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GENERAL INTRODUCTION

Transmet*ylation in the animal body is now a wIl understood
process. Kirkwood and Marion (1) have shown that similar processes oc
cur in the plant kingdom. They have shown wth the aid of certain
barley strains which elaborate the alkaloid hordenine that its mee”l
groups arise from formate by the stepwlLse maehylation of tyramino.

In this laboratory the role o" L-rneehionine, chooine, formate
and bicarbonate in the transmethylLation scheme in the barley plant end
the castor bean riant has been inveistigated. Tt was shown by Dubeck
and Kirkwood (?) and by fcactihett et al (3) that choline did not trans-
fer its labile mmeihyl groups to the alkaloids rlcitrine and hordenine.
This is in connrast to the wei known availability o” these groups in
the labile methyl pool in animas. Bjenum (4) has shown that in the
three moirth old tobacco plant the N-meehyl group of the alkaloid
nicotine does arise from choline. There is considerable evidence in
the literature that choline mist first be oxidized to betaine before
tranEmethrlotion wil occur in the animal body (5,6,7). Presumably
the same scheme is foUowed in the plant kingdom. Since very young
plants were used in the investigations in this laboratory and Bjerrim
used older tobacco plants, it is logical to oostulate that the choline
oxidase system required for the oxidation choline to betaine Ts not
present in the younger plants. To check this posssbblity the role of

1



betaine in transmethlotion in the barley and caistor bean plants, was
investigated. Carbon-14 meehl labelled betaine was synthesized and
fed to sprouting barley and to castor bean seedlings. In the barley
plant the N-metlhrl groups of N-methl tyramine, hordenine and choline
were found to arise from betaine. It was found that betaine was not
as efficient a mtH donor as methionint (3). on the other hand the
N and O”e”yl groups of the alkaloid rlcinine in the castor bean did
not arise from betaine metlhrl.

There is a rapidly growing body of evidence that all biological
meehy-ation processes and many other single carbon syithesis have a
common pattern. It was decided, therefore, to investigate the possi-
bility that the meehlenedioxy group wiich occurs w.despread in the
plant kingdom m.ght arise frcm labile meetiyl. Carbon-14 mehl labelled
L-imehhonine, carbon-14 mthl labelled choline and carbon-14 labelled
sodium formate were synthesized and fed to young Dicentra hybrids. The
alkaloid protopine was isolated and the mthlenedioxy groups and the
N-imehl group degraded to formaldehyde and mthl iodide respectively.
It was found that the methyltntdioxy and “meehy! groups were active,

but this did not account for the total activity in the molecule.

N-Meehyl tyramine Hordenine R-cinine



HISTORICAL iNTRODUCTION

(A) Occmrenae of Betaine in Nature

Betaine was first isolated from the plant Sdanaoae lyclim by
HIBlmann (8) i1n 1864. in 1869 Soteibler (9) isolated it from the surer
beat plant Beta vulgu’ls end hence the name beteine. He characterized
the oompound and assigned it the emiiical formula C*JOMNN (1M)* Waller
and Pllmmer (11) reported that the immature beet plant contained 2.5 per
cent by dry wight of betaine and that ripe plants only contained one mr
cent. its occurrence in plants has since been reported to be Wdespread;
barley 0.04 per conn, peas 0.016 ner cent, horse bean 0.173 per cent,
milt germ 0.2 per cent, and Wieat germ 0.05 - 0.2 per cent (12). its
occurrence in following plants has also been reported, but the concen-
trations have not been stated; lupine seeds (13) , tobacco leaves (14),
mushrooms (15), and red pepper pericarp (16).

Betaine has also been reported in the animal kingdom. Wilson
(17) and Ktscher and Ackermann (IB) have reported isolating betaine in
smai quunttiles from the scallop, periwnelLe, selacM-i, cyclostcnes,
Crustacea, missels and sponges. Higher animals also contain varying
amom™B o” betaine. Guggenheim (12) reported the isolation of betaine
from beef liver (0.015 per cent) and from hog liver (0.001 per oenn).
Since then Ackermann and Lassmith (19) have isolated it from calf thymus

(0.01 nor conn).

It appears that betaine occurs ddespread in both the plant and

animal kingdoms



(B) Role of Betaine in Metlgrlation Phenomena

(a) Metlgrlation nrooessea

Biological maethlation as a meeabolic process was first proposed
by Basedow (20) in 1846. This arose in comieetion w.th a number of
fatalities wlhLch occurred as a resULt of mold action on waipapers con-
taining arsenic. He proposed that the poisoning was due to the formation

o™ volatile cacodyl oxide I by the mods, but he presented no evidence

|
to support his theory* Gaslo (21) obtained the first experimental
evidence for biological mehrd-ation when he exposed potato mash contain-
ing arsenins oxide to the air. A volatile gas WLth a garlic-like odour
was evolved. He thought this gas was an alkyl arsine* In 1931 Challenger
(22) repeated Gasio* s experiments and proved that the gas was trmethyl

arsine 11+*

1
CKllen”™e and his cow”rl*eNrs also discovered the biological metlhrlation
of inorganic tellurim and selenium compounds which are trsmffomed to

dimethyl telluride 111 and dimathyl selenide IV respectively (23,24)*

11 v

Up urtil 1939 all work on biological meehy-ation was done Watli



the aid of mods. In 1939 du Vigneaud and his colleagues inveetigated
the process in rats. They found (25,86,27) that homoystiLne v after
comrsrsion to hamoysst*lne VI could renlaco mthlonine VII In the diet
of the white rat only in the presence of choline \VVI1I or betaine IX.

