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The conversion of nicotinic acid to N-conjugates by either methylation or glucosylation has 
been investigated in leaves and tubers from potato plants, in potato callus and suspension cultures 
and in plants regenerated from such cultures. While nicotinic acid-N-glucosyltransferase activity 
could be detected in the cells and tissues at each level of differentiation, the N-methyltransferase 
(trigonelline formation) was only found in organized leaf tissue.

Introduction

Nicotinic acid represents an im portant connecting 
link between prim ary and secondary m etabolism , be­
cause it is a basic elem ent of the coenzym es N A D  
and N A D P  and on the o ther hand it leads into al­
kaloid m etabolism  [1]. The ability of nicotinic acid to 
form  conjugates is known for m any plant species [2 ]. 
In case of heterotrophic cell suspension cultures the 
rapid alternative conversion of exogenously applied 
nicotinic acid to either the N-m ethyl (trigonelline) or 
the N-glucosyl conjugate has been observed [2, 3]. 
The enzymes of nicotinate N -conjugation nicotinic 
acid-N -m ethyltransferase and nicotinic acid-N- 
glucosyltransferase have been purified and thorough­
ly characterized from  soybean (Glycine m ax) and 
parsley (Petroselinum hortense) cell suspension cul­
tu res, respectively [4, 5],

The form ation of nicotinic acid-N-glucoside when 
m easured in hetero trophic suspension cultures seems 
to  be restricted to  plant cells of the subclass As- 
teridae and some higher orders of the subclass 
Rosidae [3]. H ow ever, trigonelline has occasionally 
been isolated from  plants belonging to these highly 
developed orders [1]. Thus, the possibly alternative 
m ode of conjugation of nicotinic acid in an intact
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thin layer chromatography; HPLC, high performance li­
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plan t and in cell cultures derived thereof needs to be 
elucidated .

In this report we present data dealing with the 
form ation  of the two nicotinate conjugates and the 
expression of the corresponding enzyme activities, 
the nicotinic acid-N-methyl and N-glucosyltransfer- 
ase, in Solanum  tuberosum  tissues and cell cultures. 
O u r studies were perform ed with cells of different 
levels of d ifferentiation, but of identical hom ozygote 
genetic background. Thus, dihaploid po ta to  plants 
w ere com pared with cell cultures derived from these 
p lan ts and with plants regenerated  from such cell 
cu ltures.

M aterials and M ethods

Plant material

P o tato  (Solanum  tuberosum) tubers of cultivars 
H H  258 and F 81 tubers were a gift of Prof. W enzel 
(G rünbach , F .R .G .) . They were used to grow potato  
p lan ts in a greenhouse. The dihaploid clone H H  258 
served as starting m aterial for the cell cultures. F 81 
p lan ts had been obtained via regeneration  of H H  258 
protoplasts.

H H  258 callus cultures derived from  leaf segm ents 
w ere grown in the dark on solid (0.8%  agar) Gam- 
borg  B 5 m edium  [6 ], pH  5.5, supplem ented with 
0.2 mg/12.4-D, 1 mg/1 N A A , 2.5%  (v/v) coconut milk 
and  30 g/1 sucrose. H H  258 cell suspension cultures 
w ere cultivated in 40 ml of liquid G am borg B? 
m edium  w ithout N A A  and coconut milk at 25 °C and 
a weekly subculture.

Callus cultures from  which po ta to  plants could be 
regenerated  were cultivated on a m odified MS- 
m edium  [7] pH  5.8, supplem ented with 10 g/1 sue-
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rose, 15 g/1 m annitol, 1 mg/1 IA A , 1 mg/1 6 -BAP and 
10 mg/1 G A 3. A  16 h light period was followed by 8  h 
of darkness.

B uffer systems

Buffer 1: 0.2 m  Tris/H Cl, pH  8.0, 14 m M  2-mercap- 
toethanol. Buffer 2: 0.02 m  Tris/HCl, pH  8.0, 5 mM

2-m ercaptoethanol. Buffer 3: 0.2 Tris/H Cl, pH  8.0, 
1 m M  dithioerythritol. Buffer 4: 0.02 m  Tris/H Cl, pH 
8.0, 1 m M  dithioerythritol. Buffer 5: 0.2 m  Tris/HCl, 
pH  8.0, 1 m M  dithioerythritol. Buffer 6: 0.02 m Tris/ 
HC1, pH  8.0, 0.5 m  NaCl.

