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Abstract
The Madagascar periwinkle (Catharanthus roseus) is the sole source of the
anticancer drug vinblastine, which is formed via the coupling of monoterpenoid indole
alkaloids (MIAs) catharanthine and vindoline. A mutant line of C. roseus (M2-1865) with
an altered MIA profile was identified in a screen of 4000 M2 lines generated by
ethylmethanesulfonate (EMS) chemical mutagenesis. While this line did not accumulate
vinblastine due to reduced levels of vindoline within the leaves, significant levels of 2,3epoxide derivatives of tabersonine accumulated on the leaf surface.
Detailed nucleotide, amino acid, and enzyme activity analyses of tabersonine 3reductase in the M2-1865 line showed that a single amino acid substitution (H189Y)
diminished the biochemical activity of T3R by 95%. Genetic crosses showed the
phenotype to be recessive, exhibiting standard Mendelian single-gene inheritance. The
usefulness of EMS mutagenesis in elucidating MIA biosynthesis is highlighted by the
results of this study.
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A. Introduction and Literature Review
A.1. Catharanthus roseus produces medicinally-active monoterpenoid indole
alkaloids.
Plants synthesize a huge array of specialized metabolites, many believed to play
roles in defense against pathogens, herbivory, or oxidative damage. Alkaloids are a broad
class of nitrogen-containing secondary metabolites derived from amino acid precursors
that display unique biological properties (De Luca et al., 2014).

Monoterpenoid indole

alkaloids (MIAs) are distributed across the Apocynaceae, Rubiaceae, Loganiaceae,
Gentianaceae, and Nyssaceae families (Mann et al., 1994; Yamamoto et al., 2000; Asada
et al., 2013).
Madagascar periwinkle (Catharanthus roseus (L.) G. Don), from the
Apocynaceae family, contains over 100 MIAs (St-Pierre et al., 1999). Major MIA
constituents (Figure 1A) of the plant include vindoline and catharanthine in the
aboveground organs (Westkemper et al., 1980; Deus-Neumann et al., 1987), and
ajmalicine, serpentine, tabersonine, lochnericine, and hörhammericine in roots (van der
Heijden et al., 1989; Morgan and Shanks, 2000; Davioud et al., 1989; Shanks et al.,
1998). Other MIAs include vindorosine, isolated as a trace compound that is found
primarily in stems and also in roots (Moza and Trojánek, 1963; Cordell and Farnsworth,
1976), as well as akuammicine (Scott et al., 1971), minovincinine, echitovenine, and
pseudoyohimbine (Cordell and Farnsworth, 1976). C. roseus is notable for the production
of dimeric indole alkaloids vinblastine and vincristine (Figure 1B), which are formed via
the enzymatic coupling of vindoline and catharanthine (Svoboda and Blake, 1975) and
are isolated from the plant in very low yields of about 0.0005% (St-Pierre and De Luca,
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Figure 1: Chemical structures of notable MIA constituents of Catharanthus roseus. (A)
Major MIAs include catharanthine and vindoline in the aboveground organs, and
ajmalicine, serpentine, tabersonine, hörhammericine, and lochnericine in roots; minor
MIAs include vindorosine, echitovenine, minovincinine, akuammicine, and
pseudoyohimbine. (B) C. roseus also accumulates very low levels of the anticancer
dimers, vinblastine and vincristine, which are formed by the enzymatic coupling of
catharanthine and vindoline.
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1995). Many of the MIAs produced by C. roseus are of great interest due to their
medicinal properties.
Lochnericine and hörhammericine are cytotoxic compounds (Cordell and
Farnsworth, 1976) while ajmalicine and serpentine are anti-hypertensive agents (van der
Heijden et al., 1989; Morgan and Shanks, 2000). Vinblastine, vincristine, and their
semisynthetic derivates are potent chemotherapeutic agents employed against numerous
cancers, including Hodgkin’s disease, leukaemia, and lymphomas (Dewick, 2009). These
dimeric alkaloids function by preventing tubulin polymerization, thereby interfering with
cell structure, migration, and division (Jordan and Wilson, 2004; Gigant et al., 2005;
Yang et al., 2010). These pharmaceutical properties make vinblastine and vincristine
extremely valuable compounds in medicine but although total organic syntheses have
been achieved, none have thus far proved economical enough to see commercial use, and
these alkaloids are still extracted from plant material despite their low abundance (van
der Heijden et al., 2004; Dewick, 2009).
Utilizing bioreactors as an alternative source of MIAs represents a viable method
and many attempts have been made to produce these MIAs in undifferentiated plant
tissue cultures with limited success. Although cell lines have been discovered that
produce catharanthine (Kurz et al., 1980; Scott et al., 1980; Stöckijt and Soll, 1980), none
appeared to consistently accumulate vindoline or vindoline-containing dimers (Berlin,
1984; Kurz and Constabel, 1985; Tyler et al., 1986; Eilert et al., 1987b; De Luca and
Kurz, 1988; De Carolis et al., 1990). Shoots regenerated from cell cultures regained the
ability to produce vindoline and vinblastine, indicating that the pathway is still present
(Constabel et al., 1982). Subsequent studies have shown that the first two steps involved
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in the conversion of tabersonine to vindoline have reduced activity in cell culture
compared to young leaves of C. roseus (St-Pierre and De Luca, 1995), while the genes
responsible for the last three steps in vindoline biosynthesis are not expressed at all in
tissue culture (De Luca et al., 1987; Fahn et al., 1985b; St-Pierre and De Luca, 1995).
Low vindoline production has been observed in some hairy root cultures established via
Agrobacterium rhizogenes transformation (Bhadra et al., 1993; Palazón et al., 1998) and
in cell suspension cultures established through Agrobacterium tumefasciens- and A.
rhizogenes-mediated transformation of leaf discs (O’Keefe et al., 1997). This low
vindoline production was eventually attributed to the low deacetylvindoline-4-Oacetylation activity of a root-specific minovincinine-19-O-acetyltransferase (Laflamme et
al., 2001). These results suggested that achieving vinblastine production in plant cell
cultures or via metabolic engineering in heterologous systems (yeast or model plants)
requires further understanding of the biosynthetic pathway and the complex regulatory
systems involved.
Numerous studies have been performed in the last several decades to investigate
vinblastine biosynthesis. Much recent progress has been made in completing the
biosynthetic pathway, with only a few steps yet to be identified.
A.2. The biosynthesis of secologanin from geraniol has been fully elucidated.
Most MIAs, including those of C. roseus, are synthesized by the assembly of a
terpenoid (secologanin) and indole (tryptamine) moiety. The indole portion is derived
from tryptophan while the terpenoid moiety is synthesized via the iridoid pathway from
the monoterpene precursor geranyl pyrophosphate (GPP) (Meijer et al., 1993a).
Tryptamine and secologanin are combined to form the central intermediate, strictosidine
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(Battersby et al., 1969). Iridoid and MIA pathway intermediates have been traditionally
determined via feeding of radiolabelled substrates and/or analysis of constituents in cell
cultures, germinating seedlings, and developing seedlings (Battersby et al., 1966; Loew et
al., 1966; Qureshi and Scott, 1968; Battersby et al., 1968; Loew and Arigoni, 1968;
Battersby et al., 1969; Inouye et al., 1969; Battersby et al., 1970a; Scott et al., 1971;
Uesato et al., 1984a; Uesato et al., 1986a; De Luca et al., 1986; Balsevich et al., 1986).
The GPP involved in iridoid biosynthesis was initially suggested to originate from the
cytosolic mevalonate pathway via feeding experiments (Goeggel and Arigoni, 1965;
McCapra et al., 1965; Hall et al., 1966), though later experiments indicated that the
plastid-localized 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway contributes to the
formation of the majority of iridoid precursors in cell and hairy root cultures (Contin et
al., 1998; Hong et al., 2003) by providing geraniol via geraniol synthase (GES) (Simkin
et al., 2013).
The iridoid pathway (Figure 2) begins with hydroxylation of geraniol by geraniol10-hydroxylase (G10H), followed by further oxidation by 10-hydroxygeraniol
oxidoreductase (10HGO) to form the dialdehyde, 10-oxogeranial. This substrate is
converted by iridoid synthase (IRS) to iridodial and nepetalactol, the latter of which then
undergoes a 3-step oxidation by 7-deoxyloganetic acid synthase (7DLS). Subsequent Oglucosylation is catalyzed by 7-deoxyloganetic acid glucosyltransferase (DLGT), after
which the product undergoes hydroxylation by 7-deoxyloganic acid 7-hydroxylase
(DL7H) and O-methylation by loganic acid O-methyltransferase (LAMT) to form
loganin. Secologanin synthase (SLS) catalyzes the final ring cleavage to produce
secologanin.
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Figure 2: The conversion of geraniol to secologanin in C. roseus involves 8 steps that
have been characterized at the biochemical and molecular levels. Enzymes: geraniol 10hydroxylase (G10H), 10-hydroxygeraniol 10-oxidoreductase (10HGO), iridoid synthase
(IRS), 7-deoxyloganetic acid synthase (7DLS), 7-deoxyloganetic acid glucosyltransferase
(DLGT), 7-deoxyloganic acid 7-hydroxylase (DL7H), loganic acid O-methyltransferase
(LAMT), secologanin synthase (SLS).
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10-Hydroxylation was implicated as the first committed step in secologanin
biosynthesis via feeding experiments (Battersby et al., 1970b; Escher et al., 1970). A
cytochrome P450 (CYP)-dependent monooxygenase that exhibited 10-hydroxylase
activity towards geraniol in the presence of NADPH was isolated in a microsomal
preparation from C. roseus seedlings and partially purified (Meehan and Coscia, 1973;
McFarlane et al., 1975; Madyastha et al., 1976). CYP76B6 was subsequently highly
purified from C. roseus cell suspension cultures, characterized, and sequenced, and the
corresponding gene was cloned using degenerate PCR primers based on the amino acid
sequence (Meijer et al., 1993b; Collu et al., 2001; Collu et al., 2002). Expression of
CYP76B6 in yeast and transgenic C. roseus cell culture was used to confirm its G10H
activity (Collu et al., 2001).
Further oxidation of 10-hydroxygeraniol to its dialdehyde, 10-oxogeranial, is the
second step in secologanin biosynthesis. Crude protein extract from Rauwolfia serpentina
cell cultures could perform this oxidation in the presence of NADP+ (Stöckigt et al, 1981;
Uesato et al., 1986b; Uesato et al., 1987). The corresponding protein was purified and
characterized from R. serpentina cell cultures (Ikeda et al., 1991), and another NADP+dependent oxidoreductase with similar substrate specificity was also isolated from Nepeta
racemosa (Hallahan et al., 1995). Although a C. roseus mRNA sequence for 10HGO was
present in the NCBI GenBank under the accession number AY352047, the report was
unpublished (Mahroug et al., 2007) and the gene has only recently been cloned and
characterized from C. roseus (Miettinen et al., 2014). Expression of the C. roseus 10HGO
in Escherichia coli indicated that the protein converts 10-hydroxygeraniol to 10oxogeranial in the presence of NAD+ and, like the R. serpentina 10HGO, displays
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activity towards primary alcohols (Miettinen et al., 2014).
Cyclization was initially believed to be catalyzed by a monoterpene cyclase, a
class of enzymes that accept polyprenyl diphosphates to form various ring structures
(Degenhardt et al., 2009; Chen et al., 2011). However, the direct precursor to iridoids was
shown to be 10-oxogeranial as opposed to geranyl diphosphate (Inouye, 1978; Uesato et
al., 1984a and 1984b). Crude protein extracts from R. serpentina cell cultures could
convert 10-hydroxygeraniol into iridodial in the presence of NADH/NADPH and
NAD+/NADP+ (Uesato et al., 1986b) and a corresponding cyclase that converted 10oxogeranial to iridodial was partially purified from R. serpentina cell cultures (Uesato et
al., 1987). The IRS gene, which exhibits high similarity to progesterone-5β-reductase
from Digitalis purpurea, was recently identified from a C. roseus transcriptome database
based on co-expression with G10H (Geu-Flores et al., 2012; Gavidia et al., 2007). When
characterized by functional expression in E. coli, IRS did not metabolize progesterone but
did convert 10-oxogeranial into an equilibrium mixture of nepetalactol and iridodial in an
NADH/NADPH-dependent reaction (Geu-Flores et al., 2012). The in vivo function of
IRS was supported by in planta virus-induced gene silencing (VIGS) experiments (GeuFlores et al., 2012).
Oxidation of the cyclized product to form iridotrial was originally believed to be
the next step (Uesato et al., 1986a), though characterization of subsequent steps in the
pathway identified 7-deoxyloganetic acid as the next known intermediate (Asada et al.,
2013; Salim et al., 2013; Murata et al., 2008). Three oxidations are necessary to convert
iridodial/nepetalactol to 7-deoxyloganetic acid, and a bioinformatics search for C. roseus
CYP candidate genes involved in secologanin biosynthesis recently led to the
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identification of CYP76A26 (Salim et al., 2013). VIGS experiments with C. roseus plants
supported its role in the secologanin pathway and expression in yeast confirmed its
function as 7DLS, as it converted nepetalactol via iridotrial into 7-deoxyloganetic acid in
the presence of NADPH (Salim et al., 2014). Yeast expressing 7DLS could also convert
both iridodial, which isomerizes to nepetalactol, and iridotrial to 7-deoxyloganetic acid
(Miettinen et al., 2014).
Conversion from 7-deoxyloganetic acid to 7-deoxyloganic acid requires
glucosylation, a function that is typically performed by plant secondary product
glycosyltransferases (PSPGs) that contain a characteristic 44-amino acid PSPG box motif
(Vogt and Jones, 2000). The UDP-SUGAR GLYCOSYLTRANSFERASE2 (UGT2) gene
identified in Gardenia jasminoides by homology-based cloning using the conserved
PSPG box sequence and functional screening encodes an iridoid glucosyltransferase that
accepts 7-deoxyloganetin as substrate but not 7-deoxyloganetic acid (Nagatoshi et al.,
2011). The same approach identified three UGTs in C. roseus, which were cloned from
cell suspension cultures and young leaves (Asada et al., 2013). Functional
characterization of the recombinant proteins purified from E. coli indicated that UGT8
displayed a high catalytic efficiency with 7-deoxyloganetic acid as the substrate, and its
role as DLGT was also confirmed using VIGS (Asada et al., 2013).
Following glucosylation to 7-deoxyloganic acid, it was initially unclear whether
or not 7-hydroxylation preceded O-methylation (Figure 3). Feeding experiments
originally implicated 7-deoxyloganin as the precursor to loganin and subsequently
suggested that methylation occurred before hydroxylation (Inouye et al., 1969; Battersby
et al., 1970a). Cell suspension cultures of Lonicera japonica could convert both loganin
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Figure 3: Proposed order of loganin biosynthesis in C. roseus. Solid arrows indicate the
preferred pathway. Enzymes: 7-deoxyloganic acid 7-hydroxylase (DL7H), loganic acid
O-methyltransferase (LAMT).
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and 7-deoxyloganin into secologanin (Yamamoto et al., 1999) and demonstration of 7hydroxylase activity in microsomes from C. roseus cell cultures resulted in the NADPHdependent conversion of 7-deoxyloganin to loganin (Irmler et al., 2000). Similarly, the
CYP enzyme DL7H was first purified from L. japonica cell culture and exhibited higher
activity towards 7-deoxyloganin compared to 7-deoxyloganic acid (Katano et al., 2001).
The DL7H gene was recently identified in C. roseus utilizing a bioinformatics approach,
which produced three CYP candidates for the secologanin pathway (Salim et al., 2013).
CYP76A26 was later identified as 7DLS (Salim et al., 2014), but VIGS of CYP72A224
resulted in a decrease in secologanin and accumulation of 7-deoxyloganic acid instead of
7-deoxyloganin in silenced C. roseus plants (Salim et al., 2013). Expression of the gene
in yeast and functional characterization supported its identity as the C. roseus DL7H; the
enzyme converted 7-deoxyloganic acid to loganic acid in the presence of NADPH but
would not accept 7-deoxyloganin as substrate (Salim et al., 2013). This study, combined
with characterization of the O-methyltransferase, indicated the preferred order of
reactions in C. roseus.
A methyltransferase that converted loganic acid into loganin in the presence of Sadenosyl-L-methionine (AdoMet) and dithiothreitol was identified in cell-free extracts of
C. roseus cell suspension (Madyastha et al., 1971). Likewise, the partially purified
LAMT methylated loganic acid but not 7-deoxyloganic acid (Madyastha et al., 1973),
and the gene was later cloned from C. roseus leaf epidermis cDNA libraries (Murata et
al., 2008). Characterization of recombinant LAMT from both C. roseus and L. japonica
confirmed its stringent substrate specificity, as neither enzyme would accept 7deoxyloganic acid as a substrate, indicating that hydroxylation by DL7H precedes
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methylation by LAMT (Murata et al., 2008; Edge, 2013). LAMT is present in the cytosol
as a homodimer (Murata et al., 2008; Guirimand et al., 2011a).
The final step in the iridoid pathway involves oxidative cleavage of the
cyclopentane ring of loganin to form secologanin. The ability to convert loganin to
secologanin was observed in cell suspension cultures of Lonicera (Tanahashi et al.,
1984), and SLS was identified as a CYP-dependent monooxygenase that would only
accept loganin as a substrate in L. japonica cell culture (Yamamoto et al., 2000).
CYP72A1 was identified in cDNA libraries of C. roseus cell suspension cultures as a
sequence with similar expression profiles to G10H, but the encoded protein did not have
the capability to convert geraniol to 10-hydroxygeraniol (Vetter et al., 1992). While
expression of this gene in transformed tobacco and Arabidopsis thaliana also failed to
identify its function (Mangold et al., 1994), CYP72A1 was later identified as SLS when
recombinant protein produced from E. coli converted loganin into secologanin in the
presence of NADPH (Irmler et al., 2000). Whereas secologanin contributes the terpenoid
moiety of the MIAs, the indole moiety is derived from tryptamine (Cordell, 1974; De
Luca and Kurz, 1988).
A.3. Secologanin and tryptamine are combined into the central MIA intermediate,
strictosidine.
Tryptamine and its derivatives are widespread in plants and act as precursors to a
variety of plant hormones and secondary metabolites (Baxter and Slaytor, 1972; Facchini
et al., 2000). Tryptamine was expected to be produced from the decarboxylation of
tryptophan, and a protein exhibiting pyridoxal phosphate-dependent tryptophan
decarboxylase (TDC) activity was detected in cell-free extracts of walnuts (Juglans regia
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L.) (Grosse and Klapheck, 1979) and partially purified from Phalaris tuberosa seedlings
(Baxter and Slaytor, 1972) and tomato shoots (Gibson et al., 1972). TDC was later
purified and characterized from cell suspension cultures of C. roseus (Noé et al., 1984)
and the gene was subsequently identified in a C. roseus seedling cDNA library and
functionally expressed in E. coli (De Luca et al., 1989).
Condensation of tryptamine with secologanin (Figure 4) produces strictosidine
(Battersby et al., 1969), a central precursor to thousands of MIAs found in various plants
(Guirimand et al., 2010). Strictosidine can be converted to other MIAs by cell-free C.
roseus extracts in the presence of NADH/NADPH (Stöckigt and Zenk, 1977a, 1977b).
Strictosidine synthase (STR) was identified, purified, and characterized from soluble
protein extracts of C. roseus cell suspension cultures (Treimer and Zenk, 1979; Mizukami
et al., 1979). The STR gene was first cloned from R. serpentina (Kutchan et al., 1988) and
its partial sequence was subsequently identified in C. roseus (McKnight et al., 1990),
followed by the full-length mRNA sequence (Pasquali et al., 1992). Although
strictosidine is eventually converted to catharanthine and tabersonine via potential
intermediates such as preakuammicine, stemmadenine, and dehydrosecodine (Dewick,
2009; El-Sayed et al., 2004; De Luca et al., 2012), only the deglucosylation step in this
segment of the pathway has been identified and characterized (Figure 5).
Two β-glucosidases specific for strictosidine were identified, partially purified,
and characterized in C. roseus cell cultures (Hemscheidt and Zenk, 1980). Localization
studies with the β-glucosidase in C. roseus cell cultures also suggested the presence of
two forms of the protein (Stevens at al., 1993). Strictosidine β-D-glucosidase (SGD) was
later purified to homogeneity from C. roseus cell cultures; characterization indicated that