It was suggested that the methyl group was transferred from the nitrogen
of choline or betaine to the sUlfur of homlystelne (transmethylation)
to give methionine and that the reaction m.ght be reversible, mehionine

acting as a donor of methyl groups to a choline precursor. Du Vigneaud

VI

Vi

AVAL| IX

tested his "transmethylation” hypohesls by feeding meehlonine labelled
with deuterlm in the m>thyl group to Wilte rats witch were kept on a
mehlonlne-choline free diet (28). The fed deuterlomethionine X con-
tained 83.6 atom oer cent of deuteriim in the mthyl group. An anirnl

Which was kept on this diet for 94 days was Killed and the ChoHne and



Xl

and creatine Xl isolated from the tissues. The atom percentage of
deuterium in the motor! groups of tissue choline wan found to be 74.2,
for the tissue creatine 73.0. This clearly indicated that these re-
actions are true transmethrlations (the methyl group being transferred
as a whooe). Du Vigneaud et al (29) admizdetered trideuteriocholine XII
to rats maintained on a meethonine-choline free diet containing homoos-
teins. Deuteriim was found in methyl of the tissue creatine and mthio-
nine. The methrl groups of choline can therefore take part In the

transmethylation scheme In the animal body.

11
The relation of mono and dimethrlaminoethanol XV, XI11 to choline
and to transmethylation reactions has been investigated (30). Wituan the

dimethyl compound was fed to young rats on a meethl-free be&al diet

X1l



containing homcysteine growth was not as good as when choline was fed

under the seme cormiions. fanwvvr, deuteriodimethylEmino ethanol XIV

HV
under similar conditions was readily converted into deuterlocholine
and then into creatine by transmtlhlation. These results suggest that
dimethylamin>ethanol does not take part directly in transmethylation
but 1t can accept mthyl groups supplied by methionine or some other
methyl donor in the body, thus giving rise to choline and accomting
for the limited growth-producing powr. If so, choline must release
only one methyl group in trensmetlhlation. Similar results wsre found

in experiments in w”ich deuteriomethylam.noethanol xv was fed.

XV

L_ ® Chemical evidence for trensmetlh’llatimin from betaine

The transfer of a nthy! group from some mediated compotmd,
such as choline or betaine, was first suggested by Reisser (31) to ex-
plain the production of creatine and methylated derivatives of seleniim

and teMurum in animas. Willssatter (32) found that betaine when

XVI

heated forms metlml dimethllaminooaceatt XV. Chhaienger and Higgen-

bottom (33) and Challenger et al (34) found that sodium siu-fite,



organic disulfides, sodium selenite and sodium tellurite when heated
Wth betaine yielded dimethyl sulfide, mtfrpl alkyl or methyl aryl
sulfide, dimethyl selenide and dimethyl telluride respectively. It
was suggested by Ctellenger (35) that these pyrogenic reactions might

proceed as follows:

The sodium methyl selenite would then be reduced and meetylated again
by another molecule of betaine to produce dimethyl selenide IV.

The mooiiity of the N™eeth”l group of betaine is probably due
to the "onium pole" structure of the mooecule. A compprison of trans-
meethllaors, choline VHI and betaine IX Wth that o® non-transmethy-
lators dimehylglycine XVI, sarcosine XVII and the am.noothanols

X111, XIV Indicates that a positively charged nitrogen Is a requirement

><m XVII

of the trmmethrlation process. The bond strengths of the mmthirl groups
attached to the positively charged nitrogen are lower and more favourable
toward elimination (enzymaic or otherwise) of a mthyl group than those
attached to an uncharged etom. The Hoffman type elimination reaction

In which organic fragments are liberated frtm sulphonium and ammrnium
compounds illustrates the energeeically favourable coitfLdtions for the
breaking o” carbon bonds frcm the ’“onium® grouping.

The mooiiity o® the mmthyl group of thetins has been



observed (36). When thetln anhydride XIX is heated Wth aniline or
p-toluldine, dimethyl sulfide XX is produced. DImeehrl thetln Xxix
which is analogous to betaine is 10 - 20 times more effective than
betaine in transmethylation in ret liver or kidney homogenntes (37).
Recently Canton! (38) has shown t at the active form of
methionine is S-adenoisrl oothionine xXxi which arises by reaction
Wth adenosine triphosphate. He has shown that this active form of
oeehionine M.11 meeth"10™ acid XQIl to creatine Xi in
the presence of an enzyme known as a "menth'mlphhraeel”. This w>rk

(CR3)2 S* - ch2 - C00”

XIX
XX
N - C - NIL, )
I I ml
H-C-C-N
| uH
B e =" 3 —8+——
l --0-- -—-- ' CH3

XXI
clearly indicates that transfer of a meehy! group is dependent on

being attached to a positively charged "oniim pole".

(c) Betaine as a source of labile imehyl in the animil body
Du Vignea™'s feeding experimjnts (28) wwth whhte rats wiich
rare kept on a mthhooineechhllne-free diet containing hgjmocysteinn

and betaine showed that betaine was able to support growth, probably



10

by taking part in the transmethylation reactions in the body. Stetten
(39) showed that on adminisSration of nitrogen-15 labelled betaine to
rats the concennratSon of nitrogen-15 in the glycine of the tissue
protein was almost as high as when isotopic glycine was fed. This proved
beyond any doubt that demeetylatSon of betaine had occurred in the animal
body. The fate of the removed metthfl group homer, was not established,
but Stetten believed it to be captured by ethanolamine (arising from

the reduction of glycine) thus yielding choline wlhich was found to
contain a small amaunt of nitrogen-15. Du Vigneaud et al (40) fed
betaine labelled W.th nitro>)gen-15 and W.th deuterium in the methyl

grouns to Write rats. Ann”sls of the mmthyl groups of the choline and
creatine isolated from the tissues showed that they arose from betaine.
Deuteriomttyl groups from dietary betaine appeared in the tissue

choline almost as rapidly as they appeared from dietary deuteriocholine,
thus indicating that betaine is a very efficient methyl donor. Borsook
and Dubnoff (41) using rat liver hoi®mgeena™es have shown that homocys-

teine VI, homocylSeloe V, end homcylteinoehiolactone Kill wjre

XXII
mediated to meehionine by betaine or choline. The aerobic synthesis
of mmehionine from choline was almost as effective as that W.th betaine,
but anaerobic formation of methionine from choline is either slight or

does not occur at all. Thiess results indicate that choline mist be
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oxidized to betaine before transmethlati-on wil take place.

In du Vigneaud’e feeding experiments the methyl group of
dietary rathionine appeared more rapidly in creatine than did those of
dietary betaine (42). This was also the case wth the methyl group of
sarcosine XVII wiich was found to arise from meehionine and betaine
(43). Possibly the transmethylation the methyl group of betaine to
form creatine or sarcosine Involves transmeehrlation first to moehionitt

and then to creatine or sarcosine.

