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A novel enzyme was isolated, partially purified (217-fold) and characterized from cell suspen
sion cultures o f Rauwolfia serpentina Benth. The enzyme catalyzes one o f the late biochem ical
reactions in the biosynthesis o f ajmaline by hydrolysis o f 17-O -acetylated alkaloids o f the ajmalan
group forming the appropriate deacetylated com pounds. This esterase exhibits an unusually high
substrate selectivity and exclusively accepts acetylated ajmaline derivatives with the naturally
occurring 2ß(7?)-configuration. The properties o f the enzym e were determ ined showing an op
timum pH at 7.5, an isoelectric point o f pH 4.9 and a relative molecular weight of 33 ± 2 kDa.
Inhibition studies o f enzyme activity point to the necessity o f SH-groups. The esterase seem s not
to be inhibited by ajm aline, the end product o f the pathway. The highest enzym e activities were
observed in leaves and cell suspension tissues o f the tribe R auw olfieae which are known to synthe
size ajmaline and its congeners. The specific function o f the esterase in the biosynthesis o f the
later alkaloids was established.

Introduction
Ajm aline, a major plant constituent of Rauwolfia
serpentina B enth., is a m onoterpenoid indole al
kaloid which is used for the treatm ent of cardiac
arrhythmias. The molecular structure of this com 
pound, as well as a number of other alkaloids belong
ing to this group, is very complex. A jm aline, for ex
ample, consists of a hexacyclic ring system bearing 9
centers of chirality. Because of the complex nature of
this structure, the biosynthesis of ajmaline and re
lated compounds would be expected to be a compli
cated process involving many different biochemical
reactions.
Studies designed to determine the biosynthetic
pathway of ajmaline in the past have been limited
due to the difficulty in cultivating R. serpentina
plants. Because of this problem, only a very few in
vivo feeding experiments with labelled precursors
have been described in the literature (e.g. [1—5]).
None of these studies, however, provided a detailed
description of any biosynthetic step. Investigations
using plant cell cultures and the cell-free systems, on
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the other hand, prove to be very useful in providing a
means of obtaining experimental data which eventu
ally lead to the elucidation of the ajmaline biosyn
thetic route.
During the last few years we discovered and
characterized several of the enzymes catalyzing the
form ation of Rauwolfia alkaloids, especially those of
the sarpagan/ajm alan group [6 , 7]. H ere we report
the isolation and the properties of a “late” enzyme of
the ajmaline pathway, named 2ß(/?)-17-0-acetylajmalan: acetylesterase which catalyzes the deacetylation of alkaloids of the ajmaline class as illustrated
in Scheme 1.
Results
Isolation and enrichm ent o f 2ß(R )-17-0-acetylajm alan: acetylesterase

W hen cultivated Rauwolfia serpentina cells were
extracted with 0 . 1 m potassium phosphate buffer, the
crude protein mixture obtained catalyzed the hydro
lysis of acetylated alkaloids of the ajmaline group.
Using [3 H-acetyl]acetyltetraphyllicine as a test com
pound, the hydrolytic activity of this protein fraction
was m onitored by measuring the liberated [3 H]acetic
acid. This alkaloid was selected not only for its ease
in hydrolysis by crude protein extracts, but also be-
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Schem e 1. The reaction catalyzed by 2ß(/?)acetylajmalan: acetylesterase from R. serpentina cell
suspension cultures.

Esterase

---- V

HOAc

17-O -Acetylnorajm aline
(R , = H , R 2 = O H . R 3 = ethyl)
17-O -Acetylajm aline
(R, = C H 3, R : - O H , R 3 = ethyl)
17-O -Acetyltetraphyllicine
(R, = C H 3, R 2 = H , R 3 = ethylidene)

Norajm aline
(R , = H , R 2 = O H , R 3 = ethyl)
A jm aline
(R , = C H 3, R 2 = O H , R 3 = ethyl)
Tetraphyllicine
(R , = C H 3, R 2 = H , R 3 = ethylidene)

cause it is not difficult to label. In addition, the com
pound closely resembles the structures of those inter
m ediates which eventually lead to ajmaline. Based
on the hydrolytic reaction an enzyme assay was
developed to follow the enzyme activity at different
stages of purification. The minimum activity of the
esterase that could be m easured was 0 . 1 pkat per ml
incubation mixture. A time course experim ent was
carried out for a period of 2 2 days and showed that
maximum enzyme activity per 1 nutrition medium
could be extracted from the Rauwolfia cells around
day 9 or 11 of the growth period depending on the
applied medium. Using a growth medium published
by Linsmaier and Skoog (LS-medium) [8 ], 1 nkat/1
medium of enzyme activity was recovered after 9
days (Fig. 1). Cells cultivated in an alkaloid produc
tion medium (AP) [9] provided about 1.8 nkat/1 of
activity. D eterm ination of cell growth under the
same conditions showed the production of 27 g dry
weight/1 in LS medium and 34 g/1 in AP-m edium, re
spectively (Fig. 2). From 0.75 kg of cells grown for
11 days in AP-medium 650 mg of protein were ex
tracted with 0.1 m potassium phosphate buffer. E m 
ploying G-25 gel chrom atography, protam ine sulfate
precipitation, a combined set of columns consisting
of D E A E -, CM- and hydroxylapatite-chromatography and additional purification by hydrophobic
chrom atography on phenyl-TSK an esterase enrich
m ent of about 2 2 0 -fold was achieved with an overall
yield of 58% . The enzyme enrichment data are illus
trated in Table I. Further studies showed that this
esterase fraction, concentrated with polyethylene
glycol (1.5 mg protein, specific activity 437 pkat/mg
protein), did not contain other known enzymes of
the ajmaline/sarpagine biosynthesis (strictosidine
synthase, strictosidine glucosidase, polyneuridine
aldehyde esterase, vinorine synthase, norajm alineN-m ethyltransferase, raucaffricine glucosidase, vellosimine reductase) or the very recently discovered

