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One-Carbon Compounds in the Biosynthesis of the "Biologically Labile" Methyl Group 
BY VINCENT DU VIGNEAUD, WALTER G. L. VERLY, l a JOHN E. WILSON, JULIAN R. RACHELE, CHARLOTTE 

R E S S L E R A N D J O H N M . KiNNEY l b 

Studies with methanol, formaldehyde and sodium formate labeled with C14 have shown that these substances can be 
utilized by the rat in the formation of the "biologically labile" methyl group. This has been demonstrated by the injection 
of these substances and the isolation of the choline from the animal tissues. In addition, the carbon of the formyl group of 
C14-formyl-L-phenylalanine and of the methyl group of C14-methyl stearate has been shown to appear in the methyl group of 
choline. Experiments with methanol doubly labeled with deuterium and C14 in the methyl group have indicated that the 
methyl group of methanol was not being utilized, at least to any great extent, directly in transmethylation but was being 
utilized through oxidation and subsequent reduction to the labile methyl group in the biosynthesis of the latter. 

In 1945 it was reported2 from this Laboratory 
that synthesis of "biologically labile" methyl 
groups occurred somewhere in the bodies of rats 
kept on an apparently adequate diet, although, as 
it was pointed out in the communication, the data 
did not distinguish between direct synthesis by the 
tissues and synthesis by intestinal bacteria with 
subsequent utilization of the methyl groups in the 
tissues. Indications of the synthesis of this group
ing had been obtained earlier,3a,b when it was noted 
that some rats would grow with no known source 
of labile methyl group. While the crucial experi
ment in collaboration with Professor Reyniers, 
Dr. Luckey and their co-workers at LOBUND 
of the University of Notre Dame was under way 
to determine whether or not this synthesis of labile 
methyl groups could occur in germ-free rats,4 

we undertook a program of studying the possible 
precursors of the methyl group, for whether the 
synthesis took place in the tissues of the rat or 
through bacterial synthesis in the intestinal tract, 
the data would be of biological significance. As a 
result of the germ-free rat experiment4 and of the 
in vitro work of Sakami and Welch5-8 {vide infra), 
we now know that the labile methyl group can be 
synthesized by the tissues of the rat, and con
sequently our results in this paper on the one-
carbon precursors of the labile methyl group are 
undoubtedly attributable in most part to synthesis 
of this grouping in the tissues. 

The single carbon compounds labeled with C14 

which we have investigated included methanol,9a 

bicarbonate,95 formaldehydeilb and formate.9b The 
bicarbonate was not found to act as a precursor of 
labile methyl groups. In this connection, it might 
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du Vigneaud, Verly and Wilson, ibid., 72, 28)9 (1950). 

be pointed out that Siekevitz and Greenberg10 

have shown that carbon dioxide is not reduced to 
formate by rat liver slices. In the case of methanol 
we found that the carbon was incorporated into 
the methyl groups of choline isolated from the 
tissues of the rat after the subcutaneous adminis
tration of C14-labeled methanol.9a The earlier 
observation of Binkley and Watson11 that methyl 
phosphate appears to be utilized in the methyla-
tion of guanidoacetic acid by rat liver homogenates 
is also of interest in this connection. We next 
turned to experiments with formaldehyde and 
formate and found that the carbon of these com
pounds likewise appeared in the methyl group of the 
choline isolated.9b The experimental results are 
summarized in Tables I, II and III. 

While this work was under way, studies by 
Sakami6 with C1'-methyl-labeled acetone showed 
that the C14 appeared in the methyl groups of 
choline and methionine, probably via the forma
tion of "formate."12 Furthermore, Welch and 
Sakami7,8 demonstrated that the synthesis of the 
labile methyl group occurred in rat liver slices and 
in the whole rat from formate. Since the results 
of Sakami,6 of Welch and Sakami,7 and of our 
laboratory9a'b were reported, there have appeared 
confirmatory data regarding methanol and formate 
by Arnstein,13 formaldehyde by Jonsson and 
Mosher,14 and formate by Siekevitz and Green
berg.15 Both isotopic13-17 and growth studies18-20 

on the synthesis of the methyl group from metabolic 
precursors of "formate" such as glycine and serine 
likewise are in harmony with the utilization of 
"formate" in the synthesis of the methyl group. 