14

Figure 4: Biosynthesis of strictosidine, a central MIA intermediate in C. roseus, from
tryptamine and secologanin. Enzymes: tryptophan decarboxylase (TDC), strictosidine
synthase (STR).
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Figure 5: Proposed biosynthesis of tabersonine and catharanthine from strictosidine in C.
roseus. Dashed arrows represent uncharacterized steps. Enzymes: strictosidine β-Dglucosidase (SGD).
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the native protein is present in aggregates of multiple 63-kDa monomers (Luijendijk et
al., 1998), which was supported by an additional study that observed the aggregation of 4,
8, or 12 monomers (Geerlings et al., 2000). Although amino acid sequencing of SGD was
unsuccessful, degenerate PCR primers designed based on conserved regions of plant βglucosidases resulted in the identification of a cDNA clone (Geerlings et al., 2000).
Functional expression of the gene in yeast confirmed its function as SGD, as it exhibited
high substrate specificity for strictosidine. SGD forms dehydrogeissoschizine, a reactive
dialdehyde that is converted via molecular rearrangements into various corynanthe,
iboga, and aspidosperma type alkaloids (De Luca and Laflamme, 2001). Feeding studies
have suggested that stemmadenine is a precursor to both catharanthine and tabersonine
(El-Sayed et al., 2004), but these pathways remain uncharacterized.
A.4. The pathway from tabersonine to vindoline has been fully characterized.
Although the enzymatic steps between dehydrogeissoschizine and tabersonine
have not yet been identified, tabersonine is converted into vindoline in seven enzymatic
steps, which have all been characterized (Figure 6). Tabersonine 16-hydroxylase (T16H)
and 16-hydroxytabersonine 16-O-methyltransferase (16OMT) introduce the 16-methoxy
group, after which tabersonine 3-oxygenase (T3O) and tabersonine 3-reductase (T3R)
introduce the 3-hydroxyl and reduce the 2,3-double bond. The product is then Nmethylated

by

16-methoxy-2,3-dihydro-3-hydroxytabersonine

N-methyltransferase

(NMT) to desacetoxyvindoline, which is converted by desacetoxyvindoline-4hydroxylase (D4H) to deacetylvindoline. Deacetylvindoline 4-O-acetyltransferase (DAT)
catalyzes the final step to produce vindoline. A minor pathway also exists in C. roseus, in
which tabersonine does not undergo the T16H- and 16OMT-mediated 16-methoxylation
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Figure 6: Conversion of tabersonine to vindoline and vindorosine in C. roseus. Enzymes:
tabersonine 16-hydroxylase (T16H), 16-methoxytabersonine 16-O-methyltransferase
(16OMT), tabersonine 3-oxygenase (T3O), tabersonine 3-reductase (T3R), 16methoxytabersonine-2,3-dihydro-3hydroxytabersonine N-methyltransferase (NMT),
desacetoxyvindoline 4-hydroxylase (D4H), deacetylvindoline 4-O-acetyltransferase
(DAT).
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but presumably undergoes the T3O-, T3R-, NMT-, D4H-, and DAT-catalyzed reactions
to form vindorosine.
16-Hydroxylase activity was detected in protein extracts from young leaves of C.
roseus in the presence of NADPH (St-Pierre and De Luca, 1995). This activity is induced
by light in C. roseus cell cultures, which was used to identify CYP71D12 from cDNA
libraries generated from light-induced cell cultures (Schröder et al., 1999). Functional
expression in E. coli and production of 16-methoxytabersonine in a coupled reaction with
16OMT confirmed its identity as T16H. However, later studies revealed the presence of
two distinct T16H genes in C. roseus: the previously-characterized CYP71D12 (T16H1)
is restricted to flowers and undifferentiated cells, while the newly-identified CYP71D351
(T16H2) is specific to leaves (Besseau et al., 2013). T16H1 functions as a monomer
(Guirimand et al., 2011b).
AdoMet-dependent 16-O-methylation activity was identified in protein extracts
from C. roseus leaves (Fahn et al., 1985a). Inclusion of the protein with T16H in a
coupled assay resulted in the production of 16-methoxytabersonine from tabersonine
(Schröder et al., 1999). Subsequent efforts to clone 16OMT from cell cultures failed
(Cacace et al., 2003; Schröder et al., 2002; Schröder et al., 2004) until carborundum
abrasion of C. roseus leaves was used to isolate epidermis-enriched proteins and RNA,
from which the protein was purified and the gene cloned and characterized (Levac et al.,
2008). 16OMT functions as a homodimer (Levac et al., 2008; Guirimand et al., 2011b).
Conversion of 16-methoxytabersonine to the 2,3-dihydro-3-hydroxy derivative
was very recently revealed to be catalyzed by a pair of enzymes. Bioinformatics
approaches identified two highly-expressed epidermal genes, CYP71D1 and an alcohol
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dehydrogenase-like (ADHL1) gene (Kellner et al., 2015; Qu et al., 2015). Silencing of
CYP71D1 in C. roseus plants resulted in decreases in both vindoline and vindorosine
levels and an increase in the level of 16-methoxytabersonine (Kellner et al., 2015).
Identified as T3O, this gene was subsequently cloned into yeast. Biotransformation
assays with 16-methoxytabersonine formed an unexpected product structurally similar to
vincamine, leading Kellner et al. (2015) to propose that T3O generates a 2,3-epoxide that
spontaneously opens to an imine alcohol which, in the absence of the next enzyme in the
pathway, undergoes a structural rearrangement (Figure 7A). However, this proposal was
not supported by the concurrent characterization of T3O and ADHL1 performed by Qu et
al. (2015). Qu et al. observed similar results in VIGS experiments, in which silencing of
T3O reduced vindoline and increased 16-methoxytabersonine levels while silencing of
ADHL1 reduced levels of desacetoxyvindoline and resulted in accumulation of isomeric
MIAs on the leaf surface (m/z = 383). Rather than the vincamine-type structure observed
by Kellner et al., analysis of these MIAs via NMR and sodium borohydride reduction
identified them as 2,3-epoxide derivatives of 16-methoxytabersonine. Additionally, while
yeast expressing T3O converted 16-methoxytabersonine to the same epoxide derivatives,
these compounds were accepted as substrates by recombinant ADHL1 with only low
levels of conversion to 2,3-dihydro-3-hydroxylated products (Qu et al., 2015). Instead,
coupled assays using both recombinant microsomal T3O and purified recombinant
ADHL1 converted both tabersonine and 16-methoxytabersonine into the 2,3-dihydro-3hydroxylated product in the presence of NADPH with reduced accumulation of the 2,3epoxide derivatives, suggesting the involvement of an unstable intermediate that
spontaneously forms the epoxide (Figure 7B) in the absence of ADHL1, renamed T3R.
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Figure 7: Vindoline biosynthesis in C. roseus involves two enzymes for addition of the
3-hydroxyl and reduction of the 2,3-double bond. (A) Kellner et al. (2015) proposed that
T3O produces a 2,3-epoxide which spontaneously forms an imine alcohol and that in the
absence of the second enzyme, a structural rearrangement occurs. (B) Characterization of
both T3O and T3R by Qu et al. (2015) indicated that T3O instead produces an unstable
intermediate that spontaneously forms a 2,3-epoxide in the absence of T3R. Enzymes:
tabersonine 3-oxygenase (T3O), tabersonine 3-reductase (T3R).
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T3O and T3R produce 16-methoxy-2,3-dihydro-3-hydroxytabersonine, the next
intermediate in the pathway, which undergoes N-methylation in the next step.
N-Methylation of 2,3-dihydro-3-hydroxytabersonine in the presence of AdoMet
was first identified in cell-free extracts of C. roseus leaves (De Luca et al., 1987). Since
NMT activity was associated with the thylakoid membrane (De Luca et al., 1987),
candidate cDNAs were identified based on sequence similarity to plastidial -tocopherol
methyltransferases (Liscombe et al., 2010). Functional expression of candidate genes in
E. coli identified the NMT involved in the AdoMet-dependent N-methylation of 2,3dihydro-3-hydroxytabersonine or 16-methoxy-2,3-dihydro-3-hydroxytabersonine that
lead to the eventual formation of vindorosine and vindoline, respectively (Liscombe et
al., 2010).
A 2-oxoglutarate-dependent dioxygenase that exhibited 4-hydroxylase activity
was partially purified from young leaves of C. roseus (De Carolis et al., 1990). The
protein exhibited a strict specificity for position 4 of several alkaloid substrates;
additionally, hydroxylation did not occur in the presence of the 2,3-double bond or the
absence of N-methylation. D4H was purified to homogeneity from young leaves of C.
roseus and characterized soon after (De Carolis and De Luca, 1993). A degenerate
oligonucleotide probe based on the peptide sequence was used to screen a C. roseus
cDNA library and identify the D4H gene, which was functionally expressed in E. coli and
characterized (Vazquez-Flota et al., 1997). D4H functions as a monomer (Guirimand et
al., 2011b).
The final

