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SUMMARY 

The quaternary ammonium compounds associated with the oxidation of choline 
were ‘separated by column chromatography on a buffered weakly cationic ion-ex- 
change resin; These compounds were further characterized by thin-layer chromato- 
grapliy, paper electrophoresis, 
chromatography. 

ion~exchange paper chromatography, and ‘paper 

Analysis’of the products of the oxidation of. (W-methyl) choline by rat liver 
mitochondria revealed the presence of radioactively labelled betaine, betaine aldehyde 
and choline. ’ 

., 
., 

It has,been known for some years that in animals choline is oxidized to betaine 
via the’intermediate betaine aldehydel and’ that the process’involves the activity of 
two enzymes 2:The choline oxidase enzyme responsible.for the initial dehydrogenation 
of choline’ to betaine :aldehyde ‘has been partially purified from rat liver mitochon- 
driaa-6. The further oxidation of betaine aldehyde is brought about by a betaine 
aldehyde dehydrogenase. The question of the intra-cellular site of this enzyme in 
animals appears to be unsettled. Several workers o--O have reported betaine aldehyde 
dehydrcgenase activity associated .with mitochondria. On the other hand;’ other 
workerslo-13:have’ supported the ‘idea that almost all of the betaine aldehyde dehy- 
drogenase is in the cytoplasmic fraction and not in the mitochondria; ’ ” 

Although betaine, is’ of widespread occurrence in higher plants14: and fungi16, 
little is known of the’mode of biosynthesis of this compound in these’organisms;‘There 
is’ some evidence from $n vivo~experiments tliat kholine is readily ‘oxidized to betaine 
in some plant tissues 1+-20. :As yet all ,previous attempts to demonstrate the presence 
of the enzymes responsible for this oxidation have been unsuccessfully, lo. .’ : ,’ 

Further experiments with plant systems in this laboratory were jnitially 
hampered by difficulties encountered during. the “separation. of the ,.pro’ducts of the 
oxidationof choline. None ‘of the : previously ‘reported’ methods for the separation of 
choline and betaine ‘by: column : chromatography on’ ion-exchange ,‘resinsyl-“a:‘liave 
dealt ‘.with-- ,the ,important intermediate betaine~: aldehyde‘ -or y’tiith: the compound 
dimethylglycinei which is produced ,by the demethylation’ of. betainelD~“O; Furthermore 
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there are fe\r- ax-ailablc cJetaiIs of the bellaviour of these compounds during electro- 
phoresis and paper or thin-Ia>-er c-I~rorllatc-)grapll)-. Previous identifications of hctaine 
alclellx-de ha\-e been based uJmn simple chemical .qJ>(jt tests, melting point data and 
infra-red sJwctroscol~~*12. 

TJxis rcpchrt clewrihe.+ ;t 3inlJ3le l~uffcrcd ion-e_sc:Jlangc ~olu~~in J)rrwedurr ior tile 
~.l~~-c~lr~~~tc)~,rrnJ~lii(- .sc~p;lr;~tio~~ of c-Jlolino, betainc :~lclcJ~~~de, betaine and dimerhyl- 
CTlvcine. These cc~mpounds were isolated from the buffer &fluent as their reineckate h- 
cleri\*atives. TJlese xvere then converted to the original compounds and further 
cl~aracterizccl b>- paper electrophoresis, thin-la>-er cl~ri~~~~ato~raph~- on Silica Gel G, 
paper cllronlatclffrapll?- and ion-exchange paper cllrolnatc,~rayll~. The feasibility of 
these nwth:)ds xva.~; tlxn demonstrated by tlieir application in the resolution of tllc 
radioactive J,>rmlucts obtained ~.t-1lc11 (‘-‘C-metl!>*l) c-lrolinc cllloride ~-as rmidizecl 17~’ 
rat Ii\-cr nlitcwl~ondria. 

by measurement of the ;~bwrbance of their periodide derivatives at $5 +U. -AliqUnt 

samples (0.5-r ml) c,f tile ei‘fluen t fractions containing choline, betaine, or climetl~yl- 

glycine were made up to 2 ml wit11 2 1Y HCl but samples containing betaine aldehyde 
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,.:. were! adjusted to pH 73’as”the formation ‘of .thk‘. .periodide of this \compbund~,‘v&s.: 
:, greatly reduced under acid.conditions. .One:millilitre ,of ,a rea&nt (io .&:of, &sul&mkd,! 

