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ABSTRACT 

Suspens ion c u l t u r e s  of  Berberis spec ies  are 
u s e f u l  sources f o r  the d e t e c t i o n  and i s o l a t -  
ion o f  a new enzyme which t r a n s f e r s  the 
methy l  group from S - a d e n o s y l - L - m e t h i o n i n e  
s p e c i f i c a l l y  to the 9 - p o s i t i o n  o f  the (S ) -  
enan t iomer  o f  s c o u l e r i n e ,  p r o d u c i n g  ( S ) - t e t r a -  
hydroco lumbamine.  The enzyme was e n r i c h e d  
2 7 - f o l d ;  i t  i s  not  p a r t i c l e  bound, has a pH 
optimum o f  8 .9 ,  a m o l e c u l a r  w e i g h t  o f  63 000 
and shows a h igh  degree o f  s u b s t r a t e  s p e c i f -  
i c i t y .  

ABBREVIATIONS 

SAH = S - A d e n o s y l - L - h o m o c y s t e i n e ;  SAM = 
S - A d e n o s y l - L - m e t h i o n i n e ,  STOX = ( S ) - T e t r a -  
h y d r o p r o t o b e r b e r i n e  o x i d a s e .  

INTRODUCTION 

Prev ious  s t u d i e s  have demonst ra ted  t h a t  (S ) -  
r e t i c u l i n e  and ( S ) - s c o u l e r i n e ,  when a d m i n i s t -  
ered to shoots  o f  p l a n t s  c o n t a i n i n g  i s o -  
q u i n o l i n e  a l k a l o i d s ,  are r e a d i l y  conve r t ed  
to p r o t o b e r b e r i n e s  (see C o r d e l l ,  1981) .  
Subsequent  expe r imen ts  w i t h  c e l l - f r e e  extracts 
of Macleaya microcarpa callus have shown the 
presence of an enzyme which catalyses the 
formation of scoulerine from reticuline, 
which was named berberine bridge enzyme 
(R ink  and Bbhm, 1975) .  Th is  enzyme was p u r i f -  
ied to homogene i ty ,  c h a r a c t e r i z e d  ( S t e f f e n s  
et  a l . ,  1984) ,  and shown to c a t a l y s e  the 
c o n v e r s i o n  o f  ( S ) - r e t i c u l i n e  to (S)-scouler ine 
in  the presence of  oxygen.  In the course o f  
the b i o s y n t h e s i s  o f  b e r b e r i n e - t y p e  a l k a l o i d s ,  
( S ) - s c o u l e r i n e  is  expected to undergo va~ous 
m e t h y l a t i o n  s teps as we l l  as the o x i d a t i o n  
o f  r i n g  C. 

We r e p o r t  here on a new enzyme and some of  
i t s  c h a r a c t e r i s t i c s  which c a t a l y s e s  the 
s t e r e o -  and r e g i o s p e c i f i c  O - m e t h y l a t i o n  at  
the 9 - p o s i t i o n  of  ( S ) - s c o u l e r i n e  us ing  SAM 
( F i g .  I ) .  Th is  enzyme t r a n s f o r m s  (S ) -  
s c o u l e r i n e  to ( S ) - t e t r a h y d r o c o l u m b a m i n e ,  
wh ich ,  in t u r n , s e r v e s  as the p r e c u r s o r  o f  
most p r o t o b e r b e r i n e  a l k a l o i d s ,  i n c l u d i n g  
co lumbamine,  p a l m a t i n e ,  b e r b e r i n e  , 
j a t r o r r h i z i n e ,  e t c .  This m e t h y l t r a n s f e r a s e  
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t h e r e f o r e  occup ies  a c e n t r a l  r o l e  in  p r o t o -  
b e r b e r i n e  b i o s y n t h e s i s .  

H 3 C O ~  H 3 C O ~  
2JA Is[. lJ ~ SAM SAH ' , ~  

H O ~ o  H ~ = HO T f T  OCH3 
[ . u I L  

"OCH3 ~ "OCH} 

(S)-Scoul.erine (S) -T¢lrohydroco|umbamine 

Fig .  I Reac t ion  sequence c a t a l y s e d  by 
( S ) - s c o u l e r i n e  9-O-methy l  t r a n s f e r a s  e 

MATERIALS and METHODS 

Suspension c u l t u r e s  p r o v i d e d  by our  c e l l  
c u l t u r e  l a b o r a t o r y  were used, e s p e c i a l l y  
those o f  Berberis wilsoniae va r .  subcaulialata 