step in

vindoline biosynthesis

involves

4-O-acetylation of

deacetylvindoline. Protein extracts from C. roseus leaves exhibited acetyl-CoA-
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dependent O-acetyltransferase activity and converted deacetylvindoline to vindoline (De
Luca et al., 1985; Fahn et al., 1985b). DAT protein was purified from C. roseus leaves
and characterized (Power et al., 1990) and the gene was cloned from a cDNA library
using degenerate primers based on the peptide sequence (St-Pierre et al., 1998). DAT
functions as a monomer (St-Pierre et al., 1998; Guirimand et al., 2011b).
In order to produce the dimeric anticancer MIAs, catharanthine and vindoline
must be coupled (Figure 8) in a reaction that forms γ’,4’-anhydrovinblastine (Verpoorte
et al., 1997; Dewick, 2009). Crude protein extracts from C. roseus suspension cultures
could couple catharanthine and vindoline into dimers with up to 25% conversion into
γ’,4’-anhydrovinblastine (Misawa et al., 1988). Partial purification of the extracts
indicated that the coupling activity was closely associated with peroxidase activity (Endo
et al., 1988). Similarly, partially-purified protein extracts from C. roseus leaves produced
dimers from catharanthine and vindoline in the presence of H2O2, an activity that was
attributed to a vacuolar basic peroxidase (Sottomayor et al., 1996). The peroxidase was
subsequently purified to homogeneity from C. roseus leaves and characterized
(Sottomayor et al., 1998). More recently, degenerate primers based on the peptide
sequence of the purified protein were used to screen a cDNA library and identify the C.
roseus vacuolar class III peroxidase (PRX1) gene, which coded for an identical amino
acid sequence as the purified protein, although no functional recombinant expression was
performed (Costa et al., β008). γ’,4’-Anhydrovinblastine is converted to vinblastine by
protein extracts of both C. roseus leaves (Kutney et al., 1982; Baxter et al., 1979) and
suspension cultures (McLauchlan et al, 1983; Endo et al., 1988), but no enzymes have
been identified in these reactions.
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Figure 8: The coupling of catharanthine and vindoline to form the anticancer dimeric
alkaloid, vinblastine, may be mediated by a peroxidase in C. roseus. Enzymes: vacuolar
class III peroxidase (PRX1).
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A.5. The root-specific pathway of C. roseus produces tabersonine derivatives.
Vindoline and the dimeric indole alkaloids are produced only in the aerial organs
of C. roseus. Roots of the plant accumulate different MIAs, including 19-Oacetylhörhammericine, echitovenine, and lochnericine, which are derived from
tabersonine via root-specific enzymatic steps.
In C. roseus roots, tabersonine can undergo 19-hydroxylation to 19hydroxytabersonine (Morgan and Shanks, 1999) or 6,7-epoxidation to lochnericine
(Kutney et al., 1980; Furuya et al., 1992; Shanks et al., 1998). Both 19hydroxytabersonine and lochnericine are potential precursors in the formation of 19-Oacetylhörhammericine (Figure 9), while 19-hydroxytabersonine is also one of the
potential precursors to echitovenine (O’Connor and Maresh, 2006; Laflamme et al., 2001;
Giddings et al., 2011). The root pathway has not been well-characterized, as only
tabersonine 19-hydroxylase (T19H) and minovincinine-19-hydroxy-O-acetyltransferase
(MAT) have been characterized to date; tabersonine 6,7-epoxidase (T6,7E) activity has
been demonstrated in hairy roots, while tabersonine 6,7-reductase activity has merely
been proposed as a route to echitovenine (Giddings et al., 2011). Inhibitor studies with
hairy root cultures suggested the involvement of two separate CYP-dependent
monooxygenases in the formation of hörhammericine and lochnericine (Morgan and
Shanks, 1999), which were later identified as T19H and T6,7E.
Transcriptome sequencing and coexpression analysis led to the identification of
CYP71BJ1; yeast expressing the gene converted tabersonine into a product identified as
19-hydroxytabersonine in the presence of NADPH (Giddings et al., 2011). This T19H
also accepted lochnericine as a substrate, which it converted into a product with the same
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Figure 9: Proposed biosynthetic grid for the formation of MIAs found in the roots of C.
roseus. Dashed arrows represent uncharacterized reactions. Enzymes: tabersonine 19hydroxylase (T19H), tabersonine 6,7-epoxidase (T6,7E), tabersonine 6,7-reductase
(T6,7R), and minovincinine 19-O-acetyltransferase (MAT). Adapted from Giddings et al.
(2011).
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mass and UV spectrum as hörhammericine.
Another CYP-dependent monooxygenase in crude protein extracts from hairy
roots possessed 6,7-epoxidase activity that converted tabersonine into lochnericine in the
presence of NADPH, although no other substrates were tested. (Rodriguez et al., 2003).
To date, the gene responsible for this reaction has not been identified or characterized.
Since T19H will hydroxylate both tabersonine and lochnericine (Giddings et al., 2011),
6,7-epoxidation of 19-hydroxytabersonine may be an alternative path to hörhammericine.
Hörhammericine is a known precursor to 19-O-acetylhörhammericine, but 19hydroxytabersonine has not been tested as a substrate for MAT.
When DAT was identified and characterized, some deacetylvindoline 4-Oacetylation activity by a root-specific DAT homolog was also observed, though this
protein primarily produced the 19-O-acetylated tabersonine derivates found in roots (StPierre et al., 1998; Cordell and Farnsworth, 1976). Cloning and functional expression of
the homolog identified it as MAT, which converted hörhammericine to 19-Oacetylhörhammericine and also produced echitovenine from crude root extracts, with
minovincinine as the likely substrate (Laflamme et al., 2001). Transformation of hairy
roots with DAT inhibits O-acetylation by MAT, reducing levels of 19-Oacetylhörhammericine and increasing levels of hörhammericine (Magnotta et al., 2007).
The difference between the aerial- and root-specific pathways highlights the
compartmentalization of MIA biosynthesis in C. roseus. Numerous studies have
investigated the localization of the vinblastine pathway, which has revealed a complex
system of both cellular and subcellular compartmentalization.
A.6. Vinblastine biosynthesis takes place across multiple cell types.

27

Enzymes involved in MIA biosynthesis localize to multiple cell types and
organelles, which neccessitates both intra- and inter-cellular trafficking of intermediates.
Although transport of MIAs in C. roseus has not been well-studied, localization of
enzymes and intermediates has been comprehensively investigated.
The MEP pathway, which provides most of the geraniol for secologanin
biosynthesis, is localized to the plastids (El-Sayed and Verpoorte, 2007; Simkin et al.,
2013) of internal phloem-associated parenchyma (IPAP) cells (Burlat et al., 2004;
Mahroug et al., 2007; Simkin et al., 2013). Similarly, the early steps of the iridoid
pathway are also expressed in IPAP cells. This includes G10H, IRS, and DLGT (Burlat et
al., 2004; Mahroug et al., 2007; Geu-Flores et al., 2012; Asada et al., 2013), although
additional localization studies have also suggested that G10H may be active in the leaf
epidermis (Murata and De Luca, 2005). Studies with 7DLS and DL7H suggest that they
are expressed within the leaf (Salim et al., 2013; Salim et al., 2014), while the later steps
in secologanin biosynthesis, including LAMT and SLS, are known to be expressed in the
leaf epidermis (Irmler et al., 2000; Murata and De Luca, 2005; Murata et al., 2008;
Guirimand et al., 2011a; Guirimand et al., 2011b). G10H and SLS are anchored to the
endoplasmic reticulum (ER) membrane with their active sites on the cytosolic side
(Madyastha et al., 1977; Guirimand et al., 2009; Guirimand et al., 2011a), whereas IRS
and LAMT are cytosolic proteins ( Madyastha et al., 1973; Geu-Flores et al., 2012).
TDC, STR, and SGD are preferentially detected in epidermal cells (St-Pierre et
al., 1999; Murata and De Luca, 2005; Guirimand et al., 2011b). TDC and SGD are
cytosolic proteins, and tryptamine and secologanin must subsequently be transported to
the vacuole to undergo the STR-mediated conversion to strictosidine (Deus-Neumann
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and Zenk, 1984; De Luca and Cutler, 1987; McKnight et al., 1991; Guirimand et al.,
2011a).
Vindoline and the dimeric indole alkaloids are found exclusively in leaves and
stems, where vindoline localizes to specialized idioblast and laticifer cells in the
mesophyll (Westkemper et al., 1980; Deus-Neumann et al., 1987; Balsevich and Bishop,
1989; Roepke et al., 2010). Vindoline synthesis takes place in the leaf epidermis and in
the laticifer and idioblast cells within the leaf. T16H and 16OMT localize to leaf
epidermal cells (Murata and De Luca, 2005; Guirimand et al., 2011b; Besseau et al.,
2013), and expression studies suggest that T3O, T3R, and NMT may also be expressed in
the epidermis (Qu et al., 2015). The final two enzymes in vindoline synthesis, D4H and
DAT, localize to the laticifers and idioblasts (St-Pierre et al., 1999). T16H is anchored to
the ER as a monomer (St-Pierre and De Luca, 1995; Guirimand et al., 2011b). T3O is
also likely to be ER membrane-associated, whereas 16OMT and T3R are cytosolic
proteins (Levac et al., 2008; Guirimand et al., 2011b; Qu et al., 2015). NMT activity has
been found to be associated with the thylakoid membrane of chloroplasts (De Luca and
Cutler, 1987; De Luca et al., 1987) while D4H and DAT operate in the
nucleocytoplasmic compartment following passive diffusion into the nucleus (Guirimand
et al., 2011b).
Of particular interest is catharanthine, which is synthesized within the leaf but
subsequently secreted to the leaf surface via a catharanthine transporter, CrTPT2, which
is expressed in the leaf epidermis (Roepke et al., 2010; Yu and De Luca, 2013).
Catharanthine is also equally distributed to both aboveground and underground tissues
(Westkemper et al., 1980; Deus-Neumann et al., 1987; Balsevich and Bishop, 1989;
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Roepke et al., 2010). This spatial separation of catharanthine and vindoline is believed to
be responsible for the extremely low levels of vinblastine that are produced, as the two
MIA monomers must come together for dimerization in the vacuole, where PRX1 is
localized (Sottomayor et al., 1996; Costa et al., 2008). Notably, the by-products of T3O
in T3R-silenced plants accumulate on the leaf surface like catharanthine, indicating
transport by CrTPT2 or another unidentified transporter (Qu et al., 2015).
The tissue-specific expression of the genes in vinblastine biosynthesis is one part
of the complex regulation of the pathway, in which many genes are also under various
developmental- and environment-specific controls.
A.7. The vinblastine biosynthetic pathway is under complex regulatory controls.
MIA biosynthesis in C. roseus is under strict regulation by factors such as
developmental stage, pathogen attack, light, nutrients, and plant hormones. During
seedling development, early-stage enzymes TDC and STR exhibit peak activity by 104
hours (5 d), while late-stage enzymes NMT, D4H, and DAT peak by 150 hours (6 d) (De
Luca et al., 1986; De Luca et al., 1988; De Carolis et al., 1990). Interestingly, T16H
activity does not peak until day 9 of seedling development (St-Pierre and De Luca, 1995).
In mature plants, co-expression of MIA biosynthetic genes, including those in the iridoid
pathway, is observed with highest activity in younger leaves (De Luca et al., 1985; De
Carolis et al., 1994; Murata et al., 2008; Salim et al., 2014). Environmental factors,
regulators, and signalling compounds can exhibit further influence on MIA biosythesis;
for example, mechanical wounding or exposure to ethylene has no effect on catharanthine
but increases vindoline levels in seedlings (Vázquez-Flota et al., 2004).
Plant growth regulators, including auxin, cytokinins, and abscisic acid (ABA), all
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have effects on MIA accumulation that have been studied in C. roseus tissue culture.
Auxin reduces alkaloid accumulation by down-regulating TDC and STR activity at the
transcriptional level (Eilert et al., 1986; Eilert et al., 1987a; Roewer et al., 1992; Pasquali
et al., 1992; Arvy et al., 1994). Cytokinins such as zeatin have been shown to enhance
G10H activity, increase alkaloid accumulation, and increase conversion of secologanin to
ajmalicine (Decendit et al., 1992; Decendit et al., 1993). Increased catharanthine and
vindoline accumulation by a C. roseus cell culture in response to ABA was reported in
one study (Smith et al., 1987) but this response was not consistently reproduced (ElSayed and Verpoorte, 2002).
In addition to growth regulators, signalling compounds such as jasmonic acid (JA)
and methyl jasmonate (MeJA) have also been studied for their effects on MIA
metabolism in C. roseus. MeJA and JA induce MIA accumulation in hairy roots
(Rijhwani and Shanks, 1998; Morgan and Shanks, 1999), cell culture (Gantet et al.,
1999), and seedlings (Vazquez-Flota and De Luca, 1998b) by inducing expression of
multiple genes (van der Fits and Memelink, 2000; Geerlings et al., 2000). MeJA
increases transcription of GES, G10H, TDC, STR, and SGD in cell culture (Geerlings et
al., 2000; Collu et al., 2001; Simkin et al., 2013) and enhances activities of TDC, STR,
D4H, and DAT in seedlings (Aerts et al., 1994). MeJA-mediated induction of TDC and
D4H activities in seedlings occurs at the transcriptional, post-transcriptional, and posttranslational levels (Vazquez-Flota and De Luca, 1998b). A class of MeJA- and JAresponsive transcription factors, Octadecanoid-responsive Catharanthus AP2/ERFdomain (ORCA), are responsible for mediating several MIA biosynthetic genes in
response to MeJA and JA and include ORCA1, ORCA2, and ORCA3 (Menke et al.,
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1999; van der Fits and Memelink, 2000; Memelink et al., 2001). ORCA2 has been shown
to transactivate STR (Menke et al., 1999), while ORCA3 binds to the promoter regions of
STR and TDC (van der Fits and Memelink, 2001). Overexpression of ORCA3 in cell
culture has been shown to increase expression of TDC, STR, SGD, and D4H, with no
effect on G10H or DAT expression (van der Fits and Memelink, 2000). Effects of MeJA
on plants are dependent on the stage of development: MeJA dramatically enhances MIA
accumulation if applied before germination, and the ability of MeJA to enhance
production decreases sharply with age (Aerts et al., 1994). Exogenous factors such as
pathogen infection, simulated by treatment with fungal elicitors, also affect MIA
metabolism, although this action has not been well-studied.
MIA accumulation and TDC and STR activities are transcriptionally induced in
cell culture by the addition of fungal elicitor preparations or yeast extract (Eilert et al.,
1986; Eilert et al., 1987a; Roewer et al., 1992; Pasquali et al., 1992; Menke et al., 1999).
In contrast, G10H activity is slightly reduced by elicitor treatment (Moreno et al., 1996).
Enhanced accumulation of catharanthine and ajmalicine has been observed in cell culture
in response to tetramethyl ammonium bromide and Aspergillus niger homogenate (Zhao
et al., 2001). Investigation of the regulatory effects of light, however, has been found to
be essential to MIA biosynthesis.
Light is an important regulator of vindoline biosynthesis. Etiolated (dark-grown)
seedlings accumulate tabersonine and catharanthine as the major alkaloids due to low
T16H, D4H, and DAT activities despite high TDC, STR, and NMT activities (De Luca et
al., 1986; Balsevich et al., 1986; De Luca et al., 1988; De Carolis et al., 1990; St-Pierre
and De Luca, 1995). Exposing etiolated seedlings to light results in the rapid conversion
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of tabersonine to vindoline (Balsevich et al., 1986). Light exposure induces both D4H
gene expression and protein accumulation, and etiolated and light-grown seedlings
exhibit different major isoforms of D4H protein, suggesting that its light-mediated
activation may involve a post-translational modification in addition to transcriptional
regulation (De Carolis et al., 1990; Vazquez-Flota and De Luca, 1998a). Light exposure
also induces DAT and T16H activity by as much as 10-fold and 6-fold, respectively (De
Luca et al., 1986; De Luca et al., 1988; De Carolis et al., 1990; St-Pierre and De Luca,
1995; Schröder et al., 1999). Additionally, red-light treatment has been shown to be
sufficient for inducing D4H and DAT activity, while far-red light has the opposite effect,
suggesting the involvement of phytochrome in the process (Vazquez-Flota and De Luca,
1998; Aerts and De Luca, 1992).
MIA biosynthesis in C. roseus is clearly a complex system. Improvement of MIA
accumulation in cell culture or metabolic engineering of the pathway require a greater
understanding of the enzymatic steps, genes, and regulatory processes involved. To this
end, many new methods have been generated as tools to investigate the vinblastine
pathway in C. roseus.
A.8. Techniques for identification and screening of candidate MIA pathway genes.
Traditional approaches that were used in earlier investigations to identify steps in
vinblastine biosynthesis involved the use of radiolabelled substrates for feeding to cell
cultures to identify intemediates, isolation and purification of target enzymes from plants
or cell cultures, protein sequencing for determining peptide sequences, and design of
degenerate primers based on protein sequences or homologous genes to probe cDNA
libraries for candidate genes. Although many genes have been identified in this manner,
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the methods are time-consuming and not always successful (De Luca et al., 2012). More
efficient approaches are necessary for the completion of the pathway, and much recent
progress has been made. Efforts have focused on large-scale transcriptome sequencing
projects for C. roseus and other medicinal plants to generate searchable databases
(Facchini

et

al.,

2012;

