
STUDIES m THE BXOSIHTHESlS OP NICCTIHE AHD LIGNUi

By

L ovell J .  Dewey

A THESIS

Submitted to  the School o f  Graduate Studies o f  Michigan 
S ta te  C ollege o f  A gricu lture and Applied Science 

In  p a r t ia l  fu lf i l lm e n t  o f  th e  requirem ents 
fo r  the degree o f

DOCTOR OF PHILOSOPHY 

Department o f  Chemistry

195U



ProQuest Number: 10008294

All rights reserved

INFORMATION TO ALL USERS 
The quality o f this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10008294

Published by ProQuest LLC (2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



ACKNOWLBDCMENT

The author w ishes to  e g r e s s  h is  s in cere  appreciation  
to  Dr, Richard D. Byerrum whose a s s is ta n c e ,  guidance and 
Gounsel have g rea tly  f a c i l i t a t e d  the com pletion o f t h is  
problem. The author i s  a lso  indebted to  other members o f  
the Department o f  Chemistry who have given h e lp fu l advice  
from tim e to  tim e and e s p e c ia lly  to  Dr. Robert M. Rerbst 
who k in d ly  made the arrangements fo r  the independent 
deuterium a n a ly ses . S p ec ia l gratitu de i s  a lso  due to  Dr. 
E. H„ Lucas, P rofessor  o f H o rticu ltu re , fo r  h is  invalu 
able a ss is ta n c e  and advice in  th e  c u lt iv a t io n  o f the  
p la n ts  used in  the in v e s t ig a t io n s .

F in a l ly ,  the w riter  wishes to  thank the Atomic Energy 
Commission and th e  Department o f  Chemistry o f  Michigan 
S ta te  C ollege fo r  providing funds in  support o f  t h i s  work.

A* W A? ,W W W %i. JU.

******
\J  +* »  M

Af-Hr

*

360184



VITA

The author was born February 1 ? , 1927 In  Kalamazoo, M ichigan.

He rece iv ed  h is  secondary education a t  th e  W, K. K ellogg High School 

near Augusta, M ichigan. A fter  graduation he served in  the U nited  

S ta te s  Navy fo r  s ix te e n  months. In  September 19U6 he entered  

Kalamazoo C o llege  and was graduated in  dune 1990 w ith  a Bachelor o f  

A rts Degree* During th e  summers between the school years a t Kalamazoo 

C o lle g e , he worked in  the p lan t breeding research  program a t  the A. M.  

Todd Company in  Kalamazoo. In  the f a l l  o f  199® he en ro lled  in  the  

Graduate School o f  Michigan S ta te  C ollege  as a Teaching A ss is ta n t in  

Chemistry and remained a t th a t p o s itio n  u n t i l  duly 1991 when he was 

made a S p ecia l Graduate Research A ss is ta n t under an Atomic Energy 

Commission gran t. He held t h i s  p o s it io n  during the remainder o f  h is  

graduate program a t Michigan S tate  C o lleg e .



ABSTRACT

Using m ethionine, doubly la b e led  in  the methyl group w ith  C14 

and deuterium,  i t  has been shown th a t the methyl group o f m ethionine  

can g ive r i s e  to  the m ethyl group o f  n ic o tin e  through transm ethylation . 

A lso in  s im ila r  experiments the methoxyl groups o f  the l ig n in  o f  both  

tobacco and b arley  have been shown to  a r is e  from the methyl group o f  

m ethionine through transm ethylation . The la t t e r  transm ethylation  

in v o lv es  the tra n sfer  o f  methyl groups from su lfu r  to  oxygen, a re

a c tio n  which i s  not known to  oocur in  animal m etabolism . In  add ition  

i t  has been in d ica ted  th a t the d ir e c t  tran sfer  o f  the methyl group o f  

m ethionine to  form the m ethosyl group o f  l ig n in  rep resen ts a sy n th esis  

o f  part o f  the l ig n in  m olecu le . From the fin d in g s of these and other  

s tu d ie s  i t  i s  concluded th a t transm ethylation rea c tio n s are o f general 

importance in  th e  metabolism o f higher p la n ts .

Calcium g ly co la te -2 -C 14 has been shown to  give r i s e  to  ra d io a ctiv e  

n ic o tin e  when adm inistered to  tobaeco p la n ts . Host i f  not a l l  o f  the  

r a d io a c t iv ity  o f the n ic o tin e  was lo c a liz e d  in  the methyl group.

A comparison o f  th e  ra te  o f incorporation  o f  the alpha carbon o f  g ly -  

c o la te  in to  the m ethyl group o f  n ic o tin e  w ith ra te s  obtained in  previous 

m ethylation  s tu d ie s ,  where m ethionine, form ate, b icarb onate, ch o lin e  

and g ly c in e  were adm inistered , has been made. From the comparison the  

fo llo w in g  con clu sion s were dr awns l )  the alpha carbon o f g ly co la te  i s  

not converted to  e ith e r  formate or bicarbonate before i t s  incorporation
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in to  the methyl group o f n ic o t in e , 2) g lycin e  i s  not converted to  

g ly co la te  before the incorporation  o f  the alpha carbon o f  g ly c in e  in to  

the n ico tin e  m ethyl group and 3) g ly c o la te  may f i r s t  be converted to  

g lyoxy la te  or the alpha carbon may f i r s t  be converted to  formaldehyde 

before  en ter in g  the n ic o tin e  methyl group.

By adm inistering orn ith ine-2 -C 14 hydrochloride to  tobacco p la n ts  

i t  has been shown th a t part o f  the n ico tin e  m olecule may a r ise  from 

o r n ith in e . H alf o f  the radiocarbon o f  the is o la te d  n ic o tin e  was shown 

to  be presen t in  the 2 p o s it io n  o f  the p yrro lid in e  r in g  and the other  

h a lf  some^&ere in  th e  3 S h and $ p o s itio n s  o f  the p yrro lid in e  r in g .

I t  was p ostu la ted  th a t the second h a lf  o f  the radiocarbon was lo ca ted  

in  the 5 p o s it io n  o f  the p yrro lid in e  r in g . T herefore, the conclusion  

was drawn th a t orn ith in e  i s  converted to  a symmetrical interm ediate  

before I t s  incorporation  in to  the p yrro lid in e  r in g  o f  n ic o t in e . Less 

than two per cen t o f  the r a d io a c t iv ity  o f  the n ic o tin e  was found in  the  

methyl group and none was found in  the pyrid ine r in g .

When ly s in e -2 -G 14 hydrochloride was adm inistered to  tobacco p lan ts  

under the same con d ition s as were employed in  the orn ith in e  stu d y , the  

n ic o tin e  is o la te d  was considerably  l e s s  r a d io a c tiv e . I t  was p ostu la ted  

th a t ly s in e  i s  not incorporated d ir e c t ly  in to  the n ic o tin e  m olecule but 

i s  f i r s t  converted to  some precursor o f p ro lin e  or orn ith in e  such as 

glutamic a c id .



TABLE OF CONTENTS

Pag©

INTRODUCTION AND HISTORICAL............................... , . , .......................................  1

EXPERIMENTAL AND RESULTS.......................................................................................  7

Syn thesis o f Labeled P recursors, . . , , ......................................................  7
Determ ination o f the Iso to p e s  . . . . . . . . . . ...............  8
Preparation o f  the P l a n t s , . . . . ...............    12
Is o la t io n  and P u r if ic a t io n  o f  N ic o t in e . . ...............      lit
Transm ethylation Experiments w ith  Doubly Labeled M ethionine. 15

A . N ico tin e  Study.........................................     15
A dm inistration o f m ethionine.................................................  15
Exchange stu d y ........................      16
R e su lts ......................................................     17

B . L ignin S tu d y . ...................     19
A dm inistration o f  m ethionine................................................. 19
I s o la t io n  o f l ig n in ....................................................................  20
Demethylation o f l ig n in    .......................................    21
R e su lts  .................................................................................. 22

M ethylation Experiments w ith Calcium G lyco la te ............................   214-
Uptake o f Calcium g ly c o la te ................................................................  25
A dm inistration o f the ra d io a ctiv e  g l y c o l a t e , . . . , , . ,   26
Demethylation o f  the n ic o t in e ................................................  27
R e su lts  ..........     28

B iosyn th etic  S tud ies with O rnithine-2-C 14,  ...............  29
Uptake o f  o rn ith in e  hydrochloride................................................   29
Adm inistration o f  the rad ioactive  o r n ith in e .............................  31
Degradation o f  the ra d io a ctiv e  n ic o t in e ...................    33

1) O xidation with potassium permanganate   33
2) D ecarboxylation o f the rad ioactive  n ic o t in ic  a c id , , .  37
3) Demethylation o f the rad ioactive  n ic o t in e ....................  38

R e su lts  .........................................    39
B io sy n th etic  S tud ies w ith Lysine-2-C ...............    Ii3

DISCUSSION................................................................................................................... U7

Transm ethylation s tu d ie s  ...............      h i
M ethylation stu d y ..........................      50
Stu d ies w ith orn ith in e-2-C 14    ............................................................ 52

SUMMARY............................................................................................................................ 60

REFERENCES  ......................................................................    62

APPENDIX 67



LIST OF TABLES

TABLE PAGE

I  Deuterium and C14 in  the Fed M ethionine and the N icotine
D ip ic ra te ................................................        10

XI Deuterium and G14 in  the Fed M ethionine and in  the M ethyl-
trietbylammonium Iodide Obtained from the I so la te d  L ign in . 23

I I I  Location o f  R a d io a ctiv ity  in  the N icotin e  M olecule A fter
the A dm inistration o f  Calcium CELyeolate-2-C14..........................  29

IV Location o f  R a d ioactiv ity  in  the N icotin e  M olecule A fter
the A dm inistration o f  O rnithine-2-C14 hydrochloride............... ho



DffRQDUCTIQN AIR) HISTORIC At



1

INTRODUCTION AND HISTORICAL

In the In v e s tig a tio n  described here two d is t in c t  m etabolic processes  

in  higher p la n ts  have been stu d ied . F i r s t ,  i t  was desired  to  e s ta b lis h  

whether or not transm ethylation3 the tra n sfe r  o f  an in ta c t  m ethyl group 

from one compound to  another, i s  a general m etabolic r ea c tio n  in  h igher  

p la n ts .  Secondly^ various compounds have been te s te d  as p o ss ib le  

precursors o f  the n ico tin e  m olecule in  an attempt to  e s ta b lish  a pathway 

fo r  the b io sy n th e s is  o f n ic o t in e .

Transm ethylation as an important m etabolic process in  the higher  

animal has been w e ll e s ta b lish ed  by the use o f  iso to p ic  a l ly  la b e led  

compounds (1 ) and w ith is o la te d  enzyme system s ( 2 ) ,  Although the import* 

ance o f  th e  transm ethylation process has been recognized fo r  some tim e 

in  animal metabolism; no d ir e c t  attempt to  demonstrate t h is  m etabolic  

process in  higher p la n ts  has been published up to  the presen t tim e. 

In d irect evidence 9 however 9 has been presented by sev era l in v e s t ig a to r s . 

Brown and Byerrum ( 3) have shown th a t the methyl group o f  m ethionine i s  

more ra p id ly  incorporated in to  the n ic o tin e  m ethyl group than i s  the  

carbon o f  formate and have suggested  transm ethylation as a process to  

account fo r  these r e s u l t s .  Byerrum and Wing (L) using c h o lin e , another 

important m ethyl group donor in  animal metabolism; have shown that t h i s  

compound i s  eq u ally  as e f f e c t iv e  in  g iv ing r i s e  to  the m ethyl group o f  

n ic o tin e  as m eth ionine. Studies reported by Marion and co-workers (5 )  

show th a t the m ethionine methyl carbon en ters more rap id ly  in to  the
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m ethyl groups o f  the b ar ley  a lk a lo id s ,  H-methyl ty ra n in e , horde nine and 

gramine, and o f  the chOline o f  b arley  than does the carbon o f  fo rn a te . 

However, ch o lin e  la b e le d  in  the methyl group w ith carbon-lh did not g ive  

r i s e  to  ra d io a ctiv e  hordenine in d ic a tin g  th a t ch o lin e  does not serve as 

a m ethyl donor in  hordenine form ation, Dubeck and Kirkwood (6 ) have 

found th a t the methionine methyl group serves as a precursor o f  the 0 -  

and N-methyl groups o f  the castor  bean a lk a lo id , r ic in in e , but th a t  

n e ith e r  the m ethyl groups o f  ch o lin e  nor the carbon o f  formate g ive r i s e  

to  the m ethyl groups o f  t h i s  a lk a lo id . The fa i lu r e  o f ch o lin e  to  donate 

m ethyl groups in  the p la n ts  stud ied  was a ttr ib u ted  to  the la ck  o f  an 

enzymic system , which would o x id ize  ch o lin e  to  bet& ine. The hetaime 

appears to  be the actu a l methyl donor a t  l e a s t  in  animal metabolism (7 ) * 

Another study by F lok stra  (8 ) has shown th a t th e  m ethyl group o f  

m ethionine i s  incorporated more ra p id ly  in to  th e  methoxyl carbon in  the  

l ig n in  o f b arley  p lan ts than i s  the carbon o f  form ate. Barrenscheen and 

von V&lyi-Nagy (9 ) have found th a t m ethionine and glycocyaraine admin

is te r e d  to  ground wheat gem* in crease  s i x -  to  e ig h t - fo ld  th e  sy n th esis  

o f c r e a tin e . F in a lly , Ahmad and Karim (10) have demonstrated th at 

m ethionine and c re a tin in e  stim ulate  th e  b io sy n th es is  o f ch o lin e  in  the  

seed lin g  o f  the ch ick -pea by about 30 per c e n t . I t  has been p o stu la ted  

th a t the form ation o f  m om icotine in  the lea v es o f  N lcotlan a  g lu tin o sa  

a t the expense o f  n ic o t in e  in vo lves a transm ethylation process ( l l ) .

Host o f  the in v e s t ig a to r s  o f  p lant m ateria l mentioned above a lso  have 

suggested th a t  transm ethylation i s  a m etabolic rea c tio n  in  higher p la n ts
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but f in a l  proof has boon lack in g  previous to  t h i s  stu d y , Xt th erefore  

seemed o f  in t e r e s t  to  adm inister m ethionine doubly la b e led  in  th e  m ethyl 

group w ith earbon-lh and deuterium to  in ta c t  p la n ts  and determine whether 

or not th e  m ethyl group was tran sferred  as an e n t i ty  to  form the methyl 

group o f  n ic o t in e  and th e methoxyl group o f l ig n in .

In  ad d ition  to  the transm ethylation s tu d ie s  there has been consider*  

able In te r e s t  in  the o r ig in  o f m ethyl groups from sources other than the 

known methyl donor compounds. The formate s tu d ie s  have already been  

mentioned above. Another compound which has been stu d ied  in  both animals 

(12) and p la n ts  (13) in  t h is  connect ion  i s  g ly c in e . Haraill demonstrated 

th a t the alpha carbon o f  g lyc in e  i s  incorporated in to  the methyl group 

o f  n ic o tin e  a t  about the same r a te  as the m ethyl group o f m ethionine.

Since th e  g ly c in e  alpha carbon was incorporated in to  n ic o tin e  more ra p id ly  

than form ats,  one proposal advanced to  exp la in  the m ethylating a c tio n  o f  

the alpha carbon o f  g lyo in e was th a t the g ly c in e  may be h yd ro lytic  a l ly  

deansinated to  give g ly c o lic  a c id , the alpha carbon o f  which could then  

be reduced to  g ive m ethyl groups w ithout going to  form ate. In  studying  

the m ethylation  o f  guanidine ace t i c  so ld  Barrenseheen and Gigante found 

th a t g ly c o lic  acid  had n eith er  an a c tiv a tin g  nor in h ib it in g  e f f e c t  when 

g ly c o lic  acid  and guanidine ace t i c  so ld  were Incubated w ith an enzyme 

preparation  from e t io la te d  wheat seed lin g s  ( l i t ) . S im ila r ly , S teen aholt 

has found th a t g ly c o lic  acid  d id  not m ethylate guanidine ace t i c  acid  to  

c rea tin e  when they were Incubated togeth er w ith  suspensions o f various  

animal t i s s u e s  or when perfused through is o la te d  rab b it heart (1 5 ) .



k

In  v iew  o f  th ese  negative fin d in g s in  is o la te d  system s from both p lan ts  

and animals on the a b i l i t y  o f  g ly c o lic  ac id  to  serve as a m ethylating  

agent i t  se a led  o f  in te r e s t  to  in v e s t ig a te  the rate  o f  incorporation  o f  

the alpha carbon o f  g ly c o lic  acid  in to  the n ico tin e  m ethyl group In  

In ta c t  p la n ts . In  add ition  i t  would be p o ss ib le  to  compare the ra id s  

o f  incorporation  o f  the alpha carbons o f  g lycin e  and g ly c o lic  acid  in to  

the methyl group o f  n ic o t in e , The m ethylating a b i l i t y  o f g ly c o lic  acid  

has been stu d ied  in  the presen t work usin g  calcium g ly co la te  la b e led  

w ith earbon~lU in  the alpha p o s it io n .