(d) Fate of betaine molecuee other than tee methyl groups
When du Vigneaud and his colleagues (40) performed their ex-

periments with betaine labelled Wth d"teri’""m™th™l groups and nitrogen-
15 they found very little of nitiogen-15 in the tissue choline indicat-
ing that the betaine molecule was not converted as a whole to choline
as postulated by Stetten (39]1. Mimtz (44) isolated nltrogen-15 labelled
dimethflglycine from rat liver homogeenaes Wiich Wire Incubated W.th
nitrogen-15 labelled betaine. Recently Mackeln;it et al (45) have shown
that both methyl groups of dimthyl glycine are oxidized to formalde-
hyde in rat liver homooeenhes. It would anpear that the methyl groups

betaine are meabolized by at least two different pathways. One is
used for trat™ethy.etiot and the remaining two are oxidized to carbon
dioxide, perhaps via formaldehyde. The reminder of the mooecule be-

comes glycine, wiich is oeeaboliztd by pathways wiich cannot be discussed

here.
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(e) Inzmne ystems Imrolved in trenmethylatlon from betaim

As yet nothing concrete is known concerning the enzyme rr
enzymes Involved in the transfer rf the labile mehrl rf betaine tr r
methyl acceptor* Clusr and Nebbir (46) a&ellBtered betaine Wth
thiamine to humins end found that the excretion rf trigonelline XXIV

was abnormlly high, indicating a oeethrlatlOl process.

XXIV

Borsork and Dubnoff (37) reported the partial p'ueificatill rf
a "betaine transmethyllse” Wilch catalyzed the mediation rf hrmo-
cysteine to methionine in rat liver slices. They were, hrwerer,
unable to separate it from dloee!hlthetll XIX tmfoethyllse. The
enzyme action was not inhibited by cyrnnide, azide, arsenate rr
rrsenlte. It was found that the enzyme was unstable at a pH rf 4.5.
Recent work by Stekol et al (47) indicates that the extent rf incor-
poration rf the oc™lil group rf betaine into tissue choline and
creatine is reduced in the folic acid deficient rat. The function

rf thiamine and rf folic acid in these processes is as yet eery

obscure



(C) Occurrence of MettylenedloTv Groups in Nature
Meethflenedioxy groups have been found to occur widely in the
plant kingdom. They occur in the plant alkaloids, particularly in those

wth an Isoquinoline nucleus XXV.

XXV

Dicentrine XXV, chelidonine XXVI, corycavine XXIII, nareotine Xxix
and sanigiinarine xxx are but a few of the alkaloids witch fall in
this class (48). PIDerine xxxI is one of a few which has no iso-
quinoline nucleis, but has one meh'lenedloxy group (48). Many
essential oils contain compounds witch have a methylenedioxy group.
S'nfrole XXXI found in oil of camphor (49) , msrirtloln XXXII in
nutmeg and mice oil (53), apiole xxxTv In persley seed (51) and
aplolaldelyde xxxv which is found in dills (52) ell contain this
group. The presence of meeihrlenedioxy groups in barley lignin has
been reported by Sarker (55).

The alkaloid protoplno XXXVI used In these experiments
belongs to the Isoquinoline group. It was first isolated by Hesse

(54) from opium in 19112. Danctawrtt (55) characterized it and

13



stated that the alkaloid contained two mithyltntdiaxy groups and one
K-meetiyl group. Horever i1t was Perkin who determined its structure
(56). The alkaloid was fTirst synthesized by Hawrth and Perkin in

1926 (57).

(D) Origin ff Meth"J-enedioxy Groups

Little is known on the origin of the meethrlenedioxy groups
in nature. Browne and PhHIlips (58) suggested that eet]h'mltntdioxy
and methox" groups found in nature did not arise from formaldehyde
but from di8sath”rldes by successive oxidation, hydrolysis and re
ductim. Howvsr, they gave no experimental evidence to back up
their theory. Dawson (59) suggested that methoo?!, eithrlimitr and
mie]arletedioxy groups in nature might arise from sources w”ich
have labile available, similar to that in the animal body.

Recent work on oxidation of groups and mmtaboilm
ff carcinogenic dyes in the animal body has thrown some light on
the probable origin of eithrltntdiowy groups. MaaketnJit end du
Vigneaud (60), and Maakenzie et al (61) labelled sarcosine
dimethrlamnoatlhinoa, dimet]hriglytine and methanol w.th carbon-" in
the mthyl groups and then incubated the radio trmpollutds with rat
liver homoreetae8. From the hrmeretttes they ware able to isolate
formaldehyde labelled with carbon-14. When H-meehr! carbon-M
labelled dyes such as 4-eonometthmlaminO8zretn8tnt are fed to rats
the carbon-14 is found in the ft carbon ff serine and in the meeh™

group o” choline (62,63). After incubating these dyes in rat liver

14



yomosglnltts Mueeler end Miler (64) isolated formaldehyde labelled Mth
carbon-14. Miiiler and Miler (65) warmed a suspension of denatured
normal liver protein in a solution of 4-amLnoazobtnztnt and formalde-
hyde, and found that appreciable binding of the dye to the tissue
protein had occurred. Since the products of demeeiyrlation of azo

dyes are a primary amine and formaldehyde it appears that the reac-

tion is an oxidative process rather than triismetlyryatioi.

The great tendency for hydroxymeehyl groups to dissociate to formalde-
hyde or to condense vdth compounds containing active hydrogen to form
m>elyrltnt derivatives is we!.l known (66). Thus methyltntdioxy groups

in nature mljgh't arise from the oxidation of compoimds witch have an

15



O-metlhrl group adjacent to a phenolic hydroxy. There are mmy such
alkaloids found In nature. The m"\*M"iLne and sinomenine alkaloids (67)
which are made up Wth a phenanthrene nucleus XccTil are but a few
Wiich contain a phenolic hydroxyl adjacent to a eethoryl group. If
this is the route of synthesis of these groups then meehionine,
choline and betaine would be expected to act as precursors since

they are labile eethyl precursors. The follcwing scheme in the

formation of mmethylenedioxy groups is pastulated.