Evidence from the work of Handler, Bernheim and 
Klein and from this Laboratory has shown that form
aldehyde21-'-3 and formic acid22,23 are intermediates 
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in the oxidation of the methyl group of sarcosine. 
Since Horner and Mackenzie24 have demonstrated 
that the methyl groups of methionine and betaine 
are sources of the carbon of the methyl group of 
sarcosine, the intermediates in the oxidation of the 
methyl group of sarcosine become of significance 
to the general question of the oxidation of labile 
methyl groups.22'26 Furthermore, the results ob
tained by Sakami26 indicated that the methyl 
group of choline contributes to the formation 
of "formate" in the rat, and Siekevitz and Green-
berg16 have provided evidence that the methyl 
groups of methionine and choline are used in the 
formation of formate in vitro. Thus, with form
aldehyde and formic acid as intermediates in the 
oxidation of the labile methyl group, the biological 
conversion of these oxidation products to the 
labile methyl group takes on particular significance. 

The appearance of the carbon of methanol in the 
choline of the animal body allows several interpreta
tions. It might be serving as a donor of intact 
methyl groups for the synthesis of one of the com
pounds in the transmethylation series. I t is 
furthermore conceivable that methanol might be an 
intermediate in certain transmethylation reactions, 
that is, an actual metabolic intermediate in the 
transfer of the methyl group in Mo. On the other 
hand, the methanol might be acting as a precursor 
of the methyl group through oxidation and sub
sequent reduction, and thus might arrive in the 
transmethylation series via this indirect route. 

We felt that this question might be approached 
by studying methanol doubly labeled in the methyl 
group with deuterium and C14. It has already been 
demonstrated27 that in transmethylation from 
methionine doubly labeled in this way, the methyl 
group can be transferred to choline without appreci
able change in the ratio of deuterium to C1S28 

If, in the case of doubly labeled methanol, the 
deuterium to C14 ratio in the methyl group of the 
choline isolated from the rat were the same as that 
in the methyl group of the injected methanol, the 
methanol must have played a role only in actual 
transmethylation. If, however, the ratio of deu
terium to C14 in the methyl group of the choline 
were less than that in the methyl group of the 
injected methanol, then at least some of the meth
anol must have arrived in the choline via oxidation 
and reduction to a newly formed methyl group. 
The deuterium to C14 ratio in the methyl group of 
the choline isolated was considerably lower than 
that in the methyl group of the methanol injected, 
as shown in Table IV. It is apparent that these 

(24) Horner and Mackenzie, J. Biol. Client., 187, 15 (1950). 
(25) Mackenzie, Chandler, Keller, Rachele, Cross, Melville and du 

Vigneaud, ibid., 169, 757 (1947); Mackenzie, Chandler, Keller, Rachele, 
Cross and du Vigneaud, ibid., 180, 99 (1949). 

(26) Sakami, ibid., 179, 495 (1949). 
(27) Keller, Rachele and du Vigneaud, ibid., 177, 733 (1949). 
(28) In this earlier experiment the ratio of deuterium to C14 in the 

methyl group of the choline was calculated from the isotopic content 
of the isolated choline on the assumption that the deuterium (du 
Vigneaud, Cohn, Chandler, Schenck and Simmonds, J. Biol. Chent., 
140, 625 (1941)) and C14 were located in the methyl group. In a com
parable experiment recently completed, the choline was isolated and 
degraded to trimethylamine. The ratio of deuterium to C14 in the 
trimethylamine was the same, within experimental error, as that in the 
methyl group of the methionine fed. Thus the methyl group had been 
transferred in toto. 

results demonstrate that the methyl radical in 
methanol is not used in the same way as the methyl 
group of methionine in transmethylation and in
dicate the strong possibility that the methyl 
radical of methanol is being utilized, at least in 
large part, as a precursor of a biologically labile 
methyl group via "formate" during which process 
deuterium is partially lost. 

