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IN T H E  F I R S T  REPORT O F  GROWTH of the 
r a t  on a methionine-free, homocystine-containing 
diet supplemented with choline, in  which the con- 
cept of the "biologically labile" methyl group and 

transmethylation was proposed, du Vigneaud, Chanci- 
ler, Moyer, and Keppel (8) called attention to the 
fact that they occasionally encountered animals 
"capable of showing some growth on the homocystine 
diet without added choline." These authors stated: 
"It appears to us that the explanation of this be- 
havior probably lies in the phenomenon of refection, 
or else certain factors are operating of which we are  
not as yet cognizant." I t  was well known that refec- 
tion caused difficulties in the assay of the various 
members of the vitamin B complex. The tendency 
was, therefore, to attribute growth of some animals 
an a methyl-free diet to the synthesis of biologically 
labile methyl groups by intestinal bacteria. 

Several years later, Toennies, Bennett, and Medes 
(30,3) reported that they had repeatedly encountered 
growth of rats receiving methyl-free, homocystine-con- 
taining diets. When they administered Sulfasuxidine 
along with eight B vitamins, however, growth of the 
animals was interrupted (1). Addition of a "folic 
auid" concentrate and extra biotin did not cause a re- 

1 The crucial experiment reported herein on germ-free ani- 
mals was made possible through the collaboration of James 
A. Reyniers, Thomas D. Luckey, and their co-workers a t  
LOBUND, of the University of Notre Dame. We a re  ex-
tremely indebted to them. At the suggestion of Professor 
Reyniers, this paper is submitted by us as  a resume of the pres- 
ent s tatus  of the synthesis of the biologically labile methyl 
groups, in which the results on choline from this joint ex-
periment are incorporated. I t  is planned to submit jointly 
elsewhere the complete bacteriological and chemical details 
of the experiments, involving not only the choline data  but 
also fur ther  work on the feces, urines, and carcasses. 

%While these experiments were under way, i t  was an-
nounced by H. G.  Wood in a Harvey Lecture, February 16, 
1950, tha t  W. Sakami and A. D. Welch have demonstrated 
the synthesis of biologically labile methyl groups from for- 
mate i n  aivo in the ra t  and by r a t  liver slices i n  v i t ro .  Our 
results with the germ-free animals are  thus in harmony with 
their result demonstrating tissue synthesis of b501ogically 
labile methyl groups. Since the submission of this article, 
their abstracts recording this work have appeared (Sakami, 
W., Fed.  Proc., 1950, 9, 222 ; Welch, A. D., and Sakami, W., 
Fed.  Proc., 1950, 9, 2 4 5 ) .  
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sumption of growth. However, when a crude liver 
extract was added to the methyl-free diet in place 
of the B vitamins, growth ensued that could not be 
accounted for  by the methionine and choline contents 
of the extract. As pointed out by Bennett, Medes, and 
Toennies ( 3 0 ) )  "There may be vitamin factors, of 
either dietary or intestinal origin, the presence of 
which nlay enable the animal to compensate f o r  the 
absence of dietary methyl donors by biosynthetic 
means of its own or of its intestinal bacteria." 

The problem was further investigated in  this labora- 
tory in  an attempt to get crucial proof of the synthe- 
sis of biologically labile methyl groups in the ani- 
mal, regardless of whether it  took place in  the tissues 
or in  the intestinal tract. This was accomplished in 
a n  experiment with rats, in  which the deuterium 
concentration of the body water was kept a t  a level 
of about 3 atom percent fo r  a period of several weeks 
(11). A t  the end of this time the animals were sacri- 
ficed, and the choline mas isolated from the tissues 
and degraded to trimethylamine. I t  mas felt that, if ,  
under these conditions, deuterium mere found i n  the 
methyl groups of choline, synthesis of the methyl 
group must have occurred in the animal tissues or i n  
the intestinal tract. It was extremely unlikely that a 
direct exchange reaction between the hydrogens of 
biologically labile methyl groups and the deuterium 
of the D,O i n  the tissue fluids could take place to  
bring about the appearance of the deuterium in the 
methyl group. Strong evidence of this unlikelihood 
had already been presented (9) and has now been 
further strengthened by more recent studies with 
methionine, in which the methyl group was doubly 
labeled with C14 and deuterium (19). The concentra- 
tion of deuterium i n  the methyl groups of choline 
isolated from the two rats kept on heavy water rose 
to 7.7 and 8.5 percent of the concentration of deute- 
rium in the body water. I t  was pointed out that  

T h e  present  data d o  n o t  dis t inguish between direct  
synthesis b y  t h e  tissues a n d  synthesis b y  intest inal  bac-
te r ia  with subsequent utilization of t h e  methyl  g roups  in 
t h e  tissues. On t h e  basis  of t h e  f a c t s  we now have con-
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cerning the labile methyl groups in the diet and in me- 
tabolism, we feel that the latter explanation involving 
intestinal bacteria is the most logical interpretation of 
our results. 

