suggested successful ASO expression in yeast

and its localization in yeast cytosol.
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Figure 27. Confocal microscopic images of BY47471 S. cerevisiae yeast strain harboring (1) pUG23-
CPY-ASO (I1) puG23-CPY-dASO after 24h of culturing at 30°C. The GFP is fused to the cloned
protein and can visualize the expression of ASO. The GFP signal is diffused in the yeast cell,

suggesting cytosolic protein localization.

D.3. Immunoblotting confirmed ASO expression and the removal of its signal
peptide

The confocal microscopy suggests that CPY-ASO, which is fused to GFP, can be
expressed in yeast. Next, the western blot experiment was used to investigate ASO
expression without the GFP tag. Recombinant protein expression levels in yeast are usually
much lower than in E. coli. As a result, a regular protein SDS-PAGE may not show the
clear evidence of recombinant protein expression. Western blot is a technique to detect
smaller amounts of expressed protein using fluorescent antibodies specific to the protein
of interest. The use of pSEC-Ura vector allows the addition of a small C-terminal Myc tag
that could be recognized by the anti-Myc antibody, allowing western blot analyses of ASO
expression in yeast.

Firstly, the yeast cells containing pESC-Ura-CPY-ASO/dASO were cultured at
30°C overnight with 2%(w/v) glucose. For protein induction, the cultures were pelleted
and resuspended in fresh media containing 2% (w/v) galactose. The cultures continued to
be cultured at 30°C for 24h, followed by cell lysis using glass beads and extracting the total
protein. Yeast total proteins were separated by SDS-PAGE and transferred to a PVDF
membrane. Western blot was performed using standard procedures with the primary anti-

Myc antibodies followed by the secondary antibodies conjugated with horseradish
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peroxidase (HRP). The protein bands were visualized by HRP catalyzed release of

chemifluorescence using a ChemiDoc.
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Figure 28. Immunoblotting of yeast total proteins expressing pESC-Ura-CPY-ASO (left lane) and

PESC-Ura-CPY-ASO (right lane) with anti-Myc antibodies.

Notably, both CPY-ASO and CPY-dASO proteins were detected by western blot
at ~55 kD size, while the expected size of CPY-ASO with the full N-terminal SP was 63
kDa (Fig. 28). The results suggested that both CPY-ASO and CPY-dASO were
successfully expressed in yeast, and the N-terminal SP was removed during the protein
post-translational modification resulting in smaller protein sizes. Together with the
confocal microscopy studies, it is demonstrated that adding CPY SP to ASO encoded gene

enabled ASO expression in yeast.
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D.4. Recombinant ASO in vivo biotransformation assay in yeast

While ASO was successfully expressed in yeast, its activity requires further
investigation. Next, 3 plasmids harboring 8 genes mediating the conversion of 19E-
geissoschizine to catharanthine and tabersonine were transformed to yeast, and the
following 4 yeast strains were made. It was expected that strain 1/2 would produce
catharanthine while the strain 3/4 would produce tabersonine, respectively (Fig. 29).

e Strainl: pESC-Ura-CPY-ASO-HL1 + pESC-Leu-GO-SAT + pESC-His-DPAS-

Redox1-Redox2

e Strain2: pESC-Ura-CPY-dASO-HL1 + pESC-Leu-GO-SAT + pESC-His-DPAS-

Redox1-Redox2

e Strain3: pESC-Ura-CPY-ASO-HL2 + pESC-Leu-GO-SAT + pESC-His-DPAS-
Redox1-Redox2
e Strain4: pESC-Ura-CPY-dASO-HL2 + pESC-Leu-GO-SAT + pESC-His-DPAS-

Redox1-Redox2

GO N ]
Redox1 X HL1
N ASO
Redox2 ‘ N | . B SAT H IFO DPAS
H "f\o 0" o
HO o/\ 4\< \
\ o
Geissoschizine Stemmadenine O-acetylstemmadenine HL2

