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The close relation between the functions 
of vitamins B12 and folic acid is best dwu- 
men ted by biochemical deficiency symptoms 
which are common to both, such as the in- 
creased urinary excretion of formimino-glu- 
taniic acid (FIGlu) ,t aminoimidazole-car- 
bommide (AIC) and formate( 1-3). In (both 
deficiencies, dietary rnethionine dimidshes 
or even abolishes these symptoms (4-6). The 
action of methionine may be explained by 
its effect on the tissue distribution of folk acid 
coenzymes. Noronha and Silverman ( 7) 
showed that supplementation of rats with 1% 
D,L-methionine for 24 hours decreased the 
level of 5-methyl-tetrahydrofolate ( 5-CH3- 
H4folate) and increased the levels of other 
forms active in the metabolism of the excreted 
compounds. The exact site of methionine 
action has, however, not yet been identified. 

The levels of 5-CH3-H4fdate appear to 
be controlled by 2 enzymes, methylenetetra- 
hydrofolate reductase (E.C.1.1.1.68) (I) and 
methyl- tetrahydrofolate : L- homocysteine S - 
methyl transferase (transmethylase) (11). 
The reductase is most probably irreversible 
under physiological conditions( 8). 

(I) SY10-CH2-H4folate + FADH2 -+ 

(11) 5-CH3-H4folate + L-homocysteine 
S-CH,-&folate + FAD 

B12 enzyme 
A H4folate + L-methionine 

SAM 
I t  has been proposed that methionine en- 

hances utilization of 5-CH3-H4folate by pro- 
viding the activator SAM and/or the accep- 
tor homocysteine for reaction II( 7,9). Yet 
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IUB iCiolmmission on Biochemiud Nlommlature, as 

it is difficult to understand how this effect 
alone would overcome the limitation of the 
low enzyme I1 level caused by BI2 deficiency 
(10). Methionine, however, appears to re- 
press enzyme I in E. coli( 8, l l ) .  There results 
suggested a possible regulatory influence of 
methionine a t  this site in rats. 

This report investigates in rats the effects 
of B12 and methionine on the levels of en- 
zymes I and 11, as well as on the level of 
glu tamate f ormimino-transferase ( E.C 2.1.2.5 ) 
(111) (FIGlu + H4folate 5-HCNH- 
H4folate + L-Glu). Enzyme I1 was studied 
to compare the results with those of Dicker- 
man with chicks ( l l o l )  . Enzyme I11 was meas- 
ured because a direct influence on vit Blz 
on this enzyme has (been proposed( 12). Mi- 
crobiological analyses of folates in the livers 
of the same animals were performed with 
recently published improved methods which 
avoid the hydrolysis of polyglutamates dur- 
ing preparation of the extracts( 13). The data 
reported here show the role of B12 and methi- 
onine in controlling transmethylase activity 
and their pronounced effect on folate levels 
in liver. No effects on reductase (I) and 
formimino-transferase (111) were observed. 

&faterials and methods. Diets: The basal 
diet had the following composition (g/kg) : 
soy assay protein,$ 201) g; corn oil with vita- 
mins A, D, E, 40 g; salt mix(l4) 35 g; vita- 
min premix in Cerelose,§ 10 g; choline chlo- 
ride, 1 g; Cerelose, 714 g. The vitamins were 
supplied in the following concentrations (per 
kg): vit A, 15,000 I.U.; vit D (Viosterol), 
200 units; tocopherol, 50 mg; ibiotin, 0.2 
mg; thiamine, 15  mg; riboflavin, 15 mg; nia- 
cin, 50 mg; pyridoxine, 15 mg; Ca-panto- 
thenate, 50 mg; folic acid, 5 mg; rnenadione, 
10 mg. Vit BI2 was added where indicated as 
100 rng of a 0.1 % trituration in mannitol cor- 
responding to 100 pg/kg. D,L-methionine 
was added as 15 gJkg where indicated. Some 
animals received higher methionine supple- 

$ Obtinied h a a n  Generial Biochemicals. 
publisheld in Bio&h.  Biophys. Acta 107, I1 (1965) .) 0 Cerelose-trade name for glucose monohydrate. 



