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1.

ABBREVIATIONS

Table 1: Abbreviations used in this doctoral thesis.

Abbreviation Name

ACLS Thermospermine synthase

ADC Arginine decarboxylase

AOC Copper-dependent amine oxidase

AOF Flavin-dependent amine oxidase

ARGAH Arginase

Cad Cadaverine

CaMV Cauliflower Mosaic Virus

cDNA Complementary DNA

CMO Carbomethoxy ester

CS Cocaine Synthase

DAP 1,3-diaminopropane

dcSAM Decarboxylated S-adenosyl-L-methionine
EDTA Ethylenediaminetetraacetic acid

ESI Electrospray lonization

FLD Fluorescent Detection

GFP Green fluorescent protein

HFBA Heptafluorobutyric acid

HILIC Hydrophilic Interaction Liquid Chromatography
HPLC High Performance Liquid Chromatography
HPLC-FLD High Performance Liquid Chromatography Fluorescent Detection
LC-MS Liquid Chromatography Mass Spectrometry
MAT Methionine Adenosyltransferase

MecgoR Methylecgonone Reductase

MES 2-(N-Morpholino) Ethanesulfonic acid
MPOB 4-(1-methyl-2-pyrrolidinyl)-3-oxobutanoate
MRM Multiple Reaction Monitoring

mRNA Messenger Ribonucleic acid

MTA 5'-Deoxy-5'-Methylthioadenosine

NADPH Nicotinamide Adenine Dinucleotide Phosphate
NCPAH N-Carbamoylputrescine Amidohydrolase
NLS Nuclear Localization Signal

oDC Ornithine Decarboxylase

OGAS 3-Oxoglutaric Acid Synthase

PAO Polyamine Oxidase

PCA Perchloric Acid

PCR Polymerase Chain Reaction

PKS Polyketide Synthase

PLP Pyridoxal phosphate

PTM Posttranslational Modification

PTS Peroxisomal Targeting Signal

Put Putrescine

PYKS Pyrrolidine Ketide Synthase

ROS Reactive Oxygen Species

X



SAM
SAMDC
SD
SDR
SMT
SOD
Spd
SPDS
Spm
SPMT
SPS
TA
TBON
TR-I
TR-II
TRs
Tspm
UPLC
UPLC-FLD
UTR
4MAB

S-adenosyl-L-methionine
S-adenosyl-L-methionine Decarboxylase
Standard Deviation

Short-Chain Dehydrogenase/Reductase
Spermidine N-methyltransferase
Superoxide Dismutase

Spermidine

Spermidine Synthase

Spermine

Spermidine Synthase/Spermidine N-methyltransferase
Spermine Synthase

Tropane Alkaloid
8-thiabicyclo[3.2.1]octan-3-one

Tropinone reductase 1

Tropinone reductase 2

Tropinone reductases

Thermospermine

Ultra Performance Liquid Chromatography
Ultra Performance Liquid Chromatography Fluorescent Detection
Untranslated Region
v-Methylaminobutyraldehyde diethyl acetal
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IV. SUMMARY

Tropane alkaloids (TAs) are heterocyclic nitrogenous metabolites found across seven
orders of angiosperms, including Malpighiales (Erythroxylaceae) and Solanales (Solanaceae).
Despite cocaine being an infamous tropane alkaloid from Erythroxylum coca, the biosynthetic
pathway has remained incomplete for the past couple of decades. Using yeast as a screening
platform, the missing enzymatic steps of TA biosynthesis in Erythroxylum coca. This work
characterized a polyamine synthase along with amine oxidase-like enzymes in vitro, in yeast,
and in planta, revealing that the first ring closure of TAs in E. coca occurs via bifunctional
spermidine synthase/N-methyltransferases and both flavin- and copper-dependent amine
oxidases. Identification of a SABATH family methyltransferase is responsible for the 2-
carbomethoxy moiety characteristic of TAs from the Erythroxylaceae family. Finally, a
cytochrome P450 of the CYP81A family was identified as responsible for the second tropane
ring closure in Erythroxylum coca. These results demonstrate that tropane alkaloid biosynthesis
in Erythroxylaceae and Solanaceae is polyphyletic in origin, further revealing that independent
recruitment of unique biosynthetic mechanisms and enzyme classes occurred at nearly every

step in the evolution of this pathway.
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1 INTRODUCTION

Due to their sessile nature, plants have established themselves as some of the most
sophisticated chemists, developing diverse specialized metabolites in response to abiotic and
biotic stresses. Angiosperms are well known for several key innovations, including the
diversity of flower development, double fertilization, fruits, and specialized metabolites
(Benton et al., 2022; Wink, 2019). These specialized metabolites enabled flowering plants to
defend themselves against predators, subsequently driving the diversification of numerous
animal groups to evolve alongside angiosperms. After hundreds of millions of years of
evolution, plants, especially flowering plants, provide a critical source of bioactive compounds
and medicines (Veeresham, 2012). These innovations have played a significant role in the
success of angiosperms, enabling them to colonize diverse habitats, adapt to a wide range of
environmental conditions, and outcompete other plant groups. Their dominance has shaped the
ecosystems of Earth, providing food sources, habitats, and essential resources for numerous

organisms.

Secondary metabolites are a vast and diverse group of organic compounds produced by
many organisms, including bacteria, fungi, animals, and plants. The term secondary metabolite
is outdated; therefore, specialized metabolite will be used instead to refer to secondary
metabolites. These specialized metabolites play crucial roles in various aspects of biological
and ecological systems. Specifically, these specialized metabolites are not essential for primary
growth and development in plants but serve specialized functions that enhance the plant's
survival and adaptation to environmental conditions. Generally, secondary metabolites in
plants can be divided into four metabolite classes: terpenes, phenylpropanoids, sulfur-
containing, and amine-containing compounds. Secondary metabolites are essential to plants as
they possess many biological effects, which play a pivotal role in defense, signaling, and
photoprotection. Their diverse biological functions contribute to the success and adaptation of
plants in various environments through interactions with both primary and phytohormone

metabolism [

Figure 1] (Erb & Kliebenstein, 2020).
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Figure 1: Specialized metabolites and their influences and interactions with hormones and primary metabolism
within plants.

Terpenoids are the largest group of plant-specialized metabolites (Divekar et al., 2022).
Terpenoids, sometimes referred to as terpenes, are divided into six groups: hemiterpenoids,
monoterpenoids, diterpenoids, triterpenoids, tetraterpenoids, and sesquiterpenoids. These
complex chemical structures, derived from isoprene units, serve various essential functions,
including defense against biotic stresses, allelopathic interactions, photoprotection, signaling,
and communication. Terpenoids can serve as potent defense mechanisms against herbivorous
insects, microorganisms, and pathogens (Pichersky & Raguso, 2018). They can act as insect
repellents, antimicrobial agents, and antifungal compounds, protecting the plant from damage
and infection. Terpenoids act as chemical signals, mediating interactions between plants,
insects, and even within the plant itself (Wei et al., 2007). They can serve as attractants or
repellents, signaling the presence of food, mates, or potential threats. For instance, volatile
terpenoids emitted by damaged plant tissues attract predators of herbivores, providing a defense
mechanism against herbivory. Furthermore, terpenoids can attract beneficial organisms such
as mycorrhizal fungal networks and pollinators (Sharma et al., 2017). Terpenoids are involved
in various biochemical pathways, contributing to the synthesis of other essential compounds,
such as chlorophyll, carotenoids, and phytohormones. They play a critical role in plant

secondary metabolism, growth, and development.

Phenylpropanoids are a diverse group of specialized metabolites that play a wide range

of crucial roles in the lives of plants. Phenylpropanoids are phenolic compounds that are
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derived from amino acids, either the amino acid phenylalanine or tyrosine. These compounds
are involved in various biological processes, including antioxidants, UV protection,
pigmentation, and photoprotection (Ortiz & Sansinenea, 2023). Phenylpropanoids can be
divided into five groups: flavonoids, coumarins, phenolic acids, stilbenes, and monolignols.
Phenylpropanoids are essential components of plant cell walls, providing structural support and
resistance to mechanical stress and decay. Lignin, the most abundant phenylpropanoid, forms
a strong network within cell walls, contributing to the rigidity and durability of plant tissues
(Boerjan et al., 2003). Phenylpropanoids are involved in various physiological processes,
including signaling, hormone synthesis, and adaptation to environmental changes (Dong & Lin,
2021). Phenylpropanoids regulate the opening and closing of stomata, influence
photosynthesis, and modulate plant growth and development. Phenylpropanoids' involvement
in various biological processes, including structural support, defense mechanisms, and

signaling, highlights their multifaceted importance in the plant kingdom.

Sulfur-containing specialized metabolites are mainly amino acid-derived and are most
commonly found in the Brassicaceae and Capperales, giving rise to the indicative tastes and
smells of cruciferous and allium vegetables (Divekar et al., 2022; Hill et al., 2023). One of the
primary functions of sulfur-containing specialized metabolites is to protect plants from
herbivores and pathogens. These compounds act as deterrents to herbivores, making plant
tissues less palatable and even toxic. For instance, the pungent smell of garlic (4l/lium sativum)
and onions (A/lium cepa) contain thiosulfinate esters that can serve as a defensive response
(Reiter et al., 2020). The formation of allicin only occurs when the plant suffers mechanical
damage, such as cutting or crushing, allowing for a rapid response to herbivory. Additionally,
these sulfur-based compounds possess antimicrobial properties, inhibiting the growth of
microorganisms and protecting plants from diseases caused by viruses, bacteria, and fungi
(Blume et al.,, 2023). These sulfur-containing metabolites play roles in defense against
herbivores and pathogens, adaptation to environmental stresses, and promotion of plant growth

and development.

Nitrogen-containing compounds, which consist of cyanogenic glucosides, non-
proteinogenic amino acids, and alkaloids, are abundant in plants. Alkaloids are a particular
class of specialized metabolites known for their medicinal properties. Alkaloids are low
molecular weight nitrogen-containing compounds with a heterocyclic ring containing a
nitrogen atom. These nitrogen-containing compounds are found in various plants, including

coffee, tea, and tobacco, and possess a range of physiological and pharmacological effects.
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Alkaloids represent a diverse class of secondary metabolites widely distributed in the
plant kingdom, especially among angiosperm plants, where over 20% of all species produce
alkaloids (Wink, 2007). These plant-derived alkaloids can be divided into differing classes
depending on their precursors, and to date, more than 20 different classes of alkaloids have
been reported (Matsuura & Fett-Neto, 2015; L. Yang & Stockigt, 2010). Some examples of
plant-derived alkaloids are the following classes: lycopodium, quinolizidine,
benzylisoquinoline, tetrahydroisoquinolines, pyrrolizidine, monoterpene indoles, piperidine,

colchicine, nicotine, and tropane alkaloids (Lichman, 2021).

1.1 Tropane Alkaloids

Human beings have cultivated plants for medicinal properties for several thousands of
years. Tropane alkaloids (TAs) are specialized secondary metabolites found in multiple plant
families with a scattered distribution, suggesting that these pathways evolved independently
(J.-P. Huang et al., 2021; Jirschitzka et al., 2012). Tropane alkaloids share the characteristic 8-
methyl-8-azabicyclo[3.2.1]octane nucleus, widely referred to as a tropane ring [Figure 2]

(Docimo et al., 2012).

Figure 2: The core structure of tropane alkaloids. The core scaffold of tropane alkaloids is defined as an 8-
methyl-8-azabicyclo[3.2.1]octane nucleus. The numbering indicates the carbon positions on the tropane

core. Tropane alkaloids are known to interact with the central nervous systems and are thought
to act as a deterrent against herbivores and insects. TAs occur naturally in many members of
the plant family Solanaceae, including deadly nightshade (4Atropa belladonna), jimson weed
(Datura stramonium), black henbane (Hyoscyamus niger), and mandrake (Mandragora

officinarum). Although the Solanaceae family is prominently known to produce tropane



alkaloids, they can also be found in members of the Erythroxylaceae family, specifically in

coca (Erythroxylum coca) [Figure 3].
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Figure 3: Erythroxylum coca, Atropa belladonna, and Hyoscyamus niger, along with their respective tropane
alkaloid cocaine, atropine, and scopolamine.The Atropa belladonna plant image is from
https://pixabay.com/photos/great-cherry-atropa-belladonna-plant-1547692/ under a free-use license. The
Hyoscyamus niger image source is from https://pixabay.com/photos/hyoscyamus-niger-henbane-2306579/ under
a free-use license, and Dr. Danny Kessler from the Max Planck Institute for Chemical Ecology in Jena, Germany
provided the Erythroxylum coca image.

Other TAs, like calystegines, are also present in solanaceous plants and are mainly
hydroxylated derivatives of tropane alkaloids (Bekkouche et al., 2001; Drager et al., 1995). To
date, there have been eleven plant families found to produce TAs, such as Convolvulaceae,
Proteaceae, Rhizophoraceae, Apocynaceae, Brassicaceae, Olacaceae, Phyllanthaceae,

Moraceae, Fabaceae, Solanaceae, Erythroxylaceae families (J.-P. Huang et al., 2021).

Tropane alkaloids are valuable in traditional medicine and modern pharmaceutical
applications. Through interactions with muscarinic acetylcholine receptors, TAs can possess
anticholinergic, deliriant, and stimulant properties (Dey et al., 2020). They are primarily used
to treat conditions involving excessive smooth muscle contractions, such as irritable bowel
syndrome, urinary tract spasms, and motion sickness (WHO Model List of Essential Medicines
- 23rd List, 2023, 2023). Atropine, a well-known tropane alkaloid, is commonly used as an eye

drop to dilate pupils during eye examinations. Scopolamine, another important tropane
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alkaloid, is employed as an antispasmodic agent and a sedative, particularly for motion sickness
and insomnia. The medicinal effects of tropane alkaloids come from the diversity of functional
modifications of the tropane ring, which can be classified into six different TA derivatives (J.-

P. Huang et al., 2021) [Figure 4].
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Figure 4: The diversity of tropane alkaloids in plants derived from the tropane core structure.

During the 19" century, chemists were particularly interested in isolating compounds
from plants, and tropane alkaloids were of particular interest due to their medicinal properties
[Figure 4]. Atropine, from Atropa belladonna, was first isolated by Geiger and Hesse in 1833
(Geiger & Hesse, 1833a, 1833b). At the beginning of the 20" century, Richard Willstitter
synthesized tropidine, which he also converted into tropine (Willstitter, 1901a, 1901b). In
1917, Robert Robinson developed a successful chemical synthesis method to produce
tropinone, a precursor to most tropane alkaloids, opening avenues for making high-value TAs
for medicinal applications (Robinson, 1917). Robinson's one-pot synthesis used

succinaldehyde, acetonedicarboxylic acid (3-oxoglutaric acid), and methylamine as reagents to



produce tropinone at an astonishing yield of 42%, along with hygrine and cuscohygrine as side

products [Figure 5].

Robinson's Chemical Synthesis of Tropinone
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Figure 5: Simplified overview of the chemical synthesis of tropinone as described by Robert Robinson in 1917.
The formation of hygrine and cuscohygrine is not enzymatically controlled but rather a
nonenzymatic chemical reaction that occurs when samples are either in long-term storage or
exposure to UV light. Hygrine and cuscohygrine are commonly found in plants that produce
tropane alkaloids, providing evidence that Robinson’s mechanisms of chemical synthesis may
share similar reactions that might occur in tropane alkaloid biosynthesis within plants (Johnson,
1995; O’Donovan & Keogh, 1969; Rubio et al., 2016). Robinson’s hypothesis provided
chemists and biochemists with a foundational building block to help unlock the critical steps

of TA biosynthesis in plants (J.-P. Huang et al., 2021).

Uncovering tropane alkaloid biosynthesis during the 20™ century relied on two eras of
pathway discovery to help understand the biological precursor molecules involved. The first
era was the precursor feeding and isotopic labeling of key metabolites behind tropane alkaloid
biosynthesis. Scientists learned the necessary steps of TA biosynthesis by observing where
these labeled metabolite precursors would accumulate in the plants. These feeding studies
discovered that tropane alkaloids are derived from the amino acid arginine or the nonstandard
amino acid ornithine. The molecular biology era allowed gene discovery and protein expression
to validate critical candidates in the tropane alkaloid pathway. The characterized proteins
involved in the TA biosynthetic pathway could be studied further to understand protein
structure and function in vitro. The molecular biology era allowed genes to be identified in

tropane alkaloid biosynthesis [Figure 6].
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Figure 6: A timeline overview of tropane alkaloid pathway discovery over a century from the 1900s until the
modern day. In the following eras, the chemical synthesis of tropinone in yellow color, precursor feeding and
isotope labeling studies in light blue, the molecular biology era in pink, and the overlap of precursor feeding and
isotope labeling studies along with the molecular biology era in light purple. Enzymes discovered are bold, and
metabolites are unbolded. Enzymes isolated and characterized from E. coca are colored green. Modified with
permission from Huang et al., 2021; Page 3; Figure 2.

Tropane alkaloid biosynthetic pathways in the Solanaceae family have been well
explored and characterized. In comparison, tropane alkaloid biosynthesis in Erythroxylaceae
has not been as well characterized as the Solanaceae plant family (Paul et al., 2021). However,
several key advancements have been recently made in biosynthetic pathway discovery over the
last decade. The assembly of the first publicly available Erythroxylum coca var.
novogranatense genome has provided further insights into TA biosynthesis (Kim, 2020; Tian
et al., 2022; Y.-J. Wang et al., 2022, 2023). Our work uncovered the missing steps of TA
biosynthesis in Erythroxylum coca var. novogranatense. Our pathway discoveries in E. coca
occurred before genomic datasets on coca were publicly available, relying entirely on
transcriptome mining of genes of interest (Chavez et al., 2022). These discoveries helped

distinguish tropane alkaloid biosynthesis's evolutionary divergence between the Solanaceae

and Erythroxylaceae plant families.

1.2 Background of Erythroxylum coca

The tropical, flowering shrubs and trees in the Erythroxylum genus contain around 230
species throughout Central America, South America, and the Caribbean. Erythroxylum coca
var. coca is the primary cultivar used in the illicit production of cocaine (Restrepo et al., 2019)
[Figure 7]. Erythroxylum coca has been cultivated for at least 8,000 years, mainly in South
America (Dillehay et al., 2010; Plowman, 1984). E. coca, colloquially referred to as coca

2

originates from the Aymaran word “Khoka,” which means “the tree” (Biondich & Joslin,

2016). The Aymara people are an indigenous population native to the Andes and the Altiplano



regions of South America. Coca leaves serve the Aymaran culture's medicinal and spiritual
roles (Eisenberg, 2013). Coca is commonly used for medicinal properties to provide relief from
cold, exhaustion, pain, and even hunger (Stolberg, 2011). In Western culture, cocaine became

a prominently abused narcotic due to its addictive properties (Trifilieff & Martinez, 2014).

Figure 7: Erythroxylum coca. Dr. Danny Kessler provided the image from the Max Planck Institute for Chemical
Ecology in Jena, Germany.

Tropane alkaloid biosynthesis in E. coca is known to be localized in the aerial tissues,
which differs from the TA biosynthesis in Solanaceae, which occurs mainly in root tissues. The
development of the leaf stages of E. coca proceeded in the following chronological order: buds,
L1 rolled, L2 unrolled, and L3 as mature leaves (Docimo et al., 2013). The highest cocaine
content in the buds and young leaves can be as high as 0.77% of the total dry weight of the
leaf, depending on the coca cultivar. Interestingly, no significant differences were observed
between laboratory and field-grown Amazonian coca plants, suggesting that TA biosynthesis
is regulated at the genetic level in E. coca (Restrepo et al., 2019). Traditionally, in TA-
producing plants, the influence of plant hormones such as salicylic acid or jasmonic acid causes
an upregulation in the production of tropane alkaloids. However, these hormones seem to have

little influence on the upregulation of TAs in Erythroxylum coca (Docimo et al., 2015).

Coca-leaf chewing allows cocaine to be absorbed by forming a quid, an alkaline mixture
to help extract the alkaloids, in the cheek. A quid uses lime or any other alkaline substances in
combination with the plant material in which little chewing of the coca leaves is involved. This
process of ingesting coca leaves allows for the extraction of the alkaloids along the mucosal

membrane of the mouth; ultimately, these tropane alkaloids cross into the brain to enact their



pharmacological effects. The use of coca leaves significantly reduced the effects of high-
altitude sickness. In fact, Incan messengers used coca to increase endurance during long-
distance running at high altitudes (Stolberg, 2011). In ancient Incan culture, coca leaves were
considered sacred and only given to the elite members. Incan priest decreed that coca was a
divine gift from the Sun God, Inti (Gay et al., 1975). Chewing of the coca leaves was restricted

to only the highest members of society, mainly the ruling class and priests.

Two species of coca, Erythroxylum coca and Erythroxylum novogranatense, are widely
known to produce the notorious narcotic cocaine and are observed in Colombia, Bolivia,
Ecuador, and Peru (Restrepo et al., 2019). Both Erythroxylum coca and Erythroxylum
novogranatense are referred to as coca, and these plants grow at altitudes between 500 and
1500 meters above sea level. E. novogranatense is well known for its methyl salicylate, which
gives the plant a minty aroma when crushing the leaves (Plowman, 1984). In the 19" century,
cocaine was most notably present in products like Coca-Cola, although nowadays, the plant
extracts from coca remove cocaine before being added to products like Coca-Cola due to their
toxic and addictive effects (Gootenberg, 2002). Coca plants remain culturally and

economically significant despite the stigmatized nature around these plants (M. Islam, 2011).

1.3 Diverse Roles of Polyamines in Plants

Polyamines (PAs) are a group of ubiquitous compounds containing two or more amines
that play crucial roles in various aspects of plant biology. These small, aliphatic, and positively
charged molecules are found in all living organisms, including bacteria, fungi, animals, and
plants. Polyamines exert their biological effects by interacting with negatively charged cellular
components, such as DNA, RNA, lipids, and proteins. They are implicated in numerous cellular
processes, including membrane stabilization, DNA replication, buffering against reactive
oxygen species (ROS), and stress-related responses. PAs are divided into diamines, triamines,
and tetramines based on the number of amino groups in the molecule. The three common
polyamines found in plants are putrescine (Put), spermidine (Spd), and spermine (Spm). These
polyamines are grouped into diamine, triamines, and tetraamines [Figure 8]. Polyamines can
exist in several forms, such as unbound, covalently attached to other small molecules, or bound

to cell walls (Hura et al., 2015; Luo et al., 2009; Macoy et al., 2015).
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Figure 8: Chemical structure of polyamines observed in plants. These polyamines are divided into diamine,
triamine, and tetraamine groups.

PAs additionally have an interaction with phytohormones from plants in which
polyamines appear to have a positive influence on cytokinins and gibberellic acids while having
a negative feedback on ethylene and jasmonic acid hormones (Napieraj et al., 2023). These
interactions can alter the conformation and activity of these macromolecules, leading to various
cellular responses. Other specialized polyamines, like thermospermine (Tspm) and cadaverine
(Cad), are also found in plants and play important roles in plant growth and development (Gibbs
et al.,, 2021; Jancewicz et al.,, 2016; Takano et al., 2012). Polyamines regulate growth,
development, stress tolerance, and defense against pathogens, contributing to the overall
resilience and adaptability of plants in various environmental conditions (Alcazar et al., 2020;
Tiburcio et al., 2014). Polyamines, while essential in primary metabolism, also play a vital role

in the secondary metabolism of plants.
1.3.1 Putrescine Biosynthesis

Polyamine biosynthesis begins with the formation of the metabolite putrescine, which
is a core precursor in classical polyamines. Putrescine can be formed from arginine or ornithine
(Hanfrey et al., 2001; Majumdar et al., 2013, 2016). Both arginine and ornithine are
intermediates involved in the urea cycle, although some plants prefer either arginine or
ornithine as precursors for putrescine formation. The biosynthetic pathway of arginine into
putrescine requires a three-step enzymatic process. First, arginine must undergo a
decarboxylation reaction mediated by arginine decarboxylase (ADC), forming agmatine as a
product (Hashimoto et al., 1989). Next, agmatine iminohydrolase (AIH) converts the agmatine
into N-carbamoylputrescine (Janowitz et al., 2003; Sekula & Dauter, 2019b). Finally, N-
carbamoylputrescine amidohydrolase (NCPAH) converts the N-carbamoylputrescine into

putrescine (Piotrowski et al., 2003).
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ADC utilizes a pyridoxal-5’-phosphate (PLP) cofactor to facilitate the decarboxylation
reaction of arginine to form agmatine [Figure 9]. Arginine decarboxylase is not as prevalent in
mammals and some eukaryotes, although some tissue-specific expression of ADC in mammals
is known to occur (Facchini, 2001; X. Wang et al., 2014; Zhu et al., 2004). In Arabidopsis
thaliana, ADC is essential for normal seed development (Urano et al., 2005). Arginases
(ARGAH), which participate in the urea cycle, were also found to utilize agmatine as a
substrate, demonstrating agmatinase activity. The substrate flexibility of ARGAH creates an
additional route to form putrescine in plants (Patel et al., 2017). The enzyme arginase can also
catalyze the removal of the guanidinium group on arginine to form ornithine in a one-step
reaction. The biosynthetic pathway of putrescine from arginine is complex, especially when

compared to the putrescine derived from ornithine.

