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Abstract Anabasine is an alkaloid found in a small number of Nicotiana species. The components of the anabasine
biosynthetic pathway have yet to be identified. Here, we report the reinvestigation of biosynthetic pathways of anabasine
and related tobacco alkaloids in genetically engineered cells. Hairy roots of N. tabacum harboring a lysine/ornithine
decarboxylase gene from Lupinus angustifolius (La-L/ODC) were fed with labeled [¢-°N]- or [a-'°N]-L-lysine. Relative to
the unfed control, feeding of labeled °’N-L-lysine greatly enhanced anabasine levels 13.5-fold in La-L/ODC-expressing line
compared to 5.3-fold in the control line, suggesting that both LDC activity and substrate supplied are important factors
for the efficient production of anabasine. GUS-expressing line showed preferential incorporation of [e-'*N]-L-lysine into
anabasine, indicating the main biosynthetic pathway of A'-piperideine intermediate in tobacco is asymmetrically processes.
In contrast, the expression of La-L/ODC showed the symmetric labeling of '°N atom into anabasine, implying the occurrence
of free cadaverine, which is produced by La-L/ODC enzyme, during the biosynthesis of A'-piperideine intermediate. No
considerable incorporation of I5N into other tobacco alkaloids such as, nicotine, anatabine, and anatalline, was detected.
Detailed analysis using ultra-high resolution mass spectrometry indicated that two "’N atoms were incorporated into
anabasine in La-L/ODC-expressing lines after feeding [e-'’N]- or [a-"°N]-L-lysine. Our results not only provide information
insight into the biosynthesis of anabasine but also suggest an alternative route for the production of anabasine by genetic
engineering.
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effects to nicotine, is considerably more toxic to human

Introduction (Furer et al. 2011).

Alkaloids, a group of nitrogen-containing specialized
metabolites, represent a highly diverse group of plant
metabolites that are distributed throughout the plant
kingdom (Facchini 2001). Nicotine and tropane
alkaloids are the two important classes of specialized
metabolites that are mainly found in solanaceous plants
(Eich 2008). These metabolites play an important role
as defensive compounds against herbivores and are also
used by humans for medical purposes (Steppuhn et al.
2004). Nicotine, the most abundant alkaloid found in
tobacco accounts for about 95% of its total alkaloids
contents (Hashimoto and Yamada 1994; Saitoh et al.
1985). However, some species, such as Nicotiana glauca
accumulate anabasine, a pyridine-piperidine alkaloid,
as a major compound (Saitoh et al. 1985; Sisson and
Severson 1990). Nicotine is one of the most toxic drugs
of abuse while anabasine, similar in both structure and

The biochemistry and physiology of tobacco alkaloids
has been extensively studied for more than half a century.
The biosynthesis of nicotine and related alkaloids in
tobacco has been recently reviewed by Dewey and
Xie (2013). While nicotine is composed of two rings;
a pyridine ring and a pyrrolidine ring, anabasine is
composed of a pyridine ring and a piperidine ring (Shoji
and Hashimoto 2008). The pyrrolidine ring of nicotine
is derived from putrescine, which in turn is produced by
the decarboxylation of ornithine or arginine by ornithine
decarboxylase (ODC) and arginine decarboxylase
(ADC), respectively (Figure 1). Putrescine is then N-
methylated and oxidatively deaminated by putrescine
N-methyltransferase (PMT) and N-methylputrescine
oxidase (MPO), respectively, to 4-aminobutanol,
which undergoes spontaneous cyclization to generate
1-methyl-A'-prrolinium cation, which is then coupled
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Figure 1.