An oven more ex ten siv e  l ite r a tu r e  than th a t in  the m ethylation f i e l d  

has accumulated in  the search fo r  precursors o f  the pyrid ine and 

p y rro lid in e  r in gs o f  n ic o t in e . Before the general a v a i la b i l i t y  o f  

carbon*!!* the s tu d ie s  on the b io sy n th e s is  o f  a lk a lo id s involved  m ainly  

the feed in g  o f  supposed precursors to  p la n ts  and then measuring the  

in crease  In  a lk a lo id  content in  the trea ted  p la n ts  over con tro l p la n t s .  

The r e s u l t s  o f  th ese  stu d ies  were o fte n  open to  question  e ith e r  because 

the a lk a lo id  in crease  was sm all or in  more recen t years because a e r ia l  

p ortion s o f  p la n ts  were employed in  the o r ig in a l s tu d ie s  and Dawson (16) 

has shown th a t  In  the case o f the tobacco a lk a lo id , n ic o t in e , sy n th esis  

occurs in  the r o o ts .  H e in  and Linear (17) were able to  show an increase  

in  n ic o tin e  content o f  tobacco p la n ts  when so lu tio n s  o f p ro lin e  and 

o rn ith in e  were in je c te d  in to  the stems o f  the p la n ts . Dawson (18) has 

reported th a t 1 -p r o lin e , n ic o t in ic  a c id , l-p yrro lid on ecarb oxy lic  acid  

and d-glutam ic acid  in creased  the n ic o tin e  content o f  the lea v e s  o f
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tobacco sh o o ts , which were cu ltured  In aqueous so lu tio n s  o f  th ese  a c id s .  

However , Dawson (19) has s in ce  employed i n i t i a l l y  n ic o t in e -fr e e  tobacco  

lea v es  and has fa i le d  to  obtain  a sy n th esis  o f n ic o tin e  from p ro lin e  and 

n ic o t in ic  a c id . More recen tly  P e tr o s in l ( 20) has reported th a t p r o lin e ,  

g ly c in e , 3- ind ole  a c e t ic  a c id , tryptophan, a la n in e , a sp artic  a c id ,  

glutamic acid  and n ic o t in ic  acid  caused the appearance o f  n ic o tin e  in  

germinating seeds o f tobacco cu ltured  in  the dark.

Other s tu d ie s  have taken the form o f  sp ecu la tiv e  proposals fo r  

a lk a lo id  b io g e n e s is  u sin g  an a log ies from organic rea c tio n s  which were 

known to  take p la ce  in  the laboratory . Robinson*a (21) scheme fo r  

a lk a lo id  b io g en esis  i s  a good example o f  t h is  approach. In  h is  scheme 

fo r  the b io sy n th e s is  o f  n ic o tin e  Robinson proposed th a t 2-hydroxy-N-methyl 

p yrro lid in e  condensed w ith acetone d iearb oxy lic  a c id , which supposedly  

would a r ise  from c i t r ic  a c id . The condensation product would be de-

carboxylated and then reacted  w ith two moles o f  formaldehyde and one

mole o f  ammonia to  form it k e to -3“( 2 -m ethyl p y rro lid in e) p ip e r id in e .

The la t t e r  then would be converted to  n ic o tin e  by the lo s s  o f the keto  

group and 2 moles o f  hydrogen.

Later T rier  (22) proposed a pathway fo r  the o r ig in  o f  both the  

pyrid ine and p y rro lid in e  r in gs o f  n ico tin e  from a s in g le  amino a c id , 

p r o lin e . More r e c e n tly  Mortimer ( 23) has suggested  tryptophan as a l ik e l y  

precursor o f  n ic o tin e  and has presented  a mechanism fo r  the incorporation  

o f  a t  l e a s t  part o f  the tryptophan molecule in to  n ic o t in e . James (2b) and

Dawson (19) have prepared review s which presen t a more ex ten sive  survey

o f  the s tu d ie s  on a lk a lo id  b io g en esis  than can be given h ere .
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F in a lly  the recen t s tu d ie s  by Dawson and co-workers (25) end Bowden 

(26) in  which compounds la b e led  w ith carbon-lij. were te s te d  as p o ss ib le  

precursors o f  n ic o tin e  should be mentioned. When the sy n th esis  o f  

n ic o tin e  in  root cu ltu res  was stu d ied  w ith n ico tin ic  acid -carboxyl-C 14 

as a precursor * Dawson e t  a l . were not able to  i s o la te  ra d io a ctiv e  

n ic o tin e  in d ic a tin g  th a t the carboxyl group o f  n ic o t in ic  acid  i s  un avail

able fo r  n ic o tin e  sy n th es is  in  tobacco ro o t c u ltu r e s . S im ilar ly  when 

DL-tryptophan la b e led  in  the b e ta  p o s it io n  o f  the s id e  chain with carbon-ll* 

was adm inistered to  tobacco p la n ts  by Bowden no r a d io a c t iv ity  was found 

in  the is o la te d  n ic o t in e . N either o f  th ese  s tu d ie s 9 however, r u le s  out 

the p o s s ib i l i t y  th a t the p yrid ine r in g  o f  n ico tin e  may a r is e  from n ico 

t in i c  ac id  or tryptophan.

In  view o f th is  lack  o f  d e f in ite  knowledge concerning the b iosyn

th e s is  o f  n ic o tin e  and considering the fa c t  th a t orn ith in e  o fte n  has been 

suggested as a precursor o f  n ico tin e  i t  was decided to  adm inister both  

o rn ith in e  and ly s in e  lab e led  with carbon-lii to  in ta c t  tobacco p la n ts  and 

determine whether or not they are incorporated in to  th e  n ico tin e  m olecu le.
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EXPERIMENTAL AND RESULTS

Synthesis o f  Labeled Precursors

DL-methionine i s o  to p ic  a l ly  la b e led  in  the methyl group was synthe

s is e d  by reducing DL-homocy s t in e  w ith sodium in  liq u id  ammonia and 

tr e a t in g  th e  reduction  product w ith  lab e led  m ethyl iod ide e s s e n t ia l ly  

according to  the method o f  du Vigneaud, Eyer and Haraon (27) with the  

excep tion  th a t  the m odified apparatus designed by Brown (28) was used  

in  the s y n th e s is ,  and the p u r if ic a t io n  procedure ou tlin ed  by M e lv ille  

and co-workers (29) was employed. In  the case o f  the DL-methionine 

la b e led  w ith deuterium in  th e  methyl group deuterated m ethyl Iodide was 

used w hile fo r  the preparation o f  DL-methionlne lab e led  with carbon-lk  

in  the m ethyl group G ^ -m eth y l iod id e  was employed. Both la b e led  samples 

o f  methyl Iod ide were purchased from T racerlab, I n c . ,  B oston, The doubly 

la b e led  m ethionine was then obtained by mixing the C14 la b e led  m ethionine 

w ith  the deuterated m ethionine in  th e  r a t io  o f 10 to  90 per cen t (by 

w eight) r e s p e c t iv e ly .

Calcium g ly co la te -2 -G *4 was syn th esised  from bromoacetic a c id ,  

which was obtained front Nuclear Instrument and Chemical C orporation, 

C hicago, according to  the procedure o u tlin ed  by Hughes, Ostwald and 

T olbert ( 30) fo r  the preparation o f  calcium g ly co la te  from eh lo ro a cetic  

a c id . About 30 mg. o f  bromo&cetlc acid -2-C 14, U70 a g . o f  in a c t iv e  

brom oacetic a c id , 2 g . o f  calcium  carbonate and 10 m l. o f  water were
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placed  In a round bottom f la s k  and heated on the steam bath fo r  2 1 /2  

d a y s. At the end o f  t h is  tim e the r ea c tio n  mixture was f i l t e r e d  w hile  

hot u sin g  no wash water and the f i l t r a t e  p laced  in  the re fr ig era to r*

The calcium  carbonate was then washed thoroughly and th e  wash saved fo r  

a second crop* At the end o f  2k hours the f i r s t  crop o f c r y s ta ls  was 

f i l t e r e d  o f f , washed w ith  abso lu te  a lcoh o l and dried  in  a vacuum d e s ic 

cator* The calcium  g ly co la te  was shown to  contain  on ly  one ra d io a ctiv e  

compound by paper chromatography and radioautographs. The paper chromato

graphs were developed w ith phenol saturated  w ith an aqueous so lu tio n  

con ta in in g  6*3 per cen t sodium c itr a te  and 3*? per cen t sodium dihydrogen 

phosphate in  a chamber satu rated  w ith a c e t ic  ac id  vapor (3 1 ) .

O rnithine-2-G i4  hydrochloride and ly s in e -2 -C 14 hydrochloride were 

purchased from Tracer la b , I n c . ,  Boston and were used as such in  the  

experiments described la t e r .

Determ ination o f  the Iso top es

A ll  r a d io a c t iv ity  measurements obtained in  th ese  stu d ies  were made 

in  a  window-less flow  counter (T raeerlab ,  In c .)  u sin g  a Nuclear Instrument 

and Chemical Corporation sca ler*  The gas used in  th e  flow  counter was a 

mixture o f  helium (99 .05  per cen t) and isobutane (0 .9 5  per cen t) and was 

purchased from The Matheson Co. ,  In c , ,  East R utherford, New J e r se y . The 

o v e r -a l l  e f f ic ie n c y  o f  the counter was about 19 per cen t as determined 

u sin g  a N ational Bureau o f  Standards sodium bicarbonate sam ple. A ll  

samples were p la ted  in  ^ in f in it e ly  th ick n la y ers on aluminum d ish es  with



9

an area o f  2 ,83  square cm. fo r  countin g . The counts were corrected  for  

se lf-a b so r p tio n  (se e  Appendix I )  except where noted t© the contrary and 

then converted to  counts per minute (c .p .m ,)  per mM.

For th e  determ ination o f  the r a d io a c t iv ity  in  the experiments where 

m ethionine doubly la b e led  w ith deuterium and carbon-lU was fed  the  

m ethionine, the n ic o tin e  d ip icra te  and the quaternary io d id e  obtained  

from the l ig n in  raethoxyl group as described la t e r  were burned a t  70Q°C. 

in  a  micro-combustion tu b e , The combustion tube was packed w ith  the  

"combination f i l l i n g 9 ©f copper o x id e , lead  peroxide1 and p la t in is e d  

a sb estos describ ed  by H iederl and H iederl (32) w ith the in c lu s io n  o f  

s i l v e r  wire im mediately before the packing as w e ll  as a t the end . When 

burning th e  io d id e ,  i t  was found necessary to  rep lace  the s i l v e r  wire 

a fte r  3 or i* combustions because a f te r  th a t tim e, im p u rities cam® through 

w ith  the water which were d i f f i c u l t  to  remove In the p u r if ic a t io n  pro* 

cedure. The GQa o f combustion was p r e c ip ita ted  as barium carbonate from 

a barium hydroxide so lu tio n  in  a s p e c ia l  trap in  th e  combustion tr a in .

The barium carbonate was c o l le c te d , washed with hot water and d r ied  at  

110°C* fo r  one hour. To plat® the barium carbonate an a lcoh o l slu rry  

o f  th e  compound was made on an aluminum d ish  and the a lcoh o l was evaporated  

over a heat lamp * S ince on ly  a comparison o f  r a d io a c t iv it ie s  was d esired  

in  th e  transm ethylation  s tu d ie s ,  UO mg, o f  barium carbonate were counted 

u n t i l  10,000 counts were obtained in  each case and the count was not 

corrected  fo r  se lf -a b so r p tio n „

1 The lead  peroxide was om itted in  la t e r  combustions with eq u a lly  
good r e s u l t s .
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A trap immersed in  a s o l id  carbon dioxide-©©thyl c e l lo s o lv e  bath  

was placed in  th e  combustion tr a in  before the barium hydroxide so lu tio n  

to  f r e e z e  out the outer o f  combustion* The water was p u r ified  mod i t s  

deuterium content determined by the gradient tube method described  by 

Lindaretrora^lang e t  al* (33)*  The water from the combustion was tran s

ferred  from th e trap to  a pyrex tube ( in te r io r  diam eter about $ ram. and 

len g th  12 ora,) sea led  a t one end and contain ing about 3 mg* o f  sodium 

peroxide and 3 mg* o f  potassium permanganate c a r e fu lly  introduced  

p rev io u sly  w ith a long  th in  paper funnel so  th a t none o f  the reagents

cam© in  con tact w ith th e  tube w alls*  Then th e  tube was quickly bent in
o

the middle a t  a b$ angle and se a le d . The water was d i s t i l l e d  from the  

o x id is in g  mixture in to  the r ec e iv in g  am  and then poured back again*

T his d i s t i l l a t i o n  procedure was repeated se v er a l tim es to  insure proper 

p u r if ica tio n *  At the end o f  the l a s t  d i s t i l l a t i o n  the r ec e iv in g  arm was 

c u t o f f  and th e  water analysed Immediately as described below*

An H^O-BgO mixture was standardised by determ ining the d e n s ity  o f  

the so lu tio n  by means o f  a pycnometer and using  a m icro-balance fo r  

weighings and then reading th e  per cen t Da0 in  th e  so lu tio n  from the  

s tr a ig h t  l in e  p lo t  o f  th e  d e n s it ie s  o f  pure HaQ and pure DgO aga in st per 

c en t o f  D*0* The atom per cen t ex cess  D in  the water o f the standard  

was ca lcu la ted  from the per cent o f  0 in  the standard* Various second* 

ary standards o f  from 0 *07h6 to  l.Obf* atom per een t excess V were 

prepared by d ilu t in g  the primary standard w ith appropriate amounts o f  

r e d is t i l l e d  H&0*
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th e  gradient tube In  which the deuterium analysed were made was 

h a l f - f i l l e d  w ith  a m ixture o f  r e d is t i l l e d  bromobenzene and od orless  

kerosene having a d e n s ity  s l ig h t ly  la rg er  than the h ea v ies t secondary 

standard. The remainder o f  the tube was c a r e fu lly  f i l l e d  w ith  another 

mixture o f  th ese  two l iq u id s  having a d en s ity  s l i g h t ly  l e s s  than the  

l ig h t e s t  secondary standard. Both the kerosene and broraobenaene were 

d i s t i l l e d  before use in  an a l l  g la ss  apparatus and then dried  over calcium  

c h lo r id e . The kerosene fr a c t io n  b o il in g  from 210 to  2i40°C# and the  

bromobenzen© fr a c t io n  b o i l in g  a t 152 to  l$k°C , were used , The two so lu 

t io n s  in  the tube were mixed s l ig h t ly  a t  th e ir  interphase w ith  a long  

g la s s  rod term inating in  a lo o p , and the tube was allowed to  stand  

se v er a l days in  a constant temperature bath to  e s ta b lis h  a l in e a r  d en sity  

g ra d ien t. To determine the atom per cen t excess D in  an unknown sample 

various secondary standard so lu tio n s  covering the in te r v a l o f  d en sity  

expected In the unknown were introduced In to  one s id e  o f  the gradient 

tube w ith a m icro -p ip ette  and the unknown was introduced in to  the other  

s id e .  At th e  end o f a g iven  tim e, u su a lly  0 ,5  hour* the d ista n ce  the  

unknown had f a l l e n  and the d istan ces the standards had f a l le n  were read  

w ith  the a id  o f  a cathetom eter. The atom par cen t excess  B o f  the unknown 

was then obtained by sim ple in te rp o la tio n  assuming a lin e a r  r e la tio n sh ip  

between the d e n s ity  o f  th e  water d rop lets and the d istan ce th ey  had f a l le n  

in  the medium* A nalysis o f  m eth ionine, syn th esized  from m ethyl iod ide  

o f  known deuterium c o n ten t, by the gradient tube method ju s t  ou tlin ed  

in d ica ted  th a t the method was accurate w ith in  a range o f  about -  0 ,0 3
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atom par cen t deuterium w ith  the average o f sev era l analyses f a l l in g  

c lo s e  to  the known deuterium con ten t.

Preparation o f  the P lants

The treatm ent o f  the p la n ts  employed in  the sev era l s tu d ie s  

described  in  th is  in v e s t ig a t io n  varied  somewhat w ith the separate stu d y . 

For the s tu d ie s  in vo lv in g  n ic o tin e  and the l ig n in  o f  tobacco p la n ts .  

N ico tia n s  r u s t i c s . v a r . hum i l l s ». a high n ic o tin e  s t r a in ,  was used .