Xiao

et

al.,

2013

[http://phytometasyn.ca]; Góngora-Castillo et al., 2012a; Góngoroa-Castillo et al., 2012b
[http://www.medicinalplantgenomics.msu.edu]; the Medicinal Plant Transcriptome
Project

[http://www.uic.edu/pharmacy/MedPlTranscriptome/index.html]).
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availability of these transcriptomic databases has led to the recent identification of several
iridoid and MIA biosynthetic genes using bioinformatics approaches to search for
homologous genes across MIA- and/or iridoid-producing species. Additionally, the
tissue-specific expression of the MIA pathway led to the development of the
carborundum abrasion technique (Murata and De Luca, 2005; Murata et al., 2008; Levac
et al., 2008) for isolation of epidermal RNA and proteins. Epidermis-enriched cDNA
libraries produced via random sequencing of the RNA allows for comparison of gene
expression between the leaf epidermis and whole leaf and identification of candidate
genes involved in epidermis-specific pathways. Once candidate genes have been
identified, an additional useful method has been developed for screening and confirming
gene functions: virus-induced gene silencing (VIGS).
VIGS experiments in C. roseus utilize a tobacco rattle virus (TRV) vector system
(Burch-Smith et al., 2004), into which a 300- to 500-bp fragment of the target gene is
cloned (De Luca et al., β01β; Liscombe and O’Connor, β011). C. roseus seedlings or
mature plants are subsequently infiltrated with transformed A. tumfasciens carrying the
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VIGS constructs for silencing of the target gene within the plant. Monitoring the change
in MIA profile thus allows for confirmation of gene function or screening of candidate
genes, and several MIA gene functions have been identified or supported utilizing this
technique (Geu-Flores et al., 2012; Salim et al., 2014; Asada et al., 2013; Salim et al.,
2013; Kellner et al., 2015; Qu et al., 2015).
An additional approach to identifying candidate genes lies in the screening and
profiling of different cultivars or mutant plant lines that exhibit altered MIA profiles. For
example, screening of 50 different cultivars led to the identification of an altered profile
in C. roseus cv. Vinca Mediterranean Dp Orchid, which accumulates 10 times less
vindoline than the reference standard C. roseus cv. Little Delicata due to reduced T16H
activity (Magnotta et al., 2006). Similarly, mutagenesis techniques can result in changes
in secondary metabolism, due to alterations in regulatory or functional genes that can be
identified via screening in large-scale experiments. Mutagenesis approaches include
treatments with chemical mutagens, irradation, and random genetic insertions to generate
a population of mutants (Kim et al., 2006; Greene et al., 2003). Chemical mutagenesis
often involves ethylmethanesulfonate (EMS), an alkylating agent that forms adducts with
nucleotides, primarily (>99%) guanine residues (Greene et al., 2003). Guanine alkylation
by EMS produces O6-ethylguanine, which pairs with thymine instead of cytosine and
results in replacement of G/C pairs with A/T pairs through DNA repair mechanisms
(Greene et al., 2003; Haughn and Somerville, 1987). These replacements can produce
silent, missense, or nonsense mutations, which correspond to codons which result in the
same amino acid, a different amino acid, or a premature stop codon, respectively. EMSinduced mutations are typically made up of ~30% silent, ~65% missense, and ~5%
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nonsense mutations (McCallum et al., 2000). EMS is an attractive mutagen as it produces
high levels of random point mutations, at ~1 mutation per 200-500 kbp, with low rates of
chromosome breaks that would otherwise lead to inversions or deletions (Greene et al.,
2003; Kurowska et al., 2011). Resulting mutants may therefore display gains or losses of
function.
In EMS mutagenesis experiments, seeds are first soaked in the mutagen and
germinated to generate the M1 generation of plants, which undergo self-pollination to
yield the M2 generation seeds (Bush and Krysan, 2010). Screening can be subsequently
performed on the M2 generation using a variety of methods depending on the plant and
the targets of interest. PCR-based methods can be used to screen for mutations in
specific, known gene targets (Kwok, 2011) while identification of novel genes involved
in primary or secondary metabolic pathways may involve screening by visual phenotype
or metabolic profiling. For example, genes involved in saponin biosynthesis in oats have
been identified using chemically-mutagenized plants that were screened based on
fluorescence under UV light (Papadopoulou et al., 1999; Qin et al., 2010; Geisler et al.,
2013); similarly, EMS-induced mutants of C. roseus with increased salt tolerance,
antibacterial activity, or alkaloid content have been selected based on altered morphology
such as dwarf phenotypes, though these mutants exhibit many pleiotropic effects that
complicate identification of mutations and functional genes (Verma and Singh, 2010;
Kulkarni et al., 1999; Rai et al., 2003; Kumari et al., 2013).
In the absence of morphological phenotypes, such as with mutations that affect a
secondary metabolic functional gene rather than a central regulatory element, alkaloid
profiling is easily accomplished in C. roseus by dipping leaves in chloroform to separate
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the surface alkaloids, followed by acid-base extraction of surface and whole leaf
alkaloids and analysis via thin-layer chromatography (TLC) (Roepke et al., 2010). Once a
mutant with an altered profile of interest is obtained, identification of the mutation can be
accomplished through a variety of approaches, including gene expression and enzymatic
profiling (Magnotta et al., 2006) and transcriptome sequencing (Qin et al., 2010; Geisler
et al., 2013; Thamm, 2014). This approach has been successfully used in identifying and
characterizing a high-ajmalicine-accumulating mutant line of C. roseus, from which three
new transcription factors involved in MIA biosynthesis and a clade of perakine reductaselike enzymes were identified (Czerwinski, 2011; Thamm, 2014), demonstrating the
potential of EMS mutagenesis in novel MIA gene discovery.
A.9. Objectives and experimental design.
Following the same approach that led to the discovery of the high-ajmalicine
mutant (Czerwinski, 2011), another collection of 4000 EMS-mutagenized M2 lines of C.
roseus was screened for altered MIA profiles with the aim of identifying novel functional
or regulatory genes involved in MIA biosynthesis. The screening led to the identification
of line M2-1865, which produced low levels of vindoline within the leaves and
accumulated 2,3-epoxide derivatives of tabersonine on the leaf surface.
Since the 2,3-epoxides are produced by T3O in the absence of T3R (Qu et al.,
2015), it was hypothesized that the M2-1865 phenotype was the result of: 1) a change in
T3R gene expression due to either a mutation in a regulatory gene or in T3R, and/or 2) a
change in enzymatic activity of T3R due to a mutation affecting protein function.
Investigation of the hypothesis was carried out utilizing detailed analyses of MIA gene
expression, T3R nucleotide and amino acid sequences, and enzymatic activity of

37

recombinant T3R. While no changes in MIA gene expression were observed between the
parental line (WT) and M2-1865 line, the mutant T3R possessed a single amino acid
substitution (H189Y) which reduced recombinant enzymatic activity by 95%.
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B. Materials and Methods
B.1. General materials.
All chemicals were purchased from Sigma-Aldrich unless otherwise specified.
Tabersonine was purchased from Omnichem while other alkaloids were purified by
previous lab members from extracted plant material. Reagents for RNA extraction and
cDNA synthesis were purchased from Invitrogen. Restriction enzymes were purchased
from New England Biolabs. Rabbit anti-c-Myc and rabbit His-probe primary antibodies
were purchased from Santa Cruz Biotechnology, while IRDye800 Goat anti-rabbit
secondary antibody was purchased from Rockland-Inc.
B.2. Plant materials and mutant screening.
C. roseus plants were cultivated in the Brock University greenhouse under long
day conditions (16 hours light, 8 hours dark) at 28ºC. Plants were watered 2-3 times per
week and fertilized twice per month.
EMS-mutagenized M2 seeds of C. roseus cv. Pacifica Apricot were obtained from
Ball Seed Co. (Ball Horticultural Company, West Chicago IL). MIAs were extracted
from seedlings as described below and 4000 lines were initially screened by
undergraduate student Michael Easson via thin-layer chromatography. Candidate mutants
with altered MIA profiles were subsequently verified using UPLC-MS.
B.3. Alkaloid extraction.
Leaf pairs were freshly harvested and weighed. Surface MIAs were extracted
according to the protocol developed by Roepke et al. (2010) via dipping the leaves in 2
mL chloroform for one hour, followed by acid/base extraction: chloroform was extracted
with an equal volume of acidified water (pH 3.5-4.5), which was subsequently basified
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(pH 9-10) and extracted with an equal volume of ethyl acetate; the ethyl acetate was then
evaporated to dryness and the extracted MIAs were dissolved in 200 µL HPLC-grade
methanol. After chloroform dip, leaves were then extracted in 1 mL HPLC-grade
methanol for 1 hour with shaking. MIAs were analyzed and quantified via UPLC-MS.
B.4. Crossings and phenotype segregation.
M2-1865 was first confirmed to be homozygous for the mutant phenotype via
analysis of MIA profiles in M3 offspring obtained by self-fertilization. Reciprocal
crossings were subsequently made between parental line (WT) and M2-1865 plant lines.
For the F1 generation, 10 offspring from WT male x M2 female and 4 offspring from WT
female x M2 male crossings were obtained. 10-20 seeds of each self-fertilized plant in the
F1 generation were collected to generate the F2 generation, of which 60 6-week-old
offspring were randomly selected for analysis. Phenotypic analysis was carried out
primarily by determining levels of 2,3-epoxides on the leaf surface, which were only
observed in homozygous mutants. Vindoline levels were also quantified. Leaf pair 2
(LP2) was used for phenotypic analysis of M3, F1, and F2 generation plants.
B.5. RNA extraction and cDNA synthesis.
RNA was extracted from freshly-harvested plant tissues of three individual plants
of both WT and M2-1865 lines using TRIzol reagent according to the manufacturer’s
instruction and was purified using overnight LiCl precipitation at 4°C. Reverse
transcription was then performed on a T100 Thermal Cycler from Bio-Rad using
SuperScript II Reverse Transcriptase, Oligo d(T) 12-18 Primer, and 1-5 µg total RNA
according to the manufacturer’s instructions.
B.6. Real-Time PCR and gene expression.
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cDNA extracted from WT and M2-1865 plant lines as described (B.5.) was used
as the template in RT-PCR reactions using iTaq SYBR Green Supermix (Bio-Rad) and 5
µM primers in a total reaction volume of 10 µL. The reactions were performed with a
C1000 Thermal Cycler with CFX96 Real-Time System (Bio-Rad) under the following
conditions: 95 °C for 3 min, followed by 40 cycles of 95 °C for 10 s and 58 °C for 30 s.
Gene expression was determined relative to 60S ribosomal subunit as the reference gene.
Primer sequences for RT-PCR are listed in Supplementary Table 1.
B.7. Plant protein extraction
Young leaves (LP 1-3) were freshly harvested and pulverized with sea sand in 3
mL buffer (50 mM HEPES, pH 7.5) per gram of tissue. The resulting slurry was filtered
through three layers of cheesecloth and centrifuged at 5000 rpm, 4ºC, for 10 min. The
supernatant was partially purified through a 100-mL column packed with Sephadex G-25
Medium (Amersham Biosciences) at a flow rate of 1 mL/min. The protein eluted in the
first 30 mL of the void fraction and the 30-70% ammonium sulfate fraction was desalted
through a PD-10 Sephadex G-25 M Column (GE Healthcare). The protein extracts of WT
and M2-1865 lines were assayed for T3R activity.
B.8. Isolation of microsomal protein from yeast expressing T3O.
Recombinant yeast transformed with the pESC-Leu2d construct containing the C.
roseus cytochrome P450 reductase (CPR) (Salim et al., 2014) and T3O genes (Qu et al.,
2015) were obtained from post-doctoral fellow Vince Qu. 2 mL of overnight yeast culture
was inoculated into 200 mL of SC-Leu medium containing 2% glucose and grown at
30°C with shaking at 200 rpm for 24 hours, after which the medium was switched to SCLeu containing 2% galactose to induce protein expression for another 24 hours. Cells
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were harvested by centrifugation at 6000 rpm for 10 min and resuspended in 2-3 mL TES
buffer (10 mM Tris-HCl, 1 mM EDTA, and 0.6 M sorbitol; pH 7.5). Cells were broken in
a TissueLyser II (Qiagen) by shaking at 30 Hz for 5 min at 4°C with acid-washed glass
beads. The lysate was centrifuged at 10 000 g for 10 min at 4°C and the supernatant was
transferred to ultracentrifuge tubes. Microsomes were pelleted at 100 000 g for 1 hour at
4°C and resuspended in TEG buffer (10 mM Tris-HCl, 1 mM EDTA, and 10% glycerol;
pH 7.5). Microsomal protein concentration was determined via Bradford assay.
Microsomes were then flash-frozen in liquid nitrogen and stored at -80°C.
B.9. T3R cloning and sequencing.
Cloning of the WT and M2-1865 T3R genes was carried out according to the
protocol established by Qu et al. (2015). cDNA was synthesized from RNA extracted
from young leaves of C. roseus WT and M2-1865 lines as described (B.5., B.6.). The
T3R open reading frame (ORF) was amplified using High-Fidelity Phusion DNA
Polymerase (New England BioLabs) with cloning primers designed by post-doctoral
fellow