In the experiments already discussed the com
pounds were injected. We thought that it might 
be of interest to supply a source of labile methyl 
groups via the intestinal tract which would present 
to the body a continuous supply over a period of 
time in contrast to the injection of the labile 
methyl precursor which furnishes the source of 
labile methyl group over a shorter period. I t was 
decided to use a methyl ester for this purpose and 
C14-methyl stearate was employed. The degree 
of incorporation of C14 into the methyl group of 
choline in this instance, however, was approxi
mately the same as in the case of the injected 
methanol, formaldehyde or formate. 

In order to determine to what extent the formyl 
group of a formyl amino acid might act as a pre
cursor of the labile methyl group, C14-formyl-
phenylalanine was injected. There was no pro
nounced difference between the results with this 
compound and those already described for formate. 

Experimental 
Labeled Compounds.—The C14-labeled barium carbonate, 

C'Mabeled methanol, and the mixture of C14-labeled meth
anol and formaldehyde were obtained from the Oak Ridge 
National Laboratory, on allocation from the United States 
Atomic Energy Commission. 

Sodium Cl4-Bicarbonate.—Barium C14-carbonate was 
suspended in water and decomposed with phosphoric acid. 
The liberated CI4-carbon dioxide was trapped in aqueous 
sodium hydroxide. After an aliquot had been removed for 
radioactivity determination, the remaining solution was 
titrated with hydrochloric acid to a faint pink with phenol-
phthalein. 

C14-Methanol.—Sodium bisulfite was added to a mixture 
of radioactive formaldehyde and methanol in aqueous 
solution and the methanol was distilled in vacuo. After a 
second distillation the distillate was tested with dimedon 
(dimethyldihydroresorcinol) and found to be aldehyde-free. 

C1'-Formaldehyde.—Ordinary methanol and formalde
hyde were added as carriers to a mixture of radioactive meth
anol and formaldehyde in aqueous solution. Sodium bisul
fite was then added and the solution was distilled to dryness 
in vacuo. The residual formaldehyde bisulfite compound 
and excess bisulfite were washed with methanol and then 
dissolved in water. After addition of about one-half volume 
of methanol the solution was distilled at reduced pressure. 
Formaldehyde was regenerated from the residue by adding 
hydrochloric acid and passing oxygen-free nitrogen through 
the solution for several hours to flush out the sulfur dioxide. 
The solution was neutralized with sodium hydroxide. 

Sodium CI4-Formate.—This material was prepared from 
the barium C14-carbonate by conversion to sodium bicarbon
ate and reduction of the bicarbonate by hydrogen with 
palladium as a catalyst by a method previously described 
for the reduction of potassium bicarbonate.29 '30 I t was di
luted with a suitable amount of carrier and used directly. 

C14-Deuteriomethanol.—An aqueous solution of methanol 
labeled in the methyl group with deuterium and C14 was 
obtained by mixture of ordinary water, deuteriomethanol 
and C u-methanol . The C14 content of the mixture, as given 
in Table IV, was determined by combustion, precipitation 
of the carbon dioxide as barium carbonate and determination 
of the radioactivity. The deuterium content of the meth
anol was obtained by application of the falling drop method 

(29) Melville, Rachele and Keller, J. Biol. Chew.., 169, 419 (1947). 
(30)" Bredig and Carter, Ber., 47, 541 (1914). 
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Rat 

No. 

712 c? 
894 cf 
723 cf 
759 c? 
968 c? 
969 <? 
816 cf 
804 cf 
808 cf 
851 cf 
943 cf 
952 cf 

Wt., 
g. 

181 
213 
174 
208 
210 
223 
180 
194 
194 
180 
189 
200 

Diet 

I 
II" 
I 
I 
II4 

11* 
i r 
i i " 
i i* 
i r 

ir' 

TABLE I 

ADMINISTRATION OP LABILE METHYL PRECURSORS 

Compound 
injected 

XaHC14Or, 
XaHC14O3 

C14H1OH 
C14D3OD 
C14D3OD 
C14D3OD 
C14H2O 
C14H2O 
HC14OOXa 
HC14OONa 
C14-Methyl stearate7 

