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Abstract

>N-Labeled dechlorodauricumine and dechloroacutumine were isolated from Menispermum dauricum roots cultured in a chloride-
deficient medium, in which nitrogen-containing macro-components K!*NO; and (!*NH4),S0, were replaced by K!°NO; and
(""NH,),S04, respectively. These '*N-labeled substrates were supplied independently to the roots cultured in a chloride-enriched med-
jum. LC-ESI-MS analysis of alkaloids extracted from the roots, harvested 5 and 10 days after administering the '>N-labeled substrates,
revealed that the N derived from dechlorodauricumine was much more effectively incorporated into chlorinated alkaloids than that
derived from dechloroacutumine. These findings suggest that dechlorodauricumine is the principal precursor of the chlorinated alkaloids

produced by M. dauricum roots.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

A large number of halogenated organic compounds
have been isolated from bacteria, fungi, marine algae,
lichens, higher plants, insects and mammals. However,
not much is known about the mechanisms by which the
halogen atoms are incorporated into organic compounds.
Metal-dependent haloperoxidases were once proposed to
be responsible for the incorporation of halogen atoms into
organic molecules (van Pée, 2001). However, such haloge-
nation reactions lack regioselectivity and substrate specific-
ity. Recently, a different class of halogenases have been
found to be involved in halometabolism; FADH,-depen-
dent halogenases were reported to be involved in the bio-
synthesis of several halometabolites including the
antibiotics 7-chlorotetracyclin (Dairi et al., 1995) and pyr-
rolnitrin (Dong et al., 2005), as well as the antitumor agent
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rebeccamycin (Yeh et al., 2005). It is likely that regioselec-
tive halogenation reactions in bacteria are predominately
catalyzed by flavin-dependent halogenases. Terrestrial
plants are relatively poor in halogenated metabolites in
comparison with other organisms such as fungi, lichens,
bacteria, sponges and marine plants. Notable exceptions
with high biological activity in plants include the growth
hormone 4-chloroindole-3-acetic acid in legumes (Marumo
et al., 1968) and the tumor inhibitor maytansine in Mayte-
nus sp. (Kupchan et al., 1972). However, information
about the enzymes catalyzing incorporation of halogen
atoms during biosynthesis of these compounds is lacking.

Cultured roots of Menispermum dauricum, the Asian
vine, produce four structurally related chlorinated isoquin-
oline alkaloids; dauricumine (2), dauricumidine (3), acutu-
mine (5) and acutumidine (6) (Sugimoto et al., 2001).
Additionally M. dauricum roots produce their dechloro-
derivatives dechlorodauricumine (DCD, 1) (Sugimoto
et al., 2005) and dechloroacutumine (DCA, 4) (Sugimoto
et al., 1998). The absolute configuration of C-10, to which
a chlorine atom is attached to, is exclusively S. Therefore,
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an enzyme with not only regioselectivity but also stereo-
specificity should be involved in introducing a chlorine
atom into their dechloro-precursor(s). Since these haloge-
nated metabolites are produced by complex biosynthetic
pathways, identification of the substrate is essential to
probe the halogenating enzyme(s). DCA (4), the
dechloro-derivative of acutumine (5), was found to be
poorly converted to acutumine (5) (Babiker et al., 1999b).
Administering the roots with **Cl-labeled alkaloids demon-
strated mutual conversion by N-methylation and N-
demethylation, between dauricumine (2) and dauricumi-
dine (3), and between acutumine (5) and acutumidine (6),
respectively. Dauricumine (2) was converted to acutumine
(5) and acutumidine (6). However, conversion of acutu-
mine (5) to dauricumine (2) was not observed. Epimeriza-
tion of acutumidine (6) to dauricumidine (3) or vice versa
was not observed either (Sugimoto et al., 2001). These find-
ings suggest that DCD (1) is a precursor of these chlori-
nated alkaloids and may be the substrate for a
stereospecific chlorination enzyme. Previously, we have
reported the production of DCD (1) in cultured roots of
M. dauricum (Sugimoto et al., 2005). In the present study
we report the efficient conversion of DCD (1) into the chlo-
rinated alkaloids using '°N as a tracer. Effects of culture
period and chloride ion concentration in culture medium
on production of the chlorinated alkaloids dauricumine
(2), dauricumidine (3), acutumine (5) and acutumidine (6)
and their dechloro-derivatives DCD (1) and DCA (4) are
also described.