E n zym e preparations

Leaves (2 g fr.w t.) of similar size were thoroughly 
cleaned and ground in a m ortar with 2 g PVP, 2 g 
quartz  sand and 7 ml buffer 1. The m ixture was 
squeezed through three layers of mull cloth. A fter 
30 min of centrifugation at 30,000 x g  the supernat­
ant was fractionated with solid am m onium  sulfate. 
T he pro tein  precipitating between 35—70% sa tu ra­
tion was collected by centrifugation and resuspended 
in 2.5 ml buffer 2. A fter desalting the solution on a 
prepacked Sephadex G-25 (PD-10) column (Phar­
m acia, U ppsala, Sweden) the resulting extract was 
tested  for nicotinic acid-N-methyl and N-glucosyl- 
transferase activities.

Tubers were stored over night at 4 °C in moist 
paper, peeled and cut into very small pieces. 1 0  g 
(fr.w t.) tuber segm ents were hom ogenized in a m or­
ta r with equal am ounts of PVP and quartz sand using 
30 ml buffer 3. The following steps were carried out 
according to  procedure A  using buffer 4 instead of 
buffer 2 .

Suspension cultured cells (27 g fr.w t.) were har­
vested 5 days after subculture and ground in a m or­
ta r with equal am ounts of PVP and quartz sand using 
50 ml buffer 5. The hom ogenate was squeezed 
through th ree layers of mull cloth and centrifuged for 
30 min at 30,000 x g .  The supernatant was slowly 
sucked through 12 g PVP previously equilibrated 
with buffer 3 and packed in a glass funnel. A fter an 
am m onium  sulfate fractionation according to  proce­
dure A  the protein pellet was suspended in 2.5 ml 
buffer 4 and desalted on a Sephadex G-25 (PD-10) 
colum n. 2 g D EA E -Sephacel (Pharm acia, U ppsala, 
Sweden) which had been equilibrated with buffer 4 
w ere then added to the protein solution under care­
ful m anual stirring. A fter 20 min the gel was filtered.

washed with buffer 4 to rem ove unbound protein, 
suspended in 5 ml buffer 6  and again stirred for 
20 min. To collect the bound protein , the gel was 
filtered and washed with 5 ml buffer 6 . The eluted 
protein  was desalted and tested  for enzyme activities.

Callus cells (10 g fr.w t.) were extracted according 
to  procedure C with 10 g PV P, 10 g quartz sand and 
30 ml buffer 5.

E nzym e assays

The standard  assay for U D P -g lucose: nicotinic 
acid-N-glucosyltransferase consisted of 100 |il p ro ­
tein  extract, 1.33 mM nicotinic acid containing
3.7 kBq [7-1 4 C]nicotinic acid (The Radiochem ical 
C enter A m ersham , A m ersham , U .K .), 0.5 mM 
U D P G , 5 mM 2-m ercaptoethanol (leaf extracts) or 
1 m M  dithioerythritol (o ther extracts) and 0.02 m 

Tris/H Cl pH  8.0 in a total volum e of 150 |o.l. A fter an 
incubation period of 2 h at 30 °C the reaction was 
stopped by transferring the tubes to a boiling w ater 
bath .

The enzyme assay for S -adenosylm ethionine: 
nicotinic acid-N -m ethyltransferase contained 100 (il 
enzym e p repara tion , 0.33 mM nicotinic acid with
3.7 kBq [7-1 4 C]nicotinic acid, 0.5 mM S-adenosyl­
m ethionine, 27 mM m ercaptoethanol (leaf extracts) 
o r 1 mM  dith ioerythrito l (o ther extracts) and 0.02 m 

Tris/H C l pH  8.0 in a final volum e of 150 fil. The 
enzym e reaction was allowed to proceed for 2  h at 
30 °C and was stopped by transferring the tubes to a 
boiling w ater bath.

The suitability of the enzyme assay was checked in 
m ixing experim ents with 50 jxl of the relevant protein 
prepara tion  and 50 |il of protein from F 117 potato 
tubers , which revealed  detectable m ethyltransferase 
activity.

Product isolation

T o separate the enzym atically form ed products 
from  the nicotinic acid substra te, the denaturated  
p ro te in  was rem oved from  the assays by centrifuga­
tion  and then 1 0 0  |il of the supernatan t were sub­
jec ted  to ion exchange chrom atography on Dowex 
1X 8 (mesh 100—200, form ate form ). The Dowex- 
resin ( 2  ml) had been equilibrated with distilled 
w ater and packed into a 5 ml syringe. A fter applica­
tion of the enzyme assay solutions trigonelline or 
nicotinic acid-N-glucoside could be rem oved by 
washing the resin with 1 0  ml distilled water.