C14HO-L-Phenylalanine 

Molarity 
of 

injected 
solution 

0.025 
.032 
.75 

2.58 
3.45 
3.45 
0.93 

. 093 

.095 
.095 

.047 

Number 
of subcu
taneous 

injections 

1 
15 
9 
4 

15 
15 

i 

9 
9 
6 

9 

MiUimoles 
injected 

0.13 
0.49 
6.75 
9 .8 

34.5 
34.5 

2.60 
0.56 

.57 
.38 

5,7 
0.57 

Duration' 
of expt., 

days 

3 
5 
5 
2 
5 
5 
1 .1 ' 
3 
3 
2 

2 
3 

0 Interval from first injection to time animal was sacrificed. h Received 15 micrograms vitamin Bi2 intraperitoneally at 
beginning of experiment. " Received 2 micrograms vitamin B!2 intraperitoneally at beginning of experiment. d Received 
3 micrograms vitamin B12 intraperitoneally at beginning of experiment. * Animal died 1 hour after last injection, showing 
dyspnea and muco-hemorrhagic diarrhea. Adhesions were observed between skin and muscles, with edematous infiltra
tion at the sites of injections, ! C u-Methyl stearate was fed. 

to the water of combustion of the mixture and correction for 
dilution by the water of the sample. 

N-C14-Formyl-L-phenylalanine.—The compound was pre
pared from !,-phenylalanine essentially by the method of 
Fruton and Clarke31 for the formylation of amino acids as 
applied to DL-phenylalanine,32 with the exception that ex
cess acetic anhydride as diluent replaced the excess formic 
acid usually employed as solvent. 

0.31 miliimole of sodium C14-labeled formate with a spe
cific activity of 2.28 X 10s counts per minute per miliimole 
was diluted with 3.16 millimoles of formic acid and two 
drops of 8 5 % phosphoric acid and the mixture was allowed 
to stand for four hours at room temperature. I t was then 
allowed to distil slowly in a closed evacuated system into a 
test-tube cooled in Dry Ice. To the distillate 0.6 ml. of 
acetic anhydride was added and the mixture was allowed to 
stand for 2.5 hours. 3.4 millimoles of L-phenylalanine was 
then added with thorough mixing. After 2.5 hours, all 
volatile liquid was trapped in vacuo by distilling into a cooled 
receiver. The residue was washed twice with 1 Ar hydro
chloric acid and once with water. Two recrystallizations 
from water gave a 5 5 % yield of long white needles, m.p. 
171-172°. A sample prepared in an identical trial run 
showed a rotation in 9 5 % alcohol of <*21-6D +73.0 =*= 1.4°, 
<;, 3.02. The rotation reported33 for the non-radioactive 
compound is awn +75 .2° , c, 3.3. 

C14-Methyl Stearate.—-The ester was prepared by treat
ment of stearyl chloride with C14-methyl alcohol in the usual 
manner. I t was recrystallized from methanol and then 
dried. The melting point was 37.8-38°. 

Specific Activity Determinations.—C14-Methanol and C14-
deuteriomethanol were burned in oxygen to carbon dioxide 
which was trapped in sodium hydroxide and diluted with 
inert sodium carbonate as a carrier. Barium carbonate 
was prepared from an aliquot of this solution, and the radio
activity was determined under a thin mica window Geiger-
Muller counter, in connection with a scaling circuit. The 
results were corrected for background and self-absorption. 

An aliquot of the formaldehyde solution was treated with 
dimedon and the radioactivity of the resulting dimedon de
rivative of formaldehyde was determined after combustion 
as described above. 

In the case of sodium formate, an aliquot of the solution 
was dried in a desiccator and oxidized with the Van Slyke 
oxidizing mixture.34 The radioactivity of the carbon di
oxide formed was determined on barium carbonate prepared 
as in the cases of methanol and formaldehyde. 

The radioactivity of the N-formyl-L-phenylalanine and 
methyl stearate was determined in a manner similar to that 
used for the sodium formate. 

Tests for Methyl Precursor Activity 

The animals were given free access to one of two very 
similar diets (I and I I ) . Diet I was identical with that re
ported previously.9" Diet II was of the same composition as 
Diet I except that the methionine supplement was replaced 
by 0.4% cystine, the sucrose content was reduced to 54.6% 
and the water-soluble vitamins were incorporated in the 
diet.8b Iu the case of the feeding experiment with C14-
methyl stearate, Diet II was used and the fat content was 
reduced to 12.4%, the other 6.6% being in the form of C14-
methyl stearate. 