I n  a n  attempt to explain the greater frequency of 
growth on the methyl-free, homocystine-containing 
diet encountered a t  the Lankenau Laboratories (30: 
3 ) , the Cornell group furnished the Lankenau group 
with animals from their stock. Litters from these 
animals were maintained a t  the Lankenau Laboratories 
on their experimental regimen ( 4 ) .  The litters be- 
haved similarly to the Lankenau strain, thus ruling 
out strain differences and indicating the importance of 
preexperiniental nutritional conditions for  the ca-
pacity to grow under these conditions. Bennett and 
Toennies ( 4 )  were also able to show that modification 
of intestinal flora by sulfonamide action produced a 
situation in which supplementation of the dietary 
vitamins with rice polishings extract permitted the 
utilization of honlocystine in lieu of methionine when 
either choline or sniall amounts of certain liver frac- 
tions were fed. Further work explored the nature of 
the liver factor. A comparison of a variety of liver 
preparations led to the conclusion by Bennett and 
Toennies that it was not identical with the antiperni- 
cious anemia principle of liver, although its distribu- 
tion paralleled that of the latter to some degree. 

While these studies on homocystine and methionine 
were under way, other evidence that might have a 
bearing on the prob!em emerged. I t  began to appear 
that there is a relation between vitamin B,, and the 
metabolisnl of biologically labile methyl compounds. 
That the animal protein factor influenced the methio- 
nine requirement of chicks was shown by Patton and 
co-workers (22 )  and by Bird and co-workers ( 5 ) .  
Furthermore, S h i ~e (28 )  found a n  interrelationship 
between vitamin B,, and methionine in bacterial 
metabolism. H e  reported that these two compounds 
could function interchangeably in  enabling growth of 
Esciiericiiia coli to take placd in a medium containing 
sulfanilamide. The sparing action of vitamin B,, 
on the dietary choline necessary for  increased growth 
and protection against the hemorrhagic kidney syn- 
drome in the ra t  was noted by Schaefer, Salmon, and 
Strength (26 ) .  Gillis and Norris (15 )  reported that 
the inclusion of a source of animal protein factor in  
their basal diet obviated the need f o r  supplementary 
methylating coinpounds for  chicks and stated that a t  
least one ~netabolic function of the animal protein 
factor was concerned with transmethylation. Bennett 
( 2 )  then reported that vitamin B,, plus folic acid 
gave an effect similar to that obtained earlier with the 
crude liver extracts with rats on the methyl-free, 
homocystine type of diet. Stekol and Weiss (29 ) also 
reported that young rats were able to gsow on a labile 

methyl-free diet that contained vitamin B,, and 
homocystine. At  the same time Jukes and Stokstad 
(17) reported that vitamin B,, was involved i n  the 
choline and inethionine requirements of chicks. 

At  this stage of the investigation it  was clear that 
labile methyl groups could be synthesized somewhere 
in the animal body, as evidenced by the observation 
of growth on a methyl-free diet under certain condi- 
tions, and by the demonstration of the formation of 
deuteriomethyl groups by animals in which the body 
fluids contained D,O. It also appeared highly prob- 
able that vitamin B,, and folic acid might be in-
volved in the synthesis of thcse labile methyl groups. 
But whether the methyl groups were synthesized in 
the tissues of the white rat, or whether vitamin fac- 
tors mediated throngh the intestinal bacteria, was not 
clear. I n  every experiment reported, these two inter- 
pretations mere possible. The present investigation 
mith germ-free animals was arranged in order to ob- 
tain crucial evidence as to where the synthesis took 
place. The technique of detection of synthesis of 
methyl groups through the isolation of choline 'from 
rats  whose body water contained D,O was again 
utilized. 