Vince

Qu:

the

forward

primer

5’-

ATAAGGATCCAATGGCTGCAAAGTCAGTGAAGG-γ’, which contained a BamHI
site (underlined), and the reverse primer, 5’-AGAAGTCGACGGGTGATTTGAAAGTG
TTTCCAATG-γ’, which contained a SalI site (underlined). The PCR fragment was
inserted into pGEMT-Easy vector (Promega), which was transformed into competent
Escherichia coli strain TOP10 via heat shock. Positive transformants were identified
using blue/white screening and PCR. Recombinant plasmid constructs were purified and
sent to Eurofins Genomics for sequencing. The T3R ORF fragment was subsequently
digested from the pGEMT-Easy vector using BamHI-HF and SalI-HF and inserted into
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the pET30-b expression vector (Novagen). Ligation was confirmed via double digests
with BamHI-HF/SalI-HF, BamHI-HF/XhoI, NcoI-HF/SalI-HF, and NcoI-HF/XhoI.
Competent E. coli strain TOP10 was transformed with the constructs and recombinant
plasmids were purified from positive transformants as identified via PCR. Recombinant
plasmids were subsequently transformed into E. coli strain BL21-DE3 for protein
expression.
B.10. Recombinant protein extraction from E. coli expressing T3R.
Purification of recombinant protein was performed according to Qu et al. (2015).
Recombinant BL21-DE3 E. coli expressing pET30-b-T3R were grown at 37°C and 250
rpm to OD600 = 0.400 in LB medium containing 50 µg/mL of kanamycin. Protein
expression was subsequently induced with 0.1 mM IPTG overnight at 10°C with shaking
at 200 rpm. Cells were pelleted by centrifugation at 6000 rpm for 10 min at 4°C and
resuspended in 4 mL lysis buffer for purification (10 mM Tris-HCl, 100 mM NaCl, 10
mM imidazole, 1 mM DTT, 1 mM PMSF, and 10% glycerol; pH 7.5) or desalting (10
mM Tris-HCl, 100 mM NaCl, 1 mM PMSF, and 10% glycerol; pH 7.5). Cells were then
lysed using a Fisher Scientific Sonic Dismembrator Model 100 with six rounds of 0.5second pulses at setting 10 for 10 seconds, with 10-second cooling periods in-between.
The lysate was subsequently pelleted at 8000 rpm for 10 min at 4°C.
For purification via Ni-NTA affinity chromatography, the supernatant was
harvested and loaded onto an equilibrated column packed with 2 mL Ni-NTA resin
(Qiagen). The resin was washed with 50 mL wash buffer (10 mM Tris-HCl, 100 mM
NaCl, 30 mM imidazole, and 10% glycerol; pH 7.5) and the recombinant protein was
eluted with elution buffer (10 mM Tris-HCl, 100 mM NaCl, 300 mM imidazole, and 10%
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glycerol; pH 7.5) in 500-µL fractions. Protein concentration was measured via Bradford
assay and fractions were flash-frozen in liquid nitrogen before storing at -80°C.
For desalting of total crude protein extracts, 2.5 mL of the supernatant was eluted
through an equilibrated PD-10 Sephadex G-25 M Column (GE Healthcare) with 3.5 mL
of lysis buffer. Protein concentration was measured via Bradford assay and the total
desalted protein was flash-frozen in liquid nitrogen and stored at -80°C in 500-µL
aliquots.
B.11. SDS-PAGE and immunoblotting.
Purified T3R (5 µg), total soluble E. coli protein (10 µg), total insoluble E. coli
protein (5 µg), or yeast microsomal protein (50 µg) were separated via SDS-PAGE at 200
V for 50-60 min using 12% resolving gel. Gels were transferred to a 0.45 µm Amersham
Hybond-ECL PVDF protein blotting membrane (GE Healthcare) using a Trans-Blot SD
Semi-Dry Transfer Cell (Bio-Rad). The membrane was blotted with 0.5 µg/L rabbit antic-Myc primary antibody for detection of recombinant T3O or with 0.4 µg/mL rabbit Hisprobe primary antibody for detection of His-tagged recombinant T3R. Both membranes
were blotted with 0.1 µg/L IRDye800 Goat anti-rabbit secondary antibody. Membranes
were visualized with a Li-COR Odyssey 9120 scanner.
B.12. T3R in vitro assays.
In order to test for T3R activity in the WT and M2-1865 plant protein extracts,
200-µL assays were prepared using 100 µg recombinant microsomal T3O, 568 µg
partially-purified plant protein extract, 25 µM tabersonine, 1 mM NADPH, and 50 mM
HEPES buffer, pH 7.5.
Assays using purified recombinant T3R were prepared with 50 µg recombinant
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microsomal T3O, recombinant E. coli protein (4 µg purified recombinant T3R, 50 µg
total desalted WT extract, or 500 µg total desalted M2 extract), 25 µM tabersonine or 16methoxytabersonine, 1 mM NADPH, and 50 mM HEPES buffer, pH 7.5, to a total
volume of 100 µL.
Both assays were incubated at 30°C for 1 hour and were subsequently basified
and extracted twice with ethyl acetate. The ethyl acetate was evaporated to dryness and
alkaloids were dissolved in 120 µL HPLC-grade methanol for analysis via UPLC-MS.
B.13. UPLC-MS.
Extracted alkaloids from plant material and in vitro assays were analyzed on an
Acquity UPLC system (Waters) equipped with a BEH C18 column (2.1 x 50 mm;
particle size 1.7 µm) maintained at 35°C, a photodiode array detector, and a mass
spectrometer. The solvent systems used were solvent A (6:14:80 methanol:acetonitrile:5
mM ammonium acetate) and solvent B (24:64:10 methanol:acetonitrile:5 mM ammonium
acetate). The following linear elution gradient was used: 0-0.5 min 99% A, 1% B, 0.3
mL/min; 0.5-0.6 min 99% A, 1% B, 0.4 mL/min; 0.6-8.0 min 1% A, 99% B, 0.4 mL/min;
8.0-8.3 min 99% A, 1% B, 0.4 mL/min; 8.3-10 min 99% A, 1% B, 0.3 mL/min. The mass
spectrometer was operated in positive ionization mode at a capillary voltage of 3.1 kV, a
cone voltage of 48 V, a desolvation gas flow of 600 L/hr, a desolvation temperature of
350°C, and a source temperature of 150°C.
MIAs were quantified utilizing standard curves generated from known
concentrations. As no standards were available for 16-methoxy-2,3-epoxytabersonine or
16-methoxy-2,3-dihydro-3-hydroxytabersonine, they were quantified using standards of
2,3-epoxytabersonine and 2,3-dihydro-3-hydroxytabersonine, respectively.
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B.14. Sequence alignments and phylogenetic analysis.
Nucleotide and amino acid sequence alignments were performed using the MCoffee tool at http://tcoffee.crg.cat (Notredame et al., 2000; Wallace et al., 2006; Moretti
et al., 2007; Di Tommaso et al., 2011). Phylogenetic analysis was performed with the
Phylogeny.fr tool at http://www.phylogeny.fr using ProbCons for sequence alignment,
GBlocks for curation, PhyML for the phylogeny, and TreeDyn for rendering (Dereeper et
al., 2010; Dereeper et al., 2008; Do et al., 2005; Castresana, 2000; Guindon and Gascuel,
2003; Anisimova and Gascuel, 2006; Chevenet et al., 2006). Species and accessions for
the sequences used in the phylogenetic analysis are listed in Supplementary Table 2.
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C. Results
C.1. M2-1865 has reduced levels of vindoline and accumulates tabersonine 2,3epoxide derivatives on the leaf surface.
In order to determine the MIA profile of line M2-1865, MIAs were extracted from
the leaf surface and leaf body by acid/base extraction (as described in B.3.) and analyzed
by UPLC-MS. Initial UPLC analyses suggested that the leaf body of M2-1865 (Figure
10B) contained significantly reduced levels of vindoline (RT = 4.61 min), vindorosine
(RT = 4.77 min), vinblastine (RT = 5.00 min), and γ’,4’-anhydrovinblastine (RT = 5.85
min) compared to those of the parental line (WT) (Figure 10A). In contrast, the M2-1865
leaf surface extracts (Figure 10D, 10G-J) accumulated new MIAs [16-methoxy-2,3epoxytabersonine (RT = 3.40 and 3.72 min, m/z = 383) and 2,3-epoxytabersonine (RT =
3.54 and 3.79 min, m/z = 353)] not found on the leaf surface of WT (Figure 10C).
Incubation of recombinant T3O with NADPH and either 16-methoxytabersonine or
tabersonine generated the same reaction products found on the leaf surface of M2-1865
(Figure 10E-F, 10K-L) [16-methoxy-2,3-epoxytabersonine (RT = 3.38 and 3.70 min, m/z
= 383) and 2,3-epoxytabersonine (RT = 3.52 and 3.78 min, m/z = 353)] (Qu et al., 2015).
Quantification of MIAs from leaf pair (LP) 1 to LP5 (Figure 11) indicated that vindoline
levels were reduced in M2-1865 by as much as 75%, vindorosine by ~50%, and γ’,4’anhydrovinblastine by ~50% compared to WT. Vinblastine levels in the mutant were too
low to be quantified. Furthermore, M2-1865 accumulated similar levels of catharanthine,
tabersonine, and 16-methoxytabersonine compared to levels found in WT. The M2-1865
plants did not display any morphological changes compared to WT plants. The results
suggest that accumulation of 2,3-epoxides in M2-1865 may occur as a result of a change
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Figure 10: LC profiles of MIA extracts from WT and M2-1865 plants suggest reduced
vindoline and accumulation of tabersonine 2,3-epoxide derivatives in the mutant. Extracts
of leaf bodies after chloroform dip from WT (A) and M2-1865 (B) suggest reduced levels
of vindoline, vindorosine, and vindoline-containing dimers [vindoline (4.61 min),
vindorosine (4.77 min), vinblastine (5.00 min), 3’,4’-anhydrovinblastine (5.83 min),
comigrating tabersonine and 16-methoxytabersonine (6.36 min)]. Leaf surface extracts
from WT (C) and M2-1865 (D) plants show accumulation of four compounds (3.40-3.79
min) in the mutant that do not accumulate in WT and that have similar retention times,
UV absorbance, and mass spectra (G-J) to tabersonine 2,3-epoxide derivatives (K-L)
produced in assays with recombinant T3O using tabersonine (E) or 16methoxytabersonine (F) as substrate [catharanthine (4.42 min)].
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Figure 11: Quantification of MIAs in WT and M2-1865 plant lines by UPLC-MS shows
that levels of vindoline, vindorosine, and vindoline-containing dimers are reduced in M21865 plants compared to WT. Vinblastine levels in M2-1865 were too low to be
quantified. Tabersonine and 16-methoxytabersonine co-migrated and were thus
quantified together. Results are the average levels in three individual plants of each line.
LP1 = youngest leaf pair.
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in the gene expression and/or enzyme activity of T3R.
C.2. Protein extracts from M2-1865 plants do not display T3R activity.
In order to test for T3R activity, protein was extracted from WT and M2-1865
plant lines (as described in B.7.). The crude protein extracts were desalted and
concentrated by ammonium sulfate precipitation. The 30-70% desalted ammonium
sulfate fraction was used for in vitro assays (as described in B.12.) in combination with
recombinant yeast microsomes expressing T3O, with tabersonine as the substrate and
NADPH as the cofactor. UPLC-MS analysis of the reactions indicated that tabersonine
(RT = 6.15-6.26 min, m/z = 337) was converted by T3O into 2,3-epoxytabersonine (RT =
3.61 and 3.89 min, m/z = 353) in the absence of plant extracts (Figure 12A). WT plant
extract did not display any activity towards the substrate (Figure 12B). In the presence of
both T3O and WT plant extract, epoxides did not accumulate as WT protein converted
the intermediate produced by T3O into 2,3-dihydro-3-hydroxytabersonine (RT = 4.93
min, m/z = 355) (Figure 12C), but this activity was not observed with M2-1865 protein
extract (Figure 12D). This contributed to the likelihood that either change in T3R gene
expression or protein functionality in the mutant plant was responsible for the mutant
phenotype.
C.3. WT and M2-1865 plant lines show similar expression levels of T3R and other
MIA biosynthetic genes.
Expression levels of T3R in various plant tissues and of other MIA biosynthetic
genes in LP1 were compared using real-time PCR as described in B.6. (Figure 13). T3R
was highly expressed in leaves of both WT and M2-1865 plants, with LP1 and LP2
showing similar expression levels between the two plant lines, and was poorly expressed
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Figure 12: The conversion of tabersonine to 2,3-dihydro-3-hydroxytabersonine only
takes place in assays containing both recombinant T3O and WT plant protein extracts but
not in those containing M2-1865 plant protein extracts. Assays contained 1 mM NADPH,
25 µM tabersonine, +/- 100 µg recombinant yeast microsomal T3O, and +/- 568 µg WT
or M2-1865 plant protein extract [tabersonine (RT 6.15 min, m/z 337), 2,3epoxytabersonine (RT 3.55 and 3.81 min, m/z 353), 2,3-dihydro-3-hydroxytabersonine
(RT 4.93 min, m/z 355)].
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Figure 13: WT and M2-1865 plant lines show similar expression levels of T3R as well as
other MIA pathway genes. (A) T3R expression in various organs. (B) Expression of other
MIA pathway genes in LP1. Expression was determined relative to 60S ribosomal
subunit as reference gene using three individual plants from each line. Genes:
strictosidine synthase (STR), strictosidine β-D-glucosidase (SGD), tabersonine 16hydroxylase (T16H), 16-methoxytabersonine 16-O-methyltransferase (16OMT),
tabersonine 3-oxygenase (T3O), tabersonine 3-reductase (T3R), 16-methoxytabersonine2,3-dihydro-3hydroxytabersonine N-methyltransferase (NMT), desacetoxyvindoline 4hydroxylase (D4H), deacetylvindoline 4-O-acetyltransferase (DAT).
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in other organs. Similarly, LP1 of both WT and M2-1865 plants exhibited comparable
expression of the other known MIA biosynthetic genes from STR to DAT. These similar
gene expression profiles between WT and M2-1865 plants, together with the apparent
lack of T3R activity in mutant plant extracts (Figure 12) triggered the molecular cloning
of mutant T3R to investigate its molecular and biochemical properties compared with
T3R from the WT plants.
C.4. Mutant T3R has two nucleotide substitutions but possesses a single amino acid
substitution, H189Y.
Using cDNA synthesized from WT and M2-1865 leaf RNA (see section B.5.),
T3R was cloned into pGEMT-Easy and transformed into E. coli as described in section
B.9. Recombinant plasmids encoding WT and M2-1865 T3R genes were sequenced and
compared (Figure 14) to show that mutations of cytosine residues had occurred at
positions 565 and 903 to thymine and adenine, respectively, in the mutant sequence. The
mutation at position 903 altered the codon from ACC to ACA, which both code for
threonine, and was therefore a silent mutation. However, the mutation at position 565
changed the codon from CAT to TAT, which resulted in a substitution mutation, H189Y,
in the mutant protein (Figure 15).
C.5. Mutant T3R activity is reduced by 95% in recombinant protein extracts from
E. coli.
To investigate the change in catalytic activity produced by the H189Y mutation,
WT-T3R and M2-T3R were transferred into pET30-b (as described in section B.9.) for
expression as a 6xHis-tagged protein in E. coli. Ni-NTA affinity chromatography was
used for purification of the 6xHis-tagged proteins (B.10.); however, while WT-T3R was
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WT-T3R
M2-T3R

1 ATGGCTGCAAAGTCAGTGAAGGCTTTTGGTTTGGCTCTTAAGGATTCATCTGGGCTTTTCTCT
1 ATGGCTGCAAAGTCAGTGAAGGCTTTTGGTTTGGCTCTTAAGGATTCATCTGGGCTTTTCTCT

63
63

WT-T3R
M2-T3R

64 CCATTCAACTTCTCAAGAAGGGCTACAGGGGAACACGATGTTCAATTGAAAGTATTATATTGT
64 CCATTCAACTTCTCAAGAAGGGCTACAGGGGAACACGATGTTCAATTGAAAGTATTATATTGT

126
126

WT-T3R
M2-T3R

127 GGTGTTTGCAATTTCGATAACTTAATGAGGAGAAACAAATACGGGAGGACCAAGTTTCCCTAT
127 GGTGTTTGCAATTTCGATAACTTAATGAGGAGAAACAAATACGGGAGGACCAAGTTTCCCTAT

189
189

WT-T3R
M2-T3R

190 GTTTTCGGGCATGAAATTGTGGGTGTTGTAACTGAGGTTGGTTCCAATGTTAAGAAATTCAAA
190 GTTTTCGGGCATGAAATTGTGGGTGTTGTAACTGAGGTTGGTTCCAATGTTAAGAAATTCAAA

252
252

WT-T3R
M2-T3R

253 ATCGGTAACAAAGTTGGGGTTAGCTTTATCGTTGATACCTGTAGAGAATGTGAAAGGTGTAAA
253 ATCGGTAACAAAGTTGGGGTTAGCTTTATCGTTGATACCTGTAGAGAATGTGAAAGGTGTAAA