Tabersonine

Figure 29. The biosynthetic pathway showing the conversion of 19E-geissoschizine to catharanthine

and tabersonine mediated by 8 enzymes.
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The four yeast strains were similarly cultured and induced for protein expression.
After protein induction, the cells were harvested and resuspended in 700 puL of 50 mM
Tris-HCI buffer pH 8. The cells were fed with 4 pug of 19E-geissoschizine at 30°C for 24h.
The reaction products were analyzed by LC-MS/MS. Strains 1 and 2 containing HL1 were
expected to convert 19E-geissoschizine to catharanthine, and strains 3 and 4 containing
HL2 were expected to produce tabersonine (Fig. 29). Figure 30 and 31 clearly showed the
conversion of 19E-geissoschizine to catharanthine (m/z 337, MRM transition m/z
337->144, 4.4 min) and tabersonine (m/z 337, MRM transition m/z 337->168, 5.8 min) by
strains 1/2 and strains 3/4, respectively. The results confirmed that the CPY-SP fused ASO
was indeed functionally expressed in yeast, and this is the first demonstration of
catharanthine and tabersonine production in microbes. It is worth noting that no other MIA
intermediates or by-products were detected in these feeding assays but the final products

catharanthine and tabersonine.
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Figure 30. LC-MS chromatograms EIC for m/z 337 showing the production of catharanthine and
tabersonine by feeding yeasts co-expressing GO, Redox1, Redox2, SAT, ASO, DPAS, HL1 and HL2
with 19E-geissoschizine. The two top traces were strains 1 and 2 containing HL1. The two middle traces
were strains 3 and 4 containing HL2. The bottom trace was the negative control where the cells were

not induced. Strains 1 and 3 contained CPY-ASO, and strains 2 and 4 contained CPY-dASO.
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Figure 31. LC-MS/MS MRM chromatograms showing the production of catharanthine and
tabersonine by feeding yeasts co-expressing GO, Redox1, Redox2, SAT, ASO, DPAS, HL1 and HL2
with 19E-geissoschizine. The two top traces were strains 1 and 2 containing HL1. The two middle traces
were strain 3 and 4 containing HL2. The bottom trace was the negative control where the cells were
not induced. Strains 1 and 3 contained CPY-ASO, and strains 2 and 4 contained CPY-dASO.
Catharanthine was monitored at transition m/z 337-144, 4.4 min, whereas tabersonine was monitored
at transition m/z 337-168, 5.9 min.

Furthermore, to analyze the amounts of MIA secreted to the growth media and
those that remained inside the cells, the intracellular metabolites were extracted by lysing
yeast cells with bead beating method and analyzed by LC-MS/MS (Fig. 32). The results

showed that 60% of catharanthine was secreted to the media, while 40% remained inside

of yeast cells (Fig. 32).
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Figure 32. LC-MS EIC chromatograms for m/z 337 comparing the amounts of catharanthine secreted
into yeast media (top trace) and those that remained intracellularly (bottom trace). Catharanthine

produced by yeast strain 2 in vivo biotransformation was used in this comparison.

D.5. MIA titres by yeast biotransformation and preliminary flux analyses

For the production of catharanthine and tabersonine in vivo by feeding the yeast
with geissoschizine, the conversion yield was calculated based on catharanthine and
tabersonine chemical standards. Standard curves for tabersonine and catharanthine (Fig.
33) were generated using LC-MS/MS MRM mode: catharanthine MRM transition m/z
337->144, 4.4 min, tabersonine MRM transition m/z337->168, 5.8 min. A standard curve

was also prepared for the intermediate stemmadenine using LC-MS EIC m/z 355, 1.2 min.
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Figure 33. Standard curves showing the LC-MS mass peak areas corresponding to various amounts
of MIA standards analyzed by LC: stemmadenine (the top chart), catharanthine (the middle chart)

and tabersonine (the bottom chart).
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In order to investigate the pathway flux in yeast, the conversion of 19E-
geissoschizine to stemmadenine was studied using yeast co-expressing GO, Redox1, and
Redox1 (Fig. 29). This strain was previously produced in our group (Qu, Easson, et al.,
2018), which only produces the early intermediate stemmadenine since SAT, ASO, DPAS,
HL1 or HL2 were not included in the co-expression. By comparing the percentage of
geissoschizine  to stemmadenine conversion, and geissoschizine  to
catharanthine/tabersonine conversions, the conversion efficiency could be studied. LC-MS
analyses (Fig. 34) showed the formation of stemmadenine (m/z 355, 1.1 min) by this yeast

strain.

stemmadenine

Relative abundance

19E-geissoschizine+GO-
Redox1-Redox2-CPR

19E-geissoschizine+GO-Redox1-
s Redox2-CPR (uninduced protein)

Retention time (min)

Figure 34. LC-MS total ion chromatogram showing the production of stemmadenine when yeast co-
expressing GO, Redox1, Redox2 was fed with 19E-geissoschizine. The bottom trace was the negative

control where the cells were uninduced. The top trace showed the production of stemmadenine.