H3C

1R, =H, Ry = CH, 4R, =H, Ry =CH,
2R, =Cl, Ry = CH, 5R, = Cl, Ry = CH,
3R;=Cl,R,=H 6R;=Cl, Ry=H

2. Results and discussion

ISN-Labeling facilitates investigation of the bioconver-
sion of DCD (1) and DCA (4). Since each of these alka-
loids has a nitrogen atom in the molecule, their
molecular masses are detected with a high sensitivity, as
the nitrogen atom is able to be protonated by mass spec-
trometry in the electron-spray ionization (ESI) method.

The contents of DCD (1) and DCA (4) in the M. daur-
icum roots are low, ca. 0.02% and 0.1% dry weight, respec-
tively (Sugimoto et al., 2005). To facilitate preparation of

N-labeled DCD (1) and DCA (4), the effects of chloride
ion in culture medium on root growth and alkaloid produc-
tion were studied. Thus, roots were repeatedly sub-cultured
in a chloride-deficient medium, in which chloride ion con-
centration was as low as 35 uM, and both growth and alka-
loid production were evaluated (Fig. 1). As reported
previously (Babiker et al., 1999a), the production of chlori-
nated alkaloids drastically decreased in the chloride-defi-
cient medium. After successive sub-culturing for four
generations, the production of the most abundant chlori-
nated alkaloid acutumine (5) decreased to 20% of that pro-
duced by the roots cultured in the control medium, in
which the chloride ion concentration was 2 mM. By con-
trast, the production of DCD (1) and DCA (4) increased,
peaking at the second generation of sub-culturing. Further
sub-culturing in the chloride-deficient medium did not,
however, increase the production of DCD (1) or DCA
(4). No significant changes in root growth were observed
throughout sub-culturing, irrespective of the chloride ion
concentration in the medium. Accordingly the highest pro-
duction of DCD (1) and DCA (4) was achieved in roots
cultured for two generations in the chloride-deficient med-
ium. The time course of growth and alkaloid production
for roots cultured in the control medium (A) and roots cul-
tured in the chloride-deficient medium (B) is shown in
Fig. 2. DCA (4) was the most abundant alkaloid that accu-
mulated in the roots cultured in the chloride-deficient med-
ium. DCD (1) and DCA (4) production reached more than
0.5 and 1.6 mg/flask, respectively, in 55 days.

Based on the results described above, the roots were cul-
tured in the control medium for three generations and then
in the chloride-deficient medium for two generations. In
both media, nitrogen-containing macro-components
K'NO; and (14NH4)ZSO4 were replaced by K'*NO; and
(ISNH4)2SO4, respectively. Alkaloids were extracted from
freeze-dried roots and separated by silica gel column chro-
matography followed by preparative HPLC. DCD (1) and
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Fig. 1. Effects of chloride ion on M. dauricum root growth and production
of alkaloids. Roots maintained in the control medium were excised and
sub-cultured repeatedly in the chloride-deficient medium. After 55 days of
culturing, roots were harvested and the alkaloids were extracted and
analyzed. Bars indicate standard error (n = 3).
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Fig. 2. Time course of M. dauricum root growth and production of
alkaloids. Roots were cultured in the control medium (a) or in the
chloride-deficient medium (b). Bars indicate standard error (n = 3).

DCA (4) were isolated and subjected to LC-ESI-MS anal-
ysis. The relative intensity of m/z 364 ((M+H]"), 365, 366
in unlabeled DCD (1) and DCA (4) were 100:22:3.7 and
100:21:3.0, respectively, which is consistent with their theo-
retical values of 100:22:3.5. The relative intensity of m/z
364, 365, 366, 367 in the 'N-enriched DCD (1) was
8:100:22:3.6 and that in the '"N-enriched DCA (4) was
9:100:21:2.2. Therefore, ’N-enrichments in these alkaloids
were calculated as 92%, which is satisfactory to monitor
their conversion into other alkaloids. It should be noted
that the enrichment of N in K'*NO; and (ISNH4)ZSO4
used in the present work was 98% and "N, in micro-com-
ponents of the media, accounted for 0.7% of the total
nitrogen.