315
315

WT-T3R
M2-T3R

316 ATTGGACAGCAAATAGCCTGTAAAAAAGCAGTATCATCGGACGGCTTCTTCGAGACACCAGGT
316 ATTGGACAGCAAATAGCCTGTAAAAAAGCAGTATCATCGGACGGCTTCTTCGAGACACCAGGT

378
378

WT-T3R
M2-T3R

379 TACGGTGGTTGTTCAAATATATTTGTGGCTGACGAGAATTATGTCATACTTTGGCCTGAAAAC
379 TACGGTGGTTGTTCAAATATATTTGTGGCTGACGAGAATTATGTCATACTTTGGCCTGAAAAC

441
441

WT-T3R
M2-T3R

442 CTTCCTATGGATTCTGGGGCACCCCTGCTGTGTATAGGAATTACATGTTATAATCCCTTAAGA
442 CTTCCTATGGATTCTGGGGCACCCCTGCTGTGTATAGGAATTACATGTTATAATCCCTTAAGA

504
504

WT-T3R
M2-T3R

505 CGTTTTGGACTTGATAAACCTGGAGTTAGAGTTGGTATAGTTGGTCTAGGAGCAGTTGGACAT
505 CGTTTTGGACTTGATAAACCTGGAGTTAGAGTTGGTATAGTTGGTCTAGGAGCAGTTGGATAT

567
567

WT-T3R
M2-T3R

568 TTAGCTATTAAATTTGCAAAAGCTTTTGGTGCTAGGGTTACTTTGATCAGTTCATCCCCTGGA
568 TTAGCTATTAAATTTGCAAAAGCTTTTGGTGCTAGGGTTACTTTGATCAGTTCATCCCCTGGA

630
630

WT-T3R
M2-T3R

631 AAAAAGGATGAGGCTTTTCAGAAATTTGGTGTAGATTCTTTCTTGGTCAGCAGTAATGCAGAG
631 AAAAAGGATGAGGCTTTTCAGAAATTTGGTGTAGATTCTTTCTTGGTCAGCAGTAATGCAGAG

693
693

WT-T3R
M2-T3R

694 GAAATGCAGGCTGCAGCTGAAACTCTGGATGGTATCCTAGACACTGTACCAGTGGTTCACCCC
694 GAAATGCAGGCTGCAGCTGAAACTCTGGATGGTATCCTAGACACTGTACCAGTGGTTCACCCC

756
756

WT-T3R
M2-T3R

757 CTTGAGCCACTCTTTGCTTTACTGAAACCTCTTGGGAAACTTATCATTATAGGTGAACCGCAT
757 CTTGAGCCACTCTTTGCTTTACTGAAACCTCTTGGGAAACTTATCATTATAGGTGAACCGCAT

819
819

WT-T3R
M2-T3R

820 AAGCCTTTTGAGGTATCCGCAATGTCCCTCATGGAGGGTGGAAAAATAATTAGCGCGAGTACG
820 AAGCCTTTTGAGGTATCCGCAATGTCCCTCATGGAGGGTGGAAAAATAATTAGCGCGAGTACG

882
882

WT-T3R
M2-T3R

883 GGTGGAAGTATAAAGGACACCCAAGAGATAGTCGATTTTGCAGCAGAACATAACGTAGTTGCA
883 GGTGGAAGTATAAAGGACACACAAGAGATAGTCGATTTTGCAGCAGAACATAACGTAGTTGCA

945
945

WT-T3R
M2-T3R

946 GATGTTGAGGTTATCCCCGTGGACTATGTGAACACTGCCATGGAGCGTCTTGATAAAGCTGAT 1008
946 GATGTTGAGGTTATCCCCGTGGACTATGTGAACACTGCCATGGAGCGTCTTGATAAAGCTGAT 1008

WT-T3R
M2-T3R

1009 GTGAAGTATCGTTTCGTGATTGACATTGGAAACACTTTCAAATCACCCGTCGACTTCTAA 1068
1009 GTGAAGTATCGTTTCGTGATTGACATTGGAAACACTTTCAAATCACCCGTCGACTTCTAA 1068

Figure 14: T3R cloned from WT and M2-1865 plant lines shows mutations of cytosines
at positions 565 and 903 (highlighted) to thymine and adenine, respectively, in the mutant
sequence.
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WT-T3R
M2-T3R

1 MAAKSVKAFGLALKDSSGLFSPFNFSRRATGEHDVQLKVLYCGVCNFDNLMRRN
1 MAAKSVKAFGLALKDSSGLFSPFNFSRRATGEHDVQLKVLYCGVCNFDNLMRRN

54
54

WT-T3R
M2-T3R

55 KYGRTKFPYVFGHEIVGVVTEVGSNVKKFKIGNKVGVSFIVDTCRECERCKIGQ
55 KYGRTKFPYVFGHEIVGVVTEVGSNVKKFKIGNKVGVSFIVDTCRECERCKIGQ

108
108

WT-T3R
M2-T3R

109 QIACKKAVSSDGFFETPGYGGCSNIFVADENYVILWPENLPMDSGAPLLCIGIT
109 QIACKKAVSSDGFFETPGYGGCSNIFVADENYVILWPENLPMDSGAPLLCIGIT

162
162

WT-T3R
M2-T3R

163 CYNPLRRFGLDKPGVRVGIVGLGAVGHLAIKFAKAFGARVTLISSSPGKKDEAF
163 CYNPLRRFGLDKPGVRVGIVGLGAVGYLAIKFAKAFGARVTLISSSPGKKDEAF

216
216

WT-T3R
M2-T3R

217 QKFGVDSFLVSSNAEEMQAAAETLDGILDTVPVVHPLEPLFALLKPLGKLIIIG
217 QKFGVDSFLVSSNAEEMQAAAETLDGILDTVPVVHPLEPLFALLKPLGKLIIIG

270
270

WT-T3R
M2-T3R

271 EPHKPFEVSAMSLMEGGKIISASTGGSIKDTQEIVDFAAEHNVVADVEVIPVDY
271 EPHKPFEVSAMSLMEGGKIISASTGGSIKDTQEIVDFAAEHNVVADVEVIPVDY

324
324

WT-T3R
M2-T3R

325 VNTAMERLDKADVKYRFVIDIGNTFKSPVDF
325 VNTAMERLDKADVKYRFVIDIGNTFKSPVDF

355
355

Figure 15: T3R cloned from WT and M2-1865 plant lines shows a single amino acid
substitution, H189Y (highlighted), in the mutant protein.
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successfully purified, the method failed to isolate purified M2-T3R (Figure 16A). While
the reasons for this failure are not clear, the application of protein extracts from E. coli
expressing M2-T3R to the Ni-NTA resin decolourized the resin under various native and
denaturing conditions that were tried and as a result, recombinant mutant T3R was not
retained on the resin. Since both soluble recombinant 6xHis-tagged proteins were still
detected at similar levels in the same amount of total desalted crude protein extracts in a
Western blot (Figure 16B), the desalted crude extracts were used to compare WT-T3R
and M2-T3R activities. The coupled enzyme assay also required microsomal T3O
protein, which was obtained from recombinant yeast expressing T3O (Figure 16C).
Recombinant E. coli extracts with WT-T3R or M2-T3R proteins were assayed
(B.12.) with tabersonine or 16-methoxytabersonine as substrates in the presence of
NADPH and +/- recombinant yeast microsomes expressing T3O. Reaction products of
basified enzyme assays were extracted with ethyl acetate, dried, and redissolved in
methanol for analysis by UPLC-MS (Figure 17). Enzyme assays for T3O activity
converted tabersonine (RT = 6.18-6.24 min, m/z = 337) and 16-methoxytabersonine (RT
= 6.14-6.20 min, m/z = 367) to the corresponding 2,3-epoxide derivatives [(Figure 17A;
RT = 3.52 and 3.78 min, m/z = 353) and (Figure 17B; RT = 3.38 min, m/z = 383)].
Neither recombinant bacterial protein extract exhibited any activity towards either
substrate (Figure 17C-D, 17G-H), but when both T3O and recombinant WT-T3R or M2T3R protein extracts were present, both MIAs were converted into their respective 2,3dihydro-3-hydroxy derivatives [(Figure 17E, 17I; RT = 4.89 min, m/z = 355) and (Figure
17F, 17J; RT = 4.66 min, m/z = 385)]. Protein extracts from E. coli expressing M2-T3R
exhibited lower levels of conversion to the 2,3-dihydro-3-hydroxylated products, with

56

Figure 16: Production and affinity purification of soluble recombinant WT- and M2-T3R
protein in E. coli. (A) SDS-PAGE of 5 µg insoluble, 10 µg soluble, and 5 µg Ni-NTA
affinity purified protein extracts from uninduced and induced recombinant E. coli
expressing 6xHis-tagged WT-T3R and M2-T3R. A band corresponding to T3R was
purified from E. coli expressing WT-T3R but not from E. coli expressing M2-T3R. (B)
Western blot of SDS-PAGE showing similar levels of 6xHis-tagged T3R in 10 µg of
desalted crude protein extracts from recombinant E. coli expressing WT-T3R or M2-T3R.
(C) Western blot of SDS-PAGE showing T3O in 50 µg recombinant yeast microsomal
protein.
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higher accumulation of the 2,3-epoxides (Figure 17I-J), compared to protein extracts
from E. coli expressing WT-T3R (Figure 17E-F). More detailed comparisons of 2,3dihydro-3-hydroxy product formation by both extracts (Figure 17K) indicated that protein
from E. coli expressing M2-T3R exhibits ~5% T3R activity (7.06x10-5 ± 0.75x10-5 and
1.21x10-4 ± 0.15x10-4 pkat/mg total protein) compared to protein from E. coli expressing
WT-T3R (1.25x10-3 ± 0.23x10-3 and 2.29x10-3 ± 0.51x10-3 pkat/mg total protein) towards
tabersonine and 16-methoxytabersonine, respectively.
C.6. Line M2-1865 displays a recessive MIA phenotype that exhibits standard
Mendelian inheritance.
Line M2-1865 was confirmed to be homozygous by analysis of MIA profiles of
six offspring in the M3 generation, which were obtained by self-fertilization of the M2
generation and which accumulated similar levels of 2,3-epoxides and vindoline as the M2
generation (Supplementary Figure 1). Reciprocal crossings were then made between WT
and M2-1865 plants in order to assess the pattern of inheritance (as described in B.4.).
MIA analysis of the F1 generation of these crosses indicated that vindoline and
vindorosine levels returned to those found in the WT (Figure 18A), while the 2,3epoxides found on the leaf surface of M2-1865 plants disappeared from all fifteen
offspring in the F1 generation (Supplementary Figure 2). 10-20 seeds were collected and
germinated from each self-fertilized F1 plant to generate the F2 generation, from which
60 6-week-old seedlings were randomly selected for MIA analysis and quantification. 16
homozygous mutants were identified by the presence of significant levels of 2,3-epoxides
on the leaf surface, while the remaining 44 offspring contained no significant levels of
epoxides, giving an approximately 3:1 ratio of WT:M2-1865 MIA phenotypes (Figure
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Figure 17: Tabersonine and 16-methoxytabersonine are effectively converted to 2,3dihydro-3-hydroxy derivatives in assays containing recombinant WT-T3R but very
poorly in assays containing recombinant M2-T3R. (A-J) LC profiles of assays containing
1 mM NADPH, +/- 50 µg recombinant yeast microsomal T3O, +/- recombinant bacterial
protein from E. coli expressing WT-T3R (50 µg) or M2-T3R (500 µg), and 25 µM
tabersonine or 16-methoxytabersonine as substrate. Tabersonine and 1659

methoxytabersonine reaction products were detected at 280 nm and 305 nm, respectively
[tabersonine (RT 6.18-6.24 min, m/z 337), 16-methoxytabersonine (RT 6.14-6.20 min,
m/z 367), 2,3-epoxytabersonine (RT 3.52 and 3.78 min, m/z 353), 16methoxytabersonine (RT 3.38 min, m/z 383), 2,3-dihydro-3-hydroxytabersonine (RT
4.89 min, m/z 355), 16-methoxy-2,3dihydro-3-hydroxytabersonine (RT 4.66 min, m/z
385)]. (K) 2,3-dihydro-3-hydroxy product formation by T3O and bacterial recombinant
proteins from E. coli expressing WT-T3R or M2-T3R in triplicate assays.
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18B). The F2 generation exhibited a wide range in MIA content as seen in the levels of
vindoline and 2,3-epoxides. The 16 plants classified as homozygous mutants contained
an average of 324.80 ± 157.79 µg/gfw of 2,3-epoxides, with minimum and maximum
levels of 99.65 and 696.87 µg/gfw, respectively. All homozygous mutants contained
reduced levels of vindoline, with an average of 59.66 ± 28.14 µg/gfw and minimum and
maximum levels of 10.88 and 114.37 µg/gfw, respectively. The 44 plants classified as
homozygous WT and heterozygous contained no significant levels of 2,3-epoxides but
displayed a large variation in vindoline levels, with an average of 197.67 ± 82.43 µg/gfw
and minimum and maximum levels of 74.77 and 384.79 µg/gfw, respectively.