802 VITAMIN B12 AND METHIONINE IN RAT LIVER 

ments for the last 2-3 weeks before sacrifice. 
A slight weight loss was observed on 370 
and 4% methionine diets. 

In the “labile methyl-free” diet, choline 
was omitted and vit BIZ added, and the pro- 
tein replaced by an amino acid mixture 
complete in essential amino acids except that 
homocysteine replaced methionine. The amino 
acid mixture(l5) furnished per kg of diet: 
L-arginine X HCl, 8 g; L-cystine, 3 g; 
L-glutamic acid, 60 g; glycine, 6 g; L-histi- 
dine X HCl, 7 g; D,L-isoleucine, 14 g; L- 
leucine, 10 g; L-lysine X HCl, 14 g; D,L- 
homocystine, 12 g; D,L-phenylalanine, 12 g; 
D,L-threonine, 12 g; D,L-tryptophane, 2 g; 
D,L-valine, 18 g; L-tyrosine, 4 g ;  D,L-serine, 
5 g; sodium bicarbonate, 12.4 g. 

Animals. Two-weeks-pregnan t Sprague- 
Dawley rats, obtained from a commercial 
breeder, were fed the basal diet supplemented 
with an additional 50 g soy assay protein 
and 7 g D,L-methionine per kg diet until 
weaning a t  3 weeks. Each litter was reduced 
to 8 animals at 1 day after birth. The ani- 
mals were assigned to the experimental diets, 
and for the first 5 weeks were kept 2 in a 
cage; subsequently, individually in wire-bot- 
tom cages. Food and water were given ad 
libitum. The animals were sacrificed by de- 
capitation, 1 from each group at l l  weeks, 
and the remainder in the 14th and 15th 
weeks. The livers were removed immediately 
and cooled in ice. Five g of each liver was 
taken for folic acid analysis and an extract 
prepared by immediate homogenization with 
ascorbate solution and subsequent heating to 
95°C for 1 0  minutes according to the method 
given by Bird et aZ( 13) .  The remainder was 
used for enzyme assay and homogenized with 
3 volumes of cold 0.05 M phosphate buffer 
pH 7.2 in a Potter-Elvehjem homogenizer and 
centrifuged a t  30,000 X g for 30 minutes. 
The supernatants were frozen at -15OC 
until assayed. (Not all samples were assayed 
but all 3 enzymes were always assayed on 
one sample.) 

Enzyme assays. Immediately before analy- 
sis, part of each sample was dialyzed 2 hours 
against 2 liters of 0.05 M phosphate buffer 
p H  7.2 at 4°C. The transmethylase assay 
was adopted in principle from Dickerman 

et aZ( 110). The incubation mixture contained 
6 0  mpmoles tl4CCH3-H4PteGlu (543 dpmJ 
mpmole) , 5 0 0  mpmoles D,L-homocysteine 
(dissolved fresh daily), 100 mpmoles SAM, 
1 pmole ascorbate, 1 0  pmoles K-phosphate 
buffer pH 7.2, 100 mpmoles catalytically re- 
duced FAD and an amount of enzyme, which 
produced maximally 15 mpmoles methionine, 
in a total volume of 0.3 ml. Incubation pro- 
cedure was according to Katzen and Bu- 
chanan(8) in which the reaction vessels, 
closed with a rubber cap, were filled with 
pure hydrogen by repeated evacuation and 
filling through a 3-way stopcock and the 
reduced FAD injected with a syringe. After 
2 hours incubation at 35*C, the content of 
the vessels was passed over a 0.5 X 2 cm 
column of Dowex 1-CL (100-200 mesh), 
which retains the 14CH3-H4PteGIu and lets 
the methionine pass through, and the columns 
washed with water to give a total eluant 
volume of 3.0 ml. One ml of this eluant 
was dried on a planchet under an infrared 
lamp and counted in a Nuclear-Chicago gas- 
flow counter type 161A. A blank value with- 
out enzyme was subtracted. The assay re- 
sponse curve was linear with respect to time 
and to the amount of protein in the range 
used. 