88



First, the conversion of 19E-geissoschizine to stemmadenine is calculated:

Amount of stemmadenine detected in 5uL LC sample: 9.8 ng

Total amount of produced stemmadenine in 700 pL culture: 1372 ng

Total amount of stemmadenine if the yield was 100%: 4022 ng

The conversion yield is: % X 100 = 34.1%

Similarly, conversion of 19E-geissoschizine to catharanthine and tabersonine is

calculated (table 3).

Table 3. Quantitative analysis for conversion of 19E-geissoschizine to catharanthine and tabersonine

for four strains in vivo biotransformation in yeast.

Amount (ng) of
catharanthine or
tabersonine detected

in LC-MS sample.

Amount (ng) of
produced
catharanthine of
tabersonine in

700pL culture

Total amount (ng) of
catharanthine or
tabersonine if the

yield was 100%

Conversion yield

Strain 1 (containing

CPY-ASO-HL2)

0.041 5.74 3818 0.15%
CPY-ASO-HL1)
Strain 2 (containing
0.0788 11.03 3818 0.28%
CPY-dASO-HL1)
Strain 3 (containing
0.051 7.14 3818 0.18%
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Strain 4 (containing

0.0986 13.8 3818 0.36%
CPY-dASO-HL2)

As the quantitative results showed, the conversion yield of 19E-geissoschizine to
catharanthine and tabersonine was less than 0.5%. The strain containing CPY-dASO-HL?2
which converted 19E-geissoschizine to tabersonine, has the best yield at 0.36%.
Considering the percentage conversion of 19E-geissoschizine to stemmadenine (34.1%),
large amounts of MIA intermediates were lost during the conversion from stemmadenine

to catharanthine and tabersonine.

D.6. conclusion and summary

In this research, the yeast CPY signal peptide was introduced to the ASO gene for
its yeast expression. CPY has been studied extensively in yeast, and its SP can direct the
protein to the secretion and glycosylation pathway. By expressing the CPY-SP-ASO or its
native peptide deleted version CPY-dASO, this research demonstrated that the ASO gene
was functionally expressed in yeast.

Confocal microscopy showed that the ASO-GFP fusion protein was localized to
yeast cytosol. Immunoblot showed that the signal peptides were cleaved in both CPY -SP-
ASO and CPY-dASO expressing yeast, resulting in a smaller ASO protein of identical size.
Further biotransformation assays using yeast co-expressing GO, Redox1, Redox2, SAT,
ASO, DPAS, and HL1/HL?2 clearly demonstrated the conversion of 19E-geissoschizine to
catharanthine and tabersonine in yeast. Despite the low yields, these experiments were the

first example of microbial production of catharanthine and tabersonine.
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E. Discussion

Microbial production of vindoline from tabersonine (Qu et al., 2015) and de novo
production of strictosidine (Brown et al., 2015) were two major steps toward assembling
the entire 28-gene vinblastine pathway into microorganisms. Reconstitution of the
vinblastine biosynthetic pathway will lead to the industrial production of this valuable anti-
cancer drug. Although there were some researches to improve vindoline production in
yeast, assembling the full pathway into yeast or other platforms has not been achieved.
Previous studies were not successful, partially owing to two major bottlenecks: 1) toxicity
of STR and SGD co-expression, and 2) ASO expression in yeast. This thesis, therefore,

focused on these two obstacles.