For the duration of the experiment, the animals were kept 
in an open-circuit metabolism apparatus for the collection 
of the expired carbon dioxide.36 The radioactive com
pounds were then injected subcutaneously over the time 
periods indicated in Table I. In the case of the methyl 
stearate, the compound was administered in the diet. Each 
animal was killed by placing it in an atmosphere containing 
chloroform. After post-mortem examination the animals 
were frozen in Dry Ice. Xo gross pathological changes were 
observed, unless otherwise stated. Table I outlines the 
procedure for each experiment. 

The methods of isolation of the choline as choline chloro-
platinate, of creatine as creatinine potassium picrate, and the 

(31) Fruton and Clarke, / . Biol. Chem., 106, 667 (1934). 
(32) du Vigneaud and Meyer, ibid., 98, 295 (1932). 
(33) Fischer and Schoeller, Ann., SBT, 1 (1907). 
(34) Van Slyke and Folch. J. Biol. Chem.. 1S6, 509 (1940). 

Rat 
No. 

712 
894 
723 
759 
968 
969 
816 
804 
808 
851 
943 

952 

ANALYSES 

Administered 
compound 

XaHC14O3 

XaHC14O3 

C14H3OH 
C14D3OD 
C14D3OD 
C14D3OD 
C14H2O 
C14HjO 
HC14OOXa 
HC14OONa 
C14-Methyl 

stearate 
C14HO-L-

Phenylalanine 

TABLE II 

OF ISOLATED 

Choline 
chloro-

platinate 
(C1OHMN2O2-

PtCIs 
Pt = 31.68) 

31.31 
31.55 
31.48 
31.72 
31.59 
31.64 
31.46 
31.70 
31.69 
31.61 

31.35 

31.90 

COMPOUNDS 

Trimethyl-
amine 
chloro-

platinate 
(CSHMN2-

PtCIs 
Pt = 36.96) 

36.83 
37.12 
36.67 
36.84 
36.86 
37.13 
37.08 
36.93 
36.71 

36.77 

36.63 

Creatinine 
potassium 

picrate 

103.9 
99.6 

100.0 

99.0 
100.4 
99 .8 
99.3 

101.0 

99 .5 

(35) Mackenzie, Chandler, Keller, Rachele, Cross and du Vigneaud, 
/Wd., 180, 99 (1949). 
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TABLE I I I 