Methylene-tetrahydrofolate reductase was 
assayed in the reverse direction with mena- 
dione as the artificial electron acceptor ( 16). 
4C-formaldehyde formed from 14CH3-H4P te 
Glu was determined as the dimdone adduct 
which could be extracted with tuluene(8). A 
similar method of 14C-fotrmaldehyde determi- 
nation has been published by Taylor and 
Weissbach( 17) .  The incubation mixture con- 
tained(final volume, 0.55 ml) 3 2 0  mpmoles of 
t14CH3-H4PteGlu (1 10 dpmjmpmole) 50 
mpmoles FAD, 2 pmoles menadione (not 
completely dissolved), 5 pnoles ascorbate, 
100 pmoles phosphate buffer pH 6.3, 1 pmole 
ethylenediaminetetraacetic acid and enzyme, 
which produced a maximum of 30 mpmoles 
formaldehyde. After incubation for 1 hour 
at 35OC in air, 0.3 ml of a solution of 3 mg 
dimedone per ml in 1 M K-acetate buffer 
pH 4.5 were added, the mixture heated for 
5 minutes at 9 5 O  and cooled in ice. The 
formaldehyde-dimedone addutt was extracted 
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into 3 ml of toluene ‘by vigorous shaking with 
a Vortex mixer for 15 seconds. The phases 
were then separated by centrifugation and 
1 ml of the toluene phase transferred to a 
counting vial with 5 ml of scintillator solution 
in toluene, and the samples counted in a 
Packard Tricarb Scintillation Counter Model 
314-DC. A blank value without enzyme was 
subtracted. The test was nearly linear with 
time but not with protein. It was found that 
the protein interfered with the recovery of 
the formaldehyde as the dimedone adduct. 
A recovery curve was made using 14C-for- 
maldehyde + H4PteGlu instead of the sub- 
strate and used for correction of the enzyme 
activities. Formimino-transferase was deter- 
mined spectrophotometrically according to 
Tabor and Wyngarden ( 18). The incubation 
contained 2 pmoles tH4PteGlu, 5 pmoles 
FIGlu, 200 pmoles mercaptoethanol, 1010 
pmoles phosphate buffer pH 7.2 and enzyme, 
which produced maximally 100 mpmoles 
product in a total of 1.0 ml. Incubation was 
carried out for 15 minutes a t  35°C; 0.3 ml 
of 101% perchloric acid were added to stop 
the reaction and the mixture heated for 55 
seconds in a boiling water bath, then rapidly 
cooled, centrifuged and the optical density 
measured at 355 mp. Results were calculated 
using a molecular extinction coefficient of 
e = 25 1103 1 Mol-l cm-l for 5,lQ-methenyl- 
H4PteGlu. A blank without FIGlu was sub- 
tracted. 

Protein was determined by the Biuret 
method as described by Beisenherz et a1 ( 19). 

FIGlu excretion was determined on 24- 
hour urine collections made in flasks contain- 
ing 0.5 ml od 1 M sulfuric acid to stabilize 
the FIGlu. The assay was carried out ac- 
cording to Tabor and Wyngarden (20) .  

Folate analyses. Microbiological folate 
analyses using Lactobacillus casei ATCC 
7469, Pediococcus cerevisiae ATCC 80181 and 
Streptococcus faecalis ATCC 8043, were per- 
formed by the “aseptic addition” technique 
according to Bakerman(21), using a final 
volume of 5 ml, however. Difco folic acid 
casei medium and -CF assay medium were 
used. In all assays, d,l-Ca-leucovorin was 
the standard and calculated as the I-form. 
The preparation of the hog kidney conjugase 

and the method of digestion of the extracts 
were according to Bird et  aZ( 13). 

Materials. Unlabeled and labeled t 5-CH3- 
H4PteGlu were prepared by reduction of a 
mixture of H4PteGlu and formaldehyde with 
sodium bolrohydride ( 2 2 )  and purification on 
TEAE cellulose with ammonium bicarbonate 
as eluant. The products were dbtained as 
barium salts. 11 14C-formaldehyde, SAM iodide, 
FAD and FIGlu were obtained from Calbio- 
chem. D,L-homwysteine and the H4PteGlu 
used in the FIGlu assays were from Nutri- 
tional Biochemicals Corp. H4PteGlu for prep- 
aration of 5-CH3-H4PteGlu was made by 
catalytic hydrogenation of folic acid in neu- 
tral aqueous solution (23) and used without 
isolation. d,l-leucovorin was a gift of the 
Lederle Laboratories, American Cyanamid 
Corp., Pearl River, N. Y. 