E.1. STR, SGD and GS co-expression in E. coli can be achieved by inhibiting their

leaky expression during the biomass accumulating stage

In our research group, previous efforts for co-transforming STR and SGD in E. coli
expressing strains repeatedly failed regardless of whether they were on a single vector or
different vectors. However, the two genes could be co-transformed in other non-expressing
E. coli strains. It was concluded that the co-expression of STR and SGD in E. coli is toxic
for the cells, so the cells could not be grown. In planta, STR and SGD enzymes are spatially
separated. STR is located in the vacuole (Stevens, Blom, & Verpoorte, 1993), while SGD
is localized in the nucleus (Geerlings et al., 2000; Guirimand et al., 2010). Although
speculative, this spatial separation in C. roseus could be caused by the strictosidine
aglycones toxicity. The highly reactive aglycones have been shown to coagulate and

precipitate proteins (Guirimand et al., 2010). It was hypothesized that herbivory attacks on
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C. roseus leaves disrupt leaf cells and allow STR/SGD activity to produce the toxic
aglycones as the natural defence mechanism for the plant. However, the reason for the
toxicity of STR and SGD co-expression in E. coli is not related to the strictosidine
aglycones, because E. coli cells could not grow even without feeding the substrates
secologanin and tryptamine when co-expressing STR and SGD. There could be other
metabolites either intrinsic to E. coli or in the growth medium, which STR and SGD might
turnover to toxic compounds that kill E. coli cells. The E. coli growth medium, LB, is the
most widely used rich medium containing complex components such as yeast extract and
tryptone from beef broth, which makes it difficult to pinpoint the exact metabolite(s) that
may become toxic. It is worth testing STR/SGD co-expression in E. coli cultivated in a
defined, minimal growth medium to test whether the toxicity derives from the growth
medium or the intrinsic E. coli metabolism in future studies.

BI21-Al strain was chosen for assembling STR, SGD and GS into E. coli platform.
This is an arabinose-inducible strain engineered to maximize protein expression, and the
protein expression is regulated by a T7 expression system. This strain provides high protein
yield and tight regulation on leaky recombinant protein expression, and it is among the best
choices for toxic proteins. In the BI21-Al strain, a copy of T7 RNA polymerase has been
added into the E. coli genome, under the control of the araBAD promoter. Therefore, this
strain is suitable for any T7-based expression vectors, such as the MultiColi™ vector used
in this thesis. Moreover, in the BI21-Al strain, the protein expression is repressed by the
addition of glucose (inhibiting the araBAD promotor) to the growth medium (Invitrogen,
2006). To test whether it is possible to suppress the toxicity, | transformed the pACE-GS-

pDS-SGD-pDC-dSTR vector to BL21-Al E. coli and plated the transformation on solid
92



media containing 0%, 2% and 4% of glucose. No colonies were grown on the plate with
0% glucose, and the plate with 4% glucose had few colonies, possibly due to the high
osmotic pressure. In contrast, the plate with 2% glucose contained numerous colonies,
which were tested positive for all three genes (Fig. 5).

With this result, | decided to continue STR/SGD/GS co-expression after enough E.
coli biomass has been accumulated by growing the cells with glucose, then removing it and
inducing the protein expression by arabinose. The recombinant protein expression and cell
growth were monitored by running protein SDS-PAGE and ODsoo during 24 h induction
period. After induction, the cells were growing rapidly initially. In 4 hours, the ODsoo
increased from 0.35 to 2.6. The growth slowed down significantly after 4h, and the ODgoo
only reached 2.8 after 20 h growth. Concomitantly, the protein expression of STR/SGD/GS
were not visible by SDS-PAGE until 4 h after induction, which may explain the slowed
growth after 4 h since toxicity would have started to suppress the cell growth. The co-
expression of STR/SGD/GS were further confirmed by in vitro assays using the total
induced E. coli proteins.

In this thesis, different values were used for feeding timing, feeding duration, and
feeding temperature to evaluate the production of strictosidine, strictosidine aglycones,
19E-geissoschizine, and tetrahydroalstonine byproduct (Table 4). When fed with the
substrates tryptamine and secologanin, the E. coli strain was able to convert them to small
amounts of 19E-geissoschizine while accumulating many folds higher tetrahydroalstonine
byproduct. The formation of THA byproduct was observed previously in in vitro enzyme
assays (Qu, Thamm, et al., 2018) and in this thesis, however, it was interesting to observe

amuch higher ratio of tetrahydroalstonine/geissoschizine in E. coli biotransformation since
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it was considered that the only product of GS in C. roseus was 19E-geissoschizine (Qu,
Thamm, et al., 2018). The result suggests that the in vivo GS activity is rather different
from its in vitro and in planta activity. It is possible to reduce tetrahydroalstonine byproduct
and control the flux to 19E-geissoschizine production, by resourcing a different GS enzyme
from other MIA producing species such as Vinca minor, random GS gene mutagenesis, or
experimenting biotransformation conditions such as temperature and pH.