ACTIVITIES OF COMPOUNDS INJECTED AND ISOLATED 

Rat 

712 
894 
723 
759 
968 
969 
816 
804 
808 
851 
943 

952 

Administered 
compound 

NaHC14O3 

NaHC14O3 

C14H3OH 
C14D3OD 
C14D3OD 
C14D3OD 
C14H2O 
C14H2O 
HC14OONa 
HC14OONa 
C14-Methyl 

stearate 
C14HO-L-Phenyl-

alanine 

Injected activity 
Specific 
activity 

(A) Total 
counts/ activity 
minute/ counts/ 
milUmole minute 

3.03 X 10s 

3.61 X 10» 
7.1 X 10« 
7.04 X 106 

2.77 X 106 

2.77 X TO5 

2.33 X 10« 
2.33 X 106 

1.44 X 10' 
1.44 X 10' 

1.67 X 106 

1.84 X TO7 

3.82 X 107 

1.75 X 108 

48.0 X 106 

69.2 X 10" 
95.6 X 10B 

95.6 X 10B 

6.05 X 10« 
1.30 X 10« 
8.22 X 10« 
5.48 X 10« 

9.45 X 10« 

1.05 X 10? 

Creatinine 
potassium 

picrate 
counts/ 
minute/ 
milUmole 

2.88 X 103 

4.22 X 103 

1.11 X 10s 

4.22 X TO3 

3.10 X 103 

1.22 X 104 

7.87 X 103 

1.89 X 104 

2.97 X 104 

Choline 
chloropla-

tinate 
counts/ 
minute/ 
milUmole 

O 
450 

7.59 X 10» 

4.75 X 10" 
2.37 X 104 

1.55 X 105 

1.29 X 106 

8.84 X 104 

1.54 X 106 

Trimethyl
amine 

chloropla-
tinate 

(B) 
counts/ 
minute/ 
milUmole 

350 
6.43 X 10» 
4.55 X 105 

7.40 X 104 

6.91 X 104 

4.96 X 10* 
2.19 X 104 

1.42 X 105 

1.19 X 105 

8.34 X 104 

1.47 X 105 

B 
QA 

O 

1.51 X 10~ ! 

1.07 X 10~2 

4.44 X 10-2 

4.15 X 10- 2 

3.55 X 10- 3 

1.57 X 10- 3 

1.64 X 10"3 

1.38 X K r 3 

8.32 X 10- 3 

1.33 X 10- 3 

TABLE IV 

EXPERIMENTS WITH DEUTERIO-C U -METHANOL 

Rat 
No. 

759 

968 

969 

Compounds 

Injected C14D8OD 
Trimethylamine chloroplati-

nate (TMCP) 
Injected C14D3OD 
T M C P 
Injected C14D3OD 
T M C P 

Deuterium content 
Methyl 
group 

Compound (A) 
Atom % Atom % 

excess excess 

87.5 

0.26 
88.4 

0.869 
88.4 

0.887 

87.5 

0.29 
88.4 

0.965 
88.4 

0.986 

C H content 
Methyl group, 

Compound (B) 
counts/minute/ counts/minute/ 

milUmole milUmole 

7.04 X 10" 

4.55 X 108 

2.77 X 105 
7.40 X 104 

2.77 X 106 

6.91 X 104 

7.04 X 106 

7.58 X 104 

2.77 X 106 

1.23 X 104 

2.77 X 105 

1.15 X 104 

A 
B 

(O 
12.4 X 10-

3.81 X 10 
31.9 X 10-
7.85 X 10-

31.9 X 10-
8.57 X 10-

0.31 

0.25 

0.27 
" X is obtained by dividing the ratio of deuterium to C14 in the methyl group of the trimethylamine chloroplatinate by 

the ratio of deuterium to C14 in the injected methanol. The D: C14 ratios are expressed as (C) in the preceding column. 

degradation of choline to trimethylamine, isolated as trimeth
ylamine chloroplatinate, have been described.36 Each 
chloroplatinate sample was analyzed for platinum, and each 
creatinine potassium picrate sample was analyzed for purity 
by the Jaffe colorimetric reaction. The analytical data are 
summarized in Table I I . 

The compounds were oxidized with the Van Slyke oxidiz
ing mixture and the resulting carbon dioxide was precipi
tated as barium carbonate. In the case of the trimethyl
amine chloroplatinates from the experiments with doubly 
labeled methanol, the compounds were burned in oxygen 
and the resulting carbon dioxide was precipitated as barium 
carbonate. The activity was determined on this precipitate 
with a thin mica window Geiger-Miiller counter and a scal
ing circuit. The results were corrected for background and 
self-absorption. 

In the case of the trimethylamine chloroplatinates isolated 
after injection of C I4-deuteriomethanol, the water obtained 
by combustion was reduced with hot zinc and the deuter-

(36) du Vigneaud, Cohn, Chandler, Schenck and Simmonds, J. Biol. 
Chem., 140, 625 (1941). 

ium content was determined with the mass spectrometer.37 

The results for the compounds labeled with C14 are sum
marized in Table I I I and those for the doubly labeled meth
anol are given in Table IV. It seems probable that the 
slight activity found in the creatinine potassium picrate from 
the rats injected with C14-bicarbonate was caused by the 
presence of a small amount of C14 in the amidine moiety of 
the creatinine. 

No exchange of methyl groups was found to occur between 
choline and C14-labeled methanol when they were allowed to 
stand together for several days. 

Acknowledgment.—The authors wish to express 
their appreciation to the Lederle Laboratories 
Division of the American Cyanamid Company 
for a research grant which has aided greatly in this 
work. They also wish to thank Mrs. Stella Hsu 
for the platinum analyses. 
N E W YORK 21, N. Y. RECEIVED DECEMBER 13, 1950 

(37) Rittenberg, private communication. 