Biosynthetic pathway of tobacco alkaloids. ODC, ornithine decarboxylase; ADC, arginine decarboxylase; LDC, lysine decarboxylase;

PMT, putrescine N-methyltransferase; MPO, methyl putrescine oxidase; AO, amine oxidase; AK, aspartate kinase; AR, arginase. Multiple arrows
indicate more than one reaction. Broken lines represent undefined reactions.

with a pyridine ring derived from nicotinic acid to form
nicotine (Figure 1). On the other hand, the piperidine
ring of anabasine is derived from cadaverine which
is formed through decarboxylation of lysine by lysine
decarboxylase (LDC) (Figure 1). Cadaverine is then
oxidized by amine oxidase (AO) and spontaneously
cyclized to form A'-piperideine ring. Further coupling of
the A'-piperideine ring with the pyridine ring similar to
the one during nicotine biosynthesis generates anabasine
(Figure 1) (Dewey and Xie 2013 and references therein;
Shoji and Hashimoto 2008).

It has been shown that the incorporation of labeled
[2-'*C]-lysine cannot proceed via free cadaverine,
because the "C atom of [2-'*C] lysine was incorporated
into the C-2" not to C-6" of the piperidine ring of
anabasine (Figure 1) (Leete 1956; Leete and Siegfried
1957; Leistner and Spenser 1973). A similar result was
obtained when a mixture of [2-'*C]-lysine and [a-'°N]-
or [e-"*N]-L-lysine was fed to excised N. glauca roots. In
this case, *C was incorporated at C-2' of anabasine and

"N from only [e-'*N]-L-lysine was incorporated into
anabasine (Leete et al. 1964). However, genes encoding
the enzymes for the production of anabasine have yet to
be identified in tobacco. It has been suggested that the
decarboxylation step is catalyzed by single bi-functional
enzyme for both ODC and LDC reactions in tobacco
(DeBoer et al. 2013; Lee and Cho 2001). A berberine
bridge enzyme-like protein (BBL) has been reported to
be involved in the final condensation reaction to form
anabasine (Kajikawa et al. 2009).

Recently, we have identified a bi-functional enzyme,
lysine/ornithine decarboxylase (La-L/ODC), from
quinolizidine alkaloid (QA)-producing Lupinus
angustifolius (Bunsupa et al. 2012a). La-L/ODC catalyzes
the decarboxylation of L-lysine to cadaverine, which is
the first step in biosynthesis of QAs (Bunsupa et al.
2012a). For QA biosynthesis, an oxidative deamination
of cadaverine gives rise to 5-aminopentanal which
is further cyclized into A'-piperideine, a plausible
intermediate for QAs production (Bunsupa et al.



2012b). Unlike biosynthesis of anabasine in tobacco,
lysine is incorporated into the QAs via the symmetrical
intermediate cadaverine (Leeper et al. 1981; Leistner and
Spenser 1973).

In this study, to clearly define anabasine biosynthetic
pathway in tobacco, we conducted an isotope tracer
experiment by feeding labeled [e-"’N]- or [a-""N]-L-
lysine to tobacco hairy roots expressing La-L/ODC
(Bunsupa et al., 2012a). The incorporation of "’N-1-lysine
into tobacco alkaloids; nicotine, anatabine, anabasine,
and anatalline was analyzed by mass spectrometry
(MS). We found that anabasine was mainly produced
via an asymmetric intermediate, most likely via bond-
cadaverine. Detailed analysis using ultra-high resolution
mass spectrometry suggests an alternative route for the
production of anabasine in La-L/ODC-expressing lines,
in which two heterocyclic rings of anabasine are derived
from lysine.

Materials and methods

Chemicals

All chemicals and solvents used were of analytical, high-
performance liquid chromatography (HPLC), or liquid
chromatography (LC)-MS grade, unless otherwise specified.
[a-'"N]-L-Lysine and [e-'’N]-L-lysine were purchased from
Cambridge Isotope Laboratories, Inc. (MA, USA). Nicotine was
purchased from Nacalai Tesque (Kyoto, Japan). (R,S) Anabasine
was purchased from Alfa Aesar (MA, USA). (R,S) Anatabine
and (R,S) anatalline were purchased from Toronto Research
Chemicals (ON, Canada).