61

Figure 18: Reciprocal crossings between WT and M2-1865 plant lines show that the
mutant phenotype is recessive and exhibits standard Mendelian inheritance. (A) The F1
generation plants (Wtm x M2f n = 11; WTf x M2m n = 4) show similar levels of
vindoline and vindorosine in LP2 compared to WT. (B) Phenotype distribution of 60 F2
generation plants using levels of tabersonine 2,3-epoxide derivatives and vindoline
contained in LP2. Homozygous mutant offspring (n = 16) were identified by the presence
of 2,3-epoxides on the leaf surface while heterozygous and/or homozygous WT offspring
(n = 44) contained no significant levels of 2,3-epoxides.
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D. Discussion
D.1. A single gene mutation affecting enzyme activity of T3R is responsible for the
M2-1865 phenotype.
The EMS-mutagenized C. roseus M2-1865 plant line has an altered MIA profile:
it contains reduced levels of vindoline, vindorosine, and vindoline-containing dimers
within the leaves and accumulates 2,3-epoxide derivatives of tabersonine on the leaf
surface. The altered MIA profile in the M2-1865 line could have resulted due to one of
many different types of mutations that may directly or indirectly affect biosynthesis or
expression in the vindorosine/vindoline pathway. For example, a mutation in a regulatory
gene could affect expression of several genes in a signal transduction pathway that in turn
may suppress the expression of the key T3R step in vindoline biosynthesis. Since M21865 did not display any differences in morphology, there were likely no mutations in
central regulators of plant development, although mutations could have occurred in
regulatory elements specifically involved in MIA biosynthesis. However, the results
obtained in this study indicate that the M2-1865 phenotype is the result of a single
functional gene mutation causing reduced enzymatic activity.
Vindoline and catharanthine are both derived from the same MIA precursor
(Dewick, 2009; El-Sayed et al., 2004; De Luca et al., 2012). Since M2-1865 contains
similar levels of catharanthine to WT, only the tabersonine to vindorosine/vindoline
portion of the pathway has been affected. This is further supported by the accumulation
of the tabersonine 2,3-epoxide derivatives produced by T3O in the absence of T3R (Qu et
al., 2015), indicating either reduced T3R gene expression or enzymatic activity. Since
none of the MIA biosynthetic genes, including T3R, exhibited changes in expression
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between M2-1865 and WT plants, alterations to either functional gene expression or MIA
regulatory elements are therefore not responsible for the M2-1865 phenotype. Cloning
and sequencing of the WT and M2-1865 T3R genes indicated two G/C to A/T pair
nucleotide mutations, as expected of EMS (Greene et al., 2003; Haughn and Somerville,
1987), resulting in one silent and one missense mutation to produce the H189Y amino
acid substitution. Coupled in vitro assays with recombinant T3O and protein extracts of
E. coli expressing WT-T3R or M2-T3R indicated ~95% reduction in T3R activity towards
tabersonine and 16-methoxytabersonine of the mutant protein compared to WT,
supporting its role in the M2-1865 phenotype. In addition, the mutant phenotype displays
standard Mendelian inheritance. The mutation is recessive, as indicated by the WT
phenotype displayed by the F1 generation, and a single functional copy of the T3R gene
is thus sufficient to restore vindoline biosynthesis. The F2 generation displays an
approximately 3:1 ratio of inheritance, with 44 plants displaying the WT phenotype and
16 plants displaying the mutant phenotype. This 3:1 ratio is the expected pattern of
single-gene segregation in Mendelian inheritance (Hartwell et al., 2011). Although the 44
plants that did not accumulate 2,3-epoxides exhibited a wide range of vindoline levels,
the F2 generation did not display a pattern that would be expected for multi-gene
inheritance; for example, two-gene segregation would display a 9:3:3:1 phenotype ratio
(Hartwell et al., 2011), where approximately 11 plants would be expected to display
moderate levels of both vindoline and 2,3-epoxides. As this is not the case, and because
levels of 2,3-epoxides among the 16 homozygous mutants also vary widely, this range is
likely the result of natural variation. Previous studies have indicated that levels of MIAs,
particularly catharanthine, vindoline, and 3',4'-anhydrovinblastine, can vary widely
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among individual mature plants and especially seedlings (Costa et al., 2008; Magnotta et
al., 2006), which supports this conclusion. The H189Y mutation is therefore solely
responsible for the M2-1865 phenotype due to highly-reduced T3R activity as a result of
changes in structure, catalysis, or binding of substrate/cofactors.
D.2. The H189Y mutation may affect cofactor binding.
T3R is closely-related to zinc-dependent alcohol dehydrogenases (ADHs) of the
medium-chain dehydrogenase/reductase (MDR) superfamily (Qu et al., 2015).
Specifically, it is part of the cinnamyl/sinapyl alcohol dehydrogenase (CAD/SAD)
family, which also includes 10HGO but is primarily made up of genes involved in
monolignol biosynthesis (Guo et al., 2010). A phylogenetic analysis including 71 putative
or probable CAD/SADs from various plants (Figure 19) indicates that T3R and 10HGO,
which share 61% amino acid sequence similarity, are grouped with the Class II A-SADs
(Guo et al., 2010). This group includes Nicotiana tabacum NtaSAD, Populus tremuloides
PtrSAD, and Arabidopsis thaliana AthCAD2-3,6-9. Other classes include the Class I
bona fide CADs as exemplified by AthCAD4-5, Pinus taeda PtaCAD, Eucalyptus gunnii
EguCAD2, Brachypodium distachyon BdiCAD5, and Oryza sativa OsaCAD2; the Class
II G-SADs such as Metasequoia glyptostroboides MglSAD, Abies holophylla AhoSAD12, and Tsuga dumosa TduSAD1-2; and the Class IIIs such as AthCAD1 and OsaCAD1,4
(Guo et al., 2010). Eriobotrya japonica EjaCAD1-2, Camellia sinensis CsiCAD2,
Medicado truncatula MtrCAD2, EguCAD1, and NtaCAD1 form an outgroup with low
sequence similarity to the other CAD/SADs. Characterizations of these proteins have
identified them as atypical CADs belonging to the short-chain dehydrogenase/reductase
superfamily (Shan et al., 2008; Deng et al., 2013; Pan et al., 2014; Goffner et al., 1992;
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Figure 19: Phylogenetic analysis of C. roseus T3R with putative and probable
cinnamyl/sinapyl alcohol dehydrogenases (CAD/SADs) shows that T3R is closely-related
to Class II A-SADs such as P. tremuloides SAD. Species and accessions are listed in
Supplementary Table 2.
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Goffner et al., 1998; Damiani et al., 2005). CAD/SADs reduce hydroxycinnamyl
aldehydes such as coniferaldehyde and sinapaldehyde into their corresponding alcohols
(Gross et al., 1973; Mansell et al., 1974), while 10HGO catalyzes the oxidation of 10hydroxygeraniol and other primary alcohols to their corresponding aldehydes and can
also catalyze the reverse reductions (Ikeda et al., 1991; Miettinen et al., 2014). The
function of T3R as suggested by Qu et al. (2015) is somewhat different, as it is only
proposed to reduce the unstable intermediate produced by T3O and does not significantly
display reductase activity towards the 2,3-epoxide side products.
Since crystal structures and characterizations are available of PtrSAD [PDB:
1YQD] (Bomati and Noel, 2005) and AthCAD5 [PDB: 2CF5] (Youn et al., 2006), an
amino acid alignment between these two proteins as well as T3R and 10HGO was
performed in order to investigate potential consequences of the H189Y mutation (Figure
20). T3R exhibits 59% and 44% amino acid sequence identity with PtrSAD and
AthCAD5, respectively, while 10HGO exhibits 78% and 52% similarity. PtrSAD and
AthCAD5 consist of two domains: the nucleotide-binding domain (Figure 20, highlighted
in yellow; residues 170-302 in PtrSAD and residues 163-301 in AthCAD5) and the
catalytic or substrate-binding domain (Figure 20, highlighted in red; residues 1-169 and
303-362 in PtrSAD and residues 1-162 and 302-357 in AthCAD5). Both proteins
coordinate two Zn2+ ions, one catalytic and one structural, as characteristic of zincdependent MDRs (Bomati and Noel, 2005; Youn et al., 2006). The catalytic Zn2+ is
coordinated by residues C50, H70, and C166 in PtrSAD and by residues C47, H69, E70,
and C163 in AthCAD5; tetrahedral coordination is usually completed via a water
molecule in PtrSAD and other MDRs rather than E70 (Bomati and Noel, 2005; Colonna-
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CroT3R
Cro10HGO
PtrSAD
AthCAD5

1
1
1
1

MAAKS-----VKAFGLALKDSSGLFSPFNFSRRATGEHDVQLKVLYCGVCN
MAKSPEVEHPVKAFGWAARDTSGHLSPFHFSRRATGEHDVQFKVLYCGICH
MSKSPEEEHPVKAFGWAARDQSGHLSPFNFSRRATGEEDVRFKVLYCGVCH
MGIME---AERKTTGWAARDPSGILSPYTYTLRETGPEDVNIRIICCGICH

46
51
51
48

CroT3R
Cro10HGO
PtrSAD
AthCAD5

47
52
52
49

FDNLMRRNKYGRTKFPYVFGHEIVGVVTEVGSNVKKFKIGNKVGVSFIVDT
SDLHMIKNEWGFTKYPIVPGHEIVGIVTEVGSKVEKFKVGDKVGVGCLVGS
SDLHSIKNDWGFSMYPLVPGHEIVGEVTEVGSKVKKVNVGDKVGVGCLVGA
TDLHQTKNDLGMSNYPMVPGHEVVGEVVEVGSDVSKFTVGDIVGVGCLVGC

97
102
102
99

CroT3R
Cro10HGO
PtrSAD
AthCAD5

98
103
103
100

CRECERCKIGQQIACKKAVSSDGFFETPG---YGGCSNIFVADENYVILWP
CRKCDMCTKDLENYCPGQILTYSATYTDGTTTYGGYSDLMVADEHFVIRWP
CHSCESCANDLENYCPKMILTYASIYHDGTITYGGYSNHMVANERYIIRFP
CGGCSPCERDLEQYCPKKIWSYNDVYINGQPTQGGFAKATVVHQKFVVKIP

145
153
153
150

CroT3R
Cro10HGO
PtrSAD
AthCAD5

146
154
154
151

*
ENLPMDSGAPLLCIGITCYNPLRRFGLDKPGVRVGIVGLGAVGHLAIKFAK
ENLPMDIGAPLLCAGITTYSPLRYFGLDKPGTHVGVVGLGGLGHVAVKFAK
DNMPLDGGAPLLCAGITVYSPLKYFGLDEPGKHIGIVGLGGLGHVAVKFAK
EGMAVEQAAPLLCAGVTVYSPLSHFGLKQPGLRGGILGLGGVGHMGVKIAK

196
204
204
201

CroT3R
Cro10HGO
PtrSAD
AthCAD5

197
205
205
202

AFGARVTLISSSPGKKDEAFQKFGVDSFLVSSNAEEMQAAAETLDGILDTV
AFGAKVTVISTSESKKQEALEKLGADSFLVSRDPEQMKAAAASLDGIIDTV
AFGSKVTVISTSPSKKEEALKNFGADSFLVSRDQEQMQAAAGTLDGIIDTV
AMGHHVTVISSSNKKREEALQDLGADDYVIGSDQAKMSELADSLDYVIDTV

247
255
255
252

CroT3R
Cro10HGO
PtrSAD
AthCAD5

248
256
256
253

PVVHPLEPLFALLKPLGKLIIIGEPHKPFEVSAMSLMEGGKIISASTGGSI
SAIHPIMPLLSILKSHGKLILVGAPEKPLELPSFPLIAGRKIIAGSAIGGL
SAVHPLLPLFGLLKSHGKLILVGAPEKPLELPAFSLIAGRKIVAGSGIGGM
PVHHALEPYLSLLKLDGKLILMGVINNPLQFLTPLLMLGRKVITGSFIGSM

298
306
306
303

CroT3R
Cro10HGO
PtrSAD
AthCAD5

299
307
307
304

KDTQEIVDFAAEHNVVADVEVIPVDYVNTAMERLDKADVKYRFVIDIGNTF
KETQEMIDFAAKHNVLPDVELVSMDYVNTAMERLLKADVKYRFVIDVANTL
KETQEMIDFAAKHNITADIEVISTDYLNTAMERLAKNDVRYRFVIDVGNTL
KETEEMLEFCKEKGLSSIIEVVKMDYVNTAFERLEKNDVRYRFVVDVEGSN

349
357
357
354

CroT3R
Cro10HGO
PtrSAD
AthCAD5

350
358
358
355

KS--P
KS--A
AATKP
LD--A

352
360
362
357

Figure 20: Amino acid alignment of C. roseus T3R and 10HGO, P. tremuloides SAD,
and A. thaliana CAD5 shows that T3R contains conserved residues involved in cofactor
binding and Zn2+ coordination but does not contain conserved catalytic or active site
residues. Domains and residues identified by crystal structures (Bomati and Noel, 2005;
Youn et al., 2006) are highlighted as follows: catalytic or substrate-binding domain (red),
nucleotide-binding domain (yellow), Zn2+-coordinating residues (gray), catalytic residues
(turquoise), active site residues (light green), NADPH-stabilizing residues (dark green),
and the glycine-rich motif (fuschia). H189 of T3R, which is substituted for tyrosine in
mutant T3R, is indicated with an asterisk (*). PDB IDs: P. tremuloides SAD [1YQD], A.
thaliana CAD [2CF5].
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Cesari et al., 1986; Eklund and Brändén, 1987). The structural Zn2+ is coordinated by
C103, C106, C109, and C117 in PtrSAD and the same corresponding cysteines in
AthCAD5. All of the Zn2+-coordinating residues (Figure 20, highlighted in gray) are
conserved in both T3R and 10HGO, supporting their inclusion in the zinc-dependent
ADH family.
Many zinc-dependent ADHs are proposed to utilize a proton shuttle in the active
site in order to facilitate hydride transfer to or from the nicotinamide cofactor (Clarke and
Daffron, 1998). The highly-conserved catalytic residues (Figure 20, highlighted in blue)
for this shuttle in typical CAD/SADs are a serine or threonine (S52 in PtrSAD, T49 in
AthCAD5) and a histidine (H55 and H52 in PtrSAD and AthCAD5, respectively)
(Bomati and Noel, 2005; Youn et al., 2006). Notably, these catalytic residues are
conserved in 10HGO but not in T3R, which instead contains phenylalanine and leucine at
these positions. Of the typical CAD/SADs used in the phylogenetic analysis in Figure 19,
these catalytic serine/threonine and histidine residues are both completely conserved in
all but PtaCAD1,2, AthCAD1,7, NtaSAD, OsaCAD1,4, Picea abies PabCAD2, Pinus
armandii ParCAD, Pinus radiata PraCAD, and Pinus massoniana PmaCAD, most of
which have substitutions to nonpolar residues like alanine, valine, or isoleucine.
However, only AthCAD1,7 and NtaSAD functions have been investigated. Kim et al.
(2007) observed that AthCAD7 displayed minor activity and similar expression relative
to bona fide CAD, whereas AthCAD1 did not exhibit CAD activity or expression patterns
and has an unknown function. Similarly, NtaSAD was identified as a SAD-like protein
not likely to display functional CAD/SAD activity by Barakate et al. (2011), who
identified other functional putative SADs in N. tabacum. These proteins, like T3R, may
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therefore display altered activities and catalytic mechanisms compared to typical
CAD/SADs.
Residues lining the active site (Figure 20, highlighted in light green) are important
in determining substrate specificity even if they are not directly involved in the catalytic
mechanism. In AthCAD5, the active site is made up of Q53, L58, M60, C95, W119,
V276, P286, M289, L290, F299, and I300, in addition to the catalytic and Zn2+coordinating residues. Youn et al. (2006) observed that nine of these residues are
completely conserved in all bona fide CADs and that M289 is partially-conserved,
sometimes substituted as isoleucine. The active site residues of PtrSAD are W61, C98,
N115, Y116, A279, F289, I292, A293, G302, and I303 (Bomati and Noel, 2005).
AthCAD5 and PtrSAD thus share only two active site residues, which likely determines
their different substrate specificities: Youn et al. (2006) noted that W119 and F299
reduced the size of the binding pocket and entrance in AthCAD5 compared to PtrSAD,
which contains leucine and glycine at these positions, while the substitution from V276 in
AthCAD5 to A293 in PtrSAD further increases the size of the active site and results in
broader substrate specificity by PtrSAD. Similarly, C95 of AthCAD5 (C98 of PtrSAD),
which corresponds to F93 in horse liver ADH, has been proposed to be involved in
determining substrate specificity in mammalian ADHs and in Sulfolobus solfataricus
ADH based on steric hindrance (Esposito et al., 2003; Stone et al., 1989). All but one of
the PtrSAD active site residues are conserved in 10HGO, which substitutes an alanine for
G302 and which has been reported to display fairly broad substrate specificity (Miettinen
et al., 2014). Conversely, none of the active site residues of PtrSAD are conserved in T3R
with the exception of M284, the partially-conserved residue which corresponds to M289