The conversion of putrescine from ornithine is a one-step reaction with an ornithine
decarboxylase (ODC) to form putrescine directly (Docimo et al., 2012; Kim et al., 2021)
[Figure 10]. ODC requires PLP as a cofactor to facilitate the decarboxylation of ornithine.
Putrescine derived from ornithine is crucial in providing polyamines for cellular division,
differentiation, and development, while putrescine derived from arginine is more critical for
cell expansion and environmental stress responses in plants (Docimo et al., 2012). Some
organisms do not encode ornithine decarboxylases but instead rely on putrescine derived from

arginine rather than ornithine (Hanfrey et al., 2001; Joshi et al., 2022; Upadhyay et al., 2021).
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Figure 9: General polyamine biosynthetic pathway in plants. The following abbreviations are labeled as arginine
decarboxylase (ADC), arginase (ARGAH), ornithine decarboxylase (ODC), agmatine iminohydrolase (AIH), N-
carbamoylputrescine amidohydrolase (NCPAH), spermidine synthase (SPDS), spermine synthase (SPS), and
thermospermine synthase (ACLS).

ODCs are known to be regulated with an antizyme that binds to ornithine
decarboxylases, causing decreased enzyme activity, increasing degradation of ODC, and
additionally represses polyamine uptake in fungi and metazoan cells, but this antizyme
regulation is not observed in ODCs derived from plants (Chattopadhyay et al., 2011; Matsufuji
et al., 1995; Porat et al., 2008). Polyamines, including putrescine, spermidine, and agmatine,
had little effect on the overall activity of ODC expressed in tobacco cells (Illingworth &
Michael, 2012). Plant ODCs seem to be missing this antizyme orthologue and, therefore, need
to regulate polyamine biosynthesis differently than fungi and animals. In plants, putrescine

production is rather intricate due to the biosynthetic pathways and organelle-specific
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biosynthetic routes that can create putrescine pools that are likely destined for different cellular

processes during growth and development.

Putrescine biosynthesis in plants is reported to be localized to the cytosol, mitochondria,
and chloroplast (Gonzalez-Hernandez et al., 2022). A recent preprint challenges this traditional
view on putrescine biosynthesis in plants (Joshi et al., 2022). The authors propose that
putrescine biosynthesis is not present in the cytosol but instead localized to the chloroplast,
mitochondria, and endoplasmic reticulum (ER) as the source of putrescine production.

However, peer review is needed since this is currently an unreviewed preprint.
1.3.2 S-adenosyl-L-methionine Dependent Methyltransferases in Plants

S-adenosyl-L-methionine (SAM), also known as AdoMet, is a cofactor commonly
observed in methyltransferase reactions. SAM is formed from L-methionine via the SAM
cycle. Methionine first undergoes an ATP-dependent reaction with SAM synthetase known as
methionine adenosyltransferase (MAT), which generates S-adenosyl-L-methionine, which
contains a positively charged sulfur atom. The positive charge of the sulfur atom gives the
methyl group a strong electrophilic character that participates in the nucleophilic reaction
within the active site of SAM methyltransferase enzymes. S-adenosyl-L-methionine is used by
three major families of SAM-dependent methyltransferases, such as O-, N-, S-, and C-
methyltransferases, and are involved in creating a chemical diversity observed in both primary
and specialized metabolism (Fontecave et al., 2004; Roje, 2006). SAM-dependent
methyltransferases exhibit great flexibility, even having five different structural folds defined
as classes I-V, and are known to methylate a diverse set of substrates (Schubert et al., 2003).
Examples of this methyltransferase substrate flexibility include DNA methylation, protein
methylation, and metabolite methylation, to name a few (D’Auria et al., 2003; Gallego-
Bartolomé¢, 2020; S. Kumar & Mohapatra, 2021; Serre et al., 2018, 2020). S-adenosyl-L-
methionine is the second most commonly used enzyme substrate, following adenosine
triphosphate (ATP), the most prominent substrate in the cell (Schubert et al., 2003). In addition
to SAM being a key player in methyltransferase reactions, it is also used to form decarboxylated
S-adenosyl-L-methionine (dcSAM), an integral cofactor involved in polyamine biosynthesis

reactions.

1.3.3 dcSAM is an Essential Cofactor for Polyamine Biosynthesis

An essential step for polyamine biosynthesis begins with the decarboxylation of S-

adenosyl-L-methionine via S-adenosyl-L-methionine decarboxylase (SAMDC). SAMDC
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enzymes have a unique posttranslational modification in which the enzyme self-cleaves the
peptide backbone at the SESS peptide motif. SAMDC, in the uncleaved form, is an inactive
enzyme known as a proenzyme. Upon the autocatalytic cleavage of SAMDC, it forms two
subunits: the a-subunit, which retains the original N-terminus, and the B-subunit, which retains
the original C-terminus. During this autocatalytic cleavage, a pyruvate group is covalently
attached to a serine residue on the o-subunit and acts as a cofactor that facilitates the
decarboxylation reactions of SAM to dcSAM. SAMDC is a critical rate-limiting step of
polyamine biosynthesis (Carbonell & Blazquez, 2009). The mechanism of SAMDC proenzyme
to a fully active SAMDC appears to be widely conserved when comparing mammalian and
plant SAMDCs (Xiong et al., 1997). Interestingly, SAMDC enzymes in plants are monomeric,
unlike the dimeric forms of SAMDC enzymes found in mammals. Plant SAMDCs do not seem
to be as tightly regulated by the presence of putrescine compared to SAMDCs found in yeast
and humans (Bennett et al., 2002).

SAMDCs found in plants are highly regulated at the transcriptomic and
posttranscriptional levels (W.-W. Hu et al., 2005). Overexpression of the SAMDC gene was
lethal to potato plants, most likely due to the depletion of SAM (A. Kumar et al., 1996). In
tomato plants, overexpression of SAM synthetase led to polyamine accumulation and a more
robust root system under alkali stress conditions (Gong et al., 2014). Knockdown of both BUD2
and SAMDCI genes, which encode SAMDC in Arabidopsis thaliana, were embryo-lethal (Ge
et al., 2006). The adverse growth defects indicate that a delicate balance of dcSAM levels must
be maintained for proper growth and development. Once the SAMDC enzyme is mature, it can
form decarboxylated SAM, a crucial co-substrate for polyamine chain elongation reactions

mediated by the aminopropyltransferase enzyme family [Figure 10].
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Figure 10: Chemical structure of SAM and dcSAM. The red coloration indicates the functional group transferred
to a substrate, either a methyl or an aminopropyl group, depending on the cofactor.

1.3.4 Polyamine Elongation via Aminopropyltransferases

Spermidine synthases (SPDS) and spermine synthases (SPS) are members of the
aminopropyltransferase (APT) family of enzymes that utilize decarboxylated S-adenosyl-L-
methionine (dcSAM) cofactor to transfer an aminopropyl group to a polyamine substrate
causing a chain elongation of the polyamine. Spermidine synthase requires putrescine and
dcSAM to form spermidine and 5'-deoxy-5'-methylthioadenosine (MTA). Spermidine can
undergo another round of chain elongation with the enzyme spermine synthase, producing
spermine as a byproduct. Specialized polyamines, such as thermospermine, a constitutional
isomer of spermine, are essential for plant growth and development (Kakehi et al., 2008;
Takano et al., 2012). All SPDS enzymes evolved from a common ancestor before the split
between prokaryotes and eukaryotes. Unlike spermidine synthases, spermine synthases
evolved approximately three times independently in fungi, animals, and plants (Minguet et al.,
2008). Aminopropyltransferases have an important dcSAM binding motif consisting of a
GGGDG peptide sequence. The aspartate residue in this peptide motif is reported to create
steric clashes with the carboxyl group on SAM, only allowing dcSAM to bind (Ikeguchi et al.,
2006).

Localization of spermidine synthases was initially thought to be cytosolic and
chloroplastic. Transient expression of the two SPDS isoforms from Arabidopsis thaliana

revealed that AtSPDS2 was localized primarily in the nucleus while AtSPDS1 was localized
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to both the cytoplasm and the nucleus in Nicotiana benthamiana (Belda-Palazén et al., 2012).
The authors state that AtSPDS1 and AtSPDS2 possess no obvious nuclear localization signal
(NLS); both isoforms can interact to form heteromultimers in Arabidopsis thaliana when
localized in the nucleus (Panicot et al., 2002; Sekula & Dauter, 2019a). Further investigation
is needed to understand how the nuclear import of SPDSs is operating in plants. Deletion of
both isoforms of SPDS genes in Arabidopsis led to severe growth defects, abnormally shrunken
seeds, and embryos arrested morphologically at the heart-torpedo transition stage of
development (Imai, Matsuyama, et al., 2004). Mutants in Arabidopsis thaliana showed that a
double mutant knockout of SPS and ACLS5 genes could generate viable plants, indicating that
spermine is not essential for the survival of Arabidopsis. A knockout of ACLS5, known as
thermospermine synthase, showed a mutant phenotype of reduced stem growth (Imai,
Akiyama, et al., 2004). This reduced stem phenotype is known to occur with disruption of
thermospermine biosynthesis, as thermospermine is involved with stem elongation in plants

(Kakehi et al., 2008; Takano et al., 2012).

Polyamine biosynthesis is highly regulated across many organisms, including bacteria,
yeast, mammals, and plants. Growth defects are commonly observed when polyamine
metabolism is disrupted by gene knockout or overexpression. In E. coli, excess spermidine is
cytotoxic when the spermidine acetyltransferase (SAT) gene is disrupted, indicating that SAT
is crucial to control and prevent spermidine levels from being in excess amounts that could
become toxic for the cell (V. Kumar et al., 2022; Sakamoto et al., 2020). In Saccharomyces
cerevisiae, spermidine deficiency increases ribosomal frameshifting efficiency while inhibiting
retrotransposition activity (Balasundaram, Dinman, et al., 1994). Overexpression of SAMDC
in yeast mutants that lack a functional ODC enzyme displayed polyamine deficiency along
with inhibited growth, indicating that excess dcSAM may have a toxic effect on amine-
deficient cells (Balasundaram, Xie, et al., 1994). An intricate balance of polyamine levels is
essential to maintain and regulate cellular homeostasis regardless of prokaryotic or eukaryotic

cell origins.

1.4 Putrescine N-methyltransferases

Putrescine N-methyltransferases are the first committed step of nicotine and tropane
alkaloid biosynthesis in Solanaceae and Convolvulaceae (Biastoff, Brandt, et al., 2009; Teuber
et al., 2007). Putrescine is directly methylated via a putrescine N-methyltransferase (PMT)

enzyme [Figure 11]. PMTs do not share sequence identity with other plant methyltransferases
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except for the conserved SAM binding motif (D’Auria et al., 2003). PMT enzymes are related
to spermidine synthases, but instead of using dcSAM as a cofactor, PMT enzymes have neo-
functionalized a SAM binding domain, allowing for the selection of methyltransferase activity

instead of aminopropyltransferase activity that SPDS enzymes exhibit.

H
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Putrescine -methylputrescine

Figure 11: Putrescine N-methyltransferase reaction using putrescine and S-adenosyl-L-methionine (SAM) to

generate N-methylputrescine as a product.

Tissue-specific expression of secondary metabolism is widely observed in plants. PMT
enzymes were first isolated in the root tissue of tobacco due to mutant lines of tobacco plants
that were deficient in nicotine (Hibi et al., 1994). For tropane alkaloid biosynthesis in
Solanaceous plants, putrescine N-methyltransferase has higher levels of expression in the roots
of Atropa belladonna, Datura stramonium, Hyoscyamus niger, and Scopolia lurida. Some
exceptions exist, like Anisodus acutangulus, where lower levels of PMT expression are present
in leaves and stem tissues (Kai et al., 2009; Paul et al., 2021). PMT gene expression is also
inducible with the hormone methyl jasmonate (MeJA). Further investigations into this tissue-
specific expression were studied using hairy root cultures from Agrobacterium rhizogenes-
mediated transformation. Attempts to overexpress PMT in A. belladonna by itself increased N-
methylputrescine, although it did not increase the tropane alkaloid content compared with the

control (Rothe et al., 2003).

The N-terminal domain of both PMT and SPDS from Datura stramonium is involved
in the catalytic activity and substrate specificity between these two enzymes (Biastoff,
Reinhardt, et al., 2009). PMT enzymes possess a GGGIG motif that participates in the binding
of SAM, which differs slightly from the GGGDG motif involved in dcSAM, which is
commonly found in aminopropyltransferase enzymes like spermidine or spermine synthases.
The change of an aspartate residue to an isoleucine residue in this motif is thought to stabilize
the binding of SAM over the dcSAM, creating a change from aminopropyltransferase to
methyltransferase activity. Junker et al. demonstrated that a singular change of D103I in
AtSPDS1 from Arabidopsis thaliana abolished spermidine synthase activity and subsequently

detected minimal putrescine N-methyltransferase activity. The presence of PMT activity shows
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that it is possible to gain PMT activity from SPDS. However, the PMT activity was barely
detectable, indicating that a single amino acid substitution is insufficient to create an efficient
PMT enzyme from SPDS. This study continued to modify the AtSPDS1 enzyme using
additional site-directed mutagenesis, leading to a mutant enzyme that displayed spermidine
synthase and putrescine N-methyltransferase activity, giving credence to the idea of
neofunctionalization of an SPDS into a PMT enzyme from a couple of point mutations within
the active site (Junker et al., 2013). To date, no functional PMT enzymes have been isolated
and characterized in E. coca, suggesting that an alternate step must exist in place of the missing

PMT activity.

1.5 Polyamine Oxidases

Polyamine oxidases (PAOs) are a group of enzymes that catalyze the oxidative
degradation of polyamines, a group of positively charged organic molecules with essential roles
in plant growth, development, and stress responses. In plants, PAOs are involved in various
physiological processes, including regulation of polyamine levels, defense against pathogens,
photoprotection, and stress tolerance. There are two main types of PAOs in plants: back-
conversion type PAOs (BC-type) and terminal catabolic type PAOs (TC-type). BC-type
polyamine oxidases catalyze the conversion of spermidine and spermine to putrescine, the
simplest polyamine. This back conversion of spermidine into putrescine via flavin-dependent
oxidase activity produces putrescine, 4-aminopropanal, hydrogen peroxide (H20:), and
ammonia as products [Figure 12A]. TC-type PAOs can degrade 1,3-diaminopropane (DAP) to
3-aminopropanal, hydrogen peroxide, and ammonia [Figure 12B]. Polyamine oxidases have
been implicated in plant tissue differentiation and organ development processes (Fincato et al.,

2012; Tavladoraki et al., 2016).
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Figure 12: Simplified view of back conversion pathway (A) via a flavin-dependent oxidase and terminal catabolic
pathway (B) via a copper-dependent polyamine oxidase . The red color on the carbon chains indicates the
functional group removed by the flavin-dependent or copper-dependent polyamine oxidase.

Copper-dependent amine oxidases (AOCs) participate in polyamines' terminal
catabolic (TC-type) pathway, meaning the polyamine's terminal end is oxidized. Flavin-
dependent amine oxidases (AOFs) participate in the back conversion (BC-type) pathway and
are usually involved in shortening polyamines (Yu et al., 2019). AOF enzymes are generally
involved in the oxidation of secondary amino groups, while AOC enzymes oxidize primary
amines. Plant AOF enzymes are known to localize in the cytosol, apoplast, peroxisome, and
vacuole. Apoplastic AOFs generally oxidize the carbon at the endo-side of the N4 atom of
spermidine and spermine substrates (Cervelli et al., 2001; T. Liu et al., 2014). When the
oxidation on the endo-side of the N4 atom occurs, it makes products that cannot be directly

converted back into polyamines like putrescine or spermidine.

An example is the OsPAO7 from Oryza sativa, which takes spermidine or spermine
and generates 1,3-diaminopropane (DAP) (T. Liu et al., 2014). DAP cannot be used as a
substrate for standard polyamine biosynthesis and can even act as a suicide substrate against
the activity of copper-dependent amine oxidase enzymes (Awal & Hirasawa, 1995). However,
when the carbon atom oxidizes on the exo-side of spermidine or spermine, it generates products

that can participate in polyamine biosynthesis, such as putrescine or spermidine, respectively.

Polyamine oxidases are found in several compartments of plant cells, such as the

peroxisome, apoplast, vacuole, and cytosol (Benké et al., 2022; Tavladoraki et al., 2016).
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Various environmental factors, including light, nutrient availability, and stress conditions,
regulate the expression of PAOs. In response to stress, the expression of PAOs is often
increased, leading to a decrease in polyamine levels and an increase in ROS production. N-
methylputrescine oxidase (MPO), a key enzyme involved in both nicotine and tropane alkaloid
biosynthesis, is known to cluster in clade IIl of other copper-dependent amine oxidases
(Naconsie et al., 2014; Tavladoraki et al., 2016). AOC enzymes that cluster in clade III
generally prefer shorter polyamines like putrescine and cadaverine over longer polyamines

such as spermidine and spermine.

1.6 First Ring Closure of Tropane Alkaloids

In tropane alkaloid biosynthesis, the first ring closure is when N-methylputrescine is
cyclized into N-methyl-A'-pyrrolinium cation (NMPy) through an amine oxidation reaction.
The family of enzymes performing these reactions is a copper amine oxidases (AOC) member
called N-methylputrescine oxidases (MPO) in Solanaceae. The methyl group present in N-
methylputrescine is speculated to act as a protecting group from the MPO enzyme oxidation,
allowing only the primary amine end to be efficiently oxidized. After the oxidation of N-
methylputrescine, the reactive aldehyde product subsequently forms NMPy by non-enzymatic
intramolecular cyclization through a retro-Michael addition (Chavez et al., 2022; Kim et al.,
2021) [Figure 13]. This spontaneous cyclization reaction is also observed in Atropa
belladonna, Hyoscyamus niger, Datura stramonium, and other solanaceous plants that produce
tropane alkaloids. N-methylputrescine oxidases are known to cluster in Clade III of copper-
dependent polyamine oxidases (Tavladoraki et al., 2016). AOC enzymes can oxidize important
intermediates of nicotine and tropane alkaloid biosynthesis like N-methylputrescine but at a
much lower efficiency than the methylputrescine oxidase (MPO), which has a higher
specificity for N-methylputrescine over other polyamines. MPO are crucial enzymes as they

mediate the steps that lead to first ring closure in tropane and nicotine biosynthesis.
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Figure 13: Depiction of methylputrescine oxidase (MPO) activity leads to N-methylpyrrolinium cation formation.

1.7 Second Ring Closure of Tropane Alkaloids

The second ring closure of tropane alkaloids occurs in a series of enzymatic steps to

take NMPy and form the second ring closure present in tropane alkaloids. The first step after
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forming NMPy is a spontaneous reaction with 3-oxoglutarate, also known as beta-
ketoglutarate. The source of this 3-oxoglutarate is pyrrolidine ketide synthase (PYKS), also
known as 3-oxoglutaric acid synthase (OGAS), which uses two rounds of malonyl-CoA to form
3-oxoglutarate. Spontaneously, 3-oxoglutarate and NMPy react with each other to form 4-(1-
methyl-2-pyrrolidinyl)-3-oxobutanoate (MPOB) [Figure 14] (Bedewitz et al., 2018; J.-P.
Huang et al., 2019; Kim, 2020; Tian et al., 2022). MPOB can also spontaneously decarboxylate

into hygrine, indicating that this molecule is unstable, a characteristic observed in other -keto

acids (Lohman et al., 2019).
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Figure 14: Second ring closure of tropane rings in Atropa belladonna. A spontancous condensation of N-
methylpyrrolinium cation and 3-oxoglutarate yield 4-(1-methyl-2-pyrrolidinyl)-3-oxobutanoate (MPOB), which
is cyclized via CYP82M3 mediated reaction to form the tropinone.

MPOB becomes a substrate for a cytochrome P450 enzyme that facilitates the second
ring closure of MPOB to form tropinone. Cytochrome P450s are one of the most prevalent and
diverse enzyme families known. In general, CYP genes represent approximately ~1% of the
protein-encoding genes in the genomes of plants (Chakraborty et al., 2023). In 4. belladonna,
tropinone synthase (AbCYP82M3) performs the second ring closure of MPOB into tropinone
(Bedewitz et al., 2018).

1.8 Tropinone Reductases

The diversity of tropane alkaloids is due to the functional groups that decorate the
tropane ring. The addition of an ester functional group at the C3 carbonyl group on the tropane

ring is observed in both Solanaceae and Erythroxylaceae species. Tropinone reductase (TRs)
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enzymes control the stereospecificity of the C3 hydroxyl group, forming either a-tropine or -
tropine mediated by TR-I and TR-II, respectively. The tropinone reductase I enzyme generates
a-tropine (tropine), while the tropinone reductase II enzyme generates [-tropine
(pseudotropine) at the C3 position on the tropane ring. TR-I and TR-II are found in members
of the Solanaceae and Convolvulaceae family. Crystal structure analysis of TR-I and TR-II
enzymes from Datura stramonium shows that the amino acid identity between the two
reductases is 64% identical on an amino acid level, but the tertiary structure between the
enzymes is almost identical. The orientation of the tropinone substrate binding within the active
site mediates the stereospecificity between these two tropinone reductases (Kim et al., 2021;

Nakajima et al., 1998).

TR-I and TR-II use nicotinamide adenine dinucleotide phosphate (NADPH) as a
cofactor in reducing tropinone to a-tropine or B-tropine, respectively. TRs are members of the
short-chain dehydrogenase/reductase (SDR) enzyme family, which contains the NSTK amino
acid motif, also known as a catalytic tetrad (Kavanagh et al., 2008). An interesting difference
between these tropinone reductases is that the reductase reaction mediated by TR-I is
reversible, while TR-II reductase activity is irreversible. Using 8-thiabicyclo[3.2.1]octan-3-one
(TBON), a tropinone mimic in which the nitrogen atom in tropinone is substituted for sulfur
atom, TR-I would catalyze the reduction of TBON, but TR-II was unable to catalyze the
reduction of TBON (Hashimoto et al., 1992). Generally, tropane alkaloids found in the
Solanaceous plants are esterified at the C3 hydroxyl position, and the stereochemistry is
commonly in the a-hydroxy conformation in common TAs like atropine and scopolamine (X.

Hu et al., 2023).

Erythroxylum coca is known to produce tropane alkaloids that contain a B-hydroxy
group at the C3 position almost exclusively. The enzyme performing this reductase activity is
methylecgonone reductase (EcMecgoR) (Jirschitzka et al., 2012). Although EcMecgoR
performs similar reactions to tropinone reductase, it belongs to a different enzyme family
known as aldo-keto reductases (AKRs) [Figure 15]. AKRs that have been characterized contain
a common o/B-barrel motif and use NADH or NADPH cofactors. Enzyme assays with
tropinone reductases isolated from Solanaceous plants failed to have significant activity toward
methylecgonone as a substrate (Couladis et al., 1991; Hashimoto et al., 1992). It appears that
the only enzyme known to date that can efficiently reduce the keto group at the C3 position on
methylecgonone is mediated by methylecgonone reductase. Additionally, EcMecgoR can

catalyze the reverse reaction, leading to the oxidation of methylecgonine. However, the
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conditions for doing this are not biologically relevant as it requires a pH optimum of 9.8, and
EcMecgoR is thought to be localized in the cytosol where the pH is around physiological pH
between 7.1-7.5 (Cosse & Seidel, 2021; Jirschitzka et al., 2012).
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Figure 15: Tropinone reductase and methylecgonone reductase catalyzing the reduction of the C3 position of the
tropane ring of either tropinone or methylecgonone, respectively. The stereochemistry of the reductase activity is
highlighted in red. Acronyms are defined as tropinone reductase 1 (TR-1), tropinone reductase 2 (TR-2), and
methylecgonone reductase (EcMecgoR).

1.9 Acyltransferase Enzymes Involved in TA Biosynthesis

The diversity of tropane alkaloids is due to the functional groups that decorate the
tropane ring and give different bioactive properties. A common modification observed amongst
TAs in Solanaceae and Erthroxylaceae is the addition of an acyl group, usually at the C3
hydroxyl group on the tropane ring. Acyltransferases are enzymes that use an energy-rich donor
as a cofactor to transfer an acyl group to an acyl receptor substrate. Two enzyme families in
plants are known to participate in acyltransferase reactions. Serine carboxy peptidase-like
(SCPL) acyltransferases and BAHD acyltransferases can synthesize various plant metabolites

(Bontpart et al., 2015).

SCPL acyltransferases belong to the o/f hydrolases superfamily, which utilizes an
energy-rich donor, such as B-acetal glucose esters, also known as 1-O-B-D-glucose esters), as
substrate in SCPL-mediated acyltransferase reactions (Ciarkowska et al., 2019). SCPL
acyltransferases possess a catalytic triad of serine, histidine, and aspartate, similar to catalytic
triads in the protease chymotrypsin. Despite this similarity of the active site to known proteases,

SCPL enzymes lack functional peptidase activity. SCPL acyltransferases are involved in
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numerous metabolic pathways, including the biosynthesis of phytohormones and antimicrobial

secondary metabolites (Lehfeldt et al., 2000; H. Liu et al., 2008; Mugford et al., 2009).