S c h n e i d . ,  and grown as p r e v i o u s l y  r e p o r t e d  
(H inz  and Zenk, 1981) .  C e l l s  were ha rves ted  
a f t e r  r e a c h i n g  the s t a t i o n a r y  phase,  f r ozen  
in l i q u i d  n i t r o g e n  and s to red  ~t  -20°C.  
Potass ium phosphate b u f f e r  ( 0 . i  M, pH 7 .5 ,  
200 ml) c o n t a i n i n g  ~ -mercap toe thano l  (20 mM) 
was added to 100 g fresh weight of frozen ce l ls  and 
the m i x t u r e  was s t i r r e d ,  u n t i l  a homogeneous 
mass was o b t a i n e d .  Th is  was pressed t h rough  
c h e e s e c l o t h ,  and the r e s u l t i n g  l i q u i d  was 
c e n t r i f u g e d  f o r  I0 min at  13 500 x g. S o l i d  
(NH4)2S04 was added to the s u p e r n a t a n t  u n t i l  
70% s a t u r a t i o n  was reached.  The p r e c i p i t a t e  
was c e n t r i f u g e d  down as above and taken up 
in  10 ml o f  the o r i g i n a l  phosphate b u f f e r  
and c e n t r i f u g e d  again (30 O00xg, 10 m in ) .The  
s u p e r n a t a n t  o f  t h i s  s tep was a p p l i e d  to a 
AcA 44 gel f i l t r a t i o n  column (2 .3  x 87 cm) 
and the p r o t e i n  f r a c t i o n a t e d  w i t h  the same 
b u f f e r  ( e l u t i o n  speed 0.3 ml m in -1 ;  f r a c t i o n  
v o l .  4.5 m l ) .  The f r a c t i o n s  c o n t a i n i n g  the 
enzyme ( t y p i c a l l y  f r a c t i o n s  3 0 - 6 0 ) ,  were 
pooled and a p p l i e d  to a DEAE-Sephacel column 
(2 .3  x 6 cm) at  a speed o f  0.6 cm m in - l .  The 
column was washed w i t h  phosphate b u f f e r  and 
the e l u e n t  was c o l l e c t e d  in  9-ml f r a c t i o n s .  
The m e t h y l t r a n s f e r a s e  was found in  the 
i n i t i a l  f r a c t i o n s .  Th is  f l u i d  was c o n c e n t r a t -  
ed by u l t r a f i l t r a t i o n  (Amicon membrane YM I0 )  
to a f i n a l  volume o f  6 ml. The enzyme was 
d i v i d e d  i n t o  t h ree  equal p o r t i o n s  and then 
s u b j e c t e d  to h igh  p ressu re  l i q u i d  chromato-  



graphy (LKB system, G 300 SW column, 2.15 x 
60 cm, po tass ium phosphate 25 mM b u f f e r  (pH 
7 .0 )  c o n t a i n i n g  25 mM NaCI, 3.0 ml m i n - l ) .  
3-ml  f r a c t i o n s  were c o l l e c t e d  and examined 
f o r  p r o t e i n  a b s o r p t i o n  at  280 nm, then f ract ions 
c o n t a i n i n g  p r o t e i n  were assayed f o r  enzyme 
a c t i v i t y ,  f r a c t i o n s  c o n t a i n i n g  the enzyme 
were poo led and c o n c e n t r a t e d  as above.  