Results and discussion. 1. Enzyme levels. 
The levels of methylenetetrahydrofolate re- 
ductase and f ormimino-transferase were simi- 
lar on all of the diets (Table I ) .  This indi- 
cates that the synthesis and function of these 
enzymes is not influenced by vit Blz olr 
methionine. Similar observations on the re- 
ductase have been reported by Dickerman 
(24) on chicks. Dialysis had no effect on the 
activity of the transferase but caused a 1.5-2- 
fold increase in reductase activity. Addition 
of a lyophilized concentrate of dialysate did 
not, however, inhibit the enzyme in vitro. 

The levels of transmethylase were signifi- 
cantly lolwer in the vitamin B12 deficient 
groups, in agreement with the results with 
chicks( 10). Addition of vit B12 to the in 
vitro test system had no effect. Methionine 
supplementation decreased enzyme activity. 
The effect with 4% methionine was no greater 
than with 1.5%. Dialysis did not affect trans- 
methylase activity. 

It had been shown that rats on a diet con- 
taining neither methionine nor choline but 
a sufficient supply of homocysteine, vit B12 
and folic acid grow normally(25) and syn- 
thesize 4 times more choline-methyl groups 
from one-carbon precursors than when methi- 

II  We tbank Dr. J.  Stavrianopoulos, Cologne, Ger- 
many, for giving us details of his unpublished purifi- 
cation procedure method and for ;t sample of * S-C&-HJ’teGlu. 
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TABLE I. Enzyme Levels in Dialyzed Rat  Liver Homogenate Supernatant. 

Enzyme activities 
(pmoles min-l mg-1 2 S.D. ( X  l o 3 ) )  

Group rats Diet B,, Met a t  10 wk Rcducta.se transferaae methylase 

Supplements 
No. Avg body wt FI- Tram- 

303 39 .29 & .06 132 10 .OG .072 4 basal - -  
9 9  

99  
1.5% 386 f 48 .31 r .09 146 & 10 .05 & .01 

1 

352 k 24 .30 & .ll 172 & 53 .27 & .12 
2 4 

4- 1.54% 367 2 2 6  .23 r . 0 4  1 3 9 k 5 0  .13 2 .05 4 9 
5 5 labile methyl- + - 239 2 17 .35 f .09 185 & 66 .33 2 .1G 

- 
3 8 9 9  + -  

free 

onine or choline is supplied( 26). The rats in 
group 5 were therefore transferred at 5 weeks 
from the basal diet (without BI2 and without 
methionine) to the methionine- and choline- 
free amino acid diet supplemented with vit 
BIZ to determine whether this would cause 
a further increase in transmethylase activity. 
Weight gain of the animals stopped for ap- 
proximately 10 days and then resumed at  
about the same rate as before. The trans- 
methylase activity in this group after 6 to 
9 weeks on the labile methyl-free diet, how- 
ever, was no greater than that in group 3 
fed the basal diet providing 0.2-0.3% methio- 
nine. 

The observed effects of the dietary methio- 
nine supply on the enzyme responsible for its 
formation are small and therefore would not 
represent an efficient regulation of methyl 
group biosynthesis. Strong control of methyl 
group biosynthesis at this site might be dis- 
advantageous to the cell in view of the meta- 
bolic importance of the release of free 
H4folate from the storage form of 5-CH3- 
H4folate(27). 

2. Folate level studies. Animals on the 
vitamin B12-deficient ,basal diet had signifi- 
cantly lower levels of all forms of folate in 
comparison with the values from the supple- 
mented diets (Table 11). By comparison with 

data from rats on a stock diet( 13) ,  the latter 
can be assumed as normal. The effect of 
methionine on Pediococcus cerevisiae activity 
representing CHO-H4folate and H4folate was 
much less than that found by Noronha and 
Silverman ( 7)  after 24-hour supplementation 
with 1% methionine. The latter report is 
the only one correlating the composition of 
liver folates with methionine and vit BIZ 

intake in a purified diet. Our investigation 
differs from theirs in that the duration of 
the methionine supplementation in these in- 
vestigations was longer, and in the fact that 
they did not differentiate between mono- and 
higher glutamates of folates since the latter 
are split down during freezing and thawing 
of the livers in their assay procedure( 13) .  