The plan of the experiment was to maintain rats 
of the LOBUND strain mith D,O in their drinking 
water under both germ-free and nonsterile conditions 
a t  LOBUND of the University of Notre Dame, and to 
maintain a t  the Cornell laboratory, fo r  comparative 
purposes, animals of the Rockland Farms strain under 
the usual laboratory conditions on the same dietary 
regimen as  that used a t  LOBUND. 

Two male, germ-free rats reared by the technique 
of Reyniers were maintained in individual metabolic 
compartments under germ-free conditions a t  LO-
BUND (33). The procedure permitted the adminis- 
tration of food and water, and the collection of the 
urine and feces under sterile conditions. Sterilized 
drinking water containing 1 0  atom percent D,O 
was furnished for  4 days, followed by 4 atom percent 
D,O for  the rest of the experimental period. An 
average deuterium level in the body water of approxi- 
mately 2.5 atom percent during the experiment re-
sulted. The diet employed was essentially that al-
ready elaborated a t  LOBUND for  the rearing of ani- 
mals under germ-free condition^.^ At  the end of 
the periods given in Table 1 the germ-free animals 
were sacrificed under sterile conditions. Samples of 

3 The diet had the  following composition : casein (Labco) 
28 g, cellophane 2 g, corn s tarch 5 9 , j  g, salt  mixture 6 g, 
corn oil 7 g ; vitamins/100 g of diet : vitamin A (esters) 800 
I.U.,vitamin Ds 100 I.U., vitamin C 200 mg, vitamin E 60 
mg, vitamin I< 10  mg, inositol 100 mg., thiamin hydrochloride 
6 mg, riboflavin 3 mg, pyridoxin hydrochloride 2 mg, pyri-
cloxamine hydrochloride 0.4 nig, calcium pantothenate 30 mg, 
nicotinamicle 6 mg, nicotinic acid 8 mg, biotin 0.1 mg, folic 
acid 1mg, p-aminobenzoic aciA 5 mg, vitamin Bu 0.91 mg. 



Deuterium Deuterium 
Experi- Change Trimethylamine in methyl in body 

Choline
R a t  No. 	 mental  in body chloroplatinate chloroplatinate groups of wa te r  x 100 

period weight ( A )  choline (average) 
( B )  * (C)  

atom % atom 70 atom 70
% P t t  % P t t  excess D$ excess D emcess DO 

CUMCII,n 710 32.1 37.1 0.23 0.26 3.29 
cuarcn 707 31.7 36.7 0.19 0.21 3.08 
C U M C  708 32.2 36.7 0.19 0.21 2.22 
C U M C  709 31.2 36.8 0.21 0.23 3.01 
LOBUND 1 31.4 36.9 0.19 0.21 2.20 
LOBUND 2 31.2 379 0.18 0.20 2.27 
LOBUND 5 31.4 86.8 0.14 0.16 2.44 

(germ-freej 
LOBUND 6 0.10 2.99 

(germ-free) 

* Calculated value : B = -10 A. 
9 


't Theoreticnl P,t coatfaytt f er  choltne,~hlor,oplatinate= 31.7% : for  trimrtlrylemine chloroplntinate = 37.0%. 

$' Determined with mass  spectrometer (a error  =i0.02). 

R Dotermined by falling-drop procedure ( % error  = c 0.06). 

11 CUMC = Cornell University Medical College, Rockland Fa rms  s t ra in .  

7 Kectived additional 1.5 pg of vitamin B12 daily. 

the tissues and intestinal contents were examined 
f o r  the presence of bacteria. No bacterial contamina- 
tion was detected. The tissues were then ground under 
sterile conditions, ethyl alcohol was added, and the 
mixture was shipped along with the sterile urine and 
feces, by air express to New York. 

To obtain the average concentration of heavy 
water present in the body fluids during the experi- 
mental period, the deuterium content of the urine 
after suitable purification was determined by the 
falling-drop procedure. The choline was extracted 
from the tissues of the sterile rats and degraded 
to trimethylamine with alkaline permanganate (20 ) .  
The deuterium content of the trimethylamine salt was 
obtained by, a. miam &uteriurn method, whioh iweLves 
the combustion of several milligrams of the salt, 
reduction of the resulting H,O-D,O with zinc, and 
determination of the ratio of the dexteriam-hydrogen 
mixtuxbe by means of the mass spectrometer (24). 