The E. coli strain produced 19E-geissoschizine at 24 °C but barely so at 30 °C,
suggesting that GS activity may be improved when using a lower temperature. However,
the data suggest that protein expression at 15°C reduced GS activity. 19E-Geissoschizine
production was also greatly inhibited when LB media was used compared to using a basic
buffer (Tris HCI pH 8). It is worth experimenting with more temperatures and feeding
conditions to identify the optimal combination for 19E-geissoschizine production.

In the feeding time course, strictosidine production was observed at 1h after
substrate feeding, while the aglycones and tetrahydroalstonine were observed 2 h after
feeding. After 4h and 24h of feeding, there was barely any strictosidine accumulation but
larger amounts of tetrahydroalstonine and smaller amounts of 19E-geissoschizine. The
second in vivo biotransformation which had protein expression at 24°C and 15°C, showed
the same result for 24°C. At this temperature, THA is the major produced MIA (with the
conversion yield of more than 90%), while 19E-geissoschizine is produced at a very low
yield (0.18%). On the other hand, protein expression at 15°C led to the accumulation of
strictosidine and strictosidine aglycones, and almost 19E-geissoschizine and
tetrahydroalstonine have not been produced. The results suggest that SGD enzyme activity

could be increased to improve the reaction flux. At 24°C GS is more active than 15°C, so
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the production of strictosidine and strictosidine aglycones but THA was observed. By
optimizing the GS codon for E. coli or increasing the copy numbers of GS, it might control
the flux from undesired byproduct THA production to 19E-geissoschizine production.
Taking together, this thesis was the first to demonstrate the E. coli production of
19E-geissoschizine, a critical MIA intermediate to the anticancer vinblastine and many
more medicinal MIAs, by co-expressing three C. roseus genes STR, SGD and GS. The
toxicity issue was partially circumvented by inhibiting their leaky expression. Directing
the reaction to produce the desired 19E-geissoschizine may be further investigated by
varying growth media components, GS protein engineering, growth temperature, pH of the

buffer, and many other fermentation conditions.

Table 4. STR, SGD, GS biotransformation experiment design
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E.2. STR, SGD and GS co-expression in yeast

Reconstitution of STR, SGD and GS in E. coli was successful and led to the

microbial production of geissoschizine. However, the entire vinblastine pathway cannot be
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easily assembled into E. coli because the six CYPs enzymes in the remaining part of the
pathway could not be functionally expressed in E. coli. In addition, the other two segments,
strictosidine production and conversion of tabersonine to vindoline, were assembled into
yeast, making the assembly of the entire pathway in yeast more attractive.

Compared to E. coli, the eukaryotic yeast contains many organelles such as the
endoplasmic reticulum, nucleus and vacuole. In C. roseus, STR and SGD are localized
separately in the nucleus and vacuole, respectively, driven by an N-terminal signal peptide
(SP) in STR and a C-terminal nuclear localizing signal (NLS) in SGD. To bring both
proteins into the yeast cytosol, | used the SP-deleted, codon-optimized STR and NLS-
deleted, codon-optimized SGD in yeast expression. The intact SGD was also used as a
control.

STR and SGD co-transformation in yeast were successful with glucose which
suggests no or very low leaky expression of STR and SGD in yeast or yeast is not impacted
by their co-expression. However, feeding tryptamine and secologanin to the induced yeast
only resulted in the detection of strictosidine and an unknown compound (m/z 351, 4.5-4.7
min) that might be strictosidine aglycone derivative. The formation of strictosidine showed
that STR was active. The yeast total protein was used to evaluate STR and SGD activity,
and it was shown that both enzymes were active since strictosidine aglycones were
produced in vitro. There was no significant difference in aglycones production between
SGD and NLS-removed dSGD. Firstly, the accumulation of strictosidine suggests that
SGD activity will need to be improved. Secondly, the detection of compounds that might
be aglycone derivatives but aglycones suggests that the aglycones are not stable in yeast

cells.
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Despite of the sub-cellular localization studies on SGD in C. roseus and N.
benthamiana, which showed SGD expression in the nucleus, SGD sub-cellular localization
in yeast is not known. It is worth to study the sub-cellular localization of SGD and dSGD
in yeast by GFP protein fusion to determine whether dSGD actually allowed its localization
in the cytosol. A co-localization of STR and SGD should allow better metabolites flux
control and increase the product titre.