Our most striking observation, however, was 
the very low total folate content of groups 1 
(basal diet) and 5 (labile methyl-free, + 
BIZ) in spite of supplementation with 5 mg 
folate/kg diet. In these groups, not only the 
monoglutamates but mainly the higher con- 
jugates were reduced, as is shown by the 
difference in L. casei activity before and after 
conjugase treatment. Methionine alone is 
almost as effective as vit B12 in maintaining 
normal levels. However, d-spite the low level 
of P .  cerevisiae activity in groups 1 and 5, 
FIGlu excretion of 3-60 pmoles per day m- 

TABLE 11. Folate Levels in Rat  Liver Extracts. 

pg 1-Leucovorin activity/g liver -t S.D. 
Supplements 

No. Conjugase-untreat.ed Con j ugase- treated 
Group rats Diet B, Met L. casei P. cor. 8. faec. L.  casei P .  cer. 

3 0 f 1.1 1.3 -c .9 .9 f .7 3.8 .8 2.3 k .9 
- +1.5% 5.9 f 1.9 2.8 2 .7 3.0 f .6 10.7 2 4.7 6.2 k 2.5 

1 

+ -  7.3 f 3.3 2.0 t 1.2 4.0 f 1.G 12.1 3.1 5.1 f 2.3 
2 6 

-k 1.54% 7.8 2 1.3 2.5 -+ 1.0 4.7 & 1.2 15.7 2 5.4 6.6 & 2.6 
3 6 
4 8  
5 5 labilemethyl- + - 2.6 f .9 .9 k .5 .9 k .4 6.6 2 4.2 2.6 f 1.7 

- - G basal 
9 9  

) ?  

* *  

free 



VITAMIN B12 AND METHIONINE IN RAT LIVER 805 

curred only in the B12-deficient group 1; ani- 
mals in all other groups excreted below 1 
pmole per day. Possibly the presence of BIZ 
in group 5 allowed a faster turnover of the 
methyl-folate and thus more effective utiliza- 
tion. Somewhat comparable results in the 
composition of whole blood folates have re- 
cently been reported by Jeejeebhoy et al( 28). 
The ratio of conjugated to unconjugated 
folates dropped from lO/1 in normals to 
1.3/1 in patients with pernicious anemia. 

Little is known of the biosynthesis of the 
conjugates in higher organisms, the only in 
vitro studies being done on E .  coZi(29). In 
that case it was shown that glutamic acid 
was added stepwise to folate only in the 
tetrahydro-form ; 5-formyl- or 5-methyl-H, 
folate did nut react. If it could be shown that 
5-methyl-H4PteGlu is inactive as a substrate 
for the polyglutamate-forming system in rats, 
the effect of BIZ and methionine wuuld easily 
be explained by their influence on tissue 
levels of free H4folate in exactly the same 
way as in the case of excretion of FIGlu, AIC 
and formate. 

Summary. 1.  The level of methionine-form- 
ing enzyme (transmethylase) activity in rat 
liver is dependent on vitamin B12 and is 
decreased by dietary methionine in much the 
same way as reported for chickens( 10). The 
enzyme levels of methylene-tetrahydrofolate 
reductase and glutamate formiminotransf er- 
ase are not influenced by either vitamin BI2 
of methionine. 2. Rats kept on a vitamin 
B12-deficient diet low in methionine for 11 
weeks show a marked drop in liver folate 
levels, especially higher conjugates, compared 
to animals supplemented with either vitamin 
BI2 or methionine, despite high folic acid 
content in the diet. 

We wish to thank Susan Oace and Jote Watson fojr 
advice and p rac t id  help in the animal exprimenits, 
and Dr. M. A. Williams for hdg in preparing the 
rnlanuwipt. 
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