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The aim of the present study was to examine the effects of cobalamin (Cbl) on the activity and expression of L-methylmalonyl-CoA mutase

(MCM) in rat liver and cultured COS-7 cells. The MCM holoenzyme activity was less than 5% of the total (holoenzyme þ apoenzyme) activity

in the liver although rats were fed a diet containing sufficient Cbl. When weanling rats were maintained on a Cbl-deficient diet, the holo-MCM

activity became almost undetectable at the age of 10 weeks. In contrast, a marked increase in the total-MCM activity occurred under the Cbl-

deficient conditions, and at the age of 20 weeks it was about 3-fold higher in the deficient rats than in the controls (108 (SD 14·5) v. 35

(SD 8·5) nmol/mg protein per min (n 5); P,0·05). Western blot analysis confirmed that the MCM protein level increased significantly in the

Cbl-deficient rats. However, the MCM mRNA level, determined by real-time PCR, was rather decreased. When COS-7 cells were cultured in

a medium in which 10% fetal bovine serum was the sole source of Cbl, holo-MCM activity was barely detected. The supplementation of Cbl

resulted in a large increase in the holo-MCM activity in the cells, but the activity did not exceed 30% of the total-MCM activity even in the

presence of Cbl at 10mmol/l. In contrast, the total-MCM activity was significantly decreased by the Cbl supplementation, indicating that Cbl

deficiency results in an increase in the MCM protein level in COS-7 cells as well as in rat liver.

Cobalamin deficiency: Methylmalonyl-CoA mutase: Holoenzymes: Methylmalonic acid: Rat liver: COS-7 cells

Cobalamin (Cbl; vitamin B12), when taken up into mammalian
cells, is converted to its coenzyme forms, methylcobalamin
and 50-deoxyadenosylcobalamin (AdoCbl)(1). Mammals have
two Cbl-dependent enzymes: methionine synthase (MS), for
which methylcobalamin acts as a coenzyme, and L-methylma-
lonyl-CoA mutase (MCM), which requires AdoCbl as a pros-
thetic group(2). MS catalyses the synthesis of methionine from
homocysteine with 5-methyltetrahydrofolate as a methyl
donor, and plays important roles in one-carbon and folate

metabolism(3). In contrast, MCM localises in the matrix of
mitochondria and catalyses the conversion of L-methylma-
lonyl-CoA (MMA-CoA) to succinyl-CoA, which is involved
in the degradation pathways of certain amino acids (such as
valine and isoleucine), odd-numbered fatty acids, cholesterol
and thymine(1).
Under Cbl-deficient conditions, MMA-CoA and its precur-

sor, propionyl-CoA, increase in mammalian cells as a result
of a decrease in the catalytic activity of MCM due to
deficiency of AdoCbl(4). Methylmalonic acid (MMA), which
is produced by the hydrolysis of MMA-CoA, accumulates in
the plasma and tissues, and is excreted abnormally into the
urine (methylmalonic aciduria)(5,6). The level of MMA in

the urine is used as an index of Cbl deficiency(6,7). The
accumulations of MMA-CoA, propionyl-CoA and MMA
lead to the disruption of normal metabolism in mammalian
cells(5). In particular, MMA inhibits succinate dehydrogenase,
which can lead to a decrease in respiratory activity(8). The
decrease of respiratory activity due to the accumulation of
MMA is thought to be one of factors that cause severe
growth retardation in mammals under Cbl-deficient con-
ditions(5). In addition to Cbl deficiency, methylmalonic acid-
uria occurs in patients with some inherited diseases that
occur due to the mutation of MCM or other genes involved
in the pathway of AdoCbl synthesis(9,10). In particular, inheri-
ted defects of the MCM gene are life-threatening for mam-
mals, for example, MCM knock-out mice show neonatal
lethality, although fetal development of the mice is normal(11).

MCM becomes catalytically inactive under Cbl-deficient
conditions due to the lack of its prosthetic group(1); however,
it is unclear whether the expression level of MCM is modu-
lated in mammalian cells in response to a change in the level
of Cbl. In the present study, we report that the MCM protein
level is abnormally increased in rat liver under Cbl-deficient
conditions, even though the MCM mRNA level is rather
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decreased. It is also reported that Cbl deficiency results in an
increase in the MCM protein level in cultured COS-7 cells as
well as rat liver.

Materials and methods

Animals, diets and treatments

Male weanling rats (age 3 weeks), born to 14-week-old
parent rats, which had been fed a defatted soyabean-based
Cbl-deficient diet, were used. The parent rats were obtained
from Kiwa Laboratory Animals (Wakayama, Japan). The
Cbl-deficient diet contained the following (per kg diet):
400 g defatted soyabean (of which about 50% was crude
protein and remainder carbohydrate; obtained from Showa
Sangyo, Tokyo, Japan), 453 g glucose, 100 g soyabean oil,
35 g mineral mixture (AIN-93G-MX; Clea, Tokyo, Japan),
10 g Cbl-free vitamin mixture (AIN-93VX without Cbl; Clea)
and 2 g choline chloride(12). The weanling rats were randomly
allocated to the Cbl-deficient and control (Cbl-sufficient)
groups, and individually housed in wire-bottomed cages under
controlled temperature (22 ^ 28C), humidity (55 ^ 10%) and
lighting (from 08.00 to 20.00 hours) conditions. The Cbl-defi-
cient and control rats were allowed free access to the
Cbl-deficient and -sufficient diets, respectively, and water.
The Cbl-sufficient diet was identical to the deficient one with
an exception that cyanocobalamin was included at 25mg/kg.
At the ages of 10, 15, 20 or 30 weeks, these rats (five rats in
each group) were anaesthetised with diethyl ether, and their
livers were excised.