S. Köster et al. • Nicotinic Acid Con jugation in Plants and Plant Cell Cultures of Potato 625

Radioactivity in this p roduct fraction was m easured 
by liquid scintillation counting to quantita te  the en­
zyme reactions. N icotinic acid could subsequently be 
elu ted  from  the resin with 35 ml 8  m  formic acid.

Product identification

The product fractions ob tained from  ion exchange 
chrom atography were evaporated  to  dryness and re­
dissolved in 1 0 0  (j.1 m ethanol.

The identity  of the enzym atically form ed N-methyl 
and N-glucosyl conjugates was verified using thin 
layer chrom atography on silica gel and cellulose 
plates ( 2 0 x 2 0  cm, Si G F 1 5 4 , M erck, D arm stadt, 
F .R .G .)  with com m ercial trigonelline and synthetic 
nicotinic acid-N-glucoside [8 ] as references. 
C hrom atographic solvents were 1) « -b u tan o l: acetic 
ac id :w ater ( 4 : 1 : 1 ) ,  2)  a c e to n e : w ater ( 4 : 1 ) ,  3)  
acetone : w ater ( 7 : 3 ) ,  4)  m e th an o l: ch loroform : 
w ater ( 3 : 2 : 1 )  and 5) /so -p ro p an o l:w ater ( 3 : 1 ) .  
Radioactivity on the thin layer plates was detected 
with a scanner (B erthold , W ildbad, F .R .G .).

In addition , the products of the enzymic reactions 
were sub jected  to high perform ance liquid 
chrom atography and the reten tion  tim e of the 
enzym atic product was com pared with authentic 
nicotinic acid-N-glucoside and trigonelline.

High perform ance liquid chromatography

Separation  of trigonelline and nicotinic acid-N- 
glucoside was achieved on a Si 60 LiChrosorb

colum n (250 x 4  m m , 5 |a,m, M erck, D arm stadt, 
F .R .G .)  m onitoring the U V -absorption at 261 nm. 
C hrom atogram s w ere developed using a linear gra­
dient of 100% acetonitrile to  50% acetonitrile in 
1.5%  (w/v) phosphoric acid within 30 min at a flow of
0 . 8  ml/min.

Protein determination

The protein conten t was determ ined according to 
Bradford [9] with bovine serum  album ine as refer­
ence m aterial.

Application o f  [7-l4C]nicotinic acid

The application of [7-1 4C]nicotinic acid under asep­
tic conditions followed previous reports [ 1 0 , 1 1 ].

R esults

P otato  (Solanum  tuberosum) leaf and tuber tis­
sues, callus cultures and suspension cultured cells 
w ere exam ined for their ability to form N -conjugates 
of nicotinic acid. The results are depicted in Table I. 
L eaf extracts of po ta to  plants clone H H  258 were 
able to convert nicotinic acid to the N -conjugate both 
by m ethylation and glucosylation. Nicotinic acid-N- 
m ethyl- and N -glucosyltransferase activities could 
readily be detected . The enzym atically form ed 
products trigonelline and nicotinic acid-N-glucoside 
w ere unequivocally identified by TLC and H PLC . 
Considerable nicotinic acid-N -glucosyltransferase ac­

Table I. Occurrence o f nicotinic acid-N-glucoside/nicotinic acid-N-glucosyltransferase and trigonelline/nicotinic acid-N- 
methyltransferase in plants and cell cultures of Solarium tuberosum.

Cell type Nicotinic acid-N-glucoside Nicotinic acid-N- 
glucosyltransferase

from enzym e from feeding
assays experiments (pkat/mg protein)

Trigonelline

from enzyme from feeding 
assays experiments

Nicotinic acid-N- 
methyltransferase

(pkat/mg protein)

HH 258 plants
-leaves + n.m. 0.1 + n.m. 0.3

-tubers + n.m. 10.9 - n.m. -

HH 258 callus + n.m. 45.0 - n.m. -

HH 258 suspension
cultures + + 5.5 - - -

F 81 plants 
(regenerated)