70

in AthCAD5 and I292 in PtrSAD. Based on these observations, T3R may exhibit a
different active site topology and catalytic mechanism than more typical CAD/SADs,
resulting in its novel function for involvement in vindoline biosynthesis.
Although these observations indicate how T3R may have gained different
functionality from CAD/SADs, they do not explain the consequences of the H189Y
mutation, as the histidines corresponding to H189 in PtrSAD and AthCAD5 were not
assigned any role in substrate binding or catalysis. Therefore, cofactor binding was
subsequently investigated. Stabilization of the nicotinamide cofactor involves several
residues (Figure 20, highlighted in dark green) located in three flexible loops (Min et al.,
2003; Youn et al., 2005). In PtrSAD, S214, T215, S216, and K219 of the first loop, as
well as N343 interact with the 2'-phosphate of NADP+/NADPH; Bomati and Noel (2005)
also state that N192 is involved, but this position actually contains a leucine rather than
asparagine. AthCAD5 substitutes T215 with a serine (S213) but otherwise contains the
same conserved residues as PtrSAD. Youn et al. (2006) also determined that the amide
group of NADP+ interacts with the backbone of G275, a residue in the third loop. With
the exception of N343, these residues are all conserved in both T3R and 10HGO, as
expected of NAD(P)+/NAD(P)H-dependent proteins. The serine/threonine corresponding
to PtrSAD T215 and AthCAD5 S213 is believed to be integral in determining cofactor
specificity for NADP+/NADPH, as NAD+/NADH-dependent ADHs contain an aspartic
acid residue at this position, which would cause charge repulsion with the phosphate
group of NADP+/NADPH (Barbosa Pereira et al., 2001; Powell et al., 2000; Lauvergeat
et al., 1995; Bomati and Noel, 2005). Of particular interest is the second loop, a tight turn
between the ßA and αB secondary structures, which contains a conserved glycine-rich
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(Gx(x)GxxG) motif (Figure 20, highlighted in fuschia; residues 191-196 in PtrSAD and
188-193 in AthCAD5). This motif is typical of NAD(P)+/NAD(P)H-dependent ADHs
and is directly involved in cofactor binding via stabilization of the pyrophosphate
oxygens by the helix macrodipole (Min et al., 2003; Youn et al., 2005; Barbosa Pereira et
al., 2001; Hol et al., 1978; Stone et al., 1989; Eklund et al., 1984). Residue 192 of
PtrSAD and V192 of AthCAD5 within this motif were both determined to be directly
involved in hydrogen bonding to the cofactor (Bomati and Noel, 2005; Youn et al.,
2006). H189 of T3R (Figure 20, asterisk) is directly adjacent to this glycine-rich motif
and is conserved in all typical CAD/SADs used in the phylogenetic analysis. Although it
does not appear to have a direct role in cofactor binding, this histidine likely contributes
to the local polar environment and/or secondary structure. Substitution of this residue to
tyrosine in the mutant T3R would therefore affect a vital portion of the protein required
for cofactor binding. Studies on a pyrophosphate-stabilizing residue in NAD+-dependent
human ß1ß1 alcohol dehydrogenase (R47) indicated that substitutions of this arginine
residue to histidine, lysine, glutamine, or glycine resulted in lower affinity/increased KM
for NAD+ as well as poorer dissociation/increased Kd for NADH (Hurley et al., 1990).
Dissociation of NADH from NAD+-dependent ADHs is believed to be rate-limiting
(Bosron et al., 1983; Dalziel and Dickinson, 1966), so poorer cofactor binding and/or
dissociation, as well as structural rearrangements, could be possible consequences of the
H189Y mutation in T3R. Detailed modelling of the T3R active site and NADPH-binding
domain would be beneficial in determining the residues involved in substrate binding and
catalysis and in further investigating the consequences of the H189Y mutation on
cofactor interactions.
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D.3. M2-1865 supports the proposed T3O-T3R mechanism in vindoline biosynthesis.
Two different pathways have been proposed in regards to T3O activity in C.
roseus. Biotransformation experiments by Kellner et al. (2015) suggested that T3O
produces a 2,3-epoxide that spontaneously forms an imine alcohol which, in the absence
of the reductase, undergoes a structural rearrangement to a vincamine-type compound.
However, VIGS experiments and the characterization of both T3O and T3R by Qu et al.
(2015) indicated that the 2,3-epoxide is a stable by-product formed in the absence of
T3R, as these epoxides accumulate on the leaf surface of T3R-silenced plants and in
enzymatic assays with recombinant T3O. M2-1865 supports the findings by Qu et al.
(2015). This plant line is impaired in T3R activity and accumulates the same 2,3epoxides on the leaf surface, rather than the by-products observed by Kellner et al.
(2015). The rearrangements observed by Kellner et al. may therefore be an artifact due to
the assay conditions or MIA extraction procedures used in the study.
D.4. EMS mutagenesis and screening are valuable tools for targeting secondary
metabolic pathways.
The M2-1865 phenotype was generated as a result of chemical mutagenesis with
EMS. EMS mutagenesis has been widely employed in model plant systems and/or
important crop species (Greene et al., 2003; Botticella et al., 2011; Cooper et al., 2008;
Rowland, 1991; Till et al., 2007; Xin et al., 2008; Okabe et al., 2011; Zhu et al., 2012)
with only few studies in C. roseus (Verma and Singh, 2010; Kulkarni et al., 1999; Rai et
al., 2003; Kumari et al., 2013), primarily with the aim of investigating genes involved in
plant development and important agronomical traits. The EMS-induced high-ajmalicineaccumulating C. roseus line (Czerwinski, 2011; Thamm, 2014) demonstrated the viability
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of utilizing EMS mutagenesis for discovery of genes and regulatory factors involved in
MIA biosynthesis. This study further supports the usefulness of the EMS method in gene
discovery and characterization. Whereas the high-ajmalicine phenotype was the result of
changes in expression in several regulatory elements involved in MIA biosynthesis
(Thamm, 2014), the M2-1865 phenotype was generated due to a single amino acid
substitution in a functional gene. T3R was first identified by Qu et al. (2015) using a
bioinformatics approach and VIGS. As such, M2-1865 did not result in the identification
of a novel gene, but nevertheless correlates the in vitro findings by Qu et al. with the in
vivo function of T3O/T3R. Taken together, these results demonstrate the viability of
integrated approaches combining mutagenesis and bioinformatics for gene identification
and characterization.
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E. Future Directions
In the short term, this work will continue in the following directions: 1)
purification of recombinant M2-T3R via alternative methods, such as Co-NTA or Streptag affinity purification, for complete biochemical characterization; 2) site-directed
mutagenesis of H189 to other residues such as glycine and arginine to assess its role in
T3R and to assess the role of the H189Y mutation in the reduction of T3R activity; and 2)
modelling of WT-T3R to determine residues involved in the active site/catalysis and to
further assess the consequences of the H189Y mutation, which may affect NADPHbinding.
Pathway engineering is a long-term goal of MIA gene characterization. To this
end, M2-1865 supports the roles of T3O and T3R in vindoline biosynthesis in C. roseus.
With the tabersonine to vindoline pathway fully identified and proof-of concept studies
demonstrating the potential for genetically engineering MIA biosynthesis in yeast (Qu et
al., 2015), the next step towards pathway engineering is the identification of genes
involved in converting strictosidine to tabersonine and catharanthine. As exemplified in
this work, EMS mutagenesis combined with bioinformatics would be a valuable tool in
this endeavour.
Lastly, the M2-1865 plant line will provide a valuable resource in studying the
spatial separation of the MIA pathway in C. roseus. The 2,3-epoxides that accumulate on
the leaf surface are indicative of MIA transport to the leaf surface, but the catharanthine
transporter does not transport tabersonine (Yu and De Luca, 2013) and as such is not
expected to transport tabersonine derivatives. Other intermediates of the epidermal
portion of the pathway likewise appear on the leaf surface in VIGS experiments (Qu et
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al., 2015) but unlike transient VIGS phenotypes, the M2-1865 phenotype is the result of a
stable mutation. This mutant line will therefore be a useful tool for VIGS experiments in
assessing other candidate transporters.

76

F. Summary and Conclusions
The EMS-induced M2-1865 phenotype, which has reduced levels of vindoline
and accumulates 2,3-epoxide derivatives of tabersonine on the leaf surface, was
determined to be the result of a single amino acid substitution in the functional MIA
biosynthetic gene, T3R. This conclusion was drawn based on the following results:
1) The MIAs that accumulate on the leaf surface of M2-1865 showed identical mass and
retention time as the 2,3-epoxides produced by T3O from tabersonine and 16methoxytabersonine in the absence of T3R (Qu et al., 2015).
2) T3R gene expression was unchanged between WT and M2-1865 plants, and expression
of other MIA biosynthetic genes was also similar, suggesting no mutations affecting
regulatory elements.
3) Sequencing of cloned T3R indicated a single missense mutation in the mutant gene
resulting in an amino acid substitution, H189Y, between the WT and M2 proteins.
Subsequent in vitro assays with the recombinant bacterial proteins indicated that mutant
T3R activity was reduced by ~95% compared to WT-T3R using either tabersonine or 16methoxytabersonine as substrate.
4) Reciprocal crossings with WT plants showed that the M2-1865 phenotype was
recessive and inherited in a 3:1 ratio in the F2 generation, exhibiting standard Mendelian
single-gene inheritance.
In addition, comparison of amino acid sequences of T3R and characterized
alcohol dehydrogenases in the same protein family suggested that the H189Y substitution
may affect NADPH binding, as this residue is directly adjacent to a conserved glycinerich motif involved in cofactor stabilization (Min et al., 2003; Youn et al., 2005; Barbosa
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Pereira et al., 2001; Hol et al., 1978; Stone et al., 1989; Eklund et al., 1984).
Overall, this study highlights the usefulness of EMS mutagenesis in targeting
secondary metabolic pathways for novel gene discovery and in correlating in vitro studies
with in vivo observations.
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H. Supplementary Information

Supplementary Figure 1: MIA profiles of the M3 generation obtained by selffertilization of the M2 generation show that M2-1865 is homozygous for the mutation.
The LC profiles of LP2 leaf surface extracts from six individual M3 generation plants (AF) compared to WT and M2-1865 plants show accumulation of the tabersonine 2,3epoxide derivatives in all M3 offspring [16-methoxy-2,3-epoxytabersonine (RT 3.43 and
3.75 min, m/z 383), 2,3-epoxytabersonine (RT 3.56 and 3.82 min, m/z 353),
catharanthine (RT 4.42 min m/z 337)]. Quantification of vindoline and the 2,3-epoxides
shows that all plants in the M3 generation accumulate similar levels of 2,3-epoxides and
similar reduced levels of vindoline as the M2-1865 line.
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Supplementary Figure 2: The F1 generation plants of reciprocal crossings between WT
and M2-1865 plant lines exhibit WT phenotypes. The leaf surface extract of the M2-1865
line shows accumulation of tabersonine 2,3-epoxide derivatives (RT = 3.43 and 3.78 min,
m/z = 383; RT = 3.56 and 3.82 min, m/z = 353) that do not accumulate in leaf surface
extract of the WT line or in 15 individual F1 generation offspring of WTm x M2f (A-K)
or WTf x M2m (L-O) crossings [catharanthine (4.42 min)].
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Supplementary Table 1: Primer sequences used for real-time PCR.
Target

Forward (5' - 3')

Reverse (5' - 3')

60S

TCTTAGTTGGAATGTTCAGCACCTG

CAAGGTTGGAGCCCCTGCTCGTGTT

STR

CCAAGATGGCCGAGTTATCA

TTTTCTCTGGATCGGTGCTG

SGD

ATTTGCACCAGGAAGAGGTG

TATGAACCATCCGAGCATGA

T16H

GCTTCATCCACCAGTTCCAT

CCGGACATATCCTTCTTCCA

16OMT

GGATTCTCCATGACTGGAAC

GCCCATTCTTTCTCACATCT

T3O

CCCTGCAGTTCCATTTCAATCTCG

TGGCGTAATAGGCAAGCACGATTC

T3R

CGCGAGTACGGGTGGAAGTATAAA

CGGGGATAACCTCAACATCTGCAA

NMT

GGTGCTGTATCACTGTGTTCT

ATTTTCGTCCCGTAACTACA

D4H

TTGACATTTGGGACAAAGCAA

CCAAAAGCAACAGCAACAGA

DAT

GTGCGTATCCGTTGGTTTCT

CGAACTCAATTCCATCGTCA
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Supplementary Table 2: Species and accession IDs of proteins used in the phylogenetic
analysis (Figure 18).
Species
Catharanthus roseus
Abies holophylla
Arabidopsis thaliana

Artemisia annua
Brachypodium distachyon
Camellia sinensis

Cathaya argyrophylla
Cedrus deodara
Chamaecyparis pisifera
Citrus sinensis
Eriobotrya japonica
Eucalyptus camaldulensis
Eucalyptus globulus
Eucalyptus gunnii
Festuca arundinacea
Gingko biloba
Hibiscus cannabinus
Leucaena leucocephala
Medicago sativa

Protein
CroT3R
Cro10HGO
AhoSAD1
AhoSAD2
AthCAD1
AthCAD2
AthCAD3
AthCAD4
AthCAD5
AthCAD6
AthCAD7
AthCAD8
AthCAD9
AanCAD
BdiCAD3
BdiCAD5
CsiCAD1
CsiCAD2
CsiCAD3
CarSAD1
CarSAD2
CdeSAD1
CdeSAD2
CpiSAD
CitCAD
EjaCAD1
EjaCAD2
EcaCAD
EglCAD
EguCAD1
EguCAD2
FarCAD1b
GbiSAD
HbaCAD
LleCAD
MsaCAD

NCBI Accession
Q6V4H0
ADP68543.1
ADP68544.1
AAP68279.1
NP_179765.1
NP_179780.1
AY302081.1
2CF5
NP_195510.1
AAK93608.1
NP_195512.1
NP_195643.1
EU417964.1
AFK80371.1
AFK80372.1
AEE69007.1
ADO51749.1
AEE69008.1
ADP68545.1
ADP68546.1
ADP68547.1
ADP68548.1
ADP68554.1
ABM67695.1
ABV44810.1
ABV44811.1
ACX68560.1
AAC07987.1
CAA61275.1
X65631.1
AAK97809.1
ADP68557.1
ADK24218.1
CAJ90658.1
CAA79625.1
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Medicago truncatula
Metasequoia glyptostroboides
Nicotiana tabacum

Ocimum basilicum
Oryza sativa

Panicum virgatum
Picea abies
Pinus armandii

Pinus banksiana
Pinus massoniana
Pinus radiata
Pinus taeda
Platycladus orientalis
Populus tremuloides
Saccharum officinarum
Sorghum bicolor
Thujopsis dolabrata
Triticum aestivum
Tsuga dumosa
Zea mays

MtrCAD2
MglSAD
NtaCAD1
NtaCAD19
NtaSAD
ObaCAD
OsaCAD1
OsaCAD2
OsaCAD3
OsaCAD4
OsaCAD5
OsaCAD6
OsaCAD7
OsaCAD8A
OsaCAD8C
OsaCAD8D
PviCAD2
PabCAD2
ParCAD
ParSAD1
ParSAD2
PbaSAD1
PbaSAD2
PmaCAD
PraCAD
PtaCAD2
PtaCAD1
PorSAD
PtrSAD
PtrCAD
SofCAD
SbiCAD2
TdoSAD
TaeCAD
TduSAD1
TduSAD2
ZmaCAD2

4QTZ
ADP68558.1
AY911854.1
X62344.1
ABD73280.1
AAX83108.1
NP_001064283.2
Q6ZHS4.1
NP_001064659.2
NP_001068303.2
Q0J6T3.2
NP_001052290.1
Q0JA75.1
Q6ERX1.1
Q6ERW7.2
Q6ERW5.1
ADO01602.1
CAA05095.1
ADP68542.1
ADP68549.1
ADP68550.1
ADP68556.1
ADP68551.1
AHL67653.1
AAC31166.1
CAA86072.1
CAA86073.1
ADP68559.1
1YQD
AF217957.1
O82056.1
ACL80889.1
ADP68555.1
ADI59734.1
ADP68552.1
ADP68553.1
CAA06687.1
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