In Solanaceae, a serine carboxy peptidase-like acyltransferases family catalyzes these
acyltransferase reactions at the C3 position of the a-tropine. Recently, in Atropa belladonna,
two genes were found to be involved in the biosynthesis of littorine, an essential intermediate
for tropane alkaloid biosynthesis in solanaceous plants (Qiu et al., 2019). The two genes,
phenyllactate UDP-glycosyltransferase (UGT1) and littorine synthase (LS), are essential to
produce littorine. UGT1 provides the critical cofactor, phenyllactylglucose, which acts as the
energy-rich acyl donor in the enzymatic conversion of tropine into littorine via the LS. Littorine
synthase, a key enzyme in TA biosynthesis in solanaceous plants, is a member of the serine

carboxy peptidase-like acyltransferase family (SCPL-ATsS).

The acronym BAHD is derived from the first letter of each of the first four
biochemically characterized acyltransferases (D’ Auria, 2006; Moghe et al., 2023; St-Pierre &
De Luca, 2000). BAHD acyltransferases utilize acyl-CoA thioesters for the energy-rich acyl
donor instead of the P-acetal glucose esters, as seen with SCPL acyltransferases. Acyl
Coenzyme A thioesters are synthesized in various plant cell compartments but can be exported
to the cytosol (Agrimi et al., 2012; Shockey & Browse, 2011). BAHD acyltransferases share
several conserved domains. The HXXXD catalytic motif is integral for a general base-
catalyzed acyl transfer mechanism (Shaw, 1992). The DFGWG domain near the carboxyl
terminus is not involved in the catalytic function, even though this motif is highly conserved
across BAHD enzymes. This DFGWG motif is thought to play a structural role rather than a

catalytic role in BAHD acyltransferase reactions (Morales-Quintana et al., 2015).

In Erythroxylaceae, the acylation of tropane alkaloid differs from the SCPL
acyltransferase-mediated biosynthesis of littorine observed in Solanaceae TA biosynthesis.
Instead, the last step in the biosynthesis of cocaine in E. coca is mediated by a BAHD
acyltransferase known as cocaine synthase (EcCS) [Figure 16]. Cocaine synthase can use either
benzoyl or cinnamoyl CoA thioesters in combination with methylecgonine as a substrate to
form the products cocaine or cinnamoylcocaine, respectively (Schmidt et al., 2015). Cocaine
synthase was reported to be the first BAHD enzyme involved in tropane alkaloid biosynthesis
in plants. The discrepancy between BAHD and SCPL involvement in modifying tropane

alkaloids between the Erythroxylaceae and Solanaceae families suggests a polyphyletic
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relationship in which tropane alkaloid biosynthesis has evolved multiple times in different plant

families.
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Figure 16: The acylation of tropane alkaloids mediated by either a BAHD acyltransferase or SCPL acyltransferase.
Cocaine synthase (EcCS) is a member of the BAHD acyltransferase family (green color), while littorine synthase
(AbLS) is a member of the SCPL acyltransferase family (purple color).

1.10 Scope of the Thesis

Synthetic biology is a multidisciplinary field that applies engineering principles to
biology. The field of synthetic biology is a conglomerate of several scientific disciplines that
seek to develop molecular tools, metabolic engineering, and organism engineering to facilitate
the formation of biologically relevant products like medicines, biofuels, and sustainable
biomaterials. The principle behind synthetic biology is to deconstruct biology at the genetic
level, allowing modular genetic parts to be recombined in a design, build, test, and learn
principles that can be applied to any living organism. It aims to design and build new biological
systems that do not exist in nature. A recent publication created a yeast strain that contains
>50% of its genome as synthetic or artificial chromosomes, demonstrating the potential
synthetic biology has to offer in terms of the genome engineering of microorganisms (Zhao et
al., 2023). Synthetic biology could be used to manipulate microorganisms through genetic
engineering, producing valuable metabolites or developing bioengineered plants resistant to

disease or pests.

In the last couple of years, synthetic biology approaches towards tropane alkaloid

biosynthesis have generally focused on using microorganisms such as Saccharomyces
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cerevisiae to synthesize tropane alkaloids de novo without relying on the cultivation of plants
in order to produce tropane alkaloids for medicinal purposes (Ping, Li, Xu, et al., 2019; Ping,
Li, You, et al., 2019; Srinivasan & Smolke, 2019, 2020). These advances rely upon the solid
foundation of molecular biology and the identification of genes involved in tropane alkaloid
biosynthesis. Our work focuses on uncovering tropane alkaloid biosynthesis in Erythroxylum
coca. In collaboration with Dr. Christine Smolke and Dr. Prashanth Srinivasan at Stanford
University, we leveraged metabolic engineering and synthetic biology approaches to rapidly

identify and functionally validate key steps of tropane alkaloid biosynthesis within E. coca.

2 MATERIALS & METHODS

2.1 Codon Optimization of Synthetic DNA

Synthetic DNAs were synthesized either through Twist Biosciences or GENEWIZ. All
coding sequences were codon optimized in Benchling using Arabidopsis thaliana or Pichia
pastoris codon optimization parameters and removed the following type IIS restriction
enzymes recognition sites of Bsal, Bbsl, BsmBI, and Sapl for maximum compatibility with
GoldenGate, GoldenBraid, and MoClo assembly. GENEWIZ Germany GmbH synthesized the
following genes for one-step cloning into the pHREAC binary expression vector using Golden

Gate assembly: EcODC, EcSPMT, EcOGASI1, and ECOGAS?2.

2.2 DNA Primers and Plasmid Sequencing

Golden Gate or MoClo assembly primers were designed using the Benchling Assembly
Wizard tool using standard recommended settings. Primers were ordered from Metabion

GmbH, and LGC Genomics GmbH performed Sanger sequencing of plasmids.

2.3 DNA Amplification and PCR validation

All PCR amplifications were done with either NEB Q5® High-Fidelity 2X Master Mix
(Catalog #M0492S) for cloning applications, NEB OneTaq® 2X Master Mix with standard
buffer (Catalog #M0482S) or Thermo Scientific DreamTaq Green PCR Master Mix 2X
(Catalog #K1081) were used for colony PCRs applications. To determine the optimal annealing
temperature, either New England Biolabs (NEB) Tm Calculator or Thermofisher Tm

Calculator was used, respectively.
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2.4 DNA Agarose and SDS-PAGE Protein Gel Imagining

All DNA agarose gels were visualized using the GelDoc Go Imaging System from
Biorad using the Ethidium Bromide standard settings. SDS-PAGE protein gels were visualized
using the GelDoc Go Imaging System from Biorad using the Coomassie Blue standard settings

for densitometric analysis of protein bands of interest [Figure S4].

2.5 Modular Cloning (MoClo)-Based Method of Cloning

All MoClo-type IIS restriction enzyme ligation assemblies were performed following
the protocol designed for type IIS DNA assembly, with the main difference being that 40fmol
of DNA was used in all reactions instead of the standard 20fmol suggested in the protocol
(Marillonnet & Griitzner, 2020). The fmol amount of DNA was calculated using the following
formula: 40*(fmol) x DNA size (in bp) / DNA concentration (ng/ul)/1520. When calculating
DNA fragments or plasmids, it is essential to include the complete size of the DNA before
restriction digestion to keep an equimolar concentration between plasmids and DNA

fragments.

2.6 YPD and BMMY Media for Komagataella phaffii Protein Expression

For K. phaffii pre-starter and starter cultures, YPD media was used (10g/L yeast extract,
20g/L peptone, and 2% glucose per liter). The concentration of antibiotic zeocin in all liquid
media and agar plates was 100pg/mL. For the expression cultures, BMMY media was used
(10g/L yeast extract, 20 g/L peptone, 100 mL 1M potassium phosphate buffer pH = 6.0, 100mL
of 10X YNB, 2mL of 500X Biotin, SmL of 100% methanol, and 100pg/mL of zeocin per liter).

2.7 Cloning, Heterologous Expression, and Protein Purification of ECSMT,
EcSPMT, and EcSPDS from Komagataella phaffii

Biochemically characterized PMT sequences from the Solanaceae family were used as
a reference when performing a tBLASTn against the transcriptome of Erythroxylum coca. The
candidates were named ECSMT, EcSPMT, and EcSPDS, and primers were designed to amplify
these candidates from E. coca cDNA. Total RNA was extracted from E. coca leaves with a
Qiagen kit. mRNA was reverse transcribed into ¢cDNA with reverse transcriptase II
(Invitrogen). ECSMT, EcSPMT, and EcSPDS were amplified from cDNA using designed gene-
specific primers. After amplification, EcSPDS candidates were cloned using the Gateway
system into pDONR207. A subsequent LR reaction into a pEPStrepGW vector yielded the

construct used during heterologous expression.
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The pEPStrepGW expression vector was modified from the pPICHOLI Shuttle Vector
System designed for heterologous expression in K. phaffii KM71 cells as well as in E. coli and
contains a Strep-tag II located on the N-terminus of the gene sequence. The pEPStrepGW
vector contains a yeast-inducible alcohol oxidase (AOX) promoter and an E. coli T7 promoter.
The expression vector was then introduced into K. phaffii KM71, and a starter culture was
grown overnight in YPD medium supplemented with 100pug/mL of Zeocin (InvivoGen) at 28
°C with shaking at 250 rpm. Fresh BMMY (Buffered Methanol-complex Medium) medium
supplemented with 100pg/mL of Zeocin (InvivoGen) was then inoculated with the overnight
culture (10% final concentration of cell suspension) and grown at 28 °C with shaking at 250
rpm to an OD600 of 1.0. Protein expression was induced by adding 1% methanol (v/v) twice a
day (morning and evening) and grown at 28 °C with shaking at 220-250 rpm for 2-3 days. The
cells were harvested at 6000 x g at 4 °C for 10 min and then stored at -20 °C until purification.

For protein purification, cells were resuspended in 100mM Tris-HCI buffer, pH 8,
supplemented with 150mM NaCl, ImM EDTA, and 5SmM dithiothreitol then lysed using a
Stansted FPG12800 pressure cell homogenizer equipped with a 10mL pressure cell. The lysate
was centrifuged at 6000 x g at 4 °C for 15 min. The soluble protein was then loaded onto a
Strep-Tactin superflow column (IBA Lifesciences) using an AKTA Pure protein purification
system (Cytiva). The recombinant protein was eluted using 100mM Tris-HCI, pH 8§,
supplemented with 150mM NaCl, ImM EDTA, and 2.5mM desthiobiotin. Fractions containing
the protein of interest were then loaded onto a HiTrap Desalting column and eluted using
100mM Tris-HCI pH 8.4, containing 15% glycerol and 5mM dithiothreitol. Following the
manufacturer's protocol, the total protein concentration was measured using the Bradford
protein assay (Carl Roth 5x ROTI®Quant). The putative size and purity of the protein were
determined via SDS-PAGE. Approximately 100ng of total protein was loaded into each well

and stained with a Colloidal Coomassie or Serva Quick Coomassie® stain staining solution.

2.8 Construction of Saccharomyces cerevisiae strains for in vivo Screening of
Candidate Genes

The method of constructing the S. cerevisiae strains and plasmid vectors for

transformation has been described in detail in the supplemental data of Chavez et al., 2022.

2.9 Preparation of Chemically Competent E. coli Cells

E. coli TOP10 or DH5a were used to prepare chemically competent cells using the

Inoue method for generating ultra-competent E. coli cells (Green & Sambrook, 2020).
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2.10 Transformation of Chemically Competent E. coli Cells

E. coli TOP10 or DHS5a competent cells were defrosted on ice for 10 minutes.
Approximately 100-150ng of plasmid was added to the cells. After 10 minutes on ice, the mix
was heat shocked at 42°C in a water bath for 45 seconds and placed back on ice for 2 minutes.
Afterward, 250uL of SOC media was added, and the cells were shaken at 250 rpm for one hour

at 37°C. Cells were spread out on LB agar plates with the corresponding antibiotic.

2.11 Preparation of Chemically Competent Agrobacterium tumefaciens Cells

Agrobacterium tumefaciens GV2260 strain was prepared following the protocol with
minor adaptations (Hofgen & Willmitzer, 1988). An overnight culture of Agrobacterium
tumefaciens was diluted in 200 mL YEB media. After 3-4 hours of growth, Agrobacterium
cells were centrifuged at 3000 x g for 20 minutes at 4°C. The pellet was washed once in 10 ml
precooled TE buffer (10mM Tris-HCI, pH 7.5; ImM EDTA) and resuspended in 20mL fresh
YEB-medium. Aliquots of 100uL and 200uL are frozen in liquid nitrogen and stored at -80°C

until ready for transformation into Agrobacterium tumefaciens.

2.12 Protein Sequence Alignments

FASTA files containing the proteins of interest were first aligned using MEGA11
software using the MUSCLE alignment algorithm. The parameter settings for the MUSCLE
protein alignment are the following settings: Gap Open -2.90, Gap Extend 0.00,
Hydrophobicity Multiplier 1.20, Max Memory in MB was 2048, Max Iterations was 16, Cluster
methods were both Neighbor Joining and Minimum Diagonal Length (lambda) at a value of
24. After performing the protein alignment in MUSCLE, it was exported as a FASTA

alignment file for drawing the phylogenetic tree.

2.13 Generation of Phylogenetic Trees

Phylogenetic trees were generated using TreeViewer phylogenetic tree software via
direct import of the protein alignment generated previously by MEGA11(Bianchini & Sanchez-
Baracaldo, 2024; Tamura et al., 2021). Using Neighbor Joining algorithm to create an unrooted
tree was used. The distance model parameter was BLOSUM®62 and bootstrap replicates were
set at 1000. After the generation of the tree, adjustments were made to display the trees in a
circular or linear format for optimal graphical viewing. Scale bars representing the proportion
of the total length from the root of the tree to the farthest tip were added to the tree. Finally, a

filter was applied to remove all bootstrap values from the nodes that were less than 500. The
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phylogenetic trees were then exported as a scalable vector graphics file using the embed full
font export selection for future work in a vector graphics program. Additional modifications
were performed using Affinity Designer V2 vector graphics software to highlight parts of the

tree and generate a figure legend.

2.14 Transformation of Plasmids into Agrobacterium tumefaciens cells

Stored Agrobacterium tumefaciens GV2260 competent cells are thawed on ice prior to
transformation. Competent cells are mixed with approximately 500ng of plasmid DNA. The
cells are incubated successively for 5 minutes on ice, 5 minutes in liquid nitrogen, and 5
minutes in a 37°C water bath. After dilution in 1ml of YEB-medium, the cells are shaken for
2-4 hours at room temperature or 28°C. 100uL of transformed cells are plated on YEB agar
plates containing rifampicin at a concentration of 25pg/mL and kanamycin at a concentration
of 50pg/mL antibiotics and incubated for 2-3 days at 28°C. Single colonies were validated with
colony PCR for pHREAC expression vector and subsequently used for transient expression in

Nicotiana benthamiana.

2.15 Transformation of Plasmids into K. pastoris cells

The electro-competent cells of K. pastoris strain KM71 were taken from the -80°C
freezer. First, 40ul of 1M sorbitol was added to the competent cells. A 38uL aliquot of the
mixture was placed in a new Eppendorf tube. Next, add 1-5ul of plasmid to the new Eppendorf
(final concentration of 150ng/ul) total. Let the tube rest on ice for 5 mins. Fill the mixture in
the Imm cuvette and pulse cells using the Picha method on GenePulser/Bio-Rad (Set to 1.5kV,
200Q, 2.5uF). Immediately add 1ml of cold 1M sorbitol and transfer into sterile 1.5ml
Eppendorf. Cells were regenerated for 1-2 hours at 28°C to recover after electroporation.
Spread aliquots onto YPD agar plates containing 100ug/mL Zeocin. Incubate for 2-4 days at
28°C.

2.16 Fluorescent Microscopy of Organelle Targeting in Saccharomyces cerevisiae

The method of analyzing S. cerevisiae cells via fluorescent microscopy was described
in the publication Chavez et al., 2022. Individual colonies of yeast strains transformed with
plasmids encoding biosynthetic enzymes fused to fluorescent protein reporters were inoculated
into 1 mL selective media and grown overnight (~14-18 h) at 30 °C and 460 rpm. Overnight
cultures were back-diluted between 1:2 and 1:4 into fresh media and grown to exponential

phase at 30 °C and 460 rpm for an additional 68 h to allow slow-maturing fluorescent proteins
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to fold before imaging. Approximately 5-10uL of cell suspension was spotted onto a glass
microscope slide, covered with a glass coverslip (Thermo Fisher), and then imaged using an
upright Zeiss Axio Imager Epifluorescence/Widefield microscope with a x64 oil immersion
objective. Fluorescence excitation was performed using an EXFO X-Cite 120 illumination
source and the following Semrock Brightline filter settings: GFP, 472/30 excitation and 520/35
emission; mCherry/DsRed/Cy3/TexasRed, 562/40 excitation and 624/40 emission. Emitted
light was captured with a Zeiss Axiocam 503 mono camera and Zen Pro software, and
subsequent image analysis was performed in ImageJ/Fiji (NIH). Images were converted to
pseudocolor using the ‘Merge Channels’ and ‘Split Channels’ functions (Image—
Color—Merge/Split Channels). For each sample, linear histogram stretching was applied

across all images for a given channel to improve contrast.

2.17 Identification of TA Genes from E. coca Transcriptome

Candidate genes involved in tropane alkaloid biosynthesis were manually screened
using a combination of transcriptomic datasets from the United States Department of
Agriculture (USDA), the 1kp transcriptomic database (Carpenter et al., 2019), as an in-house
transcriptome generated by the D’Auria lab. Previous work in the D’Auria lab identified
tropane alkaloid-related genes that were involved in the biosynthesis of cocaine (Anderson,
2019; Chavez et al., 2022; Estrada, 2017; Kim, 2020). Utilizing tBLASTn to screen for gene
candidates in Erythroxylum coca transcriptomic datasets using TA biosynthetic genes from
solanaceous plants. After the gene candidates were identified from the tBLASTn search, other
tools like Interproscan, pHMMR, and NCBI tBLASTn/BLASTp were used in combination to

identify known protein motifs for each candidate to ensure full-length protein sequences.

2.18 RNA Extraction from E. coca Tissue and cDNA Synthesis

Approximately 100mg of fresh E. coca tissue was used to extract total RNA using the
NucleoSpin RNA Plant mini kit, and genomic DNA was removed via an in-column RNase-
free DNase I treatment (Machery Nagel, Germany). RNA concentrations and quality were
determined using a NanoDrop One Microvolume UV-Vis Spectrophotometer
(ThermoScientific Germany) and an Agilent 2100 Bioanalyzer Instrument (Agilent Germany).
According to the manufacturer's protocol, cDNA was synthesized with 300ng total RNA using
either NEB LunaScript® RT SuperMix Kit (Catalog # E3010S) or SuperScript™ IV First-
Strand Synthesis System (Invitrogen, Germany) for cDNA synthesis.
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2.19 gPCR Primers Design Parameters

qPCR primers were designed in Benchling using the qPCR (Intercalating Dyes)
parameter. Primers were optimized at around 50% GC content. The melting temperature for
the primers was designed using the parameters between 58°C minimum, 60°C optimum, and
65°C maximum. Primer lengths were optimized between 17bp minimum, 22bp optimum, and
26bp maximum. Amplicon sizes were selected to be approximately 70bp minimum, 100bp
optimum, and 150bp maximum as a DNA amplicon size for qPCR. The best-scoring primer
pairs from Benchling were selected for PCR targeting genes of interest within tissue-specific

cDNA libraries of £. coca.

2.20 Polyamine Extraction of E. coca tissues

Polyamines were extracted from buds, L1-L3 stage leaf, stem, and root tissues of E.
coca plants. Plant tissue was cut from the plant and immediately frozen in liquid nitrogen. The
frozen tissue was ground to a fine powder with a mortar and pestle. Approximately 100mg of
tissue powder was briefly vortexed with extraction buffer (1:5 w/v ratio of plant material:
extraction buffer). The extraction buffer is a solution of 80% methanol spiked with 5%
perchloric acid (SmL of 80% methanol and 100pL of 5% PCA spiked with a final concentration
of 10mM piperidine). The mixture is stored on ice for 1 hour and briefly vortexed every 15-30
minutes. Tubes are then centrifuged for 15 minutes at 21,000 x g at 4°C to remove plant

material. The supernatant was then used immediately for analysis or stored at -20°C.

2.21 Derivatization of Polyamines

To detect polyamines (PAs) using fluorescence, they first must be derivatized using the
derivative agents o-phthalaldehyde-ethanethiol (OPA-ET) and fluorenylmethyloxycarbonyl
carbamate (FMOC) as described by (Hanczk¢é et al., 2007). A 50uL aliquot of sample was
derivatized with 50uL of OPA-ET stock and left to react for 1.5 minutes, then 2uLlL of the
FMOC stock was added and let the FMOC react with the sample for at least 2 minutes before

injection.
2.22 Polyamine Detection by HPLC-Fluorescence

For the detection of the polyamines, an Ultimate-3000 HPLC (Thermo Scientific) with
a fluorescence detector (337nm Emission/ 454nm Excitation) with a Nucleodur Sphinx RP
Sum, 4.6mm x 250mm column (Macherey Nagel) was used. The buffers used for this
separation method are 0.2% formic acid (Buffer A) and 100% acetonitrile (Buffer B). Flow
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rate: ImL/min. Injection volume: SuL, Gradient is as follows: 0 min, 10% B; 0-8 min, 10-
100% B; 8-15.17 min, 100% B; 15.17-15.34 min, 10% B; and 15.34-19.34 min, 10% B for

column equilibration.

2.23 Polyamine Detection by UPLC-Fluorescence

An Acquity UPLC system (Waters Corporation, Milford, MA, USA) coupled with an
Acquity Fluorescence Detector (337nm Emission/ 454nm Excitation) to detect the derivatized
polyamines. An Acquity UPLC BEH C18 130A, 1.7um, 2.1mm x 50mm column was used.
The separation method was combined with the polyamine derivatization protocol (Hanczko et
al., 2007; Zierer et al., 2016). Flow rate of 0.4 mL/min for 4.5 min. The column temperature
was set to 40°C. HPLC-grade water (A) and LCMS-grade acetonitrile (B) were used as
solvents. The binary gradient used was as follows: 0 to 0.06 min at 90% B, 0.06 to 1.7 min at
58% B, 1.7 to 3.17 min at 0% B, 3.17 to 3.29 min at 58% B, and 3.29 to 4.50 min at 90% B for

column equilibration.

2.24 In vitro Enzyme Assays for SPDS and SMT Activity via Fluorescence Detection

Enzyme assays were performed as follows: SMT assays contained 2uL of putrescine
from 50mM stock final concentration of 1mM, 1puL dcSAM from 50mM stock final
concentration of 0.5mM, 20uL of purified enzyme, Total volume up to 100uL in 50mM
potassium phosphate buffer (pH 7.6). All SPDS assays contained 2uL of spermidine from
50mM stock with a final concentration of 1mM, 1uL SAM from 50mM stock with a final
concentration of 0.5mM, 20uL of purified enzyme, and a total volume up to 100uL in SO0mM
potassium phosphate buffer (pH 7.6). Let the enzyme assays stand overnight at RT. Quench
the assays by heating at 95°C for 10 minutes. Briefly vortex and centrifuge mixture. Derivatize

the PAs with OPA-ET and FMOC.

2.25 Plant Material

Nicotiana benthamiana plants (4—6 weeks old) were grown in a greenhouse at 55%
humidity, 22°C, and 16-h-light/8-h-dark photoperiod. E. coca v. coca plants were grown at
22°C under a 12-h-light/12-h-dark photoperiod, with humidity of 65% and 70%, respectively,
and were fertilized weekly with Ferty 3 (15-10-15) and Wuxal Top N (Planta). A voucher
specimen was deposited at the Herbarium Haussknecht (JE) at Friedrich Schiller University in

Jena, Germany.

34



2.26 Plasmid Construction for Transient Expression in Nicotiana benthamiana

For transient expression of E. coca pathway genes in Nicotiana benthamiana, A.
tumefaciens pHREAC binary vectors harboring a transfer-DNA (T-DNA) region comprising a
gene of interest flanked by the constitutive Cauliflower Mosaic Virus (CaMV) 35S
promoter/5S0 synthetic 5’UTR and a nopaline synthase terminator, as well as an analogous
expression cassette for the p19 RNAi-suppressor protein. Golden Gate assembly was used to
clone each gene of interest (with flanking 5’ and 3’ Bsal sites added via PCR) into the vector
[Table S6]. All primers designed for cloning E. coca pathway genes into the pHREAC vector
were designed in Benchling using the Golden Gate Assembly program, and subsequent primers
were ordered from Metabion GmbH. Vector confirmation was conducted with vector-specific
primers pHREAC FWD 5°-(CAACCACAACGCTCTAACGC)-3’ and pHREAC REV 5’-
(AAAATTAAAATCTTTTTGTGTCCTTGCT)-3’ for sequencing and colony PCR.