,. 
iodine and xi .4 Q ,of KI in I 1 of ,water)’ ‘:svas, then’ added :,to,.the.solutions yhich; &re 

,. ‘shaken, and hlaced’in, an ice-bath for 20 mm. Ten millilitres of ‘I ,aldiclllor;o’~tbajnel’~~re: 
then ,added and ,.the, two ,layers &ixe,d by ,bubbling a fine stream of,&trogen, through: 
them, for exactly 30 sec. The. absorban&of. tlie organiclayer was :determinediri ,a 

‘.’ Unicam S.P. 800, at, a. ~avelen@h of 365 rnp ‘within: (IO. min, and’ compared .with 
.’ standard curves, obtained’ previously. for each of the :quaternary ammonium corn--Ï 

poundsTable I shows the optical densities of the periodides of ,umolar quantities ,of 
each of: these compounds. 

‘, :, 
‘: ,, 

‘. ‘,., 
.’ ,:,., 

TABLE I 
: ,, 

OPTICAL DENSITIES OT PERIODIDB DERIVATIVES OF THE QUATERNARY AMMONIUM COMPOUNDS : 
ASSOCIATED WITH THE OXIDATION OF- CWOLINE 

: 
,“. 

‘, Cotnfiounci! ‘, Epu”ole 
;,‘. 

jy cm at 365 WP .‘. 
‘. 

Choline a;134 

&taine &l&hycle 
,’ ” ” .’ 

1.476 
,’ 

.. :. 
.. ,. 

Betaine ‘, 1.006 
: 

Diinethylglycine 
‘. 

0.610 ,‘. ;. 
I. (, ‘, 

,. : 1, 

, ‘., 
.’ ,‘. ,’ .i 

I~oZa+o+b of~~~cqt~r~ary',ammorzizcm cq~~ozc~,dsf7om,'colzlmrt efizients; ," ",, :,., ,. ,. 
., .’ The.‘effluent fractions containing a qu,aternary ammonium .com$und~, &&‘- 

pooled and’conce,ntrited’@z vahib-at'5o". The’ ‘concentrated solu~ioi;s’were:,.then :a&+:, 
” ified,M;itli a little, conc&trat,ed hy&ochio&acid and’the’~uaternary bas&.~reci~itated ,’ 

&’ thei~;wate~~insoluble reineckate derivatives’:.by the::addition of exc~ss,I’s~~~urat~~‘:~ ). 
ammonium reineckate~ solution. ,Tl& ‘reineckates ~~,ere,~colle’cted by. cent~~~~~ati,o~i:af;d’l: 
converted ito:the’free bases bythe method ‘of I~YERRUM eE’aj;lD,, 

‘..: a’ ,/ ., 
% j ‘. 1, :’ .’ ” : ,i. .. 

.’ .,,, L . ..’ ,,: ‘.‘.,. 
” : ” ;: 

‘. .’ .‘,,’ 
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TABLE11 : 
THIN-LAYER CHROMATOGRAPHIC & VALUES ON SILICA GEL G OF THE QUATERNARY AMMONIUM 

COMPOUXiDS ASSOCIATED WITH THE OXIDATION OF CHOLINE 

Compoztnd Rp vahes 
Solvent Solvent Solvent Solvent 
I 1r III ) IV 

Choline o-37 0.31 0.01 0.01 

Betaine alclehycle 0.48 0.4” 0.06 0.03 
Betaine 0.55 0.48 0.47 0. IO 

Din~etl~ylglycine 0.59 0.51 0.60 0.18 

Pa$er eZectro$horesis 
The method used was a slight modification of that reported by BROCKHUYSEN 

et a1.26 for the separation of carnitine and several other quaternary ammonium com- 
pounds. Electrophoresis was carried out on strips (40 x 410 mm) of filter paper 
(Schleicher & Schiill No. 2043) impregnated with 0.3 Ad acetic acid-pyridine buffer 
pH 4.0, for 90 min at 340 V. The strips were dried in a current of circulating air for 
24 h to remove all traces of the pyridine which would otherwise interfere with the 
location of the quaternary ammonium bases. The reagents used for the detection of 
the compounds were as described by CROMWELL AND RICH~4RDsoN20. The relative 
mobilities of quaternary ammonium compounds in this system are given in Table III. 
No corrections were made for electro-endosmosis. 