Plant materials and transformation

The transgenic tobacco (N. tabacum cv Petit Havana line
SR1) hairy roots expressing either La-L/ODC or bacterial
B-glucuronidase (GUS) as a control, were established as
previously described (Bunsupa et al. 2012a). The selected
transformed tobacco hairy roots were maintained in Gamborg
B5 medium supplemented with 2% sucrose (growth medium)
at 25°C on an orbital shaker (54 rpm) in dark and subcultured
every 2 weeks.

Feeding experiments with labeled precursors

After subculturing for 2 weeks, the hairy roots were cut into
ca. 1cm pieces. Six pieces were transferred to 20ml of growth
medium in a 100-ml Erlenmeyer flask. Nine flasks were
set up from the same parent transgenic line. Cultures were
incubated at 25°C on an orbital shaker (54 rpm) in the dark.
To feed labeled precursors, the growth medium in the flasks
was replaced after 1 week of incubation with a new medium
supplemented with, 1 mM [a-'°N]-L-lysine, 1mM [e-"*N]-L-
lysine, or mock (no addition of lysine). A set of three flasks was
used for each feeding treatment. One week later, all cultures
were harvested onto paper towels, frozen in liquid nitrogen,
homogenized, and stored at —80°C.
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Measurement of alkaloids and "°N incorporation
Alkaloids were extracted from homogenized frozen hairy
root tissue as described (Bunsupa et al. 2012a). Quantitative
analysis of tobacco alkaloids was performed by using LC
(Agilent HPLC 1100 series, Agilent technologies)-diode array
(DAD) detection-electrospray ionization (ESI)/quadrupole (Q)
(quadrupole LC/MS 6120, Agilent technologies)-MS using the
same column and chromatographic conditions as described
for HPLC/DAD (Bunsupa et al. 2012a). A 10-ul aliquot was
analyzed and the alkaloids were identified by comparing against
the standard compounds. The incorporation of "N from
"N-labeled lysine was confirmed by LC-Fourier transform
ion cyclotron resonance (FTICR)-MS for accurate estimation
of m/z values of isotopic ions. The theoretical ion pattern of
anabasine was calculated using SmartFormula in DataAnalysis
4.0 (Bruker Daltonik GmbH, Germany) with the following
limiting conditions: <1 mDa; Cy_soH_;00No_sOy_s0; charge, 1, as
described (Nakabayashi et al. 2013).

Results

The effect of exogenous feeding of labeled
[a-"’NJ- and [e-"°N]-L-lysine on the production of
tobacco alkaloids

The alkaloid levels of the transgenic tobacco lines
were analyzed by LC-Q-MS. Sum of the peak intensity
values of labeled and unlabeled metabolites were used
to calculate the levels of tobacco alkaloids. The La-L/
ODC-expressing lines, on an average had 1.6 times
higher anabasine contents compared to the control
GUS-expressing lines. However, no marked changes in
the levels of other tobacco alkaloids levels were observed
between the two lines (Figure 2A-D). Feeding of [¢-"°N]-
or [a-'"N]-L-lysine to La-L/ODC-expressing lines
increased average of anabasine, anatabine, anatalline,
and nicotine content by 13.5, 4.3, 4.5, and 1.4 times,
respectively, relative to their corresponding levels in
unfed lines (Figure 2A-D). A similar increase in the
levels of all other tobacco alkaloids except anabasine
was observed in the GUS-expressing control lines after
incubation with '*N-L-lysine. Feeding of '*N-L-lysine to
the GUS-expressing control lines increased the average
anabasine content only 5.3 times over the unfed control
(Figure 2A-D). The addition of labeled "N-L-lysine
increased the ratio of anabasine to nicotine from 0.06 to
0.23 in GUS-expressing lines, and from 0.08 to 0.82 in
La-L/ODC- expressing lines (Figure 2A-D). These results
suggest that both substrate availability and LDC activity
are important factors for the efficient production of
anabasine in tobacco hairy roots.