A v a r ie ty  o f  Hordeum vulgar® known as Bay b arley  was used in  the tran s

m ethylation  study in v o lv in g  b arley  lig n in *  B arley and tobacco seeds  

were p lan ted  in  f l a t s  contain ing verraiculit© ,*  which provided a base 

for  the growing p la n ts  but gave no n u tr ie n ts . The p la n ts  were grown 

u n t i l  they  had a tta in ed  a h e igh t o f  13-18 cm. (about one month fo r  the  

barley  and from two to  three months fo r  to b a c co ). The p la n ts  were 

watered tw ice a week with a n u tr ien t so lu tio n  composed o f  1 g* MgS04 • 

7BtfG, 1 g* K*$PQ4 s 5*8 g* CailSOg^'iiKflp and four l i t e r s  o f tep w ater.

T© prepare the p la n ts  fo r  the hydroponic adm in istration  o f the  

ra d io a ctiv e  m ater ia ls th e  p la n ts  were removed from the f l a t s  and the  

r o o ts  were c a r e fu lly  freed  o f v e n a ie u llte  by soaking and washing in  tap  

w ater. The r o o ts  o f  th e  p la n ts  were then immersed in  a 0 .1  per cent 

so lu tio n  o f  detergent germ icide3 fo r  0*5 hour, w ith  occasion a l a g ita t io n ,

3 V erm iculite i s  a commercially a v a ila b le  heat expanded m ica.
3 Wyandotte detergent germicide No* 1528 was obtained from the  

Wyandotte Chemicals C orporation, Wyandotte, Michigan*
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bo reduce th e  b a c te r ia l population* A fter r in s in g  under tap w ater, the  

p la n ts  were p laced in  12£ m l, erlenmeyer f la s k s  contain ing $0 m l. (25  

ml* fo r  th e  b arley  p la n ts )  o f  an inorganic n u tr ien t medium prepared by 

d i lu t in g ,  w ith two p arts o f  w ater, one part o f  a stock  so lu tio n  which 

had the fo llo w in g  com positioni water 1 l . j  calcium n i t r a t e ,  1 g . |  

potassium c h lo r id e , 250 rog.j potassium  dihydrogen phosphate, 250 mg*j 

magnesium s u l f a t e ,  250 ®g*j ammonium s u lfa t e ,  250 mg.j f e r r ic  c h lo r id e ,

2 mg. The w eights are o f  the anhydrous s a l t s . S ix  drops o f  one per  

cen t germ icide so lu tio n  were added to  each f la s k .  Twice a day fo r  two 

m inutes a stream o f  oxygen  was passed tlirough the n u tr ien t so lu tio n  to  

provide aera tion  fo r  the root system s and to  prevent w ilt in g  o f  the  

plan ts*  In  th e  s tu d ie s  w ith calcium g ly c o la te , orn ith in e  and ly s in e  

the treatment® with germicide and oxygen were om itted . In stead  o f  the  

s i x  drops o f  germicide so lu t io n , 0 .5  ml* o f an aureomycin ab lu tion  

(50  mg. per $0 ml* o f  so lu tio n ) was added to  each f la s k  as a means o f  

reducing the number o f  ro o t microorganisms.

In  th e  f i r s t  experim ents w ith  orn ith in e  and ly s in e  the r a d io a c t iv ity  

recovered in  the is o la te d  n ic o tin e  was too low , when th e  treatm ent o f  

the p la n ts  ou tlin ed  above was fo llo w ed , to  permit degradative s tu d ie s  on 

the n ic o t in e . I t  had been noted in  the e a r l ie r  stu d ies  th a t the tobacco  

p la n ts developed many new root© when they had been in  th e  n u trien t  

medium fo r  a week or more. S ince n ico tin e  sy n th esis  has been shown to  

occur in  the roots (1 6 ) ,  i t  was decided to  fo rce  the tobacco p la n ts  to  

develop new root system s a fte r  th e ir  tra n sfer  from the verm icu lite  in
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an attem pt to  o b ta in  an increased  sy n th e s is  o f n ic o tin e  and th erefore  

an augmentation in  the amount o f  carbon*!!* in  the is o la te d  n ic o t in e ,  

t o  induce the development o f  new root system s the ro o ts  o f  the tobacco  

p la n ts  were cut o f f  a fte r  the p lan ts had been removed from the v e r m ic u lite . 

T heplants were then  placed in  the erlerraeyer f la sk s  con ta in in g  the  

hydroponic medium described e a r l ie r .  At th e  end o f  two weeks the p la n ts  

had produced com pletely  new root system s and a t t h is  tim e the radio-* 

a c tiv e  m ater ia ls  were added as w i l l  be described  la t e r .  Bo improvement 

in  t h i s  procedure occurred when the cut p la n ts  were trea ted  w ith a com

m ercia l p lan t hormone powder4 before being p laced in  the inorganic  

n u tr ien t so lu tio n ; so the hormone treatm ent was not u t i l i z e d .

During th e  adm in istration o f  the ra d io a ctiv e  compounds the p lan ts  

were grown in  a hood. Two 36-ineh* 30-w att f lu o r esce n t tubes and a 100- 

w att incandescent bulb were placed about 11* inches above the tops o f  

th e  p la n ts  as a source o f  illu m in a tio n . A l ig h t  in te n s ity  a t  the le v e l  

o f  the upper lea v e s  o f  about 200 fo e t-c a n d le s  was thus ob ta in ed . The 

l i g h t s  were l e f t  on 12 hours out o f  24 during the e n tir e  adm in istration  

p er io d . A d ditional n u tr ie n t so lu tio n  was added to  the f la s k s  to  keep 

th e  volume co n sta n t.

I s o la t io n  and P u r i f i c a t io n  o f  N ico tin e

A fter  the adm in istration  period the tobacco p la n ts  were removed from 

the n u tr ien t medium and the ro o ts  ware r in sed  w ith  d i s t i l l e d  w ater, the

4 The hormone powder employed was Eootone, which i s  manufactured 
by the American Chemical P a in t C o ., Ambler, Pa.
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9X8039 being b lo tte d  o f f  w ith  c h eesec lo th . The p la n ts  then were cut 

In to  sm all p ie c e s  and immediately dried  as rap id ly  as p o ss ib le  under 

In frared  heat lamps. The temperature o f  th e  drying p la n ts  reached about 

8G°C, la  15 m in u tes. The dried  m ateria l was ground in  a m ortar,  mixed 

w ith 20 per cen t o f  i t s  w eight o f calcium hydroxide, and steam d i s t i l l e d  

In a K jeldahl f la s k .  The d i s t i l l a t i o n  was continued u n t i l  no p r e c ip ita te  

was obtained when the d i s t i l l a t e  was te s te d  w ith s i l ic o tu n g s t ic  acid  

In d ica tin g  th a t no more n ic o tin e  was coming over. The d i s t i l l a t e  which 

was c o lle c te d  in  5 m l. o f  6 N hydrochloric acid was concentrated to  a 

sm all volume under reduced p ressu re , and p u r if ic a t io n  o f  the a lk a lo id  

was accomplished by two su ccessiv e  aseo trop lc  d i s t i l l a t io n s  w ith  water 

from a lk a lin e  medium as described by Smith (3 b ). The acid  d i s t i l l a t e  

was concentrated to  dryness under reduced pressure and the n ic o tin e  

hydrochloride resid u e r e su lt in g  was d isso lv ed  in  methanol p lu s a l i t t l e  

w ater. Then a saturated  m ethanolic s o lu t io n  o f  p ic r ic  acid  was added in  

e x c e s s . A fter  standing a short time the p r e c ip ita te  o f  n ico tin e  diplcr& te  

was f i l t e r e d  o f f ,  washed w ith methanol and r e c r y s ta ll iz e d  from hot water. 

<m.p. 22li-226°C.{ recorded 22li°C. ( 3 5 ) .)

T ran sm eth y la tio n  Experim ents w ith  Doubly la b e le d  M ethionine

A, N icotin e Study

A d m in is tra tio n  o f m e th io n in e . P re v io u s ly  i t  has been  shown th a t  

tobacco  p la n t s  absorb  m eth ion ine from a n u t r ie n t  s o lu t io n  th rough  th e  

r o o t  system s ( 3 ) ,  S ix ty  tobacco  p la n ts  were p rep a red  f o r  th e  hydroponic
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adm in istration  o f  th e  lab eled  m ethionine as described e a r l ie r  , They 

were allow ed to  grow in  the n u tr ien t so lu tio n  fo r  nine days to  e s ta b lish  

the root system s . On the ten th  day throe p la n ts  were discarded because  

o f  w i l t in g ,  and then one m l. o f  a  so lu tio n  conta in ing  two mg. o f  doubly 

la b e led  m ethionine per m l. was added to  the n u trien t so lu tio n s  in  th e  

f la s k s  con ta in in g  the remaining p la n ts . During th e  r e s t  o f  the growing 

period the p la n ts  grew as was evidenced by in crease  in  stem len g th , 

production o f  lea v es  and growth o f  r o o ts . Four and nine days la te r  

2 mg. more o f  lab eled  methionine were added to  the f la s k s  making a t o t a l  

o f 6 mg. o f  lab e led  methionine fed  to  each p la n t . This procedure was 

necessary to  ob ta in  a s u f f ic ie n t  incorporation  o f  deuterium to  be de

te c te d  a ccu ra te ly  in  the iso la te d  n ic o t in e . The la b e led  m ethionine had 

an atom per cen t excess 0  o f  24 .5  and the t o t a l  count rece iv ed  by each  

p la n t was 8 x  10* counts per m inute. T hirteen days a f te r  the adminis

tr a t io n  o f  th e  f i r s t  m ethionine the p lan ts were removed from the f la s k s  

and trea ted  as described  e a r l ie r  fo r  the is o la t io n  o f th e  n ic o t in e .

Exchange stu d y . — Although the p o s s ib i l i t y  o f  an uncatalysed  

exchange o f  methyl groups between methionine and n ico tin e  during the  

feed in g  period and I s o la t io n  o f the n ic o tin e  from the p la n ts  seemed 

rem ote,  an experiment was s e t  up to  check t h i s  p o s s ib i l i t y .  Seventy mg. 

o f  n ic o t in e  and 50 mg- of C 14-methyiraethionine were d isso lv ed  in  250 

m l. o f  a 0 ,0 5  H phosphate b u ffe r ,  pH 6 ,6 , A fter th is  m ixture had stood  

fo r  e ig h t  days a t  room tem perature ,  the n ic o tin e  was separated by an 

azeotrop ic  d i s t i l l a t i o n  with water and is o la te d  from the d i s t i l l a t e  as 

th e  d lp ic r a te . The d ip icra te  was counted in  an aluminum d ish  in  the
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flo w  counter and no s ig n if ic a n t  count over  background was obta in ed , 

t h i s  experiment in d ic a te s  th a t  under con d ition s comparable to  the con

d it io n s  o f th e  feed in g  experiments there was no d e te c ta b le , uncatalysed  

interchange o f  th e  methyl groups between n ico tin e  and m eth ionine.

R e su lts . — The atom per cen t excess deuterium and the r a d io a c t iv ity  

o f  th e  fed  m ethionine and the is o la te d  n ic o tin e  are presented  in  columns 

U )  and (0 )  o f  f  ab le X. In  column (@) i s  shown the per cen t excess  D 

in  the m ethyl groups o f  the la b e led  methionine and d ip ier  a t e , The data  

in  column (B) are va lues ca lcu la ted  on the assumption th a t a l l  o f  the  

excess  deuterium i s  lo ca ted  in  the methyl groups o f the resp ec tiv e  com

pounds. In  the case o f  the m ethionine the compound was syn th esised  

from deuterated m ethyl iod id e  and hom ocystine, and the m ethyl group i s  

the on ly  p o s it io n  where the excess deuterium may be lo c a te d . In the  

case o f th e  n ic o tin e  d ip lcra te  i t  has been shown that w ith in  experim ental 

error a l l  o f  the earbon-li*, in  n ic o t in e  is o la te d  from p la n ts  fed  c*4-  

methyl m ethionine was lo ca ted  in  the methyl group o f  the n ic o tin e  ( 3) .

The above assum ption, th ere fo re , seems j u s t i f i e d  in  t h is  stu d y . By 

s im ila r  argument the r a d io a c t iv ity  o f  the methyl groups o f  the two 

compounds I s  assumed to  be the same as the r a d io a c t iv ity  o f  the re 

sp ec tiv e  compounds. The r a d io a c t iv ity  o f  the compounds and methyl 

groups are given in  columns (C) and (D) r e s p e c t iv e ly .

The r a t io s  o f the deuterium to  th e  r a d io a c t iv ity  in  the m ethyl 

group o f  the n ic o tin e  d ip lc ra te  and the m ethionine are shown in  the  

column s u b t it le d  (B/B) in  Table X. In  the l a s t  column i t  I s  shown th a t  

the r a t io  o f  deuterium to  C** in  the m ethyl group o f  the n ic o t in e
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dipicrat®  I s  9k per een t o f  the r a t io  o f  deuterium to  G14 in  the methyl 

group o f  the m eth ionine. This percentage represents the per cent o f  the  

deuterium , o r ig in a lly  present in  the m ethionine methyl group, which was 

tran sferred  with the methyl carbon. I f  transm ethylation occurs th en , 

o f  co u rse , 100 per cen t o f  the deuterium would remain in  the methyl 

group. However, i f  the methyl group o f  m ethionine i s  ox id ised  to  the  

s ta te  o f  formaldehyde and la t e r  reduced on ly  67 per cent o f  the o r ig in a l  

deuterium can remain with the methyl carbon. Since 9U per cent o f  the  

deuterium remained with the methyl carbon during i t s  tra n sfer  from 

m ethionine In the presen t stu d y , i t  may be concluded th a t a large pro

p ortion  o f  the methyl groups, which are tran sferred  from m eth ionine, are 

tran sferred  through a transm ethylation p r o c e ss ,

B . l ig n in  Study

A dm inistration o f  m eth ionine. — F lok stra  (8 ) has demonstrated 

th a t b arley  p la n ts  absorb methionine from a n u tr ien t so lu tio n  through 

th e  root system s and so th e  hydroponic technique o f  adm inistering  

m ethionine was used In th e  present stu d y . S ix ty  b arley  p la n ts  were 

prepared fo r  th e  feed in g  experiment as was ou tlin ed  e a r l ie r .  One m l. o f  

a so lu tio n  conta in ing  two mg. o f doubly la b e led  m ethionine per m l. was 

added to  each flask ; At the end o f  f iv e  days two more mg. o f la b e led  

m ethionine were added to  each f la sk  making a  t o t a l  o f  four mg. o f  

m ethionine received  by each p la n t . The la b e led  m ethionine had an atom 

per cent ex ce ss  D o f and the t o t a l  count rece ived  by each p lant

was S .6 x  10s  c .p ja .  Twelve days a f te r  the adm in istration  o f  th e  f i r s t
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m ethionine the p la n ts  were removed from the n u tr ien t s o lu t io n , the ro o ts  

were discarded and the remaining p art o f  th e  p la n ts  was dried* The 

dried  m ater ia l was then subjected  to  th e  treatm ent described below fo r  

the is o la t io n  o f  the l ig n in .