The two animals maintained a t  LOBUND under 
nonsterile conditions were sacrificed a t  the times indi- 
cated in Table 1,and processed in the same manner as  
the sterile animals. I n  order to compare the colony 
of animals under nonsteriie conditions a t  LOBUND 
with the colony and experimental conditions a t  the 
Cornell Laboratories, two animals were maintained 
a t  Cornell on the same diet as  that used a t  LOBUND. 
The experimental diet was made u p  a t  the Notre 
Dame Laboratories and shipped by air express to New 
York to eliminate any possible difference in  source 
of dietary material. Another pair  of animals was 
maintained a t  Cornell on the LOBUND diet, which 
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already contained generous amounts of vitamin B,, 
and folic acid, with a n  additional supplement of B,,. 

From the data presented in Table 1 it is  obvious 
that methyl groups have been synthesized by  the 
germ-free animals. The enrichment of deuterium in 
the methyl groups of the choline isolated from the 
LOBUND germ-free r a t  after 23 days was 6.4 percent 
of that in  the body water. I n  the 10-day experiment 
involving the ra t  under germ-free conditions, a value 
of 3.3 percent was obtained, an amount that agrees 
quite well with that of the longer experiment. A 
somewhat higher value was obtained in the LOBUND 
animals under nonsterile conditions, but this may not 
be a significant difference. On the other hand, it  may 
well b e  tht;  ctdditio~dsynthesis by intestinal bacteria 
of labile methyl groups took place in  the case of the 
nonsterile animals. However, the germ-free aniplals 
were older. Of ulti,nate impostrulce, of course, is  the 
fact that deuterium was plcesent in significant amounts 
in the methyl groups of choline in the germ-free 
animals. I t  is also notable that the strain of animals 
maintained a t  Cornell on the LOBUND diet synthe- 
sized methyl groups to about the same degree as  the 
LOBUND animaTs atUNotre Dame. The additional 
amount of vitamin B,, administered to two of the 
Cornell animals did not increase the degree of 
methyl synthesis. 

W e  believe that the data obtained with the germ- 
free animals justify the conclusion that biologically 
labile methyl groups can be synthesized by the tissues 
of the rat. It might be of interest to  review briefly 
the significance of the establishment of the tissue syn- 
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thesis of biologically labile methyl groups in relation 
to the earlier work. In the original paper, in which 
it was shown that homocystine plus choline could 
serve in lieu of methionine for growth purposes in 
the rat, it was noticed that an occasional animal 
could grow without choline, although the vast ma
jority required a source of labile methyl groups (8). 
It was inferred that the latter were synthesized by in
testinal bacteria, but it is now obvious that they were 
being synthesized, at least in most part, in the tissues 
rather than in the intestinal tract by the bacteria. 
The suggestion first put forth by the Lankenau 
group that vitamin factors may be involved in the 
synthesis of labile methyl groups in the tissues of the 
rat would appear to offer an explanation of these re
sults. I t is now realized that the diet employed in this 
early work was extremely low in vitamin B12 and 
folic acid. If vitamin B l 2 and folic acid bear a 
relationship to labile methyl metabolism in the tissues, 
the possibility exists that the occasional animal that 
did grow may have been enabled to do so because 
of bacterial synthesis of these vitamin factors result
ing from a difference in the intestinal flora. On the 
other hand, a difference in degree of storage of these 
vitamin factors from the preexperimental period 
could be involved. The more frequently encountered 
growth in the Lankenau Laboratories may be attribut
able, as suggested by the Lankenau workers, to the 
fact that their preexperimental diet carried relatively 
large amounts of vitamin factors which may have been 
stored in the liver and later used in the experimental 
period. This is consistent with the now well-known 
storage of vitamin B12 . Of course, the preexperimen
tal diet, as these workers well realized, may also have 
affected the flora of the intestinal tract in such a way 
as to favor the synthesis of these vitamin factors. 
Earlier cases of growth on diets low in methyl groups 
with homocystine in lieu of methionine may be re
called. White and Beach {31), on adding homocystine 
to an arachin diet low in methionine (0.5 percent) and 
supplemented with Ryzamin B and powdered liver 
extract, LEL No. 343, obtained growth almost equiva
lent to that produced by an equal amount of methio
nine. Brand (6) also demonstrated growth with 
homocystine in lieu of methionine on a purified amino 
acid diet with a vitamin supplement of dried yeast 
and milk concentrate. I t is also interesting that, 
although Rose and Rice (25), like du Vigneaud, Dyer, 
and Kies {10), could not obtain growth on a purified 
diet containing homocystine as the sole source of die
tary sulfur with the purified B vitamins and the small 
amounts of Ryzamin B used, they did report sub-
optimal growth on a diet with homocystine and a 
vitamin supplement of tikitiki and milk concentrate. 
What part of this growth response was due to the 

labile methyl compounds, and what part to vitamin 
factors present in the diets employed, is difficult to 
evaluate fully. 