2.27 Transient Protein Expression in Nicotiana benthamiana

Agrobacterium tumefaciens strain GV2260 cells were transformed with pHREAC
binary transformation vectors (Peyret et al., 2019) containing E. coca genes of interest using
the freeze-thaw method (Hofgen & Willmitzer, 1988) and confirmed via colony PCR. A single
agrobacterium colony containing the construct of interest was cultured in liquid YEB (5 g/L,
beef extract, 1g/L yeast extract, 5Sg/L peptone, 5g/L sucrose, 0.5g/L MgCl>) medium overnight
at 28°C with appropriate antibiotics. The overnight cultures were pelleted at 5000 x g for 30
min, resuspended in infiltration media (10mM MES pH 5.6, 10mM MgCl), and adjusted to an
ODsoo between 0.6 and 1.0. Agrobacterium cultures transformed with the tobacco etch
potyvirus helper component protein (HCPro) silencing suppressor were resuspended in
infiltration media to the same ODgoo. An equal volume of cultures containing the construct of
interest and HCPro were mixed and transiently infiltrated into 4-week-old N. benthamiana
leaves using a vacuum infiltration system for 90 seconds. After infiltration, the plants were
kept in the greenhouse for six days in the same condition as above. The plant leaves were
collected on day six and stored at -80°C for further analysis. Metabolites were extracted from
approximately 100 mg of powdered leaves at a ratio of 100mg/mL of extraction solvent. The
extraction solvent was 20% methanol containing 0.1% formic acid and 1000 ng/mL of
deuterated N-methylpyrrolinium (D;NMPy) as an internal standard. Extracts were incubated

on an orbital shaker for approximately overnight at room temperature. N. benthamiana leaves
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were extracted and analyzed immediately after extraction by liquid chromatography-tandem

mass spectrometry.

2.28 Metabolite Analysis of Nicotiana benthamiana Extracts

Secondary metabolites were analyzed by LC-MS/MS using an Agilent 1260 Infinity
Binary HPLC and an Agilent 6490 Triple Quadrupole mass spectrometer. Chromatography
was performed using an Eclipse Plus C18 column (2.1 x 50 mm, 1.8 um; Agilent Technologies)
with 0.1% v/v formic acid in water as mobile phase solvent A and 0.1% v/v formic acid in
acetonitrile as solvent B. The column was operated with a constant flow rate of 0.4 mL/min at
40 °C and a sample injection volume of 1 pL. Chromatographic separation was performed
using the following gradient: 0.00—0.75 min, 1% B; 0.75-1.33 min, 1-25% B; 1.33-2.70 min,
25-40% B; 2.70-3.70 min, 40-60% B; 3.70-3.71 min, 60-95% B; 3.71-4.33 min, 95% B;
4.33—4.34 min, 95—-1% B; 4.34-5.00 min, equilibration with 1% B. The LC eluent was directed
to the MS from 0.01-5.00 min operating with iFunnel electrospray ionization (ESI) in positive
mode, source gas temperature 250 °C, sheath gas temperature 300°C, gas flow rate 12 L/min,
and nebulizer pressure 30 psi. Metabolites were identified using MassHunter Workstation
software version B.07.01 (Agilent, Germany) based on retention time and the mass
fragment/transition parameters in [Table S11]. Multiple reaction monitoring (MRM)
transitions, and quantification were performed by the analysis of 0.1ng/mL-0.1mg/mL aqueous
standards using MassHunter Optimizer software (Agilent) and corroborated against published
mass transitions if available or against predicted transitions determined using the CFM-ID

fragment prediction utility and the METLIN database.

2.29 LC-MS Separation of Polyamines and Methionine Cycle-related Metabolites

LC-MS method was modified from Su et al. 2021, which separates polyamines and
methionine cycle-related metabolites without the need for derivatization (Su et al., 2021).
Targeted analyses of polyamines and methionine cycle-related metabolites were carried out by
Agilent 1260 Infinity Binary HPLC coupled to an Agilent 6495 triple-quadrupole mass
spectrometer. The ACQUITY UPLC BEH Amide column (2.1 x 100 mm, 1.7 pum, Waters,
USA) was used for metabolite separation at 30 °C. The mobile phases were water (A) and ACN
(B), both containing 0.1% formic acid. The LC gradient program was optimized as follows: 0
min, 85% B; 9 min, 45% B; 10 min, 30% B; 11 min, 85% B; 14 min, 85% B. The injection
volume was 10uL, and the flow rate was 0.600mL/min. The data was collected using multiple

reaction monitoring (MRM) mode. The LC eluent was directed to the MS from 0.01-5.00 min
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operating with iFunnel electrospray ionization (ESI) in positive mode, source gas temperature
250 °C, sheath gas temperature 300°C, gas flow rate 12 L/min, and nebulizer pressure 30 psi.
Metabolites were identified using MassHunter Workstation software version B.07.01 (Agilent,
Germany) based on retention time and the mass fragment/transition parameters in [Table S11].
Multiple reaction monitoring (MRM) transitions and quantification was performed by the
analysis of 1uM-1mM standards diluted in 85% acetonitrile and 15% water using MassHunter
Optimizer software (Agilent) and corroborated against published mass transitions if available,
or against predicted transitions determined using the CFM-ID fragment prediction utility and

the METLIN database.

2.30 Hierarchical Clustering Analysis of Erythroxylum Transcriptomes

Hierarchical Clustering Analysis of Erythroxylum Transcriptomes. Hierarchical
clustering of methylecgonone synthase candidates from the Erythroxylum transcriptome
datasets (generated as described in the previous section) was performed using a custom R script
(coca_analysis v1.R), available on GitHub at the following link

https://github.com/smolkelab/coca_coexpression_analysis; the entire computational pipeline

was described in Chavez et al., 2022.

2.31 Statistics

Biological replicates are defined as independent cultures inoculated from separate yeast
colonies or streaks and cultivated in separate containers for yeast experiments. For Nicotiana
benthamiana experiments, one biological replicate is defined as all infiltrated leaves from a
single plant. Four biological replicates for each gene stacking for all performed transient

expression matrices.

2.32 Chemical Standards

Chemical compounds and standards Putrescine dihydrochloride (Duchefa Biochemie
P0927.0005), Spermidine trihydrochloride (AppliChem A0673.0001), and hygrine (sc-
488263) were purchased from Carl Roth. N-methylspermidine was chemically synthesized
following protocols described in (Anderson, 2019). N-methylputrescine dihydrochloride (sc-
212242) and hygrine (sc-488263) were purchased from Santa Cruz Biotechnology (Dallas,
TX). N-methylpyrrolinium (NMPy) was prepared from y-Methylaminobutyraldehyde (4MAB)
diethyl acetal (M285740) purchased from Toronto Research Chemicals (Toronto, ON), as
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described previously (Srinivasan & Smolke, 2019). MPMOB was prepared as described

previously (Katakam et al., 2019). All other chemicals were purchased from Sigma.

2.33 GenBank Accession Numbers of Identified Genes from E. coca

Complete DNA sequences of E. coca genes newly identified in this work are hosted in
GenBank with the following accession numbers: ECSPMT, OP382839; EcSMT, OP382840;
EcSPDS, OP382841; EcAOF1, OP382842; EcAOCI1, OP382843; EcAOC2, OP382844;
EcOGASI1, OP382845; EcOGAS2, OP382846; EcCcMPOBMT, OP382847; EcCYP81AN1S5,
OP382848.

3 RESULTS

3.1 Detecting Derivatized Polyamines from E. coca Tissue Extracts via HPLC-FLD

Polyamine profiles were characterized in E. coca tissues, specifically buds, roots,
stems, and L1 through L3 stage leaves, using high-performance liquid chromatography coupled
to a fluorescence detector (HPLC-FLD) to detect derivatized polyamine profiles within the
different tissues of Erythroxylum coca. Additional LC-MS/MS profiling of the derivatized
polyamines from E. coca identified the presence of putrescine, spermidine, and spermine.
Additionally, we observed the presence of a novel polyamine called N-methylspermidine
[Figure 17]. Interestingly, we could not detect any presence of N-methylputrescine (NMPUT)

in any tissues from E. coca.
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PA Quantification in E. coca tissues
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Figure 17: Polyamine content in E. coca tissues. Polyamines were detected from acidic methanol extracts and are
labeled as putrescine (Put), N-methylputrescine (MePut), spermidine (Spd), spermine (Spm), and N-
methylspermidine (MeSpd). Bars and error bars represent the mean and SD of three tissue biological replicates,
each with three technical replicates. This figure was modified from Chavez et al., 2022; Page 3; Figure 2A.

N-methylspermidine was detected in higher amounts in the aerial leaf tissues, where
tropane alkaloid biosynthesis is known to occur in E. coca (Docimo et al., 2012; Jirschitzka et
al., 2012; Schmidt et al., 2015). Coincidentally, this contrasts with known observations of
putrescine N-methyltransferase expression and the accumulation of N-methylputrescine within
the root tissues of plants in the Solanaceae and Convolvulaceae families. The presence of N-
methylspermidine and the absence of putrescine N-methyltransferase in aerial tissues where
tropane alkaloid biosynthesis is known to occur in E. coca provides evidence that the well-
established TA biosynthesis in Solanaceae may not be operating identically to the TA

biosynthesis in Erythroxylum coca.
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3.2 The First Committed Step of TA Biosynthesis in E. coca Begins with
Spermidine N-methylation

3.2.1 Homology Search of PMT-like Candidates

A homology-based search for putrescine N-methyltransferase-like sequences failed to
yield close matches. The absence of N-methylputrescine in polyamine extracts is inconsistent
with tropane alkaloid biosynthesis starting from the formation of putrescine N-methylation as
reported within TA-producing plants in the Solanaceae family. The presence of N-
methylspermidine within leaves of E. coca suggests an alternate route in Erythroxylaceae,
which uses spermidine rather than putrescine in the first committed step of tropane alkaloid

biosynthesis.

Since no spermidine N-methyltransferases (SMTs) were reported before, we decided to
use sequences from biochemically characterized solanaceous putrescine N-methyltransferases
(PMTs), which were predicted to be the closest potential sequence match for SMT. Utilizing
these PMTs as a query, we performed a tBLASTn search of our in-house transcriptome
database of E. coca leaf tissues for potential SMT candidate genes. We identified three full-
length open reading frames (ORFs) that more closely resembled spermidine synthases (SPDSs)
rather than putrescine N-methyltransferases [Figure S1]. We initially annotated these putative

candidates as EcSPDS1, EcSPDS2, and EcSPDS3.

3.2.2 Heterologous Expression in Komagataella phaffii and Purification of EcCSPDS1-3

Candidates

EcSPDS1-3 candidates were cloned into the pPDONR207® Gateway entry vector and
finally cloned into a pEPStrepGW expression vector. The genes of interest cloned into the
pEPStrepGW vector were used for heterologous expression and protein purification using
Komagataella phaffii (formerly known as Pichia pastoris) KM71 cells. Following StrepTag II
affinity column purification, proteins were analyzed by SDS-PAGE, which indicated molecular
weights 0f 39.0, 36.8, and 38.5 kDa for EcSPDSI1, 2, and 3, respectively [Figure S2, Figure S3,
and Figure S5].

3.2.3 Invitro Enzymatic Activities Assays of SPDS-like Candidates

Enzyme assays with purified recombinant EcCSPDS1-3 failed to show PMT activity,

which is consistent with our observations on the absence of the metabolite N-methylputrescine
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in E. coca tissues. Instead, these enzymes possessed spermidine synthase (SPDS) or
spermidine N-methyltransferase (SMT) activities. ECSPDS1 showed SMT activity in which
spermidine is methylated at the (internal) N4 position using SAM as a cofactor [Figure 18].
EcSPDS3 exhibited spermidine synthase activity using decarboxylated SAM (dcSAM) as a
cofactor [Figure 20]. EcCSPDS2 demonstrated both SMT and SPDS activity. EcSPDS2 alone
converted putrescine to spermidine and N-methylspermidine when dcSAM and SAM cofactors
were present in the same enzyme assay [Figure 19]. Based on these observations, we have

renamed EcSPDS1, EcSPDS2, and EcSPDS3 to EcSMT, EcSPMT, and EcSPDS, respectively.
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Figure 18: In vitro enzymatic characterization of purified ECSMT. Before injection, the in vitro enzyme assay
samples were derivatized with o-phthalaldehyde (OPA) and fluorenylmethyl chloroformate (FMOC).
Chromatograms represent n = 5 independent enzyme assays, and peak heights are shown to scale with respect to
all other peaks for the same compound. All peak heights are shown to scale with respect to all other peaks. HPLC
chromatography data was rendered using Serif Affinity Designer. This figure is from Chavez et al., 2022; Page 3;
Figure 2C; The data was adapted from Anderson et al., 2019.
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all other peaks for the same compound. HPLC chromatography data was rendered using Serif Affinity Designer.
This figure is from Chavez et al., 2022; Page 3; Figure 2D. The data was adapted from Anderson et al., 2019.
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all other peaks for the same compound. HPLC chromatography data was rendered using Serif Affinity Designer.
This figure is from Chavez et al., 2022; Page 3; Figure 2B. The data was adapted from Anderson et al., 2019.

3.2.4 Phylogenetic Analysis of EcCSMT, EcCSPMT, and EcSPDS

The phylogenetic relationships between ECSMT, EcSPMT, and EcSPDS enzymes were
evaluated through sequence alignments of known spermidine synthases (SPDSs), spermine
synthases (SPSs), and putrescine N-methyltransferase (PMTs) protein sequences and evaluated
clustering patterns in the resulting dendrogram [Figure 21]. The sequences used in this
phylogenetic tree are available in [Table S1]. All characterized PMTs cluster into a separate
clade from SPDSs and SPSs, consistent with the proposed early divergence of PMT from the
ancestral SPDS family (Biastoff, Reinhardt, et al., 2009; Junker et al., 2013). In contrast, there
appears to be no apparent clustering between other spermidine and spermine synthases.

EcSMT, EcSPMT, and EcSPDS are scattered throughout the SPDSs and SPSs protein families.

Phylogenetic analysis of SPDS-related enzymes from Erythroxylum coca was
compared, and the following differences were observed. The gene candidates EcSMT,
EcSPMT, and EcSPDS, when compared against other spermidine synthases (SPDS), spermine
synthases (SPS), and putrescine N-methyltransferases (PMT) enzymes, these candidates did
not cluster closely with themselves but instead clustered with other SPDS and SPS enzymes.
This lack of clustering revealed that ECSMT and EcSPMT only shared ~49% amino acid
identity. EcSMT, compared to EcSPDS, only shared ~25% identity at the amino acid level.
EcSPMT and EcSPDS share only ~27% amino acid identity. None of these SPDS-related
enzymes from E. coca clustered with known PMTs from the Solanaceae and Convolvulaceae

plant families [Figure 21].

Upon further analysis, we found that ECSMT clusters closely with the spermidine
synthase, TcSPDS1, and TcSPDS2, from Theobroma cacao and CcSPDS4 from Cajunus
cajan. These protein sequences share a percent identity between 53-57% compared to EcCSMT
based on amino acid percent identity. ECSPMT clusters closely with CsSPDS3 (AAT66041.1)
from Cucumis sativus, TcSPDS3 from Theobroma cacao, CaSPDS from Coffea arabica, and
PgSPDS from Panax ginseng. These protein sequences share a percent identity of greater than
82% compared to ECSPMT based on amino acid percent identity. ECSPDS clusters closely with
CuSPDS from Citrus unshiu and ACLS5 from Arabidopsis thaliana. CuSPDS is currently an
uncharacterized putative spermidine synthase to which the protein annotations are inferred
from homology. ACLS, known as thermospermine synthase, was originally mischaracterized

as a spermidine synthase from Arabidopsis thaliana (Hanzawa et al., 2000; Knott et al., 2007).
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These protein sequences share a percent identity between ~69-75% compared to EcSPDS based
on amino acid percent identity. Interestingly, the enzymes that cluster with each of the
candidates from E. coca are all members of the rosids clade of plants, unlike the PMT cluster
from Solanaceae and Convolvulaceae families, which are members of the asterid clade of

plants, suggesting a polyphyletic origin of the first committed step of tropane alkaloid

biosynthesis.
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Figure 21: A dendrogram showing the sequence relationships based on amino acids between EcSPDS, EcSMT,
and EcSPMT. PMT clade is indicated in purple, and the identified £. coca SPDS-related enzymes are highlighted
in green. Refer to Table S1 for identities and accession numbers of all enzymes in the dendrogram. Values at each
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junction signify the number of bootstraps out of n = 1,000 iterations. Bootstrap values below 500 were not
reported. The scale bar represents the proportion of the total length from the root of the tree to the farthest tip.

3.2.5 Invivo Screening of EcCSMT, EcSPMT, and EcSPDS Enzymatic Activities in

Saccharomyces cerevisiae

We then characterized the in vitro activities of the ECSPDS and EcSPMT enzymes with
spermidine synthase activity in Saccharomyces cerevisiae. The SAMDC gene from yeast
(SPE2) is known to enhance SPDS activity by providing excess dcSAM cofactor. We co-
expressed EcSPDS or EcSPMT, native yeast SPE3, a BFP control, and SPE2 from low-copy
plasmids. LC-MS/MS analysis of culture supernatants after 72 hours growth of transformed
strains in selective media indicated that ECSPMT, like native Spe3p, can function as an SPDS
when paired with Spe2p in yeast. We constructed a spermidine overproduction strain,
CSY 1340, by integrating expression cassettes for SPE2, SPE3, and EcCSPMT and disrupting
the endogenous spermine synthase gene SPE4 in the genome of the previously engineered
putrescine overproduction strain CSY1242 (Srinivasan & Smolke, 2019). We then
demonstrated that, unlike our previous observations of in vitro enzyme assays, ECSMT, not
EcSPMT, exhibits spermidine N-methyltransferase activity when expressed from a low-copy
plasmid in the CSY1340 yeast strain, as indicated by LC-MS/MS analysis of culture
supernatants following 72-hours growth of transformed strains in selective media [Figure 22]

(Chavez et al., 2022).
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Figure 22: Characterization of E. coca spermidine N-methyltransferase activities in engineered yeast. N-
methyltransferase candidates or a blue fluorescent protein (BFP) control were expressed from low-copy plasmids
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in strain CSY'1340, and metabolites in the supernatant were analyzed by LC-MS/MS after 72 hours of growth in
selective media. MS/MS multiple reaction monitoring (MRM) transitions for putrescine (PUT), spermidine
(SPD), N-methylspermidine (NMSPD), and N-methylputrescine (NMPUT) are indicated in parentheses below the
compound names. Chromatogram traces are representative of n = 3 biologically independent samples and peak
heights are shown to scale with respect to all other peaks for the same compound. Published in Chavez et al.,
2022; Supplemental Material Page 24; Figure S9.

3.3 A Flavin-Dependent Amine Oxidase mediates the Formation of N-
methylputrescine

3.3.1 Homology Search of Flavin-Dependent Amine Oxidases in E. coca

Initial homology search attempts using solanaceous TA pathway genes failed to reveal
flavin-dependent amine oxidases (AOFs), so the decision was made to use other known plant
AOF genes. The search for a potential enzyme that could perform the oxidation of the N-
methylspermidine step was performed by using flavin-dependent amine oxidase protein
sequence Q9SU79 from Arabidopsis thaliana for the tBLASTn query Q9SU79 (M. S. Islam et
al., 2017). We identified three possible flavin-dependent enzymes that are associated with
polyamine catabolism, like spermine and spermidine oxidases. We annotated these flavin-

dependent oxidase candidates as ECAOF1, ECAOF2, and EcAOF3.

3.3.2 Phylogenetic Analysis of Flavin-Dependent Oxidases from E. coca

To further investigate phylogenetic relationships of the flavin-dependent amine
oxidases potentially involved in TA biosynthesis in E. coca. We performed sequence
alignments of EcCAOF1-3 oxidase candidates against other flavin-dependent oxidases. We
evaluated clustering patterns in the resulting dendrograms [Figure 23]. The EcAOF1-3
candidates do not cluster among themselves but rather with other known polyamine oxidases
from plants. ECAOF1 clustered with other known plant polyamine oxidases such as spermine
oxidases isolated from Arabidopsis thaliana (48% identity to Q9FNA?2), Oryza sativa (50%
identity to AOAOPOXM10, 51% identity to Q0J290), and a spermidine oxidase from Zea mays
(51% 1dentity to O64411). ECAOF?2 clustered other plant polyamine oxidases, such as spermine
oxidase AtPAO4 from Arabidopsis thaliana (58% identity to Q9SKXS). EcAOF3 also
clustered with another spermine oxidase, AtPAOS, from Arabidopsis thaliana (61% identity to
QIsSU79).

46



-
(=) ]
3
=) = £
2 =z B
% Z © B 4 b
% B n 3 £ 8 &
2 ) b= B 3 o g
% % 2 - 98 & § &
D. -
A R % [ g‘*;-' q‘,’? rs?
‘%*'?5., = S § ¢
o o
Ao, 2. &
| O
! o
-y o c' i
‘s N
7 & - & {hﬂ:\‘é
3 2 g o ¢ o
& T
S5g ﬂxWP”
Py iy - ~ Bqﬂ of-
00g3 2z 5 APROZ
= \ o an'f'{ﬁ.ﬁll
D ¥ .
F2a553 98 '\
0.70 1 .00 QTXB08|0sPAC3
Q07356 00

op  ESACEY
P40 5 010
410

QQ.D\-""'E’ CHRATY Y

EMrp,qOS
o rg, T
oo
@ SNL 8 %oy { %5 3,
il @ ’
o a" @ g %
& 9 i 7 ey
P,
SN = N\ % T,
Q,-q" -, P =] 2 p ”
&7 5 = 4 L2 ™S
¢ ¥ S 2 % o
o g . a e &
§ & £ + L 9 %' %
= = @ o T = ]
o & @ =) 3 )
= 3 1 ]
H
1.40

[:]Er_whroxy!um coca Flavin-Dependent Oxidases

Figure 23: Phylogenetic analysis of flavin-dependent oxidases from E. coca. Phylogenetic tree showing
evolutionary sequence relationships between EcAOF1 and other flavin-dependent polyamine oxidases. ECAOF1
from E. coca is highlighted in green. Refer to Table S2 for identities and accession numbers of all enzymes in the
dendrogram. Values at each junction signify the number of bootstraps out of n = 1,000 iterations. Note that

bootstrap values below 500 were not reported. The scale bar represents the proportion of the total length from the
root of the tree to the farthest tip.

3.3.3 Invivo Screening of ECAOF1-3 Candidates for N-methylspermidine Oxidase
Activities in Saccharomyces cerevisiae
To further characterize the flavin-dependent oxidase candidates from E. coca for
functional oxidase activity towards N-methylspermidine, a Saccharomyces cerevisiae strain
that overproduces N-methylspermidine was developed (Chavez et al., 2022). This N-

methylspermidine overproducing yeast strain was used to screen the AOF candidates by co-
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expressing each E. coca flavin-dependent oxidase candidate along with ECSMT from low-copy
plasmids in the spermidine overproduction yeast strain (Chavez et al., 2022). ECAOF1 was the
only flavin-dependent oxidase candidate capable of oxidizing N-methylspermidine into N-
methylputrescine. In contrast, the remaining ECAOF2 and EcAOF3 candidates displayed no
functional activity toward converting N-methylspermidine to N-methylputrescine in the yeast

expression strain [Figure 24] (Chavez et al., 2022).
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Figure 24: LC-MS/MS multiple reaction monitoring (MRM) chromatogram traces showing the screening of E.
coca flavin-dependent amine oxidase (AOF) candidates in yeast for activity on N-methylspermidine. MS/MS mass
transitions are used to identify putrescine (PUT), spermidine (SPD), N-methylspermidine (NMSPD), and N-
methylputrescine (NMPUT). Chromatogram traces represent n = 3 biologically independent samples, and peak
heights are shown to scale with respect to all other peaks for the same compound. Published in Chavez et al.,
2022; Page 3; Figure 2F.

3.4 Two Copper-Dependent Amine Oxidases mediate First Ring Closure of Tropane
Alkaloids in E. coca

3.4.1 Homology Search of Copper-Dependent Amine Oxidases in E. coca

The homology search of copper-dependent amine oxidases (AOC) was performed by
using a copper-dependent oxidase from Pisum sativum (Q43077.1) along with the
characterized N-methylputrescine oxidase (MPO) from Nicotiana tabacum (Heim et al., 2007,
V. Kumar et al., 1996). Initial evaluation of the gene candidates revealed that several AOC
transcripts from E. coca were not full-length but contained copper-binding motifs and

peroxisomal targeting signals on the C-terminus. Utilizing the 1KP transcriptomic database,
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United States Department of Agriculture (USDA) transcriptomic database, and our in-house
transcriptome of Erythroxylum coca, these genes were reconstructed through additional amino
acid alignments, leading to full open reading frames (ORFs) of these AOC gene candidates
(Carpenter et al., 2019).