S tandard  Enzyme Assay 

The r e a c t i o n  m i x t u r e  (200 ~ I )  i n c l u d e d  500 
~mole g lyc ine-NaOH b u f f e r  (pH 9 . 0 ) ;  20 ~mole 
sodium asco rba te  ( t o  p r e v e n t  o x i d a t i o n  o f  the 
p h e n o l i c  s u b s t r a t e s ) ,  50 ~moZe ( S ) - s c o u l e r i n e ;  
20 ~mole [CJH3]-SAM (24 x i0~ cpm) and enzyme. 
The assay m i x t u r e  was i n c u b a t e d  f o r  20 min at  
30°C. The r e a c t i o n  was t e r m i n a t e d  by a d d i t i o n  
o f  200 ~I T r i s - H C l ,  i M, p H 8.51and 400 ~I 
isoamyl  a l c o h o l .  The sample was shaken mechani- 
c a l l y  f o r  15 min.  The suspens ion  was cent r i fug-  
ed, and then a 200-p l  a l i q u o t  o f  the o r g a n i c  
l a y e r  removed f o r  l i q u i d  s c i n t i l l a t i o n  coun t -  
i n g .  C o n t r o l s  were run w i t h  h e a t - d e n a t u r e d  
p r o t e i n .  The k i n e t i c  c o n s t a n t s  f o r  the enzyme 
were de te rm ined  us ing  the s t anda rd  assay but  
in  keep ing the c o n c e n t r a t i o n  of  one of  the 
r e a c t a n t s  under i n v e s t i g a t i o n  f i x e d  at  5 mM. 
The enzyme (ca .  I0 ~g) used u s u a l l y  had a 
s p e c i f i c  a c t i v i t y  o f  260 pkat /mg.  The molecular 
w e i g h t  o f  the enzyme was determined by s t and -  
ard HPLC and gel f i l t r a t i o n  methods;  va lues  
o b t a i n e d  by both t e c h n i q u e s  agreed w i t h i n  
3%. P r o t e i n  d e t e r m i n a t i o n s  were per formed 
a c c o r d i n g  to B r a d f o r d  (1976)  or, on p u r i f i e d  
samples, by the 260/280-nm method. 

A l k a l o i d s  

(S ) -  and ( R ) - s c o u l e r i n e  were s y n t h e t i z e d  
a c c o r d i n g  to s tanda rd  p rocedures  ( B a t t e r s b y  
e t  a l . ,  1966).  A l l  o t h e r  a l k a l o i d s  used were 
s y n t h e t i z e d  by known procedures  or were 
i s o l a t e d  from p l a n t  m a t e r i a l .  For the 
c h a r a c t e r i z a t i o n  o f  r e a c t i o n  products l O - t o  
2 0 - f o l d  l a r g e r  i n c u b a t i o n  m i x t u r e s  in  the 
~ tandard  p r o p o r t i o n s  c o n t a i n i n g  

~C-SAM were used. The l a b e l l e d  a l k a l o i d  was 
e x t r a c t e d  i n t o  e t h y l  ace ta te  and s u b j e c t e d  
to TLC u s i n g  the s o l v e n t  system e t h y l  acetate: 
2 -bu tanone :  f o r m i c  ac id  : H20 = 5 : 3 : i : 1. 
L a b e l l e d  t e t r a h y d r o c o l u m b a m i n e  thus formed 
was o x i d i z e d  on a p r e p a r a t i v e  sca le  us ing  
( S ) - t e t r a h y d r o p r o t o b e r b e r i n e  ox i dase  (Amann 
e t  a l . ,  1984) ,  g i v i n g  co lumbamine,  wh ich  was 
d i l u t e d  w i t h  u n l a b e l l e d  c a r r i e r  m a t e r i a l  and 
s u b s e q u e n t l y  c r y s t a l l i z e d  to cons t ,  s p e c i f i c  
a c t i v i t y .  

RESULTS 

The new enzyme was assayed f o r  i t s  c a t a l y t i c  
a c t i v i t y  by m o n i t o r i n g  the t r a n s f e r  o f  the 
t r i t i u m  l a b e l l e d  methy l  group o f  SAM to (S ) -  
s c o u l e r i n e .  E x t r a c t i o n  o f  the l a b e l l e d  a l k a -  
l o i d  i n t o  isoamyl  a l c o h o l  l e f t  un reac ted  
r a d i o a c t i v e  SAM in  the aqueous phase.  Radio-  
a c t i v i t y  found in  the o r g a n i c  phase was taken 
as ev idence  f o r  methy l  group t r a n s f e r .  Using 
t h i s  assay system the presence of  O - m e t h y l -  
t r a n s f e r a s e ( s )  in  crude enzyme e x t r a c t s  o f  
p l a n t  c e l l  c u l t u r e s  o f  d i f f e r e n t  taxonomic  
o r i g i n  was i n v e s t i g a t e d .  The h i g h e s t  a c t i v i t y  
was observed in  Berberis wilsoniae va r .  sub- 

caulialata, from which the enzyme was p u r i f -  
i ed .  The r e s u l t s  are shown in  the Tab le  I .  
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Total Total Specif/c 
Purification activity protein activity Recovery Purification 
step pkat mg pket/mg (%) -fold 

Crude 
ext ract  2160 225 

(NH4)2S04 
(0-70%) 2550 161 

Gel Fil t r .  
(AcA 44) 2670 

DEAE- 
cel lu lose 

HPLC 

2270 

1230 

9.6 i00 

15.8 118 

85 31.4 124 

50 45.7 105 

4.7 260 57 

1.6 

3.3 

4.8 

27 

Table 1 Pur i f i ca t ion  procedure fo r  (S)-scouler ine 
9-O-methyltransferase. 