The incorporation of "°N from labeled [a-"°N]- and
[e- "°NJ-1-lysine into tobacco alkaloids analyzed by
LC-Q-MS

The isotope enrichment factors (EF) of tobacco alkaloids
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synthesized from labeled "N-L-lysine were calculated
from the intensity distribution of LC-Q-MS isotopic
mass spectral data. The peak intensity values for M
and M+1, where M is molecular weight of unlabeled
metabolite (monoisotopic), were corrected by subtracting
the natural abundance of corresponding peak (Campbell
1974). These corrected peak intensities were used
to calculate the %EF value using following formula:
%EF=|(intensity of M+1)/(sum of intensities of M and
M+1)]X100.

When [a-"°N]- and [e-"°N]-L-lysine were fed to La-
L/ODC- and GUS-expressing lines, only anabasine was
labeled (Figure 2 E-H). La-L/ODC-expressing lines
showed similar enrichment of "*N in anabasine by both
a- and e-labeled “N-1-lysine (Figure 2E). In GUS-
expressing lines, on the other hand, enrichment of °N
in anabasine was about 3.5 times higher by [¢-"’N]-L-
lysine than by [a-'°N]-L-lysine (Figure 2E). These results
imply that anabasine in tobacco is synthesized via an
asymmetric intermediate, most likely protein-bound
cadaverine. In contrast, in La-L/ODC-expressing lines
anabasine is synthesized via a symmetric free cadaverine.

The incorporation of >N into anabasine in
La-L/ODC expressing hairy roots analyzed by
LC-FTICR-MS

Since we did not have sufficient plant tissue for further
analysis, independent experimental samples were used
for the analysis by LC-FTICR-MS. This method offers the

best performance with respect to ultra-high resolution
[1,000,000 full-width at half-maximum (fwhm) at 7.0T]
and mass accuracy (1ppm) (Nakabayashi et al. 2013).
Anabasine and nicotine are structural isomers of each
other, and are chemically similar (both are C,;H,,N,).
These two compounds had same retention time under
our LC-FTICR-MS analytical condition. Thus, these
data must be carefully interpreted particularly the total
contents of anabasine and nicotine in each analyzed
sample as indicated by the percentage of anabasine in the
sum of anabasine and nicotine (Figures 3 and 4). Since
the LC-Q-MS data showed no significant enrichment
of nicotine by "N in both transgenic lines under the set
experimental conditions (Figure 2H), observed %EF
of N is practically due to anabasine. A comparative
analysis of the observed and theoretical masses was
performed in the region of M, M+1, and M+2 ion peaks
to identify the specific elemental compositions (Figure
3). Isotopic patterns of anabasine in the M+1 region
confirmed the incorporation of labeled '"N-L-lysine
in different ratios in fed conditions of both La-L/ODC-
and GUS-expressing lines, as observed in the analysis
of LC-Q-MS. Again, no considerable incorporation of
N-L-lysine into of others tobacco alkaloids was found.
The isotopic pattern at the region of M+2 of anabasine
also showed a clear incorporation pattern of labeled
N-L-lysine (Figure 4). In addition, incorporation of
two °N atoms into anabasine was observed from both
[a-""N]- and [e-"°N]-L-lysine in La-L/ODC-expressing
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Isotopic patterns in the region of M +1 peak of anabasine obtained by LC-FTICR-MS. (A) Standard and theoretical spectra of anabasine.

(B) "*N- and "*C-substituted ions in the region M +1 from different feeding experiments. The ratio of peak intensities of ’N- to '*C-substituted ions
was used to compare the incorporation pattern from different experimental conditions. The peak resolution of °N- and *C-substituted ions was
approximately 770,000 fwhm. The percentage on the top of each graph represents the amount of anabasine as a percent of both anabasine and nicotine

eluting at the same retention time.

lines (Figure 4). These results indicate an alternative
pathway(s) for the production of anabasine from lysine
in tobacco hairy roots expressing La-L/ODC gene.