3.4.2 Phylogenetic Analysis of Copper-Dependent Oxidases from E. coca

Phylogenetic analysis of EcAOCI1-6 candidates from Erythroxylum coca shows
clustering amongst other reported AOC enzymes from plants (Tavladoraki et al., 2016). These
copper-dependent amine oxidases from plants generally cluster into three main clades: Clades
I, II, and III. When evaluating our sequences from E. coca, we noticed EcAOCI1-6 were
dispersed throughout each of the AOC clades. ECAOC1 and EcAOC?2 cluster within known
copper-dependent amine oxidases in Clade III of plant copper-dependent oxidases [Figure 25].
EcAOCI clusters closely with AOCs from M. domestica (~83% AA identity to AIS23648.1,
~84% AA identity to AIS23647.1) and R. communis (84% AA identity to XP_002511334.1).
EcAOC2 clusters more closely with AOCs from Malus domestica (~83% AA identity to
AIS23647.1), Vitis vinifera (~86% AA identity to XP_002273532.2), Ricinus communis (~85%
AA identity to XP_002527922.1), Glycine max (~84% AA identity to XP_003551224.1), and
Medicago truncatula (~86% AA identity to XP_003613133.2). EcCAOC2, while it clusters in
AOC Clade 3, does not cluster closely with known N-methylputrescine oxidases (MPOs) from
A. belladonna (AbMPQO2), Nicotiana sylvestris (XP_009778427.1), and Nicotiana tabacum
(BAF49520.1) [Figure 27]. The remaining copper-dependent oxidase candidates cluster in
AOC clades I and II. ECAOC3 and EcAOC6 cluster in AOC Clade I, while ECAOC4 and
EcAOCS cluster in AOC Clade II. The clustering of ECAOC3-6 candidates in AOC Clades |
and II but not in Clade III suggests different copper-dependent oxidase activity.
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Figure 25: Phylogenetic analysis of copper-dependent polyamine oxidases from E. coca. The phylogenetic tree
shows evolutionary sequence relationships between EcCAOCI and EcAOC2 compared to other copper-dependent
polyamine oxidases. E. coca EcCAOCI1-6 identified in this study are highlighted in green, and the ECAOC1 and
EcAOC2 are in bold, indicating validated N-methylputrescine oxidase activity. Solanaceous N-methylputrescine
oxidases are highlighted in purple. The representation clades of copper-dependent oxidases are divided into three
clades: AOC Clade I in blue, AOC Clade II in red, and AOC Clade III in yellow. Refer to Table S3 for identities
and accession numbers of all enzymes in the dendrogram. Values at each junction signify the number of bootstraps
out of n = 1,000 iterations. Note that bootstrap values below 500 were not reported. The scale bar represents the
proportion of the total length from the root of the tree to the farthest tip.

50



3.4.3 Invivo Screening of ECAOC1-6 Candidates for N-methylputrescine Oxidase Activity

in Saccharomyces cerevisiae

Six full-length AOC candidates, along with the remaining AOF candidates (EcAOF2
and EcAOF3) that were not involved in the oxidation of N-methylspermidine, were then
screened in yeast for the ability to oxidize N-methylputrescine. Methylputrescine oxidase
(MPO) from Datura metel was used as a positive control for MPO activity in yeast. Only two
candidates from E. coca-derived copper-dependent amine oxidases, ECAOCI and EcAOC?2,
possessed this MPO activity, consistent with our observations of clustering in AOC Clade III
based on the phylogenetic tree analysis. These two candidates are ECAOC1 and EcAOC2 and
were found to oxidize N-methylputrescine into the N-methyl-Al-pyrrolinium cation (NMPy),
which the NMPy cation spontaneously reacted with endogenous polyketides to produce
hygrine inside the yeast [Figure 26] (Chavez et al., 2022). Hygrine is a significant side product
of the first tropane ring formation via spontaneous condensation of NMPy with endogenous
yeast keto-metabolites such as acetate and acetoacetyl-CoA. Hygrine only accumulates in yeast
engineered to have the required enzymes for NMPy biosynthesis. Hygrine was used as a proxy
for LC-MS/MS detection over NMPy due to its vastly improved MS/MS detectability
(Srinivasan & Smolke, 2020).
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Figure 26: The biosynthetic pathway leading to N-methylpyrrolinium formation from N-methylputrescine. The
green color denotes the biosynthetic pathway of Erythroxylum coca, and purple denotes the MPO biosynthetic
step from Solanaceae. LC-MS/MS multiple reaction monitoring (MRM) chromatogram traces showing the
screening of E. coca flavin-dependent amine oxidase (AOF) and copper-dependent amine oxidase (AOC)
candidates for activity on N-methylputrescine in engineered yeast. MS/MS mass transitions used for identifying
N-methylputrescine (NMPUT) and hygrine (HYG; a proxy for N-methylpyrrolinium formation in yeast) are
indicated in parentheses. Chromatogram traces represent n = 3 biologically independent samples, and peak heights
are shown to scale with respect to all other peaks for the same compound. Modified from Chavez et al., 2022;
Page 3, Figure 2G.

3.4.4 Subcellular Localization of ECAOF1, EcAOCI1, and EcAOC2 in Saccharomyces
cerevisiae

Subcellular localization can provide insight into enzymes’ functions and, by extension,

phylogenetic origins. As plant AOFs and AOCs differ in their canonical subcellular location,
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the localization of the newly identified E. coca amine oxidases was verified via fluorescence
microscopy of wild-type yeast (CEN.PK2) co-expressing N- or C-terminal GFP fusions of
EcAOFI, EcAOCI, or ECAOC2 with a peroxisomal marker (mCherry-Pex3p) from low copy
plasmids. Consistent with its lack of detectable localization signals, ECAOF1-GFP appears to
form cytosolic inclusion bodies, while GFP-EcAOF1 is soluble and cytosolic [Figure 27].
Consistent with the peroxisomal localization of AOCs like the analogous MPOs in Solanaceae
and with the presence of C-terminal peroxisome targeting signals (PTSs), both GFP-EcAOC1
and GFP-EcAOC2 co-localize with mCherry-Pex3p to yeast peroxisomes, whereas ECAOCI1-
GFP and EcAOC2-GFP with masked C-terminal PTSs remain in the cytosol. These results
suggest that the newly identified E. coca amine oxidases follow the expected subcellular

localization pattern for their associated enzyme families.

EcAOF1-GFP  GFP-EcAOF1 EcAOC1-GFP  GFP-EcAOC1 EcAOC2-GFP  GFP-EcAOC2
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Figure 27: Subcellular localization of E. coca amine oxidases in yeast via fluorescence microscopy. N- and C-
terminal GFP fusions of ECAOF1, EcAOCI, and EcAOC2 were expressed along with a yeast peroxisomal
localization marker gene (mCherry-PEX3) from low-copy plasmids in wild-type yeast (CEN.PK2). Microscopy
and image analysis were performed as described in Materials and Methods. The scale bar is 10um. Published in
Chavez et al., 2022; Supplemental Material Page 25; Figure S10.

3.5 First Ring Closure Pathway Reconstruction of E. coca Genes in Nicotiana
benthamiana

3.5.1 Transformation of Agrobacterium tumefaciens GV2260 for Transient Expression in
Nicotiana benthamiana
After identifying the missing steps leading to the formation of NMPy in E. coca and
functionally validated in yeast, expression in planta was the next step. Tropane alkaloid
pathway reconstruction in the heterologous host, Nicotiana benthamiana. This pathway
reconstruction led to rapid validation in planta of biosynthetic genes involved in the first ring

closure of tropane alkaloids in E. coca. The transformation method of N. benthamiana was
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performed through gene stacking and agroinfiltration techniques (Chuang & Franke, 2022).
Colonies of Agrobacterium tumefaciens GV2260 transformed with the pHREAC vector
containing our genes of interest were screened via colony PCR to ensure that the ORF of the
expected size was present in the pHREAC vector backbone before proceeding with

agroinfiltration into Nicotiana benthamiana plants [Figure 28].

5kb

0.5 kb

Figure 28: Colony PCR of transformed Agrobacterium tumefaciens GV2260 harboring pHREAC expression
vector. The expected amplicon size is listed below the name of each gene. Each gene was screened with two
colonies. DNA ladder was GeneRuler 1 kb Plus DNA Ladder (Catalog number SM1331).

3.5.2 Agroinfiltration and Gene Stacking Techniques in Nicotiana benthamiana

The N. benthamiana plants were vacuum infiltrated using gene stacking approaches to
allow for a quick and scalable matrix of genes to be evaluated simultaneously. All
agroinfiltration experiments included wild-type Nicotiana benthamiana plants as an
untransformed control, a mock control with infiltration buffer only, and an empty pHREAC
vector (EV) control. All Agrobacterium-mediated vacuum infiltration expression matrices are

defined in [Table 1].
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Matrix Name Gene Stacking Matrix Combinations

M1 EcODC + EcSPMT

M2 EcODC + EcSPMT + EcSMT

M3 EcODC + EcSPMT + EcSMT + EcAOF1

M4 EcODC + EcSPMT + EcSMT + EcAOF1 + EcAOC1/2

M5 EcODC + EcSPMT + EcSMT + EcAOF1 + EcAOC1/2 + EcOGAS1/2
EV Empty pHREAC vector (EV) control

Mock Mock only with infiltration buffer and without Agrobacterium tumefaciens
WT Wildtype untransformed Nicotiana benthamiana plants

Table 1: Gene stacking matrix combinations of Agrobacterium-mediated transformation of Nicotiana
benthamiana for functional validation of genes involved in the first ring closure of TAs.The following gene names
are defined as ornithine decarboxylase (EcODC), spermidine synthase/ spermidine N-methyltransferase
(EcSPMT), spermidine N-methyltransferase (EcSMT), flavin-dependent amine oxidase (EcAOF1), copper-

dependent amine oxidase (ECAOC1/EcAOC2), 3-oxoglutaric acid synthase (EcOGAS1/EcOGAS2).Ornithine
decarboxylase (EcODC) was present in all transient expression matrices except for the controls
to ensure that the putrescine pool was sufficient to support the beginning steps of tropane
alkaloid biosynthesis. ECODC and EcSPMT were tested together (Matrix 1) since the in vivo
expression in yeast failed to demonstrate the dual functionality of EECSPMT and only functioned
effectively as a spermidine synthase when expressed in Saccharomyces cerevisiae. (Chavez et
al., 2022). However, when EcSPMT was transiently expressed in N. benthamiana, the
production of N-methylspermidine was detected via LC-MS/MS analysis [Figure 29]. The
inclusion of EcCSMT with EcSPMT also generated N-methylspermidine. Upon the addition of
flavin-dependent amine oxidase (ECAOF1) (Matrix 3), the N-methylspermidine pool observed
in Matrices 1 and 2 were converted into N-methylputrescine [Figure 29]. The addition of two
copper-dependent amine oxidases (EcCAOC1 and EcAOC2) (Matrix 4) was confirmed to
catalyze the conversion of N-methylputrescine to N-methyl-A'-pyrrolinium cation (NMPy)
through detection of hygrine as a proxy. The addition of 3-oxoglutaric acid synthases
(EcOGAS1 and EcCOGAS?2) to the final experimental gene stacking matrix (Matrix 5) generated
the precursor 3-oxoglutaric acid in Nicotiana benthamiana leaves. This precursor can
spontaneously react with NMPy cation, forming 4-(1-methyl-2-pyrrolidinyl)-3-oxobutanoate
(MPOB) as a product [Figure 31]. MPOB was detected using the metabolite hygrine as a proxy,
a more stable intermediate that can be measured more reliably than MPOB, which is prone to
spontaneous decarboxylation reaction. These results demonstrate that the beginning steps of

TA biosynthesis using gene candidates isolated from Erythroxylum coca and first validated in
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Saccharomyces cerevisiae are also functional in an orthologous expression system such as

Nicotiana benthamiana.
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Figure 29: Validation of the biosynthetic sequence for the first tropane ring formation in E. coca via transient co-
expression in N. benthamiana. Multiple genes were stacked via A. tumefaciens vacuum infiltration and analyzed
via. MRM LC-MS/MS detection of N-methylspermidine, N-methylputrescine, and hygrine, the spontaneous
decarboxylation product of MPOB. WT, wild-type N. benthamiana with no agroinfiltration; Mock, control
infiltration with infiltration buffer only; EV, empty pHREAC vector control; M1-MS5, transient co-expression
matrices 1-5 (each matrix is a unique combination of transiently co-expressed genes). The grid on the left side
indicates the presence (green) or absence (white) of binary expression vectors for the indicated E. coca gene in
the Agrobacterium co-infiltration matrices. Data indicate the mean of n = 4 biologically independent samples
(open circles), and error bars show standard deviation. Published in Chavez et al., 2022; Page 3; Figure 2H.

3.6 A Member of the SABATH Methyltransferase Family Mediates the 2-CMO
Group Retention in TA present in E. coca

3.6.1 Homology Search of SABATH-like Methyltransferases in E. coca

The tropane alkaloid, cocaine found in Erythroxylum coca, possesses a carbomethoxy
(CMO) group at the C2 position of the tropane ring. The 2-carbomethoxy ester (2-CMO) group
is distinctive to the Erythroxylaceae family and not observed in TAs from the Solanaceae and
Convolvulaceae family. Previous work in the D’ Auria lab identified members of the SABATH
family of methyltransferases in E. coca (Estrada, 2017). We searched for SABATH
methyltransferases in the transcriptome of E. coca using a tBLASTn search with a salicylic

acid methyltransferase from Clarkia breweri (CbSAMT) and a jasmonic acid
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methyltransferase from A4. thaliana (AtJAMT) as sequence queries. We identified three
candidates: ECSABATHI1, EcCSABATH2, and EcCSABATH3.

3.6.2 Phylogenetic Analysis of SABATH-like Methyltransferases from E. coca

Sequence alignments against known SABATH methyltransferases and dendrogram
analysis showed that EESABATHI1 clusters closely with previously characterized salicylic acid
methyltransferases from multiple species as well as the jasmonic acid methyltransferase
AtJAMT (46% AA identity) (Zubieta et al., 2003). The candidates, ECSABATH2 and
EcSABATH3, cluster with biochemically characterized paraxanthine methyltransferases from

A. thaliana, sharing approximately 37% identity [Figure 30].
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Figure 30: Dendrogram showing phylogenetic analysis of three SABATH methyltransferase candidates in green
identified from E. coca transcriptome. Refer to Table S4 for identities and accession numbers of all enzymes in
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the dendrogram. Values at each junction signify the number of bootstraps out of n = 1,000 iterations. The scale
bar represents the proportion of the total length from the root of the tree to the farthest tip.

3.6.3 Invivo Screening of ECAOC1-6 for N-methylputrescine Oxidase Activity in

Saccharomyces cerevisiae

EcSABATH1-3 candidates were evaluated in the yeast expression system to screen for
the ability to methylate 4-(1-methyl-2-pyrrolidinyl)3-oxobutanoate (MPOB) producing the
metabolite  4-(1-methyl-2-pyrrolidinyl)3-methyloxobutanoate =~ (MPMOB). LC-MS/MS
analysis of culture supernatants following 72 h growth of transformed yeast strains indicated
that while all three PYKS/OGAS enzymes are functional in yeast, AbPYKS from Atropa
belladonna enabled increased flux through MPOB to tropine and was used to support the
screening of SABATH methyltransferase candidates for MPMOB production (Chavez et al.,
2022). Coexpression of the three SABATH methyltransferase candidates and additionally, we
coexpressed a blue fluorescent protein (BFP) control with AbPYKS from low-copy plasmids
in yeast strain CSY 1246 and analyzed the accumulation of NMPy, MPOB, and MPOB methyl
ester (MPMOB) in the culture medium via LC-MS/MS after 72 h growth of transformed strains

[

Figure 31]. Only ECSABATHI1 was found to methylate MPOB, creating MPMOB in
the yeast expression system. Therefore, we renamed ECSABATH1 to MPOB methyltransferase
(EcMPOBMT) (Chavez et al., 2022).
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Figure 31: LC-MS/MS MRM chromatogram traces showing the screening of £. coca SABATH methyltransferase
candidates for activity on MPOB in engineered yeast. Published in Chavez et al., 2022; Page 6; Figure 3B.

3.7 A CYP81-Family Monooxygenase Catalyzes Methylecgonone Ring Closure in
E. coca

3.7.1 Homology Search of Tropinone Synthase-like Candidates in E. coca

Using tropinone synthase (AbCYP82M3) identified from Atropa belladonna, we
performed a homology-based search against the transcriptome of E. coca and identified five
candidate CYP450s (denoted EcCYP1-5). Hydroxylation of secondary metabolites in plants
via 2-oxoglutarate-dependent dioxygenases (20DDs) may also be involved (Kawai et al.,
2014). Additionally, we expanded our search to include more diverse CYP450 families and
20DDs. Using a hierarchical clustering approach, we searched the transcriptomes of three E.
coca plants (denoted 48, 113, and 124), two E. novogranatense plants (denoted 209 and 228),
and low-cocaine-producing Erythroxylum species, Erythroxylum hondense (Bieri et al., 2006),
for CYP450 and 20DD candidates exhibiting similar patterns of expression across the three
species as previously identified Erythroxylaceae TA genes [Figure S6].
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3.7.2 In vivo Screening of Hydroxylase and Cyclase Candidates for Methylecgonone

Synthase Activity in Saccharomyces cerevisiae

The candidate hydroxylase and cyclase enzymes were screened in the yeast platform.
We co-expressed each of the 24 hydroxylase candidates (EcODD1-5, EcCYP1-17, EcP4H1-2)
or a BFP control with the known cytochrome P450 reductase AtATRI1 from Arabidopsis
thaliana in the MPMOB-producing yeast strain CSY 1341 and evaluated accumulation of
methylecgonone, via LC-MS/MS analysis of culture supernatants after 72 hours growth of
transformed strains in selective media (Urban et al., 1997). Only one of the 24 candidates,
EcCYP9 (denoted methylecgonone synthase), resulted in the accumulation of a mass transition
([IM+H]+ m/z of 198—166), which corresponds to that of methylecgonone (Chavez et al.,
2022; Jirschitzka et al., 2012), and whose retention time matches that of the same mass
transition peak produced via expression of tropinone synthase (AbCYP82M3) in the same

strain (Chavez et al., 2022) [Figure 32].
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Figure 32: Methylecgonone production in yeast strains engineered for co-expression of hydroxylase/cyclase
candidates. Strains were cultured in selective media for 72 hours at 25°C prior to LC-MS/MS analysis of
supernatants. Data indicates the mean of n = 3 biologically independent samples (open circles), and error bars
show standard deviation. Published in Chavez et al., 2022; Page 8; Figure 4D.

3.7.3 Phylogenetic Analysis of Methylecgonone Synthase from E. coca

We analyzed the phylogenetic relationship between the newly identified
methylecgonone synthase (EcCYP9), tropinone synthase (CYP82M3), four previously studied
Erythroxylum oxygenases of the CYP79D family (Luck et al., 2016), as well as other plant
CYP450s [Figure 33]. Methylecgonone synthase, which we have designated as
EcCYP81ANI15 based on its clustering with members of the CYP81 P450 family.
EcCYP81ANI1S5 is closely related to flavonoid/isoflavone 2'-hydroxylases from Jatropha
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curcas (60.4% identity to XP_012079324), Manihot esculenta (60% identity to XP_021631824
and 59% identity to XP_021632242), and Prunus species (59%, 58%, and 60% identity to
XP_007206553, XP_034218022, and PQQ16710, respectively). EcCYP81ANI1S5 clusters
separately from the four previously characterized Erythroxylum CYP79D-family aldoxime
synthases (CYP79D60-63) and is only distantly related to A. belladonna AbCYP82M3.
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Figure 33: Dendrogram showing phylogenetic analysis of methylecgonone synthase (EcCYP81AN1S5; previously
referred to as EcCYP9). Color scheme: green, ECCYP81ANI1S; black, previously identified CYP81-family
enzymes; purple, 4. belladonna tropinone synthase. Refer to Table S5 for identities and accession numbers of all
enzymes in the dendrogram. Values at each junction signify the number of bootstraps out of n = 1,000 iterations.
The scale bar represents the proportion of the total length from the root of the tree to the farthest tip.

3.8 RNA Isolation and cDNA Synthesis from Erythroxylum coca leaf tissue

3.8.1 Total RNA Extraction from Erythroxylum coca

Total RNA was extracted from L1-L3 leaf tissues of Erythroxylum coca. RNA

concentrations were quantified using a nanodrop spectrometer [Table S7]. Subsequently, the
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total RNA was evaluated on an Agilent 2100 Bioanalyzer for RNA quality [Figure S7, Figure
S8, and Table S9]. The NucleoSpin RNA Plant mini kit was supplied with two different lysis
buffers called RA1 and RAP, and the manufacturer’s protocol suggested that the user figure
out which lysis buffer is optimal for different tissue types and plant species. In order to
determine the optimal buffer for the RNA extraction, a pilot experiment using L3 stage leaves
from E. coca was used to evaluate the lysis buffer efficiency of RA1 and RAP. RAI
demonstrated higher RNA concentration from L3 stage leaves, with RNA concentration from
the RA1 lysis buffer having approximately four to five-fold higher RNA concentration than
RNA concentrations when using the RAP lysis buffer, as outlined in [Table S9]. After
determining the optimal lysis buffer, we collected all leaf stages from L1-L3 [

Figure 34] and extracted the RNA from these leaf stages using the RA1 buffer. cDNA was
synthesized from E. coca leaf tissue using either NEB Lunascript RT Supermix or
ThermoScientific SuperScript IV Reverse Transcriptase cDNA Synthesis of Erythroxylum
coca. Following the manufacturer's protocol from NEB, cDNA from E. coca total RNA was
generated using NEB LunaScript® RT SuperMix Kit (Catalog # E3010S). The LunaScript RT
supermix includes random hexamer and poly-dT primers to capture the entire transcriptome. A
total of 300ng of isolated total RNA was converted into cDNA [Table S8]. We also performed
another cDNA synthesis using SuperScript IV Reverse Transcriptase, selecting for mRNA-

specific transcripts by utilizing an oligo dT primer.
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Figure 34: Photograph of E. coca plant showing the different developmental stages of the leaves. The L1 leaf
stage is a rolled leaf, the L2 leaf stage is an unrolled leaf, and the L3 leaf stage is a mature leaf. Stems and buds
are also indicated in this figure. This figure is from Chavez et al. 2022.

3.8.2 Primer Optimization for gJPCR Amplicon Targets

qPCR primers were designed in Benchling using the qPCR intercalating dye
parameters. Primers were tested in a PCR optimization test to ensure that the proper banding
showed up with the expected amplicon size [Table S10]. The NEB SuperMix RT generated
cDNA from L3 stage leaves from E. coca in a single-step process that contains hexamers and
oligo dT for total transcriptome conversion. Evaluation of qPCR gene targets with gene-
specific primers for single bands and amplicons of the predicted size. PCR products were

evaluated via 4% agarose gel for analysis.

The DNA gel separation from the amplification gave a stronger band signal for the
genes involved in the second ring closure steps of TA biosynthesis, including ECMPOBMT,
EcCYP81ANI15, and EcMecgoR [

Figure 35]. Ec6409 and Ec10131 reference genes were selected because they are
reported to be suitable reference genes across different tissue types of Erythroxylum coca

(Docimo et al., 2013). The reference controls Ec6409 (lane 10), and Ec10131 (lane 11) gave
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strong bands, although the Ec6409 reference gene has multiple banding, suggesting an off-

target amplification has occurred.
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Figure 35: 4% Agarose DNA gel of qPCR primer optimization of L3 stage cDNA from Erythroxylum coca
generated by NEB Lunascript Reverse Transcriptase. The DNA ladder is the O’RangeRuler 100 bp DNA Ladder
(Catalog # SM0623).

The transcripts involved in the beginning steps of TA biosynthesis did not yield the
proper amplicon size. ECAOC1 and EcAOC2 transcripts had multiple bands, indicating that

the initial primers may have improperly targeted the genes of interest [

Figure 35]. In parallel, we generated cDNA from L3 stage leaves from E. coca RNA
via SuperScript IV reverse transcriptase and compared the PCR amplification between the two
reverse transcriptase kits using the same gene-specific primers. cDNA generated from
SuperScript IV (SSIV) reverse transcriptase did not utilize random hexamers but relied on oligo
dT to convert messenger RNA (mRNA). PCR performed on cDNA from SSIV reverse
transcriptase generally had a much cleaner amplicon band, although some off-target bands still
exist. Moreover, the genes involved in the earlier stage of tropane alkaloid biosynthesis did not

have the correct amplicon size, including ECAOF1, ECAOCI1, and ECAOC2 gene targets [

64



Figure 36]. The reference genes Ec6409 and Ec10131 gave single bands of the correct

amplicon size.