In the next experiments, biotransformation of secologanin and tryptamine to 19E-
geissoschizine by S. cerevisiae yeast strain co-expressing dSTR, SGD/dSGD, and GS was
performed. Unexpectedly, neither the yeast containing dSTR-SGD-GS nor dSTR-dSGD-
GS could produce detectable amounts of geissoschizine or tetrahydroalstonine. Notably,
both the media and intracellular contents were analyzed using lysed yeast, but
geissoschizine still could not be detected.

It is worth to investigate GS activity in induced yeast cells by both protein western
blot and direct protein in vitro assay. It is possible that GS was produced functionally, but
it is somehow spatially separated from the substrate aglycones or the GS was not produced
functionally. In this research, GS contained a C-terminal Myc tag that was intended for
protein detection by western blot. In previous E. coli experiments, GS did not include a C-
terminal tag. Expressing GS without the Myc tag may also shed light on the activity issue.

In conclusion, SGD and STR in vitro and biotransformation assay in S. cerevisiae
yeast strain showed that these two enzymes can be expressed in yeast, and they are active
and functional. Further optimization is needed to increase the aglycones production.
Further experiments are also needed to address the GS activity issue and the problem of

geissoschizine production in yeast.
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E.3. ASO expression in yeast

Microbial production of catharanthine and tabersonine from 19E-geissoschizine in
yeast plays a crucial role in assembling the vinblastine pathway in a microorganism. There
are 8 enzymes, GO-Redox1-Redox2-SAT-ASO-DPAS-HL1/HL2, involved in converting
19E-geissoschizine to catharanthine and tabersonine. Conversion of 19E-geissoschizine to
stemmadenine mediated by the first three enzymes, GO-Redox1-Redox2, was tested before
in our research group, which produced stemmadenine as expected. GO, Redox1, and
Redox2 catalyze a concerted reaction, and the intermediates decompose to several
byproducts that are no longer substrates of the next enzyme in this series (Qu, Easson, et
al., 2018). In this thesis, it was shown that stemmadenine was produced in yeast from
geissoschizine feeding without accumulation of any intermediates or byproducts, which
showed that all three enzymes are well active in yeast. However, the yield of stemmadenine
was only 34%, suggesting that geissoschizine may also be consumed or decomposed by
yeast native metabolism. To answer this question, it is worth studying the geissoschizine
consumption by yeast without any plant genes.

Stemmadenine is further acetylated by SAT and oxidized by ASO in the vinblastine
pathway. Previous efforts for expressing ASO in yeast repeatedly failed (Caputi et al.,
2018; Qu, Safonova, et al., 2018), likely due to the incompatibility of the ASO signal
peptide (SP). ASO belongs to the enzyme class of FAD-dependent monooxygenase and
requires the eukaryotic secretive pathway and protein glycosylation to properly fold and
mature into the final enzyme. While yeast does contain its secretive pathway and protein
glycosylation machinery, the SP of ASO may not be properly recognized by yeast.

Recently, it was shown that replacing the protein SP with SP of yeast carboxypeptidase Y
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(CPY) allowed proper recognition and functional expression of another FAD-dependent
monooxygenase tetrahydrocannabinolic acid synthase (THCAS) from cannabis and a
SCPL-type acyltransferase involved in the tropane alkaloids production in yeast.

In this thesis, codon-optimized ASO was expressed in yeast by two methods: 1)
adding the CPY SP to the full-length ASO and 2) removing the ASO native SP (dASO)
and replacing it with the CPY SP. Both types of ASO were expressed in yeast either with
a C-terminal GFP tag or C-terminal Myc tag for immunoblot analyses. Confocal
microscopy results showed both CPY-ASO and CPY-dASO were detected in yeast 24 h
post culture growing. The confocal images also showed that the protein localized in the
cytosol for both CPY-ASO and CPY-dASO rather than vacuole. The results suggested that
the presence or absence of the N-terminal signal peptide of ASO has no impact on protein
expression and its localization when combined with CPY SP.