16
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EXPERTMENTAL
(A) Measurement of C~rbon-14 Activity

All carbon-14 activity was mararad using a NNolear Instru-
ment "Q" gas cowrier. All substances counted as infinitely thin layers
w>re dried on lens paper supports. This technique resulted in a mich
greater reortdulliility in counting idenlilil activities in different
chemical forms. Although some of the activity was absorbed by the
lens paper, this was not important since all results were relative.
Protonine and choline and their degradation products were counted as
infinitely thin layers. Bordonine and N-mellhyl tyraoina were counted
as infinitely thin layers, after the active mitalaV wss diluted w.th
Inactive carrier. Apppotoiate IOllreltitns ware then made and i1ll
sped-fic activities reported as counts per minute per oillioole

(cppon."OM) for carrier free miteial.
(B) S"nU'iesis of Carbon-14 Labelled ChMYrnds

(a) Synthesis of carboni!4 methyl labelled I"oethi®("nnee

Carbon-14 methyl labilltd I-oelhionlni was prepared from carbon-
14 labelled ethyl Itelel and S-ban”yl L-htlmollteina using the ortcae-
dura outlined by Melville (68).

The S-benzyl L-hamollteina wis prepared by the method described
by du Vignaaud and Patterson (69). D-L-hOlmollSeina was conrertae to
S-benzyl D-L-homotllteinl wiich in turn was fororlated to N-foimyl

19



S-benzyl D-L-Oconolcsttene. This formal derivative was resolved with
the aid of br>cine into the D- and L-isomers and then reconverted to

S-bengyl D-homolysSelme and S-benzyl L-Oo]mlysStene.

(b) Synhesle of carbon-~ labelled sodium furoate

The carbon-14 labelled sodium formate was synthesized by a
procedure described by Dubeck (70). Carbon-14 labelled sodium
carbonate was hydrogenated at 70°C. and 100 atmospheres pressure

in the presence of caHadum catalyst.

(c) SynrnhesiB of carbon-14 methyl labelled choline

Carbon-14 methyl labelled choline was prepared by the method
described by Ferger and du Vigneaud (71). Carbon-14 labelled methyl
iodide was slowed to react w.th an excess of etOanol“mine and the
resulting choline was isolated as the reineckate salt. The choline

was purified by employing the method of KaDfhamner and Bischoff (72) .

(d) STynhesls of carbon-14 methyl labelled betaine
Carbon-14 methyl labelled betaine was prepared by a method
described by Ferger and du Vigneaud (71). Cfurbon-14 labelled Mthrl

iodide and the sodium salt o® N-(dimethyl glycine were used.

The sodium salt of NA(™im*e;h" glycine was prepared by a method

described by Anslow and King (73). An aqueous solution of m>IlcyOoro-
acetic acid containing 8.25 gm. of the acid in 8.2 ml. of waer was

slowly added with stirring to 100 m.. of 16.5 per cent solution of

20
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dimethylimint in tolst. After refitting the solution for four horns,
an excess of baryta was added and the excess dimethylamine removed
under vacuum. The baritm was then precipitated wth a stoichiomeeric
amoomt of sulphuric acid and the filtrate csnccnirlted to a smll
volume. On the addition of an equal volume of alcohol and hydxesoc>lioselc
acid the salt of N-dimethriglycine crystallized out. The free acid
was prepared by addins excess silver carbonate and then removing the
silver wLth hydrogen sulfide. Evappration of the solution gave large
crystals of N-dimethrlglycine which were readily soluble in absolute

and crystallized unon careful addition of diethyl ether.
Yield, 63 per cent. M.P. 178 - 179°C. coor*.

The ap”™ratus used in the preparation of betaine is shown in
Figure 1. A 0.25 sample of carrter mt*yl iodide was distilled
through tip (a) into trap O0B) which was cooled wth liquid air. After
removing vessel (A, tip (a) was stlltd and the entire system evacu-
ated and sealed (F). Braak-seal (c) on sarnie tube (C) containing
onne-ifth of a miilicurie of carbon-14 labelled iodide was
broken wth a magjneic breaker, allowing the contents to mix wth the
carrier methyl iodide in (B). The mixed methyl iodide sample was al-
ternately condensed from (B) to (C) to ensure compete mixing* Final-
ly the entire sample was frozen into (B), kept at liquid air teeTPeeature
w”hle seal (E) was broken and nitrogen aioowed to enter the system.
Tip (a) was reopened and trap (A), containing 520 mg. of the sodium
salt of N-dimee”ylglycine in 10 m.. of 75 per cent alcohol, replaced.

Trap (A) was kept at the temperture of dry ict-lcetoit. As nitrogen



FIG- |
APPARATUS FOR THE SYNTHESIS OF c'4 METHYL LABELLED BETA|NE
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was allowed to bubble through the solution trap (B) was slowly raised
to 40 watil all the ra™”™l i~ifle had been swept into trap (A). After
flushing for two hours the oontents of (A) wire transferred to a carlus
tube I-hich was then sealed and heated at 70° for 95 ~lN'ui®js. The solu-
tion was evaporated to a smai volume, made acidic with 0.JN
hydrocM.orlc acid and saturated ammonium reineckate solution added.

The betaine reineckate whLch precipitated was fLUered off and thor-
oughly washed to remove any unreacted mtteial. The reineckate was
then decomposed by the method of Kapfh"am”etir and Bischoff (72). The
resulting solution was finally evaporated to dryness, the betaine

taken up Wth hot ethanol and crystallized out by the addition

ether. Yield, 70 per cent. MP. 237-9°. Total activity 1.1 x 10®

c.pm.

(C) Growth of Plant Maateial
(a) Growth of barlyy paants

C’hrilott®eo”™wn No. 80 barley wiich has been shown by Leete et
al (74) to elaborate both N-mthyl tyramine and hordenine was used in
this experiment.