enzymes preliminarily named vomilenine isomerase
and perakine reductase.

Days
Fig 1. Tim e course o f acetylajmalan esterase activity in a
cell suspension culture o f R. serpentina grown in LS- and
AP medium .

Days
Fig. 2. Tim e course o f cell dry weight in a cell suspension
culture o f R. serpentina grown in LS- and AP-m edium .
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Table I. Partial purification o f 2ß(/?)acetylajm alan: acetylesterase from 0.75 kg R. serpentina
cells.
Purification step

Total
volum e
[ml]

Total
protein
[mg]

Total
activity
[pkat]

1. Supernatant of the
crude extract

1300

650

1820

2.8

100

1.0

2. Am m onium sulfate
fractionation

110

430

1547

3.6

85

1.3

3. Protamine sulfate
fractionation

115

378

1587

4.2

87

1.5

4. T S K -D E A E , T S K -C M and
hydroxylapatite chromatography

230

13.82

1564

113.2

86

58

1.74

1056

607

58

5. Phenyl-TSK chromatography

Characteristics o f the esterase

As depicted in Fig. 3, the esterase reaction was
clearly dependent on protein and showed a typical
saturation curve and normal M ichaelis-M enten kine
tics. For the substrate acetyltetraphyllicine an ap
parent K m-value of 30 (am (Vmax = 5 pkat) was d eter
mined. The optimum pH for the enzyme activity, as
determ ined under conditions described in the experi
mental was found to be pH 7.5 with half maximum
activity at pH 6.3 and 8.5. The optimum tem perature
and the pH of the isoelectric point was found to be
37 °C and 4.9 ± 0.2, resp. (Fig. 4). An 11 ml elution
volume containing the esterase corresponded to a
relative molecular weight of 33 ± 2 kD a on a cali
brated TSK G 3000 column. W hen different enzyme
inhibitors were tested only 2 ,2 '-dithiodipyridine,
iodoacetamide and 5,5'-dithiobis(2-nitrobenzoic
acid) exhibited a significant effect ranging between
30 and 40% at 0.5 mM concentration of inhibitor.
The deacetylated alkaloids ajmaline and norajm aline
did not show any inhibition of the ester hydrolysis up
to a concentration of 2.9 m M , as well as acetate,
which had no effect up to 75 mM . The hydrolase was
relatively stable at the stage of a 150-fold enrichm ent
in 0.1 m phosphate buffer (pH 7.0, 1 mM dithio
threitol) at 4 °C. The half-life of the enzyme was
found to be 2 1 days under these conditions.
Substrate specificity o f the enzym e

Of 14 acetylated compounds tested only 3 al
kaloids were found to be hydrolyzed by the esterase.
The accepted substances were exclusively of the
ajmaline class with 2ß(/?)-configuration (Table II).

Specific
activity
[pkat/mg]

Yield
[% ]

Purifi
cation
(-fold)

40.4
217

The ATm-values of these substrates did not differ very
much. H ow ever, the enzyme exhibited a slight prefer
ence for 17-O-acetylnorajmaline ( K m= 22 ^im, Fig.
3). The ATm-values for 17-O-acetylajmaline and 17-0acetyltetraphyllicine were about 27 and 30 jam.
A cetylated alkaloids of this particular type, but with
2a(S)-configuration were not hydrolyzed. Com 
pounds of the indolenine group, of the Sarpagine,
Yohim bine, A spidosperm a type and p-nitrophenyl
acetate or ß-naphthyl acetate were also not reacted
by this enzyme.
Taxonom ic distribution o f acetylajmalan esterase
activity

Plant materials (cell suspension cultures and
leaves) of different origin were investigated for the
presence of acetyltetraphyllicine hydrolyzing enzyme
activity. Crude enzyme preparations, dialyzed 10 h
against potassium phosphate buffer, were used. The
highest specific activities of the esterase were discov
ered in all the species of Rauwolfia tested and ranged
from 2 pkat/m g protein for R. chinensis to 5 pkat/mg
protein in R. verticillata leaves. An intensive phyto
chemical screening of plants belonging to the tribe
Rauwolfieae dem onstrated that all of the above
species tested contained ajmaline [10, 11]. Plant
leaves or cultivated cells of other indole alkaloid p ro
ducing species or their cell cultures ( Catharanthus,
Vinca species) exhibited lower specific activities of
the esterase and ranged between 0.4 and 1.2 pkat/mg
protein. The enzyme activity found in cell material
free of indole alkaloids (Malus sylvestris, Nicotiana
sylvestris, D aucus carota) was between 0.2 and
0.4 pkat/mg protein (Table III).
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Acetylajmalan esterase activity
(pkat)