Chromatography of the quaternary ammonium compounds was carried out on 
Amberlite’SA-2 ion-exchange paper (British Drug I_Iouses Ltd.) using I N, HCl as ‘the 
developing solvent. It, was ‘four@ necessary to’ ‘pre-wash these, papers with I N HCl 
and distilled water t,o remove a qubstance which gave rise to anomalous blackening 
of X-ray films. Chr,omatogra@hy was' also carried out on Amberlite WA-2 ‘ion-exchange 
paper (British Drug kous&Ltd.) impregnated with 0.2 Ad phosphate-citrat,e ‘pH 7.3 
and tlie Ipacers were ‘developed with the sam’e buffer at l&5,3. The Rp values of these 
compounds in these two systems are given in Table III. 

TABLE III 

ELECTROPHORETIC MOBILITIES ‘AND IbN-EXCHANGE PAPER CHROMATOGRA~HIC RF VALUES OF THE 

QUATERNARY AMMONIUM COMPOUNDS ASSOCIATED WITH THI3 OXIDATION OF CHOLINE 

Electvofihoretic 
mobility 
(distance (in cm) moved AmbeiZite SA -2 Ambevlite WA-2 
igz go min at 340 V asd 
pET 4.00) Solvegzt : I hT HCZ Solvent: 0.2 M 

plios$hate-citrate, 
PH5.3 

.’ 

Choline 
Betainc alclehycle 

12.2 0.59 ,’ 
O.SI 

Betxiine 
II.5 

Dimethylglycine 
,’ 5.9 

.5,5 : 0.86 

0.42. 

‘O.Q2 
0.39 
0.82 

,o.sfJ 

: 
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Paper chronzatogra~h. 
The following solvent systems (all. single phase) were used, and Whatman 

No. 3 MM paper employed: 
(I) +Butanol-acetic acid-water (4 : I : z), 

(2) Pyridine-sec.-butanol-water (6 : 3 : I), 
(3) !+Butanol-ethanol-acetic acid-water (g : I : I : 2)) 
(4) 95 % ethanol-o.SS ammonia (95 : 5). 
The’reagents used for the detection of the spots of the quaternary ammonium 

compounds were as described previously”“. 

Oxidation of (l~~C-nzeth.yl) choZine and beta&e aldehyde by rat Liver n&o&on&in 
Mitochondria were isolated from rat liver by differential centrifugation in iso- 

tonic sucrose (0.25 M) as described by SCHNEIDER AND HoGE~~ooM~~.- The mito- 
chondrial pellet was resuspended in a reaction medium containing 0.255 M sucrose, 
0.0225 J+ KCl, 0.001 m potassium phosphate buffer pH 7.2 ,and 2 l IO--~ M DFp27. 

The activity of the enzymes choline; dehydrogenase .and betaine aldehyde 
dehydrogenase in these preparations was followed polarographically using a simple 
platinum/silver oxygen electrode (Rank Bros., Bottisham, Cambridge, Great .Britain) . 
The reaction media were allowed to come to equilibria at 2gP. before the substrates 
[5 mrnole(l~C-methyl) choline chloride, specific activity a@Z/mmole, 4 mmoles betaine 
aldehyde) were introduced into the reaction chamber via, a movable well. ,with a 
small opening. .’ ,: 

At the conclusion of each incubation (10-40 min) the contents of the,reaction 
vessel were removed and deproteinised by heating at IOOO for IO min. After filtration 
the pH of the filtrate was adjusted to 5.3 by the addition, of 0.1 &I citric acid. The 
radioactive products of the oxidation of (1°Cmethyl) choline in this filtrate were then 
resolved by column chromatography on CG-50 as described previously. 