Figure 36: 4% Agarose gel of qPCR primer optimization of L3 stage cDNA from Erythroxylum coca generated
by SuperScript IV Reverse Transcriptase ThermoScientific. The DNA ladder is the O’RangeRuler 100 bp DNA
Ladder (Catalog # SM0623).

The decision to use cDNA from young leaf tissue was based on previous qPCR analysis
on spermidine N-methyltransferase (EcSMT) genes, which were expressed highest in the buds
and young leaf tissues of Erythroxylum coca, specifically L1 stage leaves (Anderson, 2019).
Using RNA isolated from E. coca L1 leaves, cDNA was generated using SSIV reverse
transcriptase using oligo dTs, and PCR amplification was performed and subsequently
evaluated. The amplification of our genes of interest yielded bands of the correct size,
specifically EcAOF1, EcAOC (lane 3), EcAOC2 (lane 5), EcMPOBMT (lane 7),
EcCYP81ANI15 (lane 8), and EcMecgoR (lane 9) [Figure 37].
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Figure 37: 4% Agarose DNA gel of qPCR primer optimization of L1 stage cDNA from Erythroxylum coca
generated by ThermoScientific SuperScript IV Reverse Transcriptase. The DNA ladder is the O’RangeRuler 100
bp DNA Ladder (Catalog # SM0623).

EcAOCI (lane 4) and EcAOC2 (lane 6) have the presence of multiple bands or a
smearing effect, indicating that these primer pairs might not be optimal for future qPCR
experiments. The reference gene Ec10131 was a clean single amplicon, while Ec6409 had
multiple bands present, indicating a less than optimal targeting with the gene-specific primers.
Further optimizations are necessary before proceeding with any qPCR detection of gene

expression levels.

3.9 Utilizing an LC-MS Method without Derivatizing Polyamines for Detection
3.9.1 HPLC-FLD Detection of Derivatized Polyamine Standards

Previous work on the derivatization of polyamines was performed with an Ultimate-
3000 HPLC (Thermo Scientific) with a fluorescence detector (337nm Emission/ 454nm
Excitation) with a Nucleodur Sphinx column (Macherey Nagel) generated chromatograms
peaks that were sharp and reproducible (Anderson, 2019; Hanczko et al., 2007). However,
moving this method to another HPLC instrument led to a complete change in the reliability of
polyamine detection. When utilizing a Waters Alliance HPLC 2695 coupled to a Jasco FP-

1520 fluorescent detector led to noisy fluorescent signal presence near the retention time of N-
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methylspermidine, creating a significant background and limiting the detection range, in some
cases, up to 10-15% of the dynamic range of the Jasco FP-1520 fluorescent detector which has
a detection range of a thousand fluorescent units was taken up by noisy signal present in the
OPA-FMOC blanks [Figure 38].

350 @ 70uM N-methylspermidine Standard
340l OPA-FMOC Blank

Relative Flu
8

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Retention Time in Minutes

Figure 38: HPLC-FLD chromatogram of N-methylspermidine standard compared to OPA-FMOC derivatization
blank. Issues quantifying N-methylspermidine standard (purple peak at ~8.6 minutes) with fluorescence detection
due to high OPA-FMOC Blank background (black peak shapes). All peak heights are shown to scale with respect
to all other peaks. HPLC chromatography data was visualized in Waters Empower 3 software and rendered using
Serif Affinity Designer.

3.9.2 UPLC Separation and Detection of Derivatized Polyamine Standards

We adapted the polyamine separation method to an Acquity UPLC system (Waters
Corporation, Milford, MA, USA) coupled with an Acquity Fluorescence Detector to see if we
could overcome this noisy background observed with the HPLC method. An Acquity UPLC
BEH C18 130 A, 1.7 uM, 2.1 x 50 mm column was used, and a modified gradient was
combined with the polyamine derivatization protocol (Hanczk¢ et al., 2007; Zierer et al., 2016).
Although measurements of the spermidine and N-methylspermidine standards gave clean peak
shapes and good separation [Figure 39], the derivatized standards were sticking to the column.
The derivatized N-methylspermidine and spermidine standards created carryover from the
previous injection [Figure 40]. This carryover created issues in determining if these derivatized
polyamine peaks are genuinely present in the sample of interest or only carryover from the
previous sample injection. Despite multiple washes with acetonitrile, N-methylspermidine and

spermidine standards stuck to the BEH C18 column.
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Figure 39: UPLC-FLD chromatogram of N-methylspermidine and spermidine standard compared to OPA-FMOC
derivatization blank. Derivatization of polyamine standard mixture containing N-methylspermidine (first peak
around ~1.6 minutes) and spermidine (retention time around 2.80 minutes) standards at a concentration of 1mM
detected by UPLC fluorescence detection. All peak heights are shown to scale with respect to all other peaks.
UPLC chromatography data was visualized in Waters Empower 3 software and rendered using Serif Affinity
Designer.
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Figure 40: UPLC-FLD chromatogram of acetonitrile wash after injecting the derivatized polyamine standards of
N-methylspermidine (first peak around ~1.6 minutes) and spermidine (retention time around 2.80 minutes)
standards by UPLC fluorescence detection. All peak heights are shown to scale with respect to all other peaks.
UPLC chromatography data was visualized in Waters Empower 3 software and rendered using Serif Affinity
Designer.

3.9.3 LC-MS/MS Separation and Detection of Polyamine Standards without Derivatization
Techniques

Due to this lack of reliability to quantitatively measure N-methylspermidine via
fluorescent detection via both HPLC and UPLC C18-based column separation methods, we

turned our attention to a new method of separating polyamines without requiring derivatization
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reactions to visualize polyamines (Su et al., 2021). This LC-MS/MS method utilizes an Acquity
BEH Amide column that uses Hydrophilic Interaction Liquid Chromatography (HILIC)
chemistry to separate highly polar compounds like polyamines, amino acids, sugars, and
organic acids. We evaluated the performance and detection of polyamine standards via multiple
reaction monitoring (MRM) using an Agilent 1260 Infinity Binary HPLC coupled to an Agilent
6495 triple-quadrupole mass spectrometer for detecting underivatized polyamine standards.
Initial testing with the BEH Amide column demonstrated that putrescine, spermidine, and N-
methylspermidine standards had consistent retention times and suitable peak shapes [Figure
41]. Further analysis of N-methylspermidine using triple quad mass spectrometry revealed that
N-methylspermidine is approximately ten times lower in the detection limit than spermidine

[Figure 41].

Figure 41: LC-MS/MS detection of polyamine standard mixture containing putrescine (red peak) and spermidine
(green peak) at 10uM concentration along with 100uM N-methylspermidine (purple peak). All peak heights are
shown to scale with respect to all other peaks. Putrescine, N-methylspermidine, and spermidine were detected at
MRM transitions of 89.1—72.1 m/z, 160.0—72.1 m/z, and 146.1—72.1 m/z, respectively. MRM Transitions
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visualized in Agilent Qualitative Analysis Version B.06.00 and graphically rendered using Serif Affinity
Designer.

Determining the limits of detection for spermidine and N-methylspermidine were
performed using this HILIC approach. The limit of detection (LOD) for spermidine was
approximately 2.5uM, while the LOD of N-methylspermidine was observed to be
approximately 25uM. The linearity of spermidine was observed from 2.5uM to 100uM with
an R? = 0,9923. N-methylspermidine linearity was observed from 25uM to 250uM with an R?
= 0,9993 [Figure 42 and Figure 44]. While the retention time for N-methylspermidine and
spermidine are close, 3.3 minutes and 3.5 minutes, respectively, the parent ions of spermidine
([M+H]+ at 146.1 m/z) and N-methylspermidine ([M+H]+ at 160.0 m/z) are different enough
in mass to be distinguished by the triple quadrupole mass spectrometer [Figure 43 and Figure

45].
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Figure 42: Linear regression curve of the peak area of spermidine standard MRM detection transitions at
146.1—-72.1 m/z.
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Figure 43: LC-MS/MS detection of MRM transitions at 146.1—72.1 m/z corresponds to the spermidine standard
at varying concentrations from 2.5uM-100uM. All peak heights are shown to scale with respect to all other peaks.
MRM Transitions visualized in Agilent Qualitative Analysis Version B.06.00 and graphically rendered using Serif
Affinity Designer.
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Figure 44: Linear regression curve of the peak area of N-methylspermidine standard MRM detection transitions
at 160—72.1 m/z.
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Figure 45: LC-MS/MS detection of MRM transitions at 160.0—72.1 m/z corresponds to the N-methylspermidine
standard at varying concentrations from 25uM-0.5mM. All peak heights are shown to scale with respect to all
other peaks. MRM Transitions visualized in Agilent Qualitative Analysis Version B.06.00 and graphically
rendered using Serif Affinity Designer.

We also tested the separation and detection of S-adenosyl-L-methionine (SAM) and S-
adenosyl-L-homocysteine (SAH) on this BEH amide HILIC column. We observed sharp peaks
along with stable retention time of SAM and SAH [Figure 46]. The ability to separate SAM
and SAH is crucial. SAM is the cofactor for methylation reaction, and SAH accumulates as a

product after methyltransferase activity.
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Figure 46: LC-MS/MS MRM separation of the standards S-adenosyl-L-homocysteine (orange peak) and S-
adenosyl-L-methionine (blue peak) at 10uM concentration. All peak heights are shown to scale with respect to all
other peaks. MRM Transitions visualized in Agilent Qualitative Analysis Version B.06.00 and graphically
rendered using Serif Affinity Designer.

After protein expression and purification of ECSPMT from K. phaffii KM71 cells, an
enzyme assay was performed to test the spermidine N-methyltransferase activity of ECSPMT.
The cofactors and substrates separated on the BEH amide column detecting metabolites

produced from the ECSPMT enzyme assay were evaluated. The SMT assay conditions are

described below [Table 2].

Enzyme Assay Components Amount in u.  Final Concentration

50mM Potassium Phosphate buffer pH = 7.6 69 34.5 mM
EcSPMT Purified Enzyme 7 1 ug/mL
50mM Ascorbic acid stock solution 2 ImM
100mM Dithiothreitol stock solution 2 2mM
100mM Spermidine stock solution 10 10mM
10mM SAM stock solution 10 ImM
Final Volume 100
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Table 2: Reaction setup for ECSPMT enzyme assay to evaluate SMT activity.

The SMT assay showed that the conversion of SAM cofactor into SAH was detected
via LC-MS/MS, indicating successful methyltransferase activity and the formation of N-
methylspermidine [Figure 47]. While the ECSPMT enzyme assay was successful, the peaks of
spermidine and N-methylspermidine have broad shoulders, indicating that too much aqueous

solution from the enzyme assay was present.
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Figure 47: LC-MS/MS MRM detection of substrates and products generated from EcSMT enzyme assay. SAH
(orange peak), N-methylspermidine (purple peak), and spermidine (green peak). All peak heights are shown to
scale with respect to all other peaks. MRM Transitions visualized in Agilent Qualitative Analysis Version B.06.00
and graphically rendered using Serif Affinity Designer.

HILIC chromatography is sensitive to high amounts of water, which could cause the
retention time to shift and shoulders to form on peaks like spermidine and N-methylspermidine.
Additionally, the detection of SAM cofactor via LC-MS/MS was barely detectable even in the
no enzyme control [Data Not Shown]. Heat inactivation was used to stop the enzyme assay,

which likely contributed to the degradation of the SAM cofactor, as it is known to be unstable
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in both liquid and solid forms (Morana et al., 2002). In preparation for enzyme kinetics, future

enzyme assays will use alternative ways to stop enzyme activity, such as chemical inactivation.

4 DISCUSSION

4.1 Identification of Missing Steps of the Tropane Alkaloid Pathway in E. coca

Tropane alkaloids are specialized metabolites found in multiple plant families amongst
angiosperms. Due to their accessibility, the Solanaceae and Convolvulaceae families have been
the main focus of tropane alkaloid research. Erythroxylum coca, a member of the
Erythroxylaceae family, also produces valuable TAs such as cocaine; despite having an
infamous association in illicit drug markets, it still has value in medicinal applications in eye
surgeries due to its vasoconstrictor and painkilling properties. Due to restrictions on E. coca
plants, research into understanding how tropane alkaloid biosynthesis operates has progressed
slower than other TA-producing plants. Our work aimed to resolve the missing steps of tropane
alkaloid biosynthesis leading to the formation of cocaine in Erythroxylum coca. Utilizing a
synthetic biology approach of engineering yeast platform in combination with in planta
validation of key biosynthetic steps has uncovered the missing steps of cocaine biosynthesis
(Chavez et al., 2022). The discovery of polyamine-related enzymes involved in the first
committed steps of TA biosynthesis shows a clear divergence from the canonical putrescine N-
methyltransferases steps operating in Solanaceae and Convolvulaceae plant families. Unlike
TA biosynthesis in Solanaceae and Convolvulaceae, in which putrescine N-methyltransferase
mediates, this PMT step is missing in Erythroxylum coca. Since spermidine N-
methyltransferases catalyze the formation of N-methylspermidine in E. coca in place of a
functional PMT enzyme, we sought to understand the roles that N-methylspermidine plays in
tropane alkaloid biosynthesis in Erythroxylaceae. From bioinformatic identification of
candidate genes to functional validation of the pathway in a yeast synthetic biology platform
and complemented in planta validation, we finally identified the minimal set of genes involved
in cocaine biosynthesis in Erythroxylum coca. A full tropane alkaloid biosynthetic pathway
shows the differences and similarities between Atropa belladonna and Erythroxylum coca

[Figure 48].
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Figure 48: A comparison of tropane alkaloid pathway in Erythroxylaceae (green color) and Solanaceae (purple).
Modified from Chavez et al., 2022; Page 2, Figure 1.

76



4.2  Spermidine is Essential for Growth and Development in Eukaryotes

We have established spermidine as an essential intermediate in tropane alkaloid
biosynthesis in Erythroxylum coca. Spermidine is essential for plant growth as it regulates
numerous biosynthetic processes. One particular biosynthetic process that relies on spermidine
as the substrate is the formation of the rare amino acid hypusine. Hypusine is involved in a
posttranslational modification known as hypusination. This modification is unusual because it
is limited to the eukaryotic translation factor SA (e[F5A), which is ubiquitous and highly
conserved across eukaryotes. In plants, e[F5As are connected with multiple cellular processes,
including regulation of protein synthesis, translation elongation, regulation of messenger RNA
(mRNA) decay, seed yield, senescence, and programmed cell death (Palfi et al., 2021).
Spermidine's association with hypusination posttranslational modifications helps explain why
significant growth defects are observed when spermidine biosynthesis is disrupted or impaired

in eukaryotes.

Additionally, this supports previous observations of the biosynthesis of spermidine
being essential, while the biosynthesis of spermine was not essential to the growth and
development of Arabidopsis thaliana (Imai, Akiyama, et al., 2004; Imai, Matsuyama, et al.,
2004). RNAi-mediated knockdown of deoxyhypusine synthase in Arabidopsis thaliana
affected several plant biological mechanisms, such as flowering time and aerial and root tissue
morphology alterations (Belda-Palazon et al., 2016). The role of spermidine in plant
metabolism continues to be uncovered as research progresses on polyamines and their

biological functions in plants' primary and secondary metabolism.

4.3 Evolutionary Insights on ECSPMT Versus PMT Steps in TA Biosynthesis

The dual activity of ECSPMT is the first ever reported spermidine N-methyltransferase
and spermidine synthase (Chavez et al., 2022). However, there have been reports of
aminopropyltransferase activity in the gymnosperm Pinus sylvestris, which can make
spermidine and spermine depending on substrate availability, demonstrating substrate
flexibility amongst SPDS enzymes in plants (Vuosku et al., 2018). The Erythroxylaceae and
Solanaceae families are members of the rosids and asterids clades, respectively. The last
common ancestor between Erythroxylaceae and Solanaceae was speculated to have lived
approximately 120 million years ago (Magallon & Castillo, 2009; Y.-J. Wang et al., 2023).

Several whole genome duplications and triplication events occurred after the asterid and the
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rosids split from the core eudicots. In the case of the Erythroxylum coca var novogranatense,

it appears that the whole genome duplication happened at least once (Y.-J. Wang et al., 2023).

Recently, genomic assembly of the Erythroxylum coca var. novogranatense provided
insights into these novel spermidine N-methyltransferases. Wang et al. demonstrated that the
SPMT gene identified in E. novogranatense was lost in the asterid while preserved in the rosids
clade (Y.-J. Wang et al., 2023). Erythroxylum coca, a member of the rosids clade, preserved
this bifunctional SPMT gene, while the asterid clade, which includes Solanaceae and
Convolvulaceae families, have lost this SPMT gene. Following the loss of the SPMT gene in
asterid led to the independent evolution of putrescine N-methyltransferase activity through
gene duplication and neofunctionalization of spermidine synthase, providing additional
evidence that TA biosynthesis in plants is polyphyletic. Further studies on plants within the
Solanaceae family show loss/gain of function of critical TA pathway genes, supporting the idea
of paraphyletic origins of tropane alkaloid biosynthesis even within the Solanaceae family (J.

Yang et al., 2023).

To date, putrescine N-methyltransferase (PMT) enzymes have only been found in the
Solanaceae and Convolvulaceae plant families, suggesting that other tropane-producing plants
outside of Solanaceae and Convolvulaceae could be following a pathway similar to
Erythroxylaceae, forming N-methylspermidine as the first committed step of tropane alkaloid
biosynthesis. Future characterization of novel tropane alkaloid biosynthetic pathways should
consider the possibility that spermidine N-methyltransferases (SMTs/SPMTs) might be
involved in the first committed steps of tropane alkaloid biosynthesis from plants outside of

Solanaceae and Convolvulaceae plant families.

4.4 EcSPMT Possesses Both Spermidine Synthase and Spermidine N-
methyltransferase Activities

Spermidine N-methyltransferases (SMT) are a new class of N-methyltransferases and
are the first committed step of TA biosynthesis in Erythroxylum coca (Anderson, 2019; Chavez
et al., 2022). SMT enzymes utilize SAM as a cofactor to methylate spermidine directly. In E.
coca, two enzymes, EcCSMT and EcSPMT, possess this novel SMT activity [Figure 49].
EcSMT has spermidine N-methyltransferase activity exclusively, while ECSPMT has retained
both spermidine synthase and spermidine N-methyltransferase activity. EcSPMT’s dual
activity is unique because it can use the cofactors SAM or dcSAM in conjunction with the

substrate putrescine or spermidine, generating spermidine or N-methylspermidine as products.
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This flexibility of substrate and cofactor is not currently observed with any reported spermidine
synthase-related enzymes. Spermidine synthase enzymes display a preference for dcSAM as
the optimal cofactor. Although dcSAM and SAM differ only by a carboxyl group, the absence
of that carboxyl group seems to allow dcSAM to bind more efficiently, indicating that a
structural domain is present in SPDS enzymes that mediate this cofactor binding preference.
Unlike SPDS enzymes, putrescine N-methyltransferase (PMT) enzymes will bind SAM
preferentially over dcSAM (Junker et al., 2013). EcCSPMT, which can bind SAM and dcSAM

cofactors, is a structure-function model for understanding this novel dual cofactor binding site

mechanisms.
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Figure 49: Depicting the differences between the beginning steps of tropane alkaloid biosynthesis in Solanaceous
plants in purple and Erythroxylum coca in green color.

EcSPMT, when expressed in Saccharomyces cerevisiae, seemingly lost the spermidine
N-methyltransferase activity previously observed during the in vitro enzyme activity assays.
There can be several reasons why this functionality was lost. Despite being a eukaryotic host,
the yeast expression system still does not possess the same posttranslational modifications that
occur in plants. The reason for ECSPMT loss of dual activity is currently not understood but
could be related to differences in substrate/cofactor availability or cellular environment, such
as posttranslational modifications. AtSPDSI1 shares a greater than 70% identity with ECSPMT.
AtSPDSI1 localizes within the nucleus of Arabidopsis thaliana despite not having a classical
nuclear localization signal (Sekula & Dauter, 2019a). Subcellular localization prediction
programs can help understand signal peptides in protein sequences responsible for protein
localization. The LOCALIZER program focuses on signal peptides in plant and plant pathogen
effector proteins commonly trafficked to the mitochondria, chloroplast, and nucleus

(Sperschneider et al., 2017). LOCALIZER predicted an NLS sequence in both AtSPDS1 and
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EcSPMT at the N-terminal region of the enzyme consisting of a KRXR motif in which X
residue is either a proline or alanine residue in AtSPDS1 and EcSPMT, respectively. Future
characterization in planta should focus on the subcellular localization of EcSPMT to
understand whether nuclear localization is observed as seen with other spermidine synthases

in Arabidopsis thaliana.

4.5 Both Flavin-Dependent and Copper-Dependent Oxidases Are Required for First
Ring Closure in TA Biosynthesis in E. coca

The conversion of N-methylspermidine to N-methyl-A!-pyrrolinium cation (NMPy)
relies on two types of amine oxidases. The flavin-dependent amine oxidase, ECAOF1, mediates
the oxidation of N-methylspermidine into N-methylputrescine. Expression in Saccharomyces
cerevisiae and Nicotiana benthamiana demonstrated that ECAOF1 efficiently converts N-
methylspermidine into N-methylputrescine. ECAOF1 is novel in that it acts on a tertiary amine
by oxidizing the carbon on the exo-side of the methylated N4 atom to produce N-
methylputrescine and 3-aminopropanal. The degradation of N-methylspermidine in
Erythroxylum coca proceeds with ECAOF1, while in Solanaceae, this flavin-dependent oxidase
step 1s not necessary due to the direct conversion of N-methylputrescine to NMPy cation via a
copper-dependent methylputrescine oxidase. Since the SPMT gene is missing in plants
belonging to the asterid clade, it is logical to assume that the AOF1 gene could also be absent.
Investigative work performed by Wang and colleagues confirmed through whole genome
sequencing of plants from both asterid and rosids clades that the AOF gene was found only in
plants that belong to the rosids clade (Y.-J. Wang et al., 2023). These observations confirm the
evolutionary divergence observed in the biosynthetic routes of tropane alkaloids, providing
further evidence of polyphyletic origins of tropane alkaloids between Solanaceae and

Erythroxylaceae families.

Two copper-dependent amine oxidases, ECAOC1 and ECAOC2, were found to convert
N-methylputrescine into 4-(methyl(3-oxopropyl)amino)butanal as an intermediate in
Saccharomyces cerevisiae and Nicotiana benthamiana. This intermediate then undergoes a
spontaneous cyclization reaction, forming NMPy cation. Radiolabeled feeding studies long
supported the first ring closure mechanism of tropane alkaloids in solanaceous plants, but these
studies failed to understand that N-methylspermidine was the true precursor for TA
biosynthesis in E. coca (Leete, 1982). Since spermidine can be reversibly converted into
putrescine, relying on radiolabeled feeding studies alone to uncover these differences posed a

significant challenge. Spermidine was proposed to be a precursor to NMPy in Nicotiana
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glutinosa, although it was unclear how the reaction operated (Leete, 1985). An asymmetrically
radiolabeled spermidine was used and noted that equal incorporation of the radiolabels at C-2’
and C-5' of the pyrrolidine rings in nicotine and nornicotine, which did not validate his initial
hypothesis of seeing incorporation at only the C-2° position of the NMPy molecule. This
observation led to the hypothesis that spermidine could be methylated at the terminal end, then
oxidized via an unknown oxidation step to N-methylputrescine then a methylputrescine oxidase
step would lead to first ring closure. This hypothetical pathway proposed more than 40 years
ago is strikingly close to the mechanism of first ring closure of tropane alkaloid biosynthesis
we observed in Erythroxylum coca. In the 1980s, knowledge about the inner workings of TA
biosynthesis in E. coca was relatively lacking compared to Solanaceae TA biosynthesis. Dr.
Edward Leete was even quoted as saying, “...cumulative failures caused me to question the
validity of the proposed biosynthetic route to cocaine. An admittedly outlandish idea was that
the tropane skeleton was being produced in the Erythroxylon genus by a biosynthetic process
quite different from that operating in the Solanaceae family” (Leete, 1982). Our discoveries on
the inner workings of TA biosynthesis in Erythroxylum coca confirm these prior observations.
Although EcAOC1 and EcAOC2 cluster in AOC clade 111, they are dispersed throughout this
clade despite sharing ~84% amino acid identity [Figure 25]. In vivo expression in yeast showed
a relatively lower accumulation of hygrine from EcAOCI1 compared to ECAOC2, suggesting
that ECAOC2 may likely contribute to the primary production of NMPy cation [Figure 24].
However, future qPCR gene expression experiments across tissues of E. coca are required to

address this observation.

Following the formation of the NMPy cation, a spontaneous condensation reaction with
3-oxoglutaric acid yields the intermediate 4-(1-methyl-2-pyrrolidinyl)-3-oxobutanoate
(MPOB). The 3-oxoglutaric acid is generated from two rounds of malonyl-CoA via oxoglutaric
acid synthase (OGAS). MPOB formation is one of two existing nonenzymatic reactions in
tropane alkaloid biosynthesis. Tian and coauthors reported on identifying pyrrolidine ketide
synthases (PYKSs) from Erythroxylum novogranatense that produce 3-oxoglutaric acid (Tian
etal.,2022). These PYKS enzymes matched 100% amino acid identity to the PYKS candidates,
now renamed EcOGASI1 and ECOGAS?2, that were isolated previously (Kim, 2020). Transient
expression of ECOGASI1/2 demonstrated the functional activity towards the production of
hygrine intermediate, indicating the production of 3-oxoglutaric acid was successful. The 3-

oxoglutaric acid reacts nonenzymatically with NMPy cation within the tissues of Nicotiana
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benthamiana, further confirming observations in Solanaceae related to first ring closure

mechanisms of tropane alkaloid biosynthesis.

4.6 MPOBMT is Essential for Formation of the 2-carboxymethyl Ester Present in
TAs in Erythroxylum coca

In E. coca, the process of second ring closure follows a pathway similar to Solanaceae,
albeit with a slight deviation. After the formation of MPOB in E. coca, the MPOB undergoes
an O-methylation via an MPOB methyltransferase (EcMPOBMT). EEMPOBMT, using SAM
as a cofactor, transfers a methyl group to the oxygen atom on the carboxylic acid group of
MPOB, forming 4-(1-methyl-2-pyrrolidinyl)-3-methyloxobutanoate (MPMOB). The
formation and preservation of the 2-carbomethoxy ester group are distinctive to the tropane
alkaloid produced by the Erythroxylaceae family. This methylation is speculated to act as a
protecting group, preventing the spontaneous decarboxylation observed in tropinone formation
in Solanaceae (Chavez et al., 2022). As Erythroxylaceae appear to have evolved one or more
N-methyltransferases capable of using spermidine instead of putrescine, a novel enzymatic
mechanism is required for the conversion of N-methylspermidine to NMPy, which condenses
with 3-oxoglutarate produced by type III polyketide synthases (PYKS or OGAS) to form
MPOB in both families (J.-P. Huang et al., 2019; Tian et al., 2022).

Reconstruction of the tropane alkaloid pathway in Saccharomyces cerevisiae showed
direct methylation of MPOB before forming methylecgonone (Chavez et al., 2022). In addition
to our discovery, Wang et al., 2022 reconstructed the tropane alkaloid pathway using a
combination of Solanaceous and Erythroxylaceae biosynthetic genes and reported that
ecgonone, not MPOB, as the substrate for EcMPOBMT led to the formation of
methylecgonone. The order of the methylation of MPOB that occurs before or after the P450-
mediated second ring closure is currently being debated (Chavez et al., 2022; Y.-J. Wang et al.,
2022). While it is not fully understood which steps occur first, it must be acknowledged that in
vitro and in vivo comparisons of enzymatic activities might not be so straightforward. A case
in point is the alternative activities of cocaine synthase from E. coca when evaluated in both in
vivo and in vitro environments. When first characterized, cocaine synthase was observed to
acylate the C3 hydroxyl group of the tropane ring, specifically only when this hydroxyl group
is in the B conformation (Schmidt et al., 2015). However, when expressed in Saccharomyces
cerevisiae, cocaine synthase could also acylate a conformation of hydroxyl groups at the C3
position of the tropane ring, demonstrating a substrate flexibility not observed under in vitro

conditions (Srinivasan & Smolke, 2019). This discrepancy in enzymatic functions may rely on
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the environmental differences between living cells and in vitro assay conditions (Garcia-

Contreras et al., 2012; van Eunen & Bakker, 2014; Zotter et al., 2017).

4.7 Methylecgonone Synthase (EcCYP81AN15) Facilitates Second Ring Closure of
TAs in E. coca

Methylecgonone synthase, also known by its P450 family -classification
EcCYP81AN15, was found to catalyze the second ring closure of tropane alkaloids in the yeast
expression system around the same time of our publication; another group of scientists also
confirmed our observations that a CYP81AN15 cyclase mediates the second ring closure in
Erythroxylum coca var novogranatense (Y.-J. Wang et al., 2022). Interestingly, Tropinone
synthase, AbCYP82M3, could accept MPMOB as a substrate to form methylecgonone,
demonstrating the flexibility of substrates that these cytochrome P450s can utilize and may be
further utilized in synthetic biology or metabolic engineering approaches (Chavez et al., 2022).
Wang and colleagues used homology modeling along with mutational analysis of tropinone
synthase and methylecgonone synthase, demonstrating essential residues involved in the
binding of MPOB to the active site that contribute to overall enzymatic activity in both

CYP82M3 and CYP81ANIS5 (Y.-J. Wang et al., 2023).

4.8 Tissue-specific Expression of Tropane Alkaloid Biosynthesis Genes

After identifying all the necessary steps for TA biosynthesis in E. coca using
Saccharomyces cerevisiae and Nicotiana benthamiana, we explore gene expression of these
biosynthetic genes in a heterologous host. Understanding the tissue-specific expression of
genes involved in tropane alkaloid biosynthesis in the native plant is crucial. In solanaceous
plants, tropane alkaloid pathway genes are mainly expressed in the roots. Although gene
expression of tropane alkaloid-related enzymes in solanaceous plants is localized mainly to the
roots, the tropane alkaloid metabolites produced are found throughout different tissues of the
plant. Erythroxylum coca deviates from this observation as its tropane alkaloids are not widely
distributed throughout different plant tissues. Instead, tropane alkaloid biosynthesis and
metabolite storage occur in the leaf tissues of E. coca (Schmidt et al., 2015; Torre et al., 2013).
Future investigations should identify gene regulation mechanisms, such as transcription factors
and other regulatory elements, that underlie TA biosynthesis in Erythroxylum coca and other
related TA-producing plants. Currently, qPCR primer tests via Taq-based PCR revealed a
discrepancy in these cDNA amplicon targets being in higher abundance in L1 rolled leaf

compared to L3 mature leaves in E. coca [
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Figure 36 and Figure 37]. Future qPCR experiments will help to provide the gene expression
map of all identified TA biosynthetic genes across the different tissue types in E. coca.
Focusing on EcCAOF1, EcAOCI1, and EcAOC2 will help provide vital information about the

expression of genes involved in tropane alkaloid biosynthesis leading to first ring closure.

4.9 LC-MS/MS Separation and Detection of Polyamine and SAM-Related
Metabolites

Initial works using HPLC-FLD detection of derivatized polyamines were relatively
simple and reproducible. A significant background between the derivatization blank and N-
methylspermidine standards was observed when transitioning the established method to
another HPLC-FLD system. This background is likely due to a lower detection range between
different fluorescent detector manufacturers. In our quest to improve this HPLC method, we
decided to utilize an Acquity UPLC system coupled with an Acquity fluorescent detector in
hopes that we could adapt the established method and the known benefits of UPLC separation

over traditional HPLC techniques.

UPLC techniques benefit from tighter packed columns and higher pressures, allowing
for shorter run times and less solvent waste than HPLC techniques (Chawla, 2022). The UPLC
method separated spermidine and N-methylspermidine standards via fluorescent detection. The
fluorescent detector had a much higher dynamic range than the HPLC system, which was
limited to a thousand fluorescence units. The separation between these two polyamine
standards was better than the HPLC method, with a much lower background from the blank.
However, we observed that in subsequent injections, there was a carryover, indicating that the
polyamine standards were sticking to the column. This carryover problem complicated our goal
of using the method for enzymatic assays. We aimed to have a simple, reproducible separation
method that requires no derivatization. While fluorescence detection of polyamines can be
sensitive, it does not provide information about the chromatographic peak other than retention
time and fluorescent signal intensity. Additionally, derivatization procedures come at the cost
of being time-sensitive since the derivatization reactions are only stable for less than a day,
severely limiting the throughput of large amounts of samples. Due to this instability of
derivatization for extended run times, it was logical to seek other methods to detect these

polyamine compounds.
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A liquid chromatography method to separate polyamines without following laborious
derivatization procedures to visualize the polyamine peaks would be preferred. Liquid
Chromatography with tandem mass spectrometry (LC-MS/MS) is a powerful analytical
technique that combines the separating power of liquid chromatography with the highly
sensitive and selective mass analysis capability of triple quadrupole mass spectrometry
(Thomas et al., 2022). LC-MS/MS methods offer an alternative way to detect polyamine and
related cofactors during the enzyme assay without using derivatization-based methods to detect
small molecules effectively. Traditional LC-MS/MS methods use a reverse phase C18 column
to retain nonpolar metabolites and elute throughout the LC-MS/MS run. Although other
techniques are available that utilize LC-MS/MS detection, such as ion-pairing in which
heptafluorobutyric acid (HFBA) acts as a stabilizer for difficult-to-retain compounds like
polyamines, these techniques can be cumbersome and require lots of optimization (Hékkinen,
2011; Sanchez-Lopez et al., 2009). Some mass spectrometry manufacturers warn that ion
pairing is recommended when all other approaches are unsuccessful. They also suggest that
separate columns and, even if possible, separate mass spectrometry instruments should be used
when performing ion-pairing chromatography. lon pairing reagents are reported to tend to stick
to LC components, the column, and the MS source. This, in turn, can lead to signal suppression
in future analyses and affect column performance. So, with this information, we decided to
heed this warning and try alternative techniques that would allow for the separation of

polyamines without using ion pairing and derivatization chromatographic techniques.

Hydrophilic Interaction Liquid Chromatography (HILIC) is a separation technique to
retain and separate polar metabolites. Since amino acids, polyamine, and methionine cycle
intermediates are generally polar, it might be reasonable to assume that HILIC might offer an
advantage in our search for an optimal separation of polyamines. We used an Acquity BEH
Amide HILIC column from Waters for our separation method, as it was reported to work for
polyamines like putrescine, spermidine, and spermine (Su et al., 2021). Additionally, this
method was to be able to separate S-adenosyl-L-methionine (SAM) and S-adenosyl-L-
homocysteine (SAH), which could be advantageous in future enzyme assays to ascertain
enzyme kinetics of EcCSMT, EcSPMT, and EcSPDS isolated from E. coca. When comparing
our LC-MS/MS results to our HPLC and UPLC fluorescent detection, the HILIC column
provided great separation of polyamines without the need for derivatization, coupled with the
sensitivity of a triple quadrupole mass spectrometry allowed for increased confidence of

metabolite identification.
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Enzyme assays for polyamine-related enzymes like putrescine N-methyltransferases
(PMT) focus mainly on detecting polyamines that must be derivatized to visualize by
photodiode array or fluorescent detector. Generally, these measurements exclude the detection
of SAM and dcSAM, critical cofactors in these enzyme assays. The initial characterization of
the thermospermine synthase (ACLS5) gene from Arabidopsis thaliana was mischaracterized as
a spermine synthase (SPS) (Hanzawa et al., 2000; Knott et al., 2007). Spermine and
thermospermine are constitutional isomers of each other and would elute around similar
retention times when derivatized due to structural similarities. This case is a prime example of
having the resolving power of LC-MS/MS to identify structural differences between spermine
and thermospermine and prevent misidentifications. Following this idea, having a separation
method that allows the detection of substrates, cofactors, and products involved in polyamine
biosynthesis via LC-MS/MS helps to increase the ease of use for performing enzyme kinetics

while increasing the identification of metabolites with high confidence.

While the Acquity BEH Amide column delivered an excellent performance on
separating polyamine standards, we must address some limitations of HILIC chromatography.
One significant limitation is that HILIC columns are sensitive to aqueous solvents. The end
user must be aware of these limitations and optimize accordingly. A prime example is when
we compared the separation of polyamine standards to actual enzymatic assay conditions. The
enzymatic assay conditions are performed under aqueous conditions along with the presence
of polar compounds, such as phosphate buffers. During initial testing, the peak shapes for the
enzyme assays were not as sharp, and the retention times were shifted compared to the
standards. The broad shoulders observed on N-methylspermidine and spermidine can be
alleviated by further diluting the enzyme assay samples in a less aqueous solvent, such as 85%
acetonitrile and 15% water. Since the BEH Amide column separation method does not require
any tedious derivatization reactions, we must consider the detection and measurement of S-
adenosyl-L-methionine (SAM). SAM cofactor is sensitive to breaking down when heat is
applied. Future considerations for enzyme assays should use another way to inactivate the
enzyme besides protein denaturation. Other options may include using acids such as formic
acid or hydrochloric acid to chemically inactivate the enzyme assay rather than the traditional
heat inactivation to prevent the SAM cofactor from breaking apart (Morana et al., 2002).
Additionally, more replicates are required for the polyamine standards for statistical confidence
in the concentration curves for spermidine and N-methylspermidine. The BEH amide HILIC

separation, along with LC-MS/MS, offers the capabilities to reliably separate and quantify
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polyamines and other related compounds, providing increased confidence in both detection and
confidence as further characterizations of enzymatic steps of TA biosynthesis are interrogated

further using in vitro biochemical characterization techniques.

S CONCLUSION

Tropane alkaloid biosynthesis in Erythroxylum coca consists of eleven enzymatic steps,
beginning with ornithine and finishing with the formation of cocaine. This work uncovers
seven previously unknown enzymatic steps and ten newly discovered enzymes participating in
tropane alkaloid biosynthesis in E. coca (Chavez et al., 2022). Phylogenetic analysis of each
enzymatic step revealed that the TA biosynthetic pathway is polyphyletic, and the formation
of the tropane ring between Solanaceae and Erythroxylaceae is independent in origin.
Convergent evolution of plant-specialized metabolism is established and is commonly
observed in plants (Pichersky & Lewinsohn, 2011). A case in point would be the convergent
evolution of purine alkaloids in plants. The methylation steps of the purine alkaloids, xanthine,
produce caffeine and theobromine. This methylation is catalyzed by several distantly related
SABATH methyltransferases whose recruitment occurred multiple times in different plant
lineages, explaining the scattered distribution of these compounds among the angiosperms (R.
Huang et al., 2016). Another well-established example of plant alkaloid convergent evolution
is seen within the biosynthesis of pyrrolizidine alkaloids, for which the enzyme
homospermidine synthase was independently recruited at least four times during the evolution

of land plants (Ober & Kaltenegger, 2009).

The convergent evolution of plant-specialized metabolites is commonly observed and
continues to be supported by increasing amounts of metabolomic data across many diverse
plant species (Ono & Murata, 2023). The scattered distribution of TAs across the angiosperms
suggests these pathways must have emerged after the split of the core eudicots around 120
million years ago (Chavez et al., 2022; Kim et al., 2016; Y.-J. Wang et al., 2023). Although the
capacity for TA biosynthesis appears to be preserved across eleven plant families, the
phylogenetic relationships between the tropane alkaloid pathways outside the Solanaceae or

Erythroxylaceae families remain to be explored further.
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6 OUTLOOK

Tropane alkaloid research over the past couple of years has accelerated due to
technological innovations in genomic sequencing. Synthetic and systems biology have
leveraged genomic information to resolve complex biosynthetic pathways. These approaches
require detailed information about the genome and transcriptome. The future direction of
tropane alkaloid research will likely be enhanced by four technologies: spatial transcriptomics,
gene expression regulation via transcription factor binding sites, enzyme localization, and

identifying essential metabolite transporters.

Spatial transcriptomics technologies can potentially reveal gene expression in specific
cells in plant tissues, allowing a more comprehensive view of the TA gene expression at cellular
resolution. Spatial transcriptomic technology has already been applied to germinating barley
grain tissues to help understand grain formation at the transcriptomic level (Peirats-Llobet et
al., 2023). Understanding where the mRNAs are localized across different tissue types, even at
the subcellular level, will provide a clear expression map of genes involved in TA biosynthesis.
TAs derived from Solanaceous plants are known to be highly expressed in the roots compared
to the other tissues in the plants, such as E. coca, where the gene expression is observed within
leaf tissues. Once spatial transcriptomics becomes widely available for plants, tropane alkaloid

biosynthesis will be further dissected at the cellular or subcellular level.

In the presence of high-quality plant genome assemblies, future steps would involve
dissecting the transcription factors and promoters driving the expression of TA biosynthetic
genes. Techniques like DNA Affinity Purification Sequencing (DAP-Seq) and MNase-defined
cistrome-Occupancy Analysis (MOA-seq) would allow for rapid identification of transcription
factor binding sites throughout the genome, specifically focusing on promoter regions (Bartlett
et al.,, 2017; Savadel et al., 2021). Identifying the interactions between the promoters and
transcription factors would serve as a cistrome atlas to understanding the specific expression

control of tropane alkaloid genes throughout the Solanaceae and Erythroxylaceae families.

Enzymatic localizations will be the next focus of these newly discovered tropane
alkaloid enzymes, as some have been validated in yeast, but further work should focus on
identifying the subcellular localization of these enzymes in planta especially since ECSPMT
was shown not to possess bifunctional activity in yeast. Biosensors and fluorescent proteins
fused to tropane alkaloid genes should be used to determine the subcellular localization of all

enzymes involved in TA biosynthesis in E. coca. After identifying the subcellular
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compartmentalization of TA enzymes, the following steps should focus on identifying
metabolite transporters responsible for trafficking TA precursors throughout different
subcellular compartments. Previous work on identifying alkaloid transporters for tropane
alkaloids in yeast improves the production of TAs as they exhibit a cytotoxic effect on the cells
when remaining in the cytosol (Srinivasan & Smolke, 2021). Identifying essential metabolite
transporters will clarify the subcellular compartmentalization of different parts of the TA
biosynthesis, allowing for better development in silico modeling of TA biosynthesis. All these
technologies complementing each other will help unlock TA metabolism observed in other

tropane alkaloid-producing plant families.
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8 APPENDIX

8.1.1 Protein Alignment of SPDS-like Candidates with PMTs and SPDSs Enzymes
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Figure S1: Protein alignment of EcSPDS1-3 candidates, putrescine N-methyltransferases from Datura
stramonium and Atropa belladonna, and spermidine synthase 1 from Arabidopsis thaliana. The black box
indicates the SAM and dcSAM binding domains between PMT and SPDS enzymes. Alignments were performed
with Clustal Omega using standard settings: https://www.ebi.ac.uk/jdispatcher/msa/clustalo. The symbols for the
protein alignment are defined as *(Asterix) positions with a single, fully conserved Residue, :(colon) positions
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with a conservation between amino acid groups of similar properties, and .(period) positions with a conservation
between amino acid groups of weakly similar properties.

8.1.2 Heterologous Expression in Komagataella phaffii and Purification of SPDS
Candidates
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Figure S2: SDS-PAGE of streptag purification of EcSMT from K. phaffii KM71. Lane 1 is PageRuler Protein
Ladder (Catalog # 26616), lane 2 K. phaffii is pellet after centrifugation, lane 3 is the crude supernatant, lane 4 is
the flowthrough, lane 5 is wash, lane 6 is ECSPMT protein first fraction, and lane 7 is ECSPMT protein second
fraction. Published in Chavez et al., 2022; Supplemental Material Page 19; Figure S4.
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Figure S3: SDS-PAGE of streptag purification of ECSPMT from K. phaffii KM71. Lane 1 is PageRuler Protein
Ladder (Catalog # 26616), lane 2 K. phaffii is pellet after centrifugation, lane 3 is the crude supernatant, lane 4 is
the flowthrough, lane 5 is the wash, lane 6 is the 1t ECSPMT protein fraction, lane 7 is the EcCSPMT 2" protein
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fraction. ECSPMT is the prominent band in lane 6, and lane 7 is at the predicted size of 36.8 kDa. SDS-PAGE
stained with Serva Quick Coomassie® Stain for 2-3 hours.
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Figure S4: EcSPMT densitometric analysis of lane 6 band percentage from the SDS-PAGE. The prominent
protein band is at the correct size of 36.8 kDa and makes up 92.6% of the total protein isolated in lane 6.

Figure S5: SDS-PAGE of streptag purification of EcCSPDS from K. phaffii KM71. Lane 1 is PageRuler Protein
Ladder (Catalog # 26616), lane 2 K. phaffii is pellet after centrifugation, lane 3 is the crude supernatant, and lane
4 is the flowthrough. Published in Chavez et al., 2022; Supplemental Material Page 21; Figure S6.
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8.1.3 SPDS Sequence Accession for Phylogenetic Analysis

Table S1: Key for the abbreviations of SPDS-related enzymes in the phylogenetic tree and their NCBI or Uniprot

accession number. Published in Chavez et al., 2022; Supplemental Dataset; Table S1.

Species Name

Aa- Anisodus acutangulus
Aa- Anisodus acutangulus
Aa-Artemisia annua
Aa-Artemisia annua

Ab- Atropa belladonna
Ab- Atropa belladonna
As- Apostasia shenzhenica
As-Apostasia shenzhenica
At- Anisodus tanguticus
At- Arabidopsis thaliana
At- Arabidopsis thaliana
At- Arabidopsis thaliana
At- Arabidopsis thaliana
Bs- Bacillus subtilis

Ca- Capsicum annuum
Ca- Capsicum annuum
Ca- Coffea arabica

Cb- Capsicum baccatum
Cc- Cajanus cajan

Cc- Cajanus cajan

Cc- Cajanus cajan

Cc- Capsicum chinense
Cc- Capsicum chinense
Cc- Capsicum chinense

Ce- Caenorhabditis elegans

Cr- Chlamydomonas reinhardtii
Cr- Chlamydomonas reinhardtii
Cs- Calystegia sepium

Cs- Chlorella sorokiniana

Cs- Coccomyxa subellipsoidea
Cs- Cucumis sativus

Cs- Cucumis sativus

Cu- Citrus unshiu

Dc- Dendrobium catenatum

Dc- Dendrobium catenatum
Dh- Dorcoceras hygrometricum
Dh- Dorcoceras hygrometricum
Di- Datura inoxia

Di- Datura inoxia

Dm- Datura metel

Ds- Datura stramonium

Abbreviated name

AaPMT2
AaPMT1
AaSPDSYNI
AaSPDSYN2
AbPMT1
AbPMT2
AsSPS
AsSPDSYNI1
AtPMT
AtSPDSYNI1
AtSPDSYN2
AtSPMS
AtACLS
BsSPEE
CaSPS
CaSPDS
CaSPDS
CbSPDS1
CcSPDS2
CcSPDS3
CcSPDS4
CcPMT3
CcSPDS1
CcSPDS2

CeSPDS1
CrSPDI1
CrSPS1
CsPMT
CsSPDSI1
CsSPDS2
CsSPDS3
CsSPS
CuSPDS
DcSPDS1
DcSPS
DhSPS1
DhSPS2
DiPMT1
DiPMT2
DmPMT
DsPMT
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Accession Number

ACF21006.1
ACF21005.1
PWA72973.1
PWA65721.1
BAAR2264.1
BAASB2262.1
PKA66679.1
PKAS55102.1
AAT99576.1
AEE30436.2
AFEE35044.1
AAM64782.1
BABg3652.1
AO0S00134.1
PHT68126.1
PHT®&7459.1
BAA29033.1
PHT34202.1
KYP69872.1
KYP41027.1
KYP66172.1
PHU08967.1
PHU02816.1
PHU23234.1

CAC37332.1

XP _001702843.1
XP 001696651.1

CAJ46252.1
PRW60069. 1
EIE22898.1
AAT66041.1
KGN56994. 1
BAK61861.1
PKU63394.1
PKU68007.1
KZV53164.1
KZV50788.1
CAJ46253.1
CAJ46254.1
AAQ94738.1
CAE47481.1



Ds- Datura stramonium DsSPDS1 CAA69420.1

Ds- Datura stramonium DsSPDS2 CAA69421.1
Ec- Erythroxylum coca EcSPDS OP382841
Ec- Erythroxylum coca EcSPMT OP382839
Ec- Erythroxylum coca EcSMT OP382840
Gh- Gossypium hirsutum GhSPDS AHHO025%4.1
Hn- Hyoscyamus niger HnPMT BAASg2263.1
Hn- Hyoscyamus niger HnSPDSI1 BAA24533.1
Hn- Hyoscyamus niger HnSPDS2 BAA24534.1
Hs- Homo sapiens HsSPDSY NP 003123.2
Kn- Klebsormidium nitens KnSPDS GAQ81179.1
Kn- Klebsormidium nitens KnSPS GAQ87780.1
Mec- Micractinium conductrix McSPDS PSC73114.1
Md- Malus domestica MdSPDS2a BAC20171.1
Mn- Monoraphidium neglectum MnSPDSI1 KIZ00759.1
Mn- Monoraphidium neglectum MnSPDS2 KIY96353.1
Ms- Malus sylvestris MsSPS BAE19758.1
Mt- Medicago truncatula MtSPDS KEH35054.1
Mt- Medicago truncatula MtSPDS2 KEH27761.1
Mt- Medicago truncatula MtSPDS3 AES96204.1
Mv- Marsilea vestita MvSPDS ADK®89558.1
Na- Nicotiana attenuata NaPMT2 AAK49871.1
Nb- Nicotiana benthamiana NbPMT ABY25273.1
Nc- Neurospora crassa NcSPDSY BAAR1738.1
Ns- Nicotiana sylvestris NsPMT3 BAA74544.1
Ns- Nicotiana sylvestris NsSPDS NP _001289514.1
Nt-Nicotiana tabacum NtPMT4 AAF14881.1
QOe- Olea europaea OeSPDS ACZ73829
Ol- Ostreococcus lucimarinus OISPD2 ABO96661.1
Ol- Ostreococcus lucimarinus OISPDI1 ABO98745.1
Pd- Physalis divaricata PdPMT CAJ46255.1
Pg- Panax ginseng PgSPDS ACT21542.1
Ps- Pisum sativum PsSPDS1 AADO02231.1
Ps- Pisum sativum PsSPDS2 Q9ZTRO
Rn- Rattus norvegicus RnSPS NP_001029071.1
Rs- Raphidocelis subcapitata RsSPDS GBF99043.1
Rs- Raphidocelis subcapitata RsSPS GBF87456.1
Sc- Saccharomyces cerevisiae ScSPE3 AACI17191.1
Sd- Solanum dulcamara SdPMT CAQ19733.1
Si- Solanum lycopersicum SIPMT CAJ46251.1
SI- Solanum lycopersicum SISPDS NP 001234493.1
St- Solanum tuberosum StPMT CAES53633.1
St- Solanum tuberosum StSPDS CAC51027.1
Tc- Theobroma cacao TcSPDS2 EOY20673.1
Tc- Theobroma cacao TcSPDSI EOY20671.1
Tc- Theobroma cacao TcSPDS3 EOY00385.1
Tm- Thermotoga maritima TmSPDS1 AKE26575.1
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Tp- Trifolium pratense TpSPDS PNY16312.1

Ts- Tetrabaena socialis TsSPDS1 PNHO1615.1

Ts- Tetrabaena socialis TsSPDS2 PNHO00286.1

Tu- Triticum urartu TuSPDS EMS48579.1

Tu- Triticum urartu TuSPS1 EMS58513.1

Tu- Triticum urartu TuSPS2 EMS48760.1
Zm- Zea mays ZmSPDS2 AAWS57523.1
Zm- Zea mays ZmSPDSI1 NP _001149286.1
Zm- Zea mays ZmSPS1 NP _001149310.1
Zm- Zea mays ZmSPS?2 PWZ27668.1

8.1.4 Flavin-Dependent Oxidases Sequences Accession for Phylogenetic Analysis

Table S2: A key for the abbreviations of AOF-related enzymes in the phylogenetic tree and their NCBI or Uniprot
accession number. Published in Chavez et al., 2022; Supplemental Dataset; Table S1.

Species Name

Description/Predicted function

Accession Number

Arabidopsis thaliana

Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Capsicum annuum
Capsicum annuum
Dictyostelium
discoideum
Erythroxylum coca
Glycine max
Mpyxococcus xanthus

Narcissus
pseudonarcissus
Nicotiana tabacum
Nicotiana tabacum
Oncidium hybrid
cultivar

Oryza sativa subsp.
japonica

Lysine-specific histone demethylase
Lysine-specific histone demethylase

FLD ARATH Protein

PAO1_ARATH Polyamine oxidase

PAO2_ ARATH Polyamine oxidase

PAO3 ARATH Polyamine oxidase

PAO4 ARATH Probable polyamine oxidase
PAO5_ARATH Probable polyamine oxidase
CRTSO_ARATH Prolycopene isomerase
PDS_ARATH 15-cis-phytoene desaturase
ZDS ARATH Zeta-carotene desaturase
PPOC_ARATH Protoporphyrinogen oxidase
PPOCM_ARATH Protoporphyrinogen oxidase
PDS_CAPAN 15-cis-phytoene desaturase
ZDS CAPAN Zeta-carotene desaturase
PPOX_DICDI Protoporphyrinogen oxidase

EcAOF1 methylspermidine oxidase
PDS SOYBN 15-cis-phytoene desaturase

CRTJ _MYXXA zeta-carotene-forming phytoene
desaturase
PDS NARPS 15-cis-phytoene desaturase

PPOC _TOBAC Protoporphyrinogen oxidase
PPOM_ TOBAC Protoporphyrinogen oxidase
ZDS ONCHC Zeta-carotene desaturase

Lysine-specific histone demethylase
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Lysine-specific histone demethylase ~ Q8VXV7

Q8VXV7
QYLIDO
F4JLS1
QYCAE3
QYFNA2
QYSKXS5
QILYTI
Q8H191
QYSU79
QIMIYS
Q07356
Q38893
P55826
Q8S9J1
P80093
Q9SMIJ3
Q54DTS

OP382842
P28553
P54979

Q40406

024163
024164
C3VEQO

Q62690



Oryza sativa subsp. PAO3 ORYSIJ Polyamine oxidase Q7X809
japonica

Oryza sativa subsp. PAO4 ORYSJ Polyamine oxidase Q7XR46
japonica

Oryza sativa subsp. PAO5_ORYSIJ Polyamine oxidase Q0J954
japonica

Oryza sativa subsp. PAO6 ORYSJ Polyamine oxidase AOAOPOXM10
japonica

Oryza sativa subsp. PAO7_ORYSIJ Polyamine oxidase Q0J290
japonica

Oryza sativa subsp. PDS ORYSIJ 15-cis-phytoene desaturase QODUIS
japonica

Oryza sativa subsp. PPOC_ORYSIJ Protoporphyrinogen oxidase Q9AR38
japonica

Saccharomyces FMS1 YEAST Polyamine oxidase P50264
cerevisiae

Solanum lycopersicum PDS SOLLC 15-cis-phytoene desaturase P28554
Solanum lycopersicum CRTSO_SOLLC Prolycopene isomerase Q8S4R4
Solanum lycopersicum ZDS SOLLC Zeta-carotene desaturase Q9SE20
Spinacia oleracea PPOC_SPIOL Protoporphyrinogen oxidase QOILRIS
Spinacia oleracea PPOCM_SPIOL Protoporphyrinogen oxidase Q941G7
Zea mays PAO1_MAIZE Polyamine oxidase 064411
Zea mays PDS MAIZE 15-cis-phytoene desaturase P49086
Zea mays ZDS MAIZE Zeta-carotene desaturase Q9ZTP4

8.1.5 Copper-Dependent Oxidases Sequence Accession for Phylogenetic Analysis

Table S3: A key for the abbreviations of AOC-related enzymes in the phylogenetic tree and their NCBI or Uniprot
accession number. Published in Chavez et al., 2022; Supplemental Dataset; Table S1.

Species Name Description/Predicted function Accession Number
Amborella trichopoda Amt2 uncharacterized protein XP_006845257.1
Amborella trichopoda Amtl primary amine oxidase XP_006857816.2
Atropa belladonna AbMPO2 N-methylputrescine oxidase n/a

Brassica juncea Bjl diamine oxidase AAL47166.1
Cicer arietinum Cal copper amine oxidase NP _001265996.1
Erythroxylum coca EcAOC1 N-methylputrescine oxidase 0OP382843
Erythroxylum coca EcAOC2 N-methylputrescine oxidase OP382844
Erythroxylum coca EcAOC3 Unknown n/a
Erythroxylum coca EcAOC4 Unknown n/a
Erythroxylum coca EcAOCS Unknown n/a
Erythroxylum coca EcAOC6 Unknown n/a

Glycine max Gm1 copper amino oxidase NP 001237211.1
Glycine max Gm9 primary amine oxidase XP_003546898.1
Glycine max Gm8 copper methylamine oxidase XP_003550715.1
Glycine max Gm7 copper methylamine oxidase XP_003551224.1
Glycine max Gm?2 primary amine oxidase XP_003556043.1
Glycine max Gm3 uncharacterized protein KRH35530.1
Gossypium hirsutum Gh polyamine oxidase AGO002008.1
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Hordeum vulgare subsp.
vulgare

Hordeum vulgare subsp.
vulgare

Lens culinaris

Malus domestica

Malus domestica

Malus domestica

Malus domestica

Malus domestica

Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Nicotiana sylvestris
Nicotiana tabacum
Nicotiana tabacum

Oryza sativa subsp. japonica
Oryza sativa subsp. japonica
Oryza sativa subsp. Japonica
Oryza sativa subsp. Japonica
Pinus sylvestris

Pisum sativum
Populus trichocarpa
Populus trichocarpa
Populus trichocarpa
Rc-Ricinus communis
Ricinus communis
Ricinus communis
Ricinus communis
Ricinus communis
Ricinus communis
Ricinus communis
Solanum lycopersicum
Solanum lycopersicum
Solanum lycopersicum
Solanum lycopersicum
Sorghum bicolor

Sorghum bicolor
Sorghum bicolor
Sorghum bicolor
Triticum urartu
Vitis vinifera
Vitis vinifera
Vitis vinifera

Hv2 uncharacterized protein
Hv4 uncharacterized protein

LSAO Primary amine oxidase

Md1 amine oxidase 1

Md2 amine oxidase 2

Md3 amine oxidase 3

Md4 amine oxidase 4

Md5 amine oxidase 5

Mtl primary amine oxidase

Mt4 copper methylamine oxidase
Mt3 primary amine oxidase

Mt5 copper methylamine oxidase
Mt2 primary amine oxidase

Ns AOC copper amine oxidase
NtMPO N-methylputrescine oxidase
Nt2 copper-containing amine oxidase
Os3 amine oxidase

Os7 amine oxidase

Os2 hypothetical protein

Os1 hypothetical protein

Psyl putative copper-containing diamine
oxidase

PSAO Primary amine oxidase

Ptl primary amine oxidase
Pt3 amine oxidase

Pt5 hypothetical protein
Rc2 Copper Amine oxidase
Rc5 Primary amine oxidase
Rc4 Primary amine oxidase
Rc6 copper methylamine oxidase
Rcl Primary amine oxidase
Rc3 Primary amine oxidase
Rc7 uncharacterized protein
S14 uncharacterized protein
S12 uncharacterized protein
S13 uncharacterized protein
S11 copper amine oxidase
Sb2 Primary amine oxidase

Sb1 Primary amine oxidase
Sb3 Primary amine oxidase
Sb4 uncharacterized protein
Hv5 primary amine oxidase
Vv6 Primary amine oxidase
Vv7 Primary amine oxidase
Vv5 uncharacterized protein
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BAJ94038.1
BAJ85075.1

P49252.3
AIS23644.1
AIS23645.1
AIS23646.1
AIS23647.1
AIS23648.1
XP_003592404.1
XP_003601195.1
XP_003601419.1
XP 0036131332
XP_013455559.1
XP 009778427.1
BAF49520.1
AIE54293.1
CAD39884.2
EAZ31082.1
EEC80539.1
EEC82302.1
ADQ37305.1

Q43077.1
XP_002312527.2
XP_002314704.2
XP 002322194.2
EEF45396.1

XP_002509596.1
XP_002509597.1
XP 0025113341
XP_002516777.1
XP 002516781.1
XP_002527922.1
XP 0042391241
XP_004244763.1
XP 010322539.1
NP_001296994.1
XP_002460889.1

XP 002452575.1
XP 002446210.1
XP_002448036.1
EMS63127.1

XP_002278244.1
XP 002278327.1
XP_002277961.1



Vitis vinifera
Vitis vinifera
Vitis vinifera
Vitis vinifera
Zea mays
Zea mays

Vv8 unnamed protein product
Vv4 unnamed protein product
Vv2 uncharacterized protein
Vv3 primary amine oxidase
Zml Primary amine oxidase
Zm?2 uncharacterized protein

CBI26238.3
CBI34761.3
XP 002273532.2
XP_003635614.2
NP_001145964.1
NP_001169559.1

8.1.6 SABATH Methyltransferases Sequence Accession for Phylogenetic Analysis

Table S4: This is the key for the abbreviations of SABATH-related enzymes in the phylogenetic tree and their
NCBI or Uniprot accession number. Published in Chavez et al., 2022; Supplemental Dataset; Table S1.

Species Name
Antirrhinum majus
Antirrhinum majus

Arabidopsis lyrata
subsp. lyrata
Arabidopsis thaliana

Arabidopsis thaliana

Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana

Arabidopsis thaliana
Atropa belladonna

Clarkia breweri
Erythroxylum coca

Erythroxylum coca
Erythroxylum coca
Oryza sativa subsp.
Jjaponica

Zea mays

Zea mays

Zea mays

Zea mays

Zea mays

Description/Predicted function

S-adenosyl-L-methionine: salicylic acid
methyltransferase (AmSAMT)

SAM: benzoic acid carboxyl methyltransferase
(AmBAMT)

methyl transferase (AIBSMT1)

Paraxanthine methyltransferase 1 (AtPXMT1)

Farnesoic acid carboxyl-O-methyltransferase
(AtFAMT)
Indole-3-acetate O-methyltransferase 1 (AtIAMT1)

Paraxanthine methyltransferase 2 (AtPXMT2)
Gibberellic acid methyltransferase 1 (AtGAMT1)
Gibberellic acid methyltransferase 2 (AtGAMT2)
Paraxanthine methyltransferase 3 (AtPXMT3)

S-adenosyl-L-methionine: jasmonic acid carboxyl
methyltransferase (AtJAMT)
methyl transferase (AtBSMT1)

S-adenosyl-L-methionine: salicylic acid carboxyl
methyltransferase (AbSAMT)
Salicylate carboxyl methyltransferase (CbSAMT)

EcSABTH1 MPOB methyltransferase (renamed to
EcMPOBMT)
EcSABATH2

EcSABATH3
Indole-3-acetate O-methyltransferase 1 (OsIAMT1)

Anthranilate O-methyltransferase 3 (ZmAAMT3)
Anthranilate O-methyltransferase 1 (ZmAAMT1)
Anthranilate O-methyltransferase 2 (ZmAAMT2)
Benzoate O-methyltransferase (ZmOMTS)

Inactive anthranilate O-methyltransferase 1
(ZmAAMTII)
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Accession
Number
AAN40745.1

AAF98284.1
AAP57211.1

Q6XMI3
Q9CIM3

QYFLNS
QYCIM2
F4JUY5
Q5XF78
Q9CIM4
AAG23343.1

AAP57210.1
BAB39396.1

QYSPV4
OP382847

n/a
n/a
Q0J998

D9J100
D9J0Z7
B6SU46
D9J101
D9J0Z8



8.1.7 P450 Cyclases Sequence Accession for Phylogenetic Analysis

Table S5: A key for the abbreviations of Cytochrome P450-related enzymes in the phylogenetic tree and their
NCBI or Uniprot accession number. Published in Chavez et al., 2022; Supplemental Dataset; Table S1.

Species Name

Description/Predicted function

Accession
Number

Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Atropa belladonna

Cicer arietinum

Cicer arietinum
Echinochloa phyllopogon
Echinochloa phyllopogon
Echinochloa phyllopogon
Erythroxylum coca
Erythroxylum coca
Erythroxylum coca
Erythroxylum fischeri
Erythroxylum fischeri
Glycyrrhiza echinata
Helianthus tuberosus
Jatropha curcas
Manihot esculenta
Manihot esculenta
Medicago truncatula
Medicago truncatula
Medicago truncatula
Prunus dulcis

Prunus persica

Prunus yedoensis var. nudiflora
Zea mays

Zea mays

Zea mays

CYP8I1F2

CYPS81F4

CYP8I1F2

CYP81F3

CYP81D11

CYP81D1

AbCYP82M3

CICAR Cytochrome P450
CICAR Cytochrome P450
Cytochrome P450
Cytochrome P450
Cytochrome P450

EcCYP81ANI1S5 (Methylecgonone cyclase)

CYP79D62

CYP79D63

CYP79D60

CYP79D61

Isoflavone 2'-hydroxylase
HELTU Cytochrome P450
CYP81Q32

cytochrome P450 81ES8-like
isoflavone 2'-hydroxylase-like
Isoflavone 2'-hydroxylase
Isoflavone 3'-hydroxylase
CYPSI1E8

cytochrome P450 81Q32-like
CYPSI1E8

CYPSI1ES

CYP8INS

CYP81N4

CYP8IL6
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QILVD6
Q9SZU1
065790
QOWTF4
QYLHALI
QYFG65
AOA3G4RHY7
Q9ZRW6
QYXFX1
AOA024FAY6
AOA024FAY2
R4WHES
OP382847
AOW44274.1
AOW44272.1
AOW44273.1
AOW44271.1
P93147
Q7FPQ4

XP 012079324.1
XP 021632242.1
XP 021631824.1
Q6WNRO
Q6WNQ9
Q6WNQ8

XP 034218022.1
XP_007206553.1
PQQ16710.1
B6SZ21
B6SSR6
B6SV20



8.1.8

Hierarchical clustering heatmap showing expression profiles for cyclase
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Figure S6: Hierarchical clustering heatmap showing expression profiles for cyclase (methylecgonone synthase)
gene candidates (vertical axis) identified from Erythroxylaceae transcriptomes across three E. coca plants (48,
113, 124), two E. novogranatense plants ("E. novo" 209, 228), and a low-cocaine-producing E. hondense control
(horizontal axis). Transcript expression is scaled by row using a normal distribution (z-score). The dendrogram
indicates the hierarchical clustering of candidates by expression profile across E. coca, E. novogranatense, and E.
hondense. Color scheme for gene IDs: green, known TA pathway genes; red, putative methylecgonone synthase

candidates selected for screening in yeast. Published in Chavez et al., 2022; Page 8; Figure 4B.

8.1.9  Primers for Cloning Synthetic DNA into pHREAC Vector

Primer Name Sequence 5’ to 3’

EcSPDS pHREAC FWD  AGGTAGGGTCTCcaaaaatgggtgaagecgttcaa
EcSPDS pHREAC REV AGGTAGGGTCTCcagcgttagatggcaatttcacca
EcSMT pHREAC FWD CGCAAAGGTCTCgaaaaatggctagagacaacgtc
EcSMT pHREAC REV CGCAAAGGTCTCgagcgttagtacttcaacagcaage

EcAOF1 pHREAC FWD
EcAOF1 pHREAC REV

GAGTCAGGTCTCgaaaaatgaagaagttgggcgtt
GAGTCAGGTCTCgagcgttacaactcttgattgacg

EcAOC1 pHREAC FWD
EcAOC1 pHREAC REV

CCATAGGGTCTCgaaaaatggctactgctcaagaa
CCATAGGGTCTCgagcgttacagcttagacaacaaac

EcAOC2 pHREAC FWD  GTAGTGGGTCTCcaaaaatggcttctgcttctcaa

EcAOC2 pHREAC REV = GTAGTGGGTCTCcagcgttacagtttggaggccaa

EcCYP81AN1S pHREAC TGGTCAGGTCTCgaaaaatggttgatactgtcttgt
FWD
EcCYP81AN1S pHREAC TGGTCAGGTCTCgagcgttagtcgaccatatccaaa
REV

Purpose of Primer ‘

Cloning EcSPDS
OREF into
pHREAC
expression vector
Cloning EcSMT
OREF into
pHREAC
expression vector
Cloning EcAOF1
OREF into
pHREAC
expression vector
Cloning EcAOC1
OREF into
pHREAC
expression vector
Cloning EcAOC2
OREF into
pHREAC
expression vector
Cloning
EcCYP81ANI15
OREF into
pHREAC
expression vector

Table S6: Primer sequences for cloning into pHREAC vector via Golden Gate Cloning. Bases in all capital letters
and underlined represent the restriction enzyme recognition site of Bsal. The bases in color represent the start
codon (green) and stop codon (red). The four bases between the recognition site and the start/stop codon represent

the overhang generated for scarless cloning into the pHREAC vector.
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8.1.10 Nanodrop Quantification of RNA Samples from Erythroxylum coca

Sample Name Concentration in ng/pL.  A260/A280 ratio A260/A230 ratio \

cocalLl Bl 132.2 2.13 2.26
cocalLl B2 199.6 2.08 1.59
cocalLl B3 377.4 2.16 2.32
cocal.2 Bl 189.5 2.14 2.20
cocal.2 B2 75.9 2.13 2.08
cocal.2 B3 89.7 2.12 2.02
cocalL3 Bl RA1l 414.8 2.16 2.10
cocaL3 Bl RAP 107.6 2.12 2.27
cocal.3 B2 102.5 2.11 1.98
cocal.3 B3 185.6 2.14 2.21

Table S7: Nanodrop readings of RNA quality from E. coca leaf tissues. L1 is rolled leaves, L2 is unrolled leaves,
and L3 is mature leaves. The RA1 and RAP addition to the sample names are different lysis buffers offered in the
NucleoSpin RNA Plant mini kit for different plant tissues.

Sample RNA Concentration in 300ng of RNA for RT reaction Water Added in
Name ng/pL in pL pL
L1 B1 185 1.62 9.38
L1 B2 243 1.23 9.77
L1B3 673 0.45 10.55
L2 B1 271 1.11 9.89
L2 B2 98 3.06 7.94
L2 B3 119 2.52 8.48
L3 B1 736 0.41 10.59
L3 B2 128 2.34 8.66
L3 B3 276 1.09 9.91

Table S8: Preparation of RNA samples from E. coca for cDNA synthesis via Reverse Transcription using either
LunaScript Supermix Reverse Transcriptase or SuperScript IV Reverse Transcriptase protocols. RNA
concentrations are based on readings from Agilent Bioanalyzer.
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8.1.11 Bioanalyzer Quantification of RNA Samples from Erythroxylum coca

Electrophoresis File Run Summary
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Figure S8: Agilent Bioanalyzer assessment of RNA quality from E. coca leaf tissues. L1 is rolled young leaves,
L2 is unrolled young leaves, and L3 is mature leaves.
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Sample Name Concentration in ng/ul. RIN value \

L1 B1 185 9.70
L1 B2 243 9.0
L1 B3 673 9.0
L2 B1 271 8.80
L2 B2 98 8.40
L2 B3 119 8.40
L3 B1 RA1 736 8.20
L3 B1 RAP 136 8.10
L3 B2 128 7.30
L3 B3 276 8.30

Table S9: Agilent Bioanalyzer assessment of RNA quality from E. coca leaf tissues. L1 is rolled young leaves,
L2 is unrolled young leaves, and L3 is mature leaves.
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8.1.12 gqPCR Primer Table

qPCR Primer Name

EcAOF1 qPCR FWD1
EcAOF1 qPCR REV1
EcAOC1 qPCR FWD1
EcAOC1 qPCR REV1
EcAOC1 qPCR FWD3
EcAOC1 qPCR REV3
EcAOC2 qPCR FWD2
EcAOC2 qPCR REV2
EcAOC2 qPCR FWD3
EcAOC2 qPCR REV3
EcMPOBMT qPCR FWD
EcMPOBMT qPCR REV
EcCYP81AN1S5 qPCR FWD1
EcCYP81AN15 qPCR REV1
EcMecgoR qPCR FWD
EcMecgoR qPCR REV
Ec6409 qPCR FWD

Ec6409 qPCR REV

Ec10131 qPCR FWD
Ec10131 gPCR REV

Primer Sequence in 5’ to 3’ Direction Amplicon Size in bp

TGAGTTCGTTGACCATGGAGAG

CCACTGATGAGAGGAACTGCTT 101 bp
GCTTCAATACCACAACCACCAC
CTCCAATTCTGAACAGCCCTCT 79 bp
AGAGGGCTGTTCAGAATTGGAG
GACTCAACAGGATGGATCAGGG 106 bp
AGTGGAACGCATTGGTTTTACG
TGTCCTTGGTATCCAATTCGCA 101 bp
TGCGTCTGTTTGCATGAAGAAG
AGATCTGCGTACTTCTGCCAAA 84 bp
TTTTCCCTAGCAACAGTCTGCAT
CTCCAGCCCTTCAGGAACCT S0P
AAGACCGGTTAGTGGATGAACC
CATGTGTGGATCAAGAAGGGGA T
CAACTATACCTCCTGCCGTCAATC (Jirschitzka et al.,
GCTCAATCTTTCGCCCGTCTTC 2012)

GAAGAGACAAGTGGTGGGGTGAG
AGAAGAGAGCAAAGAGGAAGAGTGG
TGGAAGGGTAGTGGGGTAACAATG
GAGCGTAGTCGTCAGAGAAGGC

(Docimo et al., 2013)

(Docimo et al., 2013)

Table S10: Primers used to optimize PCR of cDNA targets in E. coca.
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8.1.13 Mass fragment transitions and parameters for compound identification by LC-MS/MS

MRM transition
Compound (m/z [M+H]+) Collision energy
Putrescine 89.1 —» 72.1 12
Spermidine 146.1 — 72.1 15
N-methylspermidine 160 — 72.1 17
N-methylputrescine 103.1 — 72.1 9
Spermine 203.2 — 112.1 17
S-adenosyl-L-methionine 399.1— 250.1 18
S-adenosyl-L-homocysteine 385.1—136.1 20
N-methylpyrrolinium 84 — 57 35
D3 N-methylpyrrolinium 87 — 60 20
Hygrine* 142 — 84 13
MPOB 186 — 84 25
MPMOB 200 — 84 17
Methylecgonone 198 —166 21
Methylecgonine 200 — 182 21

Table S11: Multiple Reaction Monitoring (MRM) transition list for LC-MS/MS detection.*Note that for
experiments where N-methylpyrrolinium was the expected terminal metabolite produced, hygrine was used as a
proxy due to superior MS/MS sensitivity and greater confidence in positive detection. For experiments in which
NMPy was not a key/terminal metabolite, NMPy was analyzed directly.
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