A t y p i c a l  HPLC p r o f i l e  showing the d i s t r i b u t -  
ion o f  p r o t e i n  as we l l  as t h a t  o f  the O-methyl- 
t r a n s f e r a s e  is  d e p i c t e d  in  F ig .  2. 

re la t ive  absorption 
[280nm'1 

radioactive 
product 
formed 
[cpm] 

-5000 

1000 

b l ! l I | I ! I I 

I 50 I00 

L 

time [min]-- 

Fig. 2 Typical HPLC p ro f i l e  of the p a r t i a l l y  
pur i f ied  enzyme,( - - )  = d i s t r i bu t i on  of 
prote in,  ( - - - )  ~ d i s t r i bu t i on  of 
enzyme a c t i v i t y  

The p r o t e i n  f r a c t i o n  p u r i f i e d  2 7 - f o l d  (57% 
y i e l d ) ,  proved to be s a t i s f a c t o r y  f o r  a l l  
o f  our  pu rposes ,  s i nce  none o f  the o t h e r  
known enzymes o f  the i s o q u i n o l i n e  pathway 
w i t h  p o t e n t i a l  f o r  i n t e r f e r e n c e  in  the 
expe r imen t  d e s c r i b e d  here (Zenk,  i n  p ress )  
was p r e s e n t .  The p a r t l y  p u r i f i e d  enzyme 
a lso  d id  no t  c o n t a i n  any c o n t a m i n a t i n g  methyl- 
t r a n s f e r a s e  a c t i v i t y  f o r  t r a n s f o r m i n g  t e t r a -  
hydroco lumbamine to t e t r a h y d r o p a l m a t i n e  
(Beecher  and K e l l e h e r ,  1984) .  For t h i s  
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reason,  no f u r t h e r  p u r i f i c a t i o n  of  our 
enzyme was a t tempted .  A p l o t  of  the t e t r a -  
hydrocolumbamine p roduc t i on  vs.  t ime was 
l i n e a r  f o r  the f i r s t  20 min,  when 3 pkat  of  
the enzyme was used in the s tandard  assay.  
Dependence of  the r e a c t i o n  on p r o t e i n  
c o n c e n t r a t i o n  (en r i ched  2 7 - f o l d )  was l i n e a r  
over  a range from 0 to 9 mg and then gradually 
f e l l  o f f .  The pH optimum of  the r e a c t i o n  was 
a t  8 .9.  The tempera tu re  optimum was found to 
be a t  37oc. The mo lecu la r  we igh t  was determined 
to be 63+2 kD. A f t e r  s to rage f o r  7 months a t  
-20°C i n - g l y c e r o l  (20%), the enzyme s t i l l  
r e t a i n e d  more than 50% of  i t s  o r i g i n a l  a c t i v -  
i t y .  The p o s s i b l e  O -me thy l a t i on  products  o f  
( S ) - s c o u l e r i n e  i nc l ude  te t rahyd roco lumbamine ,  
te t rahydropalmatrub ine or, i f  two methyl  groups 
are t r a n s f e r r e d ,  t e t r a h y d r o p a l m a t i n e .  The TLC 
and HPLC ( N u c l e o s i l -  C18, Macherey and Nagel)  
b e h a v i o u ~ o f  the l a b e l l e d  product  were i d e n t i -  
cal w i th  those of  t e t rahyd roco lumbamine .  The 
r a d i o a c t i v e  p roduc t  was t rans fo rmed by the 
ac t i on  of  STOX i n t o  a product  i d e n t i c a l  w i th  
columbamine; d i l u t i o n  w i t h  c a r r i e r  columbamine 
and c r y s t a l l i s a t i o n  y i e l d e d  a l a b e l l e d  p roduc t  
c o n t a i n i n g  the expected r a d i o a c t i v i t y  w i t h i n  
expe r imen ta l  e r r o r  (~ 10%). The f a c t  t h a t  
STOX acts on the p roduc t  shows t h a t  the t e t r a -  
hydrocolumbamine ob ta ined  by t h i s  enzyme 
r e a c t i o n  has the ( S ) - c o n f i g u r a t i o n  a t  C-14 
(Amann et a l . ,  1984). These procedures 
e s t a b l i s h  the p roduc t  of  enzymat ic  me thy la t i on  
of  s c o u l e r i n e  to be (S ) - te t rahyd roco lumbamine . .  
Of a s e r i e s  of  12 metal s a l t s  t es ted  a t  5 mM 
c o n c e n t r a t i o n  on ly  Cu ÷+ i n h i b i t e d  the enzyme 
( r e s i d u a l  a c t i v i t y  3%). The k i n e t i c  cons tan ts  
of  the enzyme were measured as desc r ibed  in 
the m a t e r i a l s  and methods s e c t i o n ,  v ide  i n t r a .  