In the ea se  o f  the l ig n in  stu d ies  on tobacco p lan ts th e  p la n t  

m a te r ia l, which had been steam d i s t i l l e d  to  recover the n ic o tin e  as out

lin e d  e a r l ie r ,  was dried  again and subjected  to  the l ig n in  is o la t io n  

procedure,

I s o la t io n  o f  l ig n in , — F lok stra  (8 ) has described a method fo r  the 

i s o la t io n  o f  l ig n in  from fr e sh ly  dried  p lan t m a ter ia l, and h is  procedure 

was used in  the present study. The procedure c o n s is ts  o f  a s e r ie s  o f  

so lv en t e x tr a c t io n s , which were performed on the p lan t t is s u e  in  a Waring 

B lender, fo llow ed by treatm ent with su lfu r ic  a c id . The s e r ie s  o f  so lven t  

e x tr a c tio n s  as suggested  by M&oDougall and Delong ( 36) included two 15-  

minute e x tra ctio n s w ith ether  ̂ saturated water to  remove some n itrogen  

con ta in in g  m a te r ia ls , one 20-minute ex tra c tio n  with f i v e  per cen t a c e t ic  

acid  In  water fo r  the removal o f carbohydrates, and two 15-minute 

e x tr a c tio n s  w ith  ethanol-bencene (1  + 2) to  remove l i p i d s .  These so lv en t  

ex tra c tio n s  were follow ed by treatm ent o f the remaining whit©, fib rou s
o

m ater ia l w ith ?0 per cen t su lfu r ic  acid  fo r  18 hours a t $ C. The su lfu r ic  

a c i d  was then d ilu te d  to  3 per cen t anfi the mixture b o iled  gen tly  fo r  two 

hours, keeping th e  volume constant by adding water. A fter c o o lin g , the  

l ig n in ,  tdaich s e t t le d  o u t , was f i l t e r e d ,  washed with d i s t i l l e d  water 

and d ried  in  a vacuum d esicca to r  for  fu tu re u se .
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Dem ethylation o f  l ig n in . — For & comparison o f  the C14 and D in

th e  methyl group o f the fed  m ethionine to  the and 0  In th e  methoxy!

group o f  the is o la te d  l ig n in ,  which has an unknown chemical s tr u c tu r e ,

i t  was necessary to  ob ta in  a compound with a w e ll characterized

stru ctu re  by degrading the lig n in *  Since on ly  the methyl groups in  the

l ig n in  were o f  in te r e s t  in  the presen t stu d y , th e  l ig n in  was demeihylated

u t i l i z in g  Flokstra* s  m od ifica tion  (8 ) o f  the P h i l l ip s 1 method (3?)* The

dem ethylation apparatus employed here was the m odified form o f  the P regl

apparatus (38) described by Brown (2 8 ) .  About 60 mg. o f  the l ig n in  to

be deraeihylated was weighed on c ig a r e tte  paper, which p rev io u sly  had

been shown to  y ie ld  no methyl iod ide in  the dem ethylation procedure,

and was introduced in to  the rea c tio n  fla sk *  Then two ml* o f  phenol,

which acted as a so lv e n t fo r  the l ig n in ,  and four m l. o f  U7.3 Per oent

p er iod ic  acid  were p laced  in  the r ea c tio n  v e s s e l .  A gas-washing bubbler

conta in ing  1 .5  m l. o f  th e  5 par cen t GdS04-B&3SaOs  so lu tion , recommended

by P regl to  remove any hydriodic acid  and io d in e  carried  ovei; was

attached to  th e  r ea c tio n  v e s s e l .  A tube from the bubbler le d  to  the

r e c e iv in g  v e s s e l ,  which contained a f iv e  per cen t so lu tio n  o f  t r ie t h y l -

amine in  e th a n o l, cooled  in  a m ethyl c e l lo s o lv e - s o l id  carbon dioxide
o

bath to  about -75  C.

During the dem ethylation procedure th e  rea c tio n  f la sk  was heated  

in  a copper oxide b ath . A stream o f  n itrogen  was slo w ly  run in  through

the s id e  arm o f  th e  r ea c tio n  f la s k .  The temperature o f  the bath was
o o

kept a t  about 150 C. fo r  1*5 m inutes, then ra ised  to  200 and h e ld  fo r

30 m in u tes. The bath was allowed to  c o o l for  15 m inutes during which
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time a more rapid streaa  o f  n itrogen  was passed through the apparatus. 

Hescfe th e  t ip  o f  the d e liv ery  tube was r in sed  w ith ethanol in to  the  

r e c e iv in g  v e s s e l  ,  which was then stoppered and allowed to  stand over

nigh t a t  room tem perature. The naaet day the e th a n o lic  so lu tio n  was 

taken n early  to  dryness by heating and the l a s t  tra ces  o f ethanol and 

triethylam ln e were removed in  a vacuum d esicca to r  lea v in g  th e  w h ite , 

s o l id  methyltrietbylammonium io d id e . The iso to p e  content o f  the iod ide  

was measured by the method already described in  the se c t io n  on the de

term ination  o f  iso to p e s .

R e su lts . ** The data from two t r i a l s  in  th is  p a r ticu la r  study are 

presented  in  Table 1 1 . Since a l l  o f  the deuterium in  the compounds 

analyzed i s  presen t in  the methyl group o f the r e sp ec tiv e  compounds, 

th e  values in  column (3 ) are ca lcu la ted  from the va lu es in  column (A) 

by employing the appropriate conversion fa c to r . The r a d io a c t iv ity  o f  

the methyl group® i s  the same as the r a d io a c t iv ity  o f  the resp ec tiv e  

compounds so th e  values in  column (I>) are obtained d ir e c t ly  from the  

va lu es in  column (C ), I t  w i l l  be noted th a t the 3 to  C14 r a t io  obtained  

in  th e  m etly 1 t r  iethylammonium iod ide fra® th© b arley  l ig n in  methoxyl 

groups was about 9k per  cent o f  the 3 to C14 r a t io  in  the methyl group 

o f  the fed  m eth ion ine. This percentage again rep resen ts th® per cen t  

o f  the deuterium, o r ig in a lly  present in  th e  m ethionine methyl group, 

which was tran sferred  w ith the methyl carbon* The D to Cu  r a t io  in  

the metlyltriethylsmmoBium iod id e  obtained from l ig n in  is o la te d  from 

tobacco p la n ts  was about 9$ per cen t o f  th e  D to  G14 r a t io  in  th e  fed  

m ethionine as a scerta in ed  from two independent deuterium a n a ly ses .
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As was Ind icated  e a r l ie r  i f  a l l  o f  the m ethyl groups o f  m ethionine had 

been ox id ized  to  th© s ta te  o f  formaldehyde, the le a s t  p o ss ib le  o x id a tio n ,  

and then  reduced to  g ive th© methoxyl groups o f  l ig n in ,  the r a t io  o f  D 

to  C*4 in  th e  methyl o f  th© Iso la te d  quaternary s a l t  would be 67 per cent 

o f  the D to  Cw  r a t io  o f  th© fed  m ethionine. I t  w i l l  be noted th a t the  

r a t io  o f  D to  C1* in  the methyl group o f  the quaternary iod id e  in  a l l  

cases i s  w e ll over 67 per cent o f  the 0 to  Cw  r a tio  in  the fed m ethionine. 

Since t h i s  i s  the case i t  may be concluded th a t some d ir e c t  tra n sfer  o f  

the m ethyl group, i . e .  transm ethylation , occurred from the su lfu r  o f  

m ethionine to  the oxygen o f  l ig n in  in  barley  and tobacco p lan t m etabolism . 

In t h is  connection i t  should be pointed out th a t  F lok stra  (8 ) has shown 

th a t  the r a d io a c t iv ity  recovered frem the l ig n in  by dem ethylation was 

presen t in  the methoxyl groups o f  the l ig n in  and not in  H-methyl or 

Snmethyl groups, which might be present in  im pu rities in  th e  l ig n in .

M ethylation Experiments With Calcium G lyeolate

Several s tu d ie s  in  t h i s  laboratory ( 3 , l i,13) have shown th a t  tobacco  

p la n ts  can absorb various organic compounds through th e ir  root systems 

from a n u tr ien t so lu tio n , th e  hydroponic procedure o f  adm inistering  

la b e led  compounds th erefore  was adopted in  the present study s in c e  i t  was 

d esired  to  d u p lica te  the previous s tu d ie s  as c lo s e ly  as p o ss ib le  in  order 

to  make v a lid  comparisons between the g ly eo la te  experiment and the former 

experim ents. th e  calcium s a l t  o f  g ly c o lic  acid  was used in  the present 

study not o n ly  because I t  occurred as the f in a l  product o f  the g ly eo la te
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sy n th e s is  mentioned e a r lie r  bu t Also because I t  1® A more convenient 

compound to  handle than g ly c o lic  acid  I t s e l f *  Before the m etabolic  

s tu d ie s  w ith  g ly eo la te  could be undertake i t  was necessary to  a scer ta in  

whether or not th e  g ly eo la te  would be absorbed by the p la n ts  and a lso  

whether or not mi cr©organisms would d estroy  the g ly eo la te  in  th e  

n u tr ien t so lu tion *

Uptake o f  calcium g ly e o la te . t o  determine the r a te  o f  g ly eo la te  

uptake by the ro o t systems a s e n s it iv e  method fo r  th e  a n a ly s is  o f  

g ly e o la te  so lu tio n s  was needed* The method o f  a n a ly s is  chosen was th a t  

o f  C alkins (3 9 ) ,  a co lorim etric  method based on the form ation o f  a  

v io le t -r e d  co lor  when g ly c o lic  acid  and 2 ,7  dihydroixynaphthalen© are 

heated togeth er in  concentrated su lfu r ic  acid* The so lu tio n  to  be 

analyzed was made 2 H w ith  r e sp ec t to  s u lfu r ic  acid  and 0*2 ml* was 

introduced in to  a t e s t  tube* The tube was oooled in  an ic e  bath and 

then 2 ml* o f  a 0*01 per cen t so lu tio n  o f  2 ,7  dihydroxynaphthalene were 

added from a microburet* The contents o f  th e  tube were made homogeneous 

by shaking and then  heated in  a b o il in g  water bath fo r  20 minutes * A fter  

co o lin g  again in  an le e  b a th , the so lu tio n  was d ilu ted  with four ml* o f  

2 H s u lfu r ic  s o ld ,  shaken v igorou sly  a fte r  the heat o f  rea c tio n  had 

subsided and the co lo r  read a t 530 mp. w ith a Beckman spectrophotom eter. 

Various standard so lu tio n s  conta in ing  from 10 to  70 microgrsnis o f  calcium  

g ly e o la te  per ml* were used to  prepare a standard curve*

To t e s t  th e  uptake o f  g ly eo la te  four p la n ts  were prepared as 

described  p r e v io u sly , u sin g  kO ml* o f  n u trien t s o lu t io n , 2 .5  m l. o f  

calcium g ly e o la te  standard (1 m g./m l.) and 0*5 m l. of aureomycin so lu tio n
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(X m g./asl.)«  The aureomycin e f f e c t iv e ly  in h ib ite d  the growth o f  

b a c ter ia  ( k ,1 3 ) .  Four other f la s k s  prepared in  the same manner were 

in ocu la ted  fey the a d d ition  o f  afoot fragnent®, and four f la c k s  conta in 

in g  on ly  the three so lu tion *  were need m  control*  . At the end o f  1|8 

hour* the p lant* were removed, the root* were r in sed  and a l l  so lu tio n *  

were f i l t e r e d  through Whatman number 1*2 f i l t e r  paper, The f i l t r a t e s  

were analysed fo r  g ly eo la te  as o u tlin ed  e a r l ie r .  I t  was found th at  

a t  the end o f i*8 hours over 95 per cent o f  the g ly eo la te  had disappeared  

from the n u tr ien t so lu tio n  in  which plant* had been p la ced . There was 

no lo s s  due to  the growth o f  microorganisms s in c e  over 90 per cen t o f  

th e  g ly e o la te  was recovered in  both the co n tro ls  and the inocu lated  

so lu tio n * . In  ad d ition  sample* o f n u tr ien t s o lu t io n , which had served  

as media fo r  the adm inistration  o f  rad ioactive  g ly e o la te , were evaporated  

to  dryness a fter  removal o f  the p lan ts and the residue was te s te d  fo r  

r a d io a c t iv ity . There was no s ig n if ic a n t  count over background, in  the  

r e s id u e . From th ese  r e s u lt s  i t  was concluded th a t g ly eo la te  was r e a d ily  

absorbed through the r o o ts  and therefore th a t the hydroponic technique  

was e n t ir e ly  s a t is fa c to r y  fo r  i t s  adm in istration .

A dm inistration o f  th e  ra d io a ctiv e  g ly e o la te , The tobacco p la n ts  

were prepared fo r  the hydroponic adm inistration  o f  the g ly eo la te  as was 

o u tlin ed  e a r l ie r .  In  the f i r s t  t r i a l  each o f  30 tobacco p la n ts  was given  

1,27  mg. o f  calcium g ly eo la te  (corresponding to  the 2 mg. o f  m ethionine 

adm inistered by Brown (3 ) )  having a r a d io a c t iv ity  o f  1 .87  x  10^ e .p ja .®

® T his was determined by counting an ” in f in i t e ly  thin" la y er  
(0 .0 0 9  mg ./square cm J  in  the flow  counter.
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Since an a c t iv i t y  o f  1 x  106 c .p«m» was adm inistered in  the previous 

m stfaylation s tu d ie s ,  the Tirial I  data presented in  Table I I I  have been  

corrected  to  correspond to  a dosage o f  1 x  10® c .p  jn. In  T r ia l I I  25 

p la n ts each received  1*27 mg. o f calcium g ly eo la te  having a count o f  

1*06 oe 10* e*p*m* T r ia l XXX was conducted in  the same manner as T r ia l II*  

At the end o f  one week the p lan ts were removed from the f la s k s  and the 

n ic o tin e  was is o la te d  as the d ip ic ra te , according to  the procedure d is 

cussed  e a r lie r ,a n d  found to  be r a d io a c tiv e .

Dem ethylation o f  the n ic o t in e * — As In the p a st m etbylation  stu d ies  

i t  was necessary in  the presen t case to  determine whether or not the  

r a d io a c t iv ity  o f  the n ic o tin e  was lo c a l is e d  in  the methyl group. The 

derae th y la tio n  procedure used to  e s ta b lish  th is  p o in t was the Brown m od ifi

c a tio n  (28) o f  the P regl { 38) m ethyl- and ethyl-iraino determ ination.

U sing t h i s  procedure the methyl group i s  is o la te d  as m eth y ltr ie th y l-  

ammonlwm io d id e , a s o l id  compound su ita b le  fo r  counting.

Two hundred mg. o f  n ic o tin e  d ip lcra te  were decomposed w ith sodium 

hydroxide and the n ico tin e  was recovered by azeotropic d i s t i l l a t i o n  with  

water through a Widmer column* The a c id if ie d  d i s t i l l a t e  was concentrated  

under reduced p ressu re ,  the concentration being completed in  the reaction  

f la s k  o f th e  dem ethylation apparatus. To the n ic o t in e  hydrochloride in  

th e  r ea c tio n  f la s k  were added 1*5 mg. o f  ammonium io d id e , two drops o f  

f iv e  per cen t gold ch lor id e  so lu tio n  and three x l .  o f  hydriodic acid  

( s p e c i f ic  g ra v ity  1*5)* The gas washing v e s se l in  the apparatus contained  

1*5 m l. o f  the f iv e  per cent Cd$04-WaaSapa so lu tio n  described by Pregl*
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The r ec e iv er  contained a f iv e  per cen t so lu tio n  o f t r i e  thy lam in e  in  

ethanol and was cooled  in  a s o l id  carbon dioxide-m ethyl c e l lo s o lv e  bath ,

Itfhen that apparatus was com pletely assembled a alow stream o f  

n itrogen  was passed through, and the r ea c tio n  f la s k  was heated in  a 

copper 03d.de bath to  200°C, in  20 to  2$ m inutes. The temperature was 

then  r a ised  s lo w ly  to  350**60°C. and h eld  there fo r  kS m inu tes. The heat 

was removed and as the apparatus cooled  i t  was flush ed  w ith  a continuous 

stream o f  n itro g en . A fter the apparatus had cooled  to  room temperature 

th e  d e liv ery  tube was r in sed  with ethanol in to  the rece iv in g  v e s s e l ,  

which was then  stoppered , shaken, and allowed to  stand overn ight a t room 

tem perature. The next day most o f the e th an o lic  so lu tio n  was evaporated 

by heating  and the la s t  traces o f  ethanol and triethylam ine were removed 

in  a vacuum d e s ic c a to r . A w h ite , c r y s ta ll in e  resid u e o f m eth y ltr ie th y l-  

aramonium iod id e  was recovered .

The iod id e  was d isso lved  in  a sm all amount o f ethanol and tran sferred  

to  a  tared  aluminum counting d is h . The ethanol was evaporated and the  

d ish  weighed to  acquire the weight o f the p la ted  compound. The counting  

o f  the sample fo llow ed  the procedure already ou tlin ed  b e fo re .

R e su lts . The counts per minute per roM fo r  both the n ic o tin e  

d ip icra te  and the methyltriethylaaasonium iod ide are presented in  Table I U  

fo r  three experim ental runs.

From t h is  data i t  can b© seen th at m ost, i f  not a l l ,  o f  the radio-* 

a c t iv i t y  o f  th e  n ic o tin e  i s  lo c a liz e d  in  the metbyl group o f th a t compound. 

The r e la t iv e ly  h igh  values o f  T r ia l I  may be due to  seasonal in flu en ces  

s in c e  the p la n ts  were grown a t  d if fe r e n t  tim es o f th e  year .
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TABLE I I I

LOCATION OF RADIOACTIVITY IN THE NICOTINE MOLECULE AFTER THE 
ADMINISTRATION OF CALCIUM GLICOLATE-2-C **

T r ia l
No.

No. o f  
P lan ts

Maximum S p e c if ic  A c tiv ity  
(c  .p.m./nM)

N ico tin e  D ip icrate M eth y ltr ie tliy l-
ammonium iod ide

Per Cent 
Recovery in  
Methyl Group

I 30 7 .6 5 x 1 0 *  7 .8 1 x 1 0 * 106

n 25 2.20 x  10* 2.08 x 10* 95

m 25 3-7-U x  10* 3 .53  x  10* 9k

B iosyn th etic  Studies w ith O rnithine-2 -C*4

Severa l in v e st ig a to r s  have f e l t  th a t orn ith in e  or compounds b io 

lo g ic a l ly  r e la ted  to  orn ith ine may p lay an important r o le  in  the b iosyn

th e s is  o f  n ic o tin e  as was pointed  out e a r l ie r .  However, up to  the 

p resen t time no one has been able to  demonstrate co n c lu siv e ly  th at  

o rn ith in e  can serve as a precursor o f  n ic o tin e  in  the tobacco plant*

I t  th ere fo re  seemed o f  in te r e s t  to  e s ta b lis h  whether or not orn ith ine  

could be Incorporated in to  the n ic o tin e  m olecule in  tobacco p lan ts by 

adm inistering orn ith in e  lab eled  w ith carbon-lli.