While GFP fusion was helpful for visualizing the protein subcellular localization,
it could not differentiate protein truncation and degradation, which might also lead to
observed GFP signals. Immunoblotting was further performed to detect the protein
expression in yeast without GFP. Both CPY-ASO and CPY-dASO were detected by the
anti-C-Myc antibody. Notably, both CPY-ASO and CPY-dASO were detected by western
blot at ~55 kD, while the expected size of CPY-ASO is 63 kDa. The reduced protein size
is likely due to the removal of SP. Typically, SP is removed immediately after translocation
of nascent polypeptides into the ER lumen, which is the first step in protein secretion and
protein glycosylation. The immunoblot results strongly suggested proper recognition and

removal of CPY-SP, which leads to proper ASO folding and its expression in yeast.
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In this thesis, the ASO activity was further demonstrated by feeding 19E-
geissoschizine to yeast co-expressing GO-Redox1-Redox2-SAT-CPY-ASO (dASO)-
DPAS-HL/HL2 genes. Remarkably, catharanthine and tabersonine were produced, further
confirming that ASO was indeed functionally expressed in yeast. The data also confirmed
that all 8 genes involved in converting 19E-geissoschizine to catharanthine and tabersonine
were active.

No other MIA intermediates were detected in these feeding assays, which could
suggest that the flux is highly coordinated in yeast, or the intermediates/byproducts were
rapidly consumed by yeast. The fact that only 34% of geissoschizine was converted to
stemmadenine, and less than 0.5% geissoschizine was converted to catharanthine or
tabersonine, however, suggests that the flux is highly likely consumed by yeast native
metabolism. Several labile intermediates are known to be produced in this part of the
vinblastine pathway. In addition to the unstable intermediates in the GO-Redox1-Redox2
section, the ASO product (OAP) and the DPAS product (dehydrosecodine) are unstable
(Caputi et al., 2018; Qu, Safonova, et al., 2018). Especially the DPAS product
dehydrosecodine could be rapidly decomposed either by yeast or simply on its own.
Therefore, increasing the enzyme activities of the next enzymes, HL1 and HL2, may
increase the conversion significantly. It is worth experimenting the enzyme stoichiometry
to drive the reaction to the desired products, which has been shown previously in
engineering the strictosidine pathway and tabersonine pathway (Brown et al., 2015;Qu et
al., 2015; T. Liu et al., 2021). It is also worth experimenting the feeding temperature and

pH of the buffer to study the yield of the biotransformation.
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F. Future Directions

This thesis has demonstrated the E. coli production of the critical MIA intermediate
geissoschizine, and tabersonine/catharanthine production from geissoschizine in yeast.
These engineering efforts are the first steps towards the complete biosynthesis of
vinblastine in microbes. In the short term, this work will continue in the following

directions:

1) The expression temperature and pH of the buffer for E. coli biotransformation of
secologanin and tryptamine can be adjusted to increase the production rate of 19E-
geissoschizine. Moreover, expression and feeding time can be optimized too in the E. coli
biotransformation assay. Increasing copy numbers of SGD and GS may also boost the

yield.

2) STR and SGD activities in yeast could be further optimized to lead to the production of
19E-geissoschizine in the yeast. pH and components of the buffer can be optimized to solve
this bottleneck. GS also needs to be tested separately in yeast to evaluate its activity in this
microorganism. If the biotransformation were hampered by GS expression level, increasing
GS copy numbers or codon-optimization of this enzyme might solve this problem. If GS

activity were inhibited by the C-terminal Myc tag, removing it might restore its activity.

3) The conversion of 19E-geissoschizine to catharanthine and tabersonine could be

improved by experimenting the enzyme stoichiometry. The buffer component and its pH
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are significant variables that can also be optimized to boost the amount of produced
catharanthine and tabersonine.

In the long term, this work will continue by integration of all biosynthetic genes
into the yeast genome by CRISPR/CAS9 to properly control the stoichiometry and strain
variability due to the use of high-copy, episomal plasmids. The use of galactose-inducible
promoters may be replaced by the use of constitutive, strong promoters for improved gene
expressions. Eventually, this work will include engineering the entire 28-step vinblastine
pathway and optimizing its production towards industrial production of vinblastine, and

using this platform for producing other related, medicinal MIAs.
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