Preliminary experiments showed that DCA (4), at less
than 1.5 mg in 25-ml medium, did not reduce cell growth
or alkaloid biosynthesis (data not shown). In the chlo-
ride-enriched medium, the chloride ion concentration was
adjusted to 6 mM by supplementing with KCI. Such a med-
ium was reported to be optimal for acutumine (5) produc-
tion (Babiker et al., 1999a). '*N-Labeled DCD (1) and
DCA (4) at 1.2 mg each, were supplied independently to
35-day-old root cultures. Half of the roots were harvested
5 days after applying the '"N-labeled substrates. The rest
of the roots were incubated for an additional 5 days until
harvest. Crude alkaloid extracts made 5 days after admin-
istration of the '’N-labeled substrates showed a significant
increase in DCD (1) and DCA (4) contents in the roots
(Table 1). This finding demonstrates that these substrates

Table 1
Alkaloid contents in M. dauricum roots administered '’N-labeled DCD (1)
and DCA (4)

Culture Alkaloid content (pg/mg root dry weight)
period (days) 1 2 3 4 5 6
Control* 40 030 034 023 061 1.10 0.78
45 029 046 032 128 162 1.12
+DCD (1) 40 122 020 038 044 058 0.81
45 128 009 033 033 045 0.72
+DCA (4) 40 0.19 0.09 034 144 048 074
45 0.17 005 036 144 032 074

Roots were cultured in the chloride-enriched medium supplemented with
5N-labeled DCD (1) or DCA (4).
# Data were from Fig. 2a.

were efficiently taken up. The alkaloid contents in the roots
administered '°N substrates did not increase from 5 to 10
days although a consistent increase in alkaloid contents
was observed in roots cultured in the control medium
(Table 1, Fig. 2a). Manipulation of roots during incubation
may affect metabolism or promote alkaloid excretion,
although the amount of alkaloids accumulated in the med-
ium was less than 20% of those in the roots (Babiker et al.,
1999a).

The isotopic pattern in each of the alkaloids is shown in
Fig. 3, in which the molecular masses of [M+H]" in non-
labeled compounds are indicated. The alkaloids obtained
from roots cultured without '°N showed isotopic patterns
similar to their theoretical ones, respectively (Fig. 3a). No
significant changes in isotopic patterns were observed in
the alkaloids extracted from roots harvested 5 days after
administrating '°N-labeled DCA (4) (data not shown).
Even 10 days after '’N-labeled DCA (4) administration,
slight changes in the isotopic pattern were detected only
in acutumine (5). This is consistent with a previous finding
that only 5% of radioactivity derived from DCA (4) was
incorporated into acutumine (5) when *H-labeled DCA
(4) was administered to the roots (Babiker et al., 1999b).
On the other hand, the "N derived from DCD (1) was
much more effectively incorporated into the chlorinated
alkaloids. '’N-Enrichment in dauricumine (2) was ca.
19% and obvious changes in the isotopic pattern of dauric-
umidine (3) were observed 5 days after administration.
Increasing the incubation period to 10 days further
increased '*N-enrichment in these alkaloids to 25% and
13%, respectively.

Based on the results obtained in the present and previ-
ous work (Babiker et al., 1999b; Sugimoto et al., 2001), a
biosynthetic scheme for the chlorinated alkaloids and their
dechloro-derivatives is proposed (Fig. 4). Dauricumine (2)
is the first chlorinated alkaloid formed in the roots of M.
dauricum and DCD (1) is its precursor. Dauricumine (2)
is converted to the three other chlorinated alkaloids by epi-
merization at C-1 and N-demethylation. Acutumine (5) is
also formed from DCA (4). Definition of the enzymatic
conversion of DCD (1) by cell free root extracts is presently
in progress.
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Fig. 3. Incorporation of *N-labeled DCD (1) and DCA (4) into alkaloids. Alkaloids were extracted from roots cultured for 45 days (a), roots
administered '’N-labeled DCA (4) 35 days after sub-culturing and incubated for additional 10 days (b), and roots administered with '*N-labeled DCD (1)
35 days after sub-culturing and incubated for an additional 5 (c) and 10 (d) days.

3. Experimental
3.1. Chemicals

K'>NO; and (*° NH,4),SO04 (98% atom%) were purchased
from ISOTEC, Miamisburg, OH, USA.