A 720 &n. sample o” the barley seeds was evenly divided among
twelve 20 x 25 cm. Pyrex trays. The seeds were ratered twice daily
and on the sixth d«y o germnation carbon-14 mmthyl labelled betaine
was added, dissolved Ln wa;er. The barley was harvested on the 11th day
day of gereinttllt, the roots separated from the stems and both dried in

an oven at 110°C. before working up for the desired m~rial
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(b) Growth of castor beans

A 360 gm. sample of R. commune beans was evenly divided among
six 20 x 25 cm. pyrex trays. They wire then covered Wth a thin layer
of vermiccllte (a form of mica which is a non-noou’ishing plant support
medium) and kept well dampened by wtering twice daily. These seedlings
were placed in a light-tight cabinet JMantained at 27°C. Wn”chirs (75)
has shown that under these conddtions caBtor seedlings heve the greatest
alkaloid producing power Growth in the absence of light also eliminates
photoasynihesis wuioh could cause appreciable random labelling of the ri-
clnim mooecple. After allcwing the young seedlings to grow for four
days carbon-14 methyl labelled betaine was adnlnistered w.th the daily
w”er ration. The young plants rare harvested when they were 1? days
old. The roots were then removed and the cotyledons and hynocotyls

dried in an oven at 110oc.

(c) Growth of Dicentra Hrtbids

Dicentra hybrids (Dicentre exi‘mn (Kerr-Gawl) Torr. X Dicentra
Organa (Eastwood) were used in the investigation of the origin of
meehflenedioxy groups. These Dicentra hybrids were found by the author
to produce considerable amounts of protopine under the conddtion o”
these experimeerts. Three young seedlings were planted in a garden in
the onen and allowed to grow for one month. At the end of the one
montth growth period the three young hybrids wen removed from the soil,
the roots washed and then placed in a culture solution (76). These

three young hybrids were fed respectively carbon-14 mmthrl labelled
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L-mehhonnne, carbon-14 mithyl labelled choline and carbon-14 labell™d
sodium formte. These labelled wtaelals ware administered dissolved
in the liquid culture solution in rtiich the plants were growing. After
the plants had been in contact with the labelled maozl.al for one week
they had translocated activity to their topmost leaves. They, then,

were removed from the solutions and dried in an oven at 110°C.
(D) isolation Techniques

(a) ”~rojOaiin of N-methyl tyamuine, hortennee nnd choHee

N-meeihrl tvramine, hordenlne and choline were extracted from
the barley roots, rtiHe the stems yielded gramine end choline. The
extractions were done using a procedure outlined by Kirkwood and
Marron(77). The dried root mateial was extracted in a continuous
me~nol extractor for 24 hours. The methanol was evaporated under
reduced pressure, the residue taken up w.th 200 ml. of 2 N sulphuric
acid and extracted three times with an equal volume of ether. N-methfl
tyr'amine end hordenlne were continuously extracted for 48 houurs w.th
ether from the aqueous layer which had been made basic w.th ammoona.
After ether extraction, this basic solution was treated w.th one-sixth
its volume of “meHano! to nrevent foaming and methanol and ammonia re-
moved under reduced pressure. The solution was then made slightly acid-
ic w.th dilute hydrochhoric acid, filtered and the choline precipitated
by the tdddtiii of a saturated solution of ammonium rtiieckttt to the

filtrate. The ether extract of the residue taken up by sulphuric acid,
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containing the phosppUpld choline, was evaporated to dryness, the
residue dissolved in 1 N potass™m hydroxide in 30 per cent ethenol

and the mixture reflixed for four hours on the steen bath. After hydro-
lysis of the phosppUpld choline the solution was mde acidic wth di-
lute Oyd”ochl.orio acid and extracted twice with petroeeim ether. The
aqueous portion was filtered, and the choline precipitated by the addi-
tion of ammonium reineokate to the filtrate.

The stems were also extracted with methanol for 24 hours. The
meehanol was evaporated, the residue taken up w.th 2 N sulfuric acid
and extracted M.th netroeeim ether. The aqueous layer was made alka-
line w.th sodium hydroxide and the gramlne extracted w.th ether. The
aqueous layer was then made acidic wth dilute hydrochloric acid,
filtered and the free choline precipitated by the addition of ammonium
reineckate. The ecid-ether extract which contained the phospooipld
oholine was hydrolyzed and conveerted to the reineckate as before. All
the choline reineckate precipitates were combined, decomposed by the
method of KeofOmOTmer and Bischoff (72) , and the choline then precipi-
tated as the oOLolr)oOatinate. It was found that betaine chloro-
platinate was soluble in 95 per cent tiolOol whHe choline chloro-
platinate was not. To make doubly sure that betaine was separated
from the choline, the choline ohloropPatintte was decomposed w.th
hydrogen slinO1de and the choline reprecipitated as the reineckate

in basic solution. Yield o" choline olllropOatinate, 373 mg* from

140 gm. of plant rntteial



N-oeahyl tyrcoine and horeanlae were separated by the mthod
eescririe by Leeta it ci (74). The ether extract was evaporated to
dryness, the residue taken up with 200 oi. banzona and the solu-
tion passed through an alumina column. Hordenina was eluted w.th a
10 per cent solution of methanol in benzene. The N-meUH tyrimlna
was then eluted by wishing the column w.th pura oellhnol. The hordan-
ina and N-melhyl tyraoina fractions were evaporated to dryness, tha
residues transferred to spilth bulbs and the contents of tach sublimed
at 125°C. and 0.03 mo. presswre. YiaM of ~rwtlhrl tynoine wis 61
M.P. 128 - 129°C. c™m. Yield of hordanina was 73 mg. M. 118 -

119°C. corn.

(b) Itoialtln of rlilnlie

The riclnlm was extracted from the dried stems and cotyledons
by using a eotefieatioa o thi prondm outlined by Weaver? (75). The
dried plant eitaial wis thoroughly crushed and continuously i1Xtiiltie
wth oolfranol for 48 hours. The methanol extract was evaporated on a
steam bath to 500 §. and the residue wished into a beaker w.th one
liter of hot wier. The aqueous solution wis aioowed to cool to 40°C.
and a saturated solution of Viad acetate added to precipitate the amino
icies. This preecDi-tite wis lo'olbit("iy filtered off and thoroughly
wished w.th hot rater. The excess latd was precipitated Wth hydrogen
sulfide, thi laad sulfide filtered off, thi filtrate then evaporated

to a volume of 80 ol. and extracted for 24 hours Wth chloroform in a

21
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liquid-liquid extractor. The chlorofora was evaporated under reduced
pressure, the residue dissolved wth hot methanol end the rlcinine
slowed to crystallize at 0°c. The rlcinine was then piu'ified by

sublimation in a spslth bulb at 195°C. and 0.03 mm. pressure.