The Km va lues  determined f o r  ( S ) - s c o u l e r i n e  
and SAM were 1.6 mM and 0.042 mM r e s p e c t i v e l y ;  
the Ki f o r  SAH was 0.01 mM. Of c r u c i a l  
importance f o r  the p o s i t i o n  of  t h i s  enzyme 
in the b i o s y n t h e s i s  of  p r o t o b e r b e r i n e  a l k a -  
l o i d s  was i t s  s u b s t r a t e  s p e c i f i c i t y .  No reac t -  
ion could be observed by using ( R ) - s c o u l e r i n e  

or d e h y d r o s c o u l e r i n e ,  i t s  r i n g  C aromat ized  
c o u n t e r p a r t .  The enzyme was a lso ( F i g .  3) 
t o t a l l y  i n a c t i v e  towards a number of  o t h e r  
berb ines i n c l u d i n g  ( S ) - c o r e x i m i n e ,  (R ,S ) -  
d e s m e t h y l e n e t e t r a h y d r o b e r b e r i n e ,  (R ,S) -  
d i s c r e t a m i n e ,  ( S ) - c o r y d a l m i n e ,  (R,S) -s tepho l i -  
d ine ,  ( R , S ) - t e t r a h y d r o j a t r o r r h i z i n e ,  (S ) -  
coramine,  ( R , S ) - t e t r a h y d r o b e r b e r r u b i n e  
( n a n d i n i n e ) .  A lso ,  no r e a c t i o n  was observed 
w i t h  (R) -  and ( S ) - r e t i c u l i n e ,  b o l d i n e ,  magno- 
f l o r i n e ,  and the s imp le  phenols c a f f e i c  a c i d ,  
dopamine, and q u e r c e t i n .  Two o the r  subs t ra tes ,  
which are not  na tu ra l  p roduc ts ,  were methylated 
by the enzyme: ( R , S ) - 2 , 3 , 9 , 1 0 - t e t r a h y d r o x y -  
t e t r a h y d r o p r o t o b e r b e r i n e  ( a t  50% of the ra te  
of  ( S ) - s c o u l e r i n e )  and ( S ) - 3 , 9 - h y d r o x y - . 2 , 1 0 -  
methoxy t e t r a h y d r o p r o t o b e r b e r i n e  ( a t  4% of  
the ra te  of  ( S ) - s c o u l e r i n e ) ,  

DISCUSSION 

S - A d e n o s y l - L - m e t h i o n i n e  : ( S ) - s c o u l e r i n e  9-0-  
- m e t h y l t r a n s f e r a s e  which has been p u r i f i e d  
and c h a r a c t e r i z e d  in  t h i s  work i s  a h i g h l y  
s t e r e o -  and r e g i o s p e c i f i c  m e t h y l t r a n s f e r a s e .  
A v a r i e t y  of  c l o s e l y  r e l a t e d  t e t r a h y d r o p r o t o -  
be rbe r i nes  was tes ted  and none of  the natural-  
l y  o c c u r r i n g  s u b s t r a t e s  served as methyl  
group accep to r  except  f o r  ( S ) - s c o u l e r i n e .  
The (R ) -enan t i omer  of s c o u l e r i n e  and dehydro-  
s c o u l e r i n e  were not used in the enzyme r e a c t -  
ion .  This shows an unusual degree of  s p e c i f i c r  
i t y  of  the m e t h y l t r a n s f e r a s e  f o r  the (S ) - f o rm  
of  the s u b s t r a t e .  I t  has been u n e q u i v o c a l l y  
e s t a b l i s h e d  t h a t  on ly  one of  the hyd roxy l  
groups of  ( S ) - s c o u l e r i n e ,  namely the one at  
p o s i t i o n  9, is m e t h y l a t e d ,  the product  being 
( S ) - t e t r a h y d r o c o l u m b a m i n e .  As we have shown, 
te t rahydroco lumbamine  and severa l  o the r  t e t r a -  
h y d r o p r o t o b e r b e r i n e s  w i th  d i f f e r i n g  O-methyl 
or methylenedioxy s u b s t i t u t i o n  pa t t e rns  in both 
r i ngs  A and D can serve as i n t e r m e d i a t e s  f o r  
the f o r m a t i o n  of  r i ng  C a romat i c  p r o t o b e r -  
be r ines  ( p a r t i c u l a r l y  co lumbamine) ,  by ac t i on  
of  the STOX enzyme (Amann et  a l . ,  1984), 