Uptake o f orn ith in e  hydrochloride. — As in  the other feed in g  exp eri

ments i t  was necessary to  fin d  a convenient method o f  adm inistering the  

la b e le d  o rn ith in e  to  th e  p la n ts . Since the hydroponic adm inistration  

o f  compounds had been su c c e ss fu l in  the p ast w ith methyl group precursors , 

i t  was attempted in  th is  study a ls o .
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In  t e s t in g  the absorption o f orn ith in e  by tobacco roo ts the

ninhydrin method o f  B ergdoll and Doty (Uo) ,  o r ig in a lly  used for  the

a n a ly s is  o f  ly s in e  so lu t io n s , was employed in  the p resen t study fo r  the

a n a ly s is  o f  orn ith in e  in  the n u trien t medium, A standard curve was

prepared by m ixing together th ree  m l, o f  various standard orn ith in e

hydrochloride so lu tio n s  (10 to  7 0<y per m l* ), one m l, o f  ninhydrin so lu -  
«

t lo n  and f iv e  m l, o f  g ly cero l in  large t e s t  tubes graduated a t 35 ml* 

The standard so lu tio n s  contained 15 ml* o f phosphate b u f fe r ,7 pH 7 .U , 

per 100 ml* o f  s o lu t io n . A fter  mixing thoroughly the tubes sere  placed  

in  a b o il in g  water bath fo r  30 m inutes. At the end o f th is  time the  

tubes were removed, d ilu ted  to  35 ml* w ith 95 per cen t ethanol and the 

per cen t transm ission  read a t £1*0 raja with a Beckman spectrophotom eter,

A s tr a ig h t  l in e  was obtained when the logarithm  o f the per cent tran s

m ission  was p lo tte d  against the concentration*

S ix  125 b*1* erleia&eyer f la sk s  were s e t  up with 1*0 m l, o f the  

n u tr ien t s o lu t io n , 0 ,5  ®1. o f aureemycin so lu tio n  (1  mg ,/m l,)  and th ree  

m l, o f  standard orn ith in e  hydrochloride so lu tio n  (1 ,2  m g . /a l , ) .  P la n ts ,  

whose ro o t system s were freed  of verm icu lite  and r in se d , were placed in  

two o f  th e  f la sk s*  Two other f la s k s  were inocu la ted  with root fragments 

and the rem aining two f la sk s  were used as co n tro ls  in  the experim ent,

The f la s k s  were p laced  in  the hood for  1*8 hours and the l ig h t s  were kept

6 This so lu tio n  was prepared fresh  each day by d ilu t in g  125 mg. 
o f  ninhydrin (triketohydrindene) and 6,57 g . o f  sodium ch lorid e  
to  25 rol* w ith d i s t i l l e d  water,

7 Th© phosphate b u ffer  was prepared by adjusting  250 m l. o f  0.1*
M KHfcPO* to  pH 7*1* with 80 m l, o f  1 H HaOH and d ilu t in g  to  £00 
m l, w ith d i s t i l l e d  w ater.
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on 12 hours e&oh day. At the end o f  th is  period  the p la n ts  were removed 

from the f la s k s  and th® roots were washed w ith a  f in e  stream of water 

in to  the f la s k s  from which they had been removed. The n u tr ien t so lu tio n s  

were f i l t e r e d  through Whatman number 1*2 f i l t e r  paper. Seven and on e-h a lf  

m l. o f  phosphate b u ffe r , pH 7.1*, were added to  the f i l t r a t e s  and the  

so lu tio n s  were d ilu ted  to  £0 m l. w ith d i s t i l l e d  water in  volum etric f la s k s .  

The a n a ly s is  fo r  orn ith in e  in  th ese  so lu tio n s was conducted as described  

above fo r  the preparation o f  the standard cu rve . In  both the con tro ls  

and the so lu tio n s  inocu la ted  w ith r o o ts  almost 100 per cent o f the  

orn ith in e  was recovered w hile in  the so lu tio n s which had been exposed to  

the p lan ts on ly  f iv e  per cent o f the orn ith ine remained. In  a 1*8 hour® 

period, then, p r a c t ic a lly  a l l  o f  the orn ith in e  was assumed to  be absorbed 

by the tobacco p la n ts , and there was no evidence o f orn ith in e  d estru ction  

by m icroorganism s. As an added check the n u trien t so lu tio n  in  one o f  

the erlenmeyer f la sk s  from a C14-la b e led  orn ith in e  feed ing experiment was 

evaporated to  dryness and the residue was te s te d  for  r a d io a c t iv ity .

There was only  a s l ig h t  count above background in d ica tin g  e s s e n t ia l ly  

complete absorption o f  the amino a c id  from the s o lu t io n .

A dm inistration of the rad ioactive  o r n ith in e . — I n i t i a l l y  a procedure 

s im ila r  to  th a t employed in  th e  adm inistration of the doubly la b e led  

m ethionine mentioned e a r lie r  was follow ed in  th e  feed in g  of the la b e led  

o r n ith in e , The p la n ts  were prepared as o u tlin e d  b e fo r e . They were 

allow ed to  grow in  the n u trien t so lu tio n  four days and then each p la n t  

was g iven  G.25 mg, o f DL-ornithine-2-C14 hydrochloride having an a c t iv i ty
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o f  it x  10* e ,p .m . A fter e leven  days the p la n ts  were removed, and the  

n ic o t in e  was is o la te d  as the d ip ic r a te . The n ico tin e  d ip icra te  

p ossessed  an a c t iv i t y  o f 8 ,0  x  103 e.p.m/raM. However, only about 200 

to  300 mg, o f n ic o tin e  d ip icra te  are u su a lly  obtained froan the number 

o f  p la n ts  employed in  these s tu d ie s ,  and i t  was found th a t at l e a s t  

two g . o f  the p icra te  were required for  th e  degradation s tu d ie s . I t  was 

necessary  therefor© e ith e r  to  use many more p lan ts or to  increase the  

r a d io a c t iv ity  o f th e  n ico tin e  is o la te d . The former i s  not too fe a s ib le  

because o f  the expense o f  the la b e led  compound so the la t t e r  a lte r n a tiv e  

was exp lored .

In  order to  in crease  the amount o f lab eled  orn ith ine incorporated  

in to  the n ic o tin e  m olecule i t  was necessary to  increase the amount o f  

n ic o tin e  syn th esized  by the p lan ts during the feed in g  p eriod . This was 

accomplished by removing the o ld  ro o ts  froan th© p lan ts before p lac in g  

them in  the n u tr ien t so lu tio n  and thereby fo rc in g  the p la n ts  to  produce 

e n t ir e ly  new root system s prior to  the adm inistration  o f the ra d io a ctiv e  

o r n ith in e .

In experiment number two the ro o ts  o f  It6 p la n ts  were removed, and 

th e  p lan ts were placed in  er lem ey er  f la sk s  contain ing 5>Q m l. o f n u trien t  

so lu tio n  and 0 .5  m l. o f  the aureomycin so lu t io n . As was mentioned 

e a r l ie r  some p la n ts  were trea ted  w ith  a p lan t hormone, but s in ce  no 

b e tte r  r e s u lt s  were obtained than w ith the untreated  p la n ts , the hormone 

treatm ent was d iscon tin u ed . At the end o f two weeks the p la n ts  had 

developed rather ex ten sive  root system s so 37 o f  the b est appearing 

p la n ts  were chosen for  th e  adm inistration  o f the lab eled  o r n ith in e .
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Each p la n t received  0*25 mg. o f  orn ith in e-2 -C1,4 hydrochloride which had 

an a c t iv i t y  o f U x  10® c,p*m* At the end o f f iv e  days each p lan t was 

supp lied  w ith another 0*25 mg. o f  lab eled  o rn ith in e . Hine days a fte r  

t h i s  l a s t  adm in istration  the p la n ts  ware removed from the f la sk s  and the 

n ic o tin e  was is o la te d  as has been described previously* The n ic o tin e  

d ip ic ra te  was counted and possessed  an a c t iv i ty  o f 1 .21  x  10® c«p*m./foM* 

This count rep resen ts over a te n -fo ld  increase in  the r a d io a c t iv ity  o f  

the n ic o tin e  when compared w ith the count obtained in  the f i r s t  e x p e r i-  

raent. I t  was th erefore  p o ssib le  to  d ilu te  the r a d io a c t iv ity  o f the  

n ic o tin e  d ip lcra te  ten  tim es by mixing one p a rt o f  C14-n ic o tin e  d ip icra te  

w ith 9  p arts o f  non-rad ioactive n ico tin e  d ip lcra te  to  obtain  s u f f ic ie n t  

m ater ia l fo r  th e  degradations* The data presented in  Table XV are the  

counts derived from the d ilu ted  sample. The th ir d  experiment was con

ducted in  th e  same manner as the second experiment except th a t h8 p la n ts  

were g iven  the la b e led  o r n ith in e . The r a d io a c t iv ity  o f  th e  d ip lcra te  

is o la te d  was a lso  d ilu te d  ten  tim es.

Degradation o f  the rad ioactive  n ic o t in e . —* 1) Oxidation w ith

potassium  permanganate* Of the sev era l methods mentioned in  the l i t e r a 

tu re  fo r  th e  ox id ation  o f  n ic o tin e  to  n ic o t in ic  acid  the potassium  

permanganate method described  by L a ib lin  ( lil)  appeared to  be more 

ap p licab le  in  th e  present study than the o th e rs . In  th is  method C0a 

from the o x id a tio n  remains in  the ox id ation  mixture as pot as a im  bicarbon

a te  and can be recovered la t e r  fo r  counting by a c id ify in g  th e  medium 

and c o lle c t in g  the C03 as barium carbonate by bubbling through barium 

hydroxide.
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t o  carry out th e  ox id ation  th e  n ic o tin e  (O jtf g . )  from 1 .8  g .  o f  

the d i lu te d , ra d io a ctiv e  n ico tin e  d ip icra te  was recovered by the 

aseo trop ic  d i s t i l l a t i o n  w ith water p rev io u sly  described except th a t no 

hydrochloric ac id  was added to  the r e c e iv in g  v e s s e l ,  th e  250 m l. o f  

d i s t i l l a t e  obtained  were trea ted  w ith 100 m l. o f KMn04 so lu tio n  (3  g .A 00 

ml* d i s t i l l e d  w a ter), which were added in  5 m l. amounts a t in te r v a ls  o f  

3*5 m inu tes, a t rom  tem perature. A fter  each ad d ition  the m ixture was 

thoroughly mixed u n t i l  the permanganate co lo r  had disappeared. Toward 

the end o f  th e  ad d ition  the permanganate co lor  p e r s is te d  fo r  longer  

p e r io d s , and th e  mixture was heated on the steam bath fo r  3 to  h hours 

t o  complete the o x id a tio n . At the end o f  th is  time the so lu tio n  was 

removed from th e steam bath and allowed to  c o o l. The so lu tio n  was then  

f i l t e r e d  and the MnOa was washed thoroughly w ith hot w ater. The wash

in g s  and f i l t r a t e  were combined and concentrated to  dryness uhder reduced 

p ressu re .

The resid u e remaining a f te r  the concentration  co n sisted  m ainly o f  

the potassium  s a l t  o f n ic o t in ic  so ld  and potassium bicarbonate.

Although th e  bicarbonate was not Id e n tif ie d  as such i t  seems probable 

th a t under the co n d ition s of the oxidation  the C0a i s  present m ainly 

as potassium  bicarbonate and not potassium carbonate. For purposes o f  

id e n t i f ic a t io n ,  counting and fu rth er  degradation i t  was d esired  to  i s o 

la t e  the n ic o t in ic  ac id  as the fr e e  a c id . I n i t i a l l y  the resid ue was 

d isso lv ed  in  1*0 m l, o f water and trea ted  w ith Dowex-50  ion  exchange 

r e s in  ( a  r e s in  con ta in in g  su lfo n ic  acid  groups) in  the acid  form to  

remove th e  potassium ion s and free  the n ic o t in ic  a c id . However, the
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io n  exchange r e s in  Adsorbed moat o f  the n ic o t in ic  acid  as w e ll  as the  

potassium  io n s so t h is  procedure was abandoned*

Another procedure, which was used to  I so la te  the n ic o t in ic  acid  

in  easperimont number two reported in  fa b le  I ? ,  was based on the r e la 

t iv e  in s o lu b i l i t y  o f the copper s a l t  o f  n ic o t in ic  acid* The residue  

o f  potassium n ic o tin a te  and potassium bicarbonate was again d isso lv ed  

in  hO m l. o f  w ater, trea ted  w ith  acid  to  remove the bicarbonate and 

then n eu tra lised  with ammonium hydroxide. A satu rated  so lu tio n  o f  

copper s u lfa te  was then added slow ly  and a blue p r e c ip ita te  was obtained . 

This p r e c ip ita te  o f  copper n ic o tin a te  was c o lle c te d  and washed thoroughly. 

To fr e e  the n ic o t in ic  acid  the copper s a l t  was suspended in  water and 

tr e a te d  w ith hydrogen s u l f id e .  The copper su lf id e  p r e c ip ita te  was 

f i l t e r e d  o f f  and the f i l t r a t e  was d eco lorized  with charcoal and then  

evaporated to  a sm all volume on the steam bath . Upon coo lin g  th e  

n ic o t in ic  acid  p r e c ip ita te d . However, on ly  16 mg. o f  the n ic o t in ic  acid  

were recovered so  farth er  p u r if ic a t io n  was not p o s s ib le .  The apparent 

low  recovery o f  counts in  t h i s  sample o f  n ic o t in ic  acid  may be due not 

o n ly  to  errors in  counting t h i s  sm all a sample but a lso  to  some impuri

t i e s  in  the n ic o t in ic  acid  i t s e l f .

Since th e  y ie ld  o f  n ic o t in ic  acid was very low when the copper 

s u lfa te  procedure was fo llo w ed , a further search was mad© fo r  a b a tte r  

p r e c ip ita t in g  agen t. F in a lly  th e  p r e c ip ita t io n  o f th e  s i lv e r  s a l t  was 

adopted as the b e s t  procedure. The resid ue o f  potassium bicarbonate  

and potassium n ic o tin a te  d isso lv ed  in  itO m l. o f  water was f i r s t  a c id if ie d  

w ith d ilu te  n i t r ic  acid  to  l ib e r a te  the C03 . Next the so lu tio n  was
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n e u tr a lise d  w ith d ilu te  ammonium hydroxide and the s i lv e r  s a l t  o f  

n ic o t in ic  acid  p r e c ip ita ted  by adding 0 ,1  M AgN03 u n t i l  no more pre

c ip i t a t e  formed. The s i lv e r  s a l t  was c o lle c te d , washed w ith d i s t i l l e d  

water and suspended in  50 m l, o f w ater. The suspension was trea ted  

w ith  hydrogen s u lf id e  and the p r e c ip ita te  o f  s i lv e r  su lf id e  removed by 

f i l t r a t i o n .  The f i l t r a t e  was d eco lor ised  with charcoal and then evapo

ra ted  to  a sm all volume on the steam bath . Upon coo lin g  the n ic o t in ic  

a c id  p r e c ip ita te d  as f i n e ,  white n e e d le s . I t  was c o lle c te d , r e c r y s ta l

l i s e d  from hot water and dried in  a vacuum d e s ic c a to r . A nal. Oaled. fo r  

C0H*NOat C, 58.53#! H, b .09#j H, 11.38#! foundt C, 58 .72# | H, 3-98%\

S , 11.86#.*

The n ic o t in ic  acid  was p la ted  and counted as has been described  

e a r l ie r .  Since there was not enough n ic o t in ic  acid recovered to  prepare 

a se lf-a b so r p tio n  curve, the count from th e n ic o t in ic  acid  was corrected  

fo r  se lf-a b so r p tio n  usin g  th© se lf-a b so r p tio n  curve prepared fo r  th e  

n ic o t in e  d ip lc r a te . This procedure may introduce some error bat th e  

magnitude o f th© error i s  probably low  (k 2 ) .