Discussion

The results presented here suggest that LDC is the
rate-limiting enzyme in anabasine biosynthesis. It is
also evident that the supply of L-lysine, the substrate
of LDC, is also important for the efficient production
of anabasine. Our results are in agreement with the
enhanced cadaverine and anabasine levels observed
after feeding lysine to hairy roots of N. tabacum
expressing a bacterial LDC gene (Fecker et al. 1993).
It has been shown that the accumulation of cadaverine
and anabasine could be further enhanced by expressing
bacterial LDC fused to a chloroplast signal peptides in
plant cells (Herminghaus 1996). Although the La-L/
ODC used in this study was targeted to chloroplasts,
the La-L/ODC-expressing line produced only 2 times
higher anabasine compared to the control line (Figure 2)
(Bunsupa, et al. 2012a). Thus, it is necessary to confirm

whether La-L/ODC is targeted to leucoplasts in tobacco
hairy roots. Overall, the low levels of anabasine in
tobacco hairy roots are probably due not only to the low
levels of LDC activity but also the amount of substrate
supplied. Additionally, directing the target protein to
the compartment(s) where the substrate is localized is
important to increase the production of anabasine.

The incorporation of '°N atom into anabasine from
[e-'°N]-L-lysine was higher than that from [a-"’N]-1-
lysine in the control GUS-expressing lines, suggesting
the main biosynthetic pathway of A'-piperideine
intermediate in tobacco is through specific loss of
a-amino group rather than e-amino group of lysine.
It has been proposed that the decarboxylation and
subsequent oxidation reactions of lysine are closely
linked to the production of anabasine, and the reaction
might proceed via the Schiff base between lysine
and pyridoxol-5'-phosphate and similarly bound
cadaverine (Walton 1988). Since the %EF for [a-!°N]-
L-lysine into anabasine was not zero (as expected from
the hypothetical bound-form) but ca. 14%, the partial
equilibrium between the bound and free cadaverine or an
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Isotopic patterns in the region of M +2 peak of anabasine obtained by LC-FTICR-MS. (A) Standard and theoretical spectra of anabasine.

(B) PN,-, "'NC-, and ’C,-substituted ions in the region M +2 from different feeding experiments. The ratios of peak intensities of '°N,- and "N"*C-
to *C,-substituted ions were used to compare the incorporation pattern from different experimental conditions. The peak resolution of *N,-, ?N"3C-,
and "*C,-substituted ions was approximately 770,000 fwhm. The percentage on the top of each graph represents the amount of anbasine as a percent of

both anabasine and nicotine eluting at the same retention time.

alternative pathway to produce free cadaverine may exist
in plant cells. Overall, production of the A'-piperideine
intermediate may mainly be processed via substrate
channeling and enzyme complexes without releasing
free cadaverine to enhance reaction rates. Numerous
examples of natural and synthetic complexes and
potential benefits of such complexes have been reviewed
recently (Zhang 2011).

N. glauca accumulates roughly equal proportions
of nicotine and anabasine in the roots while anabasine
is the major alkaloid found in the leaves (Saitoh et
al. 1985). Recent studies reported that ODC from N.
glauca (Ng-ODC) also functions as LDC to elevate
levels of anabasine in response to wound-associated
stress (DeBoer et al. 2013; Sinclair et al. 2004). Nicotine
is derived from free putrescine which is a product of
decarboxylation reaction catalyzed by ODC (Leete and
Siegfried 1957). It is unlikely that this bi-functional
enzyme could catalyze both reactions efficiently in
the same compartment because both Ng-ODC (free)
and Ng-ODC (complex) forms are needed for the
production of nicotine and anabasine, respectively. If the

production of A'-piperideine intermediate occurs via
the enzyme complexes then, the bi-functional enzyme
Ng-ODC should be targeted to alternative subcellular
compartments to interact with different substrates, in
this case lysine or ornithine, to produce such alkaloids.
Several studies have shown that anabasine levels in
leaves of N. glauca increased several fold after wounding
together with the marked increase in Ng-ODC transcript
level in the upper leaves while only trace amounts of
nicotine was detected in these tissues (DeBoer et al.
2009; Sinclair et al. 2004). Nicotine is synthesized in
root tissues and is translocated to the aerial parts of the
tobacco plant through xylem (Hashimoto and Yamada
2003; Shitan et al. 2009; Shoji et al. 2000). It is therefore
possible that Ng-ODC mainly functions as an enzyme
complex for the production of anabasine in the leaf
tissues of N. glauca. However, this hypothesis needs
further experimental validation.