[ 17-0-Acetylnorajmaline]

Fig. 3. The effect of the concentration
o f 17-O-acetylnorajmaline on the
reaction rate o f acetylajmalan esterase
(standard incubation). K m = 22 jam;
Vmax = 5.7 pkat.

(viM)

1.5

0.75-

m

“I
10

pH

Fig. 4. Isoelectric focussing of acetylajma
lan esterase at different stages o f enrich
ment: a) am m onium sulfate precipitation,
b) D E A E - CM- and hydroxylapatite
chrom atography, c) phenyl-TSK chro
matography.
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Table II. Substrate specificity o f acetylajm alan esterase.

Km [h_m]

Substrates

Rel. enzym e
activity [%]

Substrates

Rel. enzyme
activity [% ]

2 ß -(/? )-1 7 -0 -A cetyl
ajmalan alkaloids

AcOCH-

C02CH3

H
17-O -Acetylnorajm aline
(R, = H , R 2 = O H , R 3 = ethyl)

22

100

17-O -Acetylajm aline
(R , = C H ,, R 2 = O H , R , = ethyl)

27

84

30

86

A cetylpolyneuridine

<

1

A cetylyohim bine

<

1

1 7 -0 -Acetyltetraphyllicine
2 a -(S )-1 7 -0 -A cetyl
ajmalan alkaloids

OAci

1.2-D ihydrovom ilenine
(R , = R 2 = H ,R 3 = O H )

<

1

1.2-Dihydroraucaffricine
(R , = R 2 = H , R 3 = O glu)

<

1

N a , 17-O -Diacetylquebrachidine
(R , = O A c, R 2 = C 0 2C H 3, R 3 = H )

<

1

»OAc

H3CO

in ", 6 o * C H 3
V indoline

Indolenine-17-O -acetyl
ajmalan alkaloids

OAcr

0

Vinorine (R t = R 2 = H )

-

<1

V om ilenine (R) = O H , R 2 = H )

-

<1

Raucaffricine
(R , = O glu, R 2 = H )

-

<1

Discussion
An O-acetylesterase has been identified and
partially purified from cell suspension cultures of
Rauwolfia serpentina B enth., which produces a
whole range of typical Rauwolfia alkaloids, especial
ly ajmaline and its derivatives [12]. The enzyme con
verts by hydrolysis 17-O-acetylated alkaloids of the

<1

^

2N—

p-N itrophenyl acetate

<1

ß-N aphthyl acetate

< 1

ajm aline group to the appropriate deacetylated com
pounds (Scheme 1). A simple assay to m onitor the
enzyme activity was developed by labelling of tetraphyllicine with [3 H ]aceticanhydride to give [3 Hacetyljacetyltetraphyllicine. Enzymatic hydrolysis of
this radioactive alkaloid releases the label in the ambi
ent w ater and enzyme activity can be easily determ ined
by scintillation counting of the incubation mixture
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after the alkaloid has been adsorbed on charcoal. For
evaluation of the optimum conditions of enzyme iso
lation we followed the change of enzyme activity in
cultivated cells over a growth period of 22 days. As
depicted in Fig. 1 and 2, the increase of total esterase
activity is closely correlated with cell growth. M axi
mum enzyme yield ( 1 nkat / 1 medium) was extracted
from cells grown in Linsmaier-Skoog medium 9 days
after inoculation. A t this time cell growth is at the
end of the logarithmic phase. Using an alkaloid pro
duction m edium , highest enzyme activity could be
isolated at the beginning of the stationary phase
11 days after inoculation. A bout twice of the esterase
activity ( 1 . 8 nkat / 1 medium) com pared to the results
for the LS-medium could be isolated under these
conditions.
From 0.75 kg of fresh Rauwolfia cells cultivated in
AP-m edium , 650 mg of a crude protein mixture were
obtained and partially purified. G-25 gel filtration,
protam ine sulfate precipitation, purification on a
combined set of columns of ion exchange (TSKD E A E , TSK-CM) and hydroxylapatite chrom ato
graphy rem oved all the other known Rauwolfia en
zymes and gave a 40-fold enrichment of the esterase
in a good yield of 8 6 %. Then, following the use of
hydrophobic chrom atography (phenyl-TSK) an over
all yield of protein recovery of 58% with a 217-fold
enrichm ent was achieved. Comparison of the protein
pattern after isoelectric focussing between pH 3 and
1 0 shows that most of the proteins were removed
when the stage of a 40-fold enrichm ent was reached.
A fter the final purification step the esterase p repara
tion still consisted of at least seven proteins (Fig. 4).
From these results we expect that preparative iso
electric focussing can be applied for the isolation of
homogenous acetylajmalan esterase in future experi
ments. The properties of the enzyme were d e ter
mined using a preparation at the stage of a 150-fold
enrichm ent. In comparison to the other enzymes act
ing in the biosynthesis of ajm aline, the esterase has
also a relative low molecular weight of 33 ± 2 kD a
assuming a globular shape of the enzyme. The op
timum pH of the enzyme was 7.5; however, 50% of
its activity was still observed at pH 6.3 and 8.5 point
ing to a broad pH tolerance of the esterase. From a
selection of enzyme inhibitors, only iodoacetam ide,
2,2'-dithiodipyridine and 5,5'-dithiobis(2-nitrobenzoic acid) showed an inhibitory effect (3 0 -4 0 % ) at
0.5 mM concentration, which indicates the necessity
of SH-groups for full enzyme activity. Therefore, the