In a Cbl-supplementation experiment, Cbl was fed to a
group of the Cbl-deficient rats at age 20 weeks that had
been moved to individual metabolism cages at age 19
weeks, for 0, 1, 2 or 4 weeks, by the supplementation of
cyanocobalamin into their diets at 100mg/kg. At the end of
the feeding, the urine was sampled from these rats during
the last 24 h of their life to measure the amount of MMA
excreted into the urine, and their livers were obtained under
diethyl ether anaesthesia. MMA in the urine was determined
by an HPLC method as described previously(6). To administer
carnitine to the Cbl-deficient rats, 0·5mmol L-carnitine (kindly
donated by Hamari Chemicals, Osaka, Japan) was dissolved
in 2ml distilled water and adjusted to pH 7·5, and was intra-
peritoneally injected twice per d for 2 weeks. Furthermore,
methionine was fed to the Cbl-deficient rats for 2 weeks by
adding L-methionine to the diet at 4 g/kg.

All experimental procedures including the laboratory
animals were approved by the Animal Care and Use Commi-
ttee of Osaka Prefecture University.

Enzyme assay

The livers were homogenised in 10 volumes of 100mM-pota-
ssium phosphate buffer (pH 7·5), containing leupeptin (10mg/ml),
aprotinin (1mg/ml) and 0·1mM-4-(2-aminoethyl)-benzenesulfonyl
fluoride, by using a Teflon homogeniser at 48C. The homogenate
was centrifuged at 15000g for 10min, and the supernatant fraction
obtained was used as a crude enzyme solution.

MCM holoenzyme and total enzyme (holoenzyme þ
apoenzyme) activities were determined by an HPLC method
described by Gaire et al. (13). Briefly, the crude enzyme

solution in 100mM-potassium phosphate buffer (pH 7·5) was
preincubated in the absence (in the case of the holo-MCM
activity) or presence (in the case of the total-MCM activity)
of 30mM-AdoCbl at 378C in the dark for 5min. The enzyme
reaction was started by the addition of DL-MMA-CoA at a
final concentration of 1·5mmol/l. After appropriate incu-
bation, TCA was added at a final concentration of 3·2%
(w/w) to stop the enzyme reaction. Themixturewas centrifuged
and the supernatant fraction obtainedwas filtrated. Succinyl-CoA
in the filtrate, which was produced by the enzyme reaction, was
analysed by an HPLC system using a reverse-phase HPLC
column (COSMOSIL 5C18 AR-II, 3·0 £ 150mm; Nacalai
Tesque, Kyoto, Japan). The filtrate was applied onto the column
equilibrated with 100mM-acetic acid in 100mM-potassium
phosphate buffer (pH 7·5) containing 5·4% methanol.
Succinyl-CoA was eluted by a linear concentration gradient
(5·4–18%) of methanol in the elution buffer at a flow rate of
1ml/min at 408C, and was monitored by measuring absorbance
at 254 nm.

Preparation of anti-L-methylmalonyl-co-enyzme-A mutase
antibodies

For the preparation of the recombinant human MCM (mature
form) to use as an antigen, human MCM cDNA was obtained
by nested PCR. The primer sequences correspond to
the human MCM sequence (accession number: NM000255).
The first PCR was performed using a sense primer 1 (50-ACA-
GCGGAGTCCAAAACAGGCCTA-30: positions 11–34), an
antisense primer 1 (50-CCATTGTCCAGAGTTCTTG-30: pos-
itions 2588–2570) and human brain (cerebral cortex) Mara-
thon-ready cDNA (BD Biosciences Clontech, Palo Alto, CA,
USA) as a template. The second PCR was done using a
sense primer 2 (50-GGGTGTTTCCATGCTCCACCATGT-30:
positions 57–80), an antisense primer 2 (50-GCATGACACC-
AGGCCTATAAGTAAGG-30: positions 2486–2461) and the
first PCR product as a template. The PCR product was
cloned into pCR2.1 TOPO-TA vector (Invitrogen, Carlsbad,
CA, USA), termed pCR2.1-hMCM. To construct the vector
for the expression of the mature form of MCM in Escherichia
coli, the PCR was performed using a sense primer 3
(50-ggagatCTACACCAGCAACAGCCCCTTCA-30: positions
173–195), an antisense primer 3 (50-gggcggccgcTTATACAG-
ATTGCTGCTTCTTTTCC-30: positions 2329–2305) and
pCR2.1-hMCM as a template. The Bgl II and Not I restriction
sites are underlined, respectively. The PCR product was sub-
cloned into pCR2.1 TOPO-TA vector, named pCR2.1-
hMCM-mature. The pCR2.1-hMCM-mature was digested
with Bgl II and Not I, and ligated into the corres-
ponding restriction sites of pET30a(þ) vector (Novagen,
San Diego, CA, USA), termed pET30a(þ)-hMCM-mature.
The pET30a(þ)-hMCM-mature was transformed into E. coli
BL21 (DE3), and the transformant was cultured in the
presence of 0·1mM-isopropyl-1-b-D-galactoside at 128C.
The recombinant human MCM (mature form) produced was
affinity purified with Ni-NTA agarose resin according to the
manufacturer’s instructions (Qiagen, Hilden, Germany).
Anti-MCM antibodies were raised in rabbits by using the
affinity-purified protein, which had been confirmed to be a
single protein band on SