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Abstract

Alkaloids are agroup of nitrogenous specialized metabolites occurring in approximately one fifth
of al plant speciesand which includes over 20 000 individual molecules with diverse structures and
potent biological activities. In particular, plants containing benzylisoquinoline alkaloids (BIAS; eg.
morphine, noscapine, sanguinarine) and phenylakylamine protoalkaloids (PAAS; eg. pseudoephedring)
have been integral elements of human medicinal practice for thousands of years. To produce these
molecules, plants employ a number of enzyme-catalyzed reactions including methylation of the nitrogen
atom which is, by definition, present in all alkaloids.

With respect to BIA biosynthesisin opium poppy (Papaver somniferum) and related species,
three homologous yet functionally distinct subtypes of N-methyltransferase (NMT) enzymes are
implicated (Coclaurine, Tetrahydroprotoberberine, and Pavine NMTSs). This thesis describes the isolation
and functional characterization of Reticuline NMT (RNMT), which definesaBIA NMT subtype
preferentially accepting tertiary 1-BIA and aporphine substrates. Gene silencing reveals that RNMT
catalyzes the ultimate or penultimate step in the biosynthesis of taxonomically widespread akaloid (S)-
magnoflorine. Despite the classification of BIA NMTsinto the aforementioned subtypes, homologs show
substantial functional variation with important physiological and biotechnologica consequences. This
thesis describes seven additional NMTs which contribute to the unique BIA content reported in meadow
rue (Thalictrum flavum) and yellow horned poppy (Glaucium flavum).

In contrast to work on BIAs, PAA biosynthesis has received much | ess attention and no dedicated
enzymes have been reported. Thisthesis describes the identification and functiona characterization of a
novel member of the BIA NMT-like enzyme family (Phenylkalkylamine NMT; PaNMT) which is
implicated in (pseudo)ephedrine biosynthesisin Ephedra sinica. To highlight the biotechnological
potential of PANMT, a heterol ogous pathway yielding (pseudo)ephedrine was reconstituted in E. cali.

To better understand the structural features underlying functional diversity in BIA NMTs,
structure-guided mutagenesis of three representatives was carried out and the resulting insightsinto
catalysis and substrate recognition are reported herein. Notably, structural variants tightly correlated with
either Coclaurine or Reticuline NMT activities were identified, and reciprocal mutagenesis experiments
showed that a single residue is responsible for the functional dichotomy (preference for secondary or

tertiary amine substrates).
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1.1 Plant secondary metabolism

The incredible diversity of plant metabolism has been a topic of fascination for centuries, and yet
our appreciation for its scope continues to grow. Although the ~20 000 metabolites known to be present
in any given plant species are impressive, the true breadth of plant biochemical potentia is only revealed
when considering the entire kingdom, which contains roughly 250 000 to 400 000 species (1, 2). A recent
study examined more than a hundred thousand metabolite-plant species relationships and concluded that

each species contains, on average, 4.7 unique metabolites which sum to an estimate of more than one

million distinct metabolites across the kingdom (3). An earlier analysis of a smaller database calculated
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the existence of only 1.6 unique metabolites per plant species, suggesting that our estimates of the breadth
of plant metabolism will continue to grow as we collect more data (4). These numbersarein line with
previous estimates ranging from 200,000 to 1,000,000 plant metabolitesin total and substantially more
than the number of metabolites thought to exist in the Animal kingdom (<400 000) (5, 6).

The vast majority of unique molecules produced by plants can be classified as specialized or
secondary metabolites, which identifiesthem as s eparate from the primary metabolism strictly
necessary to support life. These fall into three large classes (nitrogen- or sulfur-containing, phenolic, and
terpene-derived) which can be further subdivided based on structure and biogenic origin into at least 18
groups (Fig. 1.1). Historically, it was proposed that specialized metabolites were waste products with
no useful function. However, awealth of evidence has accumulated making it clear that many SM are
vital to plant fitness. Generally speaking, the substantial presence of specialized metabolitesin plantsis
thought to stem from a particular vulnerability to pathogens and herbivores, which arises from their lack
of immune systems and sessile nature (7). Aside from biotic defense functions, specialized metabolites
have also been implicated in inter- and intra-specific competition, various forms of signalling and

protection from abiotic stressors (eg. UV light).
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Figure 1.1 Representative structures of major plant specialized metabolite types. Below each structure, the
classis given in bold, followed by the common name of the molecule and source plant. The classification is adapted
from Wink, 2010. A more detailed view of akaloid diversity isshownin Figure 1.2.
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1.2 Plant alkaloids

Alkaloids, broadly defined as low molecular weight heterocyclic nitrogenous compounds, are
thought to occur in roughly 20% of plant species (8). At least 21,000 unique molecules of this class are
known, which can be classified as either protoalkaloids (e.g. mescaline, ephedrine), where the nitrogen is
not cyclic, pseudoalkaloids (e.g. steroidal and diterpene alkaloids, caffeine), where the primary
biosynthetic origin is not an amino acid, and true akaloids where the heterocyclic nitrogen is deri ved
from amino acid precursor (9, 10). This latter group is most diverse and includes biosynthetic end
products derived from phenylalanine, tyrosine, tryptophan, ornithine, arginine, lysine, hitidine, and
anthranillic acid. To illustrate their diversity, a selection of representative alkaloid molecules are shown in
Fig. 1.2,

Although the tremendous chemical variety and occurrence of plant alkaloidsin diverse contexts
ensures that any generalization about their function must be at least partially inaccurate, it is generally
accepted that their roles primarily liein defence (7, 11 14). Thereis no doubt that most alkaloids h ave
potent biological activities, with modes of action ranging from relatively non-specific (eg. disruption of
biological membranes and cytoskel eton, intercal ation with nucleic acids, covalent modification of protein
residues) to exquisitely precise (eg. agonism of cholinergic receptors by nicotine, adrenergic receptors by
ephedrine, serotonergic receptors by mescaline). Often, these properties co-occur in agiven dkaloid
molecule, alowing the plant to defend against a range of threats (eg. viruses, bacteria, fungi, insects and
animals) without additional metabolic investment. Although such biological activities are readily
demonstrated in vitro or in controlled environments, the ecological implications are more challenging to
validate and have often been simply assumed. One notabl e exception concerns the role of quinolizidine
alkaoidsin lupines (15). When akaloid-free sweet lupines were grown in fields a ongside several
closely related wild species, the quinolizidine-producing plants were eight to ten times less likely to be
consumed by grazing rabbits or the larvae of mining flies. As aresult, alkaloid-free lupines are quickly
outcompeted and do not survive in the wild. Similarly, a strong negative correlation was observed
between the feeding paths of livestock and distribution of akaloid-containing Berberis speciesin
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Southwestern China (16). The feeding deterrent property of alkaloids isthought to result from their
characteritic basic amino groups, which almost universally evoke a bitter and unpleasant taste in animals.
It is worth noting, of course, that animals and plants have along history of co-evolution and it is unclear
whether adkaloid biosynthesis evolved to take advantage of the bitter taste sensation, or whether the bitter
taste sensation evolved as a mechanism to detect and avoid poisonsincluding alkaloids.

Several additional roles are possible for alkal oids beyond defence. Given their nitrogen content, it
islikely they function as storage compounds. Thisis supported by studies which show that alkaloids are
remobilized out of |eaves prior to their senescence in autumn (14). Certain alkaloids, particularly those
with conjugated ring systems, might also function as photoprotectants. For example, when Madagascar
periwinkle (Catharanthus roseus) was exposed to UV-B light, the content of monoterpene indole
alkaloidsinitsleavesrose significantly (17). In apparent contradiction to the defence roles outlined
above, caffeine and related xanthine alkal oids might actually promote visitation of the plant by select
insects. In Coffee and Citrus, caffeine present at low levelsin nectar (below the detection threshold of
bitterness receptors) was shown to enhance the memory of reward in honeybees (18). As aresult, the
honeybees were three times more likely to remember the corresponding floral scent and much more likely
to pollinate the species. Given neuropharmacological similarities between insects and other animals, it is
likely that this sort of mechanismisat play in other ecological interactions. For example, the fruit of
Guarana contains low levels of caffeine which might encourage seed dispersers (19).

The physiological effects of alkaloids have long been taken advantage of by humans. A set of
Assyrian clay tablets, dated to roughly 4000 years ago, describe approximately 250 plant species
including opium poppy (Papaver somniferum; benzylisoquinoline alkaloids), deadly nightshade and
mandrake (Atropa belladonna, Mandragora officinarum; tropane alkaloids) (20). Similarly, Emperor
Shen Nung (circa 2695 BC) described the use of hundreds of medicinal plants which form the basis of
Traditional Chinese Medicine. Although these are the earliest surviving records supporting the use of
alkal oid-bearing plants by humans, evidence strongly suggests that their use may predate the emergence
of Homo sapiens. Many animals, including the great apes, have been observed to self-medicate with
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alkaloid bearing plants (21). Over the millennia of recorded human history, medicinal use of akaloids has
gone from arcane superstition to routine, evidence-backed practice (20). In Ayurveda, the Indian
traditional system of medicine (circa900 BC), the alkaloid remedy soma was only to be collected und er
moonlight and extracted while reciting prayers. Later, Hippocrates (circa 400 BC) rejected the mythical
elements of plant medicine and instead based his recommendations on empirical observation. In De
materia medica, the Greek physician Dioscorides (circa 90 AD) showed that an appreciation for the
importance of dosage had developed. By the end of the Middle Ages, Paracelsus (circa 1400 AD)
recorded the realization that plants contain active ingredients ( Arkanum ) and suggested that these

should beisolated in order to standardize dosage. Today, hundreds of pure alkaloids are in use, either
sourced from plants or inspired by their biochemistry. Notable examples on the World Health
Organization s List of Essential Medicines include lidocaine and bupivacaine (anal ogs of natural indole
alkaloid gramine and tropane alkaloid cocaine; local anaesthetics), ephedrine (naturally occurring
phenylalkylamine alkaloid; hypotensive agent), atropine (naturally occurring tropane alkaloid; heart rate
management), scopolamine (naturally occurring tropane alkal oid; nausea management) and morphine

(naturally occurring benzylisoquinoline alkaloid; analgesic) (22).
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Figure 1.2 Representative structures of major alk aloid types. Below each structure, the class is given in bold

followed by the common name of the molecule and source plant. Labels and color-code is according to the biogenic
classification scheme of Hegnauer (1988) (9) : dark blue, protoakaloids; green, pseudoalkaloids;, dark red;
phenylalanine/tyrosine; purple, tryptophan; orange, ornithing/arginine; light blue, lysine; teal, anthranilate; pink
histidine; red, nicotinate; black, multiple.



1.3 Bengzylisoquinoline alkaloids
1.3.1 Properties and significance

Benzylisoquinolines (BIAS) are alarge and diverse class of at least 2500 al kal oids which by
definition contain isoquinoline and benzyl moieties. In various plants, the basic 1-benzylisoquinoline
skeleton isrearranged by the formation and breakage of carbon-carbon bondsto yield at least 14 distinct
BIA subclasses (Fig. 1.3). These are found predominantly in members of the order Ranunculal es such as
opium poppy (Papaver somniferum), yellow horned poppy (Glaucium flavum), meadow rue (Thalictrum
flavum), goldenseal (Hydrastis canadensis), and Moonseed vine (Chondrodendron tomentosum) (23, 24).
Although much less common, a subset of BIAs are aso reported to occur in the Laurales, Magnoliaes,
Piperaes, Proteales and Sapindales are a so reported (25).

Through the intermediary of plants, BIAs have had an important place in human society for
thousands of years (26). Opium poppy, in particular, has along recorded history dating to at least 3000
BC. Given that they named it plant of joy, itis quitelikely the Sumerians were aware of opium poppy s
narcotic effects. Such auseisfirmly supported by the Ebers papyrus (circa 1500 BC), in which the dried
opium poppy latex isidentified asa remedy to prevent excessive crying in children . As noted by
Dioscorides and Pliny the Elder (circa 90 AD), Greater celandine (Chelidonium majus) was considered an
effective treatment for awide range of maladies including visud impairment (27). In North America,
bloodroot (Sanguinaria canadensis) has been an important component of traditional medicine, used as an
emetic and salve (28). Abuta (Cissampel 0s spp.) is acommon component in Asian, American and African
traditional medicine systems with dozens of recorded uses ranging from cough suppression to treatment
of snake bites (29). Of course, the use of BIA-producing plantsis not restricted to beneficial medicinal
applications. For example, abutais also one of the traditional sources of curare arrow poison used in
warfare.

Many of the effects traditionally ascribed to BIA-producing plants have been validated in
modern-day studies. Such pharmacological properties include analgesia (eg. morphine) cough suppression

(eg. codeine), vasodilation (eg. papaverine) and antimicrobial effects (eg. sanguinarine, berberine,
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magnoflorine) (23). In addition, BIAs such as noscapine have been found to have potent anti-mitotic

activities which might be useful as a cancer treatment (30). Inspired by the wide range of potent

biological activities displayed by BIAs, semi-synthetics have been investigated and are in use (eg.

naltrexone).

Figure 1.3 M ajor
structural  subgroups
derived from a 1-
benzylisoquinaline
intermediate. For each
group, a representative
structure is drawn with
new bonds as dashed
lines. Structureswithin a
solid border are different
representations of the
same molecule. Arrows
represent  biosynthetic
rel ationships.
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1.3.2 Biosynthesis

The occurrence of awide range of BIAsin opium poppy accounts for the longstanding research
focus on this plant as amodel species. Moreover, the establishment of transcriptomic resources (31),
coupled with the devel opment of effective functional genomics methodologies (32), has greatly
facilitated progress in the isolation of BIA biosynthetic genes. Contributions have al so been made by
studies of other plant species, such as Japanese goldthread (Coptis japonica), meadow rue (Thalictrum
flavum), California poppy (Eschscholza californica), and Wilson s barberry (Berberis wilsoniae) (23).

BIA biosynthesis begins with the condensation of two L-tyrosine derivatives, dopamine and 4-
hydroxyphenylacetal dehyde (4HPAA), which furnish the isoquinoline and benzylic units of the 1-
benzylisoquinoline (1-BIA) backbone (33 35). Rearra ngement and decoration of this backbone leadsto a
plethora of downstream metabolites (Fig. 1.4). The chemical reactions € ucidated thus far are catalyzed
by cytochrome P450s (CY Ps), FAD-linked oxidoreductases (FADOXSs), 2-oxoglutarate/ Fe(11)-dependent
dioxygenases (2-ODDs), short-chain dehydrogenase/reductases (SDRs), Aldo-keto reductases (AKRS),
actyltransferases (ATS), carboxylestereases (CXES), pathogenesis-related 10 proteins (PR-10s) and O- or
N-methyltransferases (OMTs, NMTs) (36, 37).

Theinitial condensation event of dopamine and 4HPAA, catalyzed by PR-10 protein
norcocl aurine synthase (NCS), produces (S)-norcoclaurine, the first committed intermediate which is
precursor to all other BIAs (33). Three methyl groups are added by norcoclaurine-6-O-methyltransferase
(60OMT) (38, 39), coclaurine N-methyltransferase (CNMT) (40), and 3 -hydroxy- N-methylcoclaurine 4 -
O-methyltransferase (4 OMT) (38), and a hydroxylation is mediated by (S)-N-methylcoclaurine 3 -
hydroxylase (NMCH; CY P80B3) (41, 42). Although the biosynthetic scheme is drawn with one primary
path for simplicity, the enzymes abilities to accept a number of differentialy substituted intermediates
resultsin a multi-dimensional metabolic grid in which the order of the enzymatic conversions varies. A
structure-function investigation of CNMT from Glaucium flavumis presented in Chapter Six. The
outcome of this central pathway, (S)-reticuline, is akey metabolite which feeds into so-called branch
pathways for arange of end product BIAS.
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In one branch, (S-reticuline is converted to a protoberberine structure, (S)-scoulerine, by the
FADOX known as berberine bridge enzyme (43 46). Sub sequently, methylenedioxy bridge formation by
cheilantifoline synthase (CY P719A25) and stylopine synthase (CY P719A20), and N-methylation by
tetrahydroprotoberberine NMT (TNMT), produces the quaternary (S)-cis-N-methyl stylopine intermediate
(37, 47). A detailed characterization of TNMT from G. flavumis presented in Chapter Four. Via 14-
hydroxylation, N-methylstylopine hydroxylase (CY P82N4) catalyzes aring opening to yield protopine
(48). 6-Hydroxylation by protopine hydroxylase (CY P82N3) produces an unstable intermediate, which
spontaneously tautomerizes to a benzo[ c] phenanthridine skeleton (dihydrosanguinarine) (49). Finally, an
oxidation by FADOX enzyme (9)-tetrahydroprotoberberine oxidase (STOX) or
dihydrobenzophenanthridine oxidase (DBOX) yields the highly toxic end product sanguinarine (50, 51)

Alternatively, (S-scoulerine may be acted upon by scoulerine OMT (SOMT) (52) and canadine
synthase (CYP719A21) (53) to yield canadine. Here, the action of STOX yields end product berberine
(54). Otherwise, canadine may be methylated by TNMT to yield (S)-N-methylcanadine (47). Three
hydroxylations (CY P82Y 1, CYP828X2 and CY P82X 1) and an acetylation lead to an unstable
intermedi ate which rearranges to form a secoberberine skeleton, 4 -O-desmethyl-3-acetyl papaveroxine
(30, 55). Thisintermediate is then O-methylated by a unique heterodimeric OMT enzyme, deacetylated
by a carboxyl esterase and once again undergoes spontaneous rearrangement which yields a
pthalidei soquinoline known as narcotine hemiacetal (30, 56, 57). Finally, dehydrogenation by a short
chain/dehydrogenase reductase produces noscapine (58).

(9-Reticuline a so feeds into a branch pathway which yields morphinan alkaloids. The crucial
and elusive first step, an () to (R) stereochemical inversion, was recently shown to occur viathe
sequential action of two domainsin afusion enzyme known as reticuline epimerase (59 61). The N-
termina CY P, 1,2-dehydroreticuline synthase (DRS), oxidizes the tertiary aminein (S)-reticuline to the
corresponding iminium and the C-terminal AKR, 1,2-dehydroreticuline reductase (DRR), performs an
NADPH-dependent reduction (59). (R)-Reticulineis then converted by salutaridine synthase
(CYP719B1) and sal utaridine reductase to salutaridinol (62). Following an acetylation, and under certain
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conditions, the product can immediately undergo allylic elimination to become thebaine (63 65).
However, under physiological conditionsthis spont aneous step is greatly enhanced by a PR-10 protein
(thebaine synthase) for which the mechanism of action is not yet firmly established (66). From this point,
paralel pathways operate in which two 2-oxoglutarate dependent dioxygenases (codeine O-demethylase,
CODM; thebaine 6-O-demethylase, TGODM) and an AKR (codeinone reductase, COR) ultimately
produce morphine (67 69). Another PR-10 protein (ne opine isomerase) makes a dramatic contributionin
shifting pathway flux toward morphine by favoring isomerisation of the intermediate neopine to
codeinone (70).

Several less-well studied pathways also diverge from (S)-reticuline, yieldinig aporphine, pavinan
and isopavinan alkaloids. For the former, a C-C phenol coupling reaction effected by CY P80G2 |leads to
corytuberine (71). Additional O- and N-methylations, hydroxylations and methylenedioxy bridge
formations occur but most of the underlying enzymes have not been identified. The discovery and
characterization of one exception, reticuline N-methyltransferase (RNMT), is discussed in Chapter
Three. Thefirst pavinan intermediate is likely to be bisnorargemonine, formed directly from (S)-
reticuline by the C-C phenol coupling activity of an unknown enzyme (72). A unique N-methyltransferase
which accepts pavinan-type substrates was previously reported (pavine NMT; PayNMT) and is
characterized in detail in Chapter Four (73). For isopavinans, the most convincing biosynthetic scheme
involves 4-hydroxylation followed by displacement of the hydroxyl group by the benzyl moiety to yield
thalidine. However, no enzyme have yet been implicated in the pathway (72).

One branch pathway is unusual in not diverging from the typical central intermediate (9)-
reticuline. Instead, the branch begins from (S)-coclaurine and employs an unknown 3 hydroxylase and 3
O-methyltransferase, as well as norreticline-7-O-methyltransferase (N7OMT), 4 OMT and DBOX to
yield papaverine (74, 75). Although not a pathway per se, biosynthesis of benzylisoquinline dimers
(bisbenzylisoquinolines) also often employs 1-BIA molecul es upstream of (S)-reticuline. Hundreds of
different bis-BIAs are known, the sole enzyme implicated to date (CY P80A 1) couples the benzyl moieties
in two (S)-N-methyl coclaurine molecules by ether linkage to produce berbamunine (76 78).
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Figure 1.4 BIA biosynthetic pathways for (S)-reti culine (light pink), papaverine (yellow), morphine (green),
sanguinarine (orange), berberine (blue), noscapine (purple), berbamunine (olive), and corytuberine (dark
pink). Red within each alkaloid highlights enzyme catalyzed. Structural changes in each compound are indicated in
red. Cognate genes have been isolated for enzymes abbreviated in blue. Abbreviations: 30-OHase,30-hydroxylase;
300MT,30-O-methyl- transferase; 30OHase,3-hydroxylase; 4HPPDC, 4-hydroxyphenylpyruvate decarboxylase;
400MT,30-hydroxy-N-methylcoclaurine  40-O-methyltransferase; 60MT,norcoclaurine  6-O-methyltransferase;
AT1, 1,13-dihydroxy-N-methylcanadine 13-O-acetyltransferase; BBE, berberine bridge enzyme; BS, berbamunine
synthase; CAS, canadine synthase; CFS, cheilanthifoline synthase; CNMT, coclaurine N-methyltransferase;
CODM,codeine O-demethylase; CoOMT, columbamine O-methyltransferase; COR,codei- none reductase; CTS,
corytuberine synthase; CY P82X 1, 1-hydroxy-13-O-acetyl-N-met- hylcanadine 8-hydroxylase; CY P82X 2,1-hydroxy-
N-methyl canadine 13-hydroxylase; CYP82Y1, N-methyl canadine 1-hydroxylase; CDBOX,
dihydrobenzophenanthridine oxidase; CXEL,3-O-acetylpapaveroxine carboxylesterase; MSH, N-methylstylopine
hydroxylase; N7OMT, norreticuline 7-O-methyltransferase; NCS, norcoclaurine synthase; NMCanH, N-met-
hylcanadine 1-hydroxylase; NMCH, N-methylcoclaurine 30-hydroxylase; NOS,noscapine synthase; P6H, protopine
6-hydroxylase; REPI, reticuline epimerase; SalAT, salutaridinol 7-O-acetyltransferase; SalR, sal utaridine reductase;
SalSyn, salutaridine synthase; SanR,san- guinarine reductase; SOMT, scoulerine 9-O-methyltransferase; SPS,
stylopine synthase; STOX,(S)-tetrahydroprotoberberine oxidase; T60ODM, thebaine 6-O-demethylase; TNMT,
tetrahydroprotoberberine N-methyltransferase; TYDC,tyrosine decarboxylase; TyrAT, tyrosine aminotransferase.
Reused with permission (Appendix X; DOI: 10.1016/bs.mie.2016.03.023).

1.3.3 Spatiotemporal variation

The biosynthesis and accumulation of BIAsis highly regulated and varies both spatially and
temporally. In most plant species examined, BIA profile shows the most striking contrasts when above
ground and below ground organs are compared. In opium poppy, for example, the agrial portions of the
plant primarily contain morphinans (eg. thebaine) or pthalidei soquinolines (eg. narcotolineg) whereas the
roots contain protoberberines (eg. sanguinarine) (79). Similarly, in G. flavumthe aerial portions
accumulates an impressive quantity of aporphine akaloids (eg. glaucine) while the roots have a broader
profile which includes lower levels of severa protoberberines and protopines (80). In contrast,
comparison of different aerial organs (eg. leaf, stem, capsule) reveals little variation both in terms of
detected akaloids and total content. At this macro scale, BIA biosynthetic genes typically have
expression profiles that correlate with alkaloid accumulation (47, 55, 81 83).

Tempord variation is evident over developmental time scales and shorter (eg. intra-day) periods.

In Persian poppy (P. bracteatum), thebaine content is only trace in the seed but quickly accumulates from
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day 3 post-germination onward (84). Comparison of BIA content at later developmental stages ranging
from rosette to sensecence shows multiple organ-specific changes in both Persian and opium poppy (85,
86). In the capsule, some alkaloids (eg. noscapine, papaverine) are at significantly higher concentrations
shortly before flowering while others (eg. thebaine, morphine) continue to accumulate after flowering is
complete. In other organs (eg. stem, leaf) alkaloid content is relatively steady. Within a 24 hour period,
thebai ne and noscapine concentrations in opium poppy fluctuate approximately 25% (87). Thiswas
initially proposed to result from rapid metabolism and catabolism but subsequent studies ascribe this
primarily to diurnal changes in water content.

Upon closer examination, it is evident that developmental changesin BIA profile depend largely
on the formation and maturation of specific tissues and cell types. In Podophyllum, magnoflorine was
shown to accumulate primarily in newly emerging roots as well as the pith and epidermis of mature roots
and rhizome (88). In opium poppy, BIAs primarily accumulate in the internal secretory system formed by
interconnected laticifer cells. The development of this system coincides almost perfectly with
accumulation of thebaine described above (ie. 3-4 days post germination) (84). Notably, suspension cell
cultures established from BIA-producing species are unable to biosynthesize the majority of alkaloids
present in intact plants, and do not contain mature laticifers (23).

The mechanisms of differential regulation have been studied in arange of BIA-producing
systems. In Eschscholzia californica cell cultures, biosynthesis is upregulated in response to elicitor
treatment via a jasmonate-dependent pathway, and also via a jasmonate-independent pathway mediated
by atransient proton efflux from the vacuole (8). At the molecular level, aWRKY transcription factor
specific to BIA biosynthesis was identified in goldthread (Coptis japonica) (89) and five potential
transcriptional regulators belonging to the MY B, ERF and bHLH classes were identified in lotus
(Nelumbo nucifera) (90). Post-transcriptional regulation is also likely to occur, as suggested by the
presence of micro RNAsin opium poppy which target BIA biosynthetic genes (91). Although a
mechanism was not established, opium poppy endophytes present on the seed capsule were shown to
increase BIA yield when inoculated onto endophyte-free plants (92).
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The cedll biology of BIA hiosynthesis has received particular attention in opium poppy. At the
intercellular level, nucleic acid hybridization, immunolocalization and differential proteomics
experiments culminated in amodel of morphinan biosynthesis involving three vascul ature-associated cell
types(93, 94). Expression of genesimplicated in the central BIA pathway (ie. NCS, 60MT, CNMT,
NMCH, 4 OMT) and initial morphinan steps (SalSyn, SalR, SalAT) occurs in companion cells, whereas
the protein products themselves are found in the adjoining sieve elements. Notably, these enzymes are
detected only at the periphery of the cytoplasm, suggesting that they may be anchored to the
endomembrane system. In contrast to the early biosynthetic steps, genes encoding the terminal stages of
morphinan biosynthesis (ie. T6ODM, CODM, COR) are expressed in laticifer cells and the corresponding
enzyme activities are also detected. This discovery was particularly surprising as laticifers were not
thought to support complex metabolism and had been proposed to function strictly in storage.
Nevertheless, evidence strongly supports a model in which BIA biosynthesis begins in sieve elements and
isterminated within laticifer cells, thusimplying the occurrence of aBIA trafficking mechanism. At the
subcedllular level, localization of biosynthetic capacity iswell understood for sanguinarine. Transient
expression of fluorescently tagged proteins in opium poppy suspension cultured cellsrevealed that BIA
biosynthetic enzymes are present on the endoplasmic reticulum (ER) membrane, as well as within the ER
lumen and free-floating in the cytoplasm (95). Given the order of enzymatic conversion established
previoudly, these enzyme localizations imply multiple membrane trans ocations for pathway
intermediates. To date, no specific mechanisms for cross-membrane transport of BIAs have been
identified in opium poppy. Neverthe ess, the possihility of such a process occurring is uncontroversial
given examples of dkaloid transport in other plant systems (eg. berberine ABC transporter in C. japonica,
catharanthine ABC transported in Catharanthus roseus, Nicotine MATE and PUP transportersin

tobacco) (96).
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1.3.4 Evolutionary origins

In general, the evolution of specialized metabolism is a puzzle which has yet to be fully resolved
(97). BIAs are thought to have defensive properties. However, relevant and potent activities are
demonstrated for a select number of molecules only (23). In opium poppy, the occurrence of morphine
and codeine may have resulted at least in part from artificial selection. Given the limited evidence
available at present, adaptive explanations for the thousands of BIAs produced in plants are insufficient
(98 101). A number of dternative explanations have been proposed, including those based on substantial
genetic drift or long-term advantages of metabolic plasticity (102). Whereas the former essentially
suggests that BIA chemical diversity isafunctionless accident, the latter proposes that maintaining a
dynamic pool of potential defense molecules accel erates adaptation to novel challenges. BIA metabolic
plasticity across individuals has been compared to the diversified bet hedging strategy typically st udied
in the context of seed germination timing (103). This concept is treated in more detail in Section 7.6.

Studies have suggested that BIA biosynthesis evolved from a monophyletic origin at least as
ancient as the eudicots. However, given that BIAs are produced in select gymnosperms (eg. Gnetum spp)
it is possible that acommon origin is even more ancient (25, 104 106). In these models, the sporadic
distribution of BIA biosynthesisis thought to have resulted from aloss of thetrait in many intervening
lineages. An alternative hypothesisisthat BIA pathways in different lineages arose independently via a
process of convergent evolution similar to that which occurred for xanthine (caffeine) and tropane
alkaloids (107 110). Although it might seem unlikel y that a pathway as complex as that of BIA
biosynthesis would develop again and again, the occurrence of an endogenous morphine biosynthetic
pathway in humans and other animals - which employs adivergent set of enzymes - is strong evidence
that such repeated evolution is possible (111). In truth, the evolutionary history of BIA biosynthesisin
plants likely involves a combination of both theories with portions of pathways in certain lineages

sharing common origins, and other portions having arisen separately.
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1.4 Phenylalkylamine protoalkaloids

1.4.1 Properties and significance

Phenylal kylamines (sometimes shortened to phenalklyamines;, PAAS) are alarge class of
mol ecul es defined by the presence of a phenyl ring linked to an amino group by an alkyl chain of variable
length. Substitutions at various positions around this core skeleton result in a diverse array of biologically
active molecules (Fig. 1.5). In animals including humans, endogenous molecules of this class such as
tyrosine, 3,4-dihydroxyphenylalanine (DOPA) and norepinephrine play important roles in normal
physiology . PAAs are also quite common in plants, with some species producing moleculesidentical to
those at play in animal physiology (norepinephrine, Portulaca oleracea) and others producing ana ogs of
neurotransmitters which have striking effectsincluding stimulation (eg. ephedrine) and hallucination (eg.
3,4,5-trimethoxyphenethylamine; mescaline) when consumed (51, 112).

Asaresult of their properties, plants which biosynthesize PAA protoalkaloids have a had a place
in human society for thousands of years (113, 114). One group of PAAS, more precisdly termed
substituted al pha-methyl phenethylamines or substituted amphetamines, are notably produced in plants of
the genus Ephedra. Medicinal use of these plantsis documented in traditional Chinese medicine, but it
was not until the late 1800s that the principa active ingredients, (1S,2S)-ephedrine and (1R,2S)-
pseudoephedrine, were isolated from the plant material (115, 116). In contemporary Western practice,
each diastereomer is used to treat distinct conditions: the former islisted asan essential medicine by the
World Health Organization for usein the prevention of low blood pressure induced by spind anaesthesia
(22) whereas the latter is an effective decongestant often available off the shelf or over the counter (eg.
Sudafed, Aerius, Claritin). Due to the potential for abuse of their stimulant properties, as well asthe
possibility of diversion towards the manufacture of illegal drugs, distribution of these medicinesis

carefully controlled (117).
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Figure 1.5 Structures of select phenylalkylamines. Biologically active PAAs from plant, animal or synthetic
sources are shown with their common names and source.

1.4.2 Biosynthesis

Biosynthesis of the alkaloids in Ephedra (see Chapter Five, Fig. 5.1) begins with the conversion
of L-phenylalanine to trans-cinnamic acid by phenylalanine ammonialyase (PAL), which isthe sole
enzyme in the proposed pathway to have been cloned and characterized at the molecular level (118, 119).

On the basis of radiolabelled tracer studies, trans-cinnamic acid is believed to undergo side chain
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shortening (CoA-dependent  oxidative, CoA-independent non- oxidative, or CoA-dependent -
oxidative reviewed in (51)) to produce amolecule containing a C6-C1 carbon scaffold (120, 121). The
identity of the molecule containing the C6-C1 fragment has been controversial but is likely to be either
benzoic acid, benzoyl-coA or benzaldehyde (122, 123). In any case, it is well established that the C6-C1
mol ecul e undergoes condensation with a C2 fragment derived from pyruvate to eventually become 1-
phenylpropane-1,2-dione, although the immediate product of the condensation reaction is unclear (122,
123). Starting from benzaldehyde, (R,S)-phenylacetyl carbinol or (R,S)-2-hydroxypropiophenone were
proposed to result from a benzaldehyde-specific carboxyligase (BCL) activity present in Ephedra protein
extracts (124). Although there is no empirical support for the occurrence of these proposed intermediates
in the plant, the oxidized derivative (1-phenylpropane-1,2-dione) is known to occur in the plant and was
shown to be incorporated into the end product alkaloids by tracer studies (123, 125). Alternatively, 1-
phenylpropane-1,2-dione could be produced directly if the starting material is benzoic acid or benzoyl-
coA. From 1-phenylpropane-1,2-dione, tracer experimentsindicate that the next biosynthetic step is likely
to be a transamination reaction producing (S)-2-amino-1-phenyl-1-propanone, commonly referred to as
(9)-cathinone (123). Stereosel ective reduction, as catalyzed by an NADH-dependent reductase activity
observed in plant extracts (125), would then yield either (1R, 29)-norephedrine or (1S29)-
norpseudoephedrine. Finally, an S-adenosylmethi onine-dependent N-methyltransferase activity was
extracted and shown to produce (1R,2S)-ephedrine (125). The presence of (1S,29)-pseudoephedring,
(1R,295)-N-methylephedrine and (1S,29)-N-methyl pseudoephedrine implies the occurrence of additional
N-methylation reactions but corresponding activities have never been specifically demonstrated. The

discovery and characterization of an NMT implicated in PAA biosynthesisis described in Chapter Five.

1.4.3 Spatiotemporal variation

The localization of (pseudo)ephedrine biosynthesisis relatively understudied. However, awide
range of natural Ephedra accessions have been described primarily with the aim of establishing a
taxonomy. Although these reports provide a rudimentary view of PAA content variation, it must be

appreciated that the bulk of the datais derived from histochemical and TLC methods now recognized to
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be inadequate in separating the (pseudo)ephedrine stereoi somers from each other and from similar
compounds in the plant. Accordingly, much of the information presented below still requires validation
with modern methodol ogies.

It is evident that content of ephedrine, pseudoephedrine and related intermediates varies
significantly from one speciesto the next, and from one individual to the next (126, 127). In Ephedra
sinica, which isthe principal species on which recent PAA biosynthetic studies are centered, total
alkaloid content varied more than 10-fold across accessions (125). In most cases, ephedrineisthe
predominant alkaloid but select accessions contain mostly the stereoi somer pseudoephedrine.

Although tissue-specific accumulation has not been described, (pseudo)ephedrine is known to
accumulate primarily in the aerial and photosynthetic portions of the plant (128). Specifically, the
alkaloids are primarily contained in the young stem and conspi cuously absent from mature, woody stem.
Further, it appears that akal oid concentration is lowest in nodes and highest in internodes, athough the
variation is not great (—40%). In E. minima, (pseudo)ephedrine was reportedly absent from the youngest
internodes, present in those of intermediate age and absent from the oldest sasmples. Content also varies
substantially across the growing season, showing a marked accumulation at the approach of winter (129).
Several transcriptomic studies have identified genes differentially expressed in stems versus roots.
However, it was not possible to determine which areinvolved in PAA biosynthesis (130, 131). Although
cellular localization is unknown, radio-labelled tracer studies showing that (pseudo)ephedrine can be
transported long distances in the plant make it likely that transport proteins will eventually be implicated

(132).

1.5 N-methylation in plant alkaloid biosynthesis

1.5.1 Biochemical significance
Plant alkaloid chemical diversity is founded upon the myriad possible combinations and

rearrangements of amino acid building blocks, after which the basic carbon skeletons produced in this
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manner can give rise to an exponentially larger number of decorated variants which incorporate aran ge
of functional group substitutions. One particularly common modification is the linking of a methyl group
to the nitrogen atom which is, by definition, present in al akaloids. For example, differential N-
methylation of xanthine/xanthosine during biosynthesis of caffeine allows for the production of at least
seven unique molecules with distinct properties (107, 133).

Despite being relatively inert on its own, the addition of a methyl group to the alkaloid s amino
moiety has important consequences regarding its chemical properties (134, 135). Most simply, N-
methylation adds steric bulk to the molecule, and this can favor or preclude certain conformations or
subsequent chemica conversions. Methylation can invert polarity or shift the amine s stereoelectronic
profile and thus increase hydrophobicity/lipophilicity. In the extreme case, methylation of atertiary amine
resultsin a quaternary ammonium cation which is substantially more hydrophilic and lipophobic.
Naturally, these chemical propertiesimpact the alkaloid sinteraction with the components of biological
systems, such as receptors, enzymes and membranes. Caffeine, which is the biosynthetic end product N-
methylated at three positions, is highly lipophilic, an effective stimulant and only moderately diuretic.
Conversely, the pathway intermedi ates theobromine and theophylline (N-methylated at two positions
only) are substantially less lipophilic, much less stimulatory and have pronounced effects on diuresis
(136 138). These differences in pharmacology are th ought to arise from differential distribution
throughout the body (due to variable lipophilicity), and differential interaction with phosphodiesterase

and adenosine receptor isoforms (due to geometry and stereoel ectronic profile) (139, 140).

1.5.2 General features of plant alkaloid N-methyl transferase enzymes

All plant alkaloid NMTs reported to date belong to methyltransferase Class |, which is unified by
the presence of a Rossmann fold domain which binds the co-substrate S-adenosyl-L-methionine (SAM;
AdoMet) (141, 142). This high energy molecule is synthesized from methionine and adenosine
triphosphate, resulting in a positively charged sulfonium ion which activates the linked methyl carbon

toward nucleophilic attack (143, 144). When SAM is brought into close proximity with a suitable
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nucleophile (eg. deprotonated akaloid substrate in the NMT active site), a bimolecular nucleophilic
substitution (Sn2) reaction takes place in which the labile methyl group istransferred (Fig. 1.6). In
addition to the N-methylated alkal oid, S-adenosyl-L-homocysteine (SAH) is produced in the reaction.
This co-product, which is highly inhibitory to SAM-dependent NMTs, is quickly hydrolyzed and

recycled in living organisms (145).
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Figure 1.6 Chemical reaction mechanism for methyl transfer from SAM to amine substrate. The reaction
proceeds as a bimolecular nucleophilic substitution (Sy2) with inversion of stereochemistry at the methyl carbon.

Whereas binding of the co-substrate SAM is highly conserved across plant alkaloid NMTS, there
is substantial variation with respect to binding of the alkaloid methyl acceptor (146). Several distinct
lineages of plant alkaloid NMTs exist which show major differencesin primary sequence and structure.
Theseinclude (i) SABATH (Salicylic Acid, Benzoic Acid, Theobromine) NMTsimplicated in the
biosynthesis of caffeine and trigonellineg, (ii) benzylisoquinoline alkaloid NMTs, (iii) tocopherol C-
methyltransferase-like NMTsimplicated in the biosynthesis of monoterepene indole akaloids, (iv)
catechol O-methyltransferase-like NMTsimplicated in the biosynthesis of gramine and acridone
akaloids, and (v) spermidine synthase-like putrescine NMTs. To illustrate the structural differences

between these lineages, crystd structures or homology models are presented below (Fig. 1.7).
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Figure 1.7 Representative structures of plant alk aloid NM Ts. A monomer is shown for each class, with the N-
terminus in blue and C-terminusin red. The fold at the center of the conserved Rossmann domain is shown in
magenta and extracted (right) for comparison. The SAH or analog molecule is shown in black. SABATH NMTs are
represented by the xanthosine NMT crystal structure (PDB 2EG5) ; BIA NMTs are represented by the coclaurine
NMT crystal structure (PDB 6GKV); Catechol O-methyltransferase-like NMTs are represented by a homol ogy model
of anthranilate NMT (DQ884932 based on PDB 6IWT); Spermidine synthase-like NMTs are represented by a
putrescine NMT homology model (BAA82264 based on PDB 2006). Tocopherol C-methyltransferase-like NMTsare
not shown as no appropriate structura templates (>20% identity) are available.

BIA
Coclaurine NMT

Of these, the SABATH NMTs are the best studied in terms of structure and function (147, 148).
Binding of the cosubstrate (SAM) is mediated by at |east eight hydrogen bonds, as well as several
hydrophobic and aromatic interactions (Fig. 1.8A) The residues forming these interactions are part of
several highly conserved motifs primarily located in loop secondary structural elements of the fold
(Fig. 1.7). Alkaloid substrate binding is also mediated by loop residues, and athough the types of
interactions are similar they are much fewer in number (Fig. 1.8B). Substrate specificity appears to be
conferred by key hydrogen bond-forming residues, as well as overal pocket shape. In contrast to many
plant MTs, the SABATH NMT active site does not contain aresidue likely to function in general
acid/base catalysis (149 151) . However, several we Il conserved residues are proposed to assist in methyl
transfer via el ectrostatic interactions with the substrate or co-substrate. More generally, catalysisin

SABATH MTsisthought to depend in part on proximity and desolvation effects (152).
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Figure 1.8 Adctive site interactions in a SABATH NMT. (A) Interactions with co-product S-adenosyl-L-
homocysteine. (B) Interactions with substrate 3,7-dimethylxanthine. Black dashed lines indicate hydrogen bonds,
green wavy lines indicate hydrophobic interactions and green dashed lines indicate aromatic interactions. Diagrams
were automatically generated from the 1,7 dimethylxanthine NMT crystal structure (PDB 2EFJ) using PoseView
(153).

1.5.3 Functional diversity among plant alkaloid N -methyltransferase enzymes

Underlying the great number of differentially N-methylated plant dkaloidsis alarge and
heterogeneous group of NMT enzymes thought to be specialized for biosynthesis of various products
(Fig. 1.10). Particularly well studied are SABATH NMTs which catalyze the terminal biosynthetic steps
producing xanthine alkaloids (e.g. caffeine) in various plants. Cloned representatives include caffeine
synthase, theobromine synthase and 7-methylxanthosine synthase from Coffea arabica (154, 155) as well
as homologs in Camellia, Theobroma, Paullinia and Citrus (107, 154, 156, 157). Many related NMTs
participating in BIA biosynthesis have been characterized at the molecular level, and these will be
discussed in section 1.5.3 (below) as well as various chapters of this thesis. Cloned NMTs contributing to
the biosynthesis of monoterpene indole alkal oids are tocopherol C-methyltransferase-like enzymes and
include one from C. roseus leading to the production of vindoline (158) two related picrinine NMTs from
Apocynaceae species (159). NMTs from less intensively studied pseudoalkal oid pathways have al so been

cloned, such as a flavonoid O-methyltransferase-like enzyme implicated in biosynthesis of graminein
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Hordeum vulgare (160) and a benzylisoquinoline alkaloid NMT-like enzyme synthesizing ephedrinein
Ephedra sinica, (161). In Coffea arabica, two SABATH NMTs were cloned and shown to functionin
trigonelline biosynthesis, whereas the equivalent N-methylation in Arabidopsisis apparently catalyzed by
a caffeic acid O-methyltransferase-like enzyme (162, 163).

Although most known alkaloid NMTs contribute to the intermediate or final stages of
biosynthesis, thisis not afirm rule. Putrescine NMT (PMT), which synthesi zes N-methylputrescine,
catalyzesthe first step in pathways leading to severa akaloid classes including the pyridines (eg.
nicotine) and pyrrolidines (eg. scopolamine, calystegines) in various plant species (164). A larger number
of PMTs have been cloned, including those from Nicotiana tabacum, Solanum tuberosum and various
other Solanaceae and Convolvulaceae (165 168). Simi larly, an catechol OMT-like anthranilate NMT
diverts metabolic flux away from tryptophan biosynthesis into the acridone alkaloid biosynthetic pathway
and has been cloned from Ruta graveolens (169).

Despite the ever-growing list of characterized and cloned NMTs, there remain many alkaloid
biosynthetic pathways to explore. For example, N-methylation of phenylalklylamines in many lineages
including the Cactaceae (eg. mescaline), tryptamine alkaloids in Acacia, Citrus, Phalaris and others (e.g.
N,N-dimethyltryptamine), quinolizidine alkaloids in Fabaceae (e.g. N-methylcytisine) and the diverse

Amaryllidaceae alkaloids remains understudied (112, 170 172).
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Figure 1.10 A sedlection of plant alkaloids biosyn thesized by N-methyltransferase enzymes which have been
cloned and functionally characterized in vitro. Methyl groups reportedly installed by the enzymes are circled in
green.

1.5.4 N-methyltransferase enzymesin BIA biosynth esis

The involvement of NMT enzymes in BIA biosynthesis has been studied in various ways for
many decades. Initially, radio-labelled tracer studies established a general biosynthetic sequence for
morphinan and protoberberine alkaloids in which methyl transfer reactions were likely to occur (reviewed

in (23)). Notably, the incorporation of compounds with N-methyl groups was substantially better than
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those without, providing evidence that methylation of the nitrogen atom is an important step in
biosynthesis (173). With thisinformation in hand, workers began to search specifically for NMT activities
in BIA producing species.

When opium poppy (P. somniferum) latex was incubated with radiolabelled SAM, radioactivity
detected in central pathway intermediates (eg. reticuling), indicating that an NMT step must occur early in
BIA biosynthesis (174). Furthermore, examination of the patterns of radiolabel incorporationin BIA
intermediates established that (S)-coclaurine was the likely NMT substrate (175). Aided by the
availability of suspension cell cultures from BIA biosynthesising plants, traditiona biochemical
purification strategies (eg. activity guided fractionation) were allowed workers to isolate the proteins
underlying NMT activities (Table 1.1). An enzyme showing marked affinity for 1-benzylisoquinolines
was purified from Berberis suspension cultured cells and named Norreticuline N-Methyltransferase (176).
Several years later, three NMT isoforms were purified from another Berberis cell culture (177). Based on
their broad substrate ranges, these were named Tetrahydrobenzyli soquinoline N-methyltransferases.
However, in the light of experimental work conducted since theniit is evident that these correspond to
what are presently known as Coclaurine NMTs (CNMTSs). Functionally similar enzymes were also
purified from Tinospora cordifolia and Coptis japonica (178, 179).

In parallel with discovery of CNMT enzymes, workers examined the possibility of additional N-
methylation steps. An experiment conducted with crude enzyme extracts of Berberis aggregate produced
radioactive protoberberines and thus reveal ed the occurrence of a second NMT step in adownstream
branch pathway (180). Evidence from pre-existing radiolabelled tracer studies indicated that the likely
NMT substrates were canadine and stylopine (181), and on this basis workers identified corresponding
activitiesin suspension cultured cells from a number of Ranunculd es species (182). Eventually, the
enzymes underlying this activity in E. californica and Corydalis vaginans were purified and on the basis
of their substrate prferences were names (S)- T etrahydroprotoberberine-cis-N-methyltransferases (TNMT)

(183). An equivalent enzyme was al so purified from Sanguinara canadensis (184).
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Shortly thereafter, new methods such as molecular cloning became routine and were quickly
applied to the study of BIA biosynthesis (23, 185). Using the deduced nucleotide sequence obtained from
Edman degradation of CNMT isolated from C. japonica plant material, workers successfully amplified a
corresponding cDNA (186). Heterol ogous expression of the encoded protein in E. coli and in vitro
enzyme assays confirmed that aBIA NMT had been cloned for the first time. Using this nucleic acid asa
heterologous probe, CNMT from Thalictrum flavum was isolated but no functional characterization was
attempted (83). With severa BIA NMT nucleotide sequences now publicly available, workers were able
to carry out an in silico screen of an opium poppy cDNA library which resulted in the cloning and
functional characterization of P. somniferum TNMT (47). In a demonstration of the power of newly
emerging omics technologies, the same workers rapi dly identified and cloned four BIA NMTs from three
different species (73). Whereas three of these (E. californica TNMT, P. bracteatum TNMT, T. flavum
CNMT) were functionally analogous to known BIA NMTs, afourth was unique in accepting pavinan

substrates (T. flavum PavNMT).
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Table 1.1 - Properties of BIA N-methyltransferases isolated from plant material.

Plant species Given name Primary Substrate pH opt. BIAK,, ( M) SAMK,, ( M) Other Purification Reference
Berberis Multi-step affinity inc]
vulgaris (cell  Tetrahydrobenzylisoquinoline NMT  (R)-Tetrahydropapaverine 7.6 200 40 68 kDA P ty incl. Wat et al., 1986
THP-sepharose
culture)
Berberis koetina (R,S)-Tetrahydrobenzylisoquinoline . ) -
(cell cuture) NMT | (R)-Tetrahydropapaverine 7.4 5t0 18 nd nd Multi-step affinity Frenzel & Zenk, 1990
Berberis koeti - i inoli
erberis koetina - (R,S)-Tetrahydrobenzylisoguinoline (R)-Coclaurine 7.4 3to 15 nd nd Multi-step affinity Frenzel & Zenk, 1990
(cell culture) NMT Il
Berberis koeti - i inoli
erberis koetina (R, S)-Tetrahydrobenzylisoguinoline (R)-Coclaurine 6.8 15t050 nd nd Multi-step affinity Frenzel & Zenk, 1990
(cell culture) NMT I
Tinospora Multi-step affinity incl
cordifolia (S)-Coclaurine NMT (S)-Coclaurine 8.6 36 44 Mr: 85 000 ep ty incl Loeffler et al., 1995
Coclaurine-sepharose
(cell culture)
Mr: 160 000
Coptis japonica . ' (tetramer), . - .
(cell cuture) Coclaurine NMT (R)-Coclaurine 7.0 380 650 45 KDA Multi-step affinity Choi et al., 2001
(monomer)
Eschscholtzia . . ) N
californica ()" Tetranydroprotoberberine-cis (S)-Stylopine 8.0 31106.4 12 Mr:7go00  Mulstepaffinityincl. o oo et al, 1090
NMT SAH-sepharose
(cell culture)
Corydalis (S)-Tetrahydroprotoberberine-cis Multi-step affinity incl Rueffer et al., 1990;
vaginans NMT (S)-Stylopine 8.0 40t07.0 17 Mr: 72000 SAH-sepharose Rueffer & Zenk, 1986
(cell culture)
Sanguinaria M{éii?e(l?)oo O'Keefe & Beecher
canadensis Tetrahydroberberine-cis NMT Tetrahydroberberine 7.0 21 1.2 39 kDA’ Multi-step affinity 1094 ’

(cell culture)

(monomer)
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Aside fromin vitro functional characterization of the enzymes, arelatively modest quantity of
evidence directly supporting the physiological relevance of the cloned NMTsto BIA biosynthesisis
available. In T. flavum, the CNMT transcript is expressed in a cell-type specific pattern (ie. immature
endodermis and pericycle of roots) which is consistent with arole in the accumulation of alkaloidsin
adjacent cells (83). Expression of PSTNMT, PbTNMT and ECTNMT isinduced in suspension cultured
cells following treatment with afungal elicitor molecule (47, 73). Furthermore, in intact opium poppy
plants PsSTNMT is co-localized with protoberberine accumulation. The most convincing evidence was
obtained by experimental perturbation of PSCNMT gene expression level (34). Following gene silencing
in opium poppy, a striking and highly significant decrease in N-methylated BIA content was observed. In
contrast, BIAs lacking an N-methyl group were made much more abundant.

To summarize, at the outset of my thesis work three types of BIA NMTs were known (Fig. 1.11).
Coclaurine NMTs are rather specific for 1-benzylisoquinoline alkal oids found in the central pathway and
guite conclusive evidence supports their involvement in furnishing the core intermediate (S)-reticuline.
Tetrahydroprotoberberine NMTs act on protoberberine substrates found in downstream branch pathways,
and mostly circumstantial evidence supportstheir rolein biosynthesis of protopines,
benzo[ c] phenanthridines and pthalideisoquinolines. Although Pavine NMT from T. flavum shows a dight
functional overlap with TNMTSs, the striking coincidence between its substrate preference and the
unusual alkaloid content of the plant species makes it reasonable to conclude the enzyme functionsin
pavinan biosynthesisin planta.

Although the extent of knowledge surrounding NMT participation in BIA biosynthesisis
substantial, a brief examination of the literature reveals that reported enzymes do not fully explain the
occurrence of several N-methylated BIAs (24). Notably, the biosynthesis of many non-protoberberine
guaternary BIAs (eg. magnoflorine) is unexplained. While known BIA NMTs might be competent to
catalyze the missing reactions if examined in a proper context, it is equally plausible that presently
unidentified enzymes specialized for those roles exist (see Chapter Three). Similarly, the enzymes
responsible for the N-methyl groups in aporphine, cularine, quettamine, isopavinan and bis-
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benzylisoquinoline akaloids have not been formally assigned. Whileit is probable that most of these
methylations occur early in biosynthesis (eg. via CNMT) and are simply carried forward, the alternative is

worth considering.

Figure 1.11 Enzymatic reactions
catalyzed by known N-methyltransferasein
BI A biosynthesis. Newly discovered enzymes
and expanded functiona ranges for BIA
NMTs are described in Chapter Three,
Chapter Four and an up-to-date synthesis of
the BIA NMT literature is presented in

Chapter Seven.
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155 N-methyltransferase enzymesin PAA biosynth esis

At the outset of my thesiswork, very little was known concerning N-methylation occurring in the
biosynthesis of (pseudo)ephedrine and other PAAs. When radiol abelled methionine was exogenously
supplied to Ephedra plants, the label was specifically incorporated only into the N-methyl moiety (187).
Taking into consideration patterns of label incorporation from other putative intermediates, workers
concluded that N-methylation occurs as aterminal step of (pseudo)ephedrine biosynthesis (132). Many
years later, an N-methyltransferase activity was detected in Ephedra stem tissue extracts and shown to

accept (1R, 29)-norephedrine as substrate. Hwever, the enzyme was not sufficiently pure to enable protein
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sequencing (125). Finally, Ephedra sinica and Catha edulis transcriptomes were published which

allowed for the enumeration of many putative PAA NMT candidates (131).

1.6 Approachesto gene discovery and characteriza tion
1.6.1 Traditional discovery methods

As highlighted in section 1.5.4, the traditional approach to gene discovery in plant specialized
metabolism research has involved (i) identification of pathway intermediates, (ii) detection of enzyme
activities, (iii) purification and sequencing of corresponding proteins, and (iv) isolation of underlying
nucleic acid sequences. In the simplest case, pathway elucidation can be accomplished by separation (eg.
chromatography) and identification (eg. NMR) of naturally occurring metabolites. More commonly,
intermediates occur at very low levels and are difficult to detect. In these scenarios, one powerful
approach has beento feed the plant with putative intermediates which have been chemically prepared to
contain radioactive atoms (188). By monitoring the incorporation of radiolabels into downstream
metabolites, a series of probably enzymatic transformation can be postulated. Contemporary approaches
employ stable isotopes to carry out essentialy the same analysis (189). From this framework, in vitro
conditions can be established in which the hypothetical enzyme activities should be detectable. When
such an activity is recorded, the biochemist then proceeds to a series of laborious and time consuming
protein purification steps. In general, the approach is to separate an activity-containing protein mixture
into several fractions which are then re-examined with the in vitro assay. If all goes well, the activity is
predominantly found in one fraction, the others are discarded and the process is repeated until an arbitrary
threshold for homogeneity isreached. Fractionati on methods are extremely diverse and depend on the
enzyme of interest, but include differential precipitation (eg. ammonium sulfate) and various forms of
chromatography (eg. hydrophobicity, size exclusion, ligand affinity). When a sufficiently pure faction has
been obtained, the polypeptide is sequenced either by Edman degradation or mass spectrometry (190).

From the amino acid sequence obtained in this manner, nucleotide sequences can be deduced and
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employed in numerous ways. Common approaches included synthesizing an oligonucleotide probe to
identify via hybridization a matching molecule in acDNA library, or synthesizing primersto alow for
transcript amplification by polymerase chain reaction (PCR). Once isolated, the nucleic acid molecule can
be used in any number of ways including heterologous protein expression for in vitro assays. Many of the

genesinvolved in BIA biosynthesis were identified using similar strategies (43, 186, 191 193).

1.6.2 Omics discovery methods

Technologies which allow the worker to obtain massive amounts of information concerning
metabolism or nucleic acid sequence (eg. gas/liquid chromatography-mass spectrometry, high throughput
sequencing, microarray anaysis) have produced a revolution in how specialized metabolism genes are
sought out. Asthe cost of Sanger sequencing decreased, it became feasible to sequence large proportions
of cDNA libraries and produce so-called expressed sequencetag (EST) databases. With such a database
in hand, it was possible to carry out thein silico equivalent to an oligonucl ectide hybridization screen
discussed above. Software such as the Basic Local Alignment Search Tool (BLAST) provides an efficient
means to | ocate sequences in the database corresponding to a query of interest (194). For example, opium
poppy TNMT was identified in such a manner (47). Today, the facile generation of entire transcriptomes
via high-throughput sequencing makes approaches such as these routine (see Chapters Three, Four and
Five).

Omics methods a'so make it possible to rapidly select gene candidates even in the absence of
information concerning the protein or nucleic acid sequence. By comparing multiple samples which show
clear phenotypic contrasts (eg. different species, chemotypes, organs, tissue types, etc) patterns of
correlation between metabolism and gene expression can be identified (31). For example, metabolomics
identified opium poppy varieties showing either a high thebaine/oripavine phenotype or a high
codeine/morphine phenotype, and a micro-array-based comparison of transcript abundance clearly
suggested the involvement of an enzyme family which later turned out to include thebaine 6-O-

demethylase and codeine O-methylase (67). More recently, targeted metabolite and transcript profiling of
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eight opium poppy chemotypes was used to identify a short list of CY P candidates potentially involved in
noscapine biosynthesis (55). This success was particularly notable given that hundreds of CY Ps are

present in plant genomes (195).

1.6.3 Functional characterization

With an enzyme candidate identified, the most straightforward form of functional evidenceisthe
in vitro assay (196). Occasionally, such assays are still conducted using native enzymes laborioudly
purified from plant tissue sources but it is more common to employ heterologous expressionin a
microbia host such as Escherichia coli. In such a case, the full-length coding sequenceistypically cloned
into an expression plasmid of choice such that the recombinant protein is produced with an amino acid tag
useful for affinity purification (eg. Hissfor metal affinity chromatography). Following heterologous
expression and purification to homogeneity, the putative enzyme is assayed for activity with appropriate
molecular species (substrate, cofactor) and under a set of conditions (pH, temperature, ionic strength,
solvent) intended to approximate the conditions in planta (197, 198). Based on the assumption that most
enzymes are relatively specialized in function, detection of an activity in vitro is considered indicative of
physiological role. Additional support is provided if the enzyme catalyzes the reaction efficiently and
shows substantial affinity for the substrate. In vitro characterization of recombinant enzymes is core to the
work presented in Chapters Three, Four and Five. Since off-target or promiscuous activitiesare a
hallmark of plant speciaized metabolism, several intersecting lines of evidence are generaly required in
order to confirm an in vitro finding (199).

Virus-induced gene silencing (VIGS) is atechnigue that permits swift functional testing of
candidate genes in plants without the need for stable genetic transformation (200). Briefly, VIGS coopts
the endogenous homol ogy-dependent defense mechanismsin plantsthat is triggered by double-stranded
RNA. A semi-synthetic viral RNA, transcribed from a purpose-built plasmid containing a sequence
homol ogous to the gene target, istransferred into the plant via Agrobacterium. From there, viral infection

spreads throughout the plant concomitant with knockdown of the gene target s expression levd. In the
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context of specialized metabolism research, targeted metabolite profiling (eg. LC-MS) of infected plants
is then used to identify perturbations which can be related to the enzyme of interests function. This
method has been adapted efficiently to the Ranuncul ales order, including Papaver somniferum (opium
poppy) Eschscholzia california (California poppy) and Meadow rue (Thalictrum spp.) (201 203). VIGS
has been used to support the physiological significance of more than a dozen BIA biosynthetic genes, as
well as to clarify which of multiple competing biosynthetic routes predominate in the plant (34, 52, 53,
55, 67, 204, 205). Such an application is described in Chapter Three. Unfortunately, the major drawback
to VIGS isthat existing technologies are based on specific viral particles (eg. Tobacco rattle virus) which
are not necessarily capable of infecting all plant species.

Whereas VIGS relies on anegative logic (ie. knockdown of a gene shows what occursin the
absence of corresponding function), positive evidence of function can be obtained by reconstitution of
biosynthetic pathways in heterologous systems. In a simple organisms such as E. coli or Baker syeast (S
cerevisiag), modern molecular biology methods allow for genes and their resulting enzyme products to be
rapidly combined, recombined and assayed for function in aso-caled plug and play manner (206). If a
given akaloid product is detected only when a gene of interest is present in the system, this provides
compelling evidence of function. Aside from simple and straightforward logic, the plug and play
strategy also has the several practica advantages. When a partial biosynthetic pathway is operational in
the engineered cell, enzyme candidates are simultaneously exposed to a wide range of potentia
substrates. Thisisin contrast to an in vitro assay, where each possible substrate must be purchased and
examined individually. Furthermore, in vivo-like conditions are automatically provided without the need
to fine-tune pH, temperature, ionic strength, cofactor availability, etc. Perhaps most importantly, the
streamlined and repeatable nature of culturing microorganisms allows for massively paralel analysis of
hundreds or thousands of genes simultaneoudly. In many cases, this can eliminate the need for gene
candidate selection altogether, as it becomes simpler to screen all possihilities than to pick and choose. Of
course, the trade-off to such a high throughput technology is that much individual control islost.
Activities may not be optimal in the heterologous host, and as aresult of biological messiness data
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analysis becomes exponentially more challenging. Neverthel ess, the use of reconstituted biosynthetic
pathways has proven to be a tremendously powerful technology (see Chapter Five) and will undoubtedly

lead to many more discoveriesin the future (61, 69, 207 214).

1.7 Structure-function analyses

Throughout the years, the level at which biochemical pathways are interrogated has become
increasingly sophisticated. Once, the state of the art was satisfied with defining pathway end products and
major intermediates. Interests then shifted to cataloguing the activities which convert one intermediate to
the next and, shortly thereafter, to isolation of the proteins underlying catalysis. As knowledge
accumulated and technol ogy improved, it became de rigeur to obtain the transcript or gene from which
the protein and activity originates. Now that the majority or entirety of enzyme-encoding genes are known
for many specialized metabolic pathways, workers are turning their attention to the molecular and
structural determinants of function at the level of the enzyme itsdlf (215).

Taking the BIA methyltransferases as an example, we can readily see that they vary in a number
of key features. Distinctions concerning the molecules accepted as substrates are particularly notable. Not
only do specific MT subtypes accept molecules of a certain structural class (eg. CNMTs, 1-BIAS;
TNMTS, protoberberines), but enzymes within a subtype range from absolutely specific (eg. N7OMT,
norreticuline only) to highly promiscuous (7OMT, >7 substrates including non-alkaloids) (39, 47, 73, 74,
186). Similarly, enzymes vary in the specifics and degree of regiosel ectivity (eg. 6-,7-,4 - or 3-O-
methylation) or stereosel ectivity (eg. (9- versus (R)-coclaurine, various CNMTs) (52, 178, 179).
Catalytic prowess, such as is measured by turnover number, varies by several orders of magnitude and
certain enzymes display substantial substrate or product inhibition (eg. TF6OMT, sanguinarine) while
others do not (216).

Understanding the structural and molecular determinants which underlie functional differences
such as those outlined above has many important applications. Many of the mechanisms by which

enzymes differentiate between potential substrate molecules, or achieve their characteristic rate
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enhancements, are either unknown or controversial. Given that plant alkaloid NMTs are woefully
understudied, work on the BIA NMTs in particular has much broader implications for the class as awhole
(see Chapters Four, Six and Seven). How biochemical pathways such asthose in plant specialized
metabolism evolveis not yet clearly established. However, neo- and sub-functionalization of enzymesis
thought to be central to the process (217). By identifying the functional consequences of specific
segquence-dependent features, the function of hypothetical ancestral enzymes can be inferred and used to
trace evolutionary trgjectories which resulted in biochemical novelty. In practical terms, understanding
functional determinants allows for efficient selection of enzyme candidates for use in biotechnological
applications. Furthermore, this knowledge can facilitate rational engineering of enzyme variants with
improved properties, such as tighter substrate range or feedback insensitivity (218).

Several complementary approaches are commonly used to study structure-function rel ationships
in plant specialized metabolic enzymes. On the one hand, structural biology approaches are useful in
defining the domains, structures and key residues which comprise the biological machinery of an enzyme.
This essentially descriptive technology provides a wealth of information from which many hypotheses are
generated. However, a means by which to test the validity of such propositionsisrequired. To that end,
workers have employed mutagenesis to experimentally perturb the enzyme system . With modern PCR,
cloning and gene synthesis technol ogies there is no limit to the modifications which can be made to an
enzyme of interest. When mutagenesis has particularly notable effect, examination of the mutant enzyme
by structural biology approaches can feed back into model and hypothesis generation. Finally, because
wet lab structural biology methods are quite laborious, time consuming and provide a static view of
enzyme function, a third method has been found useful. Computational modelling, in its various forms,

fillsthe gap by arapid means of gaining structurd information (219).

38



1.7.1 Aplant biochemist s overview of structural biology

Given our understanding of enzymes as macromolecular machines, biologists have long sought to
reveal the microscopic structures which equate to levers, pulleys and gears used in human-sized
technology. With the advent of X-ray crystallography in the 20" century, and demonstration of its
potential via resolution of the myoglobin structure, the field of structural biology was born (220, 221).
More recently, approaches such as electron microscopy and NMR have been devel oped which
complement the workhorse X-ray methods. Whereas the intricacies of a structural biologist s practice are
outside the scope of thisthesis, an appreciation for the broad strokes is crucial for the molecular
biochemist who hopes to use crystal structuresto glean insight into enzyme function (222).

Toinitiate a crystallization project, it is necessary to obtain large quantities of highly purified
protein. Historically, thiswas only possible for highly abundant proteins such as lysozyme and pepsin.
However, in modern times the application of recombinant DNA technology, heterologous protein
overexpression and affinity purification makes this possible for most soluble proteins. With a pure
preparation in hand, the worker is tasked with finding conditions (eg. buffer, precipitant, concentration,
pH, temperature) which yield crystalline material without substantially perturbing of the protein s natural
state (223). While the detailed conditions varies substantially from protein to protein, certain patterns
have become evident over the years and scientific suppliers provide kits which alow for convenient
screening of likely possibilities. Regardless of the condition specifics, crystallization ultimately occurs as
aresult of protein supersaturation. This can be achieved by a number of means (eg. altered temperature,
salting out, ligand interation, etc) but one particularly common strategy is slow concentration of the
protein/precipitant solution by removal of water. To achieve this, physical setups such asthe hanging
drop, sittingdrop or dialysis are employed. On ce conditions which reliably yield crystals are found, it
istypically necessary to optimize the procedure until large, stable and defect-free crystals are obtained.
Often, the structural biologist desired to obtain a snapshot of the protein sinteractions with a

physiologically relevant molecule. To achieve this, the protein may be exposed to the ligand during
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expression, purification or crystallization. In some cases, such as when the ligand is in short supply, the
exposure happens only after crystallization in aprocess known as soaking (224).

Following the time-consuming and frustrating process of crystallization, the fortunate structural
biologist transports one or more high quality crystals (under cryogenic conditions which themselves
require optimization) to an instrument capable of producing an X-ray beam and recording its deflections.
Briefly, the crystal is mounted onto a device capable of minute angular movements (goniometer) and
slowly rotated in the X-ray beam while a detector records the angle and intensity of reflections. One or
more data sets, termed diffraction patterns, are collected for each crystal. Instruments capable of making
these measurements range from simple benchtop setups (rotating anode source) to multi-million shared
facilities (synchrotron source), with the latter having the advantages of a narrower beam, greater radiation
intensity and wavelength selection (225, 226).

Diffraction datais then used to calculate the pattern of electron density in the sample.
Importantly, spots on the diffraction pattern contain information about intensity (amplitude) but not phase
and this must be obtained separately. Traditionally, this phase problem was solved experimentally by
collecting diffraction data for several isomorphous crystalsin which certain atoms had been replaced by
highly electron dense atoms which produce anomal ous dispersion (eg. metal ions). With the modern
innovation of wavel ength-tunable synchrotron radiation, it became possible for structural biologist to
collect equivalent anomalous dispersion datasets from a single crystal (225). For closely related proteins,
it is possible to use the original phase data as a starting point for the new structure (molecular
replacement) (227). With amplitude and phase known, software tools are used to convert the series of
two-dimensional diffraction patterns to a the three-dimensional map of electron density via a
mathematical relationship known as the Fourier transform. Roughly speaking, the computational
approach isto first generate an approximate sol ution and consider how small perturbations improve fit
between the model and experimental data (refinement). Finally, primary protein sequence information is

used to generate a molecular model which isfit to the electron density map with reference to the known
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chemical properties of polypeptides (eg. bond lengths, torsion angles). When appropriate, asimilar
processis employed to place ligands into the model.

Although crystal structures are a highly valuable tool in understanding the inner workings of
enzymes, several caveats need to be kept in mind by the biochemists that depend on them (222). First, it
must be recognized that crystallization necessarily requires a deviation from physiological conditions.
Such deviations, including unnaturally high concentrations of salts and other molecules, may resultin
protein conformations or ligand interactions which do not reflect those which would occur in the
physiological context. For example, crystallographic evidence of protein:protein interactions such as
dimerization must be scrutinized carefully and validated through orthogonal strategies (eg. gd filtration
chromatography) before being accepted. Conversealy, crystal structures may be misleading as they are
produced outside of the messy cellular environment and may not include all biologically relevant ligands.
For example, many enzymes are known to change conformation drastically upon cofactor or substrate
binding. Equally important is an appreciation for the dynamic nature of protein function (228). Whereas
the output of a crystallography project is asingle defined model, diffraction data clearly reveals the
existence of structural heterogeneity within the originating sample (229). Catalytic processes are
especially well known to depend on flexihility, rearrangement and shifting interactions. While the crystal
structure of an enzyme in complex with its substrate may show exquisite interactions which support a
highly satisfying model of catal ytic mechanism, one must acknowledge that the single snapshot can be
deceptive. For example, tight ligand-enzyme interactions recovered in a static crystal may represent an
inhibitory binding mode rather than the more fleeting interactions which occur during a catalytically
productive encounter. Ideally, the structural biologist can overcome these objections by obtaining
multiple structures (eg. without ligands, with reaction intermediate anal og, with product, with inhibitor)
from which protein dynamics can be inferred. In select cases, computational strategies such as hybrid
guantum mechanics/ molecular modelling (QM/MM) can fill in the gaps. Generally speaking, many
studies have shown that minor aterations to crystallization protocol can result in profoundly different
models and interactions (230, 231). Essentialy, the biochemist must dways keep in mind differences
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between the natural and artificial context when making interpretations which depend on a structural
model.

Aside from misleading features which are true in the sense that they occur in the crystal form,
small mistakes during generation of the electron map and model building or refinement can lead to
inaccurate outcomes. A general class of issuestermed over fitting occur when excessive refinement
leads to amodd that is unduly influenced by noise in the data set (232). When refining the structure of a
ligand, it can be challenging to differentiate between simply incorrect geometries and those resulting from
protein-induced strain (233,234).

Finally, the biochemist should be careful not to over interpret even the highest quality protein
model. It should always be kept in mind that the experimental outcome of the crystallographic processis
the el ectron density map, and that the atomic model represents an interpretation of that empirical data. To
help avoid over interpretation, it is hel pful to keep in mind the resolution of the el ectron density map.
Roughly speaking, low resolutions (>3") alow for r eiable placement of polypeptide backbone,
intermediate resolutions (1.5-3 ") reliably show si de chains and very high resolutions (<17) are
necessary to locate individual atoms (222). On that note, it should be kept in mind that the vast majority
of crystal structures are not refined to aresolution sufficient for direct visualization of hydrogen atoms.
When present in amodel, hydrogen atoms are generally placed based on calculated position and not
empirical data. Unfortunately, the most biologically interesting hydrogen atoms (ie. those on functional

groups which are readily deprotonated) are not reliably placed by such calculations.

1.7.2 A plant biochemist s overview of computatio nal modelling

Computational modelling of biological molecules and their interactionsis a diverse and complex
field requiring expertise in mathematics, physics, chemistry and informatics technologies. Whereas
cutting edge analyses will aways remain the domain of experts, the availability of more user-friendly
software tools and pipelines has brought some of the more straightforward elementsinto the reach of

plant biochemists. These software tools generally automate much of the process but an understanding of
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overall principles and what istaking place under the hood is necessary if the resulting output ist o be
reliable and properly interpreted by the worker (219).

When an experimentally determined protein structureis not available, one common approach isto
produce a computationally-derived equivalent using comparative or homology modelling. Tools
commonly employed include I-TASSER, MODELLER, SWISS-MODEL, Prime (Schrodinger LLC) and
Mol Soft (ICM Pro) (235 237). First, the worker ide ntifies a protein of sufficient amino acid identity (ie.
at least 30%, ideally greater than 50%) for use as a structural template. Next, aglobal alignment is
produced to relate the template s primary sequence to that of the target protein, with special emphasis
placed on correct aignment of probable secondary structural features (eg. helices, sheets, turns, loops).
The subsequent steps, described here with reference to the SWISS-MODEL automated environment, vary
somewhat from software tool to software tool but accomplish the same function (237). First, an averaged
framework for the entire polypeptide is generated and in regions of acceptable homol ogy the coordinates
for each atom of the target protein are calculated. For loops and other non-conserved regions (eg.
insertions/del etions), best templates are identified from libraries of smaller structural elements
(pentapeptides excised from various known structures). For regions of the target protein where no
acceptable template structure is available, reconstruction is carried out by considering the favorable
rotamers for each residue. Following completion of the homology model, a number of tests can be applied
to judge its quality and likely accuracy. These range from manual inspection of Ramachandran plotsto
the use of complex statistical algorithms based on geometrical properties, force field calculations or
combinations of the two (238 240). Although model q uality obviously depends on the protein target, the
software tools employed and the skill of the worker, independent assessments (ie. predicted versus
experimentally determined structures) have shown that homology modelling is quite robust and can be
highly accurate (241).

Ancther computational tool available to the plant biochemist is the modelling of protein-ligand
interactions, such as those between an enzyme and its cofactors and substrates. Software capable of this
type of modelling includes AutoDock Vina, Glide (Schrodinger), MoSoft (ICM Pro) (242 244). To carry
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out so-called docking studies, the worker must fi rst produce accurate models of the protein and ligands
of interest. Ideally, the protein model is obtained experimentally, but homology models can suffice. From
this starting point, the worker must ensure that hydrogen atoms are not missing, hydrogen bond networks
are optimized, ionisable groups and bond orders are in their correct states (ie. with consideration of
physiological pH conditions) and that co-crystalized water and biologically irrelevant molecules (eg.
precipitants) are removed (243). In some cases, multiple states may be biologically possible and should be
modelled separately. Essentially the same preparations must be made for the ligands of interest, with the
addition of bond length/angle optimization and rotamer/tautomer generation. A number of different
approaches can then be employed to explore and rank potential interaction modes for the prepared ligand
and protein models. Glide, the software used in Chapter Six, first generates a series of grids on which the
shape and properties of the protein (fields) are represented. A hierarchical search function is employed to
find the best position for the ligand, after which ligand conformations at that location are sampled and
eventually refined using molecular mechanics force fields. Ultimately, a series of possible poses are
produced which are then ranked according to a scoring function. Parameters taken into consideration
include Van der Waals interactions, € ectrostatic interactions, hydrophobic interactions, hydrogen
bonding interactions, intramolecular (strain) energy and desolvation energy (244). Other software tools
sometimes employ knowledge-based scoring function s (eg. statistical comparison to databases of
protein-ligand interactions) or black box machine-learning algorithms. In addition to the basic docking of
aligand to arigid protein, some software tools also allow for flexible docking in which domainsor side
chains are allowed to move or rotate (245). In theory, these approaches can better model interactions that

depend on an induced fit but require exponentially more computational power.



1.8 - Objectives

The objectives of my thesiswork were to (i) identify and characterize the NMT responsible for
biosynthesis of quaternary BlIAs including (S)-magnoflorine and (S)-N-methylnoscapinein P.
somniferum, (ii) identify and/or characterize the NMTsinvolved in BIA biosynthesisin non-model
organisms G. flavum and T. flavum, (iii) identify and characterize the NMT involved in
(pseudo)ephedrine biosynthesisin E. sinica and (iv) € ucidate the structural determinants of function in

BIA NMTs.

1.8.1 Objective (i): Identification and character ization of the NMT responsible for biosynthesis of
guaternary BlAs including (S)-magnoflorine and (S)-N-methylnoscapine in P. somniferum

This objective is addressed in Chapter Three. In silico screening of P. somniferum transcriptome
libraries identified two BIA NMT-like transcripts sufficiently different from known BIA NMTsto
warrant investigation. The coding sequences were cloned, heterologously expressed in E. cali, affinity
purified and subjected to in vitro enzyme assays with arange of potential BIA substrates. On this basis,
reticuline NMT (PsRNMT) was identified and shown to accept various 1-BIA, aporphine and
pthalidei soquinoline alkaloids consistent with arole in biosynthesis of (S-magnoflorine and (S)-N-
methylnoscapine. In vitro functional characterization including a detailed substrate range profile,
determination of pH and temperature optima, and substrate kinetics was performed. Gene expression
profiling revealed a pattern which correlated with localization of magnoflorinein the roots. Virus-induced
gene silencing significantly perturbed accumulation of (S)-magnoflorine its immediate precursor, (S)-

corytuberine.
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1.8.2 Objective (ii): Identification and/or chara cterization of the NMTsinvolved in BIA biosynthesisin
non-model organisms G. flavum and T. flavum

This objective is addressed in Chapter Four. The previoudly identified T. flavum pavine NMT
(TfPavNMT) was subjected to in vitro enzyme assays with arange of potential BIA substrates and shown
to preferentially accept (S)-reticuline. In vitro functional characterization including determination of
substrate kinetics was performed. Six putative BIA NMTsfrom G. flavum were identified by in silico
screening of atranscriptome library. The coding sequences were cloned, heterologously expressed in E.
coli and subjected to in vitro enzyme assays with a range of potential BIA substrates. On thisbasis, all six
were shown to have BIA NMT activity. Invitro functional characterization was performed for affinity
purified G. flavum tetrahydroprotoberberine NMT (GFTNMT), including a detailed substrate range
profile, determination of pH and temperature optima, and substrate kinetics. Similarly, in vitro functional
characterization including a detailed substrate range, and determination of pH and temperature optima

was performed for affinity purified G. flavum coclaurine NMT (GFCNMT).

1.8.3 Objective (iii): Identification and charact erization of the NMT involved in (pseudo)ephedrine
biosynthesis in Ephedra sinica

This objective is addressed in Chapter Five. As outlined in the contributions statement preceding
the chapter, anin silico screen of an E. sinica transcriptome library identified NMT candidates. The
coding sequences were cloned or synthesized, heterologously expressed in E. coli, affinity purified and
subjected to in vitro enzyme assays with arange of potential substrates. On this basis, phenylalkylamine
NMT was identified (EsPaNMT). In vitro functional characterization including a detailed substrate range
profile, determination of pH and temperature optima, and substrate kinetics was performed. Alkaoid,
gene expression and NMT activity profiling revealed a pattern which correlated with localization of
(pseudo)ephedrine and N-methyl (pseudo)ephedrine in the shoot. To make evident the biotechnologica

value of EsPaNMT, a heterol ogous (pseudo)ephedrine pathway was reconstituted in E. coli.
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1.8.4 Objective (iv): Elucidation of the structur al determinants of function in BIA NMTs

This objective is addressed in Chapters Four and Six. As outlined in the contributions
statements preceding each chapter, crystal structures of TfPavNMT and GFTNMT were obtained by
collaborators. On the basis of these and primary sequence alignments, residues likely to be involved in
catalysis and substrate binding or recognition were identified. Site-directed alanine mutants obtained
through gene synthesis or PCR mutagenesis were cloned, heterologously expressed, affinity purified and
subjected to in vitro enzyme assays with arange of known substrate. Perturbations in enzyme activities
relative to wildtype were used to assess the functional significance of each mutated residue. In order to
further examine the contributions of substrate binding or recognition residues, GFTNMT was mutagenized
such that three residues were substituted with their equivalent in TfPavNMT and, separately, six residues
were substituted with their equivalent in GFCNMT. In vitro enzyme assays with TNMT, PavNMT and
CNMT preferred substrates were used to assess changes in substrate preference profile. In sum, more than
adozen key residues were implicated in catalysis, substrate binding or recognition. Guided by the
publication of a Coptisjaponica coclaurine NMT crystal structure, primary sequence alignments revealed
the occurrence of atight correlation between a key active siteresidue sidentity and CNMT versusRNM T
function in known BIA NMTs. Molecular modelling provided a clear mechanistic explanation for this
relationship, and reciprocal mutagenesis of thisresiduein PSRNMT and GFCNMT revealed that theit
acts as a switch between the two functions. As outlined in the contributions section preceding the chapter,
screening of alarge collection of natural and previously uncharacterized BIA NMT variants confirmed

the significance e of these structural variants.
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Chapter Two Materialsand Experimental Methods
2.1 Plant materials
2.1.1 Chapters Three: Papaver somniferum

Opium poppy (Papaver somniferum L. cultivar Bea s Choice) cultivation was performed as
previoudy described (1). Plant materias for analysis were harvested 1-2 days before anthesis,
corresponding to approximately 60-80 days after seed germination. All tissues were flash-frozen in liquid

nitrogen and stored at 80 C until analysis.

2.1.2 Chapter Four: Glaucium flavum
Glaucium flavum seeds were obtained from B& T World Seeds and germinated in potted soil
under standard open air greenhouse conditions at the University of Calgary (Cagary, Alberta). Root

tissue was flash-frozen in liquid nitrogen and stored at 80 C until analysis.

2..3 Chapter Five: Ephedra sinica

Ephedra sinica seeds acquired from open pollinated wild populations originating in northern
China (Horizon Herbs; www.strictlymedicinal seeds.com) were sown in a 50:50 blend of industrial quartz
(Unimin) and soilless greenhouse mix containing perlite (Supreme Perlite), vermiculite (Perlite Canada)
and sphagnum peat moss (PRO-MOSS Hort) in avolumetric ratio of 20:20:60. Water-soluble fertilizer
(20-20-20; Plant-Prod) was applied as required. Clonal replicates were propagated after two years of
growth, by dividing and re-potting the root balls. All E. sinica stem samples were collected during a
single year of growth (i.e. young stem) from 3 to 4 year-old plants.

For gene expression analysis and phenylal kylamine quantification experiments, three
developmentally matched stems from three different plants were sel ected based on the number of
internodes, and each stem was separated into eight internodal segments using arazor blade. Segment 1

contained partially expanded internodes proximal to the shoot tip, whereas segments 2 through 8 each
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contained a single expanded internode (Fig. 5.12A). Each segment was placed in a2 mL microtube
containing a 7 mm stainless steel bead, flash frozen in liquid nitrogen, and subsequently ground to afine
powder using a TissueLyzer Il (Qiagen). To measure NMT enzyme activity, 10-20 developmentally
matched intermodal stem segments were pooled into three groups corresponding to (i) internodes 1 to 3,
(ii) internodes 4 to 6, and (iii) internodes 7 and 8, yielding samples with atotal fresh weight of 1-2 g.
Pool ed tissue samples were flash frozen in liquid nitrogen and ground to a fine powder using the
Tissuel yser |1 equipped with 35 mL stainless steel grinding jars. For all experiments, root samples were
obtained from three independent plants. Root balls were washed to remove debris, flash frozenin liquid
nitrogen, and subsequently ground to afine powder using the TissuelLyser |1 equipped with 35 mL

stainless steel grinding jars.

2.2 Chemicalsand reagents
2.2.1 Bengzylisoquinoline alkaloids

(S)-Caclaurine hydrochloride, (R,S)-norcoclaurine hydrobromide, (R,S)-norlaudanosoline
hydrobromide, thebaine, canadaline, narcotolinogendiol, 3-O-acetyl papaveroxine and narcotine
hemiacetal was purchased from Toronto Research Chemicals (Mississauga, ON). (S-Reticuline oxaate
was a gift from Tasmanian Alkaoids Pty Ltd (Westbury, Australia), and morphine and codeine were gifts
from Sanofi-Aventis (Paris, France). (R)-Reticuline was purchased from Santa Cruz Biotechnol ogy
(Dallas, TX). (9-Canadine, hydrastine, and bicuculline were obtained from Latoxan (Valence, France),
and protopine was purchased from Indofine (Hillsborough, NJ). Tetrahydrocolumbamine (2), stylopine,
tetrahydropal matine (3), and scoulerine (4) were prepared as previoudly described. Cryptopine and
allocryptopine were purchased from ChromaDex (Irvine, CA) and MP Biomedicals (SantaAna, CA),
respectively. (S)-Bulbocapnine, isocorydine hydrochloride, (S)-corytuberine, (+)-glaucine, isothebaine
and berbamine were purchased from Sequoia Research Products (St. James Close, UK). (9-

Tetrahydropapaverine and (—)-pavine were isolated from commercia pavine (Sigma-Aldrich, St. Louis,
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MO), and narcotoline was isolated as previously described (1). Dextromethorphan hydrochloride, boldine,
reserpine, noscapine hydrochloride, papaverine and sanguinarine were purchased from Sigma-Aldrich.
(S)-N-methylcoclaurine was prepared enzymatically from (S)-coclaurine using GFINMT1 and
subsequently purified by acid/base organic extraction and preparative TLC (silicagel;
toluene:acetone:ammonia, 45:45:10). (S)-N,N-dimethyl coclaurine was prepared enzymatically from (9)-
N-methylcoclaurine using PSRNMT. Dihydrosanguinarine was prepared by sodium borohydride
reduction of sanguinarine followed by acid/base organic extraction and preparative TLC (silicagel;
toluene:acetone:ammonia, 45:45:10).

N-methylstyl opine and N-methyltetrahydropapaverine were prepared enzymatically from
stylopine and tetrahydropalmatine using GFTNMT, purified by solid phase extraction and preparative
TLC and authenticated by LC-MS/MS analysis (Appendix A). The stereochemical identity and purity of
the stylopine used in this work was assessed by chiral LC-M S under conditions previously reported to
separate tetrahydroprotoberberine enantiomers (Appendix B) (5). The detection of asingle peak for both
stylopine and SMSis consistent with the presence of asingle enantiomer. According to literature reports
indicating that TNMT enzymes do not accept (R)-protoberberine substrates, our observation of the
complete conversion of stylopine by GFTNMT is consistent with an assignment of (S) stereochemistry (6,
7). Based on these analyses, and taking into consideration the unequivocal observation of only the (S
stereoisomer of N-methylstylopinein the reported GFTNMT crystal structure, it islikely that the stylopine
used in thiswork was (9)-stylopine.

For preparation of (S)-tembetarine, S)-Reticuline (3 mM) was incubated for 5 h at 30 C with 400

g purified of recombinant RNMT and 5 mM AdoMet in atotal volume of 2 mL. The reaction was
terminated by adding an equal volume of methanol followed by centrifugation at 18000 g to remove
debris. The supernatant was transferred to a new tube, reduced to dryness and re-dissolved in 0.5 mL 100
mM ammonium acetate, pH 6.0, for separation using a Strata X-CW column (Phenomenex, Golden, CO).
The column was conditioned with 0.5 mL acetonitrile and equilibrated with 0.5 mL 100 mM ammonium
acetate, pH 6.0. After loading the reaction mixture, and successive wash steps of 0.5 mL 5% (w/v)
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ammonium hydroxide, pH 12.0, and 1 mL methanol, eution was achieved using 1 mL formic
acid:acetonitrile (5:95). The separation of (S)-reticuline in the methanol wash and (S)-tembetarine in the
elution was confirmed by LC-MS. The (§-tembetarine fraction was subjected to semi-preparative HPLC
using a mobile phase of 0.08% (v/v) acetic acid and 5% (v/v) acetonitrilein water (Solvent A) and 100%
acetonitrile (Solvent B), and a Luna C18(2) 100A column (5 m; 250 x 10 mm; Phenomenex) on a 1260
HPLC system (Agilent, Santa Clara, CA). Fractions corresponding to (S)-tembetarine were pooled,
reduced to dryness and 2 mg was subjected to NMR analysis. The concentration of (S)-tembetarine was
estimated using the molar extinction coefficient of (S)-reticuline. *H and *C NMR spectra, and
gc2hsgese, gCOSY and gHMBCAD correlation spectroscopy, confirmed the identity of (S)-tembetarine

(Appendix C).

2.2.2. Phenylalkylamines and other amines

(R)-Phenylacetylcarbinol (PAC), (S)-phenylacetylcarbinol and (1R,2R)-( )-norpseudoephedrine
were purchased from Toronto Research Chemicals. (R/S)-(—-)-Cathinone hydrochloride was a gift from
Efraim Lewinsohn (Newe Y a ar Research Center, Israel). (1R,291S2R)-(-)-Norephedrine hydrochloride,
(1R,29'1S 2R)-(-)-ephedrine hydrochloride and (-)-methylephedri ne hydrochl oride were obtained from
Sigma-Aldrich. (1S29)-(+)-Pseudoephedrine was isolated from an off-the-shelf decongestant tablet by
acid/base organic extraction. (1R,251S,2R)-(-)-N-M ethyl cathinone hydrochl oride was produced by
oxidation of (1R,291S2R)-(-)-ephedrine hydrochloride (8). Except for (R)-PAC and (S-PAC and
(1R,2R)-( )-norpseudoephedrine the identity and purity of these compounds were verified by LC-MS, H
NMR and, in some cases, circular dichroism spectroscopy (Appendix D). Propanolol was isolated from
an Teva-Propanol ol tablet by acid/base organic extraction. Harmine and harmaline were isolated from
seeds of Peganum harmala (9). Mitragynine was isolated from dried leaves of Mitragyna speciosa (10).

Taurine, benzylamine, 1-phenethylamine, 2-phenylethylamine, tyramine, (-)-octopamine
hydrochloride, (5)-synephrine, dopamine hydrochlori de, (-)-norepinephrine bitartrate, nicotinamide, p-
dimethylaminobenzal dehyde, anthranilic acid, histamine dihydrochloride, L-phenylalanine, 3,4-
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dihydroxy-L-phenylalanine, L-tyrosine, L-tryptophan, tryptamine, tropinone, adenine hemisulfate,
theobromine, xanthosine, 1-methyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline (THQL; salsolinal), 6,7-
dimethoxy-1,2,3,4-tetrahydroi soquinoline (THQZ2; heliamine), (-)-amphetamine, phentermine, (-)-

methyenedi oxyamphetamine (MDA) and mescaline hydrochloride were purchased from Sigma-Aldrich.

2.2.3 Other chemicals and reagents

S (5 -Adenosyl)-L-methionine iodide and S-(5 -Adenosyl)-L -methionine chloride dihydrochloride
were purchased from Sigma-Aldrich. All other chemicals were from Sigma-Aldrich or Bioshop Canada.
Restriction endonucleases, T4 DNA ligase and Q5 High Fidelity DNA polymerase were obtained from
New England Biolabs (Ipswitch, MA), and Taqg polymerase was from Bioshop Canada (Burlington, ON).
SuperScript |11 Reverse Transcriptase was purchased from Thermo Fischer (Waltham, MA). M-MLV
reverse transcriptase was purchased from Invitrogen (Carlsbad, California). SYBR FAST ABI PRISM

master mix was purchased from KAPA Biosystems (Wilmington, MA).

2.3 ldentification of candidates
2.3.1 Chapter Three: P. somniferumreticuline BIA NMT candidates

Previoudy reported opium poppy stem and root transcriptomes were searched to identify
sequences encoding potential NMT candidates involved in BIA biosynthesis, using the thlastn agorithm

and known BIA NMTs as queries (TNMT, Q108P1; CNMT, AAP45316) (4).

2.3.2 Chapter Four: G. flavum BIA NMT candidates
A G. flavumroot transcri ptome was used to identify sequences encoding potential NMT
candidatesinvolved in BIA biosynthesis, using tblastn algorithm and known BIA NMTs as queries

(PSTNMT, Q108P1; PSCNMT, AAP45316; ECTNMT, ACO90222; TfPavNMT, ACO90251) (11).
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Candidates with greater than 40 % sequence identity to one or more query sequences were selected for

characterization.

2.3.3 - Chapter Five: E. sinica phenylalkylamine NMT candidates

Ephedra sinica transcriptome assemblies were generated as previously described (12). The
transcriptome library was searched for contigs representing candidate NMTs using tBLASTn and HMMer
based on six previously reported plant NMT sequences as queries (Appendix E). Selected contigs were
manually inspected to verify the presence of a complete open reading frame. Redundant and incomplete

contigs were discarded.

2.4 Sequence alignment and phylogenetic analysis
2.4.1 Chapter Three: P. somniferumreticuline NMT and NMT4

Amino acid alignments of select plant NMTs were performed with the MUSCLE agorithm (13)
in MEGA7 (14) using default parameters. Evolutionary history was inferred by using the Maximum
Likelihood method based on the JTT matrix-based model assuming equal substitution rates, followed by a
bootstrap test of phylogeny. The tree with the highest log-likelihood was drawn with branch lengths
proportional to the number of substitutions per site and supported by calcul ating the percentage of 500
bootstrapped trees where the associated taxa clustered together (15). Genbank accession numbers were:
Thalictrum flavum TFCNMT (AAU20766), Coptisjaponica CGCNMT (BAB71802), P. somniferum
PSCNMT (AAP45316), T. flavum TfPavNMT (EU883010), P. somniferum PSTNMT (AAY 79177), P.
bracteatum PoTNMT1 (C3SBUS5) and PbTNMT2 (C3SBU4), Eschscholzia californica ECTNMT
(EU882977), Arabidopsis thaliana CNMT-like AT4G33110 (AAM97074) and AT4G33120
(BAE99366), Zea mays cyclopropane fatty-acid synthase ZmCFAS (NP_001147782), Aegilops tauschii
AtCFAS (EMTO06798), Escherichia coli ECCFAS (WP_044067789) and Mycobacterium tuberculosis

MtCFAS pcaA (EAY58886). P. somniferum PsSRNMT (NMT3) and PSNM T4 were deposited in NCBI
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under accession numbers KX 369612 and KX 369613, respectively. The six Glaucium flavum sequences

(GFNMT1-GfNMT®6) were previously reported (11).

2.4.2 Chapter Five: E. sinica phenylalkylamine NM T candidates

Candidate NMT amino acid sequences were aigned using the MUSCLE al gorithm implemented
in MEGA7 with default parameters (13, 14). Evolutionary history was inferred using the Maximum
Likelihood method based on the JTT matrix-based model, assuming a discrete Gamma distribution to
model evolutionary rate differences among sites (5 categories (+G, parameter = 9.2796), followed by a
bootstrap test of phylogeny (15). The tree with the highest log likelihood was drawn with branch lengths
proportional to the number of substitutions per site, and nodes were |abelled with the percentage of 500
bootstrapped trees in which the associated taxa clustered together. The analysis involved 35 sequences
whereby positions with less than 50% site coverage were eliminated, resulting in afinal data set with 423
positions. Abbreviations and accession numbers for query sequences and phylogenetic reference points
were: Arabidopsis thaliana protein arginine methyltransferase, AtPRMT (NP_199713); Atropa belladona
putrescine N-methyltransferase, AbDPMT (BAA82264); Solanum lycoper sicum phosphoethanol amine N-
methyltransferase, SSIPEANMT (AAG5989); A. thaliana histone-lysine N-methyltransferase, AtSUVH
(NP_196113); Coffea arabica 3,7-dimethylxanthine N-methyltransferase caffeine synthase, CaCS
(BAC75663); Papaver somniferum (S)-tetrahydroprotoberberine N-methyltransferase, PSTNMT
(AAY79177); Coptis japonica coclaurine N-methyltransferase, C;CNMT (BAB71802); P. somniferum

reticuline N-methyltransferase, PSRNMT (K X369612).

2.4.3 Chapter Sx: Ranunculales BIANMTs
The putative BIA NMT cladogram reported by Hagel et al was downloaded from DRY AD data
repository (DOI: 10.5061/dryad.bh276/18) and visualized using Dendroscope 3 (11, 16). Key nodes are

labelled with support val ues representing the number of 1000 bootstrapped trees in which the associated
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taxa clustered together. Multiple sequence alignment of the corresponding sequences was carried using
Clustal Omega and the amino acid corresponding to residue 204 in C;CNMT was mapped onto each

taxon by hand (17).

2.4.4 Chapter Seven: Cloned and functionally char acterized BIA NMTs

Amino acid alignment of cloned and functionally characterized BIA NMTs was performed with
the MUSCLE algorithm (13) in MEGA7 (14) using default parameters. Evolutionary history was inferred
by using the Ne ghbour-joining method based on the Poisson correction method, followed by a bootstrap
test of phylogeny (15). The consensus tree was drawn without branch lengths, and with frequencies
shown at each node represent the percentage of 500 bootstrapped replicate treesin which the associated
taxa clustered together. The analysis involved 18 sequences and positions with less than 50% coverage
were discarded, resulting in afinal dataset with 358 positions. The tree was rooted with sequences from

algae. Abbreviations and accession numbers are provided in Table 7.1.

2.5 Nucleic acid isolation or synthesis and vecto r construction

2.5.1 Chapter Three: P. somniferumreticuline NMT and NMT4

Plant tissues were ground to a power under liquid N2 using a Tissue Lyser |1 (Qiagen, Hilden,
Germany) and total RNA was extracted using the cetyl trimethyl ammonium bromide (CTAB) method
(18). First-strand cDNA synthesis was performed on 2 g of RNA using SuperScript |11 reverse
transcriptase and oligo(dT)2o according to the manufacturer s instructions (Ther mo-Fischer Scientific,
Waltham, MA). Opium poppy RNMT and NMT4 open reading frames were amplified from cDNA using
Q5 High Fidelity DNA polymerase (New England Biolabs, Ipswich, MA) and sequence-specific primers
incorporating attB sites for Gateway cloning (Appendix F). PCR products were purified using a Genejet
Ge Extraction kit (Thermo-Fischer Scientific). Recombination reactions using Gateway BP clonase 1

were used to construct entry plasmids pDONR221-PsNM T3 and pDONR221-PsNMT4. Following
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isolation, a second recombination reaction using the entry plasmids and Gateway LR clonase |1 yielded
the destination/expression plasmids pHGWA-PSNM T3 and pHGWA-PsNMT4. The pHGWA expression

plasmid encoding a recombinant C-terminal Hiss-tag protein was previously described (19).

2.5.2 Chapter Four: G. flavum BIA NMT candidates

RNA isolation and cDNA synthesis was carried out as described in Section 2.5.1. Coding
segquences were amplified using gene-specific primers (Appendix F) containing attB sites using Q5 HiFi
DNA polymerase (New England Biolabs) and G. flavum root cDNA. Recombination reactions were

carried out using BP and LR Clonase Il (Thermo Scientific) to generate pPDONR221-GfMMT entry
plasmids and pHGWA-GFINMT expression plasmids. GFTNMT (GFLNMT2) was subloned into pET47b
viaNdel and Xhol restriction sites such that the encoded polypeptide included an N-termina

hexahistidine tag and linker.

2.5.3 Chapter Five: E. sinica phenylalkylamine NM T candidates

Y oung E. sinica stems were harvested, flash frozen on liquid nitrogen and ground to fine powder
using amortar and pestle. Total RNA was extracted from this material using a CTAB method (18) and
resuspended in DEPC-treated ultrapure water. cDNA synthesis was performed on 1.5 g total RNA using
M-MLV reverse transcriptase (Invitrogen). Full-length coding regions were amplified from cDNA using
Q5 high fidelity DNA polymerase (New England Biolabs) and specific oligonucleotide primer pairs
(Appendix F). Amplicons were cloned into the pET47b expression vector. NMT candidates A, B, C, D
and G were a so synthesized as codon-optimized genes (Genscript) for expressionin E. coli and cloned

into the pQE30 expression vector.
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2.6 Site-directed mutagenesis
2.6.1 Chapter Four: T. flavum pavine NMT mutants

Synthetic genes (Genscript) encoding three PavNM T mutants (E205A, H206A, and
E205A/H206A) were individually ligated into the Pstl and Kpnl restriction sites of the pRSETC vector
for expression in E. coli. Synthetic genes (Genscript) encoding two additional PavNMT mutants (Y 79A
and EBOA) were prepared using wild-type pRSET-TfPavNMT plasmid as a template. A region containing
the desired codons for mutagenesis was removed by restriction digestion with Ndel and Sall. Site-directed
mutagenesis was performed on the excised fragment to create the desired products and the sequences
were then ligated back into the same restriction sites. All constructs were verified by Sanger sequencing

at the UCDNA Sequencing and Genetic Analysis Lab (Calgary, AB).

2.6.2 Chapter Four: G. flavum tetrahydropapaverin e NMT mutants

Expression plasmids encoding GFTNMT mutants were prepared using pET47b-GFTNMT asa
template. Codons were targeted for site-directed mutagenesis using a PCR-based method with Q5 High
Fidelity DNA polymerase (New England Biolabs) (Appendix G) (20). All constructs were verified by
Sanger sequencing at the UCDNA Sequencing and Genetic Analysis Lab (Calgary, AB). All

oligonucl ectide primers were obtained from Integrated DNA Technologies.

2.6.3 Chapter Sx: G. flavum coclaurine NMT and P . somniferum reticuline NMT mutants
Expression plasmids encoding GFCNMT and PSRNMT mutants were prepared using pHGWA -

GFCNMT and pHGWA-PsRNMT astemplates. All other details were asin Section 2.6.2 (Appendix G).
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2.7 Heterologous expression and protein purificat ion
2.7.1 Chapter Three: P. somniferumreticuline NMT and NMT4

Expression plasmids were used to transform E. coli expression strain ArcticExpress (DE3)
(Agilent, Santa Clara, CA) grown on solid lysogenic broth (LB) agar plates containing 100 g/mL
ampicillin. Single colonies of E. coli ArcticExpress (DE3) transformed with pHGWA-PsNMT3 and
pPHGWA-PSNMT4 were used to inoculate 50 mL LB medium supplemented with 100 g/mL ampicillin
and 10 g/mL gentamycin. Cultures were grown for 16 h at 30 C with shaking at 200 rpm and cells were
harvested by centrifugation at 2000 g. Cdlls were re-suspended in fresh LB and used to inoculate 1 L
Studier s autoinduction media (ZY P-5052) supplemented with 100 g/mL ampicillin to a starting OD e
of ~0.2. Autoinduction cultures were grown at 30 C to ODswo Of ~1.0 and then transferred to 16 C for an
additional 24 h. Cells were harvested by centrifugation at 14000 g for 20 min, after which the pellet was
flash frozen in liquid N2 and stored at -80 C until purification.

Cdl pellets were re-suspended in protein extraction buffer (50 mM sodium phosphate, pH 7.0,
300 mM NaCl, 10% (w/v) glycerol) supplemented with 1 mg/mL Iysozyme, followed by sonication on
ice for 6 min. The crude lysate was centrifuged at 4 C, 18000 g for 20 min to remove cellular debris and
the supernatant was transferred to a fresh tube containing 1 mL equilibrated TALON resin (Clontech,
Mountain View, CA), which was then incubated on ice for 30 min on a gyratory shaker at 50 rpm. The
resin was washed with 40 mL of protein extraction buffer, followed by 20 mL of extraction buffer
containing 20 mM imidazole. Purified protein was eluted using 4 mL of extraction buffer containing 200
mM imidazole. The imidazole concentration was reduced to lessthan 1 mM by repeated ultrafiltration on
Amicon Ultra30K columns (EMD Millipore, Billerica, MA) using extraction buffer. The purified protein
concentration was determined using the Bradford reagent according to the manufacturer sinstructions

(Thermo Fisher Scientific).
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2.7.2 Chapter Four: G. flavum NMTs

Heterologous protein expression was carried out as described in Section 2.7.1 except that the
expression plasmids were pHGWA-GfNMT1, pHGWA-GfNMT2, pHGWA-GfNMT3, pHGWA-
GfNMT4, pHGWA-GfNMT5 and pHGWA-GfNMT®6. Total soluble protein was extracted from each
culture and the presence of His-tagged recombinant protein was verified by immunobl ot procedure
according to manufacturer’s instructions (SuperSigral West Pico Chemiluminescent Substrate kit, Thermo

Scientific).

2.7.3 Chapter Four: G. flavum tetrahydroprotoberb erine NMT and coclaurine NMT

Single colonies of E. coli ArcticExpress transformed with pET47b-GfTNMT or pHGWA.-
GFCNMT (wildtype or mutant derivatives) expression plasmid were used for the expression and
purification of proteins for enzyme assays. Starter growth cultures were prepared in 50 ml of lysogeny
broth supplemented with 50 g/ml kanamycin sulphate and 20 g/ml gentamicin sulphate. Cultures were
grown at 30 C for 14 hours with shaking at 200 rpm, after which they were used as seed culturesto
inoculate 1 L of fresh mediato an initial ODeoo reading of ~0.2. Cultures were grown at 30 C to an ODego
reading of ~0.5-0.6 and cooled to 16 C prior to ini tiating recombinant gene expression by the addition of
1 mM IPTG. After a16 hour period, cells were harvested by centrifugation at 14 000xg and 4 C for 20
minutes, and flash cooled in liquid nitrogen prior to storage at -80 C until purification.

Stored cell pellets were thawed on ice and resuspended in protein extraction buffer (100 mM
Tris-Cl pH 8.0, 300 mM NaCl and 10% (v/v) glycerol) supplemented with 10 g/ml lysozyme, followed
by sonication on ice at 50% duty cycle for 5 minutes. Crude lysates were centrifuged at 14 000xg and 4 C
for 20 minutes, and the supernatant was transferred to a fresh tube containing 1 ml TALON Cobalt-
affinity purification resin. Following a one hour incubation period on ice with gentle shaking, the resin
was washed with two 20 ml volumes of protein extraction buffer, followed by 20 ml protein extraction
buffer containing 20 mM imidazole. Bound protein was e uted in fractions using five 1 ml portions of

protein extraction buffer containing 200 mM imidazole. The € uate fractions most abundant in protein
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were identified using a Bradford assay and pooled. Subsequent spin-dialysis and concentration in a
Millipore 30 kDa molecular weight cut-off spin filter yielded a protein solution in protein extraction
buffer containing less than 0.5 mM imidazole. The resulting protein preparations were analyzed by SDS-
PAGE and spectrophotometry at 280 nm to confirm acceptable purity and concentration, respectively.
Extinction coefficients for GFTNMT and GFCNMT proteins were calculated using ExPAsy ProtParam

tool (21).

2.7.5 Chapter Five: E. sinica phenylalkylamine NM T candidates

Single colonies of E. coli strain ArcticExpress (Agilent) individualy transformed with pET47b
expression constructs were used to inoculate 50 mL of lysogeny broth (LB) medium supplemented with
50 g/mL kanamycin and 20 g/mL gentamycin. Similar ly, colonies of E. coli strain SG13009 (Qiagen)
transformed with each of the pQE30 expression constructs were used to inoculate 50 mL of LB medium
supplemented with 50 g/mL kanamycin and 100 g/mL ampicillin. Seed cultures were grown for 16 h at
30 C with shaking at 250 rpm and used to inoculate 1 L of LB medium without antibiotics. Cultures were
grown at 30 C to A e Of ~0.6, cooled to 16 C (ArcticExpress) or room te mperature (SG13009) and
supplemented with IPTG to afinal concentration of 1 mM. Following a 24 h (ArcticExpress) or 4 h
(SG13009) incubation, cells were harvested by centrifugation at 3000 g for 20 min and stored at -80 C.
Cdl pellets were resuspended in protein extraction buffer [50 mM Tris-HCI, pH 8.5, 10% (v/v) glycerol]
and lysed by sonication. Crude lysates were centrifuged at 4 C and 10000 g to remove cellular debris and
the resulting supernatant was applied to TALON cobat-affinity purification resin (Clontech) and
incubated onicefor 1 h. The resin was washed with two 10 mL volumes of protein extraction buffer,
followed by two additiona buffer volumes supplemented successively with 5 mM and 10 mM imidazole.
Purified proteins were eluted stepwise using 1 mL of buffer supplemented with 100 mM imidazole.
Eluted protein fractions were passed through PD-10 columns (GE Healthcare) to remove imidazole.
Protein concentration was determined by Bradford assay using bovine serum albumin (BSA) asthe

standard. Protein fractions were assessed by SDS-PAGE and anti-Hiss immunoblot analysis.
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Recombinant Glaucium flavum CNMT and TNMT, and Papaver somniferum RNMT were expressed and

purified as described in Sections 2.7.1 and 2.7.3.

2.8 Enzyme assays
2.8.1 - Chapter Three: P. somniferumreticuline NMT and NMT4

Initial substrate acceptance screens were conducted in 100 mM Tris-HCI, pH 7.0 and 8.5, using
10 mM akaloid, 20 MM SAM and 6 ng purified, desalted recombinant protein in areaction volume of 50
L. Assays were incubated for 16 h at 30 C and quenc hed with the addition of 150 i stop solution
[methanol containing 1% (v/v) acetic acid]. Quenched assays were diluted 1:1 with Solvent A [10 mM
ammonium acetate, pH 5.5, 5% (v/v) acetonitrile] and analyzed by LC-MS. Relative conversion rates for
substrates yielding areaction product showing and increased myz of 14 and/or 28 were performed under
identical assays conditions, except that incubation times of 10 min and 1 h were used, both of which were
within the linear assay range. The substrate showing the highest turnover (measured as adecrease in
substrate peak area) was set to 100% activity and other substrate conversion rates were scaled
proportionally. For the determination of pH optima, assays were performed in 100 mM MES, pH 5.0to
7.0, 0orin Tris-HCI, pH 7.0 to 9.0, using 500 nM (§)-reticuline or (R)-reticuling, 500 MM SAM and 1.5 ng
purified recombinant protein in areaction volume of 50 L. Assays were incubated for 1 h at 30 C and
guenched with the addition of 200 nL stop solution. Assays to determine temperature optima were
performed under identical conditions except that the buffer was 100 mM Tris-HCI, pH 7.0, and incubation
temperatures between 4 and 50 C were used. Kinetic parameters were measured in for 1 h under the same
conditions using concentrations of (S)-reticuline and (R)-reticuline between 0.5 to 500 M, and at a fixed
SAM concentration of 500 mM. SAM concentrations between 0.5 to 500 mM were tested at a fixed (R)-
reticuline concentration of 500 mM. Negative control assays were performed using purified recombinant
protein denatured in boiling water for 15 min. Product formation was quantified by comparison to afive-

point curve for authentic (S)-reticuline between 80 nM and 50 M. Saturation curves and kinetic
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constants were determined based on Michaelis-Menten kinetics using the Enzyme Kinetics module in

SigmaPlot 13.0.

2.8.2 - Chapter Four: T. flavum pavine NMT and mutants

Individual reactions (40 1) contained 100 mm Tris-Cl, pH 7.5, 0.5 mm SAM, 30 g/liter
methanol, 0 0.5 m M alkaloid substrate, and 0.16 M PavNMT. All reaction components except for the
enzyme were mixed thoroughly before PayNMT (2 |) was added and rapidly mixed. Reactions were
incubated ina 30 C water bath for 30 min before t he addition of 100 | of acetonitrile to stop the
reaction. Assays were performed intriplicate, and 5 | of each reaction was subjected to LC-MSMS

anaysis.

2.8.3 - Chapter Four: G. flavum NMTs

Five akaloids (canadine, coclaurine, stylopine, reticuline, pavine) were screened in triplicate as
potential substrates for G. flavum NMTs (contained in total soluble protein fractions from lysed E. coli
cultures expressing each putative enzyme) using a standardized assay under linear product formation
conditions (30 g total soluble protein, 100 M akaloid, 200 M S-adenosyl methionine, 100 mM
sodium phosphate, pH 7). Tota assay volume was 100 L, and assays proceeded at 30 C for either 5 or

30 min, depending on the linear range pre-determined for each enzyme.

2.8.4 - Chapter Four: G. flavum tetrahydroprotoberberine NMT, coclaurine NMT and mutants

Initial substrate range assays were carried out in 100 mM TrisHCI pH 8.0 using 100 M akaloid,
500 M SAM and 10 g purified recombinant proteinina50 | volumeat 37 C for 16 hours. Assays
were guenched with the addition of 200 | methanol, centrifuged to pellet precipitated protein and stored
at -20 C until LC-MS analysis. Substrates with which GFTNMT or GFCNMT produced a reaction product

consistent with N-methylation (+14 or +28 m/z with respect to the substrate) were investigated in more
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detail. Relative turnover was measured in triplicate assays under the same conditions astheinitial assays
above, except that 2 g protein and 10 minute incubation times (GFTNMT) or 0.5 g and 1 minute
incubation times (GFCNMT) were used to allow linearity of product formation. The substrate showing the
highest turnover, as measured by the decrease in the substrate peak arearelative to the boiled protein
negative control, was set to 100%. All other substrates were scaled proportionally.

For determination of pH optimum, assays were performed as described above for relative
turnover, except that the buffer system was 100 mM Bis-Tris propane pH 6.0 - 9.5 (GFTNMT) or 1200 mM
MES pH 5.5-6.5, MOPS pH 6.5-7.5, Tris-HCI pH 7.5-9.0 or sodium carbonate pH 9.0-10.0 (GFCNMT)
and the alkaloid substrate was 100 M ( S)-scoulerine or 200 M (S)-coclaurine. For determin ation of
temperature optimum, assays were performed as described above for relative turnover, except that the
alkaloid substrate for GFTNMT was THP. Reaction tubes were incubated in water baths at various
temperatures (4-60 C) for 10 minutes prior to and d uring the assay period and 0.5 g protein was used per
reaction. Kinetic parameters were measured as described above for relative turnover, except that 0.5 ¢
protein and 5 minute incubation times were used to ensure linearity of product formation at all substrate
concentrations. Stylopine concentration was varied from2.5 M to200 M and THP concentration was
variedfrom5 M to500 M, while SAM remained fixed at 500 M. Subsequently, SAM concentration
was varied from5 M to 1000 M with stylopine concentration fixed at 50 M. Product formation was
guantified by reference to a 5 point standard curve of the SMS or N-methyl-THP. Saturation curves and
kinetic constants were calculated according to the Michaglis-Menten P model implemented in Prism5
(Graphpad). Product inhibition assays were carried out as described above for relative turnover, except
that the substrate was THP, 0.5 g protein was used per reaction and N-methylstyl opine was added to the
reaction mixture at concentrationsranging from1 M to40 M. Product formation in the absence of
SM S was set to 100% and inhibited activities were scaled proportionally. For determination of GFTNMT
mutant proteins relative activities, assays were performed as described above for relative turnover except

that 0.5 g protein was used per reaction. For further comparison of low activities remaining for putative
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catalytic residue mutants, assays were also performed with 10 g protein. Product formation for the wild-

type GFTNMT was set to 100% and the mutant activities were scaed proportionally.

2.8.5 - Chapter Five: E. sinica phenylalkylamine NMT candidates and plant protein extracts

Initial screens were conducted in assay buffer [50 mM Tris HCI pH 8.5, 10% (v/v) glycerol and 5
mM DTT] containing 1 mM alkaloid substrate (i.e. cathinone, norephedrine, norpseudoephedrine,
ephedrine or pseudoephedrine), 1 mM SAM and 20 ng purified protein in areaction volume of 50 L
incubated at 37 C for 24 h. Separate negative contr ol reactions were performed without the addition of
SAM, and by using protein denatured by boiling for 20 min. Assays were quenched with 500 ni. 1 M
ammonium hydroxide, pH 10, followed by extraction with 500 L. ethyl acetate. The organic phase was
transferred to a clean tube and dried at room temperature overnight, and the residue was dissolved in
ultrapure H,O containing 0.1% (v/v) formic acid (Solvent A) and analyzed by LC-MS. Screening assays
were conducted in triplicate and repeated independently at least three times for each candidate.

To determine pH optimum, assays were performed in 100 mM MES (pH 5.5 6.5), MOPS (6.5
7.5), TrisHCI (7.5 9.0) or Na 2CO3/NaHCOz (9.0 10.5) containing 1 mM (-)-norephedrine, 1 mM SAM
and 25 ny purified protein in afina volume of 50 . Assays were incubated at 37 C for 3 h, which was
within the linear range for product formation (Appendix H), and quenched with 200 ni. methanol. To
determine temperature optimum, assays were performed in 100 mM Tris-HCI, pH 9.0, and between 4 and
65 C, asindicated. Assays were equilibrated at eac h temperature for 10 min prior to the addition of
purified protein. Kinetic parameters were measured at 37 C in 100 mM Tris-HCI, pH 9.0.
Phenyla kylamine substrates (i.e. cathinone, norephedrine, norpseudoephedrine, ephedrine and
pseudoephedrine) were used at concentrations between 15 niM and 10 mM, with SAM constant at 1 mM.
SAM was varied from 4 to 1000 nM at a fixed concentration of 1 mM norephedrine. Saturation curves
and kinetic constants were cal culated according to the Michadis-Menten modd using Prism 5 software

(GraphPad). Substrate range was determined at 37 C in 100 mM Tris-HCI, pH 9.0, using 1 mM of
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potential substrates. Substrate range assays were incubated for 3 h and, in addition, for 16 hours to ensure
no trace activities were overlooked. Negative control reactions were performed using purified protein
denatured by boiling for 20 min. Quenched reactions were centrifuged at 21000 g and 4 C for 30 min,
and the supernatant was analyzed by LC-MS. Turnover was detected by the formation of an analyte with
Mz 14 atomic mass units higher than the corresponding substrate.

For profiling of NMT activity in plant protein extracts, enzyme assays were performed in assay
buffer containing 1 mM phenyla kylamine substrates (i.e. cathinone, norephedrine, norpseudoephedrine,
ephedrine or pseudoephedrine), 1 mM SAM and 12 g of plant protein [60-85% (w/v) ammonium sulfate
fraction) in a50 M reaction at 37 C for 1.5 h. Asreported previoud y, NMT activity was restricted to the
60-85% (w/v) fraction so the 30-60% (w/V) fractions were not analyzed (22). Negative control reactions
were performed using protein extracts denatured by boiling for 20 min. Assays were quenched with 200

L methanol and analyzed by LC-MS.

2.8.6 - Chapter Sx: G. flavum coclaurine NMT, P. somniferum reticuline NMT and mutants

Enzyme activity was measured in 100 mM TrisHCI pH 8.0at 30 Cusing 100 M akaloid and
500 M SAM. For each substrate and enzyme combination, enzyme quantity and incubation time were
optimized to ensure linearity of product formation (GFCNMT/Coclaurine, 0.25 ug/2 min;
PsRNMT/Caclaurine, 15 ug/20min; GFCNM T/N-methyl coclaurine, Lug/20min; PSRNMT/N-
methylcoclaurine, 10 ug/30 min; GFCNMT/reticuline, 5 ug/30 min; PSRNMT/reticuline, 5 ug/20 min).
For (9-coclaurine, additional assays were carried out with the same quantity of protein but with the
incubation time extended to 16 hours. 50 ul assays were quenched with 200 ul methanol, centrifuged to
remove precipitated protein and immediately analyzed by LC-MS. All assays were conducted in triplicate
and compared to negative controls employing purified protein preparations which had been boiled for 10
minutes. For determination of kinetic parameters, (S-coclaurine and (S)-N-methyl coclaurine were used

at concentrations between 10 niM and 500 M, with SAM constant at 500 M. Saturati on curves and
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kinetic constants were calculated according to the Michaelis-Menten or Substrate Inhibition models

implemented in Prism5 (Graphpad).

2.9 Liquid chromatography-mass spectrometery
2.9.1 Chapter Three: Analysis of P. somniferumre ticuline NMT and NMT4 enzyme assays and VIGS
alkaloid extracts

LC-MS was performed using a 1200 HPL C coupled with an 6410 triple-quadrupole MS
(Agilent). Samples (2 L) were injected onto a Poroshell C18 HPLC column (Agilent) and analytes
eluted in agradient of Solvent A [10 mM ammonium acetate, pH 5.5, 5% (v/v) acetonitrile] and Solvent
B (100% acetonitrile) at aflow rate of 400 L. per min. The gradient began at 0% B, reached 80% B by 6
min, then increased to 100% at 7 min. Analytes of interest were eluted during this gradient portion. The
mixture returned to 0% B for a 3-min re-equilibration period. Anal ytes were applied to the mass analyzer
using an electrospray ionization probe operating in positive mode with the following conditions: capillary
voltage, 4000 V; fragmentor voltage, 100 V; source temperature, 350 C; nebulizer pressure, 50 PSI; gas
flow, 10 L/min. For full-scan andysis, quadrupole 1 and 2 were set to RF only, whereas the third
guadrupole scanned from 200 700 nvz (for alkaloid extracts and substrate range assays). Selected ion
mode (m/z 330 and 344) was used for pH and temperature optima, and kinetic parameter, analyses.
Positive-mode el ectrospray ionization (ESI[+]), collision-induced dissociation (CID) spectrawere
anayzed, the precursor m/z was selected in quadrupole 1 and collision energy of 25 eV was appliedin
quadrupole 2 and an argon collision gas pressure of 1.8 x 10  torr. The resulting MS? fragments were
resolved by quadrupole 3 scanning from 40 nVz to 5 m/z greater than the precursor ion m/z. Compounds
were identified based on retention times and ESI[+]-CID spectra compared with authentic standards
(Appendix I). Alkaloids were quantified by comparison to five-point (80 nM to 50 niv) curves of

authentic standards.
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2.9.2 Chapter Four: Analysis of T. flavum pavine NMT enzyme assays

Enzyme assay samples were analyzed using a 1200 Infinity liquid chromatography system
coupled with a 6410 triple-quadrupol e mass spectrometer (Agilent Technologies). Chromatographic
separation was achieved using a Poroshell 120 SB-C18 HPLC column at a solvent flow rate of 0.6 ml/min
using solvent A (10 mM ammonium acetate, pH 5.5, 5% ACN) and solvent B (100% ACN) under the
following gradient conditions: 0 80% solvent B from 0 to 9 min, 80 99% solvent B from 9 to 10 min,
isocratic 99% solvent B from 10 to 11 min, 99 0% so Ivent B from 11 to 11.1 min, and 0% solvent B from
11.1to 14.1 min. Analytes of interest were e uted during the 0-80% solvent B gradient. Electrospray
ionization, full scan mass analyses (m/z300 400), and collisional MS/M S experiments were pe rformed as
described previoudly (23). Reaction product identification was based on the previously reported collision-
induced dissociation spectrum for laudanosine. In the absence of authentic laudanosine, reaction product

guantification was determined using a standard curve of (S)-reticuline as surrogate.

2.9.3 Chapter Four: Analysis of G. flavum NMTs en zyme assays

Assays were anayzed by LC-MSMS as previously described (23). Most products were identified
by comparison with retention times and CID spectra of authentic standards. N,N-Dimethylcoclaurine was
identified by comparing the reaction product CID spectrum with previously reported data (24). Product
formation was monitored relative to empty vector controls. For each enzyme, activity was cal culated
relative to the assay in which the most substrate conversion was observed (i.e. the latter assay being set to

100 %).

2.9.4 Chapter Four: Analysis of G. flavum tetrahy droprotoberberine NMT, coclaurine NMT and mutant
enzyme assays
LC-MS was performed using a 1200 HPL C coupled to a 6410 triple-quadrupole MS (Agilent). 5

| samples were injected onto a2.1 mm x 100 mm Poroshell 120 SB-C18 2.7 m column and analytes
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were duted in a gradient of solvent A (10 mM ammonium acetate pH 5.5, 5% acetonitrile) to solvent B
(100% acetonitrile) at aflow rate of 0.4 ml/min. The gradient began at 0% solvent B, reached 80%
solvent B by 8 min, and increased to 100% solvent B a 9 min. Analytes of interest were eluted during
this gradient portion. After a 1-minute wash, the solvent mix returned to 0% solvent B for a3 minute re-
equilibration period prior to the next injection. Analytes were applied to the MS using an el ectrospray
ionization probe operating in positive mode with the following conditions: capillary voltage, 4000 V;
fragmentor voltage, 100 V; source temperature, 350 C; nebulizer pressure, 50 PSI; and gas flow, 10
L/min. For full-scan analysis (substrate, temperature, and pH range assays), quadrupole 1 and 2 were set
to radio frequency only, whereas the third quadrupol e scanned from 200 to 700 mv/z. For all other
analyses, multiple-reaction monitoring mode was used. Precursor ions were selected in quadrupole 1 and
collision energies of 10-20 eV were applied in quadrupole 2 with an argon gas pressure of 1.8 x10-3 Torr.
The resulting fragment ions were resolved in quadrupole 3 and the most abundant was used as quantifier

(SMS, 338.2>190.2; N-methyltetrahydropalmatine, 370.2>206.1).

2.9.5 Chapter Five: Analysis of E. sinica phenyla lkylamine NMT candidate enzyme assays

LC-MS analysis was performed using a 1200 HPL C coupled to a 6410 triple quadrupole mass
spectrometer (Agilent). Initial screening assays were analyzed by injection onto a 150 mm by 2 mm
Prodigy Phenyl-3 column (particlesize 5 m, pore size 100 ) at room temperature (21 C). Analytes
were eluted in a gradient of solvent A [0.1% (v/v) formic acid in ultrapure H>O] and solvent B [0.1%
(v/v) formic acid in ultrapure methanol] at aflow rate of 200 nL/min. The gradient was initiated at 5% B
for 1 min, ramped linearly to 70% B by 20 min, and increased to 90% B by 21 min. Analytes of interest
were eluted during the 0-70% solvent B gradient. From 22 23 min, the mobile phase composition was
returned to, and remained at 5% B, for a 5-min re-equilibration period. All other samples were analyzed
by injection onto a 250 mm by 2 mm Luna Phenyl-Hexyl HPLC column (particlesize5 m, poresize

100 ) at 45 C. Anaytes were eluted in a gradient of solvent A [0.1% (v/v) formic acid and 5% (v/v)
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ultrapure methanol in ultrapure H-O] and solvent B [0.1% (v/v) formic acid in ultrapure methanol] at a
flow rate of 300 L/min. The gradient was initiated at 0% B, ramped linearly to 35% B by 12 min,
increased to 85% B by 14 min, remained at 85% B until 18 min, and returned to 0% B by 21 min for a 6-
min re-equilibration period.

M ass spectrometery was performed using el ectrospray ionization operating in positive mode
under the following conditions: capillary voltage 4000 V, fragmenter voltage 100 V, source temperature
350 C, nebulize pressure 50 psi, gas flow 10 L/min. For initia screening assays, samples were analyzed
in selected ion mode where quadrupoles 1 and 2 were set to RF only while quadrupole 3 filtered for m/z
corresponding to the substrate and reaction product (+14 myz). For substrate range experiments, samples
were analyzed in full scan mode where quadrupoles 1 and 2 were set to RF only while quadrupole 3
scanned from myz 100 to 700. All other samples were analyzed in selected reaction monitoring mode
where quadrupole 1 filtered for select precursor ions, quadrupole 2 applied collision energy of 10 or 20
eV, and quadrupole 3 filtered for select product ions. Transitions (precursor and product ion pairs) were
selected empirically on the basis of collision induced dissociation experiments with authentic standards.
Analyte identities were confirmed by comparison of retention time and collision induced dissociation
(CID) spectrafor experimental samples and authentic standards. For CID experiments, precursor ions
(IM+H]" or [M+H-H,0]") were selected in quadrupole 1, collision energy of 10, 15 or 20 eV was applied
in quadrupol e 2 and quadrupole 3 scanned for product ions from 40 m/z to +20 m/z relative to the
precursor. When possible, alkaloids were quantified by comparison to afive point standard curves (6 nM
to 4 nM, or 160 nM to 500 M) prepared from authentic standards. N-M ethyl pseudoephedrine, for which

an authentic standard was not available, was quantified using N-methylephedrine as an equivalent.
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2.9.6 Chapter Sx: Analysis of G. flavum coclauri ne NMT, P. somniferum reticuline NMT and mutants
enzyme assays

LC-MS analysis was carried out as previoudly described (25, 26). Product formation was
guantified with reference to a5 point standard curve of (S)-N-methylcoclaurine, (S)-N,N-

dimethylcoclaurine or (S)-tembetarine.

2.9.7- Chapter Sx: Analysis of yeast cultures used to screen putative BIA NMTs
High-resolution M Sn analysis of product formation in the media was carried out as previously

described (27).

2.10 Virus-induced genesilencing

Gene-specific silencing constructs were based on the pY L156/TRV 2 system. The target
nucl eotide sequence for PsSRNMT was designed to straddle the 3 coding and untranslated regions owing
to the relatively high sequence identity among Rossmann fold/AdoM et-binding domains near the 5 end.
The target sequence was amplified from opium poppy cDNA using Q5 High Fidelity DNA polymerase
(New England Biolabs) and PCR primersincorporating 5 BamHI and 3 EcoRI restriction sites. The
PCR product was ligated into the corresponding restriction sites of pTRV 2. The resulting pTRV2-NMT3
construct was transformed into Agrobacterium tumefaciens strain GV 3101 by electroporation. A.
tumefaciens strains harbouring pTRV 2-PsNM T3 or the empty pTRV 2 vector were combined in equal
amounts with a strain containing pTRV 1 and used to infiltrate two-week old opium poppy seedlings as
previoudy described [26]. Latex, stem and root samples collected were collected from each plant 1-2 days
prior to anthesis, and ground to fine powder under liquid N2 using a Tissuel yzer 11 (Qiagen). Total RNA
was extracted from ground stem tissue using the CTAB method [24] and cDNA synthesis was performed
as described above. Plants were screened for infection by reverse transcription-PCR to identify

individuals containing TRV coat protein transcripts using specific primers (TRV2-CP-F 5 -
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CTGACTTGATGGACGATTC-3, TRV2-CP-R5-TGTGTTTGGATTCGCAG-3). Twelve infected
plants for each pTRV 2 construct were analyzed by (i) real-time quantitative (QRT)-PCR to determine
relative transcript abundance of NMT genes and (ii) LC-MS to determine the abundance of selected BIAS.
Briefly, latex and ground root samples were freeze-dried for 24 h, after which the tissue samples were
suspended in 100 mL/g acetonitrile, sonicated for 10 min on ice, and extracted at -20 C for 24 h. Extr acts

were diluted 100-fold in Solvent A and subjected to LC-MS analysis.

2.11 Geneexpression analysis
2.11.1 Chapter Three: P. somniferum VIGS and orga n samples

Plant organs were collected 1-2 days prior to anthesis from five individual opium poppy plants
and flash frozen in liquid N. Tissue samples were ground to a fine powder under liquid N2 using a
Tissuelyzer 11 (Qiagen) and aliquots were used for RNA and alkaloid extraction, followed by RT-gPCR
and LC-MS analysis.

gRT-PCR was performed to determine the relative abundance of NMT transcripts using SYBR
Green detection in an ABI 7300 (Applied Biosystems, Foster City, CA). RNA extraction and cDNA
synthesis were performed as described above. Each 10-ni reaction contained 2 ni. of cDNA, 2 pmol of
each primer (Appendix J) and KAPA SYBR FAST gPCR Master Mix used as recommended by the
manufacturer (Kapa Biosystems, Wilmington, MA). PCR was performed as follows; 3 minat 95 C,
followed by 40 cycles of 3 sec at 95 C and 20 sec at 60 C. Amplification specificity was verified by melt
curve analysis and agarose gel electrophoresis of reaction products. Primer efficiency was verified using
LinRegPCR (28). The 2" " method was used to calculate rel ative transcript abundance (29), whereby the
geometric mean of actin and ubiquitin used as reference genes and the results for each transcript are

normalized to the plant showing the highest expression level.
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2.11.2 Chapter Five: E. sinica stem and root samp les

Tota RNA was extracted from plant tissues using a modified CTAB method (18). Quality and
guantity were assessed by agarose gel € ectrophoresis and Nanodrop spectrophotometry. cDNA synthesis
was performed on 2 g total RNA using the 5X All-in -one RT Master Mix kit, which contains both
Oligo(dT) and random primers (Applied Biological Materials).

Primer pairsfor gRT-PCR were designed using the PrimerQuest (IDT) tool and verified by
examining melt curves and agarose gel electrophoresis of amplicons. Five plant housekeeping gene
orthologs (EF-1 , ACT2, UBC, PP2A, TIF) were identified in the E. sinica transcriptome and tested as
potential reference genes (30). The geometric mean of C; values determined for the three genes showing
the most stable expression (ACT2, PP2A, TIF) was used as the reference to cal culate relative transcript
abundance of PANMT in plant tissues using the 2~ © method. PCR amplification efficiency, calculated
from raw fluorescence data using LinRegPCR (28), was between 90 and 110% for all primer pairs.
Results were normalized to the sample showing the lowest expression level. Real-time PCR and melt
curve analyses were performed using SYBR Green detection in a QuantStudio 3 system (ThermoFisher).
Each 20-mL reaction contained 2 . cDNA, 6 pmol of each primer (Appendix J) and 10 L. 2X Power
Up SYBR Green Master Mix as recommended by the manufacturer (Applied Biosystems). Cycling was
performed as follows. 2 min at 95 C, followed by 45 cycles of 5 sec a 95 C and 20 sec at 60 C. Méelt
curve analysis was performed by increasing the block temperature from 60 to 95 C at aramp rate of

0.15 C per sec.

2.12 Plant protein and akaloid extractions
2.12.1 Chapter Three: P. somniferum alkaloid extr actions

Latex and ground root samples were freeze-dried for 24 h, after which the tissue samples were
suspended in 100 mL/g acetonitrile, sonicated for 10 min onice, and extracted at -20 C for 24 h. Extr acts

were diluted 100-fold in Solvent A and subjected to LC-MS analysis.
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2.12.2 Chapter Five: E. sinica alkaloid extractio ns

Phenyla kylamines were extracted from plant material by adding 750 ni. of ultrapure water to
100 mg of a ground tissue, followed by vortexing and sonication at room temperature for 2 min (22).
Suspensions were centrifuged at 21,000 g for 5 min at room temperature to pellet debris, the supernatant
was transferred to a clean microtube, and 7.5 ni. of 10M NaOH was added to recover phenylakylamines
in uncharged form. The basified agueous solution was extracted three times with 900 L diethyl ether,
after which the organic fractions were pooled and evaporated to dryness under reduced pressure. Residual

solids were dissolved in ultrapure methanol and analyzed by LC-MS.

2.12.3 Chapter Five: E. sinica protein extraction s

Soluble protein was extracted from pooled plant materials by adding 10 mL of ice-cold protein
extraction buffer [100 mM TrisHCI pH 8.5, 10% (v/v) glycerol, 1% (w/v) PVP-40, 5mM DTT, 1X Plant
Protease Inhibitor Cocktail (Bioshop Canada)] to 1-2 g of ground plant tissue, followed by vortexing and
sonication in an ice-cold water bath for 5 min. The suspension was centrifuged at 21,000 g for 20 min at
4 C to pellet debris, and the supernatant was transferred to a clean tube. Oven dried and finely ground
ammonium sulfate was added to a final concentration of 30% (w/v) and the sample was incubated on ice
for 1 h. The sample was centrifuged at 16,000 g for 20 min at 4 C and the precipitated pellet discarded.
Saturated ammonium sulfate solution was added to the supernatant to a final concentration of 60% (w/v)
and the sample was incubated for 1 h at 4 C. The sample was centrifuged at 16,000 g for 20 minat 4 C
and the precipitated pellet [30-60% (w/v) fraction] discarded. Saturated ammonium sulfate solution was
added to the supernatant to afinal concentration of 85% (w/v) and the sample incubated for 2hat 4 C.
The sample was centrifuged at 16,000 g for 20 min at 4 C and the supernatant discarded. T he remaining

pellet [60-85% (wi/v) fraction] was resuspended in 2 mL ice-cold protein extraction buffer and desalted
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using a PD-10 column (GE Healthcare). Protein concentration was determined by Bradford assay with

BSA asthe standard.

2.13 Microbial alkaloid biosynthesis
2.13.1 (Pseudo)ephedrine biosynthesisin E. coli

Single colonies of E. coli strain SG13009 transformed with pQE30-PaNMT or pQE30 were used
to inoculate 3 mL of LB medium supplemented with 50 ng/mL kanamycin and 100 ng/mL ampicillin.
Cultures were grown for 16 h at 30 C with shaking at 250 rpm, after which 1 mL aliquots were pelleted
by centrifugation at 3000 g for 5 min. Cell pellets were resuspended in 50 mL of LB medium
supplemented with 100 mg/mL ampicillin and incubated at 30 C with shaking at 250 rpm to Ao of ~0.6.
Following transfer to room temperature, each culture was supplemented with IPTG to afinal
concentration of 1 mM and incubated for an additional 16 h. Single colonies of E. coli strain BL21
transformed with pACE2-PP2799 or pACE2 were similarly cultured in LB medium containing only 20
ng/mL tetracycline. Cultures (i.e. SG13009 harbouring pQE30-PaNMT and BL 21 harbouring pACE2-
PP2799; SG13009 harbouring pQE30 and BL 21 harbouring pACE2) were combined at a 1:1 ratio and 2
mL aliquots were centrifuged at 3000 g for 5 min to remove the culture medium. Cell pellets were
resuspended in 500 ni. of LB medium supplemented with 1 mM IPTG and 500 nM of either (S-PAC,
(R)-PAC, norephedrine or norpseudoephedrine, and incubated at 37 C for 96 h. After the first 48 h, each
culture was supplemented with 1 mM SAM and the pH was adjusted to 8.5 using 100 mM Tris-HCI.
Product formation was measured in culture supernatant collected at various incubation time points
between 0 and 96 h. Supernatants were diluted 1:1 with ultrapure methanol, centrifuged at 21,000 g and
4 C for 30 min, and analyzed by LC-MS. Soluble cell ular protein was assessed by SDS-PAGE and

immunoblot analysis to confirm production of recombinant proteins.
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2.13.2 Screening of NMT candidates in yeast

His6-tagged BIA NMT sequences codon-optimized for yeast expression were synthesized by
GenScript. Each coding sequence was subcloned into pESC-HIS using Sall and Xhol restriction sitesto
place it under the control of the Gal1 promoter. All constructs were verified by Sanger Sequencing at the
UCDNA Sequencing and Genetic Analysis Lab (Calgary, AB). Following transformation of
Saccharomyces cerevisiae CEN.PK. with the individual expression constructs, fermentations were carried
out as previously described except that 200 M ( S)-coclaurine, (S)-N-methylcoclaurine, (S)-reticuline or

(S)-bulbocapnine was used (27).

2.14 - NMR and CD spectroscopy
2.14.1 Chapter 3. (9-tembetarine

'H and *3C NMR spectra and gc2hsgcse, gCOSY, and gHMBCAD correl ation data sets were
recorded on aAgilent DD2 NMR Spectrometer (700 MHZz) equipped with a cryogenically cooled
guadruple-resonance HFCN probe. Spectra were collected and interpreted by Dr. Darcy Burns at the
Department of Chemistry, University of Toronto (Appendix C). 2.5 mg (S)-tembetarine was dissolved in

approximately 300 | CD30D for anaysis.

2.14.2 Chapter Five: Phenylalkylamines

'H NMR spectra were recorded on an AV 111-400 spectrometer (400 MHz) and analyzed using
TopSpin software (Bruker). NMR spectrometry was performed on 2-5 mg of each analytein
approximately 300 | of either CDCI3 or D20, asind icated (Appendix D). Circular dichroism spectra
were recorded using a J-715 spectropolarimeter (Jasco) on 10 mg of each analyte dissolved in 3.1 mL of
ultrapure methanol or H,O contained in a 1-cm path length quartz cuvette (Appendix D). The instrument
scanned from 400 nm to 200 nm at a speed of 20 nm/min, and three spectra were averaged to reduce

noise. The instrument was calibrated using (R)-( )-10-camphorsulfonic acid.

90



215 Statistical analysis

For enzyme activities, dl error bars represent one standard deviation of the mean calculated from
at least three independent replicates. Statistical significance of pairwise VIGS comparisons (N=12) was
calculated using Welch st-test (31). For comparisons with more than two groups, statistical significance

was determined using aone-way ANOVA and Holm-Sidak test for multiple pairwise comparisons (32).

2.16 Molecular modelling

2.16.1 Visualization and superimposition of struc ures

All figures were generated using PyMol Molecular Graphics System version 2.2.2 (Schrodinger).
Crystal structures corresponding to Coptis japonica CNMT (6GKV) and Thalictrum flavum pavine
NMT(5KOK) in complex with alkaloid substrates were downloaded from the Protein Databank and
superimposed using the align command in PyMol. Anidentical procedure was carried out to align
Myecalic acid methyltransferase Hma (2FK 8) and Mycolic acid cyclopropane synthase CmaA2 (1KPI)

with CCNMT.

2.16.2 Homology modelling and docking

Primary amino acid sequences corresponding to widltype P. somniferumreticuline NMT, mutant
PsSRNMT-G204E and mutant G. flavum coclaurine NM T-E204G were uploaded to the SWISS-MODEL
server hosted by the Swiss Institute of Bioinformatics and homology models were automatically prepared,
except that CGCNMT (PDB 6GKV) was specified as template. The resulting models and CJCNMT crystal
structure were downloaded and prepared for docking using Maestro Suite Release 2019-1 (Schrodinger).
(9-Coclaurine and (S)-reticuline mol ecul es were drawn manually and subseguently prepared for docking
using the LigPrep module. Receptor grid generation and flexible ligand docking was carried out for each
protein-ligand combination using the Glide module. The resulting poses were visualized and figures were

generated using PyMol.
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Chapter Three Isolation and Characterization of R eticuline N-M ethyltransferase Involved in

Biosynthesis of the Aporphine Alkaloid Magnoflorine in Opium Poppy

Adapted from:

Morris, J.S. & Facchini, P.J (2016). Isolation and Characterization of Reticuline N-Methyltransferase
Involved in Biosynthesis of the Aporphine Alkaloid Magnoflorine in Opium Poppy. J. Biol. Chem. 291,
23416-23427, DOI: 10.1074/jbc.M116.750893

JSM designed and performed all the experimental work in consultation with PJF. PJF conceived of the project. JSM
wrote the draft. JSM and PJF edited the final manuscript.
3.1 Summary

Benzylisoquinoline akaloids are alarge group of plant-specialized metabolites displaying an
array of biological and pharmacological properties associated with numerous structural scaffolds and
diverse functional group modification. N-Methylation is one of the most common tailoring reactions,
yielding tertiary and quaternary pathway intermediates and products. Two N-methyltransferases accepting
(i) early 1-benzylisoquinoline intermediates possessing a secondary amine and leading to the key branch-
point intermediate (S)-reticuline and (ii) downstream protoberberines containing atertiary amine and
forming quaternary intermediates destined for phthalidei soquinolines and antimicrobial
benzo[ c] phenanthridines were previously characterized. We report the isolation and characterization of a
phylogenetically related yet functionally distinct N-methyltransferase (NMT) from opium poppy
(Papaver somniferum) that primarily accepts 1-benzylisoquinoline and aporphine substrates possessing a
tertiary amine. The preferred substrates were the R and S conformers of reticuline and the aporphine (S-
corytuberine, which are proposed intermediates in the biosynthesis of magnoflorine, a quaternary
aporphine akaloid common in plants. Suppression of the gene encoding reticuline N-methyltransferase
(RNMT) using virus-induced gene silencing in opium poppy resulted in asignificant decrease in
magnoflorine accumulation and a concomitant increase in corytuberine levels in roots. RNMT transcript
levels were also most abundant in roots, in contrast to the distribution of transcripts encoding other

NMTs, which occur predominantly in aerial plant organs. The characterization of athird functionally
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unique NMT involved in benzylisoquinoline alkal oid metabolism will facilitate the establishment of

structure-function rel ationships among alarge group of related enzymes.

3.2 Introduction

Magnoflorine is a quaternary benzylisoquinoline alkaloid (BIA) occurring as a speciaized
metabolite in several angiosperm ordersincluding the Ranunculales, Laurales, Sapindales, Piperales,
Rosales, Malpighiales, and Magnoliales (1). Key physiological and ecological roles for magnoflorinein
plants can be predicted on the basis of its widespread taxonomic distribution, potent enzyme inhibitory,
and cytotoxic effects and diverse pharmacological properties that include potentia antidiabetic, anti-
inflammatory, antimicrobial, antitumor, sedative, and anxiolytic applications (2 6). In the Ranunculac eae
family, magnoflorine istypically found in subterranean organs where it has been purported to function as
an allelopathic agent or in the defense against pathogens (7, 8). The ecological functions of magnoflorine
also appear to include plant-insect interactions. The larvae of the Battus polydamus butterfly were shown
to accumulate magnoflorine after feeding on Aristolochia in manner similar to the defensive sequestration
of anti-feedant compounds, such as the aristolochic acids (9).

Aswith all BIAS, the biosynthesis of magnoflorine begins with the condensation of two tyrosine
derivatives, dopamine and 4-hydroxyphenylacetal dehyde, which yields the first com- mitted pathway
intermediate (S)-norcoclaurine (Fig. 3.1). Subsequent O-methylations, N-methylation, and aromatic ring
hydroxylation yield (S)-reticuline, which serves as a key branch point intermediate to several BIA
subclasses with structurally diverse scaffolds. Notable BIAs (and their structural subclasses) include the
narcotic analgesic morphine (morphinan), the anti-tussive and potential anticancer drug noscapine
(phthalideisoquinaline), the vasodilator papaverine (1-benzylisoquinoline), and the antimicrobials
berberine (protoberberine) and sanguinarine (benzo(c)phenanthridine) (10). Magnoflorine is a member of

the aporphine subclass of BIAs, which are formed from reticuline via carbon-carbon phenol coupling

involving C8 of the isoquinoline moiety and either C2 (e.g. magnoflorine) or C6 (e.g. glaucine) of the
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benzyl group (Fig. 3.1). Formation of the aporphine scaffold is catalyzed by the cytochrome P450

corytuberine synthase (CY P80G2), which has been isolated and characterized from Coptis japonica
(Ranunculaceae) (11). CY P80G2 efficiently converted (S)-reticuline to (S)-corytuberine, which was
assumed to undergo N-methylation yielding magnoflorine. Alternatively, an initial N-methylation of

reticuline would yield tembetarine, which hypothetically could also serve as a substrate for C8-C2

coupling. Early tracer experiments using Cocculus laurifolius (M enispermaceae) showed the

incorporation of both radiolabeled reticuline and tembetarine into magnoflorine, suggesting that either
routeis possible or that C8-C2 bond formation occurs subsequent to N-methylation (12). However,

CY P80G2 did not accept tembetarine as a substrate supporting arole only for corytuberine as an
intermediate in magnoflorine biosynthesis, at least in C. japonica (11). Moreover, corytuberine, but not
tembetarine, was detected in Podophyllum spp., which also accumulate magnoflorine (Ranuncul aceag)
(8). Although C. japonica coclaurine N-methyltransferase (CNMT) was reported to accept (S)-
corytuberine as a minor substrate (13), an N-methyltransferase (NMT) specifically involved in
magnoflorine biosynthesis has not been isolated. Magnoflorine contains a chiral center, although the
stereochemistry of the compound has not been determined in most plants, including opium poppy.
Three related, yet functionally distinct, NMT isoformsinvolved in BIA metabolism have been
isolated and characterized: CNMT (13, 14), tetrahydroprotoberberine cis-N-methyl-transferase (TNMT)
(15), and pavine N-methyltransferase (PavNMT) (16). Enzymes classified asa CNMT display ardatively
broad substrate range but predominantly target the secondary amine of the 1-benzylisoquinoline (S)-
coclaurine yielding (S)-N-methyl coclaurine, which is an intermediate in the formation of (S)-reticuline
(13, 14). In contrast, TNMT enzymes show greater specificity in accepting various protoberberine
substrates containing tertiary amines and yielding products with quaternary nitrogen atoms (15, 16).
PavNMT from Thalictrum flavum (Ranunculaceae) is the only partially characterized member of an
isoform group distinct from CNMT and TNMT because of its predominant activity on the secondary

amine of ( )-pavine, which possesses a different scaffold structure compared with benzylisoquinolines
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and protoberberines (16). The biosynthesis of magnoflorine and related quaternary apophines (Fig. 3.1)
requires an NMT that efficiently targets the tertiary aminesin 1-benzylisoquinoline (e.g. (S-reticuline) or
aporphine (e.g. corytuberine) substrates. Such an NMT is not represented among the characterized
enzymes. In this paper, we report the isolation and characterization of acDNA encoding reticuline N-
methyltransferase (RNMT) from opium poppy (Papaver somniferum), and we demonstrate a

physiological role for the enzyme in the biosynthesis of magnoflorine in the plant.

Figure3.1- Biosynthesisof thequater nary alkaloid magnoflorinein opium poppy. The condensation of dopamine
and 4-HPAA by norcoclaurine synthase (NCS) yields the central BIA intermediate, (S)-norcoclaurine, which is
converted to (S-reticuline via two O-methylations, an N-methylation, and an aromatic ring hydroxylation. (S)-
Reticuline can subsequently undergo stereochemical inversion yielding (R)-reticuline. Carbon-carbon phenol coupling
of reticuline by acytochrome P450 related to C. japonica CY P80G2 (11) putatively establishes the aporphine scaffold
in corytuberine, which can be N-methylated to magnoflorine. Alternatively, the N-methylation of reticuline yields the
quaternary alkaloid tembetarine, which may also serve as a substrate for a CYP80G2-like enzyme forming
magnoflorine viaan alternative route. Reticuline N-methyltransferase (RNMT) is shown herein to efficiently catalyze
the N-methylation of (S)-reticuline, (R)-reticuline, and (S)-corytuberinein support of the pathways shown.
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3.3 - Results
3.3.1 Isolation and phylogenetic analysis

Opium poppy transcripts encoding two putative NMTs were identified in stem and root
transcriptome databases based on their predicted amino acid sequence identity with CNMT and TNMT
(51 and 61%, respectively). Theisolated NMT3 (RNMT) cDNA perfectly matched the nuclectide
seguence identity of assembled contigs discovered in the transcriptome analysis, whereas the NM T4
cDNA contained 12 mismatched nucleotides resulting in four amino acid substitutions. The predicted
RNMT and NM T4 trand ation products featured molecular masses of 41.9 and 40.7 kDa and predicted pl
values of 5.9 and 5.2, respectively. RNMT showed 51, 44, and 46% amino acid identity with respect to
opium poppy CNMT, TNMT, and NMT4, whereas NM T4 displayed 49 and 60% amino acid identity
with respect to CNMT and TNMT, respectively. Phylogenetic relationships among functionally
characterized NMTsimplicated in BIA metabolism from opium poppy and other plant species, and a
selection of proteins with relevant amino acid identity, placed RNMT in a subclade containing PavNMT
from T. flavum and a partially characterized NMT from Glaucium flavum (GINMT4), which
preferentially N-methylate (S)-coclaurineand ( -pavine, respectively (Fig. 3.2). In contrast, opium
poppy NM T4 emerged as the most distal member of a subclade containing only TNMTs.

Amino acid sequence alignment of all four characterized and candidate NMTs from opium poppy
showed the conservation of several residues, including a canonical GXGXG motif and four of six
additional residues reportedly involved in S (5 -adenosyl)-L-methionine (AdoMet) binding (Fig. 3.3) (17,
18). Fifteen conserved residuesin CNMT, TNMT, and RNMT were substituted in NMT4. The TargetP
program (19) did not detect a putative cellular targeting sequence associated with the deduced amino acid
sequences, suggesting the cytoplasmic localization of al four enzymes. Interestingly, CNMT, TNMT, and
NMT4 terminatein a potentid tri-Lys (KKK) ER retention signal (20), whereas RNMT extends by five

additional residues.
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Figure 3.2 Rooted maximum-likelihood phylogenetic tree for characterized NMTs involved in BIA
metabolism and related enzymes. Bootstrap frequencies displayed at each node are percentages of 500 bootstrap
replicates. The analysis involved 22 amino acid sequences and a total of 222 positions following the elimination of
gaps and missing data. Protein names and accession numbers are provided under Experimental Procedures. The
scale bar represents the length corresponding to 0.5 substitution/site.

100



Figure 3.3 - Alignment of opium poppy RNMT, CNMT, TNMT, and NM T4. Residues conserved across the four
NMT sequences are shaded in black, whereas residues differing only in NM T4 are shaded in gray. Residuesimplicated
in AdoMet binding are indicated with asterisks (17). The conserved AdoMet-dependent methyltransferase region,
motif | (18), isunderlined.
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3.3.2 Functional Characterization
Recombinant Hiss-tagged RNMT and NM T4 produced in Escherichia coli were purified using
cobalt affinity chromatography (Fig. 3.4). The purified proteins showed apparent molecular masses of 45

and 43 kDa, respectively, which are consistent with the masses of the predicted translation products.

Figure 3.4 - Cobalt-affinity purification of
recombinant Hiss-tagged RNM T (NM T 3) and
NMT4. SDS-PAGE anaysis shows total
Escherichia coli soluble protein extracts after
induction, 20 L of a 20 mM imidazole wash,
and the final purified protein fractions. The
molecular weights of marker proteins are shown
to the left of each gel image.

Both proteins were screened for enzymatic activity using 32 potential BIA substrates displaying a
wide range of structural scaffolds and functional group modifications (T able 3.1). Reaction products
consistent with N-methylation (i.e. again of 14 atomic mass units with respect to the substrate) were
detected for RNMT. In contrast, NM T4 failed to show conversion of any of the tested BIA at both pH 7.0
and 8.5. RNMT accepted avariety of BIAswith three distinctly different structural scaffolds: 1-
benzylisoquinoline, aporphine, and pthalideisoquinoline. Within each structura subclass, RNMT showed
astrong preference for substrates with atertiary amine, although akaloi ds containing a secondary amine
(e.g0. (R,S)-tetrahydropapaverine and, to alesser extent, (S)-coclaurine) were also accepted as substrates.
In the case of substrates with secondary amines, RNMT catalyzed two sequential N-methylations yielding
detectable products showing an increase in 14 and 28 atomic mass units. The substrate showing the

highest rel ative conversion rate was (R)-reticuline, with the turnover rate for (S)-reticuline reduced by
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50% (Fig. 3.5). The aporphine alkaloid (S)-corytuberine displayed the second highest turnover rate after

(R)-reticuline, and other aporphines (i.e. ( )-glaucineand ( )-bulbocapnine) showed substantial
conversion. The phthalidei soquinoine noscapine was accepted at relatively lower levels. NMR
spectroscopy confirmed the identification of (S)-tembetarine asthe RNMT reaction product obtained from
(S-reticuline (Appendix C).

RNMT showed a pH optimum of 8.5 using (R)-reticuline as the substrate, but arelatively broader
optimum between pH 7.0 and 9.0 for (§)-reticuline (Fig. 3.6). With both substrates, maximum RNMT
activity was detected at 30 C. Consequently, the d etermination of kinetic parameters was performed at
pH 7.0and 30 C. RNMT exhibited K v values of 42 and 85 M for ( S-reticuline and (R)-reticuline,
respectively (Table 3.2; Fig. 3.6). The maximum reaction rates for each substrate at saturation were

estimated at 39.6 and 74.8 pmol min* g *, with (S-reticuline showing modest inhibition at
concentrations 500 M. RNMT displayed an apparent K v of 168 M for AdoMet with no indication of

inhibition at higher concentrations. Under saturating conditions, the number of (S-reticuline and (R)-
reticuline molecules turned over per second (Kca) Was calculated as 0.028 s* and 0.053 s?, respectively.
Overall, catalytic efficiencies (kea/Kwm) were similar for (S-reticuline and (R)-reticuline at 655 and 618 s*

M—l
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Table 3.1 - Substrate range for RNMT. Substrate conversion values represent the means of the percentages of
maximum activity — S.D. for three independent repli cates, with the single replicate showing the highest substrate
consumption overal set to 100%. The values for (S)-coclaurine and (S)-tetrahydropapaverine include reaction
products with increases of both 14 and 28 atomic mass units. nd, not detected.

Substrate conversion

Alkaloid type Alkaloid (%)?
(S)-Coclaurine Trace
(S)-Reticuline 47 -5
1-Benzylisoquinoline (R)-Reticuline 98 —3b
Papaverine 17-3
(R,S)-Tetrahydropapaverine 24 -2
Scoulerine nd
Tetrahydrocolumbamine nd
Protoberberine N-Methyltetrahydropalmatine nd
Canadine nd
Stylopine nd
Protopine nd
Protopine Cryptopine nd
Allocryptopine nd
Boldine 14-8
Corytuberine 82-3
Aporphine Isothebaine 12-1
Isocorydine 15-3
Glaucine 47 -5
Bulbocapnine 75-6
Pavine Pavine nd
) Thebaine nd
Morphinan .
Morphine nd
Canadaline nd
Secoberberine Narcotolinogendiol nd
3-O-Acetylpapaveroxine nd
Narcotinehemiacetal 3-2
Noscapine 14 -4
Pthalideisoquinoline Hydrastine 3-1
Narcotoline nd
Bicuculine nd

Bisbenzylisoquinoline .
! zylisoquinol Berbamine nd

a Standard assay conditions: 10 mM alkaloid, 20 v SAM, 30 C, pH 7.0
b Specific activity: 1.11 pmol min ng protein

104



Figure 3.5 - Extracted ion chromatograms of enzyme assays showing the N-methylation of (S)-reticuline and
(R)-reticuline by RNMT. (A) Assays performed using (S)-reticuline (m/z 330) as the substrate and yielding (-
tembetarine (m/z 344) asthe product. (B) Assays performed using (R)-reticuline (m/z 330) asthe substrate and yielding
(R)-tembetarine (m/z 344) as the product. Boiled enzyme extracts were used as the negative controls. The reaction
products were identified as tembetarine by NMR (Appendix C).
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Figure 3.6 - Steady state enzyme
kinetics, and pH and temperature
optima for recombinant RNMT
using (S)-reticuline and (R)-
reticuline as substrates. Substrate
kinetics for

reticuline (A) and AdoMet (B) were
determined a 30C and pH 7.0.
Incubation time (1 h) and protein
quantity (1.5 g) were optimized
prior to kinetic analysis to ensure
linearity of product formation. Each
point and associated error bars
represent the mean  product
formation - SD of three
independent replicates. The pH (C)
and temperature optima (D) were
determined using (R)-reticuline as
the substrate. Maximum velocity,
substrate affinity, turnover number
and cataytic efficiency were
determined based on Michaelis-
Menten kinetics.

Table 3.2 - Michaelismenten enzymeKkinetic parametersfor RNM T with respect to (S)-reticuling, (R)-
reticuline, and AdoM et. Parameters for AdoMet were determined at a fixed, saturating concentration of (R)-
reticuline.

Km Vmax kcat kcat/Km

Substrate (M) (pmole mint g - protein) (sh) (stMY)
(S)-Reticuline 42 -3 39.6-0.9 0.028 655
(R)-Reticuline 85-11 74.8 -3.6 0.053 618
AdoMet 168 -8 66.5-1.4 0.047 280
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3.3.3 Virus-induced Gene Slencing

The physiologica significance of RNMT in opium poppy BIA biosynthesis was investigated by
knockdown of the cognate gene transcript levels using VIGS (Fig. 3.7A). Screening mature opium poppy
plants for coat protein transcripts by RT-PCR revealed 12 TRV -infected individuals previously exposed
to Agrobacterium tumefaciens containing either the empty pTRV 2 vector or the pTRV2-RNMT construct
(Fig. 3.7B). Andysis by qRT-PCR showed that RNMT transcript levels were significantly (p  0.0340)
reduced in plants treated with pTRV2-RNMT compared with those treated with the empty pTRV 2 vector
(Fig. 3.7C). RT-PCR confirmed the suppression of RNMT transcript levels (Fig. 3.8A) Transcript levels
for paralogous genes (ie. CNMT, TNMT, and NMT4) were not significantly affected. Plants with
suppressed RNMT transcript levels showed specific changesin root alkaloid profile compared with
controls (Fig. 3.7D). However, the relative abundance of magnoflorine was significantly (p  0.0038)
reduced in RNMT-silenced plants compared with controls (Fig. 3.7E). In contrast, the relative abundance
of corytuberine was significantly (p  0.0138) increased, whereas levels of tembetarine and reticuline
were not affected. Major alkaloidsin both root and latex were not altered (Fig. 3.7F). Relative RNMT
transcript levelsin individual RNMT-silenced and control plants showed a strong correlation with the
accumulation of magnoflorine, whereas the relationship with corytuberine abundance was more variable

(Fig. 3.8B).
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Figure 3.7 - Effect of RNM T suppression on the accumulation of magnoflorinein opium poppy roots.

(A) Position of theregion targeted for virus-induced gene silencing (gray block) and the sites of the qRT-PCR primers
on the RNMT transcript. (B) detection of TRV 2 coat protein transcripts by RT-PCR showing the infection of 12
RNMT-silenced (pTRV2-RNMT) and 12 control (pTRV2) plants. (C) gRT-PCR analysis of infected plants showing
significant (p  0.05) and specific knockdown of transcript levels encoding RNMT, NMT4, CNMT, and TNMT in
RNMT-silenced versus control plants. (D) Representative total ion chromatograms of root akaloid extracts for
RNMT-silenced and control plants. The major akaloid peaks are indicated: Mo, morphine; Ma, magnoflorine; Co,
codeine; R, reticulineg T, thebaine, P, papavering,N, noscapine. (E) Abundance of reticuline, tembetarine,
corytuberine, and magnoflorine in roots of RNMT-silenced and control plants. (F) Abundance of major alkaloids in
roots and latex of RNMT-silenced and control plants. All values represent the means  S.D. of 12 individuals.
Statistical significance was calculated using Welch st test.
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Figure 3.8 - Reverse transcription (RT)-PCR and
transcript-metabolite correlation

analysis of RNMT-silenced (pTRV2-RNMT) and
control (pTRV2) plants. (A) Reverse

transcription (RT)-PCR analysis of representative
RNMT-silenced (pTRV2-RNMT) and control

(pPTRV2) plants. (B) Correation between relative
RNMT transcript level and accumulation of the

RNMT substrate (corytuberine) and reaction product
(magnoflorine) in RNMT-silenced (pTRV 2-

RNMT) and control (pTRV2) plants.

3.34 Organ-specific Transcript and Alkaloid Levels

In mature opium poppy plants, magnoflorine accumulation was highest in root and was also
detected in flower bud, stem, and leaf (Fig. 3.9A). Corytuberine and tembetarine were also most abundant
in root but accumulated to lower levelsthan magnoflorine. Reticuline accumulation showed the most
variation among individual plants and occurred at more consistent levelsin different organs. RNMT
transcript levels were also highest in root, followed by stem, and were detected at low relative abundance
in flower bud and leaf (Fig. 3.9B). In contrast, CNMT and TNMT transcripts were most abundant in stem
and showed relatively higher accumulation in root compared with flower bud and leaf. NM T4 transcripts

were more uniformly distributed in different organs but were lowest in | eaf.
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Figure 3.9 - Relative abundance of magnoflorine pathway alkaloids and NM T transcriptsin different opium
poppy organs. LC-MS analysis (A) and gRT-PCR (B) were performed using alkal oids and total RNA isolated from
fiveindividua plants. For qRT-PCR analysis, the geometric mean of actin and ubiquitin was used asinternal reference,
and the samplewith the highest Ct served as calibrator for each transcript. Rel ative transcript abundance (2 ') was
converted to the percentage of maximum.

3.4 Discussion

We have shown that an uncharacterized cDNA from opium poppy with homology to known
NMTsinvolved in BIA metabolism efficiently catalyzes the previously unreported N-methylation of both
Sand R conformers of the 1-benzylisoquinoline akaloid reticuline yielding the corresponding
enantiomers of tembetarine, a quaternary ammonium compound and putative intermediate in the
biosynthesis of magnoflorine. RNMT also displayed substantial activity on the aporphine akaloid (S)-
corytuberine, formed viathe C8-C2 phenol coupling of (S-reticuline, yielding magnoflorine, which also
contains a quaternary amine. Gene-specific suppression of RNMT transcript levelsin opium poppy plants
confirmed the physiological role of RNMT in magnoflorine biosynthesis. Previously, formation of the
guaternary amine in magnoflorine was assigned to CNMT because of alow efficiency activity on (9-
corytuberine (11, 16). We aso show that RNMT is preferentially expressed in opium poppy root, which

accumulates magnoflorine to the highest levels compared with aerial plant organs. In contrast, transcripts
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encoding CNMT and TNMT, which are primarily involved in the formation of the central branch point
intermediate (S)-reticuline and the major latex akal oid noscapine, occur most abundantly in aerial organs.
RNMT also accepted a variety of aporphine and phthalidei soquinoline a kaloids, including noscapine
(Table 3.1), and appears responsible for the formation of an array of N,N-dimethylated alkal oids
including N,N-dimethylnarcotine, which has been detected in opium poppy latex (21). RNMT aso N-
methylated the opium poppy latex alkaloid papaverine, yielding the quaternary alkaloid densiberine (N-
methyl papaverine), which has been reported in Berberis densiflora (22). In contract to RNMT, NMT4
showed no detectable catalytic activity on any tested substrate, and a gene expression profile inconsistent
with general alkaloid accumulation profilesin major opium poppy organs, suggesting that the enzyme
does not participatein BIA metabolism.

Unlike O-methyltransferases, which are considered monophyletic in origin (23), plant NMTs
were clearly recruited independently from genes encoding several unrelated ancestral enzymes. Major and
distinct clades are represented in plants by (i) putrescine NMTs (24), (ii) phosphoethanolamine NMTs
(25), (iii) xanthine NMTs (26, 27), (iv) enzymes related to tocopherol C-methyltransferases and involved
in monoterpenoid indole alkal oid biosynthesis (28, 29), and (v) NMTs involved in BIA metabolism (13,
15, 16). Most plant NMTs carry out a single methylation of the acceptor nitrogen atom. However,
sequential methylation is a common feature of phosphoethanolamine NMTs, which yield the quaternary
ammonium betaines used as osmolytes under certain stress conditions. The only other known NMTs that
target atertiary amine are TNMTs, which almost exclusively accept protoberberine alkaloids as
substrates. The characterization of RNMT extendsthe list of enzymes that preferentially methylate a
tertiary nitrogen atom. However, in contrast to TNMT, substrates possessing 1-benzylisoquinoline,
aporphine and pthalideisoquinoline structural scaffolds and containing atertiary amine bound in asingle
ring system were preferred. RNMT also accepted (R,S)-tetrahydropapaverine, a 1-benzylisoquinoline with
a secondary amine, yielding both tertiary and quaternary alkal oids as reaction products. Overall, RNMT

displays cata ytic properties combining those of CNMT (i.e. a preference for 1-benzylisoquinoline

111



substrates) and TNMT (i.e. efficient acceptance of tertiary amines). However, unlike CNMT and TNMT,
RNMT did not accept (S)-coclaurine or protoberberines, respectively.

The overal topology of the presented NMT phylogeny (Fig. 3.2) isin agreement with previous
anayses (15, 30). Functionally characterized and putative BIA NMTs cluster in several subclades with a
strong correlation with reported catal ytic properties. Opium poppy TNMT and functionally related
enzymes from Papaver bracteatum (PbTNMT), Eschscholzia californica (ECTNMT), and G. flavum
(GFNMT2 and GFNMT3), all of which preferentially accept protoberberine substrates, occur in adistinct
subclade. NM T4, which did not exhibit enzymatic activity on any tested BIA, was also associated with
this clade in amore distant position, suggesting a potentially common ancestral function with respect to
TNMTs. More divergent NMT-like proteins from Arabidopsis have also been reported to lack activity on
BIA substrates (15). Opium poppy RNMT belongs to a subclade with PayNMT and GFNMT4 from T.
flavum and G. flavum, respectively, which forms alarger clade with characterized CNMTs from T. flavum
(TFCNMT), C. japonica (CiCNMT), opium poppy (PSCNMT), and G. flavum (GFNMT1 and GFINMT5).
GfINMT4 has been shown to catalyze the N-methylation of 1-benzylisoquinonlines and to accept (S)-
reticuline as a substrate (30). In contrast, PavNMT was reported to prefer pavine rather than
protoberberines as a substrate and did not appear to accept 1-benzylisoquinolines. The widespread
occurrence of RNMT orthologs in species belonging to four different plant families, most of which
accumulate moderate to high levels of magnoflorine (31, 32), suggests a generally ubiquitous occurrence
of a potentially dedicated NMT involved in magnoflorine or potentially broader quaternary aporphine
alkaloid biosynthesis.

All BIA NMTs are predicted to have a Rossmann-like fold producing a highly conserved
AdoMet-binding domain (33). The hallmark binding motif | (GXGXG) isrepresented in CNMT, TNMT,
and RNMT (Fig. 3). All but two key residues (i.e. GIn-99 and lle-136) involved in AdoMet binding to
bacterial cyclopropane fatty acid synthase (MtPcaA) are mostly conserved in BIA NMTs. Replacement of
GIn-99 with Va and lle- 136 with His could maintain an interaction with the nitrogen atom of the amine
group and preserve an ability to hydrogen bond with ribosyl hydroxyl moieties, respectively. Although no

112



subcellular localization signals were detected using standard prediction servers, the C-terminus of all
three opium poppy BIA NMTs contain atri-Lys (KKK) motif reminiscent of a canonical ER retrieval
signal (KKXX). The C-terminal tri-Lys motif is highly represented in eukaryotic species and is proposed
to reflect aloose consensus sequence for interaction with an unknown class of subcellular targeting
chaperones (34). The effect of the additional C-terminal amino acidsin RNMT is not known.

RNMT showed a modest preference for (R)-reticuline over (S)-reticuline as a substrate (T able
3.1). Although RNMT displayed an 2-fold higher Vmax for (R)-reticuline compared with (S)-reticuline,

catalytic efficiency (ke /Kw) calculations indicated that the turnover rate was essentially equivalent at

low substrate concentrations. Moreover, opium poppy latex has been reported to accumulate Sand R
enantiomers of reticulineinan 3:1 ratio, potentially minimizing the physiological relevance of the

detected in vitro preference for the R conformer. Furthermore, differencesin the turnover of reticuline

enantiomers were relatively small at a cytosolic pH of 7.0 and only became more substantial at pH of
8.0 (Fig. 3.6C). The stereo-specificity of NMTsinvolved in BIA metabolism appears generally species-

specific with no apparent phylogenetic influence. CNMTs from Dicentra spacabilis (Fumarioideag),
Argenome mexicana (Papaveraceae), and Tinospora cordifolia (M enispermaceae) were reported to N-
methylate only the S conformer of coclaurine (35). In contrast, CNMTs from Fumaria capreolata
(Fumarioideae), Chondrodendron tomentosum (M enispermaceae) P. somniferum (Papaveraceae),
Berberis stolonifera (Berberidaceae), and Berberis juliana (Ber- beridaceae) accepted both Sand R
enantiomers of coclaurine as substrates (35). Similarly, purified CNMT from C. japonica
(Ranunculaceae) accepted both enantiomers, with a reported moderate preference for (R)-coclaurine (14).
Substrate range also exhibits similar diversity among characterized CNMTs. Tinospora cordifolia CNMT
was reported to not accept (R,S)- tetrahydropapaverine, which was a substrate for RNMT (T able 3.1),
whereas CNMT from Berberis vulgaris N-methyl ated tetrahydropapaverine with a substantial preference
for the R conformer (36). Various CNMTs also displayed differential acceptance of several O-substituted

1-benzylisoquinoline derivatives (13, 14, 35, 36). The diversity in substrate specificity among apparent
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CNMTsisoforms from even a single plant was suggested from the purification of three distinct enzymes
from Berberis koetineae (37). Two isoforms showed a preference for (R)-coclaurine and a substantia
acceptance of the S conformer, whereas a third isoform preferred (R)-tetrahydropapaverine and also
converted the S enantiomer.

TNMTSs generally show strict preference for protoberberine as opposed to 1-benzylisoquinoline
substrates and an absol ute specificity for Sconformers (15, 16, 30, 38). Variations in the specific
protoberberine substrate range are aso apparent. For example, TNMT from P. somniferum accepted both
(9)-stylopine and (S)-canadine, whereas the ortholog from P. bracteatum was not active on (S)-canadine.
Thisis potentially notable because P. somniferum but not P. bracteatum accumulates noscapine, which is
derived from (S)-canadine (16). A thorough screen of related NMTs from G. flavum (Papaveraceag)
revealed six active enzymes, two of which displayed the substrate specificities for (S)-coclaurine of a
CNMT and one of which showed the specificity for protoberberine substrates of a TNMT and exhibited
an absolute preference for (S)-reticuline (30). The G. flavum enzymes also presented phylogenetic
relationships with other NMTs consistent these functions (Fig. 3.2). Interestingly, two additional enzymes
showed substrate ranges that crossed the general boundaries between TMNT and RNMT and between
CNMT and RNMT, with the former efficiently N-methylating (S)-stylopine and (S)-reticuline and the
latter preferring (S)-coclaurine and to alesser extent (S)-reticuline. Overall, the specific functiona
parameters of NMTsinvolved in BIA metabolism appear relatively sensitive to mutationsin amino acid
seguence. However, the occurrence of dedicated CNMT, TNMT, and RNMT variants across plant species
suggests the evolutionary selection and maintenance of dedicated enzymes responsible for the formation
of primarily (S)-reticuline, benzophenanthridines (e.g. sanguinarine), phthalidei soquinolines (e.g.
noscapine), and aporphines (e.g. magnoflorine).

The Ku values of RNMT for the Sand R enantiomers of reticuline (Table 3.2) are in agreement
with those reported for the binding of (S)-coclaurine (36 M) and ( §-norcoclaurine (52 M) to CNMT.

In contrast, the reported Ky of CNMT for AdoMet (44 M) was substantially lower than the measured
value for RNMT (35). The lower affinity of RNMT for the methyl donor could result from the observed
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sequential methylation activity, which would be enhanced by facile release and replacement of the
AdoMet substrate. For comparison, the Ky values (0.6 and 40 M) of TNMTs for protoberberine
substrates are generally lower than those reported for the 1-benzylisoquinoline substrates of RNMT and
CNMTs (15, 16, 38).

Gene-specific suppression of RNMT caused a significant reduction in the accumulation of
magnoflorine in roots, with aconcomitant and significant increase in corytuberine levels, compared with
control plants (Fig. 3.7). The relative abundance of mgjor akaloids, along with the levels of reticuline and
the putative pathway intermediate tembetarine, were not affected by RNMT suppression, suggesting that
the major route to magnoflorine is via corytuberine rather than tembetarine. The generally stoichiometric
shift in the relative abundance of corytuberine and magnoflorinein response to areduction in RNMT
transcript levels confirms the occurrence of alargely root-specific NMT variant (Fig. 3.9) in opium poppy
dedicated to magnoflorine biosynthesis. The widespread occurrence of magnoflorine (31, 32) and RNMT
orthologs (30) in plants belonging to four different families suggests an important physiological function
for this quaternary aporphine alkaloid, most likely related to its allelopathic or antimicrobial properties.
RNMT extends the range of distinct N-methylating enzymes involved in BIA metabolism to those acting
primarily on 1-benzylisoquinoline, protoberberine, and aporphine substrates, and primarily containing
tertiary amines. RNMT accounts for the biosynthesis of abroad array of BIA pathway intermediates and
guaternary ammonium products. The availability of a set of functionally divergent NMTsinvolved in BIA
metabolism will facilitate the establishment of structure-function relationships for thislarge and diverse

group of AdoM et-dependent enzymes.
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4.1 Summary

Benzylisoquinoline akaloid (BIA) biosynthesis has been studied largely through the lens of a
small group of model species including opium poppy. Other species, such as Glaucium flavum and
Thalictrum flavum, produce their own distinctive set of BIAs including pavinans, oxoaporphines, bis-

benzylisoquinolines and unusually substituted benzo[ c]phenanthridines. Many of the enzymes underlying

biosynthesis of these structurally diverse and biologically active molecules remain unknown or
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understudied. Here we describe the detailed functional characterization of T. flavum pavine N-
methyltransferase (NMT), identification and preliminary characterization of six BIA NMTs from G.
flavum, as well as the detailed characterization of G. flavum coclaurine NMT and
tetrahydroprotoberberine NMT. On the basis of extensive, structure-guided mutagenesi s we propose a
number of structural featuresimplicated in catalysis and substrate binding. The in planta physiological
context of the characterized enzymes is discussed along with their potential biotechnological applications

and wider significance with respect to NMT enzymology.

4.2 Introduction

While BIA biosynthesis has been studied primarily through the lens of select model species (eg.
opium poppy), it also occursin myriad other plants (1, 2). Intensive focus on a small number of species
has allowed for the elucidation of all or most enzymatic stepsin biosynthetic pathways producing the
major BIAs (eg. reticuline, morphine, noscapine, sanguinarine). However, many questions remain
unexplored. Though it has been proposed that BIA biosynthesis evolved from a monophyletic originin
angiosperms, relatively little evidence is available in support of this hypothesis (3). BIAs are al'so known
to occur outside the angiosperm lineage and no studies have attempted to determine the evolutionary
origin of biosynthesisin these species (eg. Gnetophytes). Even for closely related speciesin which BIA
biosynthesisislikely evolutionarily related, stark differencesin cell biology, akaloid profile and enzyme
activities clearly show that divergence has occurred (4 9). Accordingly, the biosynthetic pathways and
enzymes underlying the common BIAs may show substantial heterofunctionality. Furthermore, at least 14
structurally distinct BIA subclasses exist, with each subclass containing hundreds of differentially
substituted molecules. For many of these, the underlying pathways and specialized enzymes are
understudied or entirely unknown. Although great strides have been made over the last 200 yearsin
understanding BIA biosynthesis, the use of modern technologies to study the pathways and enzymesin

non-model BIA producing species promises an exponential increase in our knowledge.
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Meadow rue (Thalictrum flavum) belongs to one of the largest generain the Ranuncul aceae
(buttercup) family, which forms part of the order also containing opium poppy (Ranunculales). Molecular
phylogenetics of the buttercup family reveas a highly complex history, characterized by parallel,
convergent and reversal evolution and two waves of radiation (10). Consistent with a history of novel
environmental challenge and successful adaptation, extant members of the family have BIA profiles quite
unlike those of basal Ranunculales species such as opium poppy. In particular, T. flavum and closely
related species are notable for containing atypical BIAs such as pseudoberberine, pavinans, highly
substituted aporphines and diverse bis-benzylisoquinoline alkaloids (2, 11 14) ( Fig. 4.1). Studies
concerning the biosynthesis of alkaloids in Thalictrum have included purification, cloning and
characterization of several enzymes (eg. norcoclaurine synthase, O-methyltransferase) as well as cellular
localization and structural biology investigations (5, 15 18). Through in silico screening of an EST
library, two N-methyltransferases were identified (3). Aside from a coclaurine NMT enzyme which
showed an activity profile similar to those reported in other BIA-producing species, the highly unusual
pavine NMT was described. This enzyme primarily accepted pavinan str uctures in vitro and metabolite
profiling of the originating plant sample lead to the suggestion that it is responsible for synthesis of N-
methyleschscholtszidine in planta. A preliminary report indicating the successful crystallization and
solution of a TfPavNMT structure was published. However, no final model was publicly available at the
outset of the work described in this chapter and enzyme features responsible for the aforementioned novel
activity profile were unknown (19).

Y ellow horned poppy (Glaucium flavum) is a member of the Papaveraceae family and thus a
close relative of opium poppy. The family is generaly considered to the most basal monopyletic lineage
in the Ranuculaes order, athough there is some debate (20). Glaucium spp. contain many of the BIA
subclasses as found in opium poppy but relative quantities and patterns of substitution are distinct.
Studies have shown that the root primarily contains protopine and benzo[ c]phenanthridines alkal oids
while the aerial organs accumulate aporphine alkaloids (21, 22). Whereas the major compounds are
identical to known BIAs from many plant species, molecules with less common substitution patterns (eg.
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bocconoline, various oxoaporphines) are found as minor constituents (23) (Fig. 4.2). Perhaps dueto its
close relation to other well-studied Papaveraceae species, biosynthesisin the Glaucium genus has
received little attention. Following the generation of aroot transcriptome by high throughput sequencing,
anumber of O-methyltransferase enzymes with unique substrate range profiles were cloned and
characterized (21, 24). However, at the outset of the work described in this chapter, no NMTs

participating in the biosynthesis of BIAsin Glaucium had been identified.

Figure 4.1 Thalictrum
flavum. (A) A public domain
reproduction of a painting by
the Swedish botanist C. A. M.
Lindman (1856 1928), taken
from his book Bilder ur
Nordens Flora (first edition
published 1901 1905). ( B)
Structures  of three less
common BIAs reportedly
present in Thalictrum spp.
The IUPAC name for the
complex aporphine  is
1,2,9,10-tetramethoxy-11-(4-

formyl-phenoxy)-7-
oxoaporphine .

Figure 4.2 Glaucium
flavum. (A) A public domain
reproduction of a painting by
the Swedish botanist C. A. M.
Lindman (1856 1928), taken
from his book Bilder ur
Nordens Flora (first edition
published 1901 1905). (B)
Structures  of four BIAs
reportedly present in
Glaucium spp..
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The identification and characterization of additional homo- and hetero-functional enzymes, such
as the N-methyltransferases, is akey approach to understanding BIA metabolism in plants. Delineating
the extant pathways and underlying enzymes is a necessary prerequisite to fully appreciating the
evolutionary trgectories which lead to the incredible chemica diversity upon which humans and other
animals have relied for millennia. As the habitats which support BIA-biosynthesizing plants continue to
come under threat, documenting their biochemical potential isincreasingly valuable and urgent.
Furthermore, the use of newly discovered enzyme-encoding genes to recongtitute BIA pathwaysin
heterologous biosystems is emerging as a crucial strategy to reduce demand on natural populations while
maintai ning availability of important medicines for humans across the globe (25).

Aside from questions of plant biology, comparison of alarge cadre of related yet functionally
divergent NMTs provides a great opportunity to reveal the determinants of function in an important class
of biocataysts. Given that (at the outset of the work described in this chapter), the closest structurally
characterized homologs of BIA NMTs share only 20% sequence identity, it is evident that much remains
to be discovered. In addition to understanding the natural determinants, structure-function studies provide
a foundation from which to launch rational engineering projects aimed at improving enzymes for
inclusion in a toolbox of synthetic biology parts for various biotechnological applications.

To these ends, the work below outlines a detailed functional characterization of T. flavum pavine
NMT, as well asthe identification and preliminary functional characterization of six BIA NMTsfrom G.
flavum. In addition, the substrate range, in vitro optima and substrate kinetics of G. flavum coclaurine
NMT and tetrahydroprotoberberine NMT are reported. From this baseline, extensive structure-guided
mutagenesis of TTPavNMT and GFTNMT is used to delineate features implicated in catalysis and

substrate specificity.
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4.3 Results

4.3.1 Functional Characterization of wildtype T. flavum Pavine N-methyltransferase

Hiss-tagged recombinant TfPavNMT heterologously expressed in E. coli and purified by nickel
affinity-chromatography was used inin vitro enzyme assays to determine substrate range with respect to
13 BIA substrates spanning nine distinct structural subclasses (T able 4.1). N-methylated reaction
products were detected with six substrates from the aporphine, pavinan, 1-benzylisoquinoline and
protoberberine subclasses. TfPavNM T showed a strong preference for (+)-bulbocapnine (110 pmole st
mg protein™), despite the fact that it or its N-methylated derivative are not known to be present in T.
flavum (2). The recombinant enzyme also showed substantial activity with BIAs reportedly present in the
host plant, including (9)-reticuline and (—)-pavine. When assayed with secondary BIA substrates (ie. (-)-
pavine) TfPayNMT catalyzed sequential N-methylations yielding a mixture of tertiary and quaternary
products (ie. +14 and + 28 m/z).

The enzyme s kinetic parameters were determined wi th respect to the most favored and
physiologically relevant substrate (ie. (S)-reticuline) (Fig. 4.3; Table 4.2). Under standard assay
conditions, TfPavNMT showed a typical Michaelis-Menten substrate saturation curve with a Ky of 29

M. The theoretical maximum reaction velocity (V ma), 3.1 pmole min g™, corresponded to aturnover
number (Kca) of 0.0022 s*. Accordingly, catalytic efficiency (Kca/ Km) was calculated to be 78 s*M™.

In order to better understand the significance of crystal structures of TfPavNMT with bound
(R,S)-THP, kinetic parameters were a so measured with respect to this minor substrate (26) (Fig. 4.3;
Table4.2). Under standard assay conditions, TfPavNMT showed substantial inhibition at substrate
concentrations greater than 40 M. At an optimal su bstrate concentration, the enzyme showed a
maximum reaction velocity (Vo) of 0.26 pmole min g ™ and half-optimal activity was calculated to
occurred at 7 M. When a substrate inhibition model was applied (27), Km was 16 M, theoretical
maximum velocity (Vmax) was 0.41 pmole min? g and the corresponding turnover number (Kcx) was

0.00030 s*. From these values, catalytic efficiency was calculated to be 19 s*M™.
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Table4.1 Substraterangeof TfPavNMT . Substrate conversion values represent the means of the percentages of
maximum activity — S.D. for three independent replicates. Substrate turnover was measured under the following
conditions: 20 M akaloid substrate, 20 M AdoMet, 100 mM Tris-HCl pH 7.5ina40 L reaction containing2 g
of PavNMT protein and incubated for 1 hour.

Alkaloid Class Alkaloid supstrate i
Pavinan (-)-Pavine 79-1.9
1-Benzylisoquinoline (R,S)-Tetrahydropapaverine 0.10-0.01
Papaverine nd
(S)-Reticuline 9.7-2.6
Protoberberine (R,S)-Scoulerine 0.8-0.1
(R,S)-Stylopine 2.7-0.3
Protopine Cryptopine nd
Aporphine Glaucine nd
(+)-Bulbocapnine 88 _4°
Morphinan Codeine nd
Secoberberine Canadaline nd
Pthalideisoquinoline Noscapine nd
Bisbenzylisoquinoline Berbamine nd

# Specific activity: 110 pmole st mg protein’l.
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Figure 4.3 - Steady state reaction kinetics for
TfPavNMT. (A) Steady state reaction velocity of
TfPavNMT versus (S-reticuline concentration fit
with aMichaelis-Menten equation. (B) Steady state
reaction velocity of TfPavNMT versus (RS-
tetrahydropalmatine concentration fit with a
Substrate Inhibition equation (27). Values
represent the mean  standard deviation (error
bars) of three independent replicates.

Table 4.2 - Michadlismenten enzyme Kinetic parameters for TfPavNMT with respect to (R,S)-
tetrahydropalmatine and (S)-reticuline. Parameters were determined at a fixed 500 M conce ntration of S
adenosylmethioine. Values represent the mean — standard deviation of three independent replicates.
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4.3.2 Preliminary Characterization of wildtype G. flavum BIA N-methyltransferases

Six putative BIA NMTs identified on the basis of sequence homology were cloned from G.
flavum cDNA and ligated into vectors for heterologous expression in E. coli. Following IPTG induction
and verification of protein expression by anti-Hiss Western blotting (Fig. 4.4), whole cell lysates were
subjected to in vitro enzyme assayed to determine substrate range with respect to five representative BIA
substrates (Table 4.3). GINMT1 and GFNMT6 both exclusively accepted (S-coclaurine and yielded
reaction products consistent with a single N-methylation (+14 m/z with respect to the substrate).
Similarly, GFENMT4 primarily accepted (S)-coclaurine but also showed modest turnover with (9-
reticuline. When incubated with a secondary substrates (ie. (S)-coclauring), GFNMT4 produced a roughly
1:1 mixture of reaction products showing an increase of 14 and 28 m/z with respect to the substrate,
which are consistent with mono-methylated tertiary and di-methylated quaternary products, respectively.
GfNMT3 and GFNMT?5 both primarily accepted (S)-reticuline. In addition, GINMT5 showed trace
activity with (S)-coclaurine whereas GINM T3 showed arelatively substantial activity with stylopine
(protoberberine). GINMT2 primarily accepted stylopine but also showed good activity with canadine,
both of which are protoberberines. Specific activitiesin the whole cell lystates ranged from 61 pmole min
Y mg™ to 0.4 pmole min mg™. However, substantial variation in protein expression level precluded

reliable comparison of activities between the heterol ogously-expressed enzymes.
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Figure4.4 Anti-His6 Western Blot analysis of tot al soluble
protein from E. coli expressing recombinant G. flavum
putative BIA NMTs.

Table 4.3 Substraterangeof G. flavum putative BIA NMTs. Values represent the means of the percentages of
substrate turned over — standard deviation for three independent replicates, with the substrate showing the highest
consumption overall set to 100%. Functional assignment was made by comparison to the three canonical BIA NMT
subtypes defined by P. somniferum TNMT, CNMT and RNMT. nd, not detected.
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4.3.3 Functional Characterization of wildtype G. flavum Tetrahydroprotoberberine N-
methyltransferase

G. flavum TNMT (GFTNMT; originally reported as GFLNMT2), one of the BIA NMTs
described in Section 4.3.2 (28), was appeared functionally most similar to tetrahydroprotoberberine
NMTs such as those characterized from opium poppy, T. flavum, and Eschcholzia californica (3, 29). The
amino acid sequence of GFTNMT shows 47-53% identity to CNMTs, RNMTs and PavNMTs whereas it
shares greater than 80% identity with the three functionally characterized TNMTs (Appendix K).
Phylogenetic analysis of functionally characterized BIA NMT sequences from Ranunculales placed it
firmly in awell-supported clade along with known TNMTs. Based on these analyses, the enzyme was
considered representative of acanonica TNMT, and renamed GFTNMT.

The natural GFTNMT trand ation product is 40.9 kDa and 358 amino acids in length, whereas the
recombinant protein includes a 25-amino acid N-terminal linker and Hiss tag, giving a caculated
molecular weight of 43.5 kDa. Aswith al known BIA NMTS, the pol ypeptide does not appear to contain
any canonical subcellular targeting signals (30, 31). Both Papaver somniferum CNMT and TNMT were
shown to localize to the cytoplasm of cultured opium poppy cells, and this feature is thought to be
conserved across BIA NMTsincluding GFTNMT (8).

Expression of GFTNMT in E. coli and purification by cobalt-affinity chromatography allowed for
determination of the enzyme s characteristics in vitro. The activity of GFTNMT was assessed with 35
alkaloids primarily representing the major BIA structural subclasses and awide range of naturally
occurring functional group modifications (T able 4.4). Reaction products consistent with N-methylation
(+14 m/z with respect to the substrate) were detected for 22 substrates spanning seven BIA structural
subclasses. Alkaloids belonging to the isoquinoline, indole, -carboline, phenylakylamine and tryptamine
classes were not accepted as substrates, suggesting that GFTNMT is relatively specialized in function. The
protoberbeine substrates (S)-stylopine and (R,9)-tetrahydropalmatine (THP) were most efficiently
methylated. Intermediate activities were observed with select morphinan, aporphine and pavine
substrates, and trace activities were present with 1-benzylisoquinoline and pthalidei soquinoline alkal oids.

130



Callision-induced dissociation spectra obtained for the protoberberine products confirmed their identities
as N-methylstylopine and N-methyl-THP (Appendix A). The activity of GFTNMT was reduced to
approximately one half for the substrate with one free hydroxyl group in the C3 position (i.e.
tetrahydrocolumbamine) and further reduced to one fourth with two free hydroxyl groups at the C2 and
C9 positions (i.e. scoulering). In an analogous manner, the O-methylated morphinan alkal oids were turned
over whereas those with free hydroxyl groups (ie. codeine, morphine) were not. Although GFTNMT
exhibited a preference for the non-phenoalic tertiary amine substrates, it was also capable of N-methylating
substrates with secondary amino groups (e.g. coclaurine) to a lesser extent.

The dependence of GFTNMT activity on temperature and pH displayed features consistent with
the ranges previously reported for BIA NMTs (3, 29, 32, 33). The recombinant enzyme s activity was
maximal at pH 8.0 and dropped to less than 10% of the total activity at pH 6.0 and 9.5 (Fig. 4.5). Activity
was greatest at 30 C and dropped to less than 10% maximal activity at 60 C, but the enzyme retained
approximately 40% activity at 4 C. Based on these r esults, kinetic parameters were measured at pH 8.0
and 30 C. Maximal activity was detected at 25 M stylopine (13.4 pmol s* g') and63 M (R,S)-THP
(6.2 pmol s* g™, followed by a pronounced inhibition of activity at higher concentrations for both
substrates (Fig. 4.6A,B). Half-maximal activities were calculated to occur at 13 M and 18 M,
respectively. In addition to substrate inhibition, GFTNMT displayed substantial product inhibition. The
activity of GFTNMT with 100 M (R,9-THP was reduced to 50% of the maximum activity in the
presenceof 2.5 M N-methylstylopine (Fig. 4.6C) . At afixed 50 M concentration of stylopine,
GFTNMT showed atypical Michaelis-Menten substrate saturation curve with respect to the cofactor
SAM, resulting in a calculated Vmax Of 16.5 pmol s* g?, Ky of 138 M, Kea Of 0.72 s* and kea/Kwm of
5200 s* M (Fig. 4.6D). Under optimal conditions, the number of substrate molecules turned over per

second were 0.58 and 0.27 for stylopine and (R,S)-THP, respectively.
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Table 4.4 Substrate range of GFTNMT. Substrate conversion values represent the means of the percentages of
maximum activity — S.D. for three independent replicates, with the single replicate showing the highest substrate
consumption overall set to 100%. + and ++ denote substrates where product formation was detected in minor or major
trace amounts (less than 2% substrate loss), respectively. nd indicates that no product was detected.
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Figure 45 Temperature and pH dependence of GFTNM T activity in vitro. (A) The effect of temperature was
determined by incubating 0.5 ug of purified recombinant GFTNMT with 100 uM stylopine and 500 uM S
adenosylmethionine for 10 minutesin 100 mM Tris HCI pH 8.0 at various temperatures from 4 C to 60 C. (B) The
effect of pH was determined under the same conditions, except that the alkaloid substrate was (S)-scoulerine, the
buffer was 100 mM Bis-Tris propane HCI pH 6.0 - 9.5 and temperature was maintained at 30 C. Assay parameters
were previously determined to maintain linearity of product formation. Relative product formation was quantified by
LC-MS, with the maximum product ion count set to 100% and all other corresponding values scaled accordingly.
Error bars represent standard deviation of three independent replicates.
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Figure 4.6 - Steady state enzymeKkinetics and product inhibition for GFTNMT. (A) Steady state reaction velocity
of GFTNMT versus stylopine concentration. (B) Steady state reaction velocity of GFTNMT ver sus THP concentration.
(C) Steady state reaction velocity of GFTNMT with 100 M THP versus N-methyl stylopine concentration. (D) Steady
state reaction velocity of GFTNMT versus S-adenosylmethionine (SAM) concentration. Reaction velocities were
determined at pH 8.0 and 30 C. Incubation time (10 minutes) and enzyme quantity (0.5 ug) were optimized to ensure
linear product formation conditions. Relative product formation was quantified by LC-MS. Error bars represent
standard deviation of three independent replicates.
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4.3.4 Functional Characterization of wildtype G. flavum Coclaurine N-methyltransferase

G. flavum coclaurine NMT (GFCNMT; originally reported as GFLNMT1), one of six BIA NMTs
previoudy cloned from G. flavum cDNA (28), showed substantial functional similarity to CNMTs
previoudy cloned from from T. flavumand C. japonica (3, 33). GFCNMT exhibited 65% amino acid
identity with respect to the known CNMTs and only 48-61% amino acid identity with TNMT, RNMT and
PavNMT enzymes (Appendix K). On the basis of the aforementioned features and it s clustering with
known CNMTsin aphylogenetic analysis, GFCNMT was considered representative of the CNMT
functional subtype and thus renamed.

The natural GFCNMT trand ation product is 42.5 kDA and 364 amino acids in length, whereas the
recombinant protein includes an additional 24 amino acids containing an N-terminal Hiss tag and linker.
The calculated molecular weight (45.1 kDA) was consistent with the migration pattern observed by SDS-
PAGE analysis (Fig. 4.7A). The protein does not appear to contain a subcellular targeting signal, aside
from the nearly universally-conserved C-terminal tri-lysine motif potentially implicated in subcellular
trafficking.

In order to further characterize the enzyme, it was expressed in E. coli and subsequently cobalt-
affinity purified (Fig. 4.7A). The purified enzyme was subjected to in vitro assays with 34 substrates
primarily representing the major BIA structural subclasses. Reaction products consistent with N-
methylation were obtained with 14 substrates, including 1-benzylisoquinolines, tetrahydroisoquinolines,
protoberberines, aporphines, pavinans and asingle non-BIA (harming). GFCNMT most efficiently
converted (S)-coclaurine (6300 pmole min® g ™) whereas, in comparison, all other activities were trace.
The enzyme activity s dependence on pH and temperat ure was consistent with those of other BIA NMTs
reported herein and prior to thiswork (3, 29, 32, 33). GFCNMT activity was greatest at pH 8.0 and
dropped to less than 5% of the maximum activity at pH 5.0 and 10.0 (Fig. 4.7). With respect to
temperature, activity was greatest at 45 C but mai ntained a substantial amount of activity at lower
temperatures, reaching ~50% of maximum at 30 C and ~10% at 15 C. Similarly, activity at the highest
temperature assayed (60 C) was ~75%.
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Table 45 Substrate range of GFCNMT. Substrate conversion values represent the means of the percentages of
maximum activity — S.D. for three independent replicates, with the single replicate showing the highest substrate
consumption overall set to 100%. + and ++ denote substrates where product formation was detected in minor or major
trace amounts (less than 2% substrate loss), respectively. nd indicates that no product was detected.
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Figure 4.7 Temperature and pH dependence of GFCNM T activity. (A) SDS-PAGE analysis of cobalt-affinity
purified recombinant GFCNMT. (B) The effect of pH was determined by incubating 0.5 ug of purified recombinant
GfFCNMT with 200 uM (S)-coclaurine and 400 uM S-adenosylmethioninefor 1 minutein 200 mM TrisHCI pH 8.0 at
37 C. (B) The effect of temperature was determined under the same conditions, except that the buffer was 100 mM
MES pH 5.5-6.5, MOPS pH 6.5-7.5, TrissHCI pH 7.5-9.0 or sodium carbonate pH 9.0-10.0. Assay parameters were
previously determined to maintain linearity of product formation. Relative product formation was quantified by LC-
MS, with the maximum product ion count set to 100% and all other corresponding values scaled accordingly. Error
bars represent standard deviation of three independent replicates.
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4.3.4 Sructure-guided mutagenesis of T. flavum P avine N-methyltransferase

On the basis of crystal structures of TfPavNMT in complex with SAH and (R,S)-THP, four
residues were identified as particularly relevant to substrate binding and catalysis (Y 79, E80, E205,
H206) (Appendix L). Using site-directed mutagenesis, expression constructs encoding individual
TfPavNMT mutants (Y 79A, E80A, E205A and H206A), as well as a double mutant (E205/H206), were
prepared. Following heterologous expression in E. coli and affinity purification, the mutant proteins were
subjected to in vitro enzyme assays with three diagnostic substrates identified as relevant for the wildtype
TfPavNMT from substrate range assays or crystal structures (Fig. 4.8).

Alanine substitution of residues Y 79 and E80, which are located in the 70sloop proposed to
function as an active site gate, showed variable effects depending on the substrate. With BlAs efficiently
accepted by the wildtype enzyme (ie. (§-reticuline and (-)-pavine), the Y 79A mutant displ ayed less than
10% activity. On the other hand, the EB0A mutant showed either a modest 20% or substantial 100%
increase in activity relative to wildtype TfPavNMT. Notably, the EBOA mutation also increased the
proportion of di-methylated product (m/z 370; N,N-dimethylpavine) by more than 2-fold. Alanine
substitution of residues located deep within the active site and likely involved in catalysis (E205, H206)
decreased activity with all substrates. In all cases, the H206A mutation had a more substantial effect than
E205A. Activity of the double mutant (E205A/H206A) was more substantially impaired than in either

single mutant, resulting in undetectabl e activity with both (S)-reticuline and (R,S)-THP.
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Figure4.8 - Enzymatic activitiesof TfPayNM T alanine mutants. (A) SDS-PAGE analysis of purified recombinant
TfPavNMT and alanine mutants as indicated. Black bars represent the relative activity of each mutant compared to
the wildtype enzyme with respect to (B) RS)-THP, (C) (-)-pavine, and (D) (9-reticuline. Gray bars indicate the
relative amounts of the di-methylated product observed with pavine. Bars represent the mean — standard deviation of
three independent replicates. Assays contained 200 M SAM and 200 M akaloid substratein 100 mM Tris -HCI pH

7.5.
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4.3.4 Sructure-guided mutagenesis of G. flavum T etrahydroprotoberberine N-methyltransferase

On the basis of primary sequence alignments of GFTNMT and previously reported BIA NMTSs, as
well as crystal structures of GFTNMT in complex with SAH and (§)-cis-N-methylstylopine (SMS), 14
residues potentially implicated in substrate binding, recognition or catalysis were targeted for site-directed
mutagenesis. (Appendix M) These residues were targeted individually and in combination for alanine
substitution. Additionally, those potentially implicated in substrate specificity were mutated to the
equivalent residue in TfPavNMT or CJCNMT. Following heterologous expression in E. coli, the mutant
proteins were purified by cobalt-affinity chromatography (Fig. 4.9). On average, mutant proteins were
generally equally soluble and well expressed, resulting in an average yield of 7 mg per liter of E. coli
culture. In certain cases, substantially better (21 mg/L) or worse (<1 mg/L) yields were obtained, likely
reflecting aterationsin protein folding or stability (Fig. 4.10). The purified mutant proteins were
subjected to in vitro enzyme assays with several diagnostic substrates relevant either to TNMT activity
(ie. (9-scoulering, stylopine and tetrahydropal amatine), PavNMT activity (ie. pavine) or CNMT activity
(ie. (9-coclaurine).

Previoudly, Torres et al. had identified the 70sloop and 4 helix as important features
contributing to an induced fit substrate binding effect in PavNMT (26). In order to compare the
significance of this key 70s loop residuesin GFTNMT to thosein TfPavNMT, equivalent residues (Y 81,
E82) were mutated and the resulting enzymes were assayed. Y81A, Y 81F and Y 81R mutants al yielded
similar results with a 2- to 20-fold decrease in activity depending on the substrate (Fig. 4.11A). On the
other hand, Substitution of the adjacent E82 residue with alanine resulted in modest decreases in activity
of 2-fold or less with all substrates.

Mutational analysis of residues 328-332 inthe 16 helix of CJCNMT by Bennett et al. suggested
the importance of this feature for substrate binding (34). Substitution of equivalent residues H328, 1329,
and F332 with alanine also resulted in changes to relative activity in GFTNMT (Fig. 4.11A). The H328A
mutation produced 5-fold and 2-fold decreases in activity with stylopine and scoulerine, respectively, and
increased the activity with tetrahydropal matine approximately 2-fold. Direct mutation of F332 to alanine
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resulted in a>10-fold reduction in activity for all three BIA substrates screened. Similarly, 5- to 10-fold
decreases in activity were also seen in the 1329A mutant.

Examination of the crystal structures of different GFTNMT complexes reveal ed that residue R41
contributes to positioning side chains (F38, F234, Q339) which form part of the substrate binding pocket
(Appendix M). Interestingly, alanine substitution of residue R41, which is more than 10 away from the
BIA substrate, resulted in asubstantial >2-fold increase in activity with tetrahydropamatine and
scoulerine but had no significant effect on activity with stylopine (Fig. 4.11A).

Primary and tertiary structural alignment identified H208 as equivalent to the catalytic histidine
common to many related NMTs (35). Similarly, residues equival ent to E204 and E207 have been
implicated in the catalytic mechanisms of CGICNMT or TfPavNMT (34, 36). Mutation of residue H208 to
alanineresulted in a>10-fold decrease in activity with all tested substrates (Fig. 4.11B). A similar trend
was seen with mutations E204A and E207A resulting in 5- to 10-fold decreases in activity with scoulerine
and >10-fold decreasesin activity with THP and stylopine. Under linear product formation conditions
with respect to the wildtype TNMT enzyme, combined double and triple mutants of these three putative
catalytic residues produced either trace or undetectable levels of substrate turnover. In order to compare
these low activities to each other, 20-fold greater quantities of the mutant proteins were incubated with
THP (Fig. 4.11C). Under these conditions, no substantial differences were observed between the E204A
and E207A single mutants. Relative to these, substrate turnover was reduced 2-fold for both the H208A
mutant and E204A/E207A double mutant. An even more substantial decrease in turnover (5-fold) was
observed for both E204A/H208A and E207A/H208A double mutants, while the triple mutant activity was

reduced by more than 20-fold.
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Figure4.9 SDS-PAGE analysisof cobalt-affinity p urified recombinant His6-tagged GFTNM T mutants.
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Figure4.10 Yied of recombinant GFTNMT mutants. Mutant GFTNMT coding sequences were heterologously
expressed in E. coli and soluble Hiss-tagged protein was purified by cobalt-affinity chromatography. Protein yield was
determined by measurement of absorbance at 280 nm and using an extinction coefficient calculated from polypeptide
sequence (56030 Mt cm®). Values are normalized to the volume of culture from which protein was isolated.
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Figure4.11 Enzymatic activitiesof GFTNMT substr ate binding and catalytic alanine mutants. (A, B) Relative
activity of wildtype (WT) GFTNMT and mutants (as indicated) on TNMT substrates is shown with black bars for
stylopine, grey bars for tetrahyropalmatine and white bars for scoulerine. (C) Relative activity under conditions
outside the linear range with respect to the wildtype GFTNMT is shown for tetrahydropalmatine. Relative product
formation was quantified by LC-M S, with theion count for wildtype GFTNMT and each product set to 100% and all
other corresponding values scaled accordingly. For panel C, mutant E207A was set to 100%. Error bars represent
standard deviation of three independent replicates. nd indicates that no product formation was detected.
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Based on comparison of GFTNMT and TfPayNMT structures complexed with BIA molecules, as
well as patterns of primary sequence conservation in functionally characterized BIA NMTSs, three residues
appeared to be leading candidates responsible for defining substrate specificity (Appendix N). Single,
double, and triple mutants were created with E204, M290, and F340 substituted to either alanine or the
equivalent residue found in PavNMT. Alanine substitutions for each of these residues decreased activity
with stylopine and THP more than 10-fold, whereas decreases in activity with scoulerine were less
substantial (Fig. 4.12A). Similarly, activities with pavine were reduced 5-fold or more (Fig. 4.12B).
Interestingly, mutants with individual PavNMT-like substitutions (ie. M290P, F340Y) were largely
similar to the corresponding alanine mutants in terms of activity with TNMT substrates stylopine and
scoulerine, but substantially more active than their alanine-substituted equival ents with pavine. In
comparison to the single mutants, the PavNMT-like double and triple mutants (M290P/F340Y,
E204A/M290P/F340Y) showed greater decrease in activity with all tested substrates. Notably, the triple
mutant maintained aweak activity with pavine whereas no turnover was observed for the double mutant

lacking the PavNMT-like E204A substitution.
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Figure 4.12 Enzymatic activities of GFTNMT PavNMT -like mutants. (A) Relative activity of wildtype (WT)
GFTNMT and mutants on TNMT substrates is shown with black bars for stylopine, grey bars for tetrahyropalmatine
and white barsfor scoulerine. (B) Relative activity with respect to PavNMT substrate (-)-pavine is shown with black
bars for formation of mono-methylated product (+14 nmv/z) and white bars for di-methylated product (+28 m/z).
Relative product formation was quantified by LC-M S, with theion count for wildtype GFTNMT and each product set
to 100% and all other corresponding values scaled accordingly. Error bars represent standard deviation of three
independent replicates. nd indicates that no product formation was detected.
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By examining TfPayNMT and CjCNMT crystal structures, a set of 18 active site residues
proximal to the bound BIA molecules and likely to be implicated in substrate recognition in either
enzyme were identified (Fig. 4.13). Subsequently, primary sequence aignments of all functionally-
characterized TNMTs and CNMTs were used to refine the list to six residues showing clear patterns of
conservation in each functional subtype. Theseresiduesin GFTNMT (Q98, F243, M 290, V294, H328,
1329) were mutagenized to the equivalent residue in GFCNMT, resulting in a series of atered proteins
(culminating in sextuple GFTNMT mutant) predicted to be increasingly CNMT-like in function. With
respect to stylopine, the M290Y /V 294H, H328F/1329W and M 290Y /V294H/F243Y mutants had
activities comparable to wildtype GFTNMT (Fig. 4.14A,B). On the other hand, these mutants had
substantially reduced activities with (S)-coclaurine. Conversely, the quadruple
(M290Y /V 294H/H328F/1329W), quintuple (F243Y/M290Y /V 294H/H328F/1329W,

Q98E/M290Y /V 294H/H328F/1329W) and sextuple (Q98/F243/M290/V 294/H328/1329) mutants had
substantially reduced activities with stylopine (ie. <5% WT) whereas activities with (S)-coclaurine were
less affected (40-100% of wildtype). When the ratio of TNMT-like and CNMT-like activities was
calculated for each mutant, a clear pattern favoring CNMT-like activity as point mutations were
combined became evident, with the final sextuple mutant favoring (S)-coclaurine 25-fold more than

wildtype GFTNMT (Fig. 4.14C).
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Figure4.13 Residuesputatively implicated in sub stratebinding or recognition in GFTNM T. Residues proximal
tothe BIA substratein CGCNMT and TfPavNMT wereidentified by examination of published crystal structures (PDB
6GKV, 5KOK) (Appendix O). Equivalent residuesin GFTNMT wereidentified by primary sequence alignments and
are shown in the GFTNMT crystal structure (PDB 6P30). (A) Residues which were invariant or conserved between
GFTNMT and GFCNMT are shown in green and were not targeted for mutagenesis. (B) Residues which varied
substantialy between GFTNMT and GFCNMT are shown in pink and were targeted for mutagenesis. (C) Residues
which were not identified by examination of CJCNMT and TfPavNMT structures but appear to interact with the

substrate in the GFTNMT structure are shown in yellow. These residues are potential targets for future mutagenesis
studies.
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Figure 4.14 Enzymatic activities of GFTNMT CNMT-I ike mutants. (A) Relative activity of wildtype (WT)
GFTNMT and mutants (as indicated) on TNMT substrate stylopine. (B) Relative activity with CNMT substrate (9)-
coclaurine. (C) Ratio of activity with (S)-coclaurine divided by activity with stylopine. For panels A and B, relative
product formation was quantified by LC-MS, with the ion count for wildtype GFTNMT and each product set to 100%
and all other corresponding values scal ed accordingly. For panel C, product formation was quantified by LC-MSwith
referenceto astandard curve of authentic product, resulting in specific activity values (pmoles® g 1) from which the

ratios were calculated. Error bars represent standard deviation of three independent replicates. nd indicates that no
product formation was detected.
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4.4 Discussion

441 Physiological significance of TIPavNMT

On the basis of substrate range assays carried out when it wasfirst cloned, the BIA NMT from
Thalictrum flavum was named pavine NMT (3). In spite of the name, biochemical profiling of the host
plant lead the authors to suggest that a mgjor physiological substrate was more likely to be the
structural ly-related BIA eschscholzidine. Although the results presented herein do not necessarily
contradict their conclusion that TfPayNMT participates in biosynthesis of N-methyleschscholzidine, the
expanded substrate range characterization does extend the potential physiological roles of the enzyme.
Considering that the recombinant enzyme displayed activities for (S)-reticuline and (+)-bulbocapnine
which were, with respect to (-)-pavine, dightly better (~20% greater) and a substantially better (~8-fold
greater), itisequaly plausible to suggest that TTPavNMT participates in the biosynthesis of quaternary
aporphine and 1-benzylisoquinoline alkal oids. Unexpectedly given the substrate range displayed by
TfPavNMT, Thalictrum species are known to contain glaucine but not bulbocapnine. Nevertheless,
biochemical profiling of T. flavum has reveaed the existence potential TfPavNMT products such as N,N-
dimethyl coclaurine (magnocurarine), tembetarine, and various aporphines such as N-methylarmepavine
and magnoflorine (2, 3). However, given the recent discovery of four putative BIA NMT transcriptsin the
plant (including those encoding TfPavNMT and TFCNMT), therole or roles of TfPavNMT remains
elusive (37). While an expanded in vitro characterization of the remaining T. flavum BIA NMTswould be
informative, the application of gene silencing methods recently optimized for Thalictrum spp. (ie. VIGS)

islikely to be the most successful in firmly resolving the question of physiologica significance (38).

4.4.2 Physiological significance of GINMTs
The six putative BIA NMTs from G. flavum were cloned from root tissue, which is the primary
site of accumulation for most BIAsin this species (37, 39). More than 60 distinct putative BIAs were

identified in a corresponding root sample and, athough their identities were not firmly established, it is
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likely that two of these compounds were berberine and magnoflorine. As with most BIAS, these amost
certainly require the action of a CNMT-like enzyme in their biosynthesis. On the basis of the substrate
range experiment reported here, the G. flavum enzymes most likely to function in this canonical role are
GfNMT1 (renamed GFCNMT) and GFNMT6. Biosynthesis of the quaternary aporphine magnoflorine
likely further depends on the action of RNMT-like GFINMT?5 or, potentially, GFNMT4 and GFNMT3.
Alkaloids which require TNMT-like activities for their biosynthesis, such as sanguinarine, allocryptopine,
N-methylstylopine and N-methyltetrahydropalmatine, are also reported in Glaucium spp., thus hinting at
roles for GFINMT2 (renamed GFTNMT) and, potentially, GINMT3 (2, 21). This side-by-side
characterization of the full complement of putative BIA NMTs present in G. flavum provides an
unprecedented opportunity to holistically assess the partitioning of BIA NMT function within a plant
species. Whereas canonical CNMT (GINMT1, GINMT6), TNMT (GfNMT2) and RNMT (GFNMT5)
enzymes are evident, the plant al so appears to contain enzymes which transcend the functiona boundaries
established in model BIA-producing species such as P. somniferum. Particularly notable are GINMT3,
which has strong RNMT-like and TNMT-like activities, and GFNM T4, which appears to be intermediate
in function between CNMT and RNMT. These observations highlight the importance of treating each
BIA-producing species as an independent system, and suggest that BIA biosynthesisin even closely
related plant species may be effected by substantially different enzymes and thus pathways leading to the
same end products may be less conserved than generally supposed. The reason why G. flavum contains
multiple functionally-overlapping BIA NMTs is unclear, but may be related to the different alkaloid
profiles known to exist in various cells, tissues and organs (9, 21). Correlation analysis of BIA MT
expression level versus alkaloid content in various organs and devel opmental stages could provide more
conclusive evidence of each enzyme s physiological roles. Furthermore, gene silencing experiments (ie.
VIGS) should be feasible in this species and would provide the strongest support for any functional
assignment.

Characterization of the substrate range of G. flavum CNMT reveaed an exceptionally specialized
enzyme strongly favoring (S)-coclaurine, similar to those reported in T. flavum and C. japonica (T able
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4.5) (3, 33, 40). Although a number of other activities with BIA substrates were reported astracein
comparison to this major activity, they were neverthel ess substantial in absolute terms and in comparison
to reaction velocities reported for more sluggish BIA NMTs (eg. TfPayNMT). Like CJCNMT and
TfCNMT, and in contrast to most other BIA NMTs, GFCNMT accepted at |east one
tetrahydroisoquinoline substrate (3, 33, 34). Similarly, GFCNMT and TFTCNMT both accepted (—-)-pavine
at low levels. However, isoquinoline and pavinan alkaloids are not known to occur in Glaucium spp., and
so these are unlikely to be physiologically relevant activities. GFCNMT turned over select
protoberberines, which is consistent with minor activities reported for TFCNMT. Interestingly, GFCNMT
showed a pattern of acceptance for protoberberine substrates which was opposite of GFTNMT. That is,
GFCNMT showed aclear preference for free hydroxyl groupsin its substrates (ie. scoulerine) rather than
an aversion. Similarly, GFCNMT preferred BIA substrates with an un-methylated secondary amino group
(ie. (9-coclaurine versus (S)-N-methylcoclauring). Both these observations are consistent with the
canonical role of CNMTs as central pathway enzymestargeting early BIA intermediates prior to
methylation of heteroatom-containing groups (ie. hydroxyls and amino).

The expanded substrate range study reported here for GFTNMT contributes to the existing body
of knowledge concerning related and functionally similar enzymes previously cloned from P.
somniferum, P. bracteatum and E. californica (3, 41). In contrast to CNMTs, GFTNMT did not accept any
of the non-BlAs including tetrahydroisoquinolines and thus appears rel atively specialized in function
(Table4.4.) (3, 33). Asfor recombinant E. californica TNMT, P. somniferum TNMT and P. bracteatum
TNMT, aswell as TNMT activities partially purified from C. vaginans, stylopine was the preferred
substrate followed by various other protoberberines (42). Quaternary protoberberines such as those
produced by GFTNMT are antimicrobial and thus likely useful to the plant in their own right (43),
however, they also function as crucial intermediates in the biosynthesis of protopine alkaloids known to
accumulate in certain Glaucium species (2, 9). In other plants including opium poppy, these ssme TNMT
products are intermediates in the biosynthesis of benzo[ c]phenanthridine and pthalidei soquinoline
alkal oids such as sanguinarine and noscapine, respectively. Although their precise eco-physiological roles
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have not been elucidated, the widespread occurrence of these alkaloids, and TNMT-like genes, in
Ranunculaceae strongly support adaptive significance. In contrast to previously reported TNMTS,
GFTNMT exhibited a broader substrate range which included aporphine and morphinan alkaloids. While
guaternary aporphine alkaloids such as those produced in vitro by GFTNMT (eg. magnoflorine) are
widespread in plants including Glaucium spp., quaternary morphinans such as N-methylthebaine have
only rarely been reported in select Papaver species (44 47) and an NMT capable of their biosyn thesis has
never been identified. However, previously characterized TNMTs have not been assayed with morphinans
and so it remains to be seen whether this activity is unique to G. flavum or more widespread. In contrast to
GFCNMT, GFTNMT showed an aversion for free hydroxyl groupsin its substrates (eg. scoulerine,
morphine). From a plant biosynthetic perspective, this feature is notable because scoulerine, the first
protoberberine pathway intermediate, is synthesized in a membrane-bound subcd lular compartment (ER
or ER-derived vesicles) and any quaternary akaloids produced therein by the action of a hypothetica
TNMT (eg. N-methylscoulering) cannot diffuse or be transported out into the cytosol where downstream
enzymes reside (8, 48). Experimental manipulation of TNMT expression level has not been demonstrated
in Glaucium spp. or any other plant but devel opmental and inducible time courses have convincingly
associated TNMT transcript and protein levels with stylopine N-methylation activity in opium poppy
plants and cell cultures (41). Although likely, it remains to be conclusively established that GFTNMT has

an analogous role.

4.4.3 Comparison of TlPavNMT, GFCNMT and GFTNMT as biotechnological tools

BIA NMTs are generally sluggish enzymes displaying specific activitiesthat are low evenin
comparison to enzymes of secondary metabolism, which are notorious for being far from optimal (49).
Nevertheless, their ability to accept substrates which are either pharmaceuticals (eg. morphine) or
important pharmacophores (eg. isoquinolines) makes them attractive biocatalysts. Accordingly, in vitro

characterization of their preferred working conditions (ie. temperature and pH optima) and substrate
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Kinetics provides a baseline of information which can then employed to compare and select the most
appropriate enzyme parts for assembly of agiven heterologous biosystem.

BIA NMTs reported to date have shown relatively little variation in temperature and pH optima
and are generally similar to other MTs (41, 50, 51). GFCNMT and GFTNMT both had optimal activities
when incubated at pH ~8.0, which is comparable to values reported for PSRNMT (pH 8.5) and PSTNMT
(pH 7.5). In terms of temperature-dependence, GFTNMT activity showed an optimum identical to that of
PSTNMT (37 C) and moderately higher than PSRNMT (30 C). Interestingly, GFCNMT had the best
activity when incubated at arelatively higher temperature (45 C). Thiswas comparable to the BIA
NMT-like enzyme from Ephedra sinica, which displayed optimal activity at 50 C.

Recombinant TfPavNMT displayed affinities for (S)-reticuline and (R,9)-tetrahydropapaverine
(Km=29 M and 16 M) which weredightly better than to those reported for PSRNMT with respect to
similar 1-BIA substrates (42 M, 85 M) (50). Never theless, TfPavNMT was roughly ten times slower in
catalyzing N-methylation of (S-reticuline (Kea 0.0022 versus 0.028). Recombinant GFTNMT s apparent
affinity for stylopine was substantially worse than reported for PSTNMT and PbTNMT (0.6 M and 2.0

M, respectively) but better than that reported for ECTNMT (40 M) (3). Nevertheless, GFTNMT
turnover number was substantially better than PoTNMT (0.001 s*) and quite similar to ECTNMT (0.3 s%).
GFTNMT saffinity for the cofactor SAM was somewhat worse than expected, with Ky values more than
10-fold and 4-fold greater than reported for PSTNMT (11.5 M) and ECTNMT (32 M), respectively, but
better than those reported for CGCNMT (390 M) and PSRNMT (168 M). To contextualize these
numbers, it is helpful to consider that titer of BIAs achieved in heterol ogous biosystems range from ~50
nanomolar (de novo reticuline) to ~1 mM (stepwise fermentation, tetrahydropapaveroline) (52, 53).
Although concentrations of pathway intermediates at the lower end would substantially impede BIA
NMT activity, it isimportant to appreciate that these titers are reported for the whole culture volume and
thus concentrations within the microbial cells themselves are likely to be somewhat higher and more

favorable for enzyme activity.
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Several BIA NMT activities show signs of inhibition under various conditions. With respect to
(R,9-tetrahydropapaverine, TfPavNMT showed substantial inhibition at substrate concentrations greater
than 40 M, resulting in adecreasein activity to approximately half of optimal in the presence of >200

M substrate. Notably, a comparable inhibition was not observed with enantiomerically pure (9-
reticuline. Consideration of the TfPavyNMT crystal structure, which shows both (S)- and (R)-
tetrahydropapapverine simultaneously bound in the active site, lead to the suggestion that inhibition may
result from binding of an R enantiomer at an adjacent location in the TfPavNMT active site, potentially
inhibiting product release. Even more substantial inhibition was observed for GFTNMT with both
stylopine and tetrahydropal matine, where activity dropped sharply at substrate concentrations higher than
25 M and 63 M, respectively, reaching ~10% of op timal activity in the presence of >200 M
substrate. Although a second, non-productive BIA molecule is not bound in the GFTNMT crystal
structures, it is reasonable to expect that the observed inhibition results from asimilar interaction as
proposed for TfPavNMT. The physiologica significance of substrate inhibition has not been studied in
BIA biosynthesizing plants. However, it is generally accepted that such an enzyme feature helps maintain
a steady concentration of products in spite of varying substrate availability and thus stabilize pathway flux
(54). In a heterol ogous hiosynthetic context, whether such afeature would enhance or restrict overall
product yield depends largely on the nature of the other enzymes employed and may in fact be beneficial.
Product inhibition has not been studied for BIA NMTs other than GFTNMT but similar features are
known to occur in BIA OMTs (55). For GFTNMT, inhibition by N-methylstylopine likely reflects the
enzyme srole in producing a pathway intermediate rather than end product alkaloid. In the natural
context, feedback inhibition likely contributesto preventing over-accumulation of the N-methylated
product which could negatively regulate downstream enzymes or impact cell and whole plant viability.
However, for an enzyme used in a heterologous biosynthetic pathway, such afeatureislikely to restrict

yields and thus be undesirable.
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4.44 Insight into substrate binding, recognition and catalysis

Since R41 ishighly conserved in all BIA NMTs, its function was examined by mutagenesisin
GFTNMT. Unexpectedly, the R41A mutant showed a>2-fold increase in activity with THP and
scoulerine, but no differencein activity compared to the wild-type enzyme with stylopine (Fig. 4.11A).
Crystal structures show that the side chain of R41 istoo far to interact directly with the substrate, but
likely forms hydrogen bonding or electrostatic interactions with residues F38, F243 and Q339 (Appendix
M). These side chains, and severa well-ordered water molecul es, contribute to the shape of the binding
pocket in which the C2 and C3 atoms of the BIA substrate are bound. Loss of the guanidinium group in
R41A probably expands the binding pocket or enhances conformational flexibility in the region, leading
to accommodation of the bulkier O-methyl groups found in scoulerine and tetrahydropal matine.

Perfect conservation across BIA NMTs of two residues proximal to the 70sloop gate (Y79,
E80in TfPavyNMT; Y81, E82in GFTNMT and CJCNMT) suggests that these have important roles. In
GFTNMT and CJCNMT, E82 interacts with an adjacent helix and appears to anchor the loop, while Y 81
points toward the active site and alkaloid substrate (Appendix P). In TfPayNMT, the second interaction
(E80) is maintained whereas the Y 79 side chain is rotated roughly 45 degrees and does not appear to
interact with the BIA substrate. However, the structure reported for this enzyme contains both (S)-
tetrahydropapaverine and (R)-tetrahydropapaverine bound in a mode suggested to cause substrate
inhibition, and so the interactions shown in this complex may not perfectly represent those which occur
during a productive encounter. Surprisingly, mutagenesis of residue E80 to alaninein TfPavNMT resulted
inincreased activity with all tested substrates (Fig. 4.8). Given the suspected role of this residue outlined
above, these increased activities might relate to aloosening of the gate which facilitates substrat e entry
or product release. The positive effect was much less substantial with the proposed endogenous substrate
(pavine), suggesting that anchoring of the gate by E80 contributes to substrate selectivity. InaGfTNMT
background, the equivalent mutant (E82A) only showed reduced activity. However, the tested substrates
all belonged to the proposed endogenous structural subclass (ie. protoberberines) and so the effect with
non-natural substratesis unexplored. Mutagenesis of Y79 in TfPavNMT and Y81 in GFTNMT to alanine
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resulted in substantially decreased activities with most substrates (Fig. 4.11A). Elimination of only the
hydroxyl group (ie. GFTNMT-Y 81F) resulted in an equal decrease in activity, suggesting that this moiety
(rather than side chain bulk) is crucial for function. Based on the crystal structures of CGCNMT and
GFTNMT, the Y 79/Y 81 side chain appearslikely to contribute to cataysis given its proximity and
orientation relative to the BIA molecule (Appendix P). Alignment with the Rattus norvegicus glycine
NMT structure (GNMT; PDB INBH) with shows the position of Y 81 to be comparable to Y21 from
GNMT (36). In GNMT, Y 21 excludes solvent molecules from the active site and thus enhances charge-
chargeinteractions. In GFTNMT, Y 81 might function similarly in restricting the conformational
flexibility of residuesin the 70s |oop over the entrance to the substrate binding pocket and excluding
water from the catalytic centre (see Fig. 7.8). Additionaly, Y81 might interact with the reaction
intermediate (either via hydrogen bond or electrostatically) and help stabilize the transition state, in a
manner anal ogous to that proposed by Swiderek et al. for GNMT (56). In contrast to most substrates,
activity with respect to (R,S)-tetrahydropapaverine was 2-fold better in the TfPavNMT Y 79A mutant.
Examination of the corresponding crystal structure shows that, when thislikely non-endogenous substrate
isbound, the Y79 side chain is pushed out of alignment in comparison to GFTNMT and CJCNMT
(Appendix P). Together, these observations suggest that elimination of the bulky tyrosyl group facilitates
accommaodation of the non-endogneous substrate and thus enhances promiscuous activity. Thisresult is
particularly notable in showing how structure-function investigations can provide targets for rationally
engineering BIA NMTsto improve trace activities.

Previoudy, work on CJCNMT identified key interactions between the isoquinoline or benzyl
moieties of the BIA substrate and residues 328-332 (34). The results presented here suggest asimilar role
(ie. substrate recognition) for the equivalent residuesin GFTNMT. In particular, the difference in relative
activities of the H328A mutant with THP (2-fold increase) when compared to stylopine (5-fold decrease)
suggests arole specifically in recognition of the C9/C10 bridging atoms (Fig. 4.11A). However,
examination of the GFTNMT crystal structure suggests the effect results from an indirect interaction since
H328 isin plane with the methylene bridge of stylopineand 6 away from the nearest atom (Appendix
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M). H328 appears to help position F332 in a manner that facilitates an aromatic-aromatic stacking
interaction with ring D of the protoberberine substrate. Consistent with this interpretation, the F332A
mutant displayed a more substantial ( >10-fold) loss of activity with both substrates. Although the I329A
mutant also exhibited a >10-fold decrease in activity with all substrates, the position of the residue
relative to H328/F332 suggests that in this case the loss of activity is due to increased conformational
flexibility of F332 which reduces its binding interaction with the substrate.

Near perfect identity of E207 and H208 in al BIA NMTs (E205 and H206 in
TfPavNMT), as well as proximity of the side chainsto the BIA substratein all available structures,
suggests fundamental rolesin cataysis. In TfPavNMT and GFTNMT, individual replacement of each
residue with alanine lead to decreases in activity with all substrates, providing better support for rolesin
catalysis rather than substrate recognition (Fig. 4.8; Fig. 4.11B). In all cases, a more substantial decrease
in activity was noted for replacement of the histidine. The results presented herein are consistent with a
hypothesis that this residue acts as a general base catalyst which deprotonates the amino group of the
alkaloid substrate and increase its nucleophilicity in preparation for methyl group transfer (34). In contrast
to the weak effect reported for an E207A mutationin CGCNMT, the more substantial effect noted in
TfPavNMT and GFTNMT mutants lends support to the idea that this residue function as part of a catalytic
dyad via hydrogen bonding with the catalytic histidine. Alternative and equally plausible explanations are
that E207 promotes methyl group transfer by el ectrostatic effects or by hydrogen bond-mediated
stabilization of the reaction intermediate. In GFTNMT and CjCNMT, a second well-conserved glutamic
acid residue (E204) islocated adjacent to the catalytic center, whereasin TfPavNMT thisisreplaced with
an alanine (A202). Mutagenesis of thisresidue to alaninein GFTNMT resulted in a substantial decreasein
activity with al substrates. As the effect was comparable to that observed for the E207A mutant, itis
reasonabl e to suppose that both residues have similar rolesin catalysis (Fig. 4.11B,C). In CjCNMT, E204
is suggested to hydrogen bond with the BIA amino group. However, such an interaction is not possiblein
GFTNMT given that the amino group of stylopine is aready bonded to three carbon atoms and the
remaining lone pair is occupied in the methyl transfer reaction. Thus, the most likely role for E204 in
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GFTNMT isin promoting methyl group transfer via electrostatic effects or stabilization of the transition
state. Double and triple mutants (ie. E204A/E207A, E204A/E207A/H208A) were even | ess active,
suggesting that the three residues perform separate and complementary rolesin catalysis (Fig. 4.11C).
Notably, the triple mutant still displayed atrace activity, indicating that BIA NMTs depend largely, but
not entirely, on the function of these residuesto catalyze their reactions. This observation is consistent
with suggestions that M Ts catal yze methyl transfer in part via proximity and desolvation or stabilization
of the transition state. Generally speaking, mutagenesis of these residues resulted in somewhat variable
effectsin GFTNMT, CNMT and PavNMT, suggesting that the specific interactions or relative
contributions of each catalytic residue differ from one BIA NMT to the next.

In GFTNMT, the isoquinoline group of (S)-cis-N-methylstylopine bindsin a manner that is quite
similar to the pose observed for the isoquinoline cocrystallized with CGCNMT (albeit rotated around the
long axis), but which is rather orthogonal to the pose of of tetrahydropapaverine bound in PavNMT
(Appendix Q). M290 and F340 are conserved residuesin TNMT-like enzymes and appear to directly
interact with the isoquinoline ring of the substrate. Replacing these residues with the PavNMT-like
residued (proline, tyrosine) resulted in large decreases in activity for the canonical protoberberine
substrates but did not affect the enzyme s activity for the canonical PavNMT substrate pavine
(Fig.4.10B). In contrast, substitution of these residues with aanine resultsin comparably decreased
activity with both protoberberine and pavine substrates. Thus, relatively minor changes to the closely
packed isoquinoline-binding region (M290P, F340Y) result in an enzyme that loses most its ahility to use
protoberberine substrates, while retaining some ability to use pavine as a substrate, thus becoming more
PavNMT-like in arelative sense. Intriguingly, combining these aterations in a double mutant
(M290P/F340Y) lead to acomplete loss of detectable activity for al substrates tested. This observation
may result from detrimental changes to binding pocket or protein structure in general due to the absence
of other permissive substitutions lacking in the TNMT background versus PayNMT. Alternatively, the

intermediate active site generated in the double mutant might not sufficiently altered to permit the
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distinctive binding pose seen in PavNMT. The recovery of trace activity with pavine in triple mutant
(E204A/M290P/F340Y) is consistent with this interpretation.

Prior to the completion of the GFTNMT crystal structure, an attempt was made to use published
structures (ie. TfPavNMT, CJCNMT) and primary sequence information to predict a series of six point
mutations which would convert GFTNMT into CNMT-like enzyme (Fig. 4.13A,B). Underlying this
strategy was an assumption that equivalent residues involved in substrate binding in both TfPavNMT and
CjCNMT would also participate in substrate binding in GFTNMT. Given the substantial number of
changes to the active site expected to result from this mutagenesis strategy, aclear physical mechanism
for atered substrate binding was not apparent. Neverthel ess, evidence in the form of substantial sequence
conservation across BIA NMTs from many plant species provided an empirical basis for the strategy.
Unexpectedly, double and triple mutants in this series had decreased CNMT-like activities which were
approximately 20% of wildtype GFTNMT (Fig. 4.14). Although this effect might be attributed to general
disruption of the active site or overall protein structure, such an explanation isinconsistent with the
observation that these same mutants showed no substantial decrease in TNMT-like activity. In contrast to
the double and triple mutants, those incorporating four, five or six point mutations displayed notably
reduced TNMT-like activity while CNMT-like activity was either moderately decreased or slightly
improved. Although CNMT-like activity in the sextuple mutant was not enhanced in absolute terms,
consideration of the decreased TNMT-like activity revealsthat its CNMT substrate preference was shifted
more than 25-fold relative to wildtype GFTNMT. Thus it appears that mutagenesis was more successful in
perturbing the active site away from a TNMT-like geometry than it wasin bringing it closer toaCNMT-
like form. Given the noticeable trend in improved CNMT-like substrate preference with the addition of
point mutations, it is reasonable to suspect that continued mutagenesis might eventually result in an
enzyme with CNMT-like activity improved in absolute terms. To that end, examination of the GFTNMT
crystal structurein complex with (S)-cis-N-methylstylopine revealed four additional active site residues
clearly forming part of the substrate binding pocket or interacting with the BIA molecule (E79, F92,

Y 252, Q339) (Fig. 4.13C). Each of these also showed informative patterns of conservationin BIA NMT
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primary sequence alignments which suggested point mutations likely to further enhance the mutant s
CNMT-like activity (E79K, FO2H, Y 252F, Q339L). Aside from active siteresidues, it islikely that
mutagenesis of second shell residues (ie. thosei nteracting with the residues forming the substrate
binding pocket) would aso enhance CNMT-like activity. Although the number of potential residues of
interest would grow substantially ( 50 candidates) given the greater radius of the second shell , a
comparative approach equivalent to that used here should, in theory, identify the necessary point
mutations. To make this practical, a computational approach could be employed to automaticaly identify
the residues to be altered and the predicted mutant gene could be synthesized from scratch rather than via
sequential site-directed mutagenesis of the wildtype template.

In sum, our results clearly show that CNMT- and TNMT-like activities are not easily
interchanged and support previous suggestions that BIA NMT substrate recognition depends on alarge
number of small effects based (ie. sterics, Van der Waals interactions, aromatic interactions/pi-stacking
interactions). The identification of unique substrate-interacting in the GFTNMT crystal structure not
evident in TfPavNMT or CCNMT highlights the importance of obtaining structural information for each
BIA NMT subtype. Although BIAs are biogenically related, they have quite variable structures and thus
the NMTs specialized for the different structural subtypes have diverged substantially both in primary
sequence and tertiary structure. Going forward, phylogenetic inference of ancestral BIA NMT sequences
may provide a more efficient context in which to identify crucial function-altering mutations, rather than

comparing extant enzymes in which genetic drift may have produced many irrelevant sequence changes.

4.45 Concluding remarks

In vitro characterization of novel BIA NMTs provides a deeper appreciation for the functional
range achieved by this enzyme family. Although key functions are represented in each species examined
to date (ie. CNMT, TNMT, RNMT-like activities), novel functions (eg. pavine NMT) and aternative
ways of partitioning the canonica activities between enzymes were revealed in this work. These results

suggest that, even between rather closely rel ated species, the details of BIA biosynthesis are less
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conserved than generally supposed. Continued investigation of non-model BIA producing species, such
as those described here, provides raw data which will eventually lead to a holistic understanding of the
evolutionary origins and subsequent trajectories of BIA biosynthesisin plants overal.

As attempts to transplant natural or engineered BIA pathways into heterologous hosts continue,
the use of novel or alternative BIA NMT biocatalystsis likely to be helpful in overcoming technical
issues such as low specific activity, inhibition and substrate promiscuity. In addition to the use of natural
variants, rational engineering of enzymes may be required to obtain desired functionalities. In
combination with structural elucidation, the mutagenesis studies described here have allowed for the
identification of key featuresinvolved in catalysis and substrate recognition. Although the availability of
CNMT, TNMT and PavNMT structures provides awealth of information, additional structures could
provide further insight. Despite the fact that TTPavNMT shows some functional overlap with RNMT-like
enzymes, its unique activities (ie. pavine N-methylation) strongly suggest that the active site has features
that are not represented in PSRNMT. Similarly, the BIA NMTs from G. flavum which show mixed
TNMT-RNMT and CNMT-RNMT activities are likely to have unique features underlying their function.
An dternative and equally informative approach would be the identification of important structural
features by comparison of functionally identical enzymes from different species showing low sequence
identity (~50%). Taken together, these approaches should greatly enhance our understanding of an

important enzyme family and provide broader biochemical insight not to BIA biosynthesis.
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Chapter Five An N-Methyltransferase from Ephedra sinica Catalyzing the Formation of

Ephedrine and Pseudoephedrine Enables Phenylalkylamine Production in Microbes
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manuscript.
51 Summary

The fina steps of ephedrine and pseudoephedrine biosynthesisin members of the genus Ephedra
involve N-methylation of norephedrine and norpseudoephedrine, respectively. We report the isolation and
characterization of an N-methyltransferase (NMT) from Ephedra sinica able to catayze the formation of
(pseudo)ephedrine and other naturally occurring phenylakylamines, including N-methyl cathinone and N-
methyl (pseudo)ephedrine. Phenylalkylamine N-methyltransferase (PaNMT) shares substantial amino acid
seguence identity with enzymes of the NMT family involved in benzylisoquinoline alkaloid (BIA)
metabolism in members of the higher plant order Ranuncula es, which includes opium poppy (Papaver
somniferum). PaNMT accepted a broad range of substrates with phenylakylamine, tryptamine, b-
carboline, tetrahydroisoquinoline, and BIA structural scaffolds, which isin contrast to the specificity for
BIA substrates of NMT enzymes within the Ranunculales. PANMT transcript levels were highest in
young shoots of E. sinica, which corresponded with the location of NMT activity yielding
(pseudo)ephedrine, N-methylcathinone and N-methyl (pseudo)ephedrine, and with the accumulation of
phenylalkylaminesin the plant. Co-expression of recombinant genes encoding PANMT anda -
transaminase (PP2799) from Pseudomonas putida in Escherichia coli enabled the conversion of
exogenous (R)-phenylacetyl carbinol (PAC) and (S)-PAC to ephedrine and pseudoephedrine, respectively.

Our work further demonstrates the impact of plant biochemical genomics for the isolation of novel
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enzymes that facilitate the engineering of microbes for the production of medicinally important

metabolites.

5.2 Introduction

Phenylakylamines (PAAS) are alarge class of natura and synthetic molecules defined by the
occurrence of aphenyl ring linked to an amino group by an alkyl chain of variable length. Functional
group substitutions at various positions around the core structural scaffold result in adiverse array of
biologically active compounds. In animals including humans, endogenous molecules of this class such as
the catecholamine neurotransmitters dopamine and adrenaline play important rolesin normal
physiological processes (1). This neurobiology forms the basis for the action of important
pharmaceuticals, including synthetic PAA derivatives such as the antidepressant bupropion (e.g.
Wellbutrin) (2) and amphetamine-containing attention deficit disorder treatments (e.g. Adderall,
Dexedrine) (3). Synthetic PAA derivatives are further used in the treatment of Parkinson s disease (e.qg.
selegiline) (4), obesity, anxiety, and nasal congestion. Beyond routine uses of synthetic PAAsin modern
medicine, natural sources have been used for millenniain both ritual and medicina applications.
Prominent examples include the cacti-derived hallucinogen mescaline and the various PAAs of Ephedra
species and khat (Catha edulis) (5).

PAAsin Ephedra spp. and khat, referred to as substituted a-methyl phenethylamines or
substituted amphetamines, are characterized by a C2 methyl group (the a position relative to the nitrogen)
and either ahydroxyl or carbonyl at C1 (Fig. 5.1). Medicinal use of mahuang (apreparation of Ephedra
sinica) has been documented in traditional Chinese medicine since at least 200 BCE (6), but isol ation of
the pharmacol ogically active metabolites (1R,2S)-ephedrine and (1S,29)-pseudoephedrine was not
reported until 1887 (7). Ephedrineislisted as an essentiad medicine by the World Health Organization for
the prevention of low blood pressure induced by spinal anaesthesia, whereas pseudoephedrineis awidely

used decongestant. The biosynthesis of Ephedra akal oids begins with the conversion of L-phenylalanine
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to trans-cinnamic acid by phenylalanine ammonialyase (PAL), which isthe only isolated and partially
characterized enzyme in the proposed pathway (8,9) (Fig. 5.1). Based on radiolabeled precursor feeding
experiments, the occurrence (or absence) of purported intermediates, the detection of key enzyme
activities and other lines of plant-based evidence, Ephedra akaloid biosynthesisis thought to involve
multiple steps including stereosel ective reduction to (1S,2S)-norpseudoephedrine and (1R,29)-
norephedrine, followed by N-methylation to yield pseudoephedrine and ephedrine, respectively (Fig. 5.1)
(5,10,11). N-Methyltransferase activity was detected in plant extracts and shown to yield (1R,29)-
ephedrine from (1R,29)-norephedrine (12). However, the responsible enzyme was not isolated, and there
have been no reports on the molecular characterization of a plant-derived NMT catalyzing the final step in
(pseudo)ephedrine biosynthesis. In animals, the well-studied enzyme phenylethanolamine N-
methyltransferase catalyzes a similar reaction, converting noradrenaline to adrenaline. The bovine variant
of phenylethanolamine N-methyltransferase was shown to N-methylate norephedrine, but not

norpseudoephedrine, albeit with a substantially reduced rate compared with its native substrate (13).
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Figure5.1 - Proposed biosynthesis of phenylalkyaminesin Ephedra spp. The pathway is drawn according to the
predictions of radio- and isotopically-labelled tracer experiments, the isolation of putative intermediates and the
detection of enzyme activities in plant extracts. Phenylalanine anmonia lyase (PAL) is the only enzyme for which a
corresponding cDNA has been isolated. Dotted arrows for steps between trans-cinnamic acid and (S)-cathinone
indi cate putative or multiple conversions. Condensation of pyruvate with benzoyl-coA, benzoic acid or benzaldehyde
has been suggested to vyield 1-phenylpropane-1,2-dione, but (R,S-phenylacetylcarbinol and (RS)-2-
hydroxypropiophenone have also been implicated as a potential pathway intermediate. Exogenoudly fed (RS-
phenylacetylcarbinol can be converted in E. coli to nor(pseudo)ephedrine by an -transaminase (PP2799). The
isolated phenylalkyamine N-methyltransferase (PaNMT) reported herein catayzes the fina two N-methylations
yielding (pseudo)ephedrine and N-methyl (pseudo)ephedrine.
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Despite the accumulation of Ephedra akaloids to approximately 1-3% of the stem fresh weight,
cultivated plants have not remained a viable commercial source for ephedrine or pseudoephedrine owing
to the dow growth rate of the source plants and the relatively high cost of extraction. Since the early
1930s, commercia production of these compounds has relied on a combined fermentation and chemical
strategy whereby exogenous benzaldehyde isinitially converted by Saccharomyces cerevisiaeto (R)-
phenylacetylcarbinol (PAC), followed by extraction, reductive amination and Wel sh rearrangement
(5,14). Sincetheindustria process aready employs a biotransformation step, (pseudo)ephedrineis an
ideal target for de novo production using engineered microorganisms with minimal disruption of the
existing infrastructure (5). Furthermore, an E. coli platform strain has been reported in which expression
of an engineered Zymomonas mobilis pyruvate decarboxylase (15) allow for biosynthesis of (R)-PAC
from benzaldehyde (16). From (R/S)-PAC, the two remaining chemical steps to (pseudo)ephedrine (i.e.
transamination and N-methylation) can also be enzymatically catdyzed. Several bacterial -
transaminases have been characterized that are capable of yielding one or more of the four possible
nor(pseudo)ephedrine stereoisomers (17-20) including the Pseudomonas putida enzyme PP2799 (Fig.
5.1). As part of our overarching goal of eucidating alkaloid biosynthesisin Ephedra sinica, we targeted
the N-methyltransferase step, with the additional aim of providing a new gene potentially useful for
fermentation-based production of (pseudo)ephedrine pharmaceuticals.

Herein, we report the isolation and characterization of a phenylalkylamine NMT (PaNMT) from
E. sinica capable of producing (pseudo)ephedrine both in vitro and in engineered E. coli. Positive
correlation of PaNMT transcript levels with NMT activity in E. sinica plant organs supports a
physiological role for the corresponding enzyme in the formation of (pseudo)ephedrine and related
alkaloids. Unexpectedly, the in vitro substrate preference of PaNMT suggests the possibility of a
bifurcation in the pathway leading to Ephedra alkal oids, with (S)-N-methylcathinone serving as a
potential biosynthetic intermediate. Interestingly, PaNMT exhibits a broad substrate range that includes

various phenylalkylamines, along with severa tetrahydroisoquinolines and benzylisoquinolines. Our
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discovery completes the set of enzymes required for the potential commercial production of

(pseudo)ephedrine, and other phenylakylamines, in engineered microorganisms.

5.3 Results

5.3.1 Sdection and screening of NMT candidates

Combined tBLASTn and HMMer searches of an Ephedra sinica stem trascriptome (11) using six
canonical plant NMT proteins as queries yielded 27 candidate enzymes potentially able to catalyze the N-
methylation of phenyla kylamine intermediates in the biosynthesis of (pseudo)ephedrine (Appendix E;
Fig. 5.2). Full-length open reading frames corresponding to 18 genes encoding candidate NMT enzymes
were amplified by RT-PCR using total RNA from E. sinica stems, 16 of which yielded sufficient Hiss-
tagged recombinant protein in Escherichia coli to allow for partial purification using a cobalt-affinity
resin (Fig. 5.3). Candidate proteins were tested in vitro for SAM-dependent N-methylation activity using
racemic (-)-norephedrine and (—-)-ephedrine as substrates (Fig. 5.4). Only candidate A (Singlet3659)
catalyzed the formation of ephedrine and N-methylephedrine from (-)-norephedrine and (—-)-ephedrine,

respectively, and the enzyme was named phenyla kylamine N-methyltransferase (PaNMT).
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Figure 5.2 - Unrooted Maximum-Likelihood phylogenetic tree for candidate NM Ts from Ephedra sinica and
selected plant NM Ts of known function. Bootstrap frequencies shown at each node represent the percentage of 500
bootstrapped treesin which the associ ated taxa clustered together. Bootstrap frequencies less than 25% are not shown.
The analysisinvolved 35 sequences whereby positions with less than 50% site coverage were eliminated, resulting in
afina data set with 423 positions. The scale bar represents the branch length corresponding to 0.5 substitutions per
site. Red dots show enzyme candidates for which corresponding cDNAs were not isolated. The green dot indicates
PaNMT. Abbreviations and accession numbers. Arabidopsis thaliana protein arginine methyltransferase, AtPRMT
(NP_199713); Atropa belladona putrescine N-methyltransferase, AbPMT (BAA82264); Solanum lycopersicum
phosphoethanolamine N-methyltransferase, SPEANMT (AAG5989); A. thaliana histone-lysine N-methyltransferase,
AtSUVH (NP_196113); Coffea arabica 3,7-dimethylxanthine N-methyltransferase caffeine synthase, CaCS
(BACT75663); Papaver somniferum (S)-tetrahydroprotoberberine N-methyltransferase, PSTNMT (AAY 79177); Coptis
japonica coclaurine N-methyltransferase, CGICNMT (BAB71802); P. somniferum reticuline N-methyltransferase,
PSRNMT (K X369612).
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Figure 5.3 - SDS-PAGE and anti-Hiss immunoblot analysis of cobalt-affinity purified recombinant candidate
NM Tsexpressed in Escherichia coli. Purified fractions used for initial screens are marked with letters corresponding
to candidate enzymes shown in Appendix E, and Fig. 5.4.
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Figure5.4 - Chromatograms of enzyme assays used to screen candidate NM Tsfor N-methylation activity using
(9)-norephedrineand (-)-ephedrineassubstrates. LC-MS/M S anaysis of assays using purified, recombinant NM T
candidates A through T, with norephedrine or ephedrine as substrate. Occurrence of respective N-methylation products
(+14 atomic mass units) was monitored in singleion monitoring (SIM) mode (ephedrine, m/z 166; N-methylephedrine,
m/z 180). Letters (A-T) correspond to those given in Fig. 5.2, Fig. 5.3 and Appendix E. Boiled purified candidate
A enzyme was used as the negative control (NC). Reaction products were identified based on the comparison of
retention times and collision-induced dissociation (CID) spectrawith those of authentic standards (AS). Trace amounts
of N-methylated products were present in the substrate stock used for enzyme assays, and thus trace contamination
was observed in chromatographs. This contamination was subtracted during quantitative analysis of assays to
determine whether product formation had occurred. Representative CID spectra of enzymatic reaction products are
provided in Appendix D.
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5.3.2 Characterization of PaNMT

The amino acid sequence of PaNMT shared considerable (43-50%) identity with NMTs involved
in benzylisoquinoline alkaloid (BIA) biosynthesis (Fig. 5.5). In addition to the SAM-binding residues,
which are entirely conserved, PaNMT also showed substantial conservation of residues predicted to form
part of the homodimer interface and the alkal oid-binding domain in the TfPayNMT X-ray
crystallographic structure (21). The purified Hiss-tagged PaNMT protein displayed an empirical
molecular weight of 41 kDa (Fig. 5.6), which was in agreement with the predicted size of the trandation
product.

In addition to (-)-norephedrine and (—)-ephedrine, PaNMT catalyzed the N-methylation of (-)-
cathinone and (1R,2R)-( )-norpseudoephedrine ( Fig. 5.7) (Appendix D). Although the isomer (1S529)-
(+)-norpseudoephedrine was not commercially available to test as a substrate, PANMT had capacity to
turnover (1S29)-(+)-pseudoephedrine, suggesting a general activity toward Ephedra alkaloids regardless
of stereochemistry. PANMT showed a pH optimum of 9.0 and a temperature optimum of 50 C (Fig. 5.8).
Michaelis-Menten kinetic parameters were determined at pH 9.0 and 37 C, the latter to maintain
physiological relevance with respect to plants and microbes. PANMT exhibited a K, of 0.14 mM for
SAM, and K values between 0.63 and 1.9 mM for phenylalkylamine substrates (Table 5.1; Fig. 5.9).
The maximum reaction velocity (Vma) With individual substrates ranged from 0.19 to 1.51 pmol s* mg*
for (1R,2R)-( )-norpseudoephedrine and (—)-cathinone, respect ively, with no indication of substrate
inhibition. The corresponding turnover numbers (k.a) were between 6.3 x 10°s* and 8.0 x 10° s*for (-

cathinone and (1R,2R)-( )-norpseudoephedrine, respectively.
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A

EsPaNMT ---MEEAKMATLGGASYAMIVKTMMRSLEANLIPDFVLRRIMNEASRLKLGYKQTAELQLA 60
PSTNMT  -MGSIDEVKKESAG-------- ETLGRLLKGEIKDEELKKLIKF QFEKRLQWGYKSSHQEQLS 54
TfPavNMT --METKQTKKEAVA-------- NLIKRIEHGEVSDEEIRGMM  KIQVQKRLKWGYKPTHEQQLA 53
PsRNMT  MSTTMETTKISQQD--------DLWKNMELGQISDEEVRRLMKGIEKRIKWGTKPTQQEQLA 55
CJCNMT  MAVEAKQTKKAAIV-------- ELLKQLELGLVPYDDIKQLIRR ELARRLQWGYKPTYEEQIA 55

EsPaNMT DLMSFVASLKTMPIALCTEEAKGQ-HYELPTSFFKLVLGKMEEAYFSEH-TRTLDEAEEA 121
PSTNMT FNLDFIKSLKKMEMSGEIETMNK-ETYELPSEFLEAVFGKTWMTYFTHE-SATIDEAEEA 115
TfPavNMT QLVTFAQSLKGMEMAEEVDTLDA-ELYEIPLPFLHIMCGKAESPGYFKDE-STTLDESEVY 114
PsRNMT  QLLDFNKSLRGMKMATEIDTLENHKIYETPESFNQIGGKESAGLFTDETTTTMEEANTK 115
CjCNMT EIQNLTHSLRQMKIATEVETLDS-QLYEIPIEFLKIMNGSNLK&CCYFKED-STTLDEAEIA 116

EsPaNMT MLALYCERAKIEDGQKIRIGCGWGSFSLYVAERYPKCEITGLCNSSTQKAFIEQQCSERRLC 184
PSTNMT  AHELYCERAQIKDGQTWYIGCGQGLVLYIAQKYKNCHVTGLTNSKAQVNYLLKQAEKLGLT 178
TfPavyNMT MMDLYCERAQIKDGQSIRLGCGHSLTLHVAQKYRGCKVTGITNSVSQKEFIMDQCKKLDLS 177
PsRNMT ~ MMDLYCERAGLKDGHDLGCGAG VLHLAKKYKKSKITGITNTSSHKEYILKQCKNLNLS 178

CJCNMT  MLDLYCERAQIQDGQSULGCGQALTLHVAQKYKNCRVTAVTNSVSQKEYIEEESRRRNLL 179

EsPaNMT NVTIYADDISTFDTESTYDRISIEMFEHMKNYSTLLKKISKMNQECLLFVHYFCHKTFAYH 247
PSTNMT NVDAILADVTQYESDKTYDRLLMIEAIEHMKNLQLFMKKLSTRBESLLFVDHVCHKTFAHF 241
TfPavNMT NVEILEDVTKFETEITYDRIFAVALIEHMKNYELFLKKVSTWIAQYGLLFVEHHCHKVFAYQ 240
PSRNMT NVEINLADVTKVDIESTFDRVFVIGLIEHMKNFELFLRKISKWAMDDGLLLLEHLCHKSFSDH 241
CjCNMT NVEVKLADITTHEMAETYDRILVIELFEHMKNYELLLRKISEWKDGLLFLEHICHKTFAYH 242

EsPaNMT FEDVDEDDWMARYFFTGGTM+-PASSLLLYFQDDVSVVDOROKHYAQTSEEWLKRMDHNL 308
PSTNMT FEAVDEDDWYSGFIFPPGCATILAANSLLYFQDDVSVVDHEMVHNARSVDIWRKALDKNM 304
TfPavNMT YEPLDEDDWYTEYIFPSGTLVMSSSSILL YFQEDVSVVNHSGKHPSLGFKQWLKRLDDNI 303
PsRNMT ~ WEPLSEDDWYAKNFFPSGTLVIPSATCLLYFQEDVTVIDHGNNFARSNEVILKRIDGKI 304
CJCNMT  YEPLDDDDWFTEYVFPAGTMIIPSASEEFLYFQBRDVSYVNHWKHESRTNEEWLKRLDANL 305

EsPaNMT  SSILPIFNETYG--ENAAKKWLAYWRTFFIAVAELFKYNDGWMVSHFLFKKK----- 360
PSTNMT  EAAKEILLPGLGGSHETVNGVNVTHIRTFCMGGYEQFSMNNBDEW L FKKK----- 358
TfPavNMT DEVKEIFESFYG-SKEKAMKFITYWRVFCIAHSQMY STNNEBEMLSQVLFKKK----- 356
PsRNMT  EEVKDIFMSFYGIGREEAVKLINWWRLLCITANELFKYNNGQEEQLLFKKKLMTCI 362
CJCNMT  DVIKPMFETLMG-NEEEAVKLINYWRGFCLSGMEMFG Y NNGAERMY L EKKK----- 358
B

Amino acid sequence identity (%)
PSTNMT TfPavNMT PsRNMT CjCNMT

ESNMT 43 47 43 50
PSTNMT 49 44 46
TfPavNMT 56 59
PSRNMT 49

Figure 5.5 - Amino acid sequence alignment of Ephedra sinica PaNM T and repr esentative benzylisoquinoline
alkaloid NM Ts. (A) CLUSTALW amino acid sequence alignment of E. sinica phenyla kyamine N-methyltransferase,
EsPaNMT (MHO029305), Papaver somniferum tetrahydroprotoberberine N-methyltransferase, PSTNMT
(AAY79177), P. somniferum reticuline N-methyltransferase, PSRNMT (KX369612), Coptis japonica coclaurine N-
methyltransferase, CJCNMT (BAB71802), and Thalictrum flavum pavine N-methyltransferase, TfPavNMT
(EU883010). Key residues are shaded as predicted from the TfPavNMT crystal structure (Torres et a. (2016) J. Bial.
Chem. 291, 23403). Residues highlighted in green are predicted to form part of the homodimer interface, residues
highlighted in grey are predicted to form hydrogen bonds with S-adenosylmethionine (SAM) either directly or viaa
water molecule, and residues highlighted in blue are predicted to interact with the alkaloid substrate. The canonical
SAM-binding Motif | isindicated with bold letter s. (B) Percent identity matrix calculated from the amino acid
seguence alignment.
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Figure 5.7 - Representative chromatograms of
enzyme assays showing the N-methylation of
various substrates by Ephedra sinica PaNMT.
LC-MSMS  chromatographs  showing  N-
methylation of PAA substrates by PaNMT.
Substrate names are indicated in the top left corner
of each panel. Reaction products (+14 atomic mass
units) were detected by sel ected reaction monitoring
(SRM) wusing the transitions indicated. MS
conditions favoured in-source dehydration of
nor(pseudo)ephedrine  and  corresponding  N-
methylated products (Appendix D) requiring an
adjustment of -18 atomic mass units ((M+H-H,0)*)
during SRM experiments for these akaloids.
Results are shown for assays with native and
denatured (boiled) PaNMT, respectively. Reaction
product identities were confirmed by comparing
retention times and collision-induced dissociation
(CID) spectra with those of authentic standards
(Appendix D).

Figure 56 - SDS-PAGE of cobalt-affinity purified
recombinant enzymes used for functional
characterization. Abbreviations. PaNMT, Ephedra sinica
phenylalkylamine N-methyltransferase; CNMT, Glaucium
flavum coclaurine N-methyltransferase; TNMT, G. flavum
tetrahydroprotoberberine N-methyltransferase; and RNMT,
P. somniferum reticuline N-methyltransferase.
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Figure 5.8 - pH and temperature optima for
Ephedra sinica PaNMT. (A) Assays for
determination of optimum pH were performed in
100 mM MES (pH 5.5 6.5), 100 mM MOPS (6.5
7.5), 100 mM Tris HCl (7.59.0) and 100 mM
Na2CO3/NaHCO3 (9.010.5). Each assay
contained 1 mM (-)-norephedrine, 1 mM SAM and
25 mg purified recombinant PaNMT in a reaction
volume of 50 mL and was incubated at 37 C for 3
h. (B) Assays for determination of optimum
temperature contained the same components as
above and were performed in 100 mM Tris-HCI, pH
9.0 incubated for 3 h at temperatures between 4 and
65 C. Microtubes containing the assay mixture
were equilibrated at each temperature for 10 min
prior to the addition of purified protein. Negative
control reactions were performed for al conditions
using purified protein denatured by boiling for 20
min.

Table5.1 - Michaelis-M enten kinetic parametersfor recombinant Ephedra sinica PaNM T. Abbreviation: nd, not

determined.
\Y, k k /K
Substrate Km max cat cat T
(mMm) (pmols mg") (s M's))
(9)-Cathinone 0.63 — 0.07 1.51 -0.05 6.3% 10" 0.10
(-)-Norephedrine 1.2-0.2 0.22-0.01 9.2 x 10'6 0.0077
()-Norpseudoephedrine 1.7-0.3 0.19-0.01 8.0 X 10'6 0.0047
(-)-Ephedrine 1.3-0.1 0.79 -0.02 3.3x 10'5 0.025
(+)-Pseudoephedrine 1.9-0.2 1.32-0.04 5.5 X 10'5 0.029
S-Adenosylmethionine 0.14-0.03
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Figure5.9 - Michaeis-M enten kineticsfor Ephedra sinica PaNM T. Enzyme Kinetics were determined with respect
to (A) (-)-cathinone, (B) (-)-norephedrine, (C) () -norpseudoephedrine, (D) (-)-ephedrine, (E) (+)-pseudoephedrine
and (F) S-adenosylmethionine. Each 50 mL assay contained one phenylakylamine substrate, S-adenosylmethioine
(SAM) and 25 mg purified recombinant PaNMT in 100 mM Tris-HCI, pH 9.0. Reactions were incubated at 37 C for
3 h which was previously determined to be within the linear range of product formation. For panels A-D,
phenylakylamine substrates were used at concentrations between 15 mM and 10 mM, with SAM constant a 1 mM.
For panel F, SAM was used at concentrations between 4 and 1000 mM, with (-)-norephedrine constant at 1 mM. Data
points and associated error bars represent the mean — standard deviation of three independent assays.
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PaNMT was tested for potential NMT activity on 45 nitrogenous compounds exhibiting diverse
scaffold structures and functional group substitutions (Appendix T). Reaction products consistent with N-
methylation activity (i.e. showing an increase of 14 atomic mass units with respect to the corresponding
substrate) were detected for 23 different compounds, which belonged to severa distinct structural
categories including phenylalkylamines, tryptamine akaloids, tetrahydroisoquinoline alkaloids, b-
carboline and BIAs (Fig. 5.10). PANMT catalyzed the N-methylation of compounds containing primary,
secondary and tertiary amine moieties. Authentic standards for most reaction products were not available
and turnover rates were relatively low (ie. less than 5%), which precluded an accurate quantitative
determination of relative substrate acceptance.

To compare with PaNMT, three previously characterized BIA NMTs (22,23) were heterologously
expressed in E. coli, affinity-purified (Fig. 5.6) and subjected to the same determination of substrate range
(Fig. 5.11). As anticipated, the enzymes exhibited preference for their respective primary BIA substrate:
GFCNMT (Glaucium flavum coclaurine N-methyltransferase) was largely specific for (S)-coclaurine,
GFTNMT (G. flavum tetrahydroprotoberberine N-methyltransferase) was most active on the
protoberberine alkaloid stylopine, and PSRNMT (Papaver somniferum reticuline N-methyltransferase)
preferred (S)-reticuline. With the exception of a tetrahydroisoquinoline substrate accepted by GFCNMT,
the few non-BIA substrates accepted by these NMTs were turned over in trace quantities only. Notably,
none of the BIA NMTs were able to N-methylate any of the tested phenylalkylamines, thus excluding all

of the intermediates and products of (pseudo)ephedrine biosynthesis as substrates.
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Figrure 510 -
Substrate range of
Ephedra sinica
PaNMT. Relativeion
count refers to
reaction products
with m/z 14 atomic
mass units higher
than that of the

corresponding
substrate, as
indicated. Bars

represent the mean —
standard deviation of
three  independent
assays. The highest
ion count, obtained
using THQ2 as the
substrate, was set to 1
and all other values
were scaled

proportionaly.
Functional groups
labeled R are variable
among compounds
within each structural
group. Structures for
each tested substrate
are provided in

Appendix T.
Abbreviaion: nd, no
product detected.



Figure5.11 - Summary of the substrate range of BIA NM Ts. Relative ion count refers to reaction products with
m/z 14 atomic mass units higher than that of the corresponding substrate, as indicated. Bars represent the mean —
standard deviation of threeindependent assays. The highest ion count for each enzyme was set to 1 and all other values
were scaled proportionally. Structures for each tested substrate are provided in Supplementa Figure 8. Abbreviation:
nd, no product detected; GFCNMT, Glaucium flavum coclaurine N-methyltransferase; GFTNMT, G. flavum
tetrahydroprotoberberine N-methyltransferase; and PSRNMT, P. somniferum reticuline N-methyltransferase.
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5.3.3 Physiological relevance of PaNMT in Ephedra sinica

To assess the physiological of role PaNMT in (pseudo)ephedrine biosynthesis, relative transcript
abundance, NMT activity and phenyla kal amine accumulation profiles were established for E. sinica
stems and roots (Fig. 5.12). PaNMT transcript levels were highest in the shoot tip and the relative
abundance decreased in successively older internodes. Differences in transcript abundance were only
significant between the shoot tip and internodes 5, 7 and 8. PANMT transcript levels were significantly
lower in roots compared with al stem samples. NMT activity was detected in protein extracts from all
stem internodes, but not in root protein extracts. (5)-Cathinone, (-)-norephedring, (1R,2R)-( )-
norpseudoephedrine, (-)-ephedrine and (1S,29-(+)-pseudoephedrine were all accepted as NMT
substrates (Fig. 5.13), with all but (-)-norephedrine showing a statisti cally significant decrease in activity
from the shoot tip to successively older internodes. However, (-)-norephedrine was the preferred
substrate among those tested. The major phenylal kylamines detected in stem internodes were ephedrine,
pseudoephedrine and norpseudoephedrine (Appendix U). Norephedrine occurred at a concentration
approximately 10-fold lower than the major akaloids, whereas cathinone, N-methylephedrine and N-
methyl cathinone and were detected at 100 to 1000-fold lower levels (Fig. 5.13). Ephedrine and
pseudoephedrine accumulated at significantly higher levelsin successively older stem internodes, and
norpseudoephedrine and N-methylephedrine showed similar, but not significantly different, trends.
Cathinone and N-methcathinone accumulation generally decreased from the shoot tip to older stem
internodes, but levels were low and variable. Norephedrine accumulation showed no clear trend. Ephedra

alkaloids were trace in abundance, or absent entirely, in roots.
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Figure 5.12 - Relative abundance
of PaNM T transcripts,
phenylalkylamine N-
methyltransferase activity, and
phenylalkylamine content in
shoots and roots of Ephedra
sinica. (A) Schematic showing the
sampling location of various shoot
and root tissues. Segment 1
contained  partidly  expanded
internodes proximal to the shoot tip
and each successive segment
contained a single expanded
internode. Roots (R) were collected
as asingle tissue type. (B) Relative
PaNMT transcript abundance in
internodes 1-8 and in roots. Letters
above the bars for stem internodes
denote datistica significance as
determined using a one-way
ANOVA and Holm-Sidak test for
multiple pair-wise comparisons (p <
0.02). Root datawas not included in
the statistica anaysis of the stem
internode data, but was significantly
different (P < 0.001) compared with
al sem samples. (C) N-
Methyltransferase activity using

various phenylalkylamine
substrates in protein extracts of
combined shoot samples

corresponded to internodes 1-3,
internodes 4-6 and internodes 7-8.
No activity was detected in roots..
(D) Content of major
phenylalklamines in internodes 1-8.
No phenyla klamines were detected
in roots. For al panels, bars
represent mean —standard deviation
of three independent samples.
Abbreviation: nd, not detected. The
statistical significance of the datais
provided in Appendix U.



Figure 5.13 - Phenylalkylamine content of Ephedra sinica shoot and root extracts. Shoot samples corresponded
tointernodes 1to 8 asindicated in Figure 5. Barsrepresent the mean —standard deviation of threebiological replicates.
L etters above the bars denote statistical significance as determined using a one-way ANOV A and Holm-Sidak test for
multiple pair-wise comparisons (p < 0.001). The P values for data sets that did not show statistical significance are
indicated. Anayte identities were confirmed by comparing retention times and collision-induced dissociation (CID)
spectrawith those of authentic standards (Appendix U). Abbreviation: R, root; nd, not detected.

186



5.3.4 Production of (pseudo)ephedrine in Escheric hia coli

An NMT able to N-methylate phenylalkylamines enables the production of (pseudo)ephedrinein
engineered microorganisms. A demonstration of this potential was pursued by transforming two E. coli
strains with expression vectors containing inducible genes encoding (i) a -transaminase (PP2799) from
Pseudomonas putida (17,24) and (ii) PANMT from Ephedra sinica. A co-culture of the strains producing
recombinant FLA G-tagged PP2799 and Hiss-tagged PaNMT (Fig. 5.14) was able to convert exogenous
(R)-PAC or (9-PAC (dong with SAM) to (pseudo)ephedrine (Fig. 5.15; Fig. 5.16; Appendix V). In co-
cultures fed (S)-PAC, norpseudoephedrine was detected in the medium at 24 h and level s remained stable
for the duration of the time course to 96 h. Pseudoephedrine was also detected at 24 h and its
concentration increased over the period of the time course. Similarly, in co-cultures fed (R)-PAC,
norephedrine was detected at a stable level in the culture medium from 24 h to 96 h, while ephedrine was
detected at 24 h and increased in concentration at each sampling point. When the transaminase step was
bypassed by supplementing cultures directly with norephedrine or norpseudoephedrine, the time course of
ephedrine and pseudoephedrine accumulation was similar to the previous results, except that the fina
product concentrations were 10-fold higher. Without exogenous SAM phenylalkalamine products were
detected at 5- to 20-fold lower levels. No products were detected in co-cultures containing E. coli

transformed with empty vectors.
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Figure 5.14 - SDS-PAGE and immunoblot analysis of engineered Escherichia coli strain co-cultures used for
the production of nor(pseudo)ephedrine and (pseudo)ephedrine. (A) Coomassie-stained gel, (B) anti-FLAG
immunoblot showing the relative abundance of FLAG-tagged PP2799 protein and (C) anti-Hiss-tagged immunobl ot
showing the relative abundance of Hiss-tagged PaNMT protein. Cultures transformed with pACE2-PP2799 and
pPQE30-EsPaNMT were combined at aratio of 1:1 and co-induced to produce recombinant proteins for 16 h a room
temperature with the addition of 1 mM IPTG. After induction, co-cultures were supplemented with 500 mM of various
substrates (Fig. 5.15) and incubated at 37 C. Strains transformed with pACE2-EV and pQE30-EV were similarly
combined, induced and supplemented with substrates to serve as negative controls. Total soluble protein was extracted
from cells sampled up to 96 h after substrate feeding. FLAG-tagged PP2799 (predicted molecular weight of 51 kDa)
and Hiss-tagged PaNMT (predicted molecular weight of 41 kDa) were induced following the addition of IPTG, and
were detected throughout the time course. FLAG or Hiss-tagged proteins were not detected in control cultures.
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Figure 5.15 - LC-M S analysis of the culture medium from engineered Escherichia coli strains showing the
production of nor(pseudo)ephedrine and (pseudo)ephedrine. Cultures fed (S)-phenylacetyl carbinol produced (A)
norpseudoephedrine and (B) pseudoephedrine. Cultures fed (R)-phenylacetyl carbinol produced (C) norephedrine and
(D) ephedrine. Cultures fed norephedrine or norpseudoephedrine produced (E) ephedrine or (F) pseudoephedrine,
respectively. In each panel, a representative chromatogram is shown for the following (from back to front): authentic
phenylalkylamine standard, culture medium from engineered E. coli strains sampled as indicated up to 96 h after
substrate feeding, and culture medium from anegative control E. coli strain 96 h after substrate feeding. Formation of
the indicated products was not detected in negative control culture medium at any time point. Product was monitored
by SRM using the transitions indicated. MS conditions favoured in-source dehydration of nor(pseudo)ephedrine and
corresponding N-methylated products (Appendix D) requiring an adjustment of -18 atomic mass units (i.e. (M+H-
H20)") during SRM experiments for these alkaloids. Reaction product identities were confirmed by comparing
retention timesand collision-induced dissociation (CID) spectra with those of authentic standards (Appendix V).
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Figure5.16 - Time coursefor the production of nor(pseudo)ephedrine and (pseudo)ephedrine from exogenous
precursorsin engineered strains of Escherichia coli expressing genes encoding PP2799 and PaNM T. Cultures
fed (S)-phenylacetylcarbinol and SAM produced (A) norpseudoephedrine and (B) pseudoephedrine. Cultures fed (R)-
phenylacetylcarbinol and SAM produced norephedrine (C) and ephedrine (D). Cultures fed norephedrine or
norpseudoephedrine and SAM produced (E) ephedrine or (F) pseudoephedrine, respectively. Bars represent the mean
— standard deviation of three independent cultures. No products were detected in cultures in which PP2799 and
PaNMT were not produced (Fig. 5.15). Reaction product identification was confirmed by comparison of retention
time and CID spectra with those obtained for authentic standards (Fig. 5.15; Appendix V).
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5.4 Discussion

We have isolated and characterized a novel enzyme from Ephedra sinica able to N-methylate
various phenylalkylamines involved in the biosynthesis of (pseudo)ephedrine (Fig. 5.7). PaNMT
exhibited relatively low affinity for (-)-norephedrine and (1R,2R)-( )-norpseudoephedrine ( Km of 1.2 and
1.7 mM, respectively) (Table5.1). However, PANMT also accepted (—-)-cathinone, an upstream pathway
intermediate in Ephedra spp. not previously proposed as atarget for N-methylation. The affinity of
PaNMT for (-)-cathinone (K, of 630 mM) was the greatest of all substrates examined. Futhermore, the
maximum velocity of PANMT with (—)-cathinone was 6.8- and 7.9-fold greater that the Vima Observed for
(9)-norephedrine and (1R,2R)-( )-norpseudoephedrine, respectively, whereasthe cataytic efficiency with
cathinone similarly outpaced other substrates (e.g. 21-fold greater than with (1R,2R)-( )-
norpseudoehedrine). These results raised the possibility that N-methylation occurs earlier in the pathway
than previously proposed (12,25). In contrast, the most closely related and functionally characterized
enzymes to PaNMT showed higher affinities for their respective substrates. For example, recombinant
CiCNMT, PSTNMT, PsSRNMT and TfPavNMT were reported to display Kn, values between 0.6 and 160
M (23,26-28). On the other hand, enzymes similar to PaNMT in terms of substrate profile exhibit
comparably low substrate affinities. Few enzymes are known to accept Ephedra akaloids, athough those
that do include bovine phenylethanolamine NMT (Km 1.3 mM for (1R,2S)-norephedrine) and mammal
indolethylamine NMTs which accept both norephedrine and ephedrine, albeit at a much reduced rate
compared to the native substrate (29,30). To the best of our knowledge, no other enzymes accept
(nor)pseudoephedrine substrates. Significantly, mammal enzymes capable of N-methylating PAA
alkaloids exhibit very broad substrate ranges, afeature reflected by PaNMT (Fig. 5.10). This
commonality suggests that relatively low substrate affinity might be an inherent feature of NMTs
accepting a broad range of alkylamine substrates.

The affinity (Kim) of an enzyme has been proposed to proportionally reflect the physiol ogical

concentration of the substrate (31). Although the cellular concentration of (pseudo)ephedrine pathway
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intermediates is not known, levels can be approximated based on their accumulation in stem internodes
(Fig. 5.12). Conservatively, and assuming that plant cells are similar in density to water, norephedrine and
norpseudoephedrine would occur at a mean concentrations of approximately 0.4 and 3 mM, respectively.
Knowing that (pseudo)ephedrine pathway intermediates are reported to accumulate at substantially higher
levelsin mature E. sinica stems (12), and given the typical confinement of specialized metabolic
pathways to specific cell types or spellular compartments, the concentration of PANMT substrates could
be high enough to ensure that the enzyme s low substrate affinities do not impede pathway flux.
A potential factor contributing to the kinetic parameters of PANMT is the racemic nature of most tested
substrates. The measured K, value would be artificially high, if PANMT accepted only one enantiomer
(i.e. the one naturally occurring in the plant). Furthermore, the alternate enantiomer could function asan
inhibitor. In support of this, bovine phenylethylamine NMT accepts only (1R,2S)-norephedrine while all
other diastereomers act as inhibitors (13). However, the similarity of PANMT enzyme kinetics with
racemic (-)-ephedrine compared to naturally-occuring (1S,29)-(+)-pseudoephedrine, and with racemic
(9)-norephedrine compared to unnatural (1R,2R)-( )-norpseudoephedrine, suggests that the enzyme is not
stereospecific and does not experience inhibition by unnatural sterecisomers (Table 5.1; Fig. 5.9).
Relative to the phenylalkylamine substrates, PANMT showed a much higher affinity for SAM (140 uM),
which was comparable to Ki, values reported for recombinant PSRNMT (160 mM) (23) and CjCNMT
(390 mM) (26). Other BIA NMTs had substantially better affinity for SAM, with Km values between 43
(TFCNMT) and 1.2 mM (SCTNMT) (27,28,32,33). SAM concentration in plant cellsisreported to bein
the range of 15 nM, suggesting that PaNMT activity might be regulated by cosubstrate availability
(34,35).

The PANMT pH optimum of 9.0 isin agreement with the more alkaline pH optima determined for
recombinant BIA NMTs, which range from 7.0 9.0 (2 3,26,27). Given that enzymes likely evolve for
efficient catalysis under conditions in their subcellular environment (36), a high pH optimum suggests

that PaNMT functionsin arelatively alkaline environment, such as that found in peroxisomes, the
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mitochondria matrix or platsidial stroma (37). Unlike BIA NMTs which efficiently accepted a small set
of substrates (Fig. 5.11), PaNMT accepted a broad range of substrates containing one or more aromatic
rings but with substantially less turn over (Fig. 5.10). Most substrates with an amino group separated
from a phenyl moiety by two carbons (i.e. phenethylamines) were accepted, whereas those separated by a
single carbon were not. Within this group, PANMT activity was relatively insensitive to functional groups
on the phenyl ring and accepted substrates with hydroxyl, methoxyl or methylenedioxyl substitutions.
Similarly, carbonyl, hydroxyl or methyl group substitutions along the ethyl moiety, and stereochemistry
at these carbon centers, did not noticeably impact enzyme function. On the other hand, catecholamines
(i.e. dopamine and norepinephrineg) were not accepted, and a tetrahydroi soquinoline alkaloid with the
equivalent aromatic substitution pattern (THQ1) was turned over much less than the O-methylated
equivalent (THQ2). The absence of detectable activity on amino acids indicates that PANMT does to
tolerate alarge polar carboxylic acid moiety. Apart from phenethylamines, PANMT was active on
tetrahydroi soquinoline, b-carboline and benzylisoquinoline alkaloids, as well as tryptamine and
propranolol, which contain indole and naphthal ene ring structures, respectively. Molecules containing
imidazole, tropane and purine rings were not accepted. Specifically, PANMT did not accept xanthosine or
theobromine, which are substrates for NMTs in caffeine biosynthesis (38,39). Irrespective of substrate
structural group, PANMT accepted primary, secondary and tertiary amines, which is similar to the
functional range of BIA NMTs (23,26,27). While most of these compounds are not know to occur in
Ephedra spp., this broad substrate range is consistent with a previous hypothesis that the NMT involved
in (pseudo)ephedrine biosynthesis was a promiscuous enzyme with alternative physiological roles (10).
Since authentic standards for most of the putative products were unavailable, and quantities sufficient for
NMR analysis were not produced, the formation of N-methylated products reported here remains
preliminary. However, this caveat applies equally to the reported substrate range of most other MTs
including those discussed herein (21- 23, 26-30,32,33,41). Our results indicate that PANMT has one of the
broadest reported substrate ranges of any NMT characterized at the molecular level and, as such,
represents an ideal starting point for engineering of many desired cataytic activities.
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In agreement with earlier reports on the distribution of secondary metabolites in Ephedra sp.,
phenylal kylamines were detected almost exclusively in shoots (12,40). The variety used in our work
contained similar levels of (1R) and (1S) akaloids corresponding to the mixed chemotype described
previoudy (12). PaNMT s apparent lack of stereospecificity in vitro is consistent with the chemotype of
the variety from which it was isolated (Table 5.1). NMT activity on five phenylalkylamine substrates was
detected in stems, but not in roots (Fig. 5.12), as previously reported for norephedrine (12). The detection
of PANMT transcripts primarily in stem samples reasonably correlates with the occurrence of NMT
activity, and the occurrence of phenylakylamine substrates and reaction products. Furthermore, PaNMT
transcript abundance and NMT activity were correlated across stem internode samples, where both
showed adecreasing trend in successively older tissues.

The relative substrate preferences for recombinant PANMT were similar, but not identical, to
NMT activity in E. sinica stem protein extracts (Table 5.1; Fig. 5.12). Native NMT activity was highest
with (5)-norephedrine substrate, although (-)-cathi none was also readily accepted. In comparison,
recombinant PaNMT exhibited a preference for (—)-cathinone over other Ephedra alkaloids. The plant
extracts tested were enriched for NMT activity but purification was not performed, and thus we cannot
rule out the existence of a second, as yet uncharacterized NMT, which may contribute to observed
activity. It isaso possible that raising recombinant PaNMT in a prokaryotic host precludes important
post-trand ational modifications acquired in planta, or that epitope tagging of recombinant PANMT affects
itsfolding. In either case, discrepancies could arise between native and recombinant NMTs. Similar
differences in substrate preference between native and recombinant enzymes were reported for other plant
NMTs of specialized metabolism (26,41). Regardless, the preference of recombinant PaNMT for (-)-
cathinone in vitro and acceptance of this substrate in planta suggest a previously undetected bifurcation of
the biosynthetic route to (pseudo)ephedrine, with (S)-N-methyl cathinone (methcathinone) occurring as
intermediate (Fig. 5.1). The physiological relevance of this observation is supported by (1) detection of

substantial (-)-cathinone NMT activity, and (2) occurrence of methcathinone, in E. sinica stem extracts
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(Fig. 5.12; Fig. 5.13). Methcathinone might subsequently undergo reduction, as occurs with cathinone,
yielding the (pseudo)ephedrine diastereomers (12,25).

E. sinica PaNMT isthe first reported member of the BIA NMT clade outside the plant order
Ranunculales shown to accept akaloid substrates and, as such, its discovery highlights a number of
intriguing questions. The partial functional overlap between PaNMT and BIA NMTswill broaden the
scope of structure-function investigations for this important group of enzymes. The superimposability of
PAAs over theisoquinoline portion of BIAs (Fig. 5.17) suggests acommon subset of features important
for asubstrate of these enzymes. Alignment of the proteins amino acid sequences (Fig. 5.5) reveals
conserved substrate binding residues likely to interact with PAA and BIA substratesin a similar way and,
by the opposite logic, non-conserved residues potentially implicated in the altered substrate range.
Furthermore, the sequence identity observed between PaNMT and the BIA NMTs strongly indicates an
evolutionary relationship. These NMTs belong to alarge family of similar enzymes (40-70% amino acid
seguence identity) present in the genomes of diverse plantsincluding algae, bryophytes, conifers,
monocots and many eudicots. The only functionally characterized members of this family are implicated
in PAA and BIA biosynthesis. However, the occurrence of many other members in species devoid of
alkal oids suggests the lineage might have a different ancestral function. Functional characterization of a
wider range of enzymes from this family would help clarify whether PANMT and the BIA NMTswere
recruited independently from afunctionally distinct ancestral lineage and converged on alkaloid NMT
function, as recently demonstrated for NMTs in caffeine biosynthesis (42), or whether the common

ancestor already displayed promiscuous alkaloid NMT activity.
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Figure 5.17 - Structural similarity between a
phenylalkylamine and a benzylisoquinoline
alkaloid. The phenylalkylamine (A) is a generalized
structure for (pseudo)ephedrine.  For the 1-
benzylisoquinone (B), Risgenerally H, OH, OCHs, or
OCH0.

The bioconversion of (R)-PAC and (S)-PAC to ephedrine and pseudoephedrine (Fig. 5.15),
respectively, demonstrates PaNMT s potential for phenylalkylamine production in engineered microbes.
(Pseudo)ephedrine titers were substantially lower than those measured for nor(pseudo)ephedrine, with
percentage yields from (R,S)-PAC of 0.01% and 5%, respectively. Furthermore, direct supplementation
with nor(pseudo)ephedrine resulted in percentage yields up to only 0.2%, indicating that PaNMT poses a
significant bottleneck and optimization in heterologous hosts is required. (Pseudo)ephedrine showed a
slow but continuous accumulation over the time course, and increased sharply following supplementation
with SAM, suggesting that cosubstrate availability isamajor limiting factor. Similar constraints have
been described for other microbial systems performing SAM-dependent methylations, which have been

successfully mitigated using arange of metabolic engineering strategies resulting in higher SAM levels or
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regeneration capacity (16,43-45). The diverse range of substrates accepted by PANMT rendersit a
potentially useful component in the development of fermentation-based productions systems targeting

new or existing PAA pharmaceuticals.
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Chapter Six A singleresidue actsasfunctional switch in benzylisoquinoline alkaloid N-

methyltransfer ases

Adapted from:

Morris, J. S, Yu, L., and Facchini, P. J. A single residue acts as functiona switch in
benzylisoquinoline alkaloid N-methyltransferases .
In preparation for submission July 2019

JSM conceived of the study and performed all experimental work except the in vivo screen of NMT candidates. LY
performed the in vuvo screen of NMT candidates. JSM wr ote the manuscript.
6.1 Summary

In the conserved central pathway which provides intermediates for the biosysnthesis of
benzylisoquinoline alkaloidsin all species examined to date, a crucial step involves conversion of the
secondary amine (S)-coclaurine into the teriary amine (S)-N-methylcoclaurine by coclaurine N-
methyltransferase. Subsequent enzymatic steps yield the core intermediate (S)-reticuline, from which
various branch pathways for the biosynthesis of major BIAs such as morphine, noscapine and
sanguinarine diverge. An additional N-methylation, resulting in the quaternization of the BIA amine, is
catalyzed by reticuline N-methyltransferase in the branch pathway |eading to taxonomically widespread
and ecologically significant alkaloid (S)-magnoflorine. To date, primary sequence and phylogenetic
analyses have been unable to accurately predict CNMT-like and RNMT-like functions, resulting in vague
or incorrect annotation of such enzymes. Furthermore, despite a recent emphasis on structural
characterization of BIA NMTSs, the features underlying the CNMT-RNMT functional dichotomy were
unknown. We report the identification of structural variantstightly correlated with function in known BIA
NMTs and show through reciprocal mutagenesis that a single residue acts as a switch between CNMT-
and RNMT-like functions. We use yeast in vivo screening to show that this discovery allows for accurate
prediction of activity strictly from primary sequence information and, on this basis, identify potentially

mis-annotated sequences in public databases. Our results reveal the surprisingly short mutational distance
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separating ancestral CNMT-like enzymes from more evolutionarily advanced RNMT-like enzymes, and

thus help explain the widespread yet sporadic occurrence of ecologically relevant quaternary BIAS.

6.2 Introduction

N-methyltransferase (NMT) enzymes have many important roles in living organisms, ranging
from post-trandlational modification of histones and other proteins to biosynthesis of various small
molecules (1). The latter category includes functional ly-specialized enzymes implicated in the
biosynthesis of acridone alkaloids (eg. graveolinge), pyridine alkaloids (eg. nicotine), tropane alkaloids
(eg. scopolamine), xanthine alkaloids (eg. caffeine), monoterpene indole alkal oids (eg. vindoline), various
(eg. gramine, ephedrine) (2 10), and benzylisoquino line (BIA) alkaloids.

Substantial effort has been directed at identifying and characterizing NMTs which contribute to
the biosynthesis of BIAs. In the core pathway worked out for Papaver somniferum, coclaurine NMT
(CNMT) catalyzes N-methylation of the un-methylated secondary moiety in (S)-coclaurine, yielding the
tertiary amine (S)-N-methylcoclaurine (6, 11) (Fig. 6.1). Subsequently, hydroxylation and O-methylation
yields the key central BIA intermediate (S)-reticuline from which most end product BIAs derive.
Downstream from (S)-reticuline, various branch pathways (present in various BIA producing species)
diverge which yield structurally distinct subgroups including the morphinans (eg. morphine),
pthalidei soquinolines (eg. noscapine), aporphines (eg. magnoflorine), pavinans (eg. N-methylpavine),
protoberberines (eg. stylopine), protopines (eg. protopine) and benzo[ c]phenanthridines (eg.
sanguinarine). After CNMT, the next BIA NMT to be characterized at the molecular level was named
tetrahydroprotoberberine NMT (7). This enzyme accepts protoberberine substrates with abicyclic tertiary
amine moiety and yields quaternary amines such as (S)-cis-N-methyl stylopine and (S)-N-methyl canadine
which are intermediatesin protopine/benzo[ c]phenanthridine and pthalideisoquinline biosynthesis,
respectively (Fig. 6.1). More recently, athird BIA NMT subtype which primarily accepts substrates
resulting from the action of CNMT (ie. N-methylated tertiary 1-benzylisoquinolines) was identified. The
canonical enzyme of thistype, isolated from P. somniferum, efficiently catalyzes the transformation of
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(9)-reticuline to (S)-tembetarine in vitro and was implicated in the biosynthesis of quaternary aporphine
alkaloid (S-magnoflorine via gene-silencing experiments (8) (Fig. 6.1). Magnoflorineis a particularly
common akaloid in plants and is likely to have important eco-physiological roles related to its cytotoxic
and antifeedant properties (12 14). PSRNMT was also shown to accept other tertiary amine BIAs
including papaverine, corytuberine and noscapine in vitro but the in planta physiological relevance of
these activities has not yet been established. A fourth BIA NMT subtype, defined by the canonical
Thalictrum flavum pavine NMT (TfPavNMT), is unique in accepting pavinan substrates but a so shows

some overlap in function with RNMTs regarding tertiary 1-BIAs (15, 16) (Fig. 6.1).
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Figure6.1 - Involvement of N-methyltransferasesin BIA biosynthesis. Coclaurine N-methyltransferase (CNMT)
acts in the core BIA pathway and converts an unmethylated secondary amine to a mono-methylated tertiary amine.
Reticuline N-methyltransferase (RNMT) and Pavine N-methyltransferase act in several branch pathways and primarily
convert mono-methylated tertiary amines into a di-methylated quaternary amines. Tetrahydroprotoberberine N-
methyltransferase (TNMT) actsin other branch pathways and converts a bicyclic unmethylated tertiary amine into a
guaternary amine. denotes activities which have been demonstrated in vitro but not conclusively associated with the
enzyme viain planta experimenta evidence (eg. gene silencing).

204



In recent years, structural biologists have made great strides in revealing the determinants of
function within this enzyme family. Crysta structures of TfPavNMT, C;CNMT and GFTNMT in complex
with various BIA substrates have revealed a highly conserved overall structure which includesan S
adenosylmethi onine-binding Rossmann fold domain, a BIA binding domain, an extended loop proposed
to gate the active site and a homodimerization in terface (17 19). Within the active site, these stud ies
have identified a perfectly conserved pair of adjacent residues (glutamic acid 207 and histidine 208 in
CjCNMT) important in catalysis. Whereas the latter (H208) almost certainly deprotonatesthe BIA in
preparation for its nucleophilic attack on the methyl carbon of co-substrate (S)-adenosylmethionine, the
function of the former isless well understood and may vary from one NMT-substrate pair to the next.
Alternative and equally plausible hypotheses are that E207 contributes to methyl transfer as part of a
catalytic dyad (such as that proposed in OMTS), by €electrostatic interaction with the substrate/product or
by hydrogen bond-mediated stabilization of the reaction intermediate (18, 20 22). In terms of substrat e-
specific binding and recognition, it appears that the interactions which differentiates CNMTs, RNMTSs,
PavNMTs and TNMTSs from each other are primarily dependent on the size and shape of the binding site
(steric effects), with additional contributions by van der Waals, hydrophobic and aromatic interactions.
One notable exception is the contribution of glutamic acid 204 in CGCNMT, which was proposed to fine-
tune the BIA molecule s position via hydrogen bonding with the secondary amine. In GFTNMT, the
protoberberine substrate s tertiary amine cannot form an equivalent hydrogen bond, and here E204 may
instead contribute to catalysis via electrostatic effects similar to those proposed for E207. In TfPavNMT
and PsRNMT, functional significance of the equivalent residue (alanine and glycine, respectively) has not
been examined.

Although the contribution of NMTsto BIA biosynthesisiswell understood in select model
organisms (eg. opium poppy), their roles in many other plants remains less clear. The use of modern high
throughput sequencing strategies (eg. genomics, transcriptomics) has greatly accelerated research in these
other plant species. However, accurate annotation of the resulting sequences remains a problem. Prior to
this work, the best known method for sequence-based functional prediction of BIA NMTswas
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phylogenetic analysis based on overall identity. Unfortunately, and as recently demonstrated for 20
species of the Ranunculaes order, phyl ogenetic comparison to enzymes of known function could only
reliably identify TNMT-like enzymes (23). CNMT-, RNMT- and PavNMT-like enzymes were intermixed
within poorly supported clades and differentiation was not possible without laborious in vitro screening.
Aside from contributing to our understanding of BIA biosynthesis in non-model organisms, reliable
prediction of sub-functionalization is also useful in streamlining the use of natural BIA NMT variantsin
biotechnological applications.

Herein, we report the identification of structural variants predictive of BIA NMT sub-
functionalization. Guided by recently published crystal structures, primary sequence analysis of known
BIA NMTsrevealed an active site residue which displays a pattern of conservation tightly associated with
either CNMT- or RNMT-like activity. Molecular modelling provided a compelling mechanistic
explanation for the residue s impact on substrate recognition which we assessed through biochemical
characterization of aseries of G. flavum CNMT and P. somniferum RNMT point mutants. In these
enzymes, altering the identity of residue 204 (glutamic acid or glycine) resulted in astriking switch in
function from CNMT-like to RNMT-like, and vice versa. Drawing on a published Ranunculales
transcriptomic resource, we next assessed the phyl ogenetic distribution of these structural variants and
used yeast-based in vivo screening to show that residue 204 accurately predicts subfunctionalization in
naturally-occurring BIA NMT enzymes. Our results reveal the surprisingly short mutational distance
separating ancestral CNMT-like enzymes from more evolutionarily advanced RNMT-like enzymes, and
thus help explain the widespread occurrence of ecologically relevant quaternary BIAs such as (9-

magnoflorine.
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6.3 Results

6.3.1 Sructure-guided primary sequence analysis of known BIANMTs

In order to identify features potentially important in substrate recognition, crystal structures of
Coptisjaponica CNMT (CjCNMT; 6GKV) and Thalictrum flavum PavNMT (TfPavNMT; 5K OK) were
aligned and active site residues were visualized. In agreement with previous reports, three residues
proximal to the alkaloid substrate s nitrogen atom were evident (ie. E204, E207 and H208 in CjCNMT).
Subsequently, al BIA NMTs for which in vitro functional characterization data has been reported were
aligned by primary sequence and the af orementioned residues were examined for patterns of conservation
(Fig. 6.2A) (6, 7, 10, 15, 17, 23) . Consistent with suggestions that they function together in cataysis,
residues 207 and 208 were universaly conserved as glutamic acid and histidine residues, respectively. On
the other hand, residue 204 was more variable and showed a strong correlation with function. Whereas all
CNMT-like and TNMT-like enzymes contain a glutamic acid at this position, all enzymes displaying
RNMT-like activity contain a glycine residue. PavNMT, which displays some RNMT-like activity but
also uniquely accepts pavinan alkaloids, was alone in containing an alanine residue at the equivalent

position.

6.3.2 Molecular modelling of function-switching r esidue

To better understand the potential implications of the observed variation at residue 204, we
carried out molecular modelling studies in which the mono-methylated tertiary RNMT substrate (S)-
reticuline was docked into the active site of the CGCNMT crystal structure and a homology model of
PsRNMT (Fig. 6.2B,C). Although the best binding pose for each enzyme was similar, and the distance
between the BIA nitrogen atom and the SAH sulfur atom was essentially identical (3.8 and 3.9 ),
binding of (§-reticulinein the CJCNMT active site entailed a highly unfavorable steric clash between the
N-methyl group and the E204 carboxyl group (2.6 ~ be tween nearest atoms). In PSRNMT, the lack of a

side chain on residue G204 precluded such a steric clash and allowed the substrate molecule to dock at a
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nearly ideal angle for methyl group transfer. Given that the 2.6 ~ inter-atom distance observed in our (9-
reticuline/CjCNMT docking result is much less than the sum of the Van der Waals radii reported for
carbon (1.7 ) and oxygen (1.5 ) atoms, it isunli  kely that such a binding pose occurs on cata ytically-
useful timescalesin vivo (24). Accordingly, the best binding pose for N-methylated substrates in E204-
containing enzymes was inferred to be even less favorable than observed in silico. Homology models of
CiCNMT-E204G and PSRNMT-G204E were also generated and corresponding docking studies produced
equivalent binding pose, thus confirming that the i nteractions described above depend primarily on the
identity of residue 204 and not the remaining ~54% sequence difference between the wildtype enzymes
(Fig. 6.2D,E). Based on these results, we hypothesized that the presence of a glutamic acid or glycine at

position 204 is sufficient to dictate the function of aBIA NMT as CNMT-like or RNMT-like,

respectively.
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Figure6.2 - Analysis of key active siteresiduesin Bl A N-methyltransferases. (A) Primary sequence alignment of
functionally validated BIA NMTs showing that residue 204 is conserved within BIA NMT subtypes (ie. Ein CNMTs
and TNMTs, G in RNMTs, A in PavNMTs) whereas residues associated with catalysis (E204 and H208) are
universally conserved. (B, C) Docking of RNMT substrate (S)-reticuline (cyan) into the active site of CGCNMT (PDB
6GKV) (B) and PsSRNMT (homology model) (C) reveals a steric clash between the N-methyl group and residue E204
but not G204. (D, E) Docking of RNMT substrate (S)-reticuline (cyan) into the active site of CCNMT-E204G mutant
(D) and PSRNMT-G204E mutant (E) homology models reveals interactions opposite those in the wildtype enzymes,
suggesting that residue 204 is primarily responsible for the altered binding poses. S-adenosylhomocysteine is shown
in pink. Spheres represent Van der Waals radii and the distance between key atomic nuclei is given in angstroms.
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6.3.3 Mutagenesis and biochemical characterizati on of function-switching residue

In an effort to test the hypothesis that residue 204 acts as a functional switch between CNMT-
and RNMT-like activities, we generated two reciproca site-directed mutants (GFCNMT-E204G,
PsRNMT-G204E). Following heterologous expression and affinity-purification of the wildtype and
mutant enzymes (Fig. 6.3), in vitro enzyme assays were carried out on diagnostic substrates with which

the wildtype enzymes are reported to show clear differencesin activity (6, 10, 18, 25).

Figure 6.3 SDS-PAGE of

cobalt-affinity purified
recombinant wildtype
GfCNMT, PsRNMT and
mutants.

We first sought to confirm previous reports concerning the differential substrate preference
displayed by CNMT and RNMT enzymes (Fig. 6.4). As expected, wildtype GFCNMT (E204) showed a
robust activity with the un-methylated secondary amine (S)-coclaurine (6286 pmol min® g ™) and a weak
activity with the mono-methylated tertiary amine (S)-N-methyl coclaurine which was more than five
orders of magnitude less (0.29 pmol min™® g ™). Conversely, wildtype PSRNMT (G204) showed a 50-fold
greater activity with (S)-N-methylcoclaurine (1.9 pmol min g ™) than (S)-coclaurine (0.038 pmol min™

g ™). Given that the natural BIA biosynthetic pathway is thought to involve hydroxylation and O-
methylation of (S)-N-methylcoclaurine prior to the second N-methylation, we also assessed the two
wildtype enzymes activities with respect to the ex pected endogenous RNMT substrate (S)-reticuline. In

these assays, wildtype GFCNMT displayed its lowest activity of all (0.11 pmol min® g ™) whereas
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PSRNMT showed an activity which was more than 10-fold and 600-fold greater than with (S-N-

methylcoclaurine and (S)-coclaurine, respectively (25.7 pmol min? g ™).

Figure 6.4 - Enzymatic activities of wildtype CNM T, wildtype RNM T and reciprocal 204 mutants. (A) Activity
with canonical CNMT substrate (S)-coclaurine. Black barsindicate mono-methylated product (S)-N-methyl coclaurine
and grey bars indicate di-methylated product (S)-N,N-dimethylcoclaurine. (B) Activity with tertiary amine substrate
(9-N-methylcoclaurine. (C) Activity with canonicdl RNMT substate (S)-reticuline. wt indicates activities
corresponding to the wildtype enzymes. Reaction schemes are shown on the right with N-methyl groups installed by
the enzymes highlighted in green. Products were identified and quantified by LC-MS/MS. Error bars represent
standard deviation of three replicates.
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Next, we assessed changes in the mutant enzymes activities by assaying each of them with the

same diagnostic substrates (Fig. 6.4). Opposite to our results with the wildtype enzyme, GFCNMT-E204G

showed aweak activity with (S)-coclaurine (81.7 pmol min g ™) and a more substantial activity with

(S)-N-methylcoclaurine (142 pmol min® g ™). The mutant enzyme s activity with respect to (S)-reticuline

remained fairly low but was nonetheless 35-fold greater than that observed for the wildtype GFCNMT

(13.9 pmol min? g ™). PSRNMT-G204E showed an activity with (S)-coclaurine (0.38 pmol mint g ™)

which was modestly better than with (S)-N-methylcoclaurine (0.10 pmol min™® g ™) but worse than with

(S)-reticuline (2.51 pmol min g ™). In extended incubations, all wildtype and mutant enzymes catalyzed

two methylations on (S-coclaurine to a certain extent. However, conversion to N,N-dimethylcoclaurine

was much more substantial with GFCNMT-E204G and wildtype PSRNMT (Fig. 6.5).
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Figure6.5 Total product
formed by CNMT and
RNMT reciprocal 204
mutants in  overnight
incubations  with  (9)-
coclaurine.
(A) Black bars represent
(S)-N-methylcoclaurine
(+14 m/z) and grey bars
represent (9-N,N-
dimethylcoclaurine  (+28
m/z). (B) Reaction scheme
showing sequentid  N-
methylation. Products were
identified and quantified by
LC-MSMS. Error bars
represent standard deviation
of threereplicates.



To better understand how substitution at residue 204 aters enzyme activity, we carried out a full
kinetic characterization of the wildtype and mutant enzymes using (S)-coclaurine and (S)-N-
methylcoclaurine (Fig. 6.6; Table 6.1). Wildtype GFCNMT showed a somewhat better affinity and a
much better catalytic constant for its endogenous substrate ((S)-coclaurine), resulting in a specificity
constant 100,000-fold better than that with (S)-N-methylcoclaurine (616000 s* M versus 4.28 s* M™Y.
The RNMT-like mutant GFCNMT-E204G showed no significant difference in its affinity for either
substrate and only a modestly better catal ytic constant with respect to (S)-N-methylcoclaurine, resulting in
aspecificity constant two-fold better than that with (S)-coclaurine (7790 s* M versus 3120 s* M?Y). Ina
GFCNMT background, the E204G substitution resulted in an approximately 8-fold increase in Ky for (S)-
coclaurine but only amodest and non-significant decrease in Ky for (S)-N-methylcoclaurine. kex with
respect to (S)-coclaurine was reduced 25-fold but, notably, increased more than 1000-fold for (S)-N-
methylcoclaurine. Thus, with respect to (S)-coclaurine, the E204G mutation in GFCNMT had amore
notable (negative) impact on substrate affinity, and with respect to (S-N-methylcoclaurine it had a more
notable (positive) impact on catalytic constant or turnover number.

Unexpectedly, wildtype PSRNMT showed a worse affinity for (S)-N-methylcoclaurine than (S)-
coclaurine. Nevertheless, its catalytic constant was much better with the former, leading to a specificity
constant about 30-fold in favor of the N-methylated substrate (0.00113 s* M ™ versus 0.0000404 s* M™).
The CNMT-like PSRNMT-G204E mutant had a much better affinity for (S-coclaurine than (S)-N-
methylcoclaurine but showed essentially identical catalytic constants for both substrates, resulting in a
specificity constant that favored the un-methylated substrate by approximately 7-fold (5.29 s* M versus
0.679 s* M™). In the PSRNMT background, a G204E substitution had no appreciable effect on Ky for (-
coclaurine but increased Ky for (S)-N-methyl coclaurine approximately 4-fold. On the other hand, ke for
(S)-coclaurine was improved 10-fold while that for (S)-N-methyl coclaurine decreased four-fold. Thus,
G204E substitution in PSRNMT had similarly modest (negative) effects on Ky and Kea for (S)-N-

methylcoclaurine, but had only a substantial (positive) effect on kex With respect to (S)-coclaurine.
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Figure 6.6 - Steady statereaction velocity of GFCNMT, PSRNM T and mutants with varying concentr ations of
(S)-coclaurine and (S)-N-methylcoclaurine. (A) Wildtype GFCNMT-E204. (B) RNMT-like mutant GFCNMT-
E204G. (C) CNMT-like mutant PSRNMT-G204E. (D) Wildtype PSRNM T-G204. Enzyme assays were carried out in
the presence of 500 uM SAM. Products were identified and quantified by LC-MS/MS. Saturation curves and kinetic
constants were cal culated according to the Michaelis-Menten or Substrate Inhibition models implemented in Prism5
(Graphpad). Error bars represent standard deviation of three replicates.
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Table 6.1 - Steady state enzyme kinetic parameters for wildtype and mutant GFCNMT and PsRNMT with
respect to (S)-coclaurine (C) and (S)-N-methylcoclaurine (NM C). Reaction conditions (pH 8.0, 37 C, 500 M
SAM) were based on reported literature values for BIA NMTs. Enzyme quantity and reaction time were optimized to
ensure linearity of product formation.

K, (M) vV, (pmolmin® g ™) K (M) Keat (5
Enzyme  Variant C NMC C NMC C NMC C NMC
GfCNMT E204 (WT) 10.2-1.6 72.0-5.1 8350-520 0.410-0.00879 183-24.8 N/A 6.28 0.0003
E204G 79.9429 55.9-7.0 331-137 579-40.3 66.9-38.0 544-97.1 0.249 0.436
PSsRNMT  G204E 62.4-5.2 439-120 0.445-0.0110 0.402-0.0627 N/A N/A 0.00033 0.000298
G204 (WT) 50.8-5.9 115-14.5 0.0545-0.00169 1.52-0.0721 N/A N/A 0.0000404 0.00113

To clarify which features of the naturaly occurring E204 and G204 structural variants are
relevant in dictating substrate preference, we generated A204, 1204, D204 and Q204 mutantsin a
GFCNMT background. GFCNMT-1204 formed insoluble aggregates when expressed in E. coli (suggestive
of disrupted folding) and was excluded it from the subsequent assays. With respect to (S)-coclaurine, the
A204 and D204 mutants displayed aweak activity (25 pmol min® g ™) comparable to that of the G204
mutant whereas the Q204 mutant activity was only reduced to 10% of wildtype GFCNMT (639 pmol min’
1 g™ (Fig. 6.7). With (S)-N-methylcoclaurine, the A204 mutant had approximately 10% of GFCNMT-
G204E activity (12.8 pmol min g 1) while the remaining mutants showed much weaker activities
(<0.34 pmol min g ™). When assayed with (S)-reticuline, only trace activities less than 0.05 pmol min™

g ! were detected.
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Figure 6.7 - Enzymatic activity of GFCNMT mutants with various residue 204 substitutions. (A) Activity with
canonical CNMT substrate (S)-coclaurine. (B) Activity with (S)-N-methylcoclaurine. (C) Activity with canonical
RNMT substrate (S)-reticuline. (D) Structure of amino acid residues substituted into position 204. Reaction schemes
are shown in Figure 6.4. Products were identified and quantified by LC-MS/MS. Error bars represent standard
deviation of three replicates.
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6.3.4 Phylogenetic analysis of function-switchin g residue

The phylogenetic distribution of structural variants described above was explored by mapping the
identity of residue 204 (numbering in reference to CGCNMT) in each sequence onto a published
cladogram of more than 90 putative BIA NMTs (Fig. 6.8) (25). As expected, putative BIA NMTs with
the RNMT-like G204 variant were especially numerous in the large monophyletic clade (I1) empirically
shown to predict CNMT-, RNMT- or PavNMT-like activity. Within this clade, several monophyletic
subclades (11-2, 11-3, 11-5) composed entirely of G204 variants were evident, suggesting that many of the
extant G204 variants are descended from common G204 ancestors. Given that homol ogs from different
speciesrepeatedly cluster together in several of these subclades, it islikely that duplication of these
RNMT-like BIA NMTs occurred prior to divergence of the speciesin which they reside. Interestingly,
given that the majority of putative BIA NMTswithin clade || contained the G204 structural variant, the
most parsimonious explanation concerning the origin of the single monophyletic E204 subclade (11-4;
which includes P. somniferum and G. flavum CNMTS) is that descended from a G204 ancestor. Similarly,
the clade of putative PavNMT-like enzymes (11-1) containing the A204 substitution appear to be derived
from an RNMT-like ancestor.

Interestingly, the well-supported monophyletic clade empirically associated with TNMT activity
also contained G204 variants. Of particular interest is GFLNMT3, which was demonstrated to have an
unusual substrate range spanning the TNMT- and RNMT-like activities (25). Aside from the more
common glutamic acid (E) and glycine (G) variants, we also observed a modest number of alanine (A)
residues as well as single glutamine (Q) and serine (S) variants. Although the majority of G204 variants
appear to have shared origins, inspection of the cladogram also revea ed lineage-specific gene duplication
events associated with more recent emergence of G204 variantsin Coptis chinensis, Eschscholzia
californica and Cissampel os mucronata. These observations strongly suggesting that the E204G mutation
has occurred repeatedly during the evolution of BIA NMTs. Such aresult isunsurprising given that most
BIA NMT coding sequences require only one nucleotide change to effect the amino acid substitution
(GAA>GGA). Although several G204 variants are present near the root of the cladogram, in sum the
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phylogenetic analysis reported here provides modest support for the notion that the ancestral BIA NMT
was an E204 variant and thus CNMT-like. As expected given this hypothesis, a preliminary analysis of

the equivalent residue in BIA NMT-like sequences from distantly related speciesincluding gnetophytes,
conifers, mosses and a gae shows that these are all contain a glutamic acid (E) at the equivalent position

(Appendix W).
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Figure 6.8 - Superimposition of residue 204
identity on a maximum-likelihood
phylogenetic analysis of N-methyltransferase
gene candidates. The cladogram was adapted
from that deposited in DRYAD by Hagel et a
(2015) (DOI: 10.5061/dryad.bh276/18). Key
nodes are labelled with support values
representing the number of 1000 bootstrapped
trees in which the associated taxa clustered
together. Putative BIA NMT sequences were
aligned by Clusta Omega and the identity of the
residue corresponding to E204 in CGCNMT was
mapped onto each taxa (Glutamic acid, green;
Glycine, purple; Alanine, cyan; Glutamine,
yellow; Serine; orange). BIA NMTs for which in
vitro functional characterization data was
available are indicated with black arrows and
those subjected to yeast-based in vivo
characterization in this work are indicated with
white arrows. Prior to this report, sequence-based
prediction of BIA NMT sub-functionalization
was reliable for TNMT-like enzymes only due to
their clustering as a single well-defined clade.
CNMT-, RNMT- and PavNMT-like sequences
are distributed amongst severa less well-defined
clades.
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6.3.5 Predictive value of function-switching residue in natural BIA NMT variants

Given the striking functional switch observed in our mutagenesis work, and substantial
intermixing of the structural variantsin our phylogenetic analysis, we sought to determine whether or not
the E204 and G204 variants are predictive of function in naturally occurring BIA NMT enzymes. To that
end, we synthesi zed coding sequences corresponding to 18 putative BIA NMTs from 14 species of the
order Ranunculales (Appendix W), including 5 enzymes of known function and 13 of unknown function.
Comparison of the encoded amino acid sequences to canonical CNMT and RNMT enzymes confirmed
that amino acid identity is not an effective measure for differentiating between or predicting the two sub-
functions (Fig. 6.9A,B). Nevertheless, on the sole basis of the identity of residue 204, the group of
unknown enzymes was readily divisible into a subgroup of 8 predicted CNMT-like enzymes and a
subgroup of 5 predicted RNMT-like enzymes. These were individually expressed in yeast and their
activities were assessed by supplementing the growth media with various BIA substrates and measuring
the conversion to N-methylated products (Fig. 6.9C) Given that activities for each recombinant enzyme
were measured in vivo, results should be interpreted qualitatively and with consideration for the
substantial variation in expression level observed (Fig. 6.10). As expected, the five known CNMT
enzymes readily converted the un-methylated (S)-coclaurine to (S)-N-methylcoclaurine and showed low
or undetectable activities with respect to mono-methylated substrates (S)-N-methylcoclaurine and (9)-
reticuline. Similarly, al but one of the predicted CNMT-like enzymes readily accepted (S)-coclaurine
and showed lower activities with the mono-methylated (RNMT-like) substrates. Perfectly consistent with
our prediction, all putative enzymes with the G204 structural variant accepted (S)-N-methylcoclaurine and
(9-reticuline to a substantial degree while only showing trace or undetectable activities with the un-
methylated subtrate (S)-coclaurine. Notably, primiarly CNMT-like enzymes often displayed modest
RNMT-like activities (ie. accepted mono-methylated substrates) whereas RNMT-like enzymes never
showed substantial activity with the CNMT substrate (S)-coclaurine. Given that PsSRNMT also accepts
mono-methylated aporphine alkaloids and isimplicated in magnoflorine biosynthesis in opium poppy, we
characterized the 14 putative BIA NMTs with respect to (S)-bulbocapnine. Although results were less
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clear-cut, 4 of the top 5 enzymes accepting the mono-methylated aporphine substrate were members of

the predicted RNMT-like group (Fig. 6.11).

Figure 6.9 - Sequence-based prediction and in vivo screening of putative CNMT or RNMT enzymes. (A) The
identity of residue 204 (E, Glutamic acid; G, Glycine) was used to predict CNMT- or RNMT-like function,
respectively. (B) Overall amino acid sequence identity does not distinguish CNMT- or RNMT-like enzymes from
each other. (C) Formation of N-methylated products following supplementation of yeast cultures with (S)-coclaurine
(white bars), (S)-N-methylcoclaurine (black bars) and (S)-reticuline (grey bars). For each substrate, the culture with
the greatest mean product concentration normalized to optical density was set to 100% and all other valueswere scaled
accordingly (30.7 M OD ™ (9-N-methylcoclaurine, HCANMT1; 34 M OD ! (S-N,N-dimethylcoclaurine,
SCANMT1; 20 M OD * (9-tembetarine, SCANMT1). Error bars represent standard deviation of four replicate
cultures. Western blot analysis of NMT expression is show in Supplementary Figure 4.
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Figure6.11 - In vivo screening of
putative CNMT or RNMT
enzymeswith apor phine alkaloid
bulbocapnine.  (A) Reaction
scheme for PSRNMT activity
previousy  shown to be
physiologicaly relevant in opium
poppy with respect to the
biosynthesis of taxonomically-
widespread antimicrobia akaloid
magnoflorine.  (B) Reaction
scheme for N-methylation of
bulbocapnine, a close analog of
corytuberine. (C) Production of N-
methyl bulbocapnine following
supplementation of yeast cultures
with bulbocapnine is shown. The
mean of the yeast strain showing
the greatest product formation for
each substrate was set to 100% and
al other values were scaled
accordingly. Error bars represent
standard deviation. The y-axis is
broken between 1% and 75% to
better show the full range of
activities.
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Western blot analysis of yeast
cultures expressing putative
recombinant His6-tagged BIA
NMTs. Four replicate cultures
were assayed.



6.4 Discussion

6.4.1 Insight into mechanisms of function-switch ing residue

Substitution of E204 in GFCNMT with the RNMT-like residue (E204G) yielded an enzyme with
substantially reduced canonical CNMT activity and substantially improved canonical RNMT activity.
Mirroring this effect, the reciproca substitution in PSRNMT (G204E) resulted in an enzyme with reduced
canonical RNMT activity and improved canonical CNMT activity (Fig. 6.4). Although these effects are
striking and highlight the importance consequences of these structural variants, it is equally instructive to
compare the enzymes activities with each substrate to each other directly. In the simplified context of
(9)-coclaurine versus (S)-N-methyl coclaurine, which eliminates any effects resulting from the additiona
hydroxyl and O-methyl groupsin (S)-reticuline, our results clearly show that the E204 and G204
structural variants are sufficient to dictate preference for the un-methylated or mono-methylated substrate,
respectively, whether in a GFCNMT or PSRNMT background. However, when we consider the
endogenous substrate (S)-reticuline, it becomes evident that residue 204 does not entirely explain
functional differences between CNMTsand RNMTs. That is, GFCNMT-E204G still favored (S)-
coclaurine over (S)-reticuline and PSRNMT-G204E still favored (9)-reticuline over (S)-coclaurine. These
results show that some of the remaining ~50% sequence variation between CNMTs and RNMTs makes
an important contribution to substrate preference, likely viainteraction with the 3 hydroxyl and 4 O-
methyl groups which differ distinguish (S-reticuline from (S)-N-methylcoclaurine.

Kinetic analysis provides some insight as to how the E204 and G204 structural variants contribute
to substrate binding or catalysisin each enzyme (T able 6.1). Our resultsindicate that in E204-containing
enzymes (whether wildtype CNMT or mutagenized RNMT) binding affinity favors the un-methylated
substrate. Interestingly, the converse does not appear to be true. That is, the G204 variant does not
provide a better affinity for the mono-methylated substrate. This can be rationalized on the basis of our
molecular modelling work which indicates that E204 contributes a hydrogen-bonding interaction with the
un-methylated substrate, whereas G204 simply precludes a (negative) interaction with the mono-
methylated substrate. In both wildtype PSRNMT (G204) and GFCNMT-E204G, catalytic constants favor
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(S-N-methylcoclaurine. This can tentatively be explained on the basis of the physicochemical properties
of the substrates, given that atertiary amine without substantial steric hinderance, such as (S)-N-
methylcoclaurine, is expected to be a better nucleophile than the equivalent secondary amine. In contrast
to the G204-contai ning enzymes, wildtype GFCNMT shows a better catal ytic constant with (S)-coclaurine
than (S)-N-methylcoclaurine. This effect might result from the hydrogen bond thought to form between
E204 and the amine, which could increase nucleophilicity of the amine through a proton-withdrawing
effect or, more simply, fine-tune the position and angle of the substrate lone pair for better aignment with
the incoming methyl group. Surprisingly, PsSRNMT-G204E does not also exhihit a better catalytic
constant for (S)-coclaurine than (S)-N-methyl coclaurine. Given the apparent specialization of wildtype
PsRNMT for reticuline, it may be that other structural differencesin the active site force (S)-N-
methycoclaurine to bind in aless favorable pose that precludes the catal ysis-enhancing interactions
suggested for GFCNMT.

With respect to (S)-coclaurine, only one non-natural substitution (E204Q) resulted in a mutant
GFCNMT with activity better than GFCNMT-E204G (Fig. 6.7). The similarities (ie. side chain length,
hydrogen bonding potential) and differences (ie. charge) between glutamic acid and glutamine suggest
features likely to be relevant and irrdlevant, respectively, in terms of the wildtype E204 residue s
function. Interestingly, substitution of E204 with a highly similar residue differing only in the length of its
side chain (aspartic acid; one carbon less) resulted in trace activity, suggesting that precise positioning of
the carboxylate group is especially crucia. On the other hand, substitution with bulky residues (E204Q,
E204D) produced mutants with trace activities on (S)-N-methylcoclaurine, whereas adightly better
activity was recorded in the alanine-substituted mutant. These observations are consistent with amodel in
which G204 functions primarily by leaving a cavity in the active site which can accommodate the N-

methyl group on tertiary BIA substrates.
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6.4.2 Physiological and evolutionary significanc e of function-switching structural variants

Our screen of naturally occurring CNMT- and RNMT-like enzymes indicates that the structura
variants identified in this report are relevant to in planta BIA biosynthesis. Although physiological roles
should not be conclusively assigned on the basis of the evidence presented here, al five of the predicted
and validated RNMT-like enzymesin this work originate from a species or genus known to accumul ate
magnoflorine or other quaternary BIAs and it would be unsurprising to find these enzymes participate in
their biosynthesis (T able 6.2) (26, 27). Appreciation for the significant functional consequences of
variation at residue 204 makes evident several unexplored research questions. Particularly intriguing is
the species Corydalis chelanthifolia, which contains ten putative BIA NMTs including two with unique
structural variants (Q204 and S204). Given that the Corydalis genus is known to produce many unusual
BlAsfor which biosynthesis has not been resolved, these atypical NMTs are intriguing targets for future
biochemical characterization (27, 28). Similarly, the A204 structura variant is present in anumber of
species which produce less common BIAs such as the pavinans (ie. Thalictrum flavum pavine NMT). As
seen in our mutagenesis work, the A204 substitution decreases both CNMT- and RNMT-like activities
and might therefore be expected to favor another role (Fig. 6.7). For exampl e, notable differences
between PSRNMT and TfPavNMT to which the alanine substitution might contribute are the latter s
preference for aporphine substrates, as well as stereosel ectivity for (S)-reticuline. Given the occurrence of
amonophyletic clade of A204-containing BIA NMTs distributed across six species, the evolutionary
significance and functional consequences of this less common structural variant are also worthy of further

investigation.
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Table6.2 Co-occurrence of putative BIA NMT struc tural variants and quaternary BIAsin 20 Ranunculales
species. Putative BIA NMT transcript sequences were extracted from Hagel et a., 2015 (23). The relative
magnoflorine content (putatively identified on the basis of exact mass and retention time) in each tissue sample is
shown as either absent (nd; not detected), low (+), moderate (++) or high (+++), according to Hagel et al., 2015 (26).

Putative BIA NMT variants Putative

Plant species

Other quaternary BIAs

Magnoflorine

. E204 G204 A204 Other
Latin name Common name (Shulgin & Perry, 2002 and refs therein) (Hagel et al., 2015)
(CNMT/TNMT) (RNMT) (PavNMT) (Unknown)
AMENMT3 Protoberberines only,
Argenome Mexican Prickl N .
mgxmana Po v AMENMT2 Magnoflorine in other species nd
PRy AMENMTL (eg. A. platyceras)
o CMANMTL
Chelidonium Greater CMANMT3 CMANMTS M flori d
majus Celandine CMANMT6 CMANMT4 agnotiorine n
CMANMT2
PBRNMT4
PBRNMT6
Papaver . PBRNMT3 PBRTNMT2 " .
Persian Poppy PBRNMT1 N -methylisothebaine +
bracteatum PBRNMTS PBRNMT2
PBRTNMTL
PBRNMT7
Stylophorum . SDINMITS .
tdy ﬁ I Celandine Poppy SDINMT2 Magnoflorine -
iphyfium SDINMT1
SCANMT6 SCANMT7
Sanguinaria N
gd . Bloodroot SCANMT3 SCANMT2 SCANMT5 Protoberberines only +
canadensis SCANMT4 SCANMTL
ECANMTS
' ECANMT4
Eschscholzia I ECANMT6 i
California Poppy ECANMT3 N -methylcaryachine +++
californica ECATNMT ECANMT2
ECANMTL
GFLNMT2 GFLNMT3
Glaucium flavum Yellow Horn GFLNMT6 GFLNMT4 ++
Poppy GFLNMT1 GFLNMTS
CCHNMTY
Magnoflorine and N -methyllaudanine
Corydalis CCHNMT10 CCHNMT5 CCHMTS (@) gl . . yl
chelanthifolia Py Fumewort CCHNMT? CCHNMT6 COHNMTL (3) in other species nd
CCHNMT4 CCHNMT3 (eg. C. intermedia, C. solida)
CCHNMT2
Hydrastis HCANMT3
HCANMT2 ++
canadensis Goldenseal HCANMT1
NSANMT4 o _
Nigella sativa Black Cumin NSANMTS NSANMT6 NSANMT2 Magnofiorine in other species nd
NSANMTS (eg. N. damascena)
NSANMT1
Thalictrum TELNMTL Tembetarine and N -methylpalaudine
flavum Meadow Rue TELCNMT TFLNMT2 TFLPAVNMT in other species ++
(eg. T. isopyroides, T.przewalkskii )
Xanthorhiza
PR Yellowroot XSINMT1 4t
simplicissima
Mahonia o G MAQNMTL MAQNMT4 MAQNMT3 o
aquifolium regon Grape MAQNMT2
Berberis Japanese BTHNMT2
BTHNMTL +
thunbergii Barberry BTHNMT3
Jeffersonia . JDINMT4
dinhyll Rheumatism Root JDINMT3 JDINMT1 +++
iphylia JDINMT2
NDONMT3
Nandina . .
d N Sacred Bamboo NDONMT2 N -methylisocorydine +H+
lomestica NDONMT1
Menispermum Canadian MCANMT3 MCANMT4 N -methylisocorydine -
canadense Moonseed MCANMTL MCANMT2 visocory
Korean CTRNMT2
Cocculus trilobus
Moonseed CTRNMT1 nd
Tinospora Heartleaf TCONMT3 .
M TCONMTL Tembetarine ++
cordifolia Moonseed TCONMT2
CMUNMT? CMUNMT5
Cissampelos CMUNMT9 CMUNMTS8 Magnoflorine in other species
Abuta CMUNMT2 . nd
mucronata CMUNMTE CMUNMT4 (eg. C. pareira)
CMUNMT1 CMUNMT3
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Although wildtype CNMTs do catalyze N-methylation of tertiary BIAs at low levels (29, 30)
(Fig. 6.4), the widespread occurrence of RNMT-like enzymes throughout the Ranunculd es order suggests
that a CNMT-like enzyme aloneis not sufficient to support biosynthesis of physiologically significant
levels of quaternary BIAs (Fig.6.8; Fig. 6.9). In spite of the fact that the only RNMT enzyme
conclusively associated with quaternary alkaloid biosynthesisin plantais no more than 51 % identical to
CNMT in from same species (ie. P. somniferum), our results show that a single nuclectide change in
coding sequence is sufficient to convert a CNMT gene into one encoding an effective RNMT (ie. >50%
activity relative to naturally-evolved PSRNMT). Assuming that a comparabl e effect would also be
observed with an ancestral duplicated CNMT gene, this strikingly short mutational distance readily
explains the widespread yet sporadic occurrence of quaternary BIAS, particularly (S)-magnofloring, in
BIA-producing species. Facile recruitment of aCNMT ancestor into quaternary BIA branch pathways
paralels recent discoveries concerning to the multiple independent origins of caffeine biosynthesizing
NMTsin various plants and suggests that de novo emergence of certain akaloid biosynthetic pathways

may be relatively common (31).

6.4.3 Broader value of structural insight

Aside from providing more detailed insights into the biochemistry of non-model BIA-producing
species, accurate prediction of CNMT- and RNMT-like activities can streamline the assembly of
improved heterol ogous biosystems. One common approach to enhancing pathway flux in engineered
microorganismsisto identify bottleneck stepsan d substitute the offending enzyme with homologs that
may perform better. As shown in this work, knowledge of the functional consequences of structural
variants clearly identified a subset of enzymes worth testing for RNMT-like activity (Fig. 6.9). In
combination with phylogenetic analysis, this discovery yields asimple two step procedure which can be
applied to accurately annotate the subfunctionalization of putative BIA NMTs strictly from sequence

information (Fig. 6.12) . Nevertheless, our results concerning the BTHNMT3 enzyme, which shows
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RNMT-like activity despite containing the E204 variant, indicate that prediction of CNMT-like activity is

not perfect and empirical testing can till provide unexpected outcomes.

Figure 6.12 Procedure for sequence-
based annotation of putative BIA NMT
sub-functionalization.

Another common approach to improving heterologous pathway flux is engineering of enzymesto
yield more desirable features. In this report, molecular modelling lead usto identify a structural ateration
(E204G) predicted to results in an enzyme favoring mono-methylated substrates. In fact, the GFCNMT-
E204G mutant exhibited an activity with (S)-N-methyl coclaurine more than 100-fold better than any
RNMT reported to date. This striking result suggests that rationa engineering of BIA NMTsisa
promising strategy by which to obtain biocatalysts which perform better at certain tasks than naturally-
evolved variants. Furthermore, given substantial structural and mechanistic homology between MT
enzymes, it isreasonable to suppose that the insight gleaned here can be more broadly applied to MT-

dependent heterol ogous pathways yielding natural products aside from BIAs.
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Transcriptomic resources continue to revea the occurrence of BIA NMT-like genesin awide
range of plants not known to produce BIAs, including angiosperms, gymnosperms, gnetophytes,
bryophytes and algae (10, 32). Although these putative NMTs amost certainly do not participatein BIA
or alkaloid biosynthesis, it is reasonable to expect that they catalyze N-methylation of structurally
analogous substrates. Accordingly, the presence of E204 or G204 variants in these putative enzymes may
aso be linked to preference for un-methylated or mono-methylated substrates. To highlight the broader
utility of the structural insight reported here, we carried out a preliminary evaluation of BIA NMT-like
sequences contained in the NCBI NR database and found several sequences annotated as CNMT-like
which would be more accurately annotated as RNMT-like, despite what overall sequence homology
might suggest (Fig. 6.13; Appendix W). Improving annotations to more accurately reflect likely substrate

range can only facilitate identification of these putative enzymes physiological functionsin the future.

Figure 6.13 Partial alignment and amino acid iden tity of BIA NMT-like protein sequences in NCBI NR
database. CJCNMT and PSRNMT amino acid sequences were used in BLASTP searches to identify putative BIA
NMTs. A selection of those containing the RNMT-like G204 variant identified in this work are presented.
Corresponding accession numbers are shown in the figure and full sequences are provided in Appendix W.
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6.4.4 Mechanistic convergence in distantly-relat ed methyltransferases

Although thisis, to our knowledge, the first report of a structural variant controlling mono- or di-
methylation activity in NMTs, anal ogous features with similarly important functional consequences have
been reported in at least two other enzymes which transfer 1-carbon groups.

Reminiscent of subfunctionalizationin BIA NMTs, carbon methyltransferases (CMTs) implicated
in bacterial polyketide synthase (PKS) assembly li nes are divided into two subgroups which primarily
catalyze either mono- or di-methylation. In Sorangium cellulosum di-methylating DisM T3, the small
A326 residue is thought to leave space in the active site for a mono-methylated substrate to bind and
undergo further methylation. Using structure-guided mutagenesis, K eatinge-clay and colleagues showed
that the bulkier phenylalanine residue universally present in mono-methylating PKS CMTs is responsible
for reducing di-methylation activity (33). On the basis of molecular modelling, the authors further
suggested that the effect is due to a steric clash between the large side chain and the substrate s pre-
existing methyl group.

Cyclopropane mycalic acid synthases (CMASs) and closely related mycolic acid C-
methyltransferases (MACMTS) contribute to virulence in Mycobacterium tuber cul osis via modification of
fatty acids with either cyclopropane rings or methyl groups, respectively. Alignment of these
CMAS/MACMT enzymeswith BIA NMTs reveals substantial structural homology between E146/G145
in the former and E204/G204 in the latter (Fig. 6.14). In CMASs, the conserved glycine residue is thought
to leave space in the active site for a carbonateion crucial to cyclopropanation activity whereasin
MACMTsthe conserved glutamic acid residue is thought to displace the carbonate ion and ater enzyme
chemistry in favor of simple methyl group transfer. Consistent with this model, mutagenesi s studies on
the analogous enzyme from E. coli (Hma) showed that substitution of glycine with a glutamic acid

substantially reduce cyclopropanation activity in favor of methylation activity (34).
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Figure 6.14 - Structural homology
between BIA N-methyltransferases,
cyclopropanefatty acid synthase and
mycolic acid C-methyltransferase
active sites. (A) C. japonica CNMT
(6GKV) with tetrahydroisoquinoline
substrate. (B) E. coli mycolic acid
methyltransferase  (MACMT) Hma
(2FK8) with representative fatty acid
substrate superimposed from 1KPI. (C)
P. somniferum RNMT (homology
model) with (9-reticuline substrate.
(D)  Mycobacterium  tuberculosis
mycolic acid cyclopropane fatty acid
synthase (CPFAS) CmaA2 (1K PI) with
representative fatty acid substrate. All
panels contain the co-product S
adenosyhomocysteine (pink) and the
respective methyl or methylene
acceptor substrates (cyan). Residues
E204/E145 and G204/G145 are
positioned near-identically with respect
to the substrate molecules despite
overall amino acid sequence identities
of 23%.



The similar strategies employed by BIA NMTs and PKS CMTs (ie. steric blocking of methyl
group) to dictate substrate specificity are striking given the extremely distant rel ationship between these
enzyme families and substantial differencesin the structure and even elemental composition of their
respective substrates. On the other hand, BIA NMTS and CMASMACMTSs share much more structural
homology and potentially even common ancestry, but the consequences of E/G variation in either group
are quite distinct. Thus, comparison of our results with those of workers highlights how, on the one hand,
distantly related and structurally divergent enzymes have arrived at roughly analogous mechanistic
strategies to control identical aspects of substrate specificity and, on the other hand, somewhat similar
enzyme families use identical structural variants (ie. E/G substitution) to dictate substrate specificity in
one case and reaction chemistry in the other. Such striking parallelsin mechanistic features of distantly
related MTs have been reported previously (35). Along with many similar observationsin other
biochemical contexts, our results support to the notion that biological catalysts rely on asurprisingly
conserved subset of physicochemical strategies upon which unrelated macromolecules can readily

converge (36, 37).

6.4.5 Concluding remarks

CNMT and RNMT enzymes have important and distinct roles in the biosynthesis of BIAs. In this
work, we identified structural variants underlying this subfunctionalization and provided a straightforward
mechanistic explanation for how a single residue dictates substrate specificity. Comparison of these
structural features to those in distantly related yet functionally similar enzymes further supports the notion
that biological catalysis depends on relatively few physicochemical strategies despite the tremendous
diversity of known natural products. In vivo screening of putative BIA NMTs confirmed that CNMT and
RNMT-like activities can be accurately predicted from primary sequence information on the basis of this
new understanding, thus substantially improving our ability to characterize biochemistry in non-model
BIA-producing species. The identification of functionally-significant structural variants such as these

paves the way to understanding the evolutionary traectories which have allowed plantsto produce a
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diversity of BIAs with physiological, ecological and medicinal value. Despite substantial recent progress
in understanding structure-function relationships of BIA NMTSs, it is clear that additional features
underlying substrate specificity and catalytic proficiency remain to be defined. Further research, including
functional characterization of BIA NMT-like proteins from non-model BIA plants (or those that do not
produce BlAs at al) will be valuable and should provide insights broadly applicable to the evolution of

plant specialized metabolism.
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Chapter Seven Conclusion: Molecular origins of fu nctional diversity in benzylisoquinoline

alkaloid N-methyltransferases

Adapted from:

Morris, J. S, and Facchini, P. J (2019) Molecular origins of functiona diversity in
benzylisoquinoline alkal oid methyltransferases. Frontiersin Plant Science.
-Accepted with minor/moderate revisions May 2019.

JSM wrote the draft. JSVI and PJF edited the final manuscript.

7.1 Summary

N-methylations are ubiquitous and recurring features in the biosynthesis of many specialized
metabolites. Accordingly, the N-methyltransferase (NMT) enzymes catal yzing these modifications are
directly responsible for a substantial fraction of the vast chemodiversity observed in plants. Enabled by
DNA sequencing and synthesizing technologies, recent studies have revea ed and experimentally
validated the trgjectories of molecular evolution through which NMTs, such as those biosynthesizing
caffeine, emerge and shape plant chemistry. Despite these advances, the evolutionary origins of many
other dkaloid MTs are still unclear. Focusing on benzylisoquinoline akaloid (BIA) producing plants such
as opium poppy, we review the functional breadth of BIA NMT enzymes and their relationship with the
chemical diversity of their host species. Drawing on recent structural studies, we discuss newfound
insight regarding the molecular determinants of function and highlight key hypotheses to be tested. We
explore what is known and suspected concerning the evolutionary histories of BIA NMTs and show that
substantial advancesin this domain are within reach. This new knowledge is expected to greatly enhance

our conceptua understanding of the evolutionary origins of specialized metabolism.

7.2 Caffeine biosynthesis asamode of research potential
The wealth of cloned alkaloid NMTs has proven to be afertile areain which to examine the

relationshi ps between enzyme function and plant biochemistry. Aside from the characterization of natural
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variants and concomitant identification of sequence-function correlations, modern structural biology and
DNA manipulation methods have allowed experimental approachesto directly probe the features
controlling enzyme properties. In select cases, the molecular evolutionary trajectories which resulted in
extant enzyme and their specific properties have also been elucidated, providing someinsight into the
origins of specialized biochemical pathways and the exceptional chemodiversity of plants.

Perhaps the best exampl e of the research sequence described above relates to the biosynthesis of
caffeine and other xanthine alkaloids. Building on along history of research using radiolabeled tracers to
elucidate the pathway, workers eventually showed unequivocally that caffeine is synthesized from
xanthosine via a series of N-methylation reactions(1 7). Shortly thereafter, cD NAs encoding these
enzymes were cloned from Camellia sinensis (8), Coffea arabica (9 12) and later from Paullinia cupana
(13), Theobroma cacao (9) and Citrus sinensis (14). Examination of their coding sequences showed that
these xanthine NMTs belong to the SABATH (sdlicylic acid, benzoic acid, theobromine) family of
methyltransferases, which typically methylate oxygen atoms, suggesting arelatively recent change of
function in xanthine akaloid producing species. Intriguingly, greater sequence similarity between the
functionally distinct MTs within one species (e.g. 80% identity between CaXMT, CaMXMT and
CaDXMT from C. arabica) compared to those of analogous function in other plants (eg. less than 40%
identity between CaDXMT and TCSL1 from C. sinsensis) lead to the hypothesisthat xanthine MTsin
different lineages have parallel and convergent evolutionary histories.

With coding sequences available for heterologous protein expression, workers began to study the
molecular determinants of function (15, 16). Active site features and individual residues implicated in
substrate specificity (eg. xanthine versus methylxanthine) and cataysis were identified through
comparison of crystal structures of enzymesin complex with various substrates, and site directed
mutagenesis allowed for experimental validation of these hypotheses.

More recently, whole genome sequencing of Coffea, Camellia and Theobroma began to unveil
the genetic mechanisms (eg. gene duplication and divergence) leading to the evolution of caffeine
biosynthesisin various lineages (17 20). Taken tog ether, the studies strongly suggested the occurrence of
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multiple independent and convergent evolutionary trajectories for caffeine biosynthesisin distantly
related plant families. However, these results did not yet explain how or why this biochemical feature
arose so readily.

Clarification of an evolutionary trgjectory leading to caffeine biosynthesis was recently provided
by a paleomolecular biology method known as ancestral enzyme reconstruction (21, 22). Barkmann and
colleagues showed that an ancestral SABATH enzyme was likely exapted to catalyze N-methylation of
caffeine pathway intermediates substrates, and that one single amino acid substitution in each of itstwo
descendants were sufficient to enable caffeine biosynthesis. Their results concerning the short mutational
distance between SABATH OMT and caffeine NMT functions finally clarified how evolutionary
innovation was able to repeatedly converge on caffeine biosynthesis in various plant orders.

The extent of our knowledge surrounding caffeine biosynthesis showcases what can be achieved
with modern research tools and paradigms. In the following section, we outline the current state of
knowledge regarding N-methyltransferases involved in BIA biosynthesis and their contribution to host
plant chemodiversity. Drawing on structural and functional studies, we outline what is known regarding
the molecular determinants of their differing activities and explore what is suspected regarding their
evolution. We show that the field is ripe for substantial advances paralleling those obtained with respect

to caffeine biosynthesis and suggest key hypotheses and experiments by which they may be tested.

7.3 Contribution of N-methyltransferasesto BIA b iosynthesis

BIAs have been studied for centuries (23 and refs therein) and much of their biosynthesis has
been revealed, albeit only in a handful of model systems which can only approximate the biosynthetic
diversity in the thousand or more BIA producing plant species. These discoveries and their historical
context have been extensively reviewed elsewhere (including Chapter One) and will only be briefly
summarized herein order to highlight the involvement of methyltransferases. An impressive number of
BIA NMTs have been characterized in plant extracts and although these have contributed greatly to our

understanding of BIA biosynthesis we will focus herein on those which have been studied at the
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molecular level. The six Ranunculales species from which BIA NMTs have been cloned and
characterized are Papaver somniferum, P. bracteatum, Glaucium flavum, Thalictrum flavum, Coptis
japonica and Eschscholzia californica. Literature reports concerning the isolation and characterization of
each of the MTs discussed are cited in Table 7.1.

In P. somniferum, the most studied BIA model organism, a central pathway for BIA biosynthesis
begins with a condensation of two tyrosine derivatives (dopamine and 4-hydroxyphenylacetal dehyde) to
form (S)-norcoclaurine (Fig. 7.1). Following the action of an O-methyltransferase, a first N-methyl group
isinstalled by coclaurine N-methyltransferase (CNMT), which has been cloned from four species (24
27). Notably, four transcripts encoding CNMT-like enzymes (59-66% AA identity; Fig. 7.2) have been
cloned from G. flavum. However, their individual contributionsto biosynthesisin the host plant remain to
be assessed. Subsequently, another O-methylation step yields the key central intermediate (S)-reticuline.
Starting from this intermediate, a short branch pathway yields the taxonomically widespread alkaloid (S)-
magnoflorine (28, 29). Acting on either (S)-reticuline or its aporphine derivative (corytuberine), P.
somniferum reticuline N-methyltransferase (RNMT, named as such to reflect in vitro substrate preference)
install a second methyl group resulting in a quaternary nitrogen atom. To date, three additional transcripts
encoding RNMT-like enzymes have been reported in two other plant species, both of which are also
known to accumul ate (S)-magnoflorine and related quaternary alkaloids (25, 27, 29, 30). Of particular
note isthe enzyme cloned from T. flavum and named pavine N-methyltransferase (TfPavNMT). Whereas
TfPavNMT catalyzes the signature RNMT-like activity and might contribute to quaternary aporphine
biosynthesis, it also uniquely accepts pavinan alkaloids and is thought to participate in the biosynthesis of

N-methyleschol zidine, an uncommon BIA reported exclusively in Thalictrum spp (25).
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Figure 7.1 - Contributions of
N-methyltransferases to BIA
biosynthesis. A central pathway
(dark blue) leads to the core 1-
BIA intermediate (S-reticuline
from which various branch
pathways diverge, including
those leading to aporphines
(red), pavinans  (purple),
protoberberines  (light  blue),
protopines (pink),
benzo[ c]phenanthridines (green)
and pthalideisoquinolines
(brown). The
bisbenzylisoquinolines  (grey)
are typically produced by
dimerization of various 1-BIA
intermediates. CNMT
(coclaurine N-methyl -
transferase), RNMT (reticuline
N-methyltransferase), PavNMT
(pavine  N-methyltransferase),
and TNMT (tetrahydro-
protoberberine N-
methyltransferase) are labelled
adjacent to their products on
pathways representing major or
physiologicaly relevant
activities.  N-methyl  groups
reportedly installed by the
enzymes are circled in green.



Table7.1 N-methyltransferasesreported to accept BIA substrates or showing substantial homology to known BIA NMTs.
Specificity refersto ether stereospecificity [(R) or (S)] or to the number of pre-existing C-N bonds on the substrate nitrogen atom

2N, 3N).

minor or weak, "nd" indicates that no activities have been detected and "not tested" indicates that no in vitro assays were
performed.. For enzymes with many reported substrates, minor activities are not listed. Enzymes reported in thisthesis are

underlined and bolded.

represents features not conclusively demonstrated, represents activities that have be en demonstrated but are quite

Functional evidence in

Plant species  Short name Enzyme full name Genbank ID  Invitro Substrate(s)  Specificity planta Ref.
papaver N-desmethylated BIA
p i content increased by
somniterum VIGS knockdown,
Induction following elicitor
Coclaurine treatment correlates with (26,
PsCNMT AY217336 Not tested h - 83-
N-methyltransferase known BIA biosynthesis 86]
enzymes,
Expression in yeast
enables BIA biosynthesis
(various)
Induction following elicitor
treatment correlates with
Tetrahydro- (R,S)-Canadine known BIA biosynthesis
PSTNMT protoberberine Q108P1 (R,S)-Stylopine _ enzymes, [31]
3 R,S)- Protein level correlates
N-methyltransferase R, ) ith protoberberi
Tetrahydropalmatine Wwith protoberberine
accumulation in P.
somniferum tissues
(R)- and (S)-
Reticuline
(S)-Bulbocapnine Magnoflorine content
Reticuline (S)-Corytuberine reduced and corytuberine
PsRAMT N-methyltransferase KX369612 (S)-Glaucine (R)>(S) content increased by (28]
Tetrahydro- VIGS knockdown
papaverine
Noscapine
PsNMT4 KX369613 nd [28]
Glaucium GIINMTL Coclaurine (S)-Coclaurine 2N 27]
—_— N-methyltransferase Heliamine
flavum
Tetrahydro- (R,S)-Stylopine
GfINMT2 protoberberine . I [27]
N-methyltransferase (S)-Canadine
GIINMT2  N-methyltransferase 3 (S)-Reticuline 3N 27
-methyltransferase (R.S)-Stylopine [27]
(S)-Coclaurine 2 N
GfINMT4 N-methyltransferase 4 (S)-Reticuline TN [27]
(S)-Reticuline 3N
GfINMTS N-methyltransferase 5 (S)-Coclaurine >N [27]
GfINMT6 N-methyltransferase 6 (S)-Coclaurine 2'N [27]
Coptis (R)- and_(S)—
; - Coclaurine,
japonica - Lo .
6,7-Dimethoxyl- Expression in E. coli
1,2,3,4-tetrahydro- enables reticuline
) Coclaurine N- Isoquinoline, , , biosynthesis [24,
CICNMT methyltransferase AB061863 (R,S)-Noreticuline, 2N, 3N Expression in yeast 87]
(R,S)-6-O-Methyl- enables magnoflorine
norlaudanosoline, biosynthesis
(R,S)-
Norlaudanosoline
Eschscholzia .
californica (R,S)-Stylopine
Tetrahydro- (R,S)- Transcript expression
ECTNMT protoberberine EU882977 Tetrahydropalmatine induced by elicitor [25]

N-methyltransferase

(R,S)-Canadine
(S)-Scoulerine

treatment of cell culture
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Table 7.1 (Continued)

Plant species

Thalictrum (R,S)-_Norrheticuline, Cellular localization of (25
flavum Coclaurine .?g:;:] %xrg 2'N transcripts correlates with 32]’
TICNMT AY610508 tetrahyd known BIA genes in
N-methyltransferase isoquinoline, berberine accumulating
(-)-Pavine, organs
(S)-Scoulerine
(S)-Reticuline
Pavine (-)-Pavine . , [25.
TiPavNMT N-methyltransferase EUBB3010 (R,S)-Stylopine 2'N, 3N 46]
(S)-Scoulerine
Tetrahydro- (R,S)- Transcript expression
P. bracteatum PbTNMT protoberberine EUB82994  1erahydropalmatine induced by elictor [25]
N-methyltransferase (R,S)-Stylopine treatment of cell culture
. S)-Coclaurine . .
Ephedra EsPaNMT Pherylalkamine  MH029305 ((S))—Reticuline Notinvolved in BIA [65]
sinica N-methyltransferase (R.S)-Stylopine iosynthesis
. . Highly expressed in root
@]r:\lgigpss At4g33120 BT005878 nd apex, likely not involved in [31,88]

BIA biosynthesis

Figure 7.2 - Percent identity matrix for amino acid sequences of BIA N-methyltransferasesimplicated in BIA
biosynthesis. Protein sequences were obtained by trandation of nuclectide sequences deposited in Genbank
(accession numbers provided in Table 7.1) and aigned using Clustal Omega under default parameters. Percentage
identities are shaded with from green (maximum, 100%) to minimum (red, 44%). BIA NMTs are grouped according
to their best matching canonical activity. However, certain enzymes display activity profiles which transced these
boundaries (see Table 7.2, Fig. 7.3).
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Several longer branch pathways employing NMT reactions a so diverge from (S)-reticuline to
produce protoberberines (e.g. stylopine), protopines (e.g. protopine), benzo[ c]phenanthridines (e.g.
sanguinarine) and pthatlidei soquinolines (e.g. noscapine) (Figure 7.1). En route to noscapine
biosynthesis, tetrahydroprotoberberine NMT (TNMT) transfers a methyl group onto a bicyclic tertiary
nitrogen atom, yielding the quaternary product N-methylcanadine. In addition to the canonical
representative isolated from P. somniferum, six other TNMT-like enzymes have been cloned from four
other species (25, 27, 30 33). Aside from the role outlined above, TNMTs also participate in a separate
branch pathway leading first to protopines and then to benzo[ c]phenanthridines via synthesis of (S)-cis-N-
methylstylopine. This product accumulatesto a substantial degree in T. flavum, which isinconsistent with
the relatively modest stylopine NMT activity reported for TfPavNMT (25, 34). Thus, it seems likely that
the one of the additional NMT transcript recently identified in that species transcriptome encodes an
enzyme more dedicated to protoberberine substrates (27).

Aside from the above, several transcripts, including at least one each from P. somniferum and
Arabidopsis, have been cloned and found to encode enzymes with high homology to BIA NMTs but with
no discernible activity in vitro (28, 31). Although these may in fact be inactive with respect to BIAS, it
remains possible that they have not been assayed under appropriate conditions or with proper substrates.

Ashighlighted in Table 7.2 and Fig. 7.3, the mgjority of BIA NMTs are known to catalyze many
additional reactions beyond those prototypical conversions represented by their names and position on
orderly, linear biosynthetic pathways as traditionally drawn (Fig. 7.1). Nevertheless, the targeted nature of
in vitro biochemical characterization means that all reports necessarily underestimate the catal ytic range
of BIA NMTs. Thelack of specificity reported for BIA NMTs occurs at two levels. substrate promiscuity,
wherein the enzyme can methylate a number of different molecules, and product promiscuity, wherein a
single substrate is methylated one or more times at various positions to yield different products (35, 36).
On the other hand, BIA NMTs do not show catalytic promiscuity, which isthe ability to carry out distinct
types of chemical transformations. Thus far, BIA NMTs have only been shown to catalyze N-methylation,
unlike the certain SABATH MTs which target both O and N atoms (14). As shown for PSRNMT with
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respect to magnoflorine biosynthesis, the most substantial activity of an enzyme in vitro may not correlate
with itsfunction in planta (28). This widespread promiscuity has led to an appreciation for the existence
of multidimensional metabolic grids which diversi fy the potential routes by which a plant may make
any given end product. Experimental evidence for mgjor, minor or even silent routesin BIA

biosynthesis has been given by gene knockdown experimentsin whole plants and cell cultures (26, 37).

Table 7.2. N-methyltransferasesreportedly ableto catalyze the various canonical BIA biosynthetic activitiesin
vitro. Details of the activities and corresponding references are provided in Table 7.1. ESPaNMT (indicated with an
asterisk) shows substantial amino acid identity to BIA NMTs and has promiscuous activity with many alkaloids
including BIAs but is implicated in ephedrine alkaloid biosynthesis. CNMT-like, coclaurine N-methyltransferase
activity; RNMT-like, reticuline N-methyltransferase activity, TNMT-like, tetrahydroprotoberberine  N-
methyltransferase activity.

CNMT-like RNMT-like TNMT-like
GfINMT1 PSRNMT GfINMT2
GfINMT4 GfINMT4 GfINMT3
GfINMT5 GfINMT5 PSTNMT
GfINMT6 TfPavNMT ECTNMT
PSCNMT EsPaNMT* PbTNMT
CICNMT TfPavNMT
TICNMT TICNMT

EsPaNMT* EsPaNMT*
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Figure 7.3 - Relative in vitro activities of BIA N-methyltransferases on a CNMT-RNMT-TNMT gradient.
Enzymes are placed on the diagram in positions reflecting their in vitro activities correspondence to one or more of
the three major canonical BIA NMT activities as reported in the literature (CNMT, coclaurine N-methyltransferase;
RNMT, reticuline N-methyltransferase; TNMT, tetrahydroprotoberberine N-methyltransferase). A representative
substrate is shown for each group (CNMT, (S)-Coclaurine; TNMT, Scoulering; RNMT, (S)-Reticuline). Genbank
accession humbers and activity details are provided in Table 7.1.
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7.4 Molecular and structural determinants of fun ction

Considering their known function only in the biosynthesis of one alkaloid class, BIA NMTs have
received a substantial amount of attention in terms of structure-function investigations. An initia study
was reported for T. flavum pavine NMT and, more recently, for C. japonica coclaurine NMT (30, 38). A
third report concerning the tetrahydroprotoberberine NMT from G. flavum was submitted for review
during the preparation of this thesis (33). Taken together, these three studies cover much of the functional
range reported to date for BIA NMTs and reveal many of the molecular determinants of function.

The overal structures (Fig. 7.4), which include a canonical Rossmann SAM-binding domain as
well as a C-terminal substrate-binding domain, are consistent with those reported for other SAM-
dependent NMTsincluding Plasmodium phosphoethanolamine NMT (PFPMT) (39, 40). Although the
BIA NMT polypeptide sequence is annotated with distinct SAM and BIA substrate binding regions for
simplicity (Fig. 7.5), interacting residues are not strictly found within these regions and domains become
more evident in the tertiary structure. In addition to the typical NMT domains, the BIA NMTsalso
contain an N-terminal extension composed of three helices, which wrap around the substrate binding
domain and contribute to a homodi merization interface. This N-terminal extension aso contributes to
anchoring arelatively disordered loop proposed to gate the active site.

Aswith most plant MTs, BIA NMTs form dimers both in solution and under crystallization
conditions (30, 33, 38). However, the extent of the dimerization interface is substantially less and
corresponds to only 6.5% and 6.9% of surface areain TfPavNMT and CJjCNMT, respectively. Although
buried surface areais similar in GFTNMT, the occurrence of several additional salt bridges renders
dimerization substantially more favorable, suggesting that the importance of dimer formation may vary
acrossthe BIA NMT subtypes or between species. In al cases, dimerization occurs at the rear of the
monomer with respect to the substrate binding pocket and via somewhat conserved residues located
primarily in two helices and two beta sheets distributed between the N-terminal extension and C-terminal
BIA-binding domain (Fig. 7.4; Fig. 7.5). Notably, reciprocal interactions between tri-lysine motifs
present in the C-terminus of al BIA NMTs may also contribute to the dimerization interface. In
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Arabidopsis and other eukaryotes, such a matif has been shown to result in retrograde trafficking (ER
retention) of membrane-bound proteins viainteraction with COPI proteins (41). However, given that BIA
NMTs have been experimentaly shown to localize to the cytosol it appears that this motif may have a
more general utility in enabling protein-protein interaction (42). Neither the in planta occurrence or
functional significance of homo- or hetero-dimerization has been verified for BIA NMTs. However, it has
been speculated that small hinge movements in one monomer might be transferred via the dimerization
domain to the other monomer, resulting in a cooperativity effect. Nevertheless, in the absence of close

i nteractions between the dimerization domain and catalytic site it would be surprising to discover

functional consequences equivalent to those discussed for the OMTs (43).

248



Figure 7.4 - Structures and key features of BIA N-methyltransferases. (A) Representative domains (rectangles)
and key residues (ovals) are shown according to their relative location aong the T. flavum pavine N-methyltransferase
(TfPavNMT) polypeptide. (B) Crystal structures reported for TFPavNMT (PDB 5K OK), C. japonica coclaurine NMT
(CJICNMT; PDB 6GKV) and G. flavum tetrahydroprotoberberine NMT (GFTNMT; PDB 6P30) in complex with
substrates, products or analogs were visualized in PyMol. Domains are color-coded as in pand A, the akaloid
substrate is shown in cyan and the co-product SAH is shown in orange. A representative homodimer (TfPavNMT) is
shown in two orientations ( side and top) relate d by a90 rotation asindicated.
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Figure 7.5 - Amino acid sequence alignment of in vitro characterized BIA N-methyltransferases. Protein
sequences were obtained by trandation of nucleotide sequences deposited in Genbank (accession numbers listed in
Table 7.1) and aligned using Clustal Omega under default parameters. Mgor domains and key residues are adapted
from structural studies of TTPavNMT, CjCNMT and GFTNMT (Torres et a., 2016; Bennett et a., 2018; Lang et al.,
2019). Residues shaded in yellow form hydrogen bonds (directly or water-mediated) with SAM/SAH. Residues
shaded in grey form part of the dimerization interface. Residues shaded in cyan interact with the BIA molecule.
Residues shaded in red interact with the BIA molecule and are suspected of contributing to catalysis. Residues shaded
in purple contribute to positioning the active site gate upon substrate binding. Secondary structureis given according
to DSSP analysis of CGCNMT (Touw et a., 2015). X indicates residues subjected to mutationa analysis.
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The Rossmann fold SAM-binding domains of various BIA NMTs are structurally quite similar,
yielding RM SD values of ~0.4-0.5
occurs via sequence moatifs largely conserved with other plant SAM-dependent class laMTs (Fig. 7.3)
(44, 45). In TfPavNMT, nine direct or water-mediated hydrogen bonds were reported to position the
cosubstrate, whereas for GFTNMT 11 interactions (including six identical with TfPavNMT) were
reported. A selection of the most substantial binding interactions are presented in Figure 7.6. In all
available BIA NMT structures, the binding pose of SAM/SAH was essentialy identical, suggesting that
discrepanciesin the reported binding interactions result primarily from differing interpretation. Consistent
with this, all but one of the residues reported to interact with SAM in any of the crystal structures are
identical or conserved (ie. isoleucine versus valine) across al functionally-validated BIA NMTs (46).
Taken together, the available evidence strongly suggests that BIA NMTs all bind their cosubstratein a
highly similar manner which is unlikely to be responsible for functiona differences between the enzyme
subtypes.

As expected given the divergent structures of substrates turned over by various BIA NMTs, the
largely helical substrate binding domain is substantially less conserved than the SAM binding domain.
Although crystal forms binding the enzymes preferred or physiological substrates (e.g. reticuline or
pavine for TfPavNMT, coclaurine for C;CNMT) have been elusive, structures with bound analogs (eg. N-
methylheliamine, tetrahydropapaverine) neverthel ess provide some insight into the details of substrate
recognition and catalysis (Fig. 7.6). Fortuitously, a GFTNMT crystal was obtained with the polypeptidein
complex with endogenous product (S)-cis-N-methylstylopine (SMS), providing the best view to date of
biologically-meaningful interactions. In all BIA NMTs, the binding pocket is lined with numerous
hydrophobic residues and is apparently gated by aloop which becomes ordered and partially helical upon
substrate binding. In notable contrast to most plant NMTs and BIA OMTSs, there do not appear to be
specific hydrogen bonds formed between TfPavNMT or CJCNMT and the BIA functional groups (ie.
hydroxyl, O-methyl). Rather, substrate recognition and positioning appear to depend primarily on steric
effects, Van der Waals interactions and aromatic or hydrophobic interactions (30, 33). The availability of
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multiple NMT structures reveals that the substrate-binding residues differ somewhat from subtype to
subtype. In TfPavNMT, 13 residues line the binding pocket, but the most significant substrate interactions
involve Phe96, His232, Phe292 and Phe330. In CiCNMT and GFTNMT, 3 of the equivalent residues
(Tyr328, Trp329, Phe332 and His328, 11€329, Phe332) were probed by site directed mutagenesis and
shown to significantly impact function (see Chapter Three) (33, 38). Notably, two of these residues
show clear patterns of conservation within BIA NMT functional subtypes (eg. TNMTS), but not across
the family as awhole (Fig. 7.5). Whereas both TfPavNMT and CCNMT contain Tyr and Trp residues,
TNMTSs contain His and Ile residues instead. On the other hand, the residue equivalent to Phe332in
CiCNMT (Phe330in TfPavNMT, Phe332 in GFTNMT) isfully conserved and replacement with alanine
sharply reduced activity in all tested cases. Kinetic analysis of CiCNMT-F332A with benzylisoquinoline
ver sus isoquinoline substrates led to the conclusion that the residue primarily interacts with the
isoquinoline moiety. In GFTNMT and TfPavNMT, alack of activity with isoquinoline substrates
precluded similar analyses. However, crystal structures show that the residue is almost equidistant
between the isoquinoline and benzyl moieties of the bound BIA molecule. That being said, in GFTNMT
the Phe332 side chain is dightly closer and better oriented to interact primarily with the benzyl moiety
and associated C9/C10 methylenedioxy bridge of SMS. In contrast to TfPavNMT and CjCNMT, the
reported GFTNMT structure does support the occurrence of alimited set of hydrogen bonds with the BIA
molecule. Whereas the side chain functional groups of residues GIn98 and Tyr81 appear to directly
interact with oxygen atoms of the C9/C10 methylenedioxy bridge, residues F332 (main chain carbonyl)
and GIn339 (side chain carboxyamide) interact with the C2/C3-linked oxygen atoms via a network of
water-mediated hydrogen bonds. Thisinvolvement of water molecules in substrate binding is only
explicitly described with respect to GFTNMT. However, a number of well-ordered water molecules
within potential hydrogen bonding distance of the BIA molecule are also present in the TfPavNMT. In
sum, substrate binding interactions appear to vary quite a bit across BIA NMT subtypes despite
substantial identity or conservation of active site residues across the enzyme family. It is not presently
known whether detailed substrate binding interactions are conserved between BIA NMTs of the same
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functional subtype (eg. TFCNMT, CJCNMT, PsSCNMT, GFNMT1). However, modest levels of sequence
conservation (ie. ~45-80%) make it reasonable to suspect they may vary. Accordingly, attemptsto
generalize from available crystal structures to other BIA NMTs (esp. RNMTs) may be misleading and

further studies are warranted.

Figure7.6 Major active
site interactions between
BIA NMTs and their
substrates. (A)
TfPavNMT (PDB 5KOK)
interactions  with  (9-
tetrahydro-papaverine and
SAM. (B) CJCNMT
(6GKV) interactions with
(9-coclaurine and SAM.
I nteractions with the benzy
moiety are hypothetical as
the deposited crystal
structure was in complex
with an isoquinoline
product  analog. (©)
GFTNMT (PDB 6P30)
interactions  with  (9-
stylopine. Interactions with
the substrate amino moiety
are hypothetical as the
deposited structure was in
complex with the N-
methylated product. It is
presently unclear whether
(9)-stylopine is expected to
be protonated a
physiologica pH in the
active site. For all panels,
the interactions shown are
primarily obtained from
literature reports, with
minor modifications based
on residues identified by
PoseView or manua
review of the structures in
PyMol. Dashed lines
indicate likely hydrogen
bonds, with those in grey
representing multiple
aternative  interactions.
Green lines  represent
hydrophobic or aromatic
interactions.
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Interestingly, the size of the substrate-binding pocket reported for TfPavNMT is somewhat larger

than that reported for the other BIA NMTs (eg. 935 3versus406  2in CjCNMT; Fig. 7.7) (30, 38).

Enlargement of the cavity apparently results from many small contributions, including individual amino

acid substitutions (eg. A204), rotation of side chains and slight repositioning of secondary structural

elements (eg. helix 14) and loops (eg. 240s). In the TfPavNMT structure, two BIA molecul es are bound,

with onein a productive conformation and the other in amore distal position from the methyl donor co-

substrate and unlikely to participate in the reaction. In planta, binding of a second BIA monomer might

cause either substrate or product inhibition and thus regulate NMT activity and adjust pathway flux.

Although two separate molecules of a1-BIA substrate were bound in the reported structure, it was aso

suggested that the large substrate binding pocket might accommodate covalently linked BIA dimers

(bisbenzylisoquinolines) common in Thalictrum (29). Bis-BIAs might conceivably be substrates for N-

methylation. However, given their status as branch pathway end productsit is more likely that they could

act as feedback inhibitors, in a manner analogous to that known to occur for sanguinarine and TF6OMT

(47). Given that binding of a second BIA molecule was proposed to beinhibitory, it isreasonable to

suspect that the TTPavNMT active site could be structured differently under conditions where asingle

BIA moleculeis bound. One likely possihility is atighter interaction of the substrate molecule with the

70sloop gate, whichisthe most displaced second ary structural eement in TfPavNMT relative to

CjCNMT.
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Figure 7.7
Substrate binding
pocket size in BIA
NMTs.  Structures
were aligned and
solvent  accessible
surfaces (black) were
visudized in PyMol.
BIA molecules (red)
were  superimposed
over a cutaway view
approximately in
plane  with  the
substrate.



The mechanism of catalysisin BIA NMTs targeting secondary amines (eg. CiCNMT and
TfPavNMT) is thought to be somewhat conserved with most plant class| MTs, including BIA OMTs (30,
33, 38, 48, 49). Two residues showing perfect identity across BIA NMTs (Glu207 and His208 in
CjCNMT) are implicated in the methyl transfer reaction, although their contrbutions may vary from one
enzyme to the nexts. In combination with structural studies, site directed mutagenesis revealed that the
histidine residue is of primary importance for catalysis and probably acts as ageneral base. In CiICNMT
and TfPavNMT, the residue ailmost certainly deprotonates the target nitrogen atom, thus activating it to
carry out nucleophilic attack on the labile methyl group of SAM (Fig. 7.8A). The function of the adjacent
glutamic acid is less clear and several proposals have been put forth. In analogy to the catal ytic dyad of
OMTs (ie. Hisand Asp), Glu207 might hydrogen bond with the histidine imidazole moiety and thus
promote the basicity required for its deprotonation of the BIA substrate. However, given that mutagenesis
of Glu207 in CGCNMT had arelatively minor effect on activity (~35% decrease), it was proposed that the
backbone carbonyl of another highly conserved residue (Thr261) might be the partner in catal ytic dyad.
Anocther possible mechanism for Glu207 is hydrogen bonding with the BIA substrate amine, resulting in
improved position and angle relative to the incoming methyl group. A related proposal suggests that
Glu207 might hydrogen bond with and stabilize the reaction intermediate, such as recently suggested for
rat glycine NMT on the basis of computational modelling (Fig. 7.8B) (50). Similarly, it has been
proposed that the negatively charged carboxylate side chain of Glu207 might simply contribute to an
electrostatic organization of the active site which promotes methyl transfer. Which of these proposalsis
most accurate remains to be determined, and the answer may very well be different from one BIA NMT
substrate pair to the next. Notably, a general base mechanism may not directly applicable to cataysis of
all substrates accepted by BIA NMTs. For example, the tertiary aminein GFTNMT substrate stylopine
has a calculated pKa of approximately 5.3, indicating that it would be largely deprotonated under
physiological pH conditions and thus proton abstraction would be unnecessary (51). Neverthel ess,
individual mutagenesis of the equivalent glutamic acid and histidine residuesin GFTNMT resultsin
sharply reduced in activity, indicating that their contributions to the methyl transfer reaction are
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comparableto those in other BIA NMTs (33). Although speculative at this point, it may be that His208
takes on arole similar to those discussed for Glu207 above.

A fourth residue (Glu204) showing intriguing patterns of conservation between BIA NMT
subtypes (residue 204) also appears to interact with the BIA aminein CiCNMT (38). Based on the
substantial detrimental effect resulting from alanine substitution, Micklefield and colleagues proposed
that hydrogen bonding between the carboxylate group and BIA amine helps fine-tune position and
reactivity of the target nitrogen atom (Fig. 7.6). Although the equivalent residuein GFTNMT isalso a
glutamic acid, the tetrahydroprotoberberine substrate s amino group is aready bonded to three carbon
atoms, and so an equivalent (fifth) stabilizing hydrogen bond cannot form with the amino group during
methyl transfer. Accordingly, in TNMT enzymes Glu204 may interact with the transition state methyl
group or contribute an electrostatic interaction. Interestingly, the equivalent position in TfPayNMT and
PsRNMT is substituted with a much smaller residue (ie. alanine and glycine, respectively), indicating that
the contribution of Glu204 is not necessary in all BIA NMTs. As detailed in Chapter Six, the Gly204
substitution is crucial in facilitating RNMT-like activity, likely through providing a cavity which
accommodates the N-methyl group on tertiary substrates accepted by this subgroup.

Although the above proposals likely explain a significant portion of catalysisin BIA NMTS,
mutagenesis also clearly shows that the three residues (ie. Glu204, Glu207, His208 and equivalents),
whether singly or in combination, are not strictly necessary for enzymatic methyl transfer to occur. As
determined for TfPavNMT and GFTNMT, simultaneous replacement of all putative catalytic residues
with alanine resultsin mutant enzymes with low but still detectable activities (<5-10% wildtype; see
Chapter Four). It may be that additional cataytic residues have yet to be identified or examined by
mutagenesis (eg. Tyr79/81). However, it is aso plausible that the remaining trace activities depends on
proximity, orientation and desolvation effects such as those proposed to be significantin SABATH MTs

(Fig. 7.8) (52).
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Figure 7.8 Possible origins of catalysisin BIA NMTs. (A) Genera base mechanism wherein His208 (aided by
Thr261 or another hydrogen bonding partner) deprotonates the BIA amino group and activates it for nucleophilic
attack on the labile methyl group of SAM. The panel is adapted from Bennett et al. 2018, in which the mechanism
was proposed for CGCNMT in particular. (B) Stabilization mechanism wherein a suite of e ectrostatic or hydrogen
bonding interactions between active site residues and the transition state lowers the free-energy barrier of the reaction.
The diagram shows likely interactions in BIA NMTs which are analogous to those identified by computational
modelling of rat glycine NMT and reported by Swiderek et a. (2018). (C) Proximity, orientation and desolvation
mechanism wherein binding of the substratesin their respective pockets brings them into position such that amol ecul ar
vibration or dight enzyme movement compresses the reactive atoms beyond their Van der Waals radii. This
arrangment destabilizes the reactant state more than the transition state and thus initiates methyl transfer. As evident
in the GFTNMT structure (PDB 6P30), solvent molecules are largely excluded from the reaction centre. Such a
mechanism was first proposed by Olsen et a. (1979) and is thought to be a significant factor in SABATH
methyltransferase enzymes (52). The possible mechanisms are not mutually exclusive and share some similarities. In
all cases, the reaction proceeds via an Sy2 chemical mechanism.
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The active site gate mentioned aboveis yet anot her intriguing feature that is not fully
understood. Although this region of the polypeptide generally undergoes a transition from disordered to
ordered form (including structuration of helix 4 in TfPayNMT) upon SAM and BIA binding, no direct
interactions with the substrate have been described and mutagenesis has not been attempted (30, 33, 38).
Nevertheless, patterns of sequence conservation (esp. CNMTs versus TNMTS) suggest that the gate
contributes to substrate binding or catalysis (Fig. 7.5). Adjacent to the 70s loop, and likely impacting its
function, are two residues which show perfect identity amongst the BIA NMTs and with which
mutagenesis reveal ed dramatic effects. Unexpectedly, replacement of Glu80 in TfPavNMT with alanine
resulted in a substantially increased activities, and the effect was particularly notable for poor s ubstrates
not likely to be relevant in planta (eg. tetrahydropapaverineg). Although the equivalent substitution in
GFTNMT lead to reduced activity with all examined substrates, results were comparable to TfPavNMT in
the sense that activity with non-endogenous substrates was highest (see Chapter Four). In all three BIA
NMT structures, this residue (Glu80/82) appears to interact with an adjacent helix and likely assistsin
anchoring the 70sloop (Fig. 7.6). Thus, it appears that careful positioning of the 70s loop, in part via
Glu80/82, contributes to substrate selectivity. The second adjacent residue, Tyr79/81, is less consistently
positioned across BIA NMT structures and mutagenesis had variable effects for different enzyme-
substrate pairs (Fig. 7.6). In CGCNMT and GfFTNMT, the tyrosyl side chain pointsinto the active site and
might conceivably interact with the BIA amino or benzyl moiety functional groups (ie. hydroxyl, O-
methyl or methylenedioxy bridge). GFTNMT mutantsin which Tyr81 was replaced with alanine,
phenylalanine or arginine all showed substantially reduced activity, indicating that a rather specific
interaction, probably involving hydrogen bonding, takes place in the wildtype enzymes. In TfPavNMT,
the Tyr79 side chain is rotated approximately 45 degrees with respect to the other BIA NMT structures
and does not appear to interact with the substrate, However, this may result from binding of a second,
inhibitory BIA molecule (see Section 4.4). Interestingly, replacement of Tyr79 with alanine amost
entirely abolished activity on alikely endogenous substrate ((S)-reticuline) while activity with an
inhibitory and non-endogenous substrate (racemic tetrahydropapaverine) was greatly enhanced. Together,
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these pieces of evidence suggest that Tyr79/81 aso contributes to selectivity for preferred or endogenous
substrates. With all these pieces of evidencein mind, it is evident that the 70sloop gate and adja cent
residues make important contributions to substrate preferencein BIA NMTs. However, specific details
remain to be established. Notably, in the single structure of aBIA NMT complexed with its endogenous
product (GFTNMT + (§)-cis-N-methylstylopine; PDB 63PO) the 70s loop was disordered (Fig. 7.9),
suggesting that the dynamic nature of this structural feature also contributesto product release. Aside
from substrate binding, Tyr79/81 may also contribute to catalysisitself (Fig. 7.8B). Structural alignments
show that this residue and Tyr21 in rat glycine NMT (INBH) are positioned quite similarly with respect
to their substrates, suggesting that the mechanistic insight into the former may be applicable to BIA
NMTsaswell. In GNMT, Tyr21 isthought to impact catalysis via both hydrogen bonding with the

reaction intermediate and excluding water molecules from the active site (53).

Figure7.9 70sloop and helix proposed tofunctio n asan activesitegate. Inthe absence of abound BIA molecule,
the 70s loop in TfPavNMT (PDB 5KOC) and CJCNMT (PDB 6GK2Z) is disordered and not reliably modelled from
x-ray diffraction data. Following binding of the BIA molecule (shown here), the 70sloop is substantially more ordered
and helix 4 becomes structured. A GFTNMT crystal was only obtained in complex with the product (S)-cis-N-
methylstylopine (PDB 6P30) and the 70s loop was relatively disordered, suggesting a role in product release.
Mutageneis of residues Tyr79/81 and Glu80/82 has striking effects on enzyme activity and substrate sel ectivity.
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7.5 Evolution of diversity in BIA N-methyltransfe rases

Generaly speaking, N-methyltransferases in plants have received less attention than other MT
types and their evolutionary relationships are still unclear. It is presently thought that plant NMTs are
polyphyletic in origin and, in fact, that several distinct NMT lineages may have existed as far back asthe
last universal common ancestor of all life (54). Other than the BIA NMTs, major small molecule NMT
cladesin plants include the putrescine NMTs, phosphoethanolamine NMTs, xanthine (SABATH) NMTs,
nicotinate NMTs and tocopherol C-methyltransferase-like NMTs (8, 55 58). Compared t 0 our detailed
understanding of the evolutionary trajectories of xanthine NMT activitiesimplicated in caffeine
biosynthesis, relatively little equivalent knowledge is presently available concerning the BIA NMTs.
Nevertheless, the recent rapid increase in availability of sequence, structure and function information for
these important enzymes foreshadows a commensurate leap forward in our understanding.

Phyl ogenetic ana yses carried out in conjunction with the isolation of new BIA NMTs have
generally agreed upon the existence of severa clades roughly corresponding to functioanal subtypes (ie.
CNMT-, RNMT- or TNMT-like; Table 7.2) (25, 28, 31). However, the detailed topology of BIA NMT
gene trees has varied substantially from one report to the next and all should be interpreted with caution.
Recently, an analysis of more than 90 putative BIA NMTs from Ranunculales recovered four well
supported clades, three of which correspond to the known BIA NMTs and were experimentally validated
as loosdly predicting function (27). Superimposition of reported in vitro activities over aBIA NMT
phylogeny clarifies thisidea (Fig. 7.10). In particular, a monophyletic group of enzymes shown to almost
exclusively catalyze N-methylation of protoberberine substrates is evident. However, enzymes with weak
TNMT-like activities are present in other clades and may have evolved this function independently.
Enzymes primarily accepting BIAs with tertiary nitrogen atoms other than protoberberines (ie. RNMT-
like) dso form asingle well-separated clade. Notably, members of this clade accept BIAs with a broad
range of carbon skeletons which includes aporphines, pavinans and pthalideisoquinolines. On the other
hand, CNMT-like enzymes that preferentially target 1-BIA substrates with secondary nitrogen atoms are
less well clustered and are reported to have a more restricted substrate range. Rooting of the tree with BIA
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NMT-like sequences from Ephedra and algae, suggests that the CNMTs are more ancestral. Later

evolution of the RNMTs and TNMTs s consistent with the cumulative hypothesis, in which enzymes

operating further downstream in biosynthetic pathways are recruited later (59). Conclusive statements

regarding the evolutionary history of this enzyme family await careful phylogenetic study, ideally

including sequences obtained from many species beyond those typically used as model systems for BIA

biosynthesis and supported by functional characterization of resurrected ancestral enzymes.
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Figure 7.10 - Rooted neighbour-
joining phylogenetic tree of BIA N-
methyltransferases labelled with
reported in vitro substrate range.
Frequencies shown a each node
represent the percentage of 500
bootstrapped replicate trees in which
the associated taxa clustered together.
The consensus tree is shown without
branch lengths. The analysis involved
18 sequences and positions with less
than 50% coverage were discarded,
resulting in a final dataset with 358
positions. The tree was rooted with
sequences from algae. The analysiswas
conducted in MEGA7 (Kumar et al.,
2016). BIA NMTs are labelled with
colored circles representing their
reported in vitro activities, in order
from strongest to weakest (green,
protoberberine N-methylation; blue, 2
1-BIA N-methylation; red, 3 1-BIA N-
methylation; purple, pavinan N-
methylation; yellow, aporphine N-
methylation; black,
pthalideisoquinoline  N-methylation;
white, N-methylation of other alkaloids
including isoquinolines). Clades with
recognizable magjority activities are
shaded with rectangles in the
corresponding color. The BIA NMT-
like E. sinica phenylalkylamine NMT
(EsPaNMT) implicated in ephedrine
biosynthesis is indicated with a white
box. Genbank accession numbers are
providedin Table 7.1.



Intriguingly, BLAST searches of publicly available nucleotide sequence databases (NCBI NR,
OneKP) reved that transcripts encoding BIA NMT-like proteins (40-70% amino acid identity; Appendix)
are present in awide range of flowering plants aswell as green algae, mosses, gymnosperms (eg. Picea
glauca), monocots (eg. wheat), and eudicots (eg. tobacco, cannabis, peyote cactus, Arabidopsis)
(Appendix W) (60). To the best of our knowledge, with the exception of ESPaNMT described in
Chapter Five, al of the functionally characterized members of this apparently large and widespread
NMT family have been implicated in BIA biosynthesisin plants of the Ranunculales order. Given their
apparently ancient origin and widespread occurrence, including in species not known to produce BIAS,
the functional significance and maintenance of BIA NMT-like genes through millions of years of plant
evolution is a fascinating mystery.

Several pieces of evidence point to the possihility of arelatively ancient origin for BIA
biosynthesis, which likely included the activity of NMTs. The sporadic but widespread distribution of
BIA biosynthesisin eudicots, along with detection of the gateway norcoclaurine synthase activity in a
broad range of plants, supports a proposal that the evolution of BIA biosynthesis may have a
monophyletic history in angiosperms (61). In fact, the occurrence of several BIAsin Gnetum species (eg.
8-benzylberbine), and of norcoclaurine synthase activity in Ephedra distachya, further suggests that the
evolutionary origin of BIA biosynthesis may have been at least as ancient as the Gnetophytes (62 64).
Although no BIA hiosynthetic investigations have been completed for these plantsin particular, the
production of similar BIAsin other speciesis known to require aCNMT (23). Interestingly, studies of
Ephedra sinica identified aBIA NMT-like enzyme (Phenylalkylamine NMT; EsPaNMT; see Chapter
Five) implicated in the biosynthesis of ephedrine, which also has promiscuous activity on several other
alkaloidsincluding BIAs (65). This observation supports the notion that the ancestor to all extant BIA
NMT-like enzymes may have had a very broad range of activities and which was refined and
subfunctionalized in certain lineages where BIA or ephedrine biosynthesis provided a selective
advantage. Of course, an alternative hypothesisisthat EsSPaNMT and the BIA NMTs were recruited
independently from afunctionally distinct ancestral lineage and simply converged on BIA NMT function.
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In any case, maintenance of BIA NMT-like genesin plants over evolutionary timescales implies that they
must function in some useful role. It will be interesting to discover in the coming years whether the
annotation of thisfamily as BIA NMTsis simply a historical accident or an accurate representation of

their broader rolesin plants.

7.6 Forcesand mechanisms shaping BIA N-methyltra nferase evolution

As for most specialized metabolites, the forces driving the evolution and maintenance of BIA
biosynthesis are not yet fully understood (66). Generally, BIAs are assumed to provide defensive
advantages via antiherbivore and antimicrobial properties (23). In the case of cultivated BIA producing
varieties, such as P. somniferum, artificial selection for the presence of psychoactive morphinans may
also have played aminor role in recent times. However, potent biological activities are only firmly
demonstrated for asmall fraction of BIAs (e.g. berberine, sanguinarine, magnoflorine, thebaine) and thus
straightforward adaptive evolution does not comfortably explain the tremendous chemical diversity
observed across BIA-producing species and individuals (67 70). When attempting to justify the presence
of apparently useless yet metabolicaly costly BIAsin agiven plant, it isimportant to appreciate that the
biochemical snapshot we obtain in the present day results from a complex evolutionary history spanning
innumerable shiftsin herbivore and pathogen challenges. Although biosynthesis of some functionless
BIAs may have resulted from pressures no longer present in the environment, it has also been proposed
that BIA metabolic diversity may be auseful trait in itsown right (71). That is, the production of alarge
and dynamic repertoire of potential defense molecules which varies from individual to individua may
represent aform of diversified bet hedging which can ensure the survival of at least some members
when alineage is suddenly faced with novel challenges. The canonical example of this type of coping
strategy is seed germination timing, but variation in BIA profile could also conceivably fit the theoretical
criteria (ie. improved long-term evolutionary success despite reduced mean fitness, via areductionin

detrimental temporal fitness variance) (72). Given their functional breadth and considerable promiscuity,
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BIA NMTs make large contributions to host plant chemical diversity and are likely to be important
elements underlying the evolution of BIA biosynthesis.

Duplication followed by sub- or neo-functionalization is thought to be a crucial mechanism
underlying the diversification of most eukaryotic gene families and this aso appliesto the BIA NMTs
(73). Recently, aP. somniferum whole genome was reported which provides clear evidence supporting a
history of gene duplication (74). The authors described arelatively recent whole genome duplication as
well as more ancient segmenta duplications likely to have resulted in new copies of most BIA
biosynthetic genes, including those encoding NMTs. Whereas a number of BIA OMT genes are present at
several genomic locations, only single copies of genes encoding functional PSCNMT, PSTNMT and
PsSRNMT are evident (NCBI BioProject PRINA435796). Notably, CNMT and TNMT are located in the
same region (roughly 10 MBp apart) of one chromosome, suggesting the possibility of intrachromosomal
segmental duplication. Aside from sub- and neo-functionalization, duplicated genes may often become
inactive or pseudogenized. For example, three pseudogene copies of TNMT within ~30kb of each other
are reportedly linked to the noscapine cluster (75). In addition, examination of the P. somniferum genome
via BLAST searches reveals many more putative pseudogenes, corresponding in particular to TNMT and
RNMT. These are generally found in tight clustersindicative of tandem duplication.

Although outside the scope of thisreview, it islikely that physical clustering of the NMTs
alongside other BIA pathway genes is an important contributor to the biosynthesis of BIAs. In addition to
making co-inheritance of afavorable group of alleles more likely, clustering probably facilitates
coordinated gene expression via chromatin remodeling. Given the substantial amount of clustering
evident in the P. somniferum genome, it will be interesting to discover whether similar structuresexistin
other BIA-producing species and, if so, whether clustering is an ancestral feature or yet another example

of convergence.
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7.7 Futuredirections

In the preceding sections, we reviewed the wealth of information presently available concerning
BIA NMT structure, function and relationship with host plant chemodiversity. Although many important
insights have been obtained in recent years, much remainsto be done if the sea of information isto yield
more widely applicable knowledge and conceptual understanding useful to the field of plant biochemistry
asawhole.

Although the physiological substrate and role of CNMT in the central BIA pathway (ie. leading to
core intermediate (9-reticuline) is firmly established in model species such as P. somniferum and other
members of Ranunculales, it would be worthwhile to verify that this knowledge is applicable in more
distantly related BIA producing plants such as the Piperales, Cornales, Laurales, Sapindales and Proteal es
(61). Similarly, therole of RNMTs, TNMTs, PavNMTs and as-of-yet undefined BIA NMTsin unusual
BIA branch pathways deserves further investigation. Thisincludes pathways biosynthesizing the
rhoeadine alkaloids present in P. rheas (76) benzylprotoberberines (e.g. Latifolian A) occurring in
Gnetum latifolium (63), hexahydrobenzophenanthridines (e.g. Corygaline A) occuring in Corydalis
bungeana (77)g as well as the dimeric and trimeric BIAs reported in many species (78). Biosynthesis of
aporphine alkaloids in Nelumbo nucifera (Proteal es) has recently received some attention. However, most
anayses assumed that central BIA biosynthesisis the same as in Ranunculales and, furthermore, that N.
nucifera NMT homologs catal yze the same reactions as reported in other species (79). Going forward, it
would be valuable to carry out in these species the same types of studies as were used to firmly establish
the routes of biosynthesisin Ranunculales (e.g. |abelled tracer feeding, detection of intermediates) and to
experimentally vaidate the function of putative BIA NMTs when they are discovered. Whereas
heterologous expression and in vitro assays can readily be applied to proteins originating from these other
species, in planta approaches (e.g. virus-induced gene silencing, CRISPR-mediated knockout) have been
used primarily in P. somniferum and substantial method devel opment may be required before these tools
can be brought to bear in awider context. Beyond expanding our understanding of an important enzyme
family, the above experiments would a so shed light on the question of whether BIA biosynthesisis truly
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monophyletic and as widdly conserved as generally assumed or whether different enzymes and pathways
have evolved to converge on BIA biosynthesis by different means.

Despite recent publications that have improved the situation tremendoudly, structures of BIA
NMTs bound with the full range of known substrates (eg. aporphines, pthalidei soquinolines, morphinans)
are not yet available. Comparison of these with existing structures would suggest how NMTs discriminate
between highly similar molecules, and targeted mutagenesis would then allow for experimental validation
of these hypotheses. Perhaps the most significant drawback to the presently available BIA NMT structural
data set isthat most complexes do not contain the enzyme s endogenous substrate or product. Given that
substantial efforts have been made to obtain those biologically meaningful complexes, it may be an
inherent feature of BIA NMTs that their bona fide substrates do not bind as tightly as analogs or
inhibitors. One promising approach to this problem involves the use of areactive SAM analogue (S
adensoyl vinthionine) to form a bisubstrate adduct in situ which should be more likely to remain trapped
in the active site during crystallization (80). Another informative approach would be a comparative
structural analysis of functionally analogous BIA NMTs from distinct phylogenetic lineages (e.g.
PsCNMT, TFCNMT, GFCNMT. ESPaNMT). Assuming that crystal structures of similar quality were
obtained, thistype of study could reveal which of the mechanisms of substrate binding and catalysis are
conserved and which are not. Although these types of wide-ranging studies have so far been limited by
the recalcitrance of BIA NMTs from certain plants to crystallization, modern protein engineering methods
such as Surface Entropy Reduction can help overcome these challenges (81, 82). From a biotechnol ogical
standpoint, crystal structures or docking studies with awider range of inhibitor molecules (e.g. pathway
intermediates or end products) would be valuable in pointing the way to engineering feedback insensitive
variants desirable for industrial applications. Other open questions include the functional role of the N-
terminal extension unique to BIA NMTs and the mechanism whereby the active site gate (70sloop)
influences substrate selectivity and catalysis. In these cases, domain swap or deletion experiments should

yield useful information on their function.
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Of particular interest is the biochemical and physiological significance of NMT dimerization.
Given recent discoveries concerning the importance of heterodimerization in BIA OMTs (43), it is
tempting to speculate that similar, functionally significant interactions might occur between BIA NMTs.
Combinatorial expression of enzymes in heterol ogous systems containing reconstituted BIA pathwaysisa
powerful system with which to search for such interactions. However, it will also be crucial to validate
that these heterodimers form in plants and, just as importantly, make meaningful contributionsto
biosynthesis. Ideally, this will be done with a combination of ex vivo (e.g. pull down, enzyme assay) and
invivo (e.g. FRET, gene knockout) methods. Of course, while considering the occurrence of
heterodimerization it will be crucia to also consider higher order interactions with other proteins and
enzymes that might form BIA metabolons.

Recent interest in understanding BIA biosynthesisin awider range of plants should soon provide
amore diverse set of validated BIA NMTsto study. Modern computational resources and algorithms
should allow for robust analysis of al these sequences, resulting in reliable phylogenies clarifying their
interrelationships. As DNA synthesis costs continue to decrease, resurrection of ancestral enzymes should
become routine and will allow us to answer long-standing questions about NMT evol ution. For example,
it will be fascinating to discover whether or not BIA NMTs diverged from a CNMT-like ancestor, and
whether neo-functionalization or, rather, sub-functionalization then cameinto play. Along with the
analysis of transcripts and encoded enzymes, genome structure will undoubtedly contribute to
understanding the mechanics of NMT evolution. Although the recently published P. somniferum genome
has begun to shed such light, the significance of certain features (e.g. clustering) would be more evident if
the genomes of additional Papaver species, more distantly related BIA producers and closely related non-
producers were avail able. Comparative genomics should reveal the timing of gene duplications and
suggest how selection and drift contributed to the present complement of BIA NMTs.

Ultimately, a complete understanding of the functional breadth of BIA NMTs, the molecular
determinants underlying their activities, and the evolutionary trgjectories which led to the extant enzyme
family will reveal an important part of how the exquisite BIA biosynthetic pathways cameto yield such a
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range of products. In combination with existing and forthcoming knowledge regarding many other
alkaloid pathways, these discoveries will allow usto reach satisfactory answers to the long-standing

guestions of how and why plant specialized metabolism achieves tremendous chemical diversity.
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Appendix A CID spectra of select substrates and p roducts used in Chapter Four

312

Collision-induced mass
fragmentation  spectrum  of
substrates and products used
Chapter Four (A) Stylopineand
putative N-methylstylopine. (B)
Tetrahydropal matine and putative
N-methyltetrahydropal amatine.
Anincrease of 14 m/zinthemgjor
isoquinoline-derived  fragment
ion (m/z 176+14, 192+14) is
consistent with N-methylation.



Appendix B - Evidence for enantiomeric purity of stylopine used in Chapter Four

Evidence for enantiomeric purity of stylopine sample used in Chapter Four. (A) Chiral HPLC-MS analysis of
stylopineand GFTNMT product N-methylstylopine under conditions reported to separate protoberberine enantiomers
(Maet al., 2008) . Extracted ion chromatograms for the nvz corresponding to either ionized molecule (M+H) show
one single peak. (B,C) Enzyme assays showing complete conversion of stylopine to N-methyltstylopine by native
recombinant purified GFTNMT. All available literature reports indicate that TNMT enzymes do not accept (R)-
protoberberines as substrates
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Appendix C NMR spectra and summary for (S)-tembet arine used in Chapter Three
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Appendix D CID, NMR and CD spectra for phenylalky lamines used in Chapter Five

Representative collision-induced dissociation (CID) spectra used to identify phenylalkylamines produced in
vitro by Ephedra sinica PaNMT. The CID spectra for authentic standards and corresponding reaction products
produced from the indicated substrate are shown: (A) N-methylcathinone, (B) ephedrine, (C) pseudoephedrine, (D)
N-methylephedrine, (E) N-methyl pseudoephedrine. The N-methylation product of pseudoephedrine (E) wasidentified
based on the similarity of its CID spectrum to that of N-methylephedrine (D) since an authentic standard for N-
methyl pseudoephedrine was not available. MS conditions favoured in-source dehydration of nor(pseudo)ephedrine
and corresponding N-methylated products requiring an adjustment of -18 atomic mass units (i.e. [M+H-H>QO]*) when
selecting the parent ion mass for fragmentation.
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In-source MS fragmentation of phenylalkylamines. Electrospray ionization (ESI) of authentic
nor(pseudo)ephedrine or (pseudo)ephedrine resulted in partial fragmentation (vialoss of H,O) such that the major ion
detected was of the form [M+H-H20]*. Thus, the predominant, observed myz for these compounds was less by 18
atomic mass units (i.e. [M+H-H>0]") . Proposed fragmentation diagrams are adapted from literature reports [Bijlsma
etal. (2011) J. Mass. Spec. 46, 865]. Toimprove sensitivity, sel ected reaction monitoring (SRM) and collision-induced
dissociation (CID) experiments were carried out using the dehydrated parent ion and/or its resulting daughter ions.
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Circular dichroism spectra for compounds used as enzymatic substrates and authentic standards. The spectra
of authentic standards, measured in millidegrees at wavelengths between 200 and 350 nm, are shown for (A) (RS-
cathinone, (B) (-)-norephedrine, (C) (9)-ephedrine, and (D) (+)-pseudoephedrine. The (+)-pseudoephedrine spectra
matches that of pure (1S,29)-pseudoephedrine [Mitscher et a. (1969) Can. J. Chem. 47, 1957]. The absence of a net
optical rotation confirmsthat all other compounds are racemic.
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Appendix E NMT candidatesidentified by in silico screening of the E. sinica transcriptome

NMT candidatesidentified in the Ephedra sinica trancriptome
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>Singlet3659 candidate A
MEEAKMATLGGASYAMIVKTMMRSLEANLIPDFVLRRLTRILLASRLKLGYKQTAELQLADLMSFVASLK
TMPIALCTEEAKGQHY ELPTSFFKLVLGKHLKY SSAY FSEHTRTLDEAEEAMLALY CERAKIEDGQKILDIG
CGWGSFSLYVAERYPKCEITGLCNSSTQKAFIEQQCSERRLCNVTIYADDISTFDTESTY DRIISIEMFEHMK
NY STLLKKISKWMNQECLLFVHYFCHKTFAYHFEDVDEDDWMARY FFTGGTMPASSLLLYFQDDVSVVD
HWLINGKHYAQTSEEWLKRMDHNLSSILPIFNETY GENAAKKWLAYWRTFFIAVAELFKYNDGEEWMV S
HFLFKK

>Contig20226_candidate B
MAANGFFSDERSVQLSYWKEHTVVPTVEAMMLDSQASTLDQEERPEILSLLPRIEGKSVIELGAGIGRFTGE
LAKKADSVLAMDFIDNAIKKNEEINGHHKNVKFVCADVTSPDLGIEPESADLVFSNWLLMYLSDKEVEDL
AQRMLQWVKPGGY IFFRESCFHQSGDHKRKLNPTHYREPSY Y LKVFKESIVKDSSEASYELALVGCKCIAA
YVKNKKNQNQICWLWQKVESSDDKDFQKFPDNY QY TTNGILRY EPVFGEGYVSTGGIETTKEFVEMMDL
KEGEKVLDVGCGIGGGDFYMAEEYDVEVLAIDLSINMISFALERAIGRKCAVGFEVADCTTKNFPENSFDVI
YSRDTILHIQDKPTLFKSFY KWLKPGGRLLISDYCKAAGTASPEFQEY INQRGYDLHDVEAY GQMLKNAGF
SDVKAEDRSDQFLNILQRELDGMEK QKEAFIKDFSEADY LSIVEGWKAKIVRSSQGEQKWGLFLAKKQPLC

>Contigl597 candidate C

MKISLSMEASNERTTVVEDRDMMKKPLKEIQSVLHMYVGEGEARY SDNSDRQKYALRVLY PFFEEALFGF
KEKFQESNDDSPLKIADLGCATGPNTLAAFKFVLHSLNDITY KKNSQPREVQAFFNDLPSNDFNDLFKHLEK
QVEASCYIAGVPGSFYNVLFPKSSIHFCY SVMALHWLSKVPQEVTLEDCDAYNKGSVWINGGRNEVAEAY
ARQSQEDLCKFLNCRAHEMYV SGGVMFLVLMGRPDSSPPRDQIFTGGEFCGQDFEEAWNELISLGMITAQQ
RDAFNLPWY FPNADEITRAANRTGKFDMLSVKVYDVPSK SEEDFEQY |EDKIKFGRMKSNYVKSFVGSLVE
AHLGKDLSDKLFDLFAEKASLLMEIKPPSRYTVCLVASLLRK

>Contig640_candidate D
MHCWSKWILRMHNRADTDGEEGDQPLLKHFILRVSRTVNIRSHETGV CGY TDAGLLPHIAILKQSAPAKAI
TAPIGEASHLHTQVNLLHELGXLRPSPPHCHRY FFLFASMENNNKNNNGEAEAATPSY PSVIPGWFAEV SP
MWPGEAHSLKVEEVLYRGKSKYQDIMVFQSATYGKVLVLDGVIQVTERDECAY QEMITHLPLCSIPDPKK
VLVIGGGDGGVLREVARHSSVEQIDLCEIDDLVIEV SKKY FPVLSVYGFEDPRVTVHVGDGVAFLKNCPEGT
YDAVIVDSSDPIGPAEEL FKKPFFELVAKALRPGGVV STQAESIWLHMHIIEDIVSVCKQTFKGSYNYAWTT
VPTYPSGVIGFMLCSTDGPTVDFKHPANPIEKLYVQDSSKGPLKFYNSEMHTASFCLPAFARKAIGSQVQQ

>Contig20402_candidate E

MAENSRDY ESFSGLSVTVVQPNDKYEDVVANFGTDDDNGKFVDFKISNQLDIRAYLNHSQIYRVGPTLLTL
ITKTGSFHAKKNLYRSITIGFPTETTCSSFCKTVDDLQGDRLDAKQGNELVNGDTDLCMKASKFDEKIEASS
AKMYFHYYGQLLHQQNMLQDYVRTGTY YAAVVENRIDFQGRVVVDVGAGSGILSLFAAQAGARHVYAV
EASEMVEYARKLISGNPALGQRITVIKGKVEEVELPEKADILISEPMGTLLVNERMLESY VIARDRLLHPGG
KMFPSVGRIHMAPFSDEY LFVEVANKALFWQQQNFYGVDLTPLHGSAFQGY FSQPVVDAFDPRVLVAPAI
QHTLDFTTIKEEELYEIDIPLNFIASVGCRIHGLACWFDVLFNGTAVPRFLTTAPGAPTTHWY QLRCVLSQPI
YVMAGQAITGRLHLVAHSSQSY TMYLTMSAKMWGPGSDQGVIQQTSSNKLDLKEPYYRMSQPQVY SWP
QEQSNQQSTQQQVNGGSFSQLDGISVQQSLPQPDVMQQPPSENFQQHSSILQSQEEARMIS

>Contig31522_candidate F

MALSPSPGGGSLAPAY KRRKLRKNQSEGEGKRNADADAVVDEIVLMDTEDEDENEALATVTVSKSVSRR
VKKKMSVVLDEDEDEDAEK PAAPVKCENGKRISPRLRALALQRANEQRETTPPTSDLDFDDDEGVTRRKN
KRNVARKSTAPSIPVYAEASKVINKKTPGKGKGKKMTNEEGKVPKTHEEINLAEANSHLTRLKAKLEDLEYA
EDDSAMPPAEIEAIRTVINLQIQWCEIYLQTYKEEELRLSDVRRECPGKRFVNRADTVTTRKMREANKVIYQ
EKRLGDLKGINVGDEFISRAEMQVLGVHPQSISGIDYISTNHRYNKEEYPDLTLPIATAIVLSGQYEDDVDN
AEEITYTGQGGNDHLGTKY QLEDQKMTPGSEALKNSMNHNTPVRVIRGRPSSNSTKKVYTYDGLY KVDNF
WDEKGKSSFTVY KFHLTRIPGQPSLTAEKVNFSRRQVPIY TSDPQRLYV CPDISGGL ESFPIPAYNDVDDSPIAP
EGFRYLRDCDFSTY NITIPPPGNGCGCK GKCTIESNCACAEQNDGRFPY FIKEKRDGTSY IMLDKPKTVIYEC
GPNCSCGPDCVNRATQKGVRYPLELFRTEKKGWGVRSLCKIPKYAPVCEYTGIIMKGDDLNNLPDENYIFD
IDCIQRM GGEIGEGGQVYVKRRNSRMKNNSGDTGESDPDFGIDARPAGGVARFINHSCDPNLFV/QCVLSSHR
DLRLARIVLFAYRSIRPKEELGYDY GMTLDSVKSNGEIKQRACFCGAESCKK SDSIKTTFFLFFFKLPLFSVE
HLYKLRI
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>Singlet13096_candidate G
MSAATTEKSHYQTEDEDTDEETNNAWGDWNDDDDNGSISESSSVTCL L CPNSLDSSQQVFSHCIENHGFDF
HKLTSSLRQNFY TTFKIINFLRSQVAENKCWICGSVHGSNDGLLEHLKLY GHL SIPFEKCPTWQDDRY LKPF
LQDDPLLY SLDFEEQDDGKDGFDDIPVVEEECFKDVGDEALNNMRSLVEDLRIDGEEDSSALEVANGGNC
QSKSVENGL SGVLDPKKKSKVSFAKVAEKEIKNVNENYFGAY SGY TIHREMLGDKVRMDAY GGAILKNPS
LFKGAVVMDVGCGTGILSLFAAQAGAAKVIAVEASQKMASVARQIAKENNLLKEDNGDVGPTNSAGVISV
VEGMMEELDTRMGTAPKTIDVILSEWMGY CLLYESMLSSVIYARDRWLKPGGAILPDTAEMFVAGFGKG
GTSLSFWEDVY GFNMSCIGKEVVEDASQQPIIDVLESKDMVTETSTLQVFDLMTMK SEEMDFTANFELKLK
HESEV CGSGSNKACQENCMQTVCENHV SYEKSIAWCY GLVLWFETGFTARFCKEMPTILSTSPY NPKTHW
SQTILTFKQPIALLADFPNK GLNDSK QEIGSASLPASCIKGRISIARSTRHRSIDISVETMATDHY GNVRKLPIQ
IFNI

>Contig2902_candidate H

MEVSHKPNLNSSLOQMTLAMKGGEGDNSY AANSKIQAPVYFEAMRPLIEELVGDIFDKIMEKGGKVFRVTDT
GCATGTNTMVAMDSIVKEVQNCSFKRSIKAPEMQVFFSDLPSNDFNTLLKNLPPQIFADDDHPHENASY ET
GRSYFAAAVAGSHHGRLFPRQSLQFCFSAL SL QFL SQVPPEV MDK SSEAWNGNHVNVFDDGKVAEAYLR

QFTEDFTSYLRSRAQEVVEGGGIFIYVPGRRSVKHEIQDSIMDIGRNVESALTLMIKDGVVEESVMENFNMP
MYAANVGEIEKIVKEEGSFEIKRIELKMETTVKRGEEM EFGESEARRY RSGLENL LISQLGWGSELLDDFFR
RIRIIASENPQVFLETKLDMLAISLVRKA

>Contig29630_candidate |

MELQKDKQNQGGQDEIFRMKEGIGDASY Y QNSKFQGTAIKLVRKFLEESVHETVRSHGNQCKTIHIADMG
CSSSYNALDASNVIITTTLRALSEDEK PSIPQIFY FFNDLPSNDFNTLFKI1SQTDSQLKNSSVFNAVYV SGSFHV
RVFPAKSLHFVY SSY ALHWL SKVPEEVKDEHSIAWNPGNVSYDRKTQPSVTSAY LKQFK SDFSSFLKARGE
EIVAMGRLFLILGGMDSEDPQSGGRY EAISKLFNLSFQEMISKGLLSKDIVDTFNIPMFHPSVEEIKEIVNY EG
RFEFCRGKFLKNSEY LLKEDAEGRKRMGKVITKHVQAIFESLVESHFGTTISVRSFEIMNQIVEEIWEDVVN
CWGHGGIVFVELVCK

>Contig24415_candidate J

MKKSTVIXKNVKFVCADVTSPDLGIEPESADLVFSNWLLMY LSDREVEDLAQRMLQWVKPGGY IFFRESC
FHQSGDHKRKVNPTHY REPSFY LKVFKESIVKDSSKASFELVLVGCKCIVAYVKNKKNQNQICWLWQKVE
SSDDKDFQKFLDNY QY TTNGILRY ERVFGEGFV STGGIETTKEFVEMMDLKAGERVLDVGCGIGGGDFYM
AEEYDVEVLGIDLSINMISFALERAIGRKCAVEFEVADCTTKNFPENSFDVIY SRDTLLHIQDKPTLFRSFY K
WLKPGGRVLISDYCKAAGVPSTEFQEY INQRGYDLHDVESY GQMLKNAGFPDVKAEDRSDQFLNILQREL
DDVEKQKDAFIKDFSEADY SSIVDGWNAKIVRSSQGEQKWGLLLAKKDPFY

>Contigl2525 candidate K

MAEEKK GSANLCCEKARGGQGDVPAAIPGWFSSPPIPTNTNGSKDGANY FNNPMWPGEAQSLKVDKVLFE
GKSEYQELMVFESETY GRVLVLDRVIQLTEKDECAY QEMIAHLPLCSVPSPKNVLIVGGGDGGVLREVTRH
NTVEKVDICEIDKMVIDVSKKFFPELAVGY EDPRV SLHVGDGAAFLRVCPAGTYDVIIVDSSDPVGPAQEL F
ERPFYETVARALKPGGVAISQAESLWLHMHLLQDIISACRQAFRGTVNYAWTSVPTY PSGAIGFVLCTTEGS
SIDLKNPVNPIEKQVDKENLKRPLRFYNSEMHAAAFALPTFVRQALDPLLLHHNSCYRDHKSVHF

>Singlet86894 _candidate L

MSFNSAFVCLCNLTGSKDGANY FNNPMWPGEAQSLKVDKVLFEGKSEYQELMVLESVTYGRVLVLDRVI
QLTERDECAY QEMIAHLPLCSVPSPKNVLIVGGGDGGYVLREVTRHNTVEKVDICEIDKMVIDV SKKFFPELA
VGYEDPRVSLHVGDGAAFLRVCPAGTYDVIIVDSSDPVGPAQELFERPFY ETVARALKPGGVAISQAESLW
LHMHLLQDIISACRQAFRGTVNYAWTSVPTYPRQAVIGWQTSFYF

>Contig3496_candidate M

MPLGQAMGDKSVSRY CGVEASFSNNVEQTLHFHISTGFDFVVMPLTDPTY RPSQVFEDVNGK EIPPFAGSD
LDLSPAQWNSHVVGKISPWIDLDSDDDQIKMDSETTLKEEIAWASHLSLQACILPTPKGSSCVNYARCVNQ
VLQGLSVMQLWLRIPLVCQDYESLSDTSENGNSTLQDTSFCKKRVTDSWETWNTFRLLCEHHSHLSVALDI
VTSLPNVNNVKRWTGEPVRAAIIHTNAFLTNAHGY PCLSKRHQMLVTDLFDHSVQVVLSREPYNQTNLCV
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VKASQEGHTNTADCQQDSNDLKRYLDYIAYLYQRMQPLSEQERFELGY RDFLQSPLQPLMDNLEAQTYET
FEKDTMKYLQYQKAVHKALLDRVPDEKASSLATVLMVVGAGRGPLVRASLQAAKESGRRIKVYAVEKNP
NAVVTLHSLIKRECWEGIVTVVSKDMRHWEAPEKADILVSELLGSFGDNEL SPECLDGAQRFLKDDGISIPS
SYTSFLEPVTASKLHNDIKSHKDIAHFETAYVVKLHSIARLASPQSV FTFVHPNHSPKIDNRRY KRLSFELPT
ESGSALVHGFAGY FDATLYKDIHLGIEPSTATPNMFSWFAIFFPLRKPIY LPAESVLEAHVWRCVGPTKVWY
EWCVTSPTTSPIHNCGGRSY WV GL

>Contig21635_candidate N

METREKEEIDEVVPLRRVKPFTEAIPGFFFLNPNSSLAKKLQSMGVLTQNY KPNKPEASPPSPSPLRKLEKDL
DIPPRKVEPKNTTKVFADEDAKPEKPHLSPDRVYDHGFNEMKRKRSY EEREGHTNESPPFIPFHGVQMGDR
MRVRMTRVIYNALRLKLMHEGGHGTTSSPSEGVRRADLTAGSKMSERHLYINTERRTGSIPGVNIGDIFFY
RMEMCVIGLHKPTMAGIDYTIMSGY GSEKVALSIISSGGY EDDEDAGGDGQTLIY TGQGGQADNKGQQIK
QAVDQKLERGNLALSNNIKYRVPVRVIRGIDHPELVSCKIYVYDGLYMVERYWY SVGKAGYGVYKFKLQ
RLPDQPPACEELPVPSTLMKQCATWVKLNQPFSHPLSKKGYKVFDVAQRQEEKPVYFWCRDERLERQILD
FDYVKTVSYTTFVKNLKPTKGCDCRGK CTKESCY CIRRNGGVLPY SHNGCLIKNKIVVY ECGSSCSCPPDC
QCRLTQKGLKWRLEVFETDGKGLGVRSWEPIPAGSFVCEYAGVAGICDPEHEMQINDSRY VLFSSHKLSGN
GIDFGAHEIVY EGTKGAFGSSGRSSIVIDCSK KGNV SRFMNHSCFPNLFQQFVLYRQNDTYVPHVMLFAIEN
IPPMTELTFDYNERVPFK DRK SGKKCLCGEK GCRGHFF

>Singlet110505 candidate O
MEVAPDEDAGATTRLKVREVMRLFGVLFRKFLQEEEAHSKEPGQRPPRRPDIRASQILKENNRWVNVGKQ
ILGRVPGVEVGDVFHYRIELCIVGLHRQSQGGIDYLKNGKQIIATSVVAAKGDDVDTGDVLVYKGQGGFLP
GERRGQGEDQKMERGNLSLKNCIDLKSPVRVIRGLKGAEKGGNDSKSKCGITYSYDGLYLVEKYWDEKGP
NGHKFFKFQMRRIPGQPDLPWKIVEDVEKMKSSVKVRVGLRMRDISHGKENRPIPVVNTVDDETAPANFE
YTSTMMY PSWY DPKPHEGCDCVDGCSDSDKCY CAVKNGGELPFNYNGAIVEAKPIY ECGPACKCPPTCH
NRVSQHGLKIELEVFKTESRGWGVRALSTIPSGSFVCEY TGELM SDAEAEKRTGNDEY LFDIGSTNDQSLW
DGLSDLVNEQPSNAITEVVEDIGYTIDAYKY GGVGRFINHSCSPNLYAQNVLYDHDDKTLPHIMLFAAENIP
PLQELSYHYNYKLGQVRDANGIIKKKECY CGSEECEGRLY

>Contig30735_candidate P

MFSVLPPPRPFTCKPRFQARLCTRIQCV STQVGAISLPTTPTKDDVEQFWQWFINKSTKGKKPPTHLARPQV
VPQRLGLVAMRDISKGDVVVEVPKDLWINMDVVMSSAIGNLFKDARPWVAISIFLINEK SISDSPWAPYLNI
LPHTLDSPMFWSEEEL QEIQGTQLLSSTIGY KNFLESEFLKLKEEIIDPNENLFNVNISKDDFFWAFGILK SRSF
PPFTGDKLTLVPCADMVNHDSTISATSSCWEVKLGGIFGGQESLIVK SQSFFRSGEQXXXXVMMQY GREK S
NGELALDYGIIERYNESRDVY TLSCEISESDAFLDDKIDIAEMNEMGRSEY FDIGPGEARV GESRMIMEKMM
PYLRLVALGGSDAFLLEALFRDKVWTHLSLPVSQSNEEAVCRVVLDGCISALDAYPTSIQEDEALLEETLDP
RHEIAVVTRLGEKKILHQLKDSFEKYIANIEDLEXLSGKKIEKSRTG

>Contig36061_candidate Q

M SGPSNFSQPPASRVVDKGADFANYFCTYGYLYHQKEMLSDRVRMDAYY SAIFNNKHHFQDKTVLDVGT
GSGILAIWCAQAGARKVYAVEATKMSEHARKLAENNGVGHIVEVIEGNMEDINLPEKVDVIISEWMGY FL
LRESMFDSVIY ARDHFLKPNGLMY PSHSRMWLAPIRSGQGEIKMSDY EAAMSDWHNFVEDTNDFYGVDM
SNLSNSYSEEQKRYYLQTSLWNNLHPNQIIGNPVVIKEFDCHTATVEEIATLYAKY ETSFFIDQGRLNGFAG
WFDVHFKGNASNPACDDIELSTAPSYENPTHWGQQVFLLNPSERVVNGDVLEGTILMTRSKDNHRLMDVQ
YAFQLKFTSGEISKPITTNYCIE

>Contig20056_candidate R
MQSALLYLLSLDIHATLFVLKCAFCDDPFSAKNVDTSGLLHESHLGKEINESVQENRGLQLAQSLVDALIEII
EMCLSGIVTLPSSEETKDQCYDNNWTLKSGMQILIHFIACFVANKYATVPKAMLITILEHLGVKAEQIDISAD
DGSKKEILRAHENLMLALLKVVPESDWDKSFVLKLAENSKFYQVSGY|YELREQCSAALECYIKDLDHITY
AFAFASNTLIKMEVEKSSLLFYFRSEVLKRMPELIQAHREAAFLLVLEHFNKENQEIISGLSGHPQILFLYLKT
LINVLSHGLLNYPSLPSEHNTIFSYFGFK GLGPSKELLEYMKRISNLPALLRQNSIEVTDDIAESYLELLCQYE
PKSVLSFLESFENYRVEY CLKLCQDYGVTDAAAFLLERVGDVGSALTLIICDIGKKIEEMDRAVAYYFSKY S
ATRGKMQVNDFLTMPEVSAVHNILRMAVGLCQRNTLRLDPQESEFLWFRLLDVFSEPLQDLYNCEKSY GE
GNKYRNCITDGANGRKISSVSSKDISNWRVIGVGDAAY FLRMIFTHFYGEIAEGMMGHIPLPIIMGKLLSDIG
SQEFGDLKPTILGMLGTCGYEQTILCTAKSLIEDDTYYNLCILKKGASHAY SPKNTTCCICGRSLAVDSFGSG
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|CFFSCGHSAHFQCQIPDQAAHKSNHV VYV CPICMPKRNSSKGRSKLIATHNKILRGSHESVAHSSSDNSMLE
KQY GLRQQSRFEILSTLKKREKSLDSGSLPSLRLAPPLVYHERKTQKISPPEVDIKIDNKLN

>Contig29347_candidate S
MLSKRFATLGYHFLPTSACLMHANGKTNNNSNSSGGFRIKKKKMTRHNNSKSSIATLDSQVTKMSVDDDA
QDQLYTGTDRTSADYYFDSYSHFGIHEEMLKDSVRTKTY QRVIYQNSFLFKDKVVLDVGAGTGILSLFCAK
GGAKQVYAIECSEMADMAKEIVKSNGYENVITVIKGKVEEIELPVEKVDIIISEWMGY FLLFENMLNTVIYA
RDKWLNTDGIVLPDKASLYLTAIEDADYKQEKIDYWDNVY GFDMRCIKKQAMVEPLVDTVEPSQIVTNSQ
LLQSMDISKINSGEESFTATFSLVAQRNDFIHALVAY FDVAFTK CHKVTSFSTGPRSRATHWK QSVLYLEDV
ITVCEGEALTGSMTVSPNPKNPRDIDIVLNYAIAGKRCNLSRTQFY RFR

>Contig3558_candidate T
MAPAQLSDSGRPSANRDFPPGCGRNAEDLSRSDDNGKDPAEQVENDHNY DK EIGKRIENDDDHDK GIGKK
VENDDDDNYV SLDSFQVVSLDSKGEVVGVAERGLEHEVLARQIELDNTQK SLGLRESSQGEETSNFK GEEK
NDEGK QKMETSGQEQVHNEKNIIEKHVVTNDENSRSLMDRNKENDSKTQLLIASLQIEAKNVSRPRFKTKA
IRDPPIISKVSSAKDASSL SRMPIQECTSSSLEDAGK EFDNDVNAGFQKRGGGEEIDMNVDTDFRMRGLAMG
VDTSIQMREEV SKDVDTCLENRREADRGIVMNVANINMDTNVEKRQELEKGIVLYRNTNVESREEAKKEI
GKDDGSYDKENLEIWNSLQELKDIPSSSKRKLDEDELVRGGIQ

>Contig6426_candidate U

MDSLRGKGTFPTSMDTVAAGGRPIQNLRPITSIPPVFVPQY GNVPPY GNVPAVPVNQVWSYNPPFNCFPMY
CPPEEVHRRVSQEMY LNATKQAQTFAVPQPY VAPFANGMFARENGDIKPFVGGNTDTFY QVGHQSVGNM
GPNTNFMGTMGTHIQPGMPSNQVNRFDPRLNALINANRNKGMQHVNDSVYNQV SNTSFNTSHLQVLRQIHE
QTNTAEQFEKQGNLKQVTDCPSRTNFSAAGSSSPSHIARMRTTPNGFPGFGGPVPKSAAFNDSVY PCNSRMR
YDRESSLNSARAPSLAFDFETNRCFDVKPLAAVASEL PRNTEEVDWAQLIEQCERQRAATAGGRVCIPKTE
PLFSKPNNNPLKIPKLEPGTEINEWIFDDLALGSQPPSLSRQGLNRENTNTVRIPESVEK SI TSGSIQVKGASGP
AECTISINSETENENPLCSTELIVPKKEIRNIASESTRNEENVDVPSDGQLLKASSQLLNPKSEDQCHATEIGG
RIARASDQQCRANEATSVNAAVPEEQCQATEPTTVGNAGPLEEQCQASGII TGANIGMSENEHQQNKTTNQ
TQIRTAANAEMSLEKPSSSVTTKLLVPLTEPESKTEDNRLNRCTTQSTASIQAGNSATSHPMISSQIVKETKST
ESLL GIQPSSRAWLDGISV QQAERM FPFPK AEPSSSPAM QA SQQQQKMQY TSNVKREREGSSGSNAIEIYDQ
DRIVTDLRLTVYKSLNRYRDLSLLEPDSASPPSSALQAEDEM STRKRKRTIVVHGSAEEAETPTGEERERVR
KSLRTFEAIRRHIINEDEL LK DSGGGNRRPDTKAGTVMLDKGLWINRGRRIIGSVPGVHVGDIFFFRLELCVL
GLHGPPQAGIDYVTGKLSGYNEDPIAISIISSGGY KDDEDEGETLIY TGEGGNNYVLDKRQQSFDQKLERGN
LALERSMHYGVEIRVIRGLKDPKSPSGKIY1YDGLYKIEDSWLEKGALGTAVFKY KLKRIPGQPEL GSEIFKK
TRTWISFPLCRPSVHHPDLSLRAENYPVCVSNTFGKEIPFFTY ITKVRYPY SLLQSLNLKAKICECSGGCANG
PSCSCVETNGGQLPY SSSRVLVKWKPFIIECNSLCK CPSNCRNRVTQGGLTVHLDVFRTSDRSWGVMSWD
AIPAGTFICEYVGEVLPIEGQSVLSSNERYVFDVHKAQMRWTEEWGNISDLLSEDTQGELV SAFDSLPALNF
[IDARRY GNMSRFIKHSASPNVIVQLVLYDHMDTRY PHVMLFARENIPPLTELTLDY GHDPPVILXXKKLSR
LWQKISDIQWSFKGM
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Appendix F  Oligonuclectide primers used for cloni ng

Oligonucleotide primers used for cloning

Primer name

Purpose

Nucleotide sequence

attB-PsRNMT-F

attB-PsRNMT-R

attB-PsNMT4-F

attB-PsNMT4-R

attB-GfNMT1-F

attB-GfNMT1-R

attB-GfNMT2-F

attB-GfNMT2-R

attB-GINMT3-F

attB-GfNMT3-R

attB-GfNMT4-F

attB-GfNMT4-R

attB-GfNMT5-F

attB-GfNMT5-R

Gateway cloning of PSRNMT,
forward primer

Gateway cloning of PSRNMT,
reverse primer

Gateway cloning of PsSNMT4,
forward primer

Gateway cloning of PsSNMT4,
reverse primer

Gateway cloning of GINMT1,
forward primer

Gateway cloning of GINMT1,
reverse primer

Gateway cloning of GINMT2,
forward primer

Gateway cloning of GINMT2,
reverse primer

Gateway cloning of GINMT3,
forward primer

Gateway cloning of GINMT3,
reverse primer

Gateway cloning of GINMT4,
forward primer

Gateway cloning of GINMT4,
reverse primer

Gateway cloning of GINMT5,
forward primer

Gateway cloning of GINMT5,
reverse primer

GGGGACAAGTTTGTACAAAAAAGCAGGCT
GGTCGACAACAATGGAGACAACTAAAAT

GGGGACCACTTTGTACAAGAAAGCTGGGT
ATCAGATGCAAGTCATTAATTTCTTT

GGGGACAAGTTTGTACAAAAAAGCAGGCT
GGGATTCTAAAGATCAACAAGG

GGGGACCACTTTGTACAAGAAAGCTGGGT
ATCACTTTTTCTTGAAGAGAAAATG

GGGGACAAGTTTGTACAAAAAAGCAGGCT
GGGATTTGATGGCTACTAGTAAAC

GGGGACCACTTTGTACAAGAAAGCTGGGT
ATTAACATTGTTGTAGTAATTGTTTTTTC

GGGGACAAGTTTGTACAAAAAAGCAGGCT
GGGGTTCAAATGAAGCACAAGTG

GGGGACCACTTTGTACAAGAAAGCTGGGT
ATCACTTCTTCTTGAAGAGCATC

GGGGACAAGTTTGTACAAAAAAGCAGGCT
GGGATAGTAAAGAAGTTGGGATCATG

GGGGACCACTTTGTACAAGAAAGCTGGGT
ACTACTTCTTCTTGAAAAGCACATG

GGGGACAAGTTTGTACAAAAAAGCAGGCT
GGACTATGGAGGCCAACAATG

GGGGACCACTTTGTACAAGAAAGCTGGGT
ATTATTTTTTCTTGAAGAGAAGATGTG

GGGGACAAGTTTGTACAAAAAAGCAGGCT
GGGGTTCTAACGAAACTAATGGG

GGGGACCACTTTGTACAAGAAAGCTGGGT
ATTATTTTTTCTTGAAGAGAACTTGTG
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attB-GINMT6-F

attB-GfNMT6-R

GfTNMT-Ndel-F

GfTNMT-Xhol-R

ESNMT-A-F

ESNMT-A-R

ESNMT-B-F

ESNMT-B-R

EsNMT-C-F

EsNMT-C-R

ESNMT-D-F

ESNMT-D-R

ESNMT-G-F

ESsNMT-G-R

ESNMT-H-F

EsSNMT-H-R

Gateway cloning of GINMTS6,
forward primer

Gateway cloning of GINMTS6,
reverse primer

Restriction ligation cloning of
GfTNMT (GfNMT?2), forward
primer

Restriction ligation cloning of
GfTNMT (GfNMT?2) , reverse
primer

Restriction ligation cloning of
EsSNMT candidate A, forward
primer

Restriction ligation cloning of
ESNMT candidate A, reverse
primer

Restriction ligation cloning of
EsSNMT candidate B, forward
primer

Restriction ligation cloning of
EsSNMT candidate B, reverse
primer

Restriction ligation cloning of
EsSNMT candidate C, forward
primer

Restriction ligation cloning of
ESNMT candidate C, reverse
primer

Restriction ligation cloning of
EsSNMT candidate D, forward
primer

Restriction ligation cloning of
ESNMT candidate D, reverse
primer

Restriction ligation cloning of
EsSNMT candidate G, forward
primer

Restriction ligation cloning of
EsSNMT candidate G, reverse
primer

Restriction ligation cloning of
EsSNMT candidate H, forward
primer

Restriction ligation cloning of
ESNMT candidate H, reverse
primer

GGGGACAAGTTTGTACAAAAAAGCAGGCT
GGGGCGTAGAAATTACAGAGTCA

GGGGACCACTTTGTACAAGAAAGCTGGGT
ATCATTTCTTAAACAGCACATGAC

TTTTCATATGGGCAGCAGCCATCATC

TTTTCTCGAGTCACTTCTTCTTGAAGAGC

ATATTAGGATCCATGGAAGAGGCGAAGAT
GGCAA

ATCGTAGGTACCCTATTTTTTCTTAAACAG

ATATTAGGATCCATGGCTGCCAATGGTTTC
TTTTC

ATCGTAGGTACCTTAACACAAAGGTTGTTT
CTTGGC

ATCGTAGGATCCATGAAGATATCGCTAAGT
ATG

ATATTAGGTACCTTACTTCCGAAGCAGTGA
AG

ATCGTAGGATCCATGGAAAACAACAACAAG
A

ATATTAGGTACCTTATTGCTGGACTTGGGA

ATATTAGAGCTCATGTCTGCCGCCACAACT
GAGAAAT

ATCGTAAAGCTTCTATATGTTAAAAATTTGG
ATGGGC

TATATCCGCGGCTGAGGTTAGCCACAAAC
CCAACCTTA

CTCTCGTCGACTTAGCTTTACGCACTAAGG
AAATAG

347



ESNMT-I-F

ESNMT-I-R

ESNMT-J-F

ESNMT-J-R

ESNMT-K-F

ESNMT-K-R

ESNMT-L-F

ESNMT-L-R

ESNMT-M-F

ESNMT-M-R

ESNMT-N-F

ESNMT-N-R

ESNMT-O-F

ESNMT-O-R

ESNMT-P-F

ESNMT-P-R

Restriction ligation cloning of
EsSNMT candidate I, forward
primer

Restriction ligation cloning of
EsSNMT candidate I, reverse
primer

Restriction ligation cloning of
EsSNMT candidate J, forward
primer

Restriction ligation cloning of
ESNMT candidate J, reverse
primer

Restriction ligation cloning of
EsSNMT candidate K, forward
primer

Restriction ligation cloning of
ESNMT candidate K, reverse
primer

Restriction ligation cloning of
EsSNMT candidate L, forward
primer

Restriction ligation cloning of
EsSNMT candidate L, reverse
primer

Restriction ligation cloning of
EsSNMT candidate M, forward
primer

Restriction ligation cloning of
ESNMT candidate M, reverse
primer

Restriction ligation cloning of
ESNMT candidate N, forward
primer

Restriction ligation cloning of
ESNMT candidate N, reverse
primer

Restriction ligation cloning of
ESNMT candidate O, forward
primer

Restriction ligation cloning of
EsSNMT candidate O, reverse
primer

Restriction ligation cloning of
EsSNMT candidate P, forward
primer

Restriction ligation cloning of
ESNMT candidate P, reverse
primer

TATATCCGCGGCTGAATTGCAGAAAGATAA
ACAAAAC

CTCTCGTCGACTTATTTGCAAACAAGTTCA
ACAAA

TATATCCGCGGCTTGTAATAGAGCTGGGA
GTTGG

CTCTCGTCGACTTAATAAAACGGGTCTTTC
TTCGCA

TATATCCGCGGCTGCGGAAGAGAAGAAAG
G

CCTCTCGTCGACTTAAAAATGTACACTTTT
GTGGTCT

TATATCCGCGGCTTCTTTTAATTCGGCTTTT
GTATGCT

CCTCTCGTCGACTTAGAAATAAAATGATGT
TTGCCAA

TATATCCGCGGCTCCTCTAGGACAGGCAA
TG

CTCTCGTCGACTTATAATCCAACCCAATAA
GAGCGG

TATATCCGCGGCTGAAACAAGAGAAAAAG
AAGAGATTG

CTCTCGTCGACTTAGAAAAAATGCCCCCTG
C

TATATCCGCGGCTGAAGTTGCTCCTGATGA
AGATG

CTCTCGTCGACTTAGTATAACCTTCCCTCG
CAC

TATATCCGCGGCTTTTTCTGTGTTGCCTCC
TC

CTCTCGTCGACTTACTCCCAAAAAACAATA
TCGC
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ESNMT-Q-F

EsSNMT-Q-R

ESNMT-R-F

ESNMT-R-R

ESNMT-S-F

ESNMT-S-R

ESNMT-T-F

ESNMT-T-R

PP2799-F

PP2799-R

Restriction ligation cloning of
EsNMT candidate Q, forward
primer

Restriction ligation cloning of
EsNMT candidate Q, reverse
primer

Restriction ligation cloning of
EsSNMT candidate R, forward
primer

Restriction ligation cloning of
ESNMT candidate R, reverse
primer

Restriction ligation cloning of
EsSNMT candidate S, forward
primer

Restriction ligation cloning of
ESNMT candidate S, reverse
primer

Restriction ligation cloning of
ESNMT candidate T, forward
primer

Restriction ligation cloning of
EsSNMT candidate T, reverse
primer

SLIC cloning of PP2799 in
pACE2, forward primer

SLIC cloning of PP2799 in
pACEZ2, forward primer

ATATACCGCGGCTAGTGGGCCTTCAAACTT
TTC

ATATAGCGGCCGCTTATTCAATACAGTAGT
TTGTAGTTATAGG

ATATACCGCGGCTCAGTCAGCCCTGCTCT
ATCT

ATATAGCGGCCGCTTAGTTTAGCTTGTTGT
CAATCTTTATATC

ATATACCGCGGCTTTGAGCAAGAGATTTGC
CACCT

ATATAGCGGCCGCTTATCGGAACCTGTAAA
ACTGTGTTC

ATATACCGCGGCTGCGCCTGCTCAGTTAT
CTG

ATATAGCGGCCGCTTAGTCCAAACCATAGT
CGAGAGT

GTTTAACTTTAAGAAGGAGATATACATATG
GATTACAAGGATGACGACG

CTTTGTTAGCAGCCGGATCTCTCGAGTCAC
AGCAGGTGCTGTGAGC
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Appendix G Oligonucleotide primers used for site- directed mutagenesis

Oligonucleotide primersused for site-directed mutagenesis

Primer name

Purpose

Nucleotide sequence

GfTNMT-R41A-F

GfTNMT-R41A-R

GfTNMT-Y81A-F

GfTNMT-Y81A-R

GfTNMT-Y81F-F

GfTNMT-Y81F-R

GfTNMT-Y81R-F

GfTNMT-Y81R-R

GfTNMT-E82A-F

GfTNMT-E82A-R

GfTNMT-E204A-F

GfTNMT-E204A-R

GfTNMT-E207A-F

GfTNMT-E207A-R

GfTNMT-H208A-F

GfTNMT-H208A-R

GfTNMT-E204A-

E207A-F

GfTNMT-E204A-
E207A-R

GfTNMT R41A substitution,
forward primer

GfTNMT R41A substitution,
reverse primer

GfTNMT Y81A substitution,
forward primer

GfTNMT Y81A substitution,
reverse primer

GfTNMT Y81F substitution,
forward primer

GfTNMT Y81F substitution,
reverse primer

GfTNMT Y81R substitution,
forward primer

GfTNMT Y81R substitution,
reverse primer

GfTNMT E82A substitution,
forward primer

GfTNMT E82A substitution,
reverse primer

GfTNMT E204A substitution,
forward primer

GfTNMT E204A substitution,
reverse primer

GfTNMT E207A substitution,
forward primer

GfTNMT E207A substitution,
reverse primer

GfTNMT H208A substitution,
forward primer

GfTNMT H208A substitution,
reverse primer

GfTNMT E204A-E207A double
substitution, forward primer

GfTNMT E204A-E207A double
substitution, reverse primer

GGGAAGGCTCTTCAATGGGGTTACAAAC
CTAC

GAAGAGCCTTCCCAAAGATTTCTTTAATA
CGTTTGC

GAGACTGCTGAATTACCAAGTGCTTTCTT
AGAAGC

AATTCAGCAGTCTCTTCATTCATAGTATCA
ATTTC

GAGACTTTTGAATTACCAAGTGCTTTCTTA
GAAGC

AATTCAAAAGTCTCTTCATTCATAGTATCA
ATTTCTCC

GAGACTCGTGAATTACCAAGTGCTTTCTT
AGAAGC

AATTCACGAGTCTCTTCATTCATAGTATCA
ATTTC

CTTATGCATTACCAAGTGCTTTCTTAGAA
GC

GGTAATGCATAAGTCTCTTCATTCATAGT
ATC

TCATCGCAACTATAGAGCACATGAAGAAC
ATTC

ATAGTTGCGATGACGAGTATCCGGTCATA
AGTC

CTATAGCGCACATGAAGAACATTCAACTG
TTTATG

ATGTGCGCTATAGTTTCGATGACGAGTAT
CCG

ATAGAGGCCATGAAGAACATTCAACTGTT
TATGAAG

TTCATGGCCTCTATAGTTTCGATGACGAG
TATCC

TCATCGCAACTATAGCGCACATGAAGAAC
ATTCAACTGTTTATG

ATAGTTGCGATGACGAGTATCCGGTCATA
AGTC
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GfTNMT-E204A-
H208A-F

GfTNMT-E204A-
H208A-R

GfTNMT-E207A-
H208A-F

GfTNMT-E207A-
H208A-R

GfTNMT-E204A-
E207A-H208A-F

GfTNMT-E204A-

E207A-H208A-R

GfTNMT-H328A-F

GfTNMT-H328A-R

GfTNMT-I329A-F

GfTNMT-I329A-R

GfTNMT-F332A-F

GfTNMT-F332A-R

GfTNMT-M290A-F

GfTNMT-M290A-R

GfTNMT-F340A-F

GfTNMT-F340A-R

GfTNMT-M290P-F

GfTNMT-M290P-R

GfTNMT-F340Y-F

GfTNMT-F340Y-R

GfTNMT E204A-H208A double
substitution, forward primer

GfTNMT E204A-H208A double
substitution, reverse primer

GfTNMT E207A-H208A double
substitution, forward primer

GfTNMT E207A-H208A double
substitution, reverse primer

GfTNMT E204A-E207A-H208A
triple substitution, forward primer

GfTNMT E204A-E207A-H208A
triple substitution, reverse primer

GfTNMT H328A substitution,
forward primer

GfTNMT H328A substitution,
reverse primer

GfTNMT I329A substitution,
forward primer

GfTNMT I329A substitution,
reverse primer

GfTNMT F332A substitution,
forward primer

GfTNMT F332A substitution,
reverse primer

GfTNMT M290A substitution,
forward primer

GfTNMT M290A substitution,
reverse primer

GfTNMT F340A substitution,
forward primer

GfTNMT F340A substitution,
reverse primer

GfTNMT M290P substitution,
forward primer

GfTNMT M290P substitution,
reverse primer

GfTNMT F340Y substitution,
forward primer

GfTNMT F340Y substitution,
reverse primer

TCATCGCAACTATAGAGGCCATGAAGAAC
ATTCAACTGTTTATGAAG

ATAGTTGCGATGACGAGTATCCGGTCATA
AGTC

CTATAGCGGCCATGAAGAACATTCAACTG
TTTATGAAG

CTTCATGGCCGCTATAGTTTCGATGACGA
GTATCCG

TCATCGCAACTATAGCGGCCATGAAGAAC
ATTCAACTGTTTATGAAG

ATAGTTGCGATGACGAGTATCCGGTCATA
AGTC

ATTACAGCCATAAGGACATTCTGCATGGG
AGG

CTTATGGCTGTAATAACTCCATTTACTGCT
TC

ACACACGCAAGGACATTCTGCATGGGAG
GATATG

GTCCTTGCGTGTGTAATAACTCCATTTAC
TGCTTC

AGGACAGCCTGCATGGGAGGATATGAAC
AATTTTCATAC

ATGCAGGCTGTCCTTATGTGTGTAATAAC
TCCATTTACTG

ATGCACGCGGCTCGTTCAGTAGATGCAT
GGAG

GAGCCGCGTGCATTCCGTTTACGACCCA
ATGATC

GAACAAGCTTCATACAACAATGGAGAGGA
ATGG

GTATGAAGCTTGTTCATATCCTCCCATGC
AGAATG

ATGCACCCGGCTCGTTCAGTAGATGCAT
GGAG

GAGCCGGGTGCATTCCGTTTACGACCCA
ATGATC

GAACAATATTCATACAACAATGGAGAGGA
ATGG

GTATGAATATTGTTCATATCCTCCCATGC
AGAATG
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GfCNMT-E204G-F

GfCNMT-E204G-R

GfCNMT-E204A-F

GfCNMT-E204A-R

GfCNMT-E204D-F

GfCNMT-E204D-R

GFCNMT-E204Q-F

GfCNMT-E204Q-R

GfCNMT-E204I-F

GfCNMT-E204I-R

PsSRNMT-G204E-F

PsRNMT-G204E-R

GfCNMT E204G substitution,
forward primer

GfCNMT E204G substitution,
reverse primer

GfCNMT E204A substitution,
forward primer

GfCNMT E204A substitution,
reverse primer

GfCNMT E204D substitution,
forward primer

GfCNMT E204D substitution,
reverse primer

GfCNMT E204Q substitution,
forward primer

GfFCNMT E204Q substitution,
reverse primer

GfCNMT E204I substitution,
forward primer

GfCNMT E204I substitution,
reverse primer

PsSRNMT G204E substitution,
forward primer

PsRNMT G204E substitution,
reverse primer

CTGTCGGCCTCATTGAGCACATGAAGAA
CTATG

AATGAGGCCGACAGCAAAGATGCGGTCG
AAC

CTGTCGCGCTCATTGAGCACATGAAGAA
CTATG

AATGAGCGCGACAGCAAAGATGCGGTCG
AAC

CTGTCGATCTCATTGAGCACATGAAGAAC
TATG

AATGAGATCGACAGCAAAGATGCGGTCG
AAC

GCTGTCCAACTCATTGAGCACATGAAGAA
CTATG

TGAGTTGGACAGCAAAGATGCGGTCGAA
CTTG

GCTGTCATTCTCATTGAGCACATGAAGAA
CTATG

AATGAGAATGACAGCAAAGATGCGGTCG
AACTTG

TCATAGAATTGATCGAGCATATGAAGAAC
TTTG

GATCAATTCTATGACGAATACACGGTCAA
ATGTGC
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Appendix H Determination of linear range of produ ct formation for EsSPaNMT

Determination of linear range of product formation for Ephedra sinica PaNMT under standard reaction
conditions. (A) Each data point corresponds to one 50 | assay wh ich contained 1 mM phenylal kylamine substrate
(asindicated), 1 MM S-adenosylmethionine (SAM) amd 25 g purified recomb inant ESPaNMT in 100 mM Tris HCI
pH 9.0. Reactions were incubated at 37 C for various time periods (as shown) and anayzed by LC-MS. (B) Product
formation was acceptably linear for incubations of up to 5.3 hours with all substrates. Coefficients of determination
(R?) are shown for each linear regression line. 3 hour assays were used for al subseguent experiments including
determination of apparent Michaelis-Menten kinetic parameters.
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Appendix | - Extracted ion chromatograms and mass spectral data for opium poppy alkaloids

Extracted ion chromatogramsfor alkaloidsidentified in opium poppy root extractsof RNM T-silenced (pTRV 2-
RNMT) and control (pTRV2) plants.
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Chromatographic and mass spectral datafor authentic benzylisoquinoline standar ds.
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Appendix J Oligonuclectide primers used for gene expression profiling

Oligonuclectide primers used for gene expression profiling

Primer name Purpose Nucleotide sequence

TRV2-CP-F Screening of VIGS plants for infection CTGACTTGATGGACGATTC
(TRV2 coat protein), forward primer

TRV2-CP-R Screening of VIGS plants for infection  TGTGTTTGGATTCGCAG
(TRV2 coat protein), reverse primer

QPCR-CNMT-F Gene expression profiing of PSCNMT, CGTTGGACGAAGCTGAGATAG
forward primer

QPCR-CNMT-R Gene expression profing of PSCNMT, CACCCAATCCACACCCTAAA
reverse primer

QPCR-TNMT-F Gene expression profiing of PSTNMT, CTTCCTCCAAGTCCAGGTAATAG
forward primer

QPCR-TNMT-R Gene expression profiing of PSTNMT, CTTCCTCCAAGTCCAGGTAATAG
reverse primer

QPCR-RNMT-F Gene expression profiing of PSRNMT, CAGTAAACAAACCCGCACTTTC
forward primer

QPCR-RNMT-R Gene expression profiing of PSRNMT, GGCAACAGAGATAGACACGTTAG
reverse primer

QPCR-NMT4-F Gene expression profiing of PSNMT4, GACATTGGTTGCGGCTTTG
forward primer

QPCR-NMT4-R Gene expression profiing of PSNMT4, TCTTTGCTCGGCGGAATTAG
reverse primer

QPCR-Actin-F Gene expression profiling reference TCTCAACCCAAAGGCTAATCG
gene (PsActin), forward primer

QPCR-Actin-R Gene expression profiling reference CCCCAGAATCCAAGACAATACC

QPCR-UBQ10-F

QPCR-UBQ10-R

EsEFla-F1

EsEFla-R1

ESACT-F1

gene (PsActin), reverse primer

Gene expression profiling reference
gene (PsUbiquitin-10), forward primer

Gene expression profiling reference
gene (PsUbiquitin-10), reverse primer

Gene expression profiling reference
gene (EsEF1 ), forward primer

Gene expression profiling reference
gene (EsSEF1 ), reverse primer

Gene expression profiling reference
gene (EsActin), forward primer

GGGAACACAAACGACACCAAA

TCGTCTTCGTGGTGGTAACTAGAG

CAGAGAGCAATGTCGATGGTAA

GAAGGAAGCTGCTGAGATGAA

CAGGCTGTTCTCTCACTGTATG
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ESACT-R1

EsUBC-F1

EsUBC-R1

EsPP2A-F1

EsPP2A-R1

EsTIF-F2

EsTIF-R2

EsPaNMT-F1

EsPaNMT-R1

Gene expression profiling reference
gene (EsActin), reverse primer

Gene expression profiling reference
gene (EsActin), forward primer

Gene expression profiling reference
gene (EsActin), reverse primer

Gene expression profiling reference
gene (EsPP2A), forward primer

Gene expression profiling reference
gene (EsPP2A), reverse primer

Gene expression profiling reference
gene (EsTIF), forward primer

Gene expression profiling reference
gene (ESTIF), reverse primer

Gene expression profiing of
EsPaNMT, forward primer

Gene expression profiing of
EsPaNMT, reverse primer

CCTGCAAGATCAAGACGTAGAA

CTCCACTGCTCCTTCAGAATATC

TACCCATTCAAACCTCCCAAG

GAAACAGACCACATGCAGAAAC

CCGAATTGGATCCCAGATGAA

GGCTTCCAAGAGGAGAGTTATC

ATGCCAAGAAGAGAGGGAATG

TCTCAAATACAGCTCGGCTTAC

TCAATCTTAGCCCTCTCACAATAC

357



Appendix K - Phylogenetic analysis and sequence identity of cloned and functionally characterized

BIANMTs

Phylogenetic analysis and sequence identity of cloned and functionally characterized BIA NMTs. (A) A
maximum likelihood phylogenetic analysis was conducted on 18 amino acid sequences aligned by MUSCLE
implemented in MEGA7. Positions with less than 50% coverage were eliminated, resulting in afinal dataset with 358
positions. Frequencies shown at each node represent the percentage of 500 bootstrapped replicate trees in which the
associated taxa clustered together. The tree is drawn with branch lengths proportional to number of substitutions per
site. (B) Percentage amino acid identity matrix calculated from alignment of BIA NMTs. Values are color-coded
from 100% (green) to 44% (red). Genbank accession numbers or references are provided in Table 7.1.
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Appendix L Visualization of residuesin TfPavNM T targeted for mutagenesis

Residues in TfPayNM T (PDB 5K OK) targeted for mutagenesis. S-adenosylmethionine is shown in orange, the
(9)-tetrahydropapaverine molecule bound in a productive pose is shown in cyan and the (R)-tetrahydropapaverine
molecul e bound in a non-productive and potentially inhibitory pose is shown in blue.
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Appendix M Visualization of residuesin GFTNMT t argeted for mutagenesis

Residuesin GFTNMT (PDB 63PO) targeted for mutagenesis. S-adenosylmethionine is shown in orange and (S)-
N-methylstylopine is shown in cyan. Residues shown in yellow were not mutagenized but mediate the interaction of
R41 with the BIA molecule.
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Residuesin GFTNMT (PDB 63PO) targeted for mutagenesis. S-adenosyl methionine is shown in orange and (S)-
N-methylstylopine is shown in cyan.
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Appendix N Visualization of leading substrate spe cifying residue candidatesin TfPavNMT and

GfITNMT

L eading substrate specifying residue candidates in TfPayNM T (PDB 5K OK; top) and GFTNMT (PDB 63PO;
bottom). S-adenosylmethionine is shown in orange and the bound BIA molecule is shown in black.
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Appendix O Visualization of residues proximal to the BIA moleculein C;CNMT and TfPavNMT

Residues proximal to the BIA moleculein CGICNMT (PDB 6GKV; top) and TfPavNM T (PDB 5K OK ; bottom).
S-adenosylmethionine is shown in orange and the bound BIA moleculeis shown in black.

363



Appendix P Visualization of the residues which an chor the 70sloop gatein BIA NMTs

Tyrosine and glutamic acid residues which anchor the 70sloop gate in CGCNMT (PDB 5K OK; top; yellow ),
GfTNMT (PDB 63PO; top; cyan) and TfPavNM T (PDB 5K OK; bottom; green). Whilethe residues are perfectly
conserved in a primary sequence alignment, they are substantially displaced in TfPavNMT. Glu80/82 appears to
anchor the adjacent 70s loop viainteractionswith helix 8 while Tyr70/81 pointsinto the reaction centrein CGCNMT
and GFTNMT. S-adenosylmethionineis shown in white and the various BIA molecules are shown in dark yellow, dark
blue and dark green, respectively. Additional detail of the 70sloop is shown in Figure 7.9.
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Appendix Q Visualization of substrate binding posesin BIANMTs

Binding posesof BIA NMT substratesin TfPayNM T (PDB 5K OK ; (S)-tetrahydropapaviner; green), CGCNMT
(PDB 6GKV; N-methylheliamine ydlow) and GfFTNMT (PDB 63PO; (S)-cis-N-methylstylopine; cyan). S
adenosylmethionine is shown in white.
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Appendix S - Cover and accompanying caption of JBC volume 293 (35)

Commercia
production of
ephedrine and

pseudoephedrine
currently involves
the use of chemical
processes. The
isolation of a
phenyl-
alkylamine N-
methyltransferase
from Ephedra
sinica and its
deployment in
microbes is an
important step
toward the
bioproduction  of
ephedrine and
pseudoephedrine
by fermentation.
For details, see the
article by Morris et
al., pages13364
13376.