The CO2 l ib e r a te d  by the a c id if ic a t io n  o f the potassium n ic o tin a te  

and potassium bicarbonate so lu tio n s  was always swept in to  a saturated  

so lu tio n  o f  barium hydroxide by a stream o f n itrogen . Th© barium carbon

a te  p r e c ip ita te  was c o l le c t e d , washed with hot d i s t i l l e d  water and 

d ried  a t  110°C. fo r  one hour. In  determining th e  r a d io a c t iv ity  o f  the  

barium carbonate the procedure o u tlin ed  p rev iou sly  was used .

a The m ieroanalyses reported in  t h i s  th e s is  were performed by 
th© Clark M icroan alytica l Laboratory, Urbmna, I l l i n o i s .
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2) D ecarboaylation o f  th© rad ioactive  n ic o t in ic  a c id . S ince the  

n ic o t in ic  acid  obtained from the ox id a tion  o f  the rad ioactive  n ic o tin e  

p o ssessed  consid erab le  r a d io a c t iv ity , i t  was necessary to  determine the  

lo c a t io n  o f  t h is  source o f  r a d io a c t iv ity  in  the n ie o t in ic  acid  m olecule 

i f  p o s s ib le . To a scerta in  'whether or not any o f  the carbon**lU was 

lo c a te d  in  the carbosyl group the n ie o t in ic  ac id  was decarboxylated.

In  th e  ea r ly  work on the determ ination o f  the stru ctu re  o f  n ic o tin e  i t  

was found th a t  the dry d i s t i l l a t io n  o f  the calcium s a l t  o f n ic o t in ic  

a c id  mixed w ith calcium hydroxide y ie ld ed  pyridine and calcium carbon

a te  (1+3) , In  the present study the n ic o t in ic  acid  (u su a lly  about $0 mg.) 

was mixed w ith  an excess o f calcium oxide and placed in  the s p e c ia lly  

constructed  f la s k  used in  th e  dem ethylation apparatus, A d e liv e ry  tube 

le d  from the rea c tio n  f la s k  in to  a c o n ica l cen tr ifu ge  tube contain ing  

$ m l, o f  a saturated  so lu tio n  o f p ic r ic  acid  in  m ethanol. To sweep the  

p yrid in e  in to  the rece iv er  a slow  stream o f n itrogen  was passed through 

th e  d i s t i l l a t i o n  apparatus. The f la s k  was heated slow ly  a t f i r s t  w ith  

a micro-burner and then more rap id ly  as the d i s t i l l a t i o n  proceeded. 

Toward the end o f the d i s t i l l a t i o n  the f la s k  was heated v igorou sly  w ith  

a bunsen burner. A fter  about twenty minutes the heating  was stopped and 

the f la s k  was allow ed to  c o o l .  The d e liv e ry  tube was removed and r in sed  

se v e r a l tim es w ith methanol in to  the rece iv in g  tu b e . The p yrid ine  

p r e c ip ita te d  as th e  p lcra te  almost im m ediately. A fter standing about 

t h ir t y  m inutes the pyrid ine p icra te  was c o lle c te d  on a s in te r ed  g la ss  

fu n n e l, washed sev era l tim es with methanol and dried  in  a vacuum d e s ic 

c a to r , For fu rth er  p u r if ic a t io n  i t  was r e c r y s ta ll iz e d  from hot w ater.
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£ i *k* M tad . to r  Cu H^I40 7 j C, k t M $ i  Hf 2.60#* M, 1 8 .l8 * j  foundt 

Cf it2 ,9 l$ | Bf 2 .51$; S ,  18*03$. The pyrid ine p icra te  was counted and 

found to  con ta in  no r a d io a c t iv ity , and th erefore  further degradation  

o f  the pyrid in e  r in g  was unnecessary in  the p resen t study.

The r a d io a c t iv ity  o f  the n ic o t in ic  acid  then was loca ted  s o le ly  

in  th e  carboxyl group. As an added check the carboxyl carbon was 

recovered from the calcium carbonate resid u e in  th© reaction  f la s k .

The r ea c tio n  f la s k  was flu sh ed  out w ith n itrogen  and then a d e liv ery  

tube lead in g  in to  a saturated  aqueous so lu tio n  o f barium hydroxide was 

connected to  the f la s k .  B ilu te  n i t r ic  acid  was added in  the s id e  arm 

o f  th e  f la s k  a t  in te r v a ls  and was forced  in to  the f la s k  by reconnecting  

th e  tube to  the n itrogen  tank and passin g  nitrogen gas through th e  

apparatus. The lib er a ted  C03 was swept in to  the barium hydroxide so lu 

t io n  by the n itrogen  gas. The r e su lt in g  barium carbonate p r e c ip ita te  

was recovered and counted as has been described p rev io u sly .

3) Dem ethylation o f  the ra d io a ctiv e  n ic o t in e . Although as w i l l  be 

shown la t e r  e s s e n t ia l ly  a l l  o f  th e  r a d io a c t iv ity  from the n ico tin e  was 

recovered in  the n ic o t in ic  acid  and barium carbonate from the n ic o t in e -  

permanganate s e d a t io n ,  th© p o s s ib i l i t y  th a t seme r a d io a c t iv ity  might 

r e s id e  in  th e  H-methyl group was in v estig a ted  n e v e r th e le ss . In  ad d ition  

i t  was o f  in te r e s t  to  compare the ra te  o f  incorporation  o f the alpha carbon 

o f  o rn ith in e  in to  th e  methyl group o f  n ic o tin e  with the r a te  o f incorpora

t io n  o f  p rev iou sly  stu d ied  compounds. To a scer ta in  whfether or not the 

m ethyl group contained any carbon-lit the n ic o tin e  from a 200 r'g. sample
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o f  the d ilu te d  ,  rad ioactive  n ico tin e  d ip icra te  was demethylated in  the  

same manner aa waa o u tlin ed  in  the calcium g ly eo la te  stu dy.

R esu lts  > —  The data obtained from two experiments in  which an 

attem pt to  lo c a te  the r a d io a c t iv ity  in  n ic o tin e  a fte r  feed ing o rn ith in e -  

a-C14 to  tobacco p lan ts waa made are presented in  Table I ? , The oxida- 

t io n  o f  n ic o tin e  w ith potassium permanganate in  n eu tra l so lu tio n  y ie ld s  

potassium  bicarb onate,  n ic o t in ic  acid  and methyl amine, The potassium  

bicarbonate presumably a r is e s  from the 3 ,k  and 5 carbons o f  the  

p y rro lid in e  r in g  although i t  i s  not d e f in i t e ly  known whether or not 

any o f  th e  methyl carbon I s  o x id ised  to  carbonate. In th is  connection  

i t  should be noted th a t L a ib lin  (U l) waa able to  I s o la te  methyl amine 

from the ox id ation  mixture ,  and there la  always a atrong odor o f methyl 

amine during the ox id ation  procedure. In  the present study i t  has been  

assumed th a t e s s e n t ia l ly  on ly  the 3 , h and 5 carbons o f  the p yrro lid in e  

r in g  o f  n ic o tin e  are recovered in  the potassium b icarbonate. T herefore, 

s in c e  three moles o f potassium bicarbonate are obtained in  the o x id a tio n , 

the o r ig in a l count o f the barium carbonate recovered from the potassium  

bicarbonate i s  m u ltip lied  by three to  make i t  comparable to  the count of  

the n ic o t in e . The counts o f  the barium carbonate ca lcu la ted  in  th is  

manner are g iven  in  column (B) fo r  the two experim ents. I t  w i l l  be noted  

th a t around 50 per cen t o f the to t a l  count o f  the n ic o tin e  d ip icra te  i s  

recovered  in  the barium carbonate In each e a se . T herefore, about h a lf  o f  

the r a d io a c t iv ity  o f  the o r ig in a l n ic o tin e  r e s id e s  somewhere in  the 3 , 

h and 5 p o s it io n s  o f  the p yrro lid in e  r in g .
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In  column (C) the p ad toefitiv ity  o f “the n ic o t in ic  acid  obtained  

from the permanganate oxidation  o f  the n ic o tin e  i s  presen ted . In experi

ment number two 36 per cent o f the r a d io a c t iv ity  o f  the o r ig in a l  

n ic o t in e  i s  recovered in  the n ic o t in ic  acid  w hile in  experiment number 

three th ere  i s  a recovery o f  per cen t o f the to ta l  count. The re

covery o f  the r a d io a c t iv ity  in  the n ic o t in ic  acid  o f  experiment number 

two apparently i s  low sin ce  the t o t a l  recovery o f  counts in  the barium 

carbonate and n ic o t in ic  acid in  experiment number two i s  about 88 per  

cen t o f  th e  count present in  the o r ig in a l n ico tin e  w hile in  experiment 

number th ree  100 per cen t o f  the r a d io a c tiv ity  o f the n ic o tin e  i s  

recovered in  the barium carbonate and n ic o t in ic  a c id . T herefore , I t  

may be concluded th a t  w ithin  experim ental error h a lf  o f  the r a d io a c t iv ity  

o f  the n ic o tin e  recovered from p lan ts fed  o rn ith in e -2 -6 14 i s  lo ca ted  

in  th e  n ic o t in ic  acid  obtained from th a t n ico tin e  and h a lf  i s  loca ted  

somewhere in  the 3 ,  h and 5 p o s itio n s  o f  the p yrro lid in e  r in g . I t  w i l l  

be necessary  to  perform further degradations on the rad ioactive  n ic o tin e  

to  a sc er ta in  where the cerbon-lU i s  loca ted  in  the 3 ,  U and 5 p o s it io n s  

o f  the p yrro lid in e  r in g . A procedure i s  being developed a t the presen t 

tim e in  t h i s  laboratory whereby the 3 , U and $ carbons o f  the p yrro lid in e  

r in g  may be recovered in d iv id u a lly  for  counting. As w i l l  be d iscu ssed  

in  more d e ta i l  la t e r  I t  seems very l ik e ly  th a t the lo c a tio n  o f  the rad io

a c t iv i t y  w i l l  ev en tu a lly  prove to  be in  the 5 p osition *

Since the n ic o t in ic  acid  was found to  be r a d io a c tiv e , i t  was 

necessary  to  degrade I t  in  an attempt to  lo ca te  the p o s itio n  o f  the  

ra d io a ctiv e  carbon. As has already been mentioned the f i r s t  degradation
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attempted on th e  n ic o t in ic  acid was a decarboxylation to  y ie ld  

p yrid in e  and carbon d io x id e . The r e s u lt s  o f th is  degradation are 

presen ted  in  columns (D) and (E) * I t  w i l l  be noted th a t no rad io

a c t iv i t y  was recovered in  the pyridine p ier  ate in d ica tin g  th a t a l l  o f  

the earbon-li* present in  the n ic o t in ic  acid  was lo ca ted  in  the carboxyl 

group. The data presented in  column (E) confirm th is  fin d in g  s in ce  

e s s e n t ia l ly  a l l  o f  the r a d io a c tiv ity  o f the n ic o t in ic  acid i s  recovered  

in  the barium carbonate derived from the carboxyl group. Prom these  

r e s u lt s  i t  i s  now known th a t the 2 p o s itio n  in  the pyrrolid in e r in g  

con ta in s approximately h a lf  o f the r a d io a c tiv ity  present in  th e  o r ig i

n a l n ico tin e  w hile the other h a lf  i s  loca ted  ou tsid e  o f the 2 p o s itio n  

but s t i l l  in  the pyrro lid in e  r in g .

In column (F) the counts o f the me thy I t r ie th y l  ammonium iodide  

obtained from the dem ethylation o f  the rad ioactive  n ic o tin e  are g iven . 

I t  can be seen th a t l e s s  than two per cent o f  the t o t a l  r a d io a c tiv ity  

o f  the n ic o tin e  i s  located  in  the methyl group. The r a te  o f  incorpora

t io n  o f  the alpha carbon o f orn ith ine in to  the methyl group of n ic o tin e  

i s  markedly lower than the ra te  o f incorporation o f  the methyl groups 

o f  m ethionine (3 ) and ch o lin e  (U ), the alpha carbon o f  g lycin e  (13) 

and g ly c o l ate and the carbon o f  formate ( 3) * In th is  connection i t  

should be pointed  out that the p lan ts In  the present study received  a t  

l e a s t  e ig h t tim es the amount o f r a d io a c tiv ity  adm inistered to  the  

p la n ts in  past m ethylation s tu d ie s  and were grown fo r  a longer period  

of time in  contact w ith the carbon-lk .
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B iosyn th etic  Studies With Lysine-2-C 14

I t  has been shown th at ly s in e  can be converted to  p lp e c o lic  ac id  

(p ip e r id in e -2 -c arboxylic acid ) In both p la n ts  (hh) and arritnaiat (ij.5)»

I t  seemed conceivab le th a t p lp e c o lic  acid  might give r is e  to  the p y r i

dine r in g  o f  th e  n ic o tin e  m olecule i f  the p lp ec o lic  acid  were f i r s t  

dehydrogenated and decarboxylated. Thus ly s in e  through conversion to  

p lp e c o lic  acid  could be a precursor fo r  the pyridine r in g  portion  o f  

the n ic o tin e  m olecu le . To determine whether or not ly s in e  could serve  

as a precursor o f  the n ico tin e  m olecu le , ly s in e -2 -C X4 was adm inistered  

to  In ta c t  tobacco p lan ts u sin g  the same procedures as were fo llow ed  in  

th e  orn ith in e  experim ents.

I t  was necessary f i r s t  to  show th a t ly s in e  could be absorbed from 

the n u tr ien t medium by the tobacco p la n ts . Using the same a n a ly tica l  

procedure employed fo r  the orn ith in e  a n a ly ses , i t  was found th a t a t the  

end o f  kB hours about 100 per cent o f  the ly s in e  was recovered both in  

the f la s k s  inocu lated  with the ro o ts  and in  the con tro l f la s k s  while  

on ly  10 per cen t o f the ly s in e  was recovered in  the f la sk s  containing  

th e  p la n t s . I t  was concluded th a t w ith in  the feed in g  period p r a c t ic a lly  

a l l  o f  th e  ly s in e  would be absorbed by the tobacco p la n ts . In  add ition  

th e  conten ts o f  one o f  the f la sk s  used in  adm inistering the rad ioactive  

ly s in e  was evaporated to  dryness a fter  the growing p er io d , and when 

the resid u e  was te s te d  fo r  r a d io a c tiv ity  there was only a s l ig h t  count 

above background in d ic a tin g  p r a c t ic a lly  complete disappearance o f  the 

amino acid  from the n u tr ien t medium. There was no evidence o f the growth 

o f  microorganisms in  the n u trien t so lu tio n s .
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When 0 ,25  Kg. o f D L-lysine-2-C 14 hydrochloride contain ing it x  10® 

c .p .m . was adm inistered to  20 tobacco p lan ts under the same con d ition s  

as were described  in  experiment number one w ith the orn ith in e-2 -C14 

hydroch loride,  the n ic o tin e  I so la te d  from the p lan ts possessed  an in 

s ig n if ic a n t  count over background. Under th ese  conditions no d e tec t

able amount o f  ly s in e  i s  incorporated in to  the n ico tin e  m olecu le.

When the ly s in e  la b e led  with carbon-lit was adm inistered employing 

th e  technique used fo r  experiments number two and number three in  the  

orn ith in e  s tu d ie s ,  the n ico tin e  which was Iso la te d  from the p la n ts  as 

th e  d lp icra te  possessed  a count o f  2 .00  x 10a c .p jb ./k M . The n ico tin e  

i s o la t e d  from p la n ts , which were fed  orn ith in e-2 -C14 under comparable 

c o n d it io n s , p ossessed  a count o f  1 .2 1  x  106 e.p.m./mM. The ra te  o f  

incorporation  o f  orn ith ine in to  the n ico tin e  m olecule then i s  about 

60 tim es the ra te  o f incorporation o f ly s in e  when the two were admin

is te r e d  under e s s e n t ia l ly  id e n tic a l c o n d itio n s . Because o f th is  low  

r a te  o f  ly s in e  incorporation  i t  was concluded th a t ly s in e  does not give  

r i s e  to  n ic o t in e  through a d irec t pathway but only in d ir e c t ly . Since 

the r a d io a c t iv ity  o f  the n ico tin e  d lp icra te  iso la te d  from the p lan ts  

fe d  ly s in e  was so low , i t  was not p o ss ib le  to  obtain  s u f f ic ie n t  m aterial 

by m ixing un labeled  n ic o tin e  d ip icra te  w ith the lab e led  sample fo r  

degradation s tu d ie s  so the degradation procedure used in  the orn ith ine  

esqperlments was not undertaken in  the presen t stu d y .

One way in  which the alpha carbon o f ly s in e  could enter the n ico 

t in e  m olecule i s  through the conversion o f  ly s in e  to  glutamate or some 

oth er  compound c lo s e ly  r e la te d  to  o rn ith in e . Borsook and co-workers (1*6)
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have demonstrated th a t guinea p ig  l iv e r  hamogen&tes are able to  con- 

v e r t  ly s in e  to  g lu ta r lc  acid* GELutaric acid  through ox id ation  to  

GC~ketoglutaric acid  fo llow ed by a transam ination rea c tio n  could in  

turn  be converted to  glutam ic a c id . More r e c e n tly  M iller  and Bale (U7) 

have shown th a t  DL*lyelne-6*C*4 i s  converted to  glutamic a c id , arginine  

and orn ith in e  in  in ta c t  dogs, and they suggest th a t g lu tarate  or o(~keto- 

g lu tarate  i s  the l ik e ly  common Interm ediate fo r  the form ation o f  these  

th ree  amino ac id s from ly s in e .  Glutamic acid  has been shown to  act as 

a precursor o f  p ro lin e  and argin ine in  r a ts  (1*8) and o f p ro lin e  in  

B* c o l l  ( ! i9 ) . In  ad d ition  Flncham ($0) has demonstrated th a t enzyme 

preparations from Neuroapora crassa  m yeelia  can ca ta ly se  the sy n th esis  

o f  o rn ith in e  from glutam ic -T- semialdehyde and a lso  from glutamate* 

Although there la  no evidence a t  present th a t ly s in e  can be converted  

to  glutam ic acid  and then to  p ro lin e  or orn ith in e  in  higher p lan ts i t  

seems q u ite  p o ss ib le  th a t t h is  conversion could occur.

th ere fo re  one mechanism, which would be c o n s is te n t  w ith the above 

f in d in g s  end which would exp la in  the incorporation  o f  the alpha carbon 

o f  ly s in e  in to  th e  n ic o tin e  m olecu le, could be based on the su pp osition  

th a t ly s in e  i s  f i r s t  converted to  orn ith ine or some c lo s e ly  r e la te d  com

pound before being incorporated in to  the n ico tin e  m olecule in  the  

in ta c t  tobacco p la n t .

In  view  o f the r e su lts  o f  the orn ith ine experiment and the sim i

l a r i t y  between ly s in e  and o r n ith in e , i t  i s  in te r e s t in g  to  sp ecu la te  

on th e  o r ig in  o f the a lk a lo id  anabasine ( o t-( /3 -p y r  id y l) -p ip e r id in e )
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in  tobacco p lants*  H *in  (£ l)  has suggested th a t anabasine i s  formed 

from n ic o tin e  by the expansion o f th e  5«member@d p yrro lid in e  r in g  at  

th e  expense o f  the methyl group. However, i t  seesns more l ik e l y  th a t  

th e  p ip er id in e  r in g  o f  anabasine i s  formed from ly s in e  in  a manner 

analogous to  the form ation o f  the p yrro lid in e  r in g  o f  n ic o t in e .
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DISCUSSION

Tr angme th y la tio n  stud l e a . — The r e su lts  o f  the experiments in  

which m ethionine doubly la b e led  in  the methyl group with carbon-lit and 

deuterium was adm inistered to  barley  and tobacco p la n ts  provide e v i

dence th a t the in term olecu lsr tra n sfer  o f  methyl groups i s  a rea c tio n  

in  th e  metabolism o f  higher p la n ts . The widespread occurrence o f  

m ethylated compounds in  the p lant kingdom in d ic a tes  the importance o f  

transm ethylation  rea c tio n s In the m etabolic p rocesses o f higher p la n ts .

I t  should be pointed out th a t  transm ethylation a t  le a s t  where methionine 

and ch o lin e  are involved i s  probably not the only reaction  which can 

g ive  r i s e  to  methyl groups in  higher p la n ts  s in ce  there i s  evidence th at  

th e  alpha carbon o f  g lycin e  may be incorporated in to  the m ethyl group 

o f  n ic o tin e  a t  a fa s te r  ra te  than the methyl carbons o f  e ith er  methionine 

or ch o lin e  ( 13)»

The question  as to  whether or not the o r ig in  of the methyl group 

o f  n ic o t in e  through transm ethylation from methionine a c tu a lly  rep resen ts  

a n e t  b io sy n th e s is  o f  n ic o tin e  s t i l l  remains improved. In  th is  con

n ectio n  I t  i s  o f  in te r e s t  to  consider Dawson* s  work on th e  form ation of  

nornicotine in  H iootiana g lu tin o sa  ( l l )  ,  I t  was shown th at n ic o tin e  i s  

sy n th esized  in  th e  ro o ts  o f  S ,  g lu tin osa  and then tran sloca ted  to  the  

a e r ia l  p ortion s o f the p lan t where i t  I s  demethylated to  form n o rn ico tin e . 

In an attempt to  reverse the dem ethylation rea c tio n  and form n ic o tin e  

from n orn icotin e  and some m ethyl precursor in  H. g lu t in o sa , Dawson
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rep orted  in  a la t e r  p u b lica tion  ( 52) th a t there was no d etectab le  

sy n th e s is  o f  n ic o tin e  when norn icotine alone or when nornicotine and 

e ith e r  oholine or  m ethionine were adm inistered to  excised  le a v e s , which 

were made e s s e n t ia l ly  fr e e  o f  a lk a lo id  by graftin g  g lu tin osa  sh oots on 

tomato root s to c k s , From th ese  r e s u lts  the conclusion  was drawn th a t  

the pathway Of n ic o tin e  dem ethylation contains a t l e a s t  one ir r e v e r s ib le  

step *  I t  I s  doubtful th at t h i s  s itu a t io n  obtains in  H. r u s t ic  a . the  

p la n t used in  the present stu d y , s in ce  there appears to  be e s s e n t ia l ly  

no n orn ico tin e  in  H* r u s t ic  a (5 3 ) .  H * in  (5 l,5U ) has confirmed Dawson's 

f in d in g s  concerning the form ation o f  nornicotine in  K. g lu tin o sa . and 

although th e  acceptor o f  th e  methyl group from n ic o tin e  was not id e n t i f ie d ,  

i t  was indie& ted th a t n ico tin e  may p a r tic ip a te  in  th e  general metabolism  

o f  th e  p la n t . More recen tly  Kusln and Merenova (55) have shown th a t  

when ex c ised  tobacco lea v es are exposed to  CO* la b e led  w ith carbon-lU  

th e  n ic o tin e  is o la te d  from th ese  leaves i s  r a d io a c tiv e . Moreover a l l  

o f  the radiocarbon i s  loca ted  in  the methyl group o f  th e  n ico tin e*

The authors conclude th a t the lea v es o f  H icotiana thus carry on tra n s-  

m ethyl a tio n s w ith  the p a r tic ip a tio n  o f n ic o t in e . In  addition  Culp (56) 

in  t h i s  laboratory  has found th a t in ta c t  H* r u s t ic s  p lan ts in je c te d  

w ith  a so lu tio n  o f  sodium bicarbonate la b e led  w ith carbon-lit produce 

n ic o t in e  w ith  a s l ig h t ly  la rg er  amount o f  radiocarbon in  the m ethyl 

group than in  th e  r e s t  o f  the n ico tin e  m olecu le. The severa l s tu d ie s  

mentioned above in d ic a te  th a t the m etly l group o f n ic o tin e  may be la b i le  

a t  l e a s t  to  a c e r ta in  e x te n t . In view o f  th ese  fin d in g s  i t  i s  d i f f i c u l t
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a t p resen t to  say  whether the transm ethylation rea c tio n  observed in  

th e  p resen t study lead s to a net sy n th esis  of n ico tin e  or whether  i t  

I s  m erely involved  in  the general transm ethylation rea c tio n s which are 

op erative  in  the lea v e s  o f  the p la n t . Since i t  has been shown th a t  

n ic o tin e  i s  syn th esised  mainly in  the roo ts ( 16) ,  one approach to  th is  

q u estion  would be to  a scerta in  whether or not a net sy n th esis  o f  n ico 

t in e  could  be obtained by incubating root enzyme preparations w ith  

m ethionine and n o rn ico tin e . Such a study i s  in  progress a t the present 

tim e in  t h i s  lab oratory .

The s tu d ie s  on the l ig n in  o f barley  and tobacco p lan ts provide the  

f i r s t  con clu sive  evidence th at methyl groups can be tran sferred  in ta c t  

from su lfu r  to  oxygen in  m etabolic p ro cesses . The observations in  the  

presen t study along with the fin d in g  o f  Kirkwood,  e t  a l . (£ 7) th a t the  

m ethyl carbon o f  m ethionine may be a precursor o f th e  methoxyl carbon 

o f  r ic ln in e  in  castor  beans and the raetbylenedioxy groups o f  protopine  

In  D icentra hyb rid s, would lend support to  the hypothesis th a t the 

acceptance o f  m ethyls by oxygen, a r ea c tio n  not observed in  animal me

tabolism  , i s  a general r ea c tio n  in  p lan t m etabolism .

Xt i s  o f in te r e s t  to  examine whether the tran sfer  o f methyl groups 

demonstrated in  th is  study represented sy n th esis  o f  part o f  the l ig n in  

m olecule or m erely some type o f  exchange rea c tio n  s im ila r  to  th a t which 

may have been encountered in  the n ico tin e  stu d y . Stone (58) has shown 

th a t in  wheat p la n ts  fe d  C^Oa fo r  a short time the t o t a l  a c t iv ity  

acquired by the syringaldehyde portion o f l ig n in  during th a t time r e 

mained constan t throughout the growth o f  the plant 9 that i s , the l ig n in
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(a s  pejaw w ated  by syringaldehyde) was an end product i«<i was nob & 

p a r tic ip a n t in  fa rth er  m etabolic rea c tio n s o f  the p la n t . Moreover, 

Stone demonstrated th a t p art o f  the r a d io a c tiv ity  in  the l ig n in  de

gradation products was lo ca ted  in  the methoayl groups. Stone * e vork 

would seem to  show th a t th e  d ir e c t  tran sfer  o f  methyl groups demon

s tr a te d  in  th e  present study was a rea c tio n  in  the sy n th esis  o f  l ig n in .

M ethylation stu d y . — The r e s u lt s  o f  th e  study with calcium  

g ly c o la te -2-G14 in d ic a te  th a t th e  alpha carbon o f g ly c o lic  so ld  I s  

capable o f  serv in g  as a source o f  methyl groups in  the metabolism o f  the  

tobacco p la n t . This I s  in  con trast to  the stu d ies  mentioned in  the  

In trod u ction  where i t  was pointed  out th a t severa l is o la te d  system s 

from both p la n ts  ( ih )  and animals (15) were unable to  use g ly c o lic  ac id  

in  m ethylating gu& nldineacetic a d d .  In  th e  present study a l l  o f  th e  

r a d io a c t iv ity  o f  the n ico tin e  w ithin  experim ental error was recovered  

In  th e  m ethyl group in d ica tin g  th a t under the con d itions o f  the exp eri

ment none o f  the alpha carbon o f  g iy eo la te  en ters the r in g  portion s o f  

the n ic o tin e  m olecu le .

The g iy eo la te  alpha carbon i s  more rap id ly  incorporated in to  the  

n ic o tin e  m ethyl group than e ith er  formate ( 3) or biearbonate ( 56) but 

the d iffe re n c e  between the ra te s  o f  incorporation  o f the m ethyl group 

o f  m ethionine ( 3) and o f  the alpha carbon o f  g iy e o la te  i s  so sm all a 

d e f in ite  con clu sion  cannot be drawn about which o f the two en ters more 

r a p id ly . On the other hand the ra te  o f  entry o f  the alpha carbon o f  

g ly c in e  ( 13) i s  somewhat higher than the ra te  o f  entry o f the g iy eo la te
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alpha carbon* I t  therefor© seems probable th a t the g lycine  i s  not 

converted to  g ly c o lic  ac id  before the alpha carbon ia  incorporated  

in to  the m ethyl group o f  n ico tin e*  H sm ill (13) has suggested two

oth er  p o s s i b i l i t i e s  fo r  the mechanism o f  m ethylation by the alpha
/

carbon o f  g ly c in e  which seem more probable in  view  o f  the present fin d 

ings*  th e se  are* l )  g lyc in e  may be o x id a tiv e ly  deaminated to  g ive  

g ly o x y lie  ac id  the alpha carbon o f  which i s  then reduced without going  

to  format©, or 2) the n itrogen  o f  g lycin e  may be incorporated d ir e c t ly  

in to  the p yrro lid in e  r in g  o f  n ico tin e  and the alpha carbon remains to  

form the m ethyl group. The la t t e r  proposal i s  not too  a ttr a c t iv e  in  

view  o f  the experiments w ith orn ith ine-2-C i4  to  be d iscu ssed  la t e r ,  

b u t the former proposal i s  a d e f in it e  p o s s ib i l i t y .

I t  seems h igh ly  improbable th at the alpha carbon o f  g iy eo la te  i s  

converted  to  formate before i t s  incorporation  in to  the n ico tin e  methyl 

group ,  but as was suggested above the g iy eo la te  may be converted f i r s t  

to  g ly o x y lic  a c id , the carbonyl group o f  which could g ive r i s e  to  

m ethyl groups through red u ctio n . There i s  ample evidence th a t g ly c o lic  

acid  can be o x id ised  by higher p lan ts to  y ie ld  g ly o a y lic  acid  (5 9 ) ,  and 

although t h is  ox id ation  o f  g iy eo la te  to  g lyoaylate  seems to  be a round

about pathway fu rth er  s tu d ie s  are necessary to  determine i t s  v a l id i t y .  

The rat© o f  incorporation  o f  the carbonyl carbon o f  g ly o x y lic  acid  in to  

th e  n ic o tin e  m ethyl group i s  being stu d ied  in  t h i s  laboratory a t the 

p resen t tim e , and the r e s u lt s  should a id  in  c la r ify in g  th is  s itu a t io n .

A fu rth er  p o s s ib i l i t y  concerning the m ethylating cap acity  o f  g ly 

c o l ic  ac id  should be mentioned in  view o f  the fin d in gs o f T olbert and
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Cohan th a t  th e  alpha carbon o f  g ly c o lic  acid  can give r i s e  to  the 

b e ta  carbon o f  se r in e  in  barley  and wheat lea v es  ( 60) .  I t  i s  known 

th a t th e  b e ta  carbon o f  ser in e  can serve as a methyl group precursor 

fo r  m eth ionine,  ch o lin e  and crea tin in e  in  higher animals (6 1 ) , and i t  

i s  conceivab le th at a t  le a s t  part o f  the g ly c o lic  acid  may enter the  

n ic o tin e  m olecule by way o f  ser in e  In  higher p la n ts . The adm inistration  

o f  serine*3*C *4 to  tobacco p lan ts I s  being conducted now in  th is  

laboratory  and th e  r e s u lt s  should g ive some in d ica tio n  as to  the p lau s

i b i l i t y  o f  such a pathway.

F in a lly ,  the p o s s ib i l i t y  o f  the alpha carbon o f  g ly c o lic  acid  

b e in g  converted to  formaldehyde before i t s  conversion to  methyl groups 

should be pointed o u t. Prelim inary data in  t h is  laboratory in d ica tes  

th a t formaldehyde en ters the n ico tin e  m olecule more rap id ly  than any 

p rev io u sly  te s te d  compound, but i t  s t i l l  i s  not known whether a l l  o f  

the radiocarbon o f  the n ic o tin e  r e s id e s  in  the methyl group ( 62) .

G lyco lic  ac id  i s  found in  sm all amounts in  higher p lan ts ( 63) ,  and 

as y e t  i s  the on ly  two carbon organic a c id , which has been found to  

accumulate carbon~li* during short t in e  photosynthesis w ith C140 a ( 6h ) . 

The alpha carbon o f  g ly c o lic  acid  may therefore be a rather important 

source o f  m ethyl groups in  higher p la n ts .

S tu d ies w ith om ith ine-2-G  **. — As has already been pointed out 

h a lf  o f  the radiocarbon present in  n ico tin e  from p la n ts  fed  orn ith ine*  

2-C14 i s  lo ca ted  in  the 2 p o s it io n  o f the pyrro lid in e  r in g . The other  

h a lf  o f  th e  radiocarbon i s  lo ca ted  somewhere in  the 3 , I4 and $ p o s it io n s ,  

and although I t  i s  not known d e f in it e ly  th a t the 5 p o s it io n  contains
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the f f i i i l i i in g  h a lf  o f  "the psd ioaotiv itjr  t h i s  appears to  be the l o gi c al 

p o s itio n ,, This would c a l l  fo r  a symmetrical interm ediate in  'Use f o r 

mation o f  the p yrro lid in e  r in g  o f  n ic o tin e  from the orn ith in e  m olecule  

as i s  shown In  Scheme I ,

orn ith ine

symmetrical interm ediate

pyrid in e  r in g  
precursor

"T
n ico tin e

Scheme 1

There are sev era l p o s s ib i l i t i e s  fo r  the form ation o f  a symmetri

c a l  m olecule from o r n ith in e . The f i r s t  p o s s ib i l i t y  would be the form

a tio n  o f  th e  symmetrical diam ine, p u tresc in e , d ir e c t ly  by the decarboxy

la t io n  o f  o rn ith in e , A second pathway, which I s  more in d ir e c t ,  would 

in v o lv e  th e  ox id a tive  deamination o f  orn ith ine to  give p o ss ib ly  glutamic 

sem ialdehyde, which on eycliz& tion  could y ie ld  a }  -p y rro lin e -5  

carb oxy lie  a c id . The la t t e r  may be decarboxylated to  give p y rro lin e , 

which would become symmetrical by s h if t in g  th e  double bond, or i t  may 

f i r s t  be reduced to  g ive p r o lin e , which would y ie ld  p y r r o lid in e , a 

sym metrical m olecu le , when decarboxylated. F in a lly ,  the p o s s ib i l i t y  

o f  o rn ith in e  being converted by decarboxylation fo llow ed  by ox id a tive
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dsSBtinstlofi to  o itb o r  suecliyiloidolydQ  or su cc in ic  so ld  may be non* 

tion ed  although i t  Seem 8 l e s s  l ik e ly  than the two p rev iou sly  mentioned 

p o s s i b i l i t i e s  . The sev era l p o s s ib i l i t i e s  are i l lu s tr a te d  in  Scheme IX .

Although p u tresc in e  i s  gen era lly  considered a product o f  the  

a c t iv i t y  o f  m icroorganisms,  th ere  i s  some evidence th a t diamines may 

p la y  some r o le  in  the metabolism o f  higher organism s. Z e ller  (6$) and 

B est and McHenry (66) have reported the occurrence o f  a diem ine- 

oxidase system in  animal t i s s u e s .  More rec en tly  Cromwell ( 67) has 

found th a t  p u tresc in e  stim u lates th e  sy n th esis  o f  the a lk a lo id ,  

hyoseyamin©, when administered to  both Atrppa belladonna L. and Datura 

stramonium 1* In a la te r  p u b lica tio n  (68) Cromwell reported the  

preparation  o f  an enzyme system , which was capable o f ox id iz in g  

p u tresc in e  w ith the form ation o f  ammonia and an aldehyde, from the  

t i s s u e s  o f  A. belladonna. Furthermore he was able to  i s o la t e  sm all 

amounts o f  p u tresc in e  from the lea v es and upper stems o f  A. belladonna  

and D, stramonium. On the b a s is  o f  h is  r e s u lt s  Cromwell p ostu lated  

th a t  p u trescine could be converted to  e ith e r  suecindialdehyde or 

T'-amlno butyraldehyde,  which could then be incorporated in to  the  

byoscyamine m o lecu le . I f  putrescine i s  considered as an interm ediate  

in  th e  form ation o f  the p yrro lid in e  r in g  o f the n ic o tin e  m olecu le, 

then i t  seems necessary  to  p ostu la te  an o x id a tiv e  or p o ssib ly  a hydro

l y t i c  deam ination o f  the p u tresc in e  before e y c llz a t lo n  can take p lace  

as Cromwell has done in  the hyoscyarain© stu d y .

I f  on© amino group o f p u trescine i s  l o s t  by ox id ative  deam ination, 

7^amino butyraldehyde r e s u l t s .  The la t t e r  could c y c liz e  to  give
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p y rro lin e  or i t  may condense d ir e c t ly  w ith a pyrid ine r in g  precursor  

and toe c y c lis e d  la ter *  On the other hand i f  ox id ative  deamination 

occurs a t tooth ends o f the putrescine m olecule then succlndialdehyde  

r e s u lt s *  This dialdebyde might then condense with e ith e r  ammonia or 

m ethyl amine to  g ive a 2 # S dlhydroaqr p yrrolid in e d e r iv a tiv e . The 

l a t t e r  compound must undergo a dehydration and reduction  toefore the 

n ic o t in e  m olecule i s  f in a l ly  formed* Putrescine i s  therefore a con

c e iv a b le  interm ediate in  th e  b io sy n th esis  o f  n ico tin e  s in ce  i t  i s  

sym m etrical and could undergo further reaction s which would lea d  to  

th e  p y rro lid in e  r in g .

Perhaps a more l ik e ly  pathway fo r  the incorporation  o f  orn ith ine  

in to  the n ic o t in e  molecule i s  through the form ation o f p ro lin e or some 

compound c lo s e ly  r e la ted  to  proline* The mechanism fo r  the conversion  

o f  orn ith in e  to  p ro lin e  in  animals has been rather w e ll e s ta b lish ed . 

Schoenheimer and co-workers (69) have found th a t deuterated orn ith ine  

g iv es  r i s e  to  la b e led  p ro lin e  in  m ice * Schemes,  which Involve the 

conversion  o f  orn ith in e  to  e ith e r  of-keto- S -amino v a le r ic  acid  or 

glutam ic semialdehyde fo llow ed  by c y c liz a t io n  to  g ive a 1 pyrroline*  

5 -carb oxy lic  ac id  and reduction  o f  the la t t e r  to  g ive  p r o lin e , have 

been proposed toy sev era l in v e stig a to rs  to  exp la in  the conversion o f  

o rn ith in e  to  p ro lin e  in  animals (7 0 ) .  More r e c e n tly , S te tten  (71) 

u sin g  o rn ith in e  lab e led  in  e ith er  the alpha p o s it io n  or the d e lta  

p o s it io n  w ith II16 has shown th a t the d e lta  amino group o f  orn ith in e  i s  

l o s t  in stea d  o f  the alpha amino group so  th a t glutamic semialdehyde i s  

the more l ik e l y  interm ediate in  the conversion o f orn ith ine to  p ro lin e
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i n  mice* I t  seems very l ik e ly  th at higher p lan ts could a lso  convert 

orn ith in e  to  p ro lin e  although there i s  no conclu sive evidence to  sup— 

p ort th is  su p p osition  a t th e  present tim e. I f  tobacco p lan ts are able  

to  perform t h is  conversion , there are two symmetrical interm ediates  

which could r e s u l t ,  namely, p y rro lin e , which arise® from the decarboatyl- 

a tio n  o f  A f pyrro lin e -5 -e arboxylic a c id , or pyrrolid in e from the 

decarboxylation o f p r o lin e . A condensation between the pyridine r in g  

precursor o f  n ic o tin e  and pyrroline or pyrrolid in e or p o ss ib ly  one o f  

th e ir  m etab o lites would then be necessary fo r  the formation o f  the  

n ic o tin e  m olecu le .

The f in a l  p o s s ib i l i t y  suggested fo r  the form ation o f  a symmetrical 

in term ediate from orn ith in e  i s  the conversion o f orn ith in e to  su c c in d i-  

aLdehyde or su cc in ic  a c id . Both o f  these conversions involve the lo s s  

o f  a l l  the n itrogen  o f  ornith ine and might provide a means for  the  

entrance o f  th e  amino group along with the alpha carbon o f  g lycine  

in to  th e  N-methyl group o f  n ic o tin e  as was suggested by HamUl (13) •

The succlndialdehyde might be formed by the ox id ative  deamination o f  

p u tresc in e  as has already been mentioned whereas the su cc in ic  acid  

might a r ise  from of -k o to g lu ia r ic  acid by o x id a tiv e  dec arboxylation .

The d -k e to g lu ta r ic  acid  i s  derived from glutamic a c id , which can 

S&ise from orn ith in e  (69)*

There i s  no b a s is  fo r  choosing among th ese  various proposals at 

p resen t so  they oan on ly  be suggested as h yp oth etica l schem es.

In  view  o f  the present fin d in gs T r ier f a (22) proposal th a t n ico tin e  

I s  derived from a s in g le  amino a c id , p r o lin e , i s  only p a r t ia l ly  c o rr ec t .



57

I t  i s  tru e  th a t  the p yrro lid in e  r in g  may a r ise  from p ro lin e  but the  

pyrid in e  r in g  apparently does n o t. Robinson had suggested th a t  

o rn ith in e  was a l ik e ly  precursor o f  th e  p yrrolid in e r in g  in  n ico tin e  

in  1917 ( 2 l )  * I t  la  in te r e s t in g  th a t he suggested an Nmhethyl compound 

(N-metlyl-2-hydroxypyTr o l id in e ) as th e  compound, which would condense 

w ith  th e  pyrid ine r in g  precursor (acetone d icarboxylie  acid  in  h is  

schem e)« As y e t  i t  i s  not known ex a ctly  when the m ethylatlon rea c tio n  

takes p la c e ,  before the p yrro lid in e  and pyridine r in gs are joined or 

a fte r  th ey  are jo in e d . In any event i t  i s  p o ss ib le  as Robinson su ggests  

th a t  th e  p yrro lid in e  r in g  precursor may be methylated previous to  the  

condensation w ith the pyridine r in g  precursor.

Mortimer ( 23) has suggested  th a t  part or a l l  o f  the s id e  chain o f  

kyuurentne, which can be derived from tryptophan in  l iv in g  organisms 

( 7 2 ) ,  may be incorporated in to  the p yrro lid in e  r in g .  I t  i s  c le a r  th a t  

t h i s  i s  not too  l ik e ly  in  view  o f  the present f in d in g s . Indeed Bowden 

has already shown th a t th e  b eta  carbon in  the s id e  chain o f  tryptophan 

I s  n ot incorporated in to  the n ico tin e  m olecule (2 6 ) .  The present study 

a lso  sag&ains the fin d in g  o f  Dawson and co-workers th a t the carboxyl 

carbon o f  n ic o t in ic  acid  I s  not ava ilab le  fo r  n ico tin e  sy n th esis  (25) • 

n e v e r th e le s s , the p o s s ib i l i t y  th a t tryptophan or n ic o t in ic  acid  may 

g iv e  r i s e  to  th e  pyridine r in g  o f n ic o tin e  i s  not ru led  o u t. I t  has 

r e c e n tly  been suggested (73) th at some so r t  o f  a condensation between 

n ic o t in ic  acid  and N~raethylpyrrolidine, which has been found in  the  

a lk a lo id  fr a c t io n  from tobacco p lan ts (7h ) ,  would seem to  be a lo g ic a l
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s te p  In  th e  sy n th e s is  o f  n ic o t in e . Trl®* (22) had proposed a sim ilar  

condensation between n ic o t in ic  acid  and p ro lin e  many yeans before ,  

but th e  prolin© m olecule i t s e l f  p o ssesses asymmetry, and t h i s  con* 

densation  would be in c o n s is ten t w ith  the fin d in g s o f  the presen t stu d y . 

A condensation between n ic o t in ic  ac id  and some pyrro lid in e  r in g  pro-* 

cursor would be e n t ir e ly  co n sis ten t w ith the fin d in g s o f  the present 

s tu d y , but ouch a condensation would n e c e ssa r ily  involve the lo s s  o f  

th e  earb osy l group o f  n ic o t in ic  acid  and there seems to  be no precedent 

fo r  such a r e a c tio n .

One fu rth er  p o in t should be mentioned in  conneetion with the union 

between the p yrro lid in e  and pyridine r in g s , and th a t i s  th a t on ly  

1 -n tc o tin e  i s  formed in  nature* Since the asymmetric carbon atom In  

n ic o t in e  I s  lo ca ted  in  the pyrro lid in e  r in g , e ith e r  the r in g  precursor  

p o sse sse s  an asymmetric carbon or the condensation o f  the pyridine and 

p y rro lid in e  r in g s  r e s u lt s  in  an asymmetric sy n th e s is . I f  an asymmetric 

p y rro lid in e  m olecule i s  formed before the condensation i t  must be formed 

from a symmetrical compound to  be c o n s is te n t w ith th e  r e s u lt s  o f  the  

p resen t stu d y . Such a compound could be 2-hydrosypyrrolidine which 

m ight a r is e  e ith e r  from the hydration o f the double bond o f  p yrro line  

or th e  oxLdatinn o f  p y r r o lid in e . I f  2-hydroxypyrrolidine i s  formed 

th en  i t  i s  conceivab le th a t the n ico tin e  r in g  structure could be formed 

by s p l i t t in g  out a m olecule o f  water between pyridine and 2-hydro:xy- 

p y r r o lid in e .

At p resen t i t  i s  im possible to  propose a d e f in ite  pathway fo r  the  

b io sy n th e s is  o f  n ic o tin e  sin ce  the nature o f  the precursor o f  the
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p yrid in e  r in g  la  unknown. In  add ition  the nature o f the immediate 

precursor o f  th e  p yrro lid in e  r in g  i s  not c lea r  so th a t considerably  

more study i s  required before a d e f in it iv e  mechanism can be proposed.

F in a l ly ,  the question  a r ise s  as to  -whether ornith ine i s  a natural 

m eta b o lite  in  tobacco p la n ts . James (75) has found th a t both orn ith in e  

and arg in in e  when adm inistered to  detached leaves o f  belladonna p lan ts  

g ive  r i s e  to  an increased  sy n th esis  o f  th e  tropane a lk a lo id s . Moreover, 

the in crea se  in  a lk a lo id  when orn ith in e  was fed  was apparently in  

ex cess o f  the in crease  when argin ine was fe d . Janes was a lso  able to  

show th e  presence o f  1 -orn ith in e  in  the fr e e  s ta te  in  young shoots o f  

belladonna p la n t s . Arginase has a lso  been found in  the ex tra cts  o f  

ro o ts  and shoots o f  belladonna, tobacco and tomato (7 6 ) .  Since argin ine  

i s  known t o  occur in  the p rote in s o f tobacco p lan ts ( 7 7 ) ,  i t  seems 

e n t ir e ly  p o s s ib le  th a t orn ith in e  could be produced from argin ine through 

th e  a c tio n  o f arginase and therefore could be ava ilab le  fo r  the synthe

s i s  o f  n ic o t in e .
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SUMMARY

X. A study in  which m ethionine, doubly la b e led  in  the methyl 

group w ith G*4  and deuterium , was adm inistered to  in ta c t  tobacco p lan ts  

has e s ta b lish e d  th a t  the methyl group o f  methionine can g ive r is e  to  

th e  m ethyl group o f  n ic o tin e  throu^i transm ethylation .

2 .  The m ethyl group o f  methionine was shown to  be transferred  as 

a u n it  to  form the methoayl groups o f  l ig n in  in  barley  and tobacco , a 

r e a c t io n , which in vo lves the d ir ec t tra n sfer  o f methyl groups from 

su lfu r  to  osygen. Xt was in d icated  th a t  the incorporation  o f the methyl 

group o f  m ethionine In to  l ig n in  represented a sy n th esis  o f  part o f the  

l ig n in  m oleou le .

3 .  A fter  the adm in istration  o f  calcium g lyco la te-2 -C 14 to  tobacco 

p la n ts , ra d io a ctiv e  n ic o tin e  has been is o la te d . Most i f  not a l l  o f  the  

r a d io a c t iv ity  has been shown to  re s id e  in  the methyl group.

li .  Tobacco p lan ts fed  ornithine-2*C 14 hydrochloride produce n ic o t in e ,  

which has been shown to  be r a d io a c tiv e . Xt has been found th a t h a lf  o f  

th e  carbon-lU in  the is o la te d  n ico tin e  i s  lo c a lis e d  in  the 2 p o s itio n  o f  

th e  p y rro lid in e  r in g  o f  the n ic o t in e . The other h a lf  o f  the radio*  

a c t iv i t y  has been p ostu la ted  to  res id e  in  the $ p o s it io n  o f  the p y rro li

d ine r in g , and th erefore  i t  was concluded th at a symmetrical interm ediate  

i s  formed from orn ith in e  before i t s  incorporation  in to  the p yrrolid in e  

r in g  o f  n ic o t in e . None o f  the r a d io a c tiv ity  has been found In  the
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pyrid ine r in g  o f  n ic o t in e , and le a s  than two percent o f  the radio

a c t iv i t y  o f  th e  n ic o tin e  has been found in  the methyl group,

5 . hysine-2-C 3,4 hydrochloride when adm inistered to  tobacco p lan ts  

under th e  same con d ition s as were employed in  the orn ith in e  study g ives  

r i s e  to  n ic o tin e  p o ssess in g  considerably l e s s  r a d io a c t iv ity . I t  has 

been p o stu la ted  th a t ly s in e  i s  not incorporated d ir e c t ly  in to  the  

n ic o t in e  m olecule but i s  f i r s t  converted to  some precursor o f  p ro lin e  

or orn ith in e  sueh as glutamic a c id .
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APPMDIX

The formula used in  correctin g  the observed count to  zero scrapie 

th ick n ess west

where * maximum s p e c if ic  a c t iv i ty  ( counts/m inute/feillim ole)

G© * observed count ( counts/m inute)

M * m olecular weight o f  compound 

W » w eight o f  sample counted

b * fr a c t io n  o f  maximum a c t iv i ty  a t the sample th ickn ess used

Sample ca lcu la tion *

B ico tin e  d ip ic ra te  — 0© * 23£#2 c #pjm ., W » 67.3 rag.,

M « 620, T * 23 .8  mg./cm*, b * 0 .2 7 .

0© » M 
W « b

(7 ) —* obtained from se lf-a b so rp tio n  curve.

* 8 .03  x  10* c.p.m./aJI