3.2. Plant materials and culture conditions

M. dauricum roots were obtained from established cul-
tures (Sugimoto et al., 1994). Excised M. dauricum roots
were grown in a modified B5 medium containing 3%
sucrose and 1 pM NAA, which is referred to as the control
medium. For DCD (1) and DCA (4) production, a further
modified B5 medium was employed, in which CaCl, was
replaced by Ca(NOs3),. The medium is referred to as the
chloride-deficient medium (Babiker et al., 1999a). For
administration of '"N-labeled DCD (1) and DCA (4),
another modified B5S medium was used, in which the chlo-
ride ion concentration was adjusted to 6 mM with KCL
The medium is referred to as the chloride-enriched medium

(Babiker et al., 1999a). The roots, placed in 200-ml flasks
containing 50 ml of either of the culture media, were, unless
stated otherwise, maintained in the dark at 27°C on a
rotary shaker (70 rpm) until harvest.

3.3. Extraction and analysis of alkaloids

Harvested M. dauricum roots were freeze-dried and pow-
dered and the powder (25 mg) was soaked in MeOH (3 ml)
overnight and filtered. Soaking in methanol (3 ml) was
repeated twice and the combined filtrates were evaporated
to dryness in vacuo at 40°C. The residue was dissolved in
3% citric acid, made alkaline (pH 10) with NH4,OH, and
then loaded onto an Extrelut column (Merck Art. 15372).
The column was allowed to stand for 10 min prior to elution
with CHCl; (3.5 ml X 2). The combined CHClI; eluates were
evaporated to dryness in vacuo at 30°C. The residue was
then dissolved in MeOH and analyzed by HPLC using an
ODS-UG-3 column (4.6 x 150 mm) eluted with MeOH-
H,O (1:1) containing 0.2% NH4OH at a flow rate of
0.3 ml/min. A short pre-column (4.6 x 10 mm) was placed
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Fig. 4. Proposed biosynthetic relationship among chlorinated alkaloids
dauricumine (2), dauricumidine (3), acutumine (5) and acutumidine (6),
and their dechloro-derivatives DCD (1) and DCA (4). The bold arrow
represents the conversion confirmed by the present work. Solid arrows
represent conversions demonstrated by tracer experiments (Sugimoto
et al., 2001), and the dashed arrow represents limited conversion suggested
by tracer experiments (Babiker et al., 1999b).

between the injector and the separation column. The
column effluents were divided into two, with one portion
subjected to UV detection at 245 nm and the other to mass
spectrometric detection in the ESI mode. R;s of DCD (1),
dauricumine (2), dauricumidine (3), DCA (4), acutumine
(5) and acutumidine (6) were 15.4, 27.7. 10.7, 11.6, 16.5
and 8.2 min, respectively.

3.4. Isolation of "> N-enriched DCD (1) and DCA (4)
Roots were sub-cultured for three generations each for

45 days in the control medium, sub-cultured in the chlo-
ride-deficient medium for 45 days, and cultured in the chlo-

ride-deficient medium for 55 days until harvest. In both
media, nitrogen-containing macro-components K'*NO;
and ("*NH,),S0, were replaced by K'>NO; and ('’NH,),-
SOy, respectively. Harvested roots were freeze-dried and
powdered. The root powder (9.28 g) was treated as
described above. The basic residue (27.8 mg) was separated
by silica gel cc using CHCI;-MeOH as eluant as reported
previously (Sugimoto et al., 2005). Further separation by
semi-preparative HPLC yielded DCD (1) (2.1 mg) and
DCA (4) (6.1 mg) as powders. The column used was a Cap-
cell-pack C18 (20 x 250 mm) and the solvent was MeOH-
H,O (1:1) containing 0.2% NH4OH at a flow rate of
4.0 ml/min. A short pre-column (4.6 x 10 mm) was placed
between the injector and the separation column. R;s of
DCD (1) and DCA (4) were 18.6 and 16.5 min,
respectively.

3.5. Mass spectrometry

MS spectra were obtained on a JEOL JMS-700 mass
spectrometer in the ESI mode. '*N-Enrichments were cal-
culated on the basis of relative intensity of signals
(M+H+1)" and (M+H)", taking theoretical intensities of
isotope peaks into consideration.

3.6. Labeled substrates administration procedure

M. dauricum roots were cultured in 50-ml flasks contain-
ing 25 ml of the chloride-enriched medium for 35 days.
>N-Labeled DCD (1) or DCA (4), in 58 ul MeOH each,
was applied to the vigorously growing roots. Approxi-
mately half of the roots were harvested 5 days after apply-
ing the '°N-labeled substrates. The rest of the roots were
incubated in the same flasks for additional 5 days until har-
vest. The harvested roots were freeze-dried, powdered and
the alkaloids were extracted and analyzed as described
above.
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