Yield, 2.12 gm. or 3.0 per cent of dried mtteial. M.P. 199 - 200°C.

(c) Isolaiion of protnulne

The prrtopioe from each of the plants was isolated according
to the procedure described by Manske (78). The dried plants were ex-
tracted wth iKrthrnol in a soxhlet extractor and 500 m?» of carrier
prot™ine added. The mithanol extract was evaporated to a smU volume,
made acidic wth dilute hydrochloric acid, the remainder of the mthanol
removed, and the solution extracted wth chloroform. The aqueous layer
was made alkaline Wth potassium hydroxide and extracted wth chloro-
form. The chloroform fraction was dried over sodium sulfate and eva-
porated to dryness under reduced pressure. The residue was washed
wth netroeeim ether on a buchner funnel, taken up with meehanol,
evaporated to a smU volume and made acidic wth ctncenOrtted nitric
acid. The protopine nitrate wilch crystallized out was filtered off
and washed wth Ice cold meehanol. To recover the free prrtoplne the
nitrate salt wns dissolved in chloroform and shaken wth a 10 per cent
solution of potassium hydroxide. On tvappratlon of the chloroform
fraction to s mall volume, prottplnt crystallized out. The prottplnt
from each plant vas purified to constant specific activity by alternate

recrystallization of the free bese and the nitrate salt from metlhaDlI.
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Yield w.s About 75 per cent based on the ceii'lei enrstoplie added.

M.P. 203 - 205° mit.

(D) DDgradation Techniques

(a) Degjraddtion of horde™ne

Hordenine was degraded by a eoSiifoatisn of the procedure
outlined by Leete et al (74). These authors reported that the C<
and Q oarbon atoms o" the alkaloid underwent a Tiffanm *111X1/71-
ment (79) during the conversion of p-viiylliisole to homeoliialdtyyde.
However this rearrangement did not effect ithese results since it was
only necessary to show that there was no activity in the horde ™nt
mooecult other than in the meethyl groups.

The active simple of horde“™ne was diluted v/ith 2.0020 gm. of
inactive carrier. This was recrystallized mmi constant activity was
attained. A 1.9936 gm. sample o” the horde ™ne was dissolved in 25 M.
of along wth 10 ml. of methyl iodide and the mixture refluxed
on the steam bath for 30 einilees. After the reflux period, the metyanol
was evaporated to a smll volime end the horde“™ne meehioiidt aioowed
to crystallize out. The meehioiidt was filtered off end washed wth
cold raet™*hniO-etier solution. Yield, 96 per cent. M. P. 231 - 232°C.
corr.

The horde™ne m'i"iod*de was then converted to O-methyl hord™-
ine eethooOioriie. A 2.0000 gm. simple o the mehiodidt was dissolved
in 16 ml. of 10 per cent sodium hydroxide end 11 ml. of iieeelhrysuUflte

were slowly added with stirring. Alfter ILL the iimet*yiyBulflte had been
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added, the solution was stirred for an additional five hours. The
resulting 0-methyl hurdenine mehlldi.dl was precipitated as the re-
Iteckatl in basic solution. Any unreacted mateis! would stay in
solution. The relteckatl salt was then Ffiltered off, washed thorough-
ly, dried and decomposed by the method described by KapOhtrtmer and
Bischoff (72). The G-methyl hordenine mehochloride was recrystal-
lized from eelthttl--lhe”. Yield, 90 per cent. A 1.1060 gm. sample
the compound was dissolved In 25 m.. of meh?"chl along w.th fresh
sliver oxide made from 1.0 gm. of silver nitrate and sodium hydroxide.
After stlrrlrg for three hours at rocm tempee'et”™e in the dark, the
silver chloride filtered off and the Ffiltrate Introduced Into a subli-
maion bulb. The solution was evaporated al*m"i*t to dryness under
reduced pressure and the sublimation bulb 0071601" to a high vacuum
system through two traps, the first cooled to 0°C. in ice and the
second to -70°C. in dry lce-acetlte. The bulb was heated in an air
bath to 140°C. at which tleperature decompelillon took place and the
p-vinyl anisole distilled, most of Lt condensed in the first trap,
whhle the trleethyltnlne condensed in the second trap. To the second
trap methyl iodide was added and the tertemlthyylemIimUum iodide convert
ed to the rlitlikatl. The rlltllikatl salt was eu”iOlli to constant
specific activity by the method o” Kapfhaminer and Bischoff (72).
Yield, 81 per cent. The e-vityltnislll was taken up w.th ether, stirred
w.th 1.5 gm. o® yellow me**un™Ic oxide and 1.5 gm. iodine, for three

hours. The me"“Lc oxide was then filtered off and the filtrate



31

shaken with aqueous sodium thiosulfate to remove excess iodine. The
ether solution of the resulting himmltt8aldlhydl was evaporated to a
amaal volrne and stirred w.th a solution o® 3 gm. of sodium bisilfite
in 10 ml. of waer. The bisulfite addl-tion product was Ffiltered off
and stirred w.th 2 ml. o” a solution o® 0.20 gm. of hydrixylamitl
hydrochloride and 0.20 gm. of sodium carbonate in waer. The oxime
precipitated out as colorless crystals and was recrystallized from hot
waer. Yield, 10 per cent on original starting maeeral. M.P. 119 -

200°C. corr.

(b) DDgraddtion of M-meHiy! tyfamine

The N-imethyl eyramlnl was converted to hordenine meehiodide
by refluxing 1.600 gm. in 25 m. o® mehannl, 9 ml. o® m>thyl iodide
and 1.00 gm. of sodium bicarbonate for two hours. The hot solution
was Filtered, eMsMchititted to a smIl volume and aHo”ed to cool when
hordenine muUhLodide began to crystallize mt. The hordenine mehlo-
dide was converted to O-methyl hordenine meeho(!hhoride and degraded
in the same mumer as described for hordenine. Yield of tetra-
methylammonium reineckate, 75 per cent. Yield of himmltt8aldihydl

oxime, 8 ner cent based on starting materal.