Since the present work was undertaken, other re
ports have strengthened the possibility of a relation
ship between vitamin B12 and folic acid and the 
metabolism of the biologically labile methyl group. 
The additive action of vitamin B12 and folic acid 
on sparing choline was measured by Schaefer, Salmon,, 
Strength, and Copeland (27) by determining the pro
tection these factors afforded against renal kidney 
damage in rats and against perosis in chicks on a 
diet low in labile methyl-containing compounds. In 
a very recent report Jukes and co-workers (18) have 
shown that vitamin B12-deficient chicks were unable 
to utilize homocystine or homocystine plus betaine in 
lieu of methionine for growth, but could do so with 
vitamin B12 as a supplement. I t has recently been 
observed by Davis and Mingioli (7) that vitamin 
B12 is capable of replacing the methionine require
ments of an E. coli mutant "blocked" in the methyia-
tion of homocysteine. 

In one of the earlier studies on transmethylation in 
1941, methionine labeled with deuterium in the methyl 
group was administered to rats on an amino acid diet, 
otherwise free of labile methyl groups, for approxi
mately 3, months (9). This diet, in the light of 
present knowledge, must have been low in vitamin B12 

and folic acid. At the end of the experimental period, 
the concentration of deuterium in the methyl groups 
of the choline and the creatine from the tissues rose 
to 89% of that of the deuterium in the methyl groups 
of the administered methionine. Obviously consider
able transmethylation had occurred during this period. 
In addition to ruling out formaldehyde as an inter
mediate in transmethylation, this high concentration 
of deuteriomethyl groups in choline and creatine 
would lead one to suspect that not much synthesis of 
methyl groups had occurred under these conditions. 

A consideration of the tissue synthesis of biologi
cally labile methyl groups naturally raises the ques
tion as to the nature of the precursors or intermediates 
in the synthesis. I t has been reported by du Vigneaud 
and Verly (12) that methyl alcohol may serve as a 
precursor of the labile methyl groups. In an exten
sion of the study of the one-carbon compounds from 
this standpoint, it has been found that the carbon la
beled with C14 of formaldehyde or formic acid4 makes 
its appearance in the methyl groups of choline (14)* 
However, labeled bicarbonate gave a negative result. 
The effect of the level of methionine and of other 
labile methyl compounds on the degree of synthesis 
is yet to be explored. The level of methionine in the 

4 In the presentation of their paper on formate, Welch and 
Sakaini also reported formaldehyde as a precursor of labile 
methyl groups. 
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diet affects trernendouqly the rate  of oxidatioqof the 
labile methyl group to CO, (21) ,and it  may well be 
that a large supply of tl~esc methyl groups in  the diet 
brings about some inhibition of synthesis and favors 
oxidation of potential precilrsors. 

I n  recent csperiments in ~rh ich  the methyl group 
of methanol was doubly Inbeled with C1*and deutc- 
rium ( 1 3 ) , the ratio of deutcriunl to radiocarbon in 
the methyl group of cholinc was considerably less than 
that in  the methiu~ol adlninistered. This indicates that 
oxidation of n~ethanol, follon-ed by reductive conver- 
sion to the biologically labile nlcthyl group, occurrcd 
probably tl~l,ougli forl~laldehydc and/or fornlic acid. 

The experience at  Cort~ell Laboratories has bccn 
that even ~vhen fairly high lcvels of B,, and folic 
acid are  prescnt, a source of labile methyl groups 
must be present in  the diet immediately after weaning 
f o r  thc nlajority of anilnais to survive. From the 
work of GriEtl? ( 1 6 )  it is lmomn that the dclnand 
for  choline is 11:ghcr in the young ra t  shortly af tcr  
weaning than later, to prevent hemorrhagic kidney. 
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