enzyme is relatively stable in the presence of SHprotecting reagents like dithiothreitol, with a half-life
of about 20 days at 4 °C.
The biosynthetic significance of the esterase was
established by the determ ination of its substrate
specificity. Esterases are usually believed to exhibit a
broad substrate acceptance [13], but few examples
from plants have shown high substrate specificity,
e.g. 5-(4-acetoxy-l-butinyl)-2,2'-bithiophene: ace
tate esterase from Tagetes patula [14] and polyneuridine aldehyde esterase earlier identified from
the cell culture investigated here [15], Because these
cells contain about 1 0 different proteins hydrolyzing
ß-naphthyl acetate, it was interesting to clarify
w hether the isolated esterase was one of these en
zymes. W hen the 150-fold purified esterase was incu
bated with ß-naphthyl- or p-nitrophenyl acetate no
hydrolysis of either com pound was observed. In ad
dition, of 12 different O-acetylated alkaloids tested
only three, 17-O-acetyltetraphyllicine, 17-O-acetylajmaline and its nor-derivative, were accepted as
substrates by the esterase (Table II). These alkaloids
differ structurally only by the substituents on the
indole nitrogen or the D-ring. The /Cm-values or the
relative enzyme activities were not significantly influ
enced by the substituents. In sharp contrast to the
above m entioned substrates with the natural 2 ß(/?)configuration synthetic alkaloids having the 2 a(S)stereochem istry were not hydrolyzed. Neither re
lated com pounds with the indolenine double bond
(vinorine or vom ilenine), nor acetylated alkaloids of
the Sarpagan, Yohim bine, or A spidosperm a group
were enzymatically transform ed (Table II). The in
ability of the esterase to hydrolyze vinorine or vomi
lenine is of special interest, because these com
pounds appear as earlier interm ediates of the ajm a
line pathway. Vinorine, with the basic skeleton of
ajmaline is enzymatically synthesized from a sarpagan-type alkaloid in the presence of acetyl-CoA as
co-substrate and afterwards it is hydroxylated lead
ing to vomilenine [16]. Both indolenines are only
stable in their acetylated form (17-O-acetyl group).
Chemical cleavage of this protecting function leads
back to the sarpagan-type. N A D PH dependent re
duction of the indolenine and the C-19 double bond
of vomilenine yields, however, 17-O-acetylnorajmaline, the substrate with the highest affinity for
the acetylajm alan esterase ( K m = 22 |xm ). The
biosynthetic function of this enzyme is obviously to
remove the protecting group which was introduced in
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an earlier biosynthetic step by acetylation. The final
step in the ajmaline biosynthesis which is the methylation of the indole nitrogen is then carried out by
a S-adenosylmethionine dependent N-methyltransferase (Scheme 2).
The late reactions in the ajmaline pathway are ob
viously m ore complex as just discussed, because 17O-acetylajm aline is also an excellent substrate for
the esterase ( K m = 27 (am ) . A s depicted in Scheme 2,
we conclude that both route A and B might finally
give rise to the biosynthesis of the end product ajm a
line. W hen ajmaline or its precursor norajmaline
with a concentration up to 2.9 m M , or acetate (up to
75 mM) was incubated in the presence of the esterase
and [3 H-acetyl]acetyltetraphyllicine as substrate, we
did not observe any influence on the catalytic activity
of the enzyme. T herefore, the activity of the enzyme
under investigation seems not to be inhibited by its
end product or the final compound of the pathway,
ajmaline. The enzymes of that pathway have a
distinct taxonomic occurrence. However, when the
distribution of acetyltetraphyllicine hydrolyzing en
zymes was investigated (as crude enzyme mixture) in
cell m aterial of different origin, we found esterase
activity in each of the tested plants and cell cultures
(Table III). Highest activities were found in those

Schem e 2. “Late steps” o f the ajmaline biosynthesis in
R. serpentina cell cultures.
OAc

N orajm aline
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OAc

A cetylnorajm aline

Table III. Taxonom ic distribution o f acetyltetraphyllicine hydrolyzing esterase in cell suspension cultures and leaves* of
different genera o f the A pocynaceae and other fam ilies.
Plant material

Family

Tribe

Esterase activity
pkat/g cells
pkat/mg
(fresh weight)
Protein

Occurrence of
ajmaline
in the plant

R auw olfia
Rauw olfia
Rauw olfia
Rauw olfia
Rauw olfia
Rauw olfia

A pocynaceae
A pocynaceae
A pocynaceae
A pocynaceae
A pocynaceae
A pocynaceae

R auw olfieae
Rauw olfieae
Rauw olfieae
R auw olfieae
Rauw olfieae
Rauw olfieae

4.5
3.5
3.2

5.0
4.8
3.6

2.2
2.1
1.9

2.6
2.2
2.0

yes
yes
yes
yes
yes
yes

Catharanthus roseus (L .) G. Don*
Catharanthus roseus (L .) G. D on
Vinca m in or L.*
Vinca m in or L.
Vinca m ajor L.
Vinca m ajor L.*
Vinca herbacea Waldst. et Kit.
R h azya stricta D ecaisne
A lstonia scholaris (L .) R. Br.*
A lstonia scholaris (L .) R. Br.
Voacanga africana Stapf.

A pocynaceae
A pocynaceae
A pocynaceae
A pocynaceae
A pocynaceae
A pocynaceae
A pocynaceae
A pocynaceae
A pocynaceae
A pocynaceae
A pocynaceae

A lstonieae
A lston ieae
A lstonieae
A lstonieae
A lston ieae
A lston ieae
A lstonieae
A lston ieae
A lstonieae
A lstonieae
Tabernaem ontaneae

0.9
1.3

1.4
1.3

M alus sylvestris (L .) Mill.
Nicotiana sylvestris Spegazz. et Comes
Daucus carota L.

R osaceae
Solanaceae
A p iaceae

-

0.4

—

0.2
0.2

verticillata Chevalier*
vom itoria Afz.
serpentina Benth.
caffra Sond.
verticillata Chevalier
chinensis H em sl.

0.6

0.6

0.3

0.4
0.5
0.4
0.4

0.2
0.5

0.2
0.8
0.6
0.4
0.5

0.6
0.6
0.4

0.6
0.3
0.3

0.2

no
no
no
no
no
no
no
no
no
no
no
no
no
no
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samples of plants or cell cultures which produced
ajm aline, all belonging to the tribe Rauwolfieae.
Much lower, but nevertheless significant hydrolysis
was also observed in enzyme preparations from plant
leaves and cell suspensions of species of the tribe
A lstonieae and in tissue samples which do not
synthesize indole alkaloids. Because of the high
substrate specificity of the enriched esterase from
Rauwolfia, ester cleavage in crude protein mixtures
from different plant origin might be due to the
presence of rather unspecific esterases.
Therefore, our earlier observation [16] that un
purified preparations of acetylajm alan esterase have
some hydrolytic activity on 17-O-acetylindolenines
(like vinorine), is now known to be due to the
occurrence of such unspecific esterases.
From the properties of the enzyme described in
this paper, it is now obvious that 2 ß(/?)-acetylajmalan: acetylesterase fits perfectly into the whole struc
ture of the biochemical pathway of ajmaline for
m ation in Rauwolfia serpentina cell cultures as
summarized in Scheme 2.
M aterials and M ethods
Plant cell material

Plant cell suspension cultures of Rauwolfia serpen 
tina were cultivated in 1 1 Erlenm eyer flasks contain
ing 250 ml Linsmaier-Skoog [8 ] or alkaloid produc
tion m edium [9] for 9 and 11 days, resp., as described
earlier [16]. Plants were grown under normal green
house conditions. The fresh weight of cell suspen
sions was determ ined after suction filtration. For
measuring the dry weight the cells were dried to con
stant weight at 110 °C (24 h).
Spectroscopic methods

Structural identification of substrates and products
was perform ed by UV (Perkin-Elm er 551 S spectro
photom eter) in m ethanol as solvent, by MS (Finnigan M A T 44 S quadrupol instrum ent) in E l-m ode,
and by !H NM R (B ruker AM 360 spectrom eter) at
360 MHz in pyridine-d 5 as solvent. Chemical shifts
(Ö) are reported in ppm and coupling constants (J) in
Hz. Signal multiplicities are abbreviated as: s =
singlet, d = doublet, t = triplet, q = quadruplet,
m = multiplet (br = broad).
Chrom atography

Chrom atographic identification and purification of
alkaloids were carried out by thin layer chrom atogra

phy on Sil gel plates (Macherey and Nagel G /U V 245,
0.25 mm). The following solvent systems were used:
(a)
chloroform/methanol/ammonia = 9 0:10:0.2,
(b) petroleum ether (4 0 -6 0 °C)/acetone/diethylamine = 7 : 2 : 1 , (c) ethyl acetate//-propanol/ammonia = 1 6 :4 :1 . Visualization of alkaloids was made
by spraying the plates with a 5% (w/w) solution of
eerie ammonium sulfate in 85% phosphoric acid.
Q uantitation of alkaloids was done on a Spectra
Physics HPLC instrum ent coupled with a UV-detector (SP 8440) and a RP 18 column (M erck, Hibar
L iC hroC A R T 250—4). The applied HPLC solvent
system was acetonitrile/water/m ethanol containing
0 .0 1 %
trifluoroacetic acid (gradient 1 / 8 / 1 —>8 / 1 / 1
within 30 min). The flow rate was 1 ml/min and
alkaloids were detected at 290 nm.
E n zym e assays
A ssay A . The standard incubation volume used
was 0.3 ml and contained the substrate [3 H-acetyl]
acetyltetraphyllicine (56 Bq/nmol) at a final concen
tration of 0 . 2 m M in 0 . 1 m potassium phosphate buf
fer (pH 7.0). Incubations were carried out at 30 °C
for 30 min. Then 0.2 ml charcoal suspension (60 mg/
ml) was added. A fter shaking for 10 min the mixture
was centrifuged (Eppendorf centrifuge 5414) for
10 min and 0.4 ml of the supernatant was counted
for radioactivity with a Berthold BF 5000 scintillation
counter using 5 ml rotiszint (Roth company). The
limit of detection for this assay was 0 . 1 pkat per ml
incubation volume. This assay was employed for the
isolation and purification of the esterase.
A ssa y B. Using the above conditions, the sub
strates were incubated in a total volume of 0.3 ml
(0.1 m potassium phosphate buffer, pH 7.0) at a final
concentration of 0 . 1 mM in the presence of 0 . 2 ml of
the appropriate enzyme solution. The enzyme reac
tion was term inated by adding 0.5 ml m ethanol. Pre
cipitated protein was removed by centrifugation and
0.1 ml of the supernatant was taken for the HPLC
analysis. The sensitivity of this test allowed the meas
urem ent of 0 . 6 pkat per ml incubation volume.
E n zym e isolation and enrichment

For the isolation of Rauwolfia enzymes, 0.75 kg of
fresh cells from A P medium were frozen with liquid
nitrogen and stirred with 1 . 2 1 of 0 . 1 m potassium
phosphate buffer (pH 7.0, 10 mM ß-mercaptoethanol) for 1 h. A fter filtration through cheese cloth
the protein solution was centrifuged ( 2 0 , 0 0 0 x g .
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30 min). The resulting crude enzyme mixture (super
natant) contained 650 mg protein with a specific ac
tivity of 2.8 pkat/mg protein. Ammonium sulfate was
then added to the solution (final concentration was
65%) with stirring. A fter 45 min centrifugation
( 2 0 , 0 0 0 x g ) the precipitated protein was dissolved in
100 ml potassium phosphate buffer (15 m M , pH 7.0,
10 mM ß-m ercaptoethanol) and again centrifuged at
30,000x g for 30 min. The supernatant was then ap
plied to a Sephadex G-25 chrom atography column.
The enzyme containing fractions were com bined re
sulting in 430 mg protein (spec. act. 3.6 pkat/mg pro
tein). A t this stage a 1.3-fold enzyme purification
was measured. To this protein mixture 14 mg pro
tamine sulfate was added with stirring over a period
of 45 min. Centrifugation at 30,000 x g gave 378 mg
protein with a specific activity of 4.2 pkat/mg protein
(1.5-fold enrichm ent). The obtained enzyme prepa
ration was transferred to a three-column system
equilibrated with 15 mM potassium phosphate buffer
(pH 7.0) consisting of a Fractogel TSK -D EA E
650(S) column (2.4 x 20 cm), a TSK-CM 650(S) col
umn (2 .4 x 1 5 cm) and a hydroxylapatite column
( 1 .5 x 6 cm). The protein was eluted with the same
buffer at a flow rate of 8 ml/h. Fractions of 4 ml were
collected. Fractions 5—60 were combined and con
tained 13.8 mg protein (113 pkat/mg protein; 40.4fold enrichm ent). ß-M ercaptoethanol and am 
monium sulfate were added to make a final concen
tration of 10 mM and 30%, resp. A fter 45 min the
solution was centrifuged (30,000x g , 30 min) and
applied to a phenoxylated Fractogel TSK 65(S) col
umn (2 x 5 .5 cm; flow rate 20 ml/h), which was
equilibrated with 15 mM potassium phosphate buffer
pH 7.0 containing 30% ammonium sulfate. Protein
was eluted by a decreasing gradient (30—0% am 
monium sulfate) for 4 h at a flow rate of 40 ml/h.
Fractions of 4 ml were collected. The esterase activi
ty was found in fractions 12—26. These fractions
were combined and assayed for protein. The total
protein in this solution was 1.74 mg with a specific
activity of 607 pkat/mg protein corresponding to a
217-fold enrichm ent of activity. All the protein con
centrations were determ ined by B radford’s m ethod
[17] •
Taxonom ic distribution o f the esterase and determ ina
tion o f en zym e activities depending on the growth o f
R. serpentina cell cultures

Of the crushed tissue (IK A mill M 20) 25 g were
stirred in 0.1 m potassium phosphate buffer (pH 7.0,
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10 mM ß-m ercaptoethanol) for 1 h at 4 °C. A fter fil
tration, protein was concentrated by 0—65% am 
monium sulfate precipitation. The residue was dis
solved in 5 ml of the above buffer and the solution
was dialyzed twice against the same buffer (5 1) with
out m ercaptoethanol for 10 h. Enzyme activity was
determ ined using enzyme assay A.
Characteristics o f acetylajmalan esterase

The optim um pH of the acetylajmalan esterase
was determ ined in 0 . 1 m potassium phosphate/citrate
buffer (pH 4.5—6.0), 0.1 m potassium phosphate
buffer (pH 6.0—8.0) and 0.1m potassium borate buf
fer (pH 8.0—9.0) employing enzyme assay A.
For determ ination of the optimum tem perature
the enzyme was incubated at different tem peratures
ranging from 4 - 6 0 °C and the activity was measured
under the same assay conditions.
The relative m olecular weight of the esterase was
determ ined by FPLC-gel filtration chromatography
with a FPLC chrom atography unit from LKB (Bromma, Sweden; LKB 2150 H PLC pump, LKB 2152 LC
controlling unit, LKB 2158 UV-photom eter). The
enzyme solution (0.1 ml) was applied to a TSK G
3000 SW column (0.75 x 30 cm) which was calibrated
with known proteins: Cytochrome C (A/r =12.5
kD a), chymotrypsinogen (Mr = 25 kD a), chicken
serum albumin (M r = 45 kD a), bovine serum albu
min (A/r = 6 8 kD a), catalase (M r = 240 kD a), ferritin
(Mr = 450 kD a). The elution was carried out with
50 mM potassium phosphate buffer, pH 6.5, contain
ing 0.1 m potassium chloride at a flow rate of 0.3 ml/
min. The hydrolyzing enzyme activity was eluted at
1 1 ml buffer corresponding to a relative molecular
weight of 33.0 ± 2 kD a of the acetylajmalan esterase.
D eterm ination o f the isoelectric p o in t o f the acetyl
ajmalan esterase

Isoelectric focussing was perform ed on a ServalytPrecote gel (125 x 125 x 0.15 mm) with 5% Servalyt
carrier ampholines generating a linear pH gradient
(pH 3—10). The esterase preparation (40 ^1 contain
ing 8 ng protein, 450 pkat/mg protein) was applied to
the gel. A fter focussing the gel was cut in 0.2 mm
slices, then the enzyme activity was eluted with 0 . 1 m
potassium phosphate buffer pH 7.0 and determ ined
by assay A.
Synthesis and structure o f substrates

17-O-Acetyltetraphyllicine, acetylpolyneuridine,
acetylyohimbine and Na, 17-O-diacetylquebrachidi-
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ne were acetylated by the following standard proce
dure: 30 (xmol of the compound were stirred for
10 h at room tem perature in a mixture of 3 ml acetic
anhydride/pyridine = 1:1 (v/v). The reaction was
stopped by adding 3 ml ethanol and the reaction mix
ture was evaporated. A fter dissolving the residue
in methanol the alkaloids were purified by thin layer
chrom atography using solvent system (a), (b) and
(c)Radioactively
labelled
[3 H -acetyl]acetyltetraphyllicine (16.9 MBq/(imol) was prepared from tetraphyllicine and [3 H]acetic anhydride by a published
procedure [16].
l,2(5)-D ihydroraucaffricine was obtained from
raucaffricine by reduction with sodium cyanoborohydride as described in [18].
‘H N M R (pyridine-d5): 7.3, 7.2 (d, 7 = 8 ,
2 H - C ( 9 , 12)); 6.95, 6.85 (t, 7 = 8 , 2 H -C (1 0 , 11));
5.85 (q, 7 = 6.5, H -C (1 9 )); 5.7 (br s, H -C (2 1 )); 5.5
(s, H —C(17)); 5.35 (d, 7 = 8 , H - C ( l ') ) ; 4.66 (dd,
7 = 5.5 and 9, H -C (3 )); 4.5 (dd, 7 = 1 1 .5 and 2,
H —C ( 6 ')); 4 .3 -3 .9 (m, 5 H - C ( 2 , 2 ', 3 ', 4 ', 6 ')); 3.6
(t, 7 = 6 , H —C(5)); 3.3 ( t,7 = 5, H -C (1 5 )); 2.72 (dd,
7 = 5 and 13.5, H -C (1 4 )); 2.68 (dd, 7 = 4.5 and 12,
H —C ( 6 )); 2.34 (t, 7 = 6 , H -C (1 6 )); 2.2 (d, 7 = 1 2 ,
H —C ( 6 )); 1.96 (s, O C O C H 3); 1.9 (m, H -C (1 4 ));
1.5 (d, 7 = 6.5, H -C (1 8 )).
l,2(5)-D ihydrovom ilenine:
10 mg
(19 fxmol)
l,2(5)-dihydroraucaffricine were incubated with
20 mg lyophilized protein extract from R. serpentina
cells containing raucaffricine ß-D-glucosidase [ac

cording to 18] in 15 ml water for 60 min at 30 °C.
The aglycone was extracted with ethyl acetate
(3 x 2 0 ml). A fter evaporation of the organic phase
the residue was purified by TLC in solvent system (a)
and (c) yielding 4.8 mg l,2(S)-dihydrovomilenine
(14 pimol, 73% ). EI-MS (rel. int. %): 352 (M +, 23),
297 (9), 222 (20), 185 (100), 184 (34), 169 (19), 168
(50), 143 (28), 131 (49), 130 (53). [H NMR (pyridined5): 7.35, 7.3 (d, 7 = 8 , 2 H - C ( 9 , 12)); 6.93, 6.9 (t,
7 = 8 , 2 H —C(10, 11)); 6.1 (q, 7 = 6.5, H -C (1 9 ));
5.6, 5.2 (s, 2 H —C(17, 21)); 4.07 (dd, 7 = 5.5 and 9,
H —C(3)); 4.0 (d, 7 = 5.5, H -C (2 )); 3.75 (t, 7 = 6 ,
H —C(5)); 3.25 (t, 7 = 5, H -C (1 5 )); 2.7 (dd, 7 = 5
and 13.5, H -C (1 4 )); 2.58 (dd, 7 = 4.5 and 12,
H —C ( 6 )); 2.37 (t, 7 = 6 , H -C (1 6 )); 1.93 (s,
O C O C H 3); 1.67 (d, 7 = 6.5, H —C(18)).

[1] P. N. Edwards and E. L eete, Chem. and Ind. 1961,
1666.
[2] A . R. Battersby, R. Binks, W. Lawrie, G. V. Parry,
and B. R. W ebster, Proc. Chem. Soc. 1963, 369.
[3] D . H. R. Barton, G. W. Kirby, R. H. Prager, and E.
M. J. W ilson, J. Chem. Soc. 1965, 3990.
[4] A . R. Battersby, R. S. Kapil, J. A . Martin, and L.
M o, Chem . Commun. 1968, 133.
[5] A . U . Rahman and A . Basha, in: Biosynthesis o f In
dole A lkaloids (J. E. Baldwin, J. E. G oodenou gh, J.
H alpern, J. S. Row linson, ed s.), International Series
o f M onographs on Chem istry, p. 211, Clarendon
Press, Oxford 1983.
[6 ] J. Stöckigt, in: Progress in Tryptophan and Serotonin
Research (H . G. Schlossberger, W. K ochen, B. Linzen. H. Steinhardt, ed s.), p. 777, Walter de Gruyter &
Co, Berlin, New York 1984.
[7] J. Stöckigt, in: Proceeding o f the 2nd International
Sym posium and Pakistan - U .S . Binational W ork
shop on Natural Product Chemistry 1986, in the press.
[8 ] E. M. Linsmaier and F. Skoog, Physiol. Plant 18, 100
(1965).

[9] M. H. Z enk, H. El-Shagi, H. Arens, J. Stöckigt, E.
W. W eiler, and B. D eus, in: Plant Tissue Culture and
its B iotechnological Application (W. Barz, E.
Reinhard, and M. H. Z enk, e d s.), p. 27, Springer V er
lag, Berlin 1977.
[10] W. E. Court, Planta med. 48, 228 (1983).
[11] A . K oskinen and M. Lounasm aa, in: Progress in the
Chem istry o f Organic Natural Products (W. H erz, H.
G risebach, G. W. Kirby, ed s.), 43, 267, Springer
V erlag, Berlin. H eidelberg, New York 1983.
[12] J. Stöckigt, A . Pfitzner, and J. Firl, Plant Cell Reports
1, 36 (1981).
[13] K. Krisch, in: The Enzym es (P. D. Boyer, e d .), V ol.
5, 2nd ed ., p. 43, A cadem ic Press, New York 1971.
[14] R. Siitfeld and G. H. N. T ow ers, Phytochemistry 21,
277 (1982).
[15] A . Pfitzner and J. Stöckigt, Planta med. 48, 221
(1983).
[16] A . Pfitzner, L. Polz, and J. Stöckigt, Z. Naturforsch.
4 1 c, 103 (1986).
[17] M. M. Bradford. Anal. B iochem . 72, 248 (1976).
[18] H. Schübel, J. Stöckigt, R. Feicht, and H. Simon.
H elv. Chim. A cta 69, 538 (1986).

A c k n o w le d g e m e n ts

We thank Prof. A. Knevel (School of Pharmacy,
Purdue University West Lafayette, USA) for his
kind help in preparing the English version of this
manuscript. O ur thanks are also due to Prof. W. E.
C ourt (Baildon, England) and Prof. Cs. Szantay
(B udapest, H ungary) for providing us with alkaloid
samples. The Deutsche Forschungsgemeinschaft,
Bonn-Bad G odesberg, is acknowledged for a Finnigan M A T 44 S quadrupol mass spectrometer. For
financial support we thank the Fonds der Chemi
schen Industrie and the Deutsche Forschungsge
meinschaft (SFB 145).