(c) DDgraddtion o® choline chloroplatinate

To determine the location the labelled carbon in the choline
mooecuue, the salt was degraded by the method described by Lintzel and

MolnaSerll (80). A 370 ms* sample o* choline chloroplatinate was
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placed in a three-necked flask along wth 15 ml. of 20 per cent
potassium hydroxide. The flask was connected to two traps each
filled w.th 1 N hydrocHorlc acid. The flask was heated w.th a
"g'lasscol” heater as air was passed through the eolutlon. A satur-
ated solution of p™bass"im permalngttnatt was slowly added dropw.se
wrtil oxidation was compete as indicated by a permanent green color.
The traps were then removed, the transferred to a flask and the
hydroehhorlc acid removed under reduced pressure. The trioetlylimine
hydrochloride was taken up w.th wTer and ammonium rtlitctaatt added
to the solution. The trmietyylaimionlam rtlieekrtt was purified by
the method of Kapfhrnmmer and Bischoff (72) unil constant activity

was attained. Yield, 63 per cent of theoretical.

(d) Degrndatiil ol pro”™inee

The speec”™~c activity of the N-moth”l group was determined
by degrading a portion of the alkaloid according to the imthflimino
determination of Pregi (81). The resulting methyl iodide was trapped
in trioethyltmlnt. The apparatus used in this “rocedurt is shown in
Figure 2. A 50 mg. sample of the alkaloid was placed in reaction
vessel (A) along w.th 70 mg. of ammonium iodide, 2 drops of 10 per
cent gold chloride solution and 15 ml. of constant boiling hydriodic
acid. Trap (B) contained a 5 per cent solution of sodium thiosulfate
and cadium sulfate, rtdle trap (C) and (D) contained a 5 per cent
ethanolic solution of trioetlyl™miie at dry ice acetone teopetrrlure.

Traps (C) and (H) containeddilute sulphuric acid. Stopcock (E) was


dropw.se




34

closed and nitrogen alOwed to slowly bubble through the solution. To
cleave the “>™"1 group reaction vessel (A, was heated w.th a
"glasscod" heater mUI all the h'driodie acid was distilled into

trap (T). The residue remaining in (A) was thermally decomposed at

320°C. for thirty minnues, flask (A) cooled and the acid alOowed to
run beck into (A)+ This was repeated twice mom to ensure that a
maximum yield of the N-rneehyl group was obtained. The contents of
traps (C) and (D) were removed, transferred to a flask, 0.5 cm. of
potassim hydroxide added and evaporated to dryness. Any formalde-
hyde wiich may have come over due to hydrolysis of met]lrltnndirxy group
would be evaporated off at this point. The residue was taken up w.th
waer, made acidic w.th dilute hpdrochhoric acid and the tttrEmetthl-
aranonium chloride precipated as the rtlotckatt salt. The sample ff
teraamethylammiaM rtloeckate was purified to constant s”™cific
activity by repeated dtcomPtSi;lrn and reprecipitatito according to
the procedure of KapOtanmer and Bischoff, (72). Yield of K-meehy!
group was 90 per cent ff tteoreeii:al.

The specc-fic activity of the nethhleoedloxh groups was ob-
tained by hydrolysis ff a separate portion of the alkaloid wth 20
per cent sulphuric add. Gadamer (82) reported the tltiaatioo of
net!trleoedioxy groups by hydrolyzing vith crncenOrtttd sulphuric
acid in the presence of phloroglucinol. Howevr, this was msaaisftcttinm
for our purposes in that the yields were low and the nature of the result-

Ing compound ulcctr;aio. Sarker (53) reported an improved method for the



estimation of tha numier of oethylanedltxy groups in lignin. He
hydrolyzed the groups to formaldehyde w.th 28 per cant sulphuric acid
and obtained ths formaldehyde as tha dimedone derivative. The ortlae-
ure foiowed in this work wis a slight ooteiicatltn of barker's. A
100 ms. sample of the alkaloid and 70 § . of 20 per cant sulphuric
acid were placed in a flask Itnnectad by a condenser to another flask
containing 170 eg. vf dimedone in 20 i,. ff rater. The flask contain-
ing thi alkaloid was hatted by a "gltsscod" heater urtil rater began
cooing over. At this point more rater wis cN™MINMAILIM added by mans
of a dropping funnel to ointain the ltnccnlratitn of the acid at 20
per cent. The riltiver containing the dissolved dimedone wis warmed
slightly to ensure that ill thi ftimiidehyea w”ich came over ritctie
w.th thi dimedone. Heating wis continued unUI 400 i,. of rater had
bean distilled over into the receiver. The riliiving flask ms then

cooled and the formaldehyde methone filtered off. The yield was 60

ner cent of thi theoretical. M. p. 190 - 191°C. corr.



RESULTS AND DISCUSSION

The results 0" the betaine experiments are shown in Table 1.
These results indicate that betaine mthirl tikes pert in the tiens-
eeetyl.atisi scheme in the barley plant. Since the activity o" the
hordenine is tvi-ce that the N-methyl tyrimine, this indicates that
tyraminv is methylated to yordeiint by a stepwise process and the two
steps ere not far separated rd.th respect to time.

It is postulated that betaine methyl is utilized vie methionine
in the animal body (43). A compai‘ison 0" the results obtained by Hat-
chett et al (3) for meehioiint vith these results shows that the total
activity o” the betaine fed was slightly more thin twice that of meth-
ionine fed. Hoirever, the activity o the from the betaine
experiment was one-fourth the activity of the hordenint from the ~thione
experiment. It is reasonable to pootulate, therefore, that the mmthyl
group of betaine which is found in hordtn”™t is transferred directly to
methionine or by some other Intermediate or iittlmediatva to methionine.
It is also possible that such young plants depend on sources other then
betaine for their labile "~ thyl supply. The utilization of betaine
methyl may not be developed unUI thtat sources heve been exhausted
and phoOo*ayihetio processes ylet been put into full operation. To
check these poossibilties it would be necessary to investigate the role
of enzyme systems involved in the transfer of betaine metty!.