The radioactivity in each fraction of effluent buffer solution.was determined by 
theliquid scintillation method described by RICHARDSON?* using a Beckman liquid scin- 
tillation spectrometerserieszoo B (BeckmanInstrumentsInc., Fullerton,,Calif,., U.S.A.). 

Fractions of the eluate containing a radioactive’,peak were c0nibine.d and the 
quaternary ammonium compounds re-isolated and ,further purified forchroniato- 
graphy by the ammonium reineckate method. 

Radioautographs of all chromatograms of f*C-labelled compounds $ere made 
with Ilford Industrial G X-ray films. 

RESULTS AND DISCUSSION 

Colwnn chronzatogmaj!dty ;: 

Betaine, dimethylglycine, choline and betaine aldehyde ,were .well resolved in 
that order by a buffered column of CG-50 (1.2 cm x 125 cm) using 600 ml of phos- 
phate-citrate buffer pH 5.3 (Fig. I). The recoveries of these compounds on this column 
were always quantitative. 

., .; 

Thin-layer chromatogra$&y 
Although no one single solvent system yielded complete, resolution of .the 

compounds under investigation (Table II), !a satisfactory separation was achieved by 
.: 
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Fig. I. Separation of betaine, dimethylglycine, choline and bctaine alclehyde on a column (1.2 cm 
x 125 cm) of Amberlite CG-50 buffered at pH 7.3 and eluted with phosphate-citrate buffer pEI 5.3. 

a two-dimensional. development using solvent system III in the first dimension and 
solvent system II in the second dimension. Best ‘results were obtained when a thin 
section, of the Silica Gel G was removed from the plate immediately below the solvent 
front left after the first development. Fig. 2 shows a typical autoradiograph of a two- 
dimensional TLC separation of the radioactive products of (W-methyl) choline 
oxidation by rat liver rnitochondria. 

Fi&. 2. Auto&dio&ph of the rddioactive products of the ‘oxidation of (14C-methyl) choline by rat 
liver mitochdndria separatecl by two-dimensional TLC on Silica Gel G. 

Paper electro$horesis 
Although the method of paper electrophoresis described facilitated the. separa- 

tion of the ‘more amphoteric compound betaine from choline and betaine aldehyde, 
there,was no appreciable resolution of the two latter compounds (Table III). 

J. Chromatog., 35 (IgG8) 497-505 
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Ion-exchange +aj+er chzromatogra~hy 
The separation of the quaternary ammonium compounds, during chromato- 

graphy on both types of ion-exchange paper (Table III) was similar to, that obtained 
by electrophoresis. The more strongly charged compounds choline and betaine alde- 
hyde were retarded to a greater extent than betaine or dimethylglycine. There was,, 
however, no satisfactory resolution of choline from betaine aldehyde, or of betaine: 
from dimethylglycine. 

Pa$er chromatograj5lzy 
Table IV shows the RF values of choline, betaine aldehyde, betaine and dimethy& 

glycine obtained by paper chromatography in a number of different solvent systems. 
It is evident that no one solvent system completely separates these compounds. 

TABLE IV 

PAPER CHROMATOGRAPHY As VALUES OF QUATERNARY AMMONIUM COMPOUNDS 

Key to solvent systems : I = n-Butanol-acetic’ acid-water (4 : 1 : 2). 
2 = Pyridine-sec.-butanol-water (G : 3 : I). 
3 = rt-Butanol-ethanol-acetic acid-water (g : I : I : 2). 

4 = 95 y0 ethanol-o.88 ammonia (95 : 5). 

Compoarad A!p vahes for system No. 

.I 2 3 4 

Choline 

Betaine aldehyde 
Betaine 
Dim&l~yl@ycine 

0.65 
(‘0.48) * 

0.32 0.23 0.63 

0.75 0.36 q.56 0.61 
o-53 0.31 0.29 0.47 
0.52 0.31 0.28 ‘0.41 

* The number in parentheses refers to a faint anomalous spot. 