In contrast to the control GUS-expressing lines, equal
incorporation of N from a- or &-labeled *N-lysine into
anabasine, suggests the production of A'-piperideine
intermediate via free symmetrical cadaverine in the



La-L/ODC-expressing transgenic lines. It has been
reported that feeding of cadaverine greatly enhanced
the production of anabasine in hairy root cultures of N.
rustica (Walton 1988). The reasons why the expression of
La-L/ODC in tobacco hairy roots caused the symmetric
labeling could be explained by several possibilities.
Since La-L/ODC involves in the first step of QA
biosynthesis which proceed via free cadaverine (Leeper
et al. 1981; Leistner and Spenser 1973). One possibility
is that the La-L/ODC enzyme may not form complexes
with endogenous tobacco enzymes, and therefore the
cadaverine produced is further oxidized by endogenous
oxidase enzymes for anabasine biosynthesis. On the
other hand, La-L/ODC may forms complexes with
endogenous tobacco enzymes but the exceed amounts
of La-L/ODC may also produce free cadaverine with
similar extent as bound cadaverine. To confirm those
hypotheses, the tracer experiments using tobacco
L/ODC-overexpressing hairy roots or plants are needed.
Such experimental data will answer the question whether
the properties of La-L/ODC or the increased LDC
activity or both caused the symmetric labeling.

Our current knowledge of the biosynthesis of
anabasine is based extensively on labeling experiments
conducted for more than half a century (Dewey and Xie
2013). By using LC-FTICR-MS, which has ultra-high
resolution and mass accuracy, we could not only confirm
the incorporation of labeled '“N-lysine into anabasine
but also identified a novel pathway for the biosynthesis of
anabasine from cadaverine by overexpression of L/ODC,
in particular from the interpretation of the data of double
N incorporation into anabasine. It is conceivable that
overproduction of cadaverine in La-L/ODC-expressing
lines leads to an increase in the level of Al-piperideine
intermediate, resulting in the production of anabasine via
a novel pathway in which both the rings of anabasine are
derived from A'-piperideine. Since we could not separate
anabasine and nicotine in our analytical condition, it
could be argued that the e-transamination may occur as
reported in the feeding of [e-"°’N]-lysine in N. glauca, in
which a significant amount of "N (specific incorporation
2.5%) was found in the pyrrolidine ring of nicotine
(Leete 1964). Since we did not observe incorporation
of two "N atoms in GUS-expressing lines with higher
nicotine levels (Figure 4), it is highly unlikely that double
'SN was incorporated into nicotine due to contamination.
Our results suggest an alternative route to produce
anabasine from two piperideine rings in the La-L/ODC-
expressing line when a sufficient quantity of precursor is
supplied. Alternatively, the excess cadaverine produced
may directly or indirectly serve as a precursor for
pyridine nucleotide cycle for the production of nicotinic
acid by a pathway yet to be identified.

When intact N. glauca plants were fed with
1,5-'*C-cadaverine the C label was into piperidine

S. Bunsupa et al.

ring of anabasine but not pyridine ring (Leete 1958). It
will be interesting to confirm using ultrahigh resolution
and mass accuracy of mass spectrometry, whether N.
glauca could produce anabasine by the same pathway
as La-L/ODC-expressing lines as the intermediate, A'-
piperideine, is expected to accumulate to a higher level
in N. glauca.

Collectively, our study provides a clearer
understanding of alkaloid biosynthesis in tobacco,
particularly of anabasine biosynthesis, and suggests
an alternative route for the production of anabasine by
genetic engineering. Our data could contribute to the
successful molecular and biotechnological breeding of
desirable traits in tobacco.
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