RIO H N 
R20" " H R3 

OR,,. 
Rs 

Coramine : RI=R3=H; R2=R4=CH3 ; R5=OH 

Coreximine : RI=R4=CH3 ; R2=R3=H; R5=OH 

Corydalmine : RI=R2=CH3 ; R3=OCH3; R4=R5=H 

Desmethylene- 
tetrahydroberberine : RI= R2=H; R3=OCH3' R4=CH3; R5=H 

Discretamine : RI=R4=H; R2=CH3; R3=OCH3; R5=H 

Nandinine : RI+R2 = -CH2-; R3=OH; R4=CH3; R5=H 

3,9-Hydroxy-2,10-methoxy- 
tetrahydroprotoberberine : RI=R5=H; R2=R4=CH3 ; R3=OH 

Scoulerine : RI=R4=CH3 ; R2=R5=H; R3=OH 

Tetrahydrojatrorrhizine : RI=R5=H; R2=R4=CH3; R3=OCH 3 

2,3,9,10-Tetrahydroxy- 
tetrahydroprotoberberine : RI=R2=R4 =R5=H; R3=OH 

Tetrahydrostepharanine 
(Stepholidine) " RI=CH3; R2=R4=R5 =H; R3=OCH3 

14 H = a=(S)~ 14 H =~=(R) 

Fig. 3 P r o t o b e r b e r i n e s  tes ted  f o r  s u b s t r a t e  s p e c i f i c i t y  of  the enzyme 
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Columbamine in  t u r n ,  can be used as a substrate 
by the m e t h y l e n e d i o x y  b r i d g e - f o r m i n g  enzyme 
( b e r b e r i n e  s y n t h a s e )  to y i e l d  b e r b e r i n e  
( R u e f f e r  and Zenk, in  p r e s s ) .  B e r b e r i n e  can 
a d d i t i o n a l l y  undergo r i n g - o p e n i n g  at  the 
m e t h y l e n e d i o x y  b r i dge  to g i ve  j a t r o r r h i z i n e  
(Beecher  and K e l l e h e r ,  1983; R u e f f e r  e t  a l . ,  
1983) .  Beecher and K e l l e h e r  (1984)  have shown 
t h a t  t e t r a h y d r o c o l u m b a m i n e  can a lso  be me thy l -  
ated by a d f f f e r e n t  m e t h y l t r a n s f e r a s e  to form 
t e t r a h y d r o p a l m a t i n e ;  the s t e r e o c h e m i c a l  course 
and s u b s t r a t e  s p e c i f i c i t y  o f  t h i s  r e a c t i o n  
have not  been. d e t e r m i n e d .  The 9 - O - m e t h y l -  
t r a n s f e r a s e  r e p o r t e d  here has a pH optimum 
of  pH 8 .9 ,  l i k e  the b e r b e r i n e  b r i dge  and the 
STOX enzymes. The b e r b e r i n e  b r i d g e  and the 
STOX enzymes are found e x c l u s i v e l y  in par t ic les 
w i t h  the d e n s i t y  o f  = 1.14 g ml -L ,  w h i l e  the 

9 - O - m e t h y l t r a n s f e r a s e  cou ld  not  be compar t -  
mented. D e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  and 
u l t r a c e n t r i f u g a t i o n  s t u d i e s  demons t ra ted  t h i s  
enzyme to be i n  the c y t o s o l .  The main end 
p r o d u c t  ou t  o f  ( S ) - s c o u l e r i n e  in  p r o t o b e r -  
b e r i n e  b i o s y n t h e s i s  in  B e r b e r i s  c e l l  c u l t u r e s  
i s  j a t r o r r h i z i n e .  The q u e s t i o n  remains then ,  
as to how a p o r t i o n  o f  the ( S ) - s c o u l e r i n e  
escapes the p a r t i c l e  in  o r d e r  to be m e t h y l a t -  
ed a t  p o s i t i o n  9 p r i o r  to the f o r m a t i o n  o f  
co lumbamine.  
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