Cover and accompanying caption for JBC volume 293 (35). The micrograph reveals autofluorescence of freshly
crosssectioned E. sinica stems in which (pseudo)ephedrine alkaloids accumulate. The image was taken by JSM with

the kind assistance of Dr. E. C. Yeung.

This research was originally published in the Journal of Biological Chemistry. Jeremy S Morris, Ryan A. Groves,
Jillian M. Hagel and Peter J. Facchini. An N-methyltransferase from Ephedra sinica catalyzing the formation of
ephedrine and pseudoephedrine enables microbial phenylalkylamine production. J. Biol. Chem. 2018; 293:13364-

13376."' the American Society for Biochemistry and Molecular Biology.
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Appendix T - Structures of moleculestested as potential substrates for EsSPaNMT

Structures of molecules tested as potential substrates for Ephedra sinica PaNMT and benzylisoquinoline
alkaloid NM T's. Molecules labelled using blue text were accepted as substrates for N-methylation by PaNMT.
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Appendix U NMT activity profiling in E. sinica an d CID of reaction products

368

N-M ethyl-transfer ase
activity on phenyl-
alkylamine substrates
in Ephedra sinica
shoot and root protein
extracts. The tested
substrate is indicated
above each graph.
Combined shoot
samples  corresponded
to internodes 1-3,
internodes 4-6 and
internodes 7-8 as
indicated in Figure 5.
Bars represent the mean
— standard deviation of
three independent
assays. Letters above
the bars denote
statistical  significance
as determined using a
oneway ANOVA and
Holm-Sidak test for

multiple pair-wise
comparisons (p < 0.01).
Reaction product
identities were
confirmed by

comparing retention
times and collision-
induced dissociation
(CID) spectra  with
those of authentic

standards.
Abbreviation: R, root;
nd, not detected.
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Representative collision-

induced dissociation
(CID) spectra used to
identify

phenylalkylamines
detected in Ephedra
sinica extracts. The CID
spectra  for  authentic
standards and
corresponding compounds
in plant extracts are
shown: (A) cathinone, (B)
N-methylcathinone, (C)

norephedrine, (D)
norpseudoephedring, (E)
ephedrine, (F)

pseudoephedrine, (G) N-
methylephedrine. MS
conditions favoured in-
source dehydration of
nor(pseudo)ephedrine
(Appendix D) and
(pseudo)ephedrine,
requiring an adjustment of
-18 atomic mass units (i.e.
[M+H-H20]+) when
selecting the parent ion
mass for fragmentation.



Appendix V CID spectra of phenylalkylamines produ ced in engineered E. coli

Representative callision-induced dissociation (CID) spectra used to identify nor(pseudo)ephedrine and
(pseudo)ephedrine produced in engineered Escherichia coli strains. The CID spectrafor authentic standards and
corresponding compounds produced from the indicated bioconversion substrate are shown: (A) norephedrine, (B)
norpseudoephedrine, (C) ephedrine, (D) pseudoephedrine. MS conditions favoured in-source dehydration of
nor(pseudo)ephedrine (Appendix D) and (pseudo)ephedrine, requiring an adjustment of -18 atomic mass units (i.e.
[M+H-H2Q0]*) when selecting the parent ion mass for fragmentation.
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Appendix W BIA NMT and BIA NMT-like sequencesref erred to in Chapter Six

Coding sequences for Ranunculales putative BIA NM Tsscreened in yeast

>His-BTHNMT3
GTCGACATGCATCATCATCATCATCATGGTGGTGCTTTGATCGAABITCAAAAGTTGTCAAAGGCAGAATTGTTGAAAAATATCGAAGA
AGGTTTGATCCCAGATGATGAATTGAGAAGATTAATGAGAGGTGAARGRIEAATCCAATGGGGTTACAAACCAACTCATGAACAACAAGTTGCT
CAAGCAATTAATTTCGCACATTCTTTGAGAAAGATGAAGATCGCTBABGAAACTTTGGTTGAAGAAGTTTACGAAATGCCAATGTCATTTTTGA
GATTGATGTTAGGTCCAACATTGAAGTTGTCATGTTTGTACTTCAABARTGCTACATTAGAACAAGCTGAAATTGATACTATGGATATGTACTG
TAAGAGAGCAGGTATCCAAGATGGCATGTCTATCTTGGATTTGGGTPABEI TCATTGACATTGCATATCGCTCATAAGTACAAGAACTGTAGA
ATTACTGCTTTGACAAACTCTGCATCACAAAAGGGTAACATCGAAGRTANGT TGCAAAATTTGCCAAACGTTAAAGTTATTTTGGCTGATATCG
CAAACTTCGATATGGATGAAACTTTTGATAGAGTTATGGTTATTGARTGANCATATGAAGAACTACGCTTTGTTGTTGAAGAAAATGGCAAAGTG
GATGTCTTCAGATGGTTTATTGTTCGTTGATACTTTGTGTCAAAAGKIIATACCATTTCGATCCAATTGATGAAGATGATTGGTACACAAATTTG
TTGTTTACTCCAGGTACATCTATTTTACCATCTGCTTCATTTTTATTGTEAAGATGATGTTTCAATTGCAAACCATTGGACTATCTCTGGTAAAC
ATTTTTCAAGAACAAACGAAGAATGGTTGAAGAGAATTGATGGTCABGAAATCAGAGCTGTTTTGAAGTCATTTTTGGGTACTGAAAAGGGTGT
TGAAAAGTTGATTAATTACTGGAGAGGTTTCTGTTTGTCTGGTATGEABEGTTACGATAACGGTGAAGAATGGATGACAGCACATTATTTGTTT
AGAAAGAAATAACTCGAG

>His-CCHNMT3
GTCGACATGCATCATCATCATCATCATATTAAGAAATCTAAGATCATEBCAGATCATCATCATGAAGTTGTTAAAAATCATTCTAAGAA
AGAAATGATCGCTGATTTGTTGAAGAGATTAGAAGCAGGTTTGGTIIE/AMEMAATGAGAAATTTGTTTAGATTCGAATTAGAAAGAAGATTGCAA
TGGGGTTACAAATCTATTCATCAAGAACAATTGTCACAATTATTGARGNTAT TCAACTAAGGAAATGACAATCGTTGCTGAAATGGATGCATTGA
ATTCTTCAATGTACGAATTGCCAATCTCATTTTTGCAAATCCAATTGEANTITTGAAGCAATCTTCATTGTACTTCAAAGATGAATTAACTACAGT
TGATGAAGCTGAAGTTGCAATTATGGATTTGTACTTGGAAAGAGCIGAABATGGTCAATCTATTTTAGATTTGGGTTGTGGTTTAGGTGCTTTT
TCATTTCATGTTGCAAGAAAGTACACTAACTGTAACATCACTGCABATACATTGACACAAAAAGAATTCATTGAAAAGAAATCTAAAATTTTGA
ACATCCAAAATGTTAAAGTTATTTTCGCTGATGTTACTACAGTTGAMMGIACATTCGATAGAGTTTTCGCAATCGGTTTGATCGAACATATGCA
AAACTACGAATTGTTTTTGAAGAAATTGTCTAAGTGGATGAAGCAARGRG GG TTTATTGAACATTTCTGTCATAAGACTTTGGCTTACCATTAC
AAGCCAATTGATGAAGATGATTGGTTCACTAATTTGTTGTACCCAABBGETATTTCTTCATCTTTGTTGTTGTACTTCCAAGATGATGTTTCTG
TTGTTGATCATTGGTCATTGTCTGGTAAACATTTTTCAAGAGCTTGWIANG TGAAGAGAATGGATGCAAAGATGGATGAAATGAAGGAAATTTT
TGAATCTATTACTGATTCAAAGGAAGAAGCTATGAAGTTGATTAAGHWAT TTTCTGTATCTCTTGTGCAGAAATGTTCGGTTACAACAACGGT
GAAGAATGGATGACATCACATTTCTTGTTTAAAAAGAAATTATAACTCGAG

>His-CCHNMT4
GTCGACATGCATCATCATCATCATCATGCTGTTGAAGAAGGTGGTRIABGIACAGAAATTTCTACTAAGAAACCAGAAATCGCTGAATT
GTTGAGAAAGTTAGAATTGGGTTTAATCCCAGATGAAGAAATCAGRABIAGAATCGAATTGGGTAGAAGATTAAAGTGGGGTTACAAGCCAACT
TACGAACAACAATTAGCTGAAGTTCAAAAGTTGGCACATTCATTGABBASHRTATCGCTAAGGAAATTGATACATTGGATGAACAAATGTACGAAG
TTCCAATCTCATTTTTGCAAATCATGTTCGGTTCTACTATTAAAGGETTBTTACTTCAAAGAAGATTCAATGACATTGGATGAAGCTGAAATTGC
AATGTTGGATTTGTACTGTGAAAGAGCTCAAATTAAAGATGGTGACTTIGATTTGGGTTGTGGTCAAGGTGCTTTGACATTGCATGTTGCTAAA
AAGTTTAAAAATTCAAGAGTTACTGCAATCACAAACTCTGTTTCACMWIKEATTGAAGAACAAGCTAGAAATTTGAATTTGACTAACGTTACTG
TTACATTGGCAGATATCACAAAGCATGAAATGGAAGATAGATTTGRATAGIAT TATTGAATTGTTCGAACATATGAAGAACTACGAATTGTTATT
GAGAAAAATTTCTAATTGGATGACTAAGGATGGTTTCTTGTTTATTGASISTCATAAGACATTCGCTTACAACTACGAACCAATTGATGAAGAT
GATTGGTACACTGAATACATCTTTCCAGCTGGTACAATGATCATCGCATCTTTCTTTTTGTACTTCCAAGATGATTTGACTATTGCAAATCATT
GGACATTGTCTGGTAAACATTTTTCAAGAACTAAGGAAGAATGGTESRNGBATGCTAATAAGGATGCTGTTATGGCAATCATGGAAGAATTTTC
TGGTTCAAAGGAAGATGCTGTTAAGTGGACAAACTACTGGAGAGTEGITIMTTBEGTATGGAAATGTACGGTTACAACAACGGTGAAGAATGGATG
GCTTGTCATGTTTTGTTTAAGAAAGATTAACTCGAG

>His-CMUNMT3
GTCGACATGCATCATCATCATCATCATGCTAATATGGGTGGTTTTEARGGRCCATCTTTATCAAATAGAGGTGAAGTTGCTGAATTGTT
GAGAAAGTTGGGTTTAGGTTTGATCCCAGATGAAGAAATCAGAAGAGABTTCAAGTTCAAAGAAGATTGCAATGGGGTTATAAACCAACATTT
GAACAACAATTGGCTCAAGTTGTTCATTTCGCACATTCTTTGAAGCEBAATGTCATTGGAAGCTGAAGCAATGGAATCTCAAGTTTACGAAATCC
CAAACTCTTTTATGAAGTTGTTACATGGTTCTTCAATGAAAGCTTGITGAEITTCATCAACGATTCAACTACATTGGATGAAGCTGAAATCGCAAT
GTTAGAATTGTACTGTGAAAGATCACAAATCAGAGATGGTGACARENTITMIIGGGTTGTGGTTTTGGTGCTTTGTCTACTTACATCGCAAGAAAG
TACCCAAACTGTCAAGTTACTGGTGTTACAAACTCAACTTTCCAAARGSRPGAAGATCAGTGTAAGAAAGATAATTTGGTTAACGTTGAAGTTA
TTTTGGCTGATGTTACTACACATGAAATGGATAGAGAATTCGATABBGTBAATCGGTGTTATTGAACATATGAAGAACTACAAGTTGTTGTTGAG
AAAAATTTCTAAGTGGATGAAGCAAGATGGTTTATTGTTCGTTGATISTARTAAGGCTTTCGCATACCATTTCGAACCATTAGGTGCTGAAGAT
TGGATTGAAGAATACATTTTTCCAGGTGGTGTTATGACAATTCCARBTEUATTGTTGTACTTCCAAGATGATGTTTACGTTGTTAACCATTGGA
TGGTTAACGGTAAACATTACTCAAGAACTAACGAAGAATGGTTCARBAGIKIGTAACGCTAACGTTGCTAGAGCAATCTTAGAAGGTTCTATTGG
TTCAAAGGAAGAAGCAATGAAGATGTTGAACTACTGGAGAACATTEIREIBGTATCGAATTGTGTAAGTTTAATAACGGTGAAGAATGGATGTCT
TCACATGTTTTGTTTAAAAAGAAATAACTCGAG

>His-GFLNMT1_GFLCNMT
GTCGACATGCATCATCATCATCATCATGATTTGATGGCAACTTCAGAGEAMAGAAAGAAGAATTGTTGAAAAATATGGAATTGGGTTT
AGTTCCAGATGAAGAAATCAGAAGATTAATCAGAATCGAATTGCANFIGIHMHATGGGGTTATAAACCAACTCATCAACAACAATTGGCTCAATTG
TTGGATTTGGTTCATTCATTGAAGAAAATGAAGATCGCTACAGAARTEGARGATTTGAAGTTGTACGAAGCACCATTTTCATTTGTTCAAATTA
AACATGGTTCTACTATTAAAGAATCTTCATCTTACTTCAAAGATGAPRGABATTAGATGAAGCTGAAATCGCAATGTTAGATTTGTACGTTGAAAG
AGCACAAATCGAAGATGGTCAATCTGTTTTAGATTTGGGTTGTGGIITAGGIACTTTGCATGTTGCTAAGAAATACAAGAACTGTCATGTTACT
GGTTTGACAAATTCTGTTGAACAAAAAGATTTTATTGAGGGTAAABRPAABSAATTTGTCAAACGTTAAAGTTATTTTGGCAGATGTTACATCTC
ATGAAATGGAGGATAAGTTCGATAGAATCTTTGCTGTTGAATTGARTSRBEAAAATTACGAATTGTTATTGAGAAGAATCTCAAAGTGGATGAA
GGATGATGGTTTATTGTTTATTGAACATGTTTGTCATAAGACTTTCBIATTPACGAACCAATTGATGAAGATGATTGGTACACAGAATACATCTTT
CCAGCTGGTACTTTGACATTGTCATCTGCATCTTTGTTGTTGTACGRIGMI GTTTCAGTTGTTAACCATTGGACATTGTCTGGTAAACATTACT
CAAGAAGCCATGAAGAATGGTTGAAGAGAATTGATGGTAACATGERABSGEBAATCATGAAATCAATTACTAAGACAGAAGAAGAAGCTGTTAA
GTTGATTAATTTCTGGAGAATTTTCTGTATGTGTGGTGCTGAATTGTROBBAGGATGGTGAAGAATGGATGATGTCTCATGTTTTGTTTAAAAAG
AAACAATTGTTACAACAATGTTAACTCGAG

>His-GFLNMT6
GTCGACATGCATCATCATCATCATCATGGTGTTGAAATCACTGAATCTACRACAATGGCTAATAAGAAAGCAGAAGTTGGTGAATTGTT
GAGAAAGTTAGAACATGGTTTGTTGCCATACGATGAAATCAGAAGNGSATCGAATTGGGTAGAAGATTGCAATGGGGTTACAAACCAACTCAT
GAACAACAATTGTCTCAAGTTTTGAAGTTGGCTAGATCATTGAGAABSBATGGCAACTGAAATTGATACATTGGATGAACAAATGTACGAAGTTC
CAATCCCATTTTTACAATTGATGTTCGGTTCTACTATTAAAGGTTOBTGATTTCAAAGATGATTCTACTACATTGGATGAAGCTGAAATCGCAAT
GTTAGATTTGTACTGTGAAAGAGCTCAAATTAAAGATGGTCAATCAGATTTGGGTTGTGGTCAAGGTGCTTTGACATTGCATGTTGCAAATAAG
TACAAGAACTGTAGAGTTACTGCTGTTACAAACTCAGTTTCTCAAARGSRPGAAGAACAATCTAGAAGATTAAATTTGAAAAATGTTGAAGTTA
TGTTGGCAGATATCACTACACATGAAATGGAAGATACTTACGATAGRATTATTGAATTGTTTGAACATATGAAAAATTACGAATTGTTATTGAG
AAAAATTTCTAAGTGGTTGTCAAAGGATGGTTTCTTGTTTATTGAATAIPTATAAGACATTCGCTTACCATTACGAACCAATTGATGAAGATGAT
TGGTACACTGAATACATCTTTCCAGCTGGTACAATGATCATCCCATCRGTA TTTTGTACTTCCAAGATGATTTGACTGTTGCTAAGCAATGGA
CATTGTCTGGTAAACATTTCGCAAGAACTAAGGAAGAATGGTTGAREHME!GCTAACGTTGATGAAGTTATGAAGATCATGGAATCATTTTCTGG
TTCAAAAGAAGGTGCAGTTAAATGGACAAATTACTGGAGAGGTTIATGIGETATGGAAATGTACGGTTACAACAACGGTGAAGAATGGATGGCA
TGTCATGTTTTGTTTAAGAAATAACTCGAG

>His-HCANMT1
GTCGACATGCATCATCATCATCATCATGCTGTTGAAGCACAACAMINEATGECAATCGTTGAATTGTTGAAGAAATTAGAATTGGGTTT
AGTTCCATACGATGAAATTAAGAAATTGATCAGAATTCAATTGGAAAGABBATGGGGTTACAAATCTACTTACGAAGAACAAGTTGCTGATGTT
TTGGATTTGGCTCATGCATTGAGAAAGATGACTATCGCAAGAGAAERNTG S ATTCACAATTGTACGAAGTTCCAGTTGAATTCTTGAAGATCA
TGAACGGTAACACATTGAAGGGTTCTTGTTGTTACTTTAAAGATGEBTACAATGGATGAAGCTGAAATCGAAATGTTGGATTTGTACTGTGAAAG
AGCACAAATTAAAGATGGTCAATCTGTTTTGGATTTGGGTTGTGGTEGBAGGACTTTGCATGTTGCACAAAAGTACAAGAACTGTAGAGTTACT
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GCTGTTACAAACTCTGTTTCACAAAAGGAATACATTGAAGAACAARBTARBAAATTTGTCAAACGTTGAAGTTATTTTAGCAGATATTACTACAC
ATAAAATGGATGATAGATTTGATAGAATCTTGATCATCGAATTGTARABAAAAATTATGAATTGTTATTGAGAAAAATTACTGAATGGATGGC
TCAAGATGGTTTATTGTTCGTTGAACATATCTGTCATAAGACATTCIEZATACGAACCATTGGATGAAGATGATTGGTTCACTGAATACGTTTTT
CCAGCTGGTACAATGATCATCCCATCTGCATCTTTCTTTTTGTACGATGWIGTTTCTGTTGTTAACCATTGGACTTTGTCTGGTAAACATTTTT
CAAGAACAAACGAAGAATGGTTGAAGAGATTGGATGCTAACATTGARABTEAATGTTTGAATCTTTAACAGGTTCAGAAGAAGAAGCAATGAA
GTTGATTAATTACTGGAGAGGTTTTTGTTTATCTGGTATGGAAATGTROBBGAACGGTGAAGAATGGATGGCTTCACATTTGTTGTTTAATAAG
AAATAACTCGAG

>His-JDINMT2
GTCGACATGCATCATCATCATCATCATGATGTTGGTGAAGCTAATBAGRBPAAAAATGCAGAATTGTTGAAGAAATTGGAATTGGGTTT
GGTTCCAGATAACGAAATTAAGAAATTGATCGGTATTCAATTAGAAAGBASGTGGGGTTACAAGCCAATCTATGAACAACAAATCGCTCAAGTT
TTGAATTTGGCACATTCTTTGCAAAACATGAACATCGCAGATGAAATTTGRBGATGAACATATGTACGAAGTTCCAATCTCATTTTTAAAGATCA
TGAATGGTTCTATGTTGAAGGGTTCTTCATCTTACTTCAGAGATGAGRUM TGGATGAAGCTGAAATCGCAATGTTAGATTTGTACTGTGAAAG
AGCACAAATTAAAGATGGTCAATCTGTTTTAGATTTGGGTTGTGGTGEAGTAACTTTGCATGTTGCACAAAAGTACAAGAACTGTCATGTTACT
GCTATCACAAACTCAGTTTCTCAAAAGGAATACATCGAAGATCAGIGAPATAATTTGTCTAATGTTGAAGTTATTTTGGCTGATATCACTAAGC
ATGAATCAGATGAAACATACGATAGAATCTTAGTTATTGAATTGTIAGHBAAAAATTACGCATTGTTATTGAGAAAAATTTCAAAATGGATTTC
TAAAGATGGTTTATTGTTCGTTGAACATATCTGTCATAAGACATTCBINTAACCAACCATTGGATGAAGATGATTGGTTCACTGATTTCGTTTTT
CCAGCTGGTACAATGATCATCCCATCAGCATCATTTTTGTTGTACEGRIGAMGTTTCTGTTGTTAACCATTGGACTTTGTCAGGTAAACATTTTT
CTAGAACAAATAAGGAATGGTTGAAGAGATTGGATGCTGAAATTAAPANGIGAAATTTTTAAATCATCTTTAGGTACAGAAGAAGCTGCAGTTAA
GTTTATTAACTACTGGAGAGGTTTCTGTTTTTCTGGTATGGAATTGTARCBBCAACGGTGAAGAATGGATGACTTCTCATTTGTTGTTGAAAAAG
AAATAACTCGAG

>His-MCANMT1
GTCGACATGCATCATCATCATCATCATGCTGTTGGTTCTGGTGACRATCAMPAAGCTAGAGTTGCAGAATTGTTGAAGAAATTAGAATT
GGGTTTAGTTCCATACGATGAAATCAGAAGATTGATTAAAGTTGAARGBBBATTAAGATGGGGTTATAAACCAACTTACGAACAACAAACAGCT
GATGTTGTTAACTTCGCAAGATCATTGAGAAAGATGTCAATCGCARLCTTEGAPACATTGGATTCTCAAATGTACGAAGTTCCAATCTCATTTTTGA
AGTTGATGTTCGGTAACACTATTAAAGGTTCTTGTTGTTACTTTAARNGYITEG TTACATTGGATGAAGCTGAAATTGCAATGTTGGATTTGTACTG
TGAAAGATCACAAATTAAAGATGGTCAAAGAGTTTTGGATTTGGGITRAGGT GCTTTAACAATGCATGTTGCAAGAAAGTTTAGAAACTGTAGA
GTTACTGGTGTTACAAACTCTGTTGCTCAAAAGGAATTCATTGAAGBARAGATTAATAATTTGCCAAACGTTGAAATCGTTTTGGCAGATATCA
CTACACATAAAATGGATGATAGATTTGATAGAATTTTGGTTATTGAKIGRACATATGAAGAACTATGAATTGTTGTTGAGAAAAATTTCAGAATG
GATGACTCCAGATGGTTTATTGTTTATTGAACATATCTGTCATAAGKIAATACCATTACGAACCATTGGATGAAGATGATTGGTTCACTGAATAC
ATCTTCCCAGCTGGTACAATGATCATCCCATCTGCAAATTTCTTTTTEURAGATGATGTTTCAGTTGTTAACCATTGGACTTTGTCTGGTAGAC
ATTATTCAAGAACACATGAAGCTTGGTTGAAAAATATTGATGCAAATGAAGTTAAGGCAATCATGGAATCTTTTACTGGTTCAGAAGAAGCTGC
AGTTAAATTGATGAACTACTGGAGAGGTTTTAATTTGTCTGGTATGFASRRGTACAAGAACGGTGAAGAATGGATGGCTTCACATGTTTTGTTT
AAAAAGAAATAACTCGAG

>His-NDONMT1
GTCGACATGCATCATCATCATCATCATGCTGTTATGGAAGATGGTAATARBACTGTTATTTCAAATAAGAATAAGGCAGAATTGATTAA
GAAATTGGAATTGGGTTTGGTTCCATACGATGAAATTAAAAGATTEGATGGAAATGGAAAGAAGATTGAGATGGGGTTACAAACCAACTCATCAA
GAACAATTGGCTCAATTGTTGAATTTGGCACATTCATTGAGAAAGATGBAEGATGAAGTTGAAACATTGGATTCTCAAATGTACGAAGTTCCAA
TCTCATTTTTAAGAATTATGAATGGTTCTAGATTGAAGGGTTCTTGAUTPRIAGAGATGATTCAACTACATTGGATGAAGCTGAAGTTGCAATGTT
AGATTTGTACTGTGAAAGAGCACAAATTAAAGATGGTCAATCTGTTITTBGSTTGTGGTCAAGGTGCTTTGACTTTGCATGTTGCACAAAAGTAC
AAGAAATGTAGAGTTACTGCTATCACAAACTCTATTTCACAAAAGAAAGARGATCAATGTAAATACAACAATTTGTTGAACGTTGAAGTTATTT
TGGCAGATATTACAAAACATGAAACTAATGATACATTTGATAGAATTTATGGAATTGTTTGAACATATGAAAAATTACGAATTGTTGTTGAGAAA
AATTTCTCAATGGATGTCACAAGATGGTTTCTTGTTTATTGAACATRIRTAAGACTTTCGCTTACCATTACGAACCATTGGATGAAGATGATTGG
TTCACTGATTACGTTTTTCCAGCTGGTACAATGATCATCCCATCTGTATTTTTGTACTTCCAAGATGATTTGTCTGTTATTAATCATTGGACTT
TGTCTGGTAAACATTTTTCAAGAACAAACGAAGAATGGTTGAAGAGPFGTGRACGTTGATACAGTTAAGGCAATCTTCGAAGAATCTTTGGGTTC
AGAAGAAGCTGCAATGAAGTTTATTAACTACTGGAGAGGTTTTTGAGBEIACCACTATGTTCGGTTACAACAACGGTGAAGAATGGATGACATCT
CATTTGTTGTTGAAGAAATAACTCGAG

>His-SCANMT1
GTCGACATGCATCATCATCATCATCATGCTTCTGATCATGAAGTTABSSNATTGAAGAAAAAGAAAGAAGTTATTACTGAATTGTTGAA
GAGATTAGAATCTGGTTTGGTTTCAGATGAAGAATTAAGAGGTTTSRTTARATTAGAAAGAAGATTGAGATGGGGTTATAAACCAACACATGAA
CAACAATTGGCTCAATTGTTGAATTTGGCACATTCTATGAAGCAAATGBAGACTGAAATTGATGCATTGAACTCAACAATGTACGAAGTTCCAA
TCCCATTTTTACAAATCCAATTGGGTTCTACTTTGAAGGAATCATGIOTEITAAAGATGAATCTACTACAGTTGATGAAGCTGAAATTGCAATGAT
GGATTTGTACTTGGAAAGAGCTCAAATTAAAGATGGTCAATCAATTTTAGSTTGTGGTTTAGGTGCTTTGGCATTTCATATCGCTCAAAAGTAC
ACAAACTGTAACATTACTGCAATTACAAATTCTGTTAGACAAAAGBAAGPAGAAAAGTGTAAAATTTTGAACGTTTCCAACGTTAAAGTTTCAT
TGGCAGATATCTGTACTTTAGAAATGGAAGCTACATTCGATAGAATAATCGGTTTAATCGAACATATGAAGAACTACGAATTGTTATTGAAGAA
ATTTTCTGAATGGATGAAGCAAGATGGTTTGATTTTCATTGAACATIOATPAGACTTTGGCTTACCATTACGAACCATTGGATGAAGATGATTGG
TACACAGAATATTTCTTTCCAGCAGGTACTTTGACATTGATTTCTTCIMAASTTGTACTTCCAAGATGATGTTTCTGTTGTTGATCATTGGACTT
TGTCAGGTAAACATTTTTCTAGATCAAACGAAGAATGGTTGAAGASPAASRAGATTGATGAAGTTAAGGAAATTTTTGAATCAGTTTCTGATTC
AAAGGATGATGATGTTACAAAGTTGATTAATCATTGGAGATTTTTATEPACTGCTGAAATGTTCGGTTACAACAACGGTGAAGAATGGATGATT
TCTCAAGTTTTGTTTAAAAAGAAATAACTCGAG

>His-SCANMT7
GTCGACATGCATCATCATCATCATCATGATAGATCATCTGAATGGBABABBAGAATCTCTGCTAAGGAAATGGAAAAGAAAGCAGAAAT
GATCAGAAAGTTGGAATTGGGTTTGATCCCAGATGATGAAATTAABRBZGETATCCAAATGGAAAATAGATTAAGATGGGGTTACAAACCAACT
CATGAACAACAATTGGCTCAATTGTTGGATTTCGCACATTCATTGAGBAAGATCGCTGATGAAATCGAATCATTAGAATCTCAATTGTACGAAA
TGCCAGTTTCTTTTATGAAGATCATGAACGGTTCTAAGTTGAAAATHTTINMTACTTCAAGGATGATTCTATGACATTGGATGAAGCTGAAGTTGC
AATGTTAGATTTGTACTGTGAAAGAGCTCAAATTAAAGATGGTCABATABATTTGGGTTGTGGTATGGGTGCTTTTACATTGCATGTTGCAGAA
AAGTACAAGTCATGTAGAGTTACTTCTATTACAAACTCAGTTTCTCWRPT ATTGAAGATCAATGTAGATCAAACAATTTGTTGAACGTTGAAG
TTATTTTGGCTGATATCACTAAGTACGAAATGTACGATACATACGATRGESCAATCGGTTTGTTAGAACATATGAAGAACTACGAATTGTTGTT
GTCAAAAATTTCTAAGTGGATGTCACAAGATGGTTTCTTGTTTATTRRATISTCATAAGACTTTGGCTTACCAATACGAACCATTGAACGAAGAT
GATTGGTTCACAGATTACATCTTTCCACCAGGTACTTTTATGATT@IMATATTTTTATTGTACTTCCAAGATGATGTTTCAGTTGTTAACCATT
GGACTTTGTCTGGTAAACATTTCGAAAGAACACATGAAGAATGGCTABAAAMATGCTAACATTGATACTGTTAAAGTTATTTTAGAAGAAGCATT
GGGTAATAAGGAAGCTGCAATGAAGTTTATTAACTACTTCAGAAATTTGTBCGGTATCACAATGTTCGGTTACAACAACGGTGAAGAATGGATG
ATGTCTCATTTGTTGTTGAAGAAATAACTCGAG

>His-TCONMT1
GTCGACATGCATCATCATCATCATCATGCAGTTACAAAGAGAGAABASEITATCTTGAAGAAATTAGAATTGGGTTTAATCCCAGATGG
TGAAATCAGAAAGATGATCAGAGTTGAATTGGAAAGAAGATTAGARTKIBGACCAACTCATGAACAACAAACAGCAGAAGTTGTTAACTTCGCT
CAATCTTTGAGAAAGTTATCAATTGCAATGGAAATGGATACTTTGGAMATSTACGAAGTTCCAATCTCATTTTTGAAGATCATGTTCGGTAATA
CTATTAAAGGTTCATGTTGTTACTTCAAGGATGAAAACACTACAT KAGERGAAGTTGCTATGTTGGATTTGTACTGTGAAAGATCACAAATTAA
AGATGGTCAAAGAGTTTTGGATTTGGGTTGTGGTCAAGGTGCAT GIANT GCTAGAAAGTACAAGAACTGTTACGTTACTGGTATCACAAAC
TCTGTTTCACAAAAAGAATACATCGAAGAACAATGTAGAATTAATAXIAARCGTTGAAGTTATTTTGGCTGATATCACTACACATGAAACTGAAG
ATAAATTTGATAGAATTTTGGTTATTGAATTGATCGAACATATGAASBBAATTGTTGTTGAGAAAATTTTCACAATGGTTGACTCCAGATGGTTT
CTTGTTTATTGAACATATCTGTCATAAAACATTGGCATATCAATACEBATOEATGAAGATGATTGGTTCACTGAATACGTTTTCCCATCTGGTACA
ATGATTGTTCCATCAGCTAATTTCTTGTTGTACTTCCAAGATGATGITRETTAACCATTGGACATTGTCTGGTATGAATTATTCAAGAACTCATG
AAGCATGGTTGAAAAATATTGATGCTAATGCAGAAGCTGTTAAGGARATCPCTTTTACAGGTTCAGAAGAAGCTGCAGTTAAGCAAATGAACTA
CTGGAGAGGTTTTAATTTGTCTGGTATGGAATTGTACAAGTACAABRARGAATGGATGGCTTGTCATATTTTGTTTAAGAAATAACTCGAG
>His-TCONMT2
GTCGACATGCATCATCATCATCATCATGCTCCAGGTGCAAATAAGGGTGASCTGATTTGAGAAAGAAAATGGATATGGGTTTGATTCC
AGATGAAGAAATCAGAAGAGTTATTAAAATGGAATTAGGTAAAAGATGEGGS TTATAAACCAACTTACCAAGAACAAACAGCTCAATTGGTTGAT
TTCGCACATTCTTTGAGAAAGATGTCAATGGCTATCGAAATTGATGBATTEAAGATGTACGAAGTTCCAATCTCATTCTACAAGTTTACTTCTG
GTTCAATGATCAAGCAATCTTGTTGTTACTTCAAAGATGATTTCATEREANTGAAGCTGAAATCGCAATGTTAGATTTGTACTGTGAAAGAGCTCA
AATCCAAGATGGTGAAAAGGTTTTAGATTTGGGTTGTGGTGCTGEIGEUATCTATGTTGCACAAAAGTACTCTAACTGTGAAGTTACTGGTGTT
ACAAACTCTGTTTCACAAAAGGAATTCATTGAAGAACAATGTAGAAACARCTCAAACGTTAAGATCATTTTGGCTGATGTTACTACACATGAAA
CTGATAAGAAATTTGATAGAATTATGGCAATTGGTTTAATTGAACABRABBATACGAATTGTTTATTAGAAAAATTTCACAATGGATGACTCCAAA
CGGTTTGTTGTTTATTGAACATTACTGTCATAAAGTTATTCCATACCBARECATTAGATGAAGATGATTGGTTGACAGAATACATTTTCTCTGTT
GGTACTTTGACATTCCCATCAGCTAATTTGTTGTTGTACTTCCAAGATGATGTTGTTTCACATTGGATTGTTAATGGTAAACATCCATCTAGAA
CTCATGAAGAATGGTTGAAGAAAATTGATGCTAACGTTGGTACAMAHIATIG GACTAGATTCACTGGTTCAGATGAAGCTGCAATGAAGCAAGT
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TAACTACTGGAGAGCATTGAATTTGTTCGGTATCGAATTGTTTAAARMIGETGAAGAATGGATGGTTTCTCATTTGTTGTTTAAAAAGAAATAA
CTCGAG

>His-PTRNMT1
GTCGACATGCATCATCATCATCATCATCAATTGATCGCTAAGGAAGYEGTBCAAATGGAATTGGGTTTGATCCCAGATGAACAAATCAG
AGAAATGATCAGAATCGAATTGCAAAAGAGATTGAAGTGGGGTTAGRAGBAGAAGAACAATTGTCTCAATTGTTAGAATTGGTTCATTCTTTG
AAATCAATGAAGATGGCTACTGAAATGGAAAATTTGGATTTGAAGERBGAACCAATGGAATTCTTGAAGATCCAATTGGGTTCTAATTTGAAGC
AATCAGCTGGTTACTACACAGATAAATCTACTACATTGGATGAAGTTGBAATGTTGGATTTGTACATGGAAAGAGCTCAAATTAAAGATGGTCA
ATCAGTTTTGGATTTGGGTTGTGGTTTAGGTGCTGTTGCATTGTTAGSTARNGTTTAAGAAATGTCAATTCACTGGTGTTACATCTTCAGTTGAA
CAAAAGGATTACATCGAAAGAAAGTGTAAACAAGTTGAATTGAAARARGTTAAAGTTGTTTTAGCTGATATCACTACATACGAAACTGAAGAAA
GATTTGATAGAATTTTTGCAGTTGAATTGATTGAACATATGAAGAXAGTIAGT TGTTGAAGAAAATTTCTGAATGGATGAAGGATGATGGTTTATT
GTTTATTGAACATGTTTGTCATAAAACTTTAGCTTATCATTACGAATGATBGICAGAAGATTGGTACACAAACTACATCTTTCCAGCTGGTACTTTG
ACATTATCTTCAGCAACTATGTTGTTGTACTTCCAAGATGATGTT@ITBARCCAATGGACATTGTCAGGTAAACATTACTCTAGATCACATGAAG
AATGGTTGAAAAATATGGATAAGAACATCGTTGAATTCAAAGAAARGETTIATCACTAAAAATGAAGAAGAAGCAACAAAGTTGTTGAACTTCTG
GAGAATTTTCTGTATGTGTGGTGCAGAATTGTTCGGTTACAAGAARNGNTEGATGTTGACTCATTTGTTGTTTAAAAAGAAATAACTCGAG
>His-PSOCNMT
GTCGACATGCATCATCATCATCATCATCAATTGAAGGCTAAGGAAITMNGRAACATGGAATTGGGTTTGATCCCAGATCAAGAAATCAG
ACAATTGATCAGAGTTGAATTGGAAAAGAGATTGCAATGGGGT TANNEBAGAAGAACAATTGTCTCAATTGTTAGATTTGGTTCATTCATTG
AAGGGTATGAAGATGGCTACAGAAATGGAAAATTTGGATTTGAAGABIBACCAATGGAATTCTTGAAGATCCAACATGGTTCTAACATGAAGC
AATCAGCTGGTTACTACACTGATGAATCTACTACATTGGATGAAGTIGBAATGTTGGATTTGTACATGGAAAGAGCTCAAATTAAAGATGGTCA
ATCAGTTTTGGATTTGGGTTGTGGTTTGGGTGCTGTTGCATTGTTRSIPAGTTTAAGAAATGTCAATTCACTGGTGTTACATCTTCAGTTGAA
CAAAAGGATTACATCGAGGGTAAATGCAAGGAATTGAAGTTGACPRGETTTGTTGGCTGATATCACTACATACGAAACAGAAGAAAGATTTG
ATAGAATTTTTGCAGTTGAATTGATTGAACATATGAAGAACTACCARITIGAAGAAAATTTCTGAATGGATGAAGGATGATGGTTTATTGTTCGT
TGAACATGTTTGTCATAAGACTTTGGCTTACCATTACGAACCAGTAGARGBTTGGTACACAAACTACATCTTTCCAGCTGGTACTTTGACATTA
TCTTCAGCATCTATGTTGTTGTACTTCCAAGATGATGTTTCTGTTGIAAPGGACTTTGTCAGGTAAACATTACTCTAGATCACATGAAGAATGGT
TGAAAAATATGGATAAGAACATCGTTGAATTCAAAGAAATCATGAGRACRAAAACAGAAAAGGAAGCTATTAAATTGTTGAACTTCTGGAGAAT
TTTCTGTATGTGTGGTGCAGAATTGTTCGGTTACAAGAACGGTGANGANTIGACACATTTGTTGTTTAAAAAGAAATAACTCGAG
>His-CJACNMT
GTCGACATGCATCATCATCATCATCATGCTGTTGAAGCAAAACAANCABBTGCAATCGTTGAATTGTTGAAGCAATTAGAATTGGGTTT
AGTTCCATACGATGATATCAAGCAATTGATTAGAAGAGAATTGGCARGYPAATGGGGTTATAAACCAACTTACGAAGAACAAATCGCTGAAATC
CAAAATTTGACACATTCTTTGAGACAAATGAAGATCGCAACTGAABTAGRBGATTCACAATTGTACGAAATCCCAATCGAATTCTTGAAGATCA
TGAATGGTTCTAATTTGAAGGGTTCATGTTGTTACTTCAAAGAAGETRCPA TGGATGAAGCTGAAATTGCAATGTTGGATTTGTACTGTGAAAG
AGCTCAAATTCAAGATGGTCAATCAGTTTTGGATTTGGGTTGTGCTEGBREGACATTGCATGTTGCACAAAAGTACAAGAACTGTAGAGTTACT
GCAGTTACAAACTCTGTTTCACAAAAGGAATACATCGAAGAAGAMGAAGAAATTTGTTGAACGTTGAGGTTAAGTTAGCTGATATTACTACAC
ATGAAATGGCAGAAACTTACGATAGAATCTTGGTTATTGAATTGTRTBRBEAGAACTACGAATTGTTATTGAGAAAAATTTCTGAATGGATCTC
AAAGGATGGTTTATTGTTTTTGGAACATATCTGTCATAAGACATTCIENTTIACGAACCATTGGATGATGATGATTGGTTCACTGAATACGTTTTT
CCAGCTGGTACAATGATCATCCCATCTGCATCTTTCTTTTTGTACGAIGWI GTTTCTGTTGTTAACCATTGGACTTTGTCTGGTAAACATTTTT
CAAGAACAAACGAAGAATGGTTGAAGAGATTGGATGCTAATTTGGARBATEAATGTTCGAAACTTTGATGGGTAACGAAGAAGAAGCTGTTAA
GTTGATTAATTACTGGAGAGGTTTCTGTTTATCTGGTATGGAAATGTACBSCAACGGTGAAGAATGGATGGCATCACATGTTTTGTTTAAAAAG
AAATAACTCGAG

>His-TFLCNMT
GTCGACATGCATCATCATCATCATCATGCTGTTGAAGGTAAACAAGTAGEFAAAGCAATCATCGTTGAATTGTTGAAGAAATTAGAATT
GGGTTTAGTTCCAGATGATGAAATTAAGAAATTGATCAGAATCCARAGABGATTACAATGGGGTTGTAAATCTACTTACGAAGAACAAATCGCT
CAATTGGTTAATTTGACACATTCATTGAGACAAATGAAGATCGCABTTGAAACATTGGATGATCAAATGTACGAAGTTCCAATTGATTTCTTGA
AGATCATGAACGGTTCTAATTTGAAAGGTTCATGTTGTTACTTCAAGABTACTACATTGGATGAAGCTGAAATCGCAATGTTGGAATTGTACTG
TGAAAGAGCACAAATTAAAGATGGTCATTCTGTTTTGGATTTGGGTCBAGGTGCTTTGACTTTGTACGTTGCACAAAAGTACAAGAATTCAAGA
GTTACTGCTGTTACAAACTCTGTTTCACAAAAGGAATTCATTGAAGBAGBAAAGAGAAATTTGTCAAACGTTGAAGTTTTGTTGGCAGATATCA
CTACACATAAGATGCCAGATACTTACGATAGAATCTTGGTTGTTGRBERBTATATGAAGAACTACGAATTGTTATTGAGAAAGATTAAAGAATG
GATGGCTAAAGATGGTTTATTGTTCGTTGAACATATCTGTCATAAGSCTATACCATTACGAACCAATTGATGAAGATGATTGGTTCACTGAATAC
GTTTTTCCAGCTGGTACAATGATCATCCCATCTGCATCTTTCTTTTMERMAGATGATGTTTCTGTTGTTAACCATTGGACTTTGTCTGGTAAAC
ATTTTTCAAGAACAAACGAAGAATGGTTGAAGAGATTGGATGCTAAET GAT TAAACCAATGTTCGTTACTATCACAGGTCAATGTAGACAAGA
AGCAATGAAGTTGATTAATTACTGGAGAGGTTTTTGTTTATCTGGRATGERACGGTTACAACAACGGTGAAGAATGGATGGCTTCACATGTTTTG
TTTAAAAAGAAATAACTCGAG
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A selection of putative misannotated BIA NM T-like sequences identified in NCBI NR database

>ADP76529.1 coclaurine N-methyltransferase [Aristol ochia fimbriata]
MASEKLNKTEMLRRLEEGSVPDEEFRRLIRIELGRRLRWYCQKKPTXEBRALVKALRQMGITGDQ
SDQLNSDLYDMPMSFLKITFGKLLKESGSYFKDDSMTLDEAEEAMLRAQCEDGQKILDLGCGQGA
FTLHAAQKYKKSHVTAVTNSATQKKYIEDQCQILELSNVEVLLEDIT@AMDRIIVIGLLEHMKNY
GLLLQNISQWMAPADSLLFIDHVCHKSYFYQCEPLDEDDWFAEYFFRRMBSESFLLYFQDDVSIVD
HWILSGKHFHRTAEEWVKQLDTNLEKGKEILESKYGSKEAALKAFNBWBSEIFGYNGGEEWMTS
HLLFKKK

>XP_021823902.1 (S)-coclaurine N-methyltransferase- like isoform X1 [Prunus avium]
MNQIMQAPYNATVRFALSSLERNLLPDAVVRRLTRLLLASRLRSGCKQLSDLLQFVQSLKEMPIA
IKTDDPKAQHYEVPTSLFKIVLGKNLKYSCCYFTDGSSTLEEAEKAMCERSQIKDGHTVLDVGCGW
GSLSLYIAQKYSNCKVTGICNSTTQKAFIEEQCRNLQLQNVEIIVADIEWEASYDRIFSIGMFEHMK
NYRDLLKKISGWMKQDGLLFVQHFCHKAFAFHFEDKSEDDWITRYR#SS&NLLLYFQDDVSIVSH
WLVNGKHYAQTSVEWLKRMDQNVASIKPIMESTYGKDSAVKWTVYSVRHEEHGYNNGEEWMVAHF
LFKKK

>XP_021823906.1 (S)-coclaurine N-methyltransferase- like isoform X2 [Prunus avium]
MNLALKEMPIAIKTDDPKAQHYEVPTSLFKIVLGKNLKYSCCYFTDGEERNEKAMLELYCERSQIKD
GHTVLDVGCGWGSLSLYIAQKYSNCKVTGICNSTTQKAFIEEQCRNVGUQADISTFEMEASYDR
IFSIGMFEHMKNYRDLLKKISGWMKQDGLLFVQHFCHKAFAFHFEDWSERYFFSGGTMPSANLLL
YFQDDVSIVSHWLVNGKHYAQTSVEWLKRMDQNVASIKPIMESTY GRDBAXYWRTFFISVAELFGY
NNGEEWMVAHFLFKKK

>RWR80305.1 S-coclaurine N-methyltransferase-like p rotein [Cinnamomum micranthum f.
kanehirae]

MEDLIQVPYNASVRLMLSLLERNVLPDTVARKLARLLLASRLRWGY QRESRHLIQFAHSLGHMPIA
VETDKPKSQHYELPTSFFKLVLGKNLKYSCCYFQDKSTTLEDAEKARERAQIKGGQTILDVGCGW
GSLSLYIAKKYSDCRITGICNSTTQKAYIEEQCKDLHLLNLEIIVADISKBPMQESFDRILSIGMFEHMK
NYKELLKKISKWMKEDSLLFIHHFCHRVFAYHFEDTNEDDWITRYFAWBSANLLLYFQEDVAVVNH
WLVNGTHYSQTSEEWLKRMDQNMASIKPIMESTYGKDSATKWTAYWREEFRYNNGEEWMVAHF
LFKKK

>XP_011100261.1 (S)-coclaurine N-methyltransferase- like [Sesamum indicum]
MASTDGRIADSFVQVLYDVLARLMLALLDCNLLPDAVVRCITRLLLASRYRPLADIRLSNLLHFVH
SLREMAIAIDTEKPKSQHYEVPTAFFKLVLGKHLKYSCCFFPDKCSTEHRBMLELYCKRSQMKDGHY
VLDIGCGWGAFSLYLAEKYPNSQIMGICNSTTQKAHIEEQCRDLELKNXBISKFDMEASFDRIFS
IGMFEHMKNYHSLLKKISRWMKPDGLLFVEYFCHKTFAYHFEVDSERBRRIGGTMPSSNLLLYFQ
EDVSIINHWLVNGKHYAQTSQEWLRRMDQNMSAIKPIMKSTY GKDSMWWRYMFIATAELFGYNNG
EEWMVSQFLFKKK

>XP_018836547.1 PREDICTED: (S)-coclaurine N-methylt ransferase-like [Juglans regia]
MEGGLLQGPYDATVRLMLASLERNLLPDAVIRRLTRLLLAGRLRSEHFESHLLQFVHSLREMPI
AIKTDEPKAQHYELPTSFFELVLGKNLKYSCCYFSDKSKTLEDAEEAKMILERSQLKDGHAVLDVGCG
WGSLSLYIAYKYRNCKVTGICNSTTQKAFIEKQCGDLQLQNLEIVADREBMETSYDRIFSIGMFEHM
KNYKNLLKKISKWMKQDSLLFVHYFCHKAFAYHFEDVNEDDWITRYFMRSANLLLYCQDDVSVVD
HWLVNGKHYAQTSEEWLKRMDKNSTSIKPIMESTYGKDSAVKWTVMWREEFGYNNGEEWMVAL
YLFKKK

>XP_015902641.2 (S)-coclaurine N-methyltransferase- like [Ziziphus jujuba]
MPTRYHYGWWGIQLQLSQLLQFVRSLKEMPITLRTSTTTTDQPQSDSSHHKT TDQPKSDTYELPT
SFFKLVLGNSLKFSCCYFPDKLTTLDDAEKAMLELYCERAEIKDGQTBOMEWGSLCLYIAQKYNNCM
ITGITDLISQKEYIDEQCRDLQLRNVDIIVADVGTFEMEASYDRIFSIGEHHMKNYKALLKKISEWMKQ
DGLLFVDHICHKTFAYPLEAVVEDDWISKYDWLSTEFFNGGGVMPSVKL

>XP_015884387.1 (S)-coclaurine N-methyltransferase- like isoform X1 [Ziziphus jujuba]
MRMSGANSNATMSMNGIFEAPRDATMRMMLNLLNRNLLPDALIRRABRERHGYELSSQLQLSQL
LQFVRSLKEMPITLRNSTTTTDQPKSDTYELPTSFFKLVLGNSLKFS@OKETTLDDAEKAMLELYC
ERAEIKDGQTILDIGCGWGSLCLYIAQKYNNCMITGITDLISQKEY IDEREL. QLRNVDIIVADVGTFE
MEASYDRIFSIGTFEHMKNYKALLKKISEWMKQDGLLFVDHICHKTFEXRPYEDDWISKYDWLSTEF
FNGGGVMPSVNLLLYFQDDVSVVNHWLVHAKHFERTGEEWLKKMERNNESSY GKDSAVKWTVY
WRTFLIHTVEFFKYNNGEEWMVSHLLFKKK

>XP_024930516.1 (S)-coclaurine N-methyltransferase- like isoform X2 [Ziziphus jujuba]
MRMSGANSNATMSMNGIFEAPRDATMRMMLNLLNRNLLPDALIRRABRERHGYELSSQLQLSQL
LQFVRSLKEMPITLRNSTTTTDQPKSDTYELPTSFFKLVLGNSLKFSEOKETTLDDAEKAMLELYC
ERAEIKDGQTILDIGCGWGSLCLYIAQKYNNCMITGITDLISQKEY IDEREL. QLRNVDIIVADVGTFE
MEASYDRIFSIGTFEHMKNYKALLKKISEWMKQDGLLFVDHICHKTFEXPYEDDWISKYDWLSTEF
FNGGGVMPSVNLLLYFQDDVSVVNHWLVYNAKHAERTG

>XP_009594775.1 PREDICTED: (S)-coclaurine  N-methylt ransferase-like  [Nicotiana
tomentosiformis]
MPIAVMTEKAKSQHYELPTSFFKIVLGKHFKYSCCYFRDKSSTLEDAZKAMCERSQLKNGNTVLDV
GCGWGSLSLYIAQKYSSCKVTGICNSVTQKAHIEEQCTELQLONVEIVAEMEGSYDRILSIGMF
EHMKNYGDLLKKISRWMKPDGLHFVQHFCHKAFAYHFEDVNDDDVBGRBYMPSANLLLYFQDDVS
VVNHWLVNGKHYAQTR

>XP_015085137.2 (S)-coclaurine N-methyltransferase- like [Solanum pennellii]
MPIAVMTEKPKSQHYELPTSFFKIVLGKHLKYSCCYFKDKLSTLEDAMKAMCERSQLKDGHTVLDV
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GCGWGSLSLYIAQKYSACKVTGICNSVTQKAHIEEQCRELQLONLEIVFEEMEGSYDRVLSIGMF
EHMKNYGDLLKKISRWMKAHSLLFVNYFCHKAFAYHFEDVNDDDWSIRYHAPSANLLLYFQDDVS
VVDHWLVNGKHYAQTSEEWLKRMDENKSSIKPIMESTYGKDSAVKWARPBYRELFGYKNGEEWM

VSHFLFKKK
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A selection of BIA NM T-like sequences from plants not known to produce BIAs

>Coccomyxa subellipsoidea_ NMT_XM_005645084.1_-_ORF_ 1_(frame_1)
MQAVERDLVPDFLIRRGIRYLLSQRVQNAREGGVEEQERRKQAFVIPEAXQISIANEQHYEAKY
FLLVLGKHLKYSSCLYPSSSSTLDEAEEAMLGLCCERAQLADGQTILEWESSMCLYMAGKFPNSTI
TAVSNSSTQKALIDERAKERGLSNLTVITADVVEFDTKQKFDRVVSIEMAENY QALLKNISKWLKP
GGHLFVHIFTHKTLAYHFEVKGEDDWMAKYFFTGGTMPSADLLHHEQRIDWAVNGTHYSRTLED
WLRRQDRQRAQILPIMKKTYGDDQGLRWWVYWRLFYLACSELFNA\GEFERKKH
>Physcomitrella_patens_NMT_XM_024544070.1_-_ORF_1_| frame_3)
MASLIKAGRDATLKVSMSALQMNVIPDMVLRFGVRKLLEGRLSEITKSQLE
MQELLSFVQSLKQMPIAVHMEDANTQHYEVPTEFYHLVLGKRLKYSSAYSPLDEAEESMFALYA
ERAQLQDGQSVLDVGCGWGSLSMYIAEKFPNSNVTGVSNSETQRAKREECSNVTITCDMNVF
NIDKSFDRILSIEMFEHMKNYEKLLKKISSWLKPDGLLFIHIFVHKSIPYHEDKGEDDWMSRNFFTGG
TMPSSSLLLYFQDDVSIVNQWFVNGTHYARTSEAWLLKMDAQVKVIREEGEATKWIANWRTF
FIAVAEMFAFRNGEEWGVCHYLFKKK
>Gingko_biloba_NMT_Gb_29392MEGIMQVSYDMAIRGT
MRSLEANLLPDFVIRKLTRMLLASRLRLGYKPNAESQLSDLIAFANSIEMANMITETPKAQHYELPT
SFFQFVLGKHLKYSAAYFSRNTSTLDEAEEAMLELYCKRAHIKNGQUGUOMWGSLTLYIARKYADN
HVTGICNSTTQKAFIEEQCREQGLSNVLVIVADISNFNMERTFDRIISIEEEHMKNYQSLLKKISLWM
NQESLLFIHYFCHRIFAYHFEDVHEDDWITRYFFTGGTMPSKSLLLY FIMDHWVVNGKHYARTS
EEWLKNMTKNLPSIMPILQDTYGEESKKWMVYWRTFFIAVTELFGYMDGAHFLFKRK
>Welwitschia_mirabilis_ NMT_m.9074_doi_10.1093/gbe/e w171
MESVGLARRVMNASYGLAAKAVLRLLEGNVIPDFLIRRLTRLLLAARLRPCADLQLSQLMTFVQA
LKQMPIAVSTEAAKVQHYELPTSFFKLVLGQRLKYSSAYFSSHVTTLEEMEALYCERAEVKDGLT
ILDLGCGWGSLILYIAEKYPKCEVTGVCNSVTQMKIIEEQCSERGLSNMANDVCNIELKTTFDRVL
SIEMFEHMKNYGNLLEKISQWMNNESLLFVHHFCHKSFAYHFEDTGHEHDIFNT GGTMPSSNLLLY
FQDNVSIVNHWLINGKHYAQTSEEWLKRMDKNLSSILPIFNDTYGENECBKWRTFFISVAELFSY
NDGEEWMITHLLFRKRS

>Picea_glauca_NMT_BT112259.1 - ORF_1_(frame_2)
MMETQQPGGIMNAAYNVSVRVFLRWLEANLVPDYIIRKLTRTLLAKRINRISACLQLADLMAFINA
LKQMPIAMNSEAAKAQHYELPTSFFKLVLGKHLKYSCAYFTRSTSTLIERAEELYCERAKVEDGQT
VLDIGCGWGSLTLYIARKYPNNQVTGICNSTTQKVFIEEQCSEMGLGMAODISKFEMENTFDRII
SIEMFEHMKNYGSLLKKISHWMKPESLLFVHQFCHKVFAFHFEDVHERDMASGGTMPSSNLLLY
FQDHVAVVDHWLVNGKQYAQTSEEWLKNMDKNLTSIIPIFNDTYGESSAKWRTFFIAVEEFFGY
NDGEEWMVSHFLFKKK

>Triticum_aestivum_NMT_AK450165.1_-_ORF_1_(frame_2)
MAAAAVAARAYEAAARSALAALERNLLPDAVTRRLTRFLLAQRLRLGPLRE QDLLLFAHSLEGM
PIAIEMDTAKTQHYELPTTFFKLVLGKNLKYSSCYFPDDSSTLEDAEVAAMCERAQLQDGQSILDV
GCGWGSLSLYIAKKYRNCNITGICNSTTQKAFIEEQCRENELSNVEIINMFEMERSFDRIISIEM
FEHMKNYKALFKKISRWMKEDSLLFVHYFCHKTFAYHFEDKNDDDWIMBSFMPSANLLLYFQED
VSVVNHWLVSGTHYARTSEEWLKRMDKNIATIRPIFEKTYGRESATKRVRAFFISVAELFGYNNGD
EWMVAHHLFRKK

>Spinacia_oleracea_ NMT_XM_022000100.1_-_ORF_1_(fram e_ 1)
MEEMKQMAYKATAKLMLGTHERNLLPDAVIRRLTRLLLAGRLRSSYKQESQLIQFVHSLTEMPI
AIQTDTAKSQHYELPTSFFKLVLGKHLKYSCCYFSDKQTNLDDAEKAMIERSGIQDGHTVLDVGC
GWGSLSLYIAQKYSNCRVTGICNSVTQKAHIEDKCRDLQLKNIEIIVADFEMEGSYDRILSIEMFE
HMKNYRDLLKKISNWMKPDGLLFVHYFCHKAFAYHFEDVNEDDWITRYHAAPAANLLLYFQDDVS
IVNHWLVNGKHYAQTSEEWLIRMDRNLAYIRPIMESTYGKDSALKWINFAMR AELFGYNNGEEW
MVAHFLFKKK

>Lopophora_williamisii_ NMT_UN02232
MPYEMSVKIMVGSLEKNLLPDAXIRRLTRLLLASRLRSGYKPTSQLQUIBDNHSLREMPIAIQTDK
PKSQHYELPTSFFKLVLGKHMKYSCCYFSDEVTNLDAAEKAMLNLYICGHRANPAVLDVGCGWGSLV
LYVAQNYSNCRVTGICNSVTQKAFIEERCRDLQLQNVEIKLADISTFEMBERVFSIEMFEHMKNYQ
DLLKKISNWMKPDGLLFIHYFCHKAFAYHFEDVNDDDWITRYFFTG@NEISY FQDDVSVVNHWL
VDGKHYAQTSEEWLKRMDSNLGSIRPIMESTYGKDCATKWTVYWRNHEE&Y NNGDEWMVAHFL
FKKK

>Latuca_sativa_ NMT_XM_023880049.1_- ORF_1_(frame_2)
MSNLLQVPYNATVKLMLTSLERNLLPDAVIRRLTRLLVAGRLRNCFKEP@SQDLMAFVHSLEEMPI
AVKTEDAKTQHYELPTSFFKLVLGKNFKYSCCYFRDKLSTLEDAEVANIEKAQLKDGHTVLDVGC
GWGSLIIYIAKKFSNCKVTGICNSVTQKAHIEDQCGKLSLQNVEIIVAOISEMEGSYDRIFSIEMFE
HMKNYKDLLKKISNWMKEDAFLFVHFFCHKTYAYHFEDVSEDDWITR®FNMPSANLLLYFQDDVS
VVDHWLVNGKHYAQTSEEWLKRMDKNMASIKPIMESTYGKDSAVKVFRSWAELFGYNNGEDW
MVTHYLFKKK

>Cannabis_sativa_ NMT_onekp_DGNP_scaffold_2037631MAA LVQLPYDATVKLALASLE
RNLLPDAVIRRLTRLLLAARLRSGYKSSAHLQLSDLLRFIHSLKEMPIABEPKAQHYELPTSFFNL
VLGQNFKYSCCYFEKSSSTLEEAEKAMLEMYCEKSKLEDGQTVLD\BESGHIARKYKNCKVTGI
CNSSTQKDHIDQRCRELEVENVEIIVADISTFEMERSFDRIYSIEMFENMIKELLKKISGWMKEDAL
LFVHHFCHKTFAYHFEDVNEDDWITRYFFTGGTMPSANLLLYFQDDNBNVNNGKHYAQTSEEWLK
RMDKNVRLIKPIMESTYGKENAVKWTVYWRTFFIAVAELFGYNNGEEVIMKKRK
>Musa_acuminate_ NMT_XM_009410568.2_- ORF_1_(frame_1 )
MEAIIRVPYEAAVRAALAALERNLLPDAVVRRLTRLLLAGRLRLCYLASAAQLLRFKQSLEDMPI
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AVETDKAKSQHYELPTSFFKLVLGENLKYSCCYFKNITSTLEDAENAYBERAQLKDGQKILDVGC
GWGSFVIYIAKKYKNCSITGICNSSTQKTHIEEQCRHLQLSNVEIIVAIKFEMEASFDRVVSIEMFE
HMKNYKMLLKKISIWMKQDSLLFIHHFCHKTFAYHFEDKNEDDWITRYEGFVIPSANLLLYFQDDVA
VLNHWLLNGTHYARTSEEWLKRMDSNLTSIRPTFEATYGKDSATKWIRNBXRELFGYNNGDEW
MVALFLFKKK

>Salvia_divinorum_NMT_onekp_EQDA_scaffold_2056100
MLASLERNLLPDAVVRRLTRLLLASRLRSGYRPSAEIQLSDLIHFAHSUREIKTEEPKYQHYEVP
TSFFKLVLGKHLKYSCCFFPDKSSTLEDAEKAMLELYCERSQMKDGHSUGWGSLSLFLAQKYPN
SQITGICNSTTQKSHIEEQCRDLDLQNVVIIVADISSFEMEASYDRIFSMFFEHMKNYHDLLKKISRW
MKPDSLLFVHYFCHKAFAYHFEDVNDDDWITRYFFTGGTMPSANLIDYSDNHWLVYNGKHYAQT
SEEWLTRMDRNSSLIKPIMEATYGKDSAVKWMVYWRTFFIAVAELFERWNIFAHFLFKKK
>Nicotiana_tabacum_NMT_XM_016588651.1
MDAIVQVPYNATVRLMLSSLERNLLPDAVIRRLTRLLLAARLRSSYKREAEDLLHFVHSLKEMPI
AVMTEKAKSQHYELPTSFFKFVLGKHFKYSCCYFRDKSSTLEDAEKACGBHIQLKDGHTVLDVGC
GWGSLSLYIAQKYCSCKVTGICNSVTQKAHVEEQCREFQLQNVEIVABEBEGSYDRILSIEMFE
HMKNYGYLLKKISRWMKPDSLLFVHHFCHKAFAYHFEDVNDDDWITRYRABSANLLLYFQDDVS
VVNHWLVNGKHYAQTSEEWLK
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Elsevier publications (eg. Methods in Enzymology) copyright policy

Retrieved from https://www.el sevi er.comvabout/poli cies/copyright#Author -rights on June 12, 2019
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Journal of Biological Chemistry copyright policy

Retrieved from http://www.jbc.or g/site/misc/edpolicy.xhtml on June 12, 2019
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Frontiers journals copyright policy

Retrieved from https://www.frontiersin.org/about/about-frontiers on June 12, 2019
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BMC Plant Biology copyright policy

Retrieved from https://bmcpl antbiol .biomedcentr al .com/submi ssion-quidelines/copyright on June 12, 2019
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