-leaves - + - + + 1.0
-tubers + n.m. 2.4 — n.m. —

Symbols: +  : successful demonstration of conjugate formation.
— : conjugate not formed under experimental conditions used, 

n.m .: not measured.
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tivity could also be detected  in tubers of H H  258 
plants, w hereas no N -m ethyltransferase activity 
could be observed in this m aterial. Using tubers of 
the te traploid  po ta to  clone F 117 as a control in 
parallel experim ents, m ethyltransferase activity 
(0.14 pkat/m g protein) was found and trigonelline 
could be identified by TLC. The product form ation 
in these enzyme assays was not affected when ali­
quots of protein  from  H H  258 tubers were added in 
mixing experim ents. T herefore, the lack of trigonel­
line form ation in extracts from H H  258 tubers is 
neither due to the procedure of protein preparation  
nor to  the enzyme assay conditions nor to the 
presence of an inhibitor in the protein preparation .

In hetero trophic callus cells derived from  H H  258 
plants highest activities of nicotinic acid-N-glucosyl- 
transferase could be m easured com pared to  other 
po ta to  tissues or cell cultures (Table I), but none of 
our enzym e preparations from  callus cells revealed 
any m ethylation capacity for nicotinic acid.

Several experim ents with suspension cultured HH 
258 cells revealed lower glucosyltransferase activities 
com pared to  the callus cultures. H ow ever, the en ­
zym atic conversion of nicotinic acid to the N- 
glucoside could readily be dem onstrated , whereas 
the cells obviously lack the corresponding m ethyl­
transferase activity.

The conjugation capacity for nicotinic acid was 
verified by application of radioactive labelled 
nicotinic acid to  the po ta to  cell suspension cultures. 
D uring the linear growth phase 185 kBq [7-1 4 C]nico- 
tinic acid was adm inistered to 4 g cells in the pres­
ence of 10~ 4  m  non-labelled nicotinate for 24 or 48 h. 
A fter separation  from the incubation m edium , the 
cells w ere harvested and subjected to m ethanolic ex­
traction. A lready after 24 h of incubation m ore than 
70% of the applied radioactivity could be extracted 
from the cells, while less than 0 . 1 % of the nicotinic 
acid had been converted to 1 4C 0 2. Cell extracts were 
subjected to TLC (silica gel plates, solvent systems 3, 
1 and 4) to  identify the labelled nicotinate conju­
gates. The m ajor radioactive com ponent in these 
po ta to  cell extracts was thus shown to be the 
nicotinic acid-N-glucoside, w hereas labelled trigonel­
line could not be detected  in any of the po ta to  cell 
cultures exposed to radioactive nicotinic acid.

In leaves of the F 81 po ta to  plants, which had been 
regenerated  from H H  258 callus cell protoplasts, 
nicotinic acid-N -m ethyltransferase activity was m eas­
ured with average specific activities of 1 . 0  pkat/m g

protein (Table I), w hereas the enzym atic conversion 
of nicotinic acid to  the N-glucoside could not be de­
tected. A pplication of [7-1 4C]nicotinic acid for 7 h to 
leaf disks of such F 81 plants revealed, how ever, the 
form ation of both the m ethyl- and the glucosyl con­
jugates. Nicotinic acid-N-glucoside, trigonelline and 
free nicotinate were identified by TLC (cellulose 
plates, solvent systems 1 and 5; silica gel plates, sol­
vent systems 3 and 4). The ratio  of N-glucoside to 
trigonelline was 1:14 estim ated by com paring the 
peak heights on the TLC scanner diagram s. In para l­
lel control experim ents with leaves of te traploid  
F 117 plants both N -m ethyltransferase and N- 
glucosyltransferase activities leading to  alm ost equal 
am ounts of enzymatically synthesized trigonelline 
and nicotinic acid-N-glucoside could be detected .

These results indicate tha t in po ta to  plants the oc­
currence of nicotinic acid-N -m ethyltransferase activi­
ty appears to be linked to the d ifferentiation of leaf 
tissue. Tubers of F 81 po ta to  plants revealed only 
nicotinic acid-N-glucosyltransferase but no m ethyl­
transferase activity (Table I). The suitability of the 
N -m ethyltransferase enzym e assay was confirm ed us­
ing tubers from F 117 plants and com m ercially avail­
able tubers in control experim ents. Mixing experi­
m ents with protein from  tubers of F 117 and F 81 
plants did not indicate the presence of an inhibitor. 
In the latter cases, enzym atically synthesized 
trigonelline could clearly be identified by TLC.

D iscussion

The capacity of po ta to  (Solanum  tuberosum ) cells 
for the methylation and glucosylation of nicotinic 
acid was followed through several stages of dedif­
ferentiation from organized plant tissue via callus to 
suspension culture and subsequent regeneration  of 
the plant cormus.