A fairly satisfactory separation was achieved, however, by a two-dimensional 

development using solvent system III in the first dimension and solvent system IV 
in the second dimension. 

In general the somewhat poor separation of betaine and dimethylglycine. by 
paper chromatography, electrophoresis and chromatography on ion-exchange pap&s. 

was not a serious drawback as these two,compounds were normally initially separated 
by ion-exchange column chromatography. 

O~idatiort of (W&ithyl) choline bj’rat Liver mitochondria 
Two-dimensional TLC of the radioactive ‘products of the oxidation of (W-. 

methyl) choline by rat liver mitochondria revealed the presence of three radioactive 
compounds, (Fig., 2). The RP values of these compounds corresponded with those, of 
authentic choline; betaine and betaine aldehyde. 

.These radioactive, compounds were then initially purified by column chromato- 
graphy ofi Amberlite CC&o. Fig. 3 shows ihe elution profile of tlie’products of,a typical 
&peiihetit .‘iti iyhicli ‘IO ,uC (5 mmoles) of, (14C-nlethyl) choline were’ incubated with 
mitochondria for 40 min. Three ,peaks of radioactivity ‘were obtained. The elution 
volumes of these peaks corresponded with those ‘of authentic beta@ ‘(peak I), 

&oline (peak 2) and betaine alciehyde (peak&. ” 

J. Chromatog., 35 (1968) 497-505 
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‘Fig. 3, Ch&matogixph& s&paration df the radiojctivc products ‘of the oxidation of (l%-methyl) 
choline by r&t liver mitochondria 0” & c,olumn (1.2 cm x 125 cm) of Amberlite CG-50 buffer+ at 
@EC 7.3 and cltited’with phosphate-citrate buffer ~1-1 5.3. I = betaine; 2 = choline; 3 = betaine : 

’ aldehyde. ” ; 
,. ‘.. ,, 

\. ,‘,, ,, 
1 

.I 
,. ._“, 

*The’ quateknary ammonium compound contained in the pooled fractions of each ,. 
.pe@i y+k piecipitated by:,means, .of ammonium ..reineckate. After’ recrystallisation 
from&x&x? the’ melting, points of the reineckates thus obtained were found to .be in, 

.‘good’.a&ee~ment ,+th the .published data,,for the authentic,compounds, betainc. rein- 
,:“eck~~‘~l.‘~holine’ cejneckate ,and betame .aldehyde reineckate?‘., : ‘, ‘*: “’ ‘,., 
,. 

‘1: ~After’re’moval of the &ineckate ions’the. original compounds were indivjdu+ly .” 

~,,‘subject~d~.tt;.~wo-dim~kisionai TLC ‘folloWed by autoradiogra@hy. The results obtained 
~,,“confirmed. :tllit.:,‘the:‘.’ radi,~ictiSe .:quaternary ~‘ammonium compound in peak i was 
( be.~ta&e; in’$eak 2. ycis’ cl&e ‘and,.in’ peak 3 J+S_ betaine, aldehyde (Fig. 4). ,Eurther ,..I. 

,,..confirriiatio:n~,‘~~f :.these identifications, .@+s, obtained by electro@loresis; and by ,ion-. 
‘: ‘&&&-&~:&nd ,paper”,cl~rolnatograp]ly. ,., .’ : 

,,; ‘Z’, ,, ,;. -., 
‘. .: ‘., ” 

i,., ;;,,. :,,, 
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The appearance of relatively large amounts of radioactive betaine in such 
reaction mixtures suggested that in addition to choline dehydrogenase in the’mito- 
chondria there was an enzyme capable of oxidizing betaine aldehyde. This suggestion 
was supported by the polarographic observation that a rapid uptake of ‘oxygen 
occurred when betaine aldchyde (4 mmoles) was added to a suspension of rat liver 
mitochondria.The enzyme involved may be the NAD-dependent non-specific aldehyde 
dehydrogenase reported in rat liver mitochondria by GLENN AND VANKO*, or a more 
specific betaine aldehyde dehydrogenase’s O. 
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