Maichiet vt il (3) havt also shown that choline methyl irises

from methionine. The results obtained in this work indicate that betaine
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BETAINE
administered

'GT. TOTAL
MOM. ACTIVITY

Cep.m.

48.3 1.2 x
107

60.0 1.7 X
io’

TABLE |
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SPECIFIC ACTIHIVTIES OF BETAINE EXPERIMENTS

ALKALOID

- ISOLATED

Riclnim*

M-meehy!
ty”“mine

Hordenine

OhDlinl

2 not degraded

Original

Substance

<6.0 x 102

45 + 0.1
x 103

94 + 0.1
x 103

1.95 + 0.1
x 104

SPECIFIC AcCTIVITY

c.pt.m. p®r hM»
Trimrthyl Homo-
Amine Anisaldehyde
Oxime
48 + 0.1 x 103 0
8.5 + 0.1 x 103 0
1.81 + 0.1
x 104
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ansfera ite methyl to choline* The transfer is probably via
nine. The seme results could have been obtained by the two step
tlon of betaine. Hoowver, If choline arises by the two step reduc-
. of betaine, then Its activity would be expected to be much higher
in that obtained In this experiment. Du Vigneaud et el (40) showed
hat the reduction of betaine to choline was not significant in the
animal body. The results reported In Table I Indicate that this Is
+tlao true for plants.
The fact that betaine did not transfer Its labile methyl to
that of the N and O-methyl group of the alkaloid rioini.ne In the castor
bean plant is in oonnraat with the results obtained for the barley plant.
Ciainiclan and Ravenna (83) failed to i1alitte betaine from the bean plant,
although they found traces o” choline. They did not state, humver, the
type of bean plant they had investigated. If betaine Is not present In
R. OlmuuLit then the "mee]O0™1phertae” required for the transfer of the
labile methyl group would not be expected to be present in the plant.
On the other hand, the young plants may not depend on betaine for their
labile methyl supply, because of the large meehlonine supply that the
growing seedlings have at their dispo”™l. This is evident from the
large endosperm wiloO the young plants have In their possession. Labile
betaine methyl may not be utilized unil the supply of labile methyl In
the endosperm is exhausted.
The results of the experiments on the origin of the meeihylenedloxy
group are shown In Teble Il. The results indicate that meehlonine serves

as a oreclraor of both methylenedloxy and 1-methyl groups of the alkaloid



TABLE |1

SPECIFIC ACTIVITIES OF PHOTOPINE EXPERIMENTS

METABOLITE ADMINISTERED

L-Methionine

Sodium
formate

Choline
chloride

Weight
(mgm)

82

Activity
c.p.m.

1.2 x 107

5.0 x 10%

3.0 x 107

SPECIFIC AcTIvITY- C.P.M. per mM.

Protopine

8.8 + 0.1
x 103

1.3 - 0.1
x 103

Metl™rl- N-Metlhfl

Enedioxy Group
Group

1.5+ 0.1 19 t0.1
x 103 x 103
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protoplnc. Format- also contributes to the activity o” the mooecule,
but not to as great an extent as N-1!"~™-_ Formate has brrn shown
to br a labile mthyl precursor in the barley (1) and tobacco plants
(84). Hotweer, the activity the nrotopine from the formate run
was so low that significant activities for the degradation products
were not obtainable. These results indicate that the methyl group of
the methionine is timsf-rTed to a hydroxyl group, the resulting
methoxyl oxidized to hydroxymethyl and th-n ring closed w.th an ad-
jacent hydroxyl group. The second step in this sehtmt is simiar to
that postulated by Mlil-r and Mliler (65) to occur in the metiabolism
of the N-metlhyl groups of carcinogenic azo dyes. The ease w.th witch
hydroxymethyl groups react with rctiet hydrogen is wv-1 known (66). |If
formate was a more direct precursor of th- methyl-nedioxy groups than
methionine methyl, it would bt expected that a mich higher level of
activity would br obtained in th- formate run, since th- I-v-1 of
activity frd in th- formate experiment was four times that in th-
methionine experimenn. It is reasonable to pcos™at-, therefore,
that th- above scheme takes place rather than formyatiii foioowtd by
reduction and ring closure.

The fact that choline methyl does not contribute activity is
not surprising. It has bttn shown previously in th- case of barley and
K. commons that choline mnh"l conirlbut-B neither to the "labile
methyl”™ nor format- pools of th-s- plants (3,4). The Dlcentr. plants

seem to follow the same pattern.

An inspection of Table Il shows that if the activity in the
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methylenedioxy groups and ths N-methyl group Is aubstrooted from the
total activity in the molecule, a residual aotivity approximately
twice that in the N-nethyl group is left. An inspection of the struc-
ture of protopine XXXVI (page”g) shows that it could have originated
from two dihydroxyphenylalanine residues plus the oarbon atom in the
dotted circle. It is reasonable to postulate that the residual acti-
vity Is in thia carbon atom. It has been shown that the "formate pool*
is concerned with the biosynthesis involving single oarbon atoms (RB).
Therefore, this single oarbon atom may have had its biogenelb in the

"formate pool” of the plant.



SUMMARY AND CONCLUSIONS

Carbon-M rathy! labelled betaine was synthesized and fed
to young barley and castor bean plants. It was found that betaine
took part in the t™tosnethrlatioo scheme in the barley plant but
not in the castor bean plant.

The mtlt™Mtotdlrxh group and the N-'mtlthl group of the
alkaloid pro”pim were found to arise from aethtonioe. It was
found that formate was also a precursor, but not as direct a pre-
cursor as aeehionine. Since the activity of the wt!thltondlrxh
groups and the N-meeihrl group did not account for the total activity
found in the niftoploe notecuee, the n*ttiooiot mist conlributt
activity to some other carbon atom or atoms In this notoGule. The
position of this residual activity Is speculated as appearing in the

carbon atom witch Is encircled in xxxvi (pagets).
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