All investigations were aim ed at finding glucosyl- 
and m ethyltransferase activities ra the r than quantify­
ing them  exactly. In o rder to detect even small ac­
tivities of nicotinic acid-N-glucosyl- or N -m ethyl­
transferase, the best m ethod of enzym e p reparation , 
large am ounts of protein and long incubation periods 
w ere used to allow for sufficient conversion of 
nicotinic acid. As we did not intend to  characterize 
the enzymes neither even to quantify them  exactly, a 
careful check for linearity of the reaction with time 
or protein in the enzyme assays was not necessary. 
Therefore the values concerning the specific enzyme
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activities are of m inor im portance; they only indicate 
the expression of enzyme activity in the various tis­
sues.

It could clearly be dem onstrated that the expres­
sion of nicotinic acid-N-glucosyl and N-m ethyltrans- 
ferase depends on the level of tissue differentiation 
(Fig. 1). Thus, in cells of callus and suspension cul­
tu res, only glucosyltransferase activity could be 
m easured. These cells failed to express enzyme activ­
ity for converting nicotinic acid to trigonelline. In 
con trast, leaf cells of intact potato plants, even when 
regenerated  from callus cells, show both enzyme ac­
tivities. In tubers, only glucosyltransferase activity 
could be detected. These results suggest that the syn­
thesis o f trigonelline may be regarded as a leaftissue 
specific process. Tissue and organ specificity has re ­
peated ly  been found for many secondary plant m eta­
bolites [1 2 ] .  It had been reported  that cell cultures of 
Pelargonium  species lack the ability of synthesizing 
m ono terpenes, typical secondary products of the in­
tact p lant. A fter regeneration , however, the plants 
w ere able to  form m onoterpenes with product p ro ­
files sim ilar to those of the parent plant [13].  The 
fact, tha t in potato  plants, the synthesis of trigonel­
line seem s to be restricted to green tissue well corre­
sponds to  results obtained with cell cultures of 
Nicotiana tabacum, another Solanaceae plant. In

Fig. 1. Expression of Nicotinic acid-N-glucosyltransferase 
(G T) and nicotinic acid-N-methyltransferase (MT) activity 
in potato cells of different organization levels.

tuber cells: only GT
regenerated 
F 81 plants .

S  leaf cells: GT +  MT
callus

/
protoplasts

tuber cells: only GT
H H  258 plants

~~~------- * leaf cells: GT + MT
4

HH 258 callus cells: only GT
I

HH 258 suspension cells: only GT

hetero trophic cell suspension cultures of tobacco, 
only nicotinic acid-N-glucoside could be detected, 
w hereas cells cultivated under photoautotrophic con­
ditions were able to  synthesize both the N-glucosyl 
and the N-m ethyl conjugate (Ikem eyer and Barz, un ­
published). In parsley (Petroselinum hortense) cell 
suspension cultures the N-glucoside has been dem on­
strated  as a storage form of nicotinic acid for pyridine 
nucleotide synthesis (U pm eier and Barz, unpub­
lished). It is form ed as an endogenous constituent 
and shows rapid tu rnover with a halflife of 24 h [8 ]. 
Synthesis and rem obilization is catalyzed by the re ­
versible action of U D P -g lucose: nicotinic acid-N- 
glucosyltransferase [5],

Studies on nicotinate m etabolism  in heterotrophic 
cell cultures of num erous plants [3] revealed, that at 
the level of suspension cultures only one of the 
nicotinic acid-N -conjugates is form ed by the cells, or 
at least one of the conjugates is dom inating by far. 
This previous observation has now been substanti­
ated  with the po ta to  cell cultures. Though both con­
jugates are form ed in differentiated  leaf tissue the N- 
m ethyl com pound failed to be form ed by heterotro- 
phically cultured  callus or suspension cells.

The alternative occurrence of nicotinic acid-N- 
glucoside and trigonelline in cell suspension culture 
has been considered to be of chem otaxonom ic value
[14].

H ow ever, it is still unclear w hether trigonelline 
may also fulfil the role of a reservoir form for 
nicotinic acid in suspension cultured plant cells, 
which are devoid of the N-glucoside. In suspension 
cultures of soybean (Glycine m ax) trigonelline rather 
exhibits the properties of a typical secondary plant 
constituent with low m etabolic activity and practical­
ly no tu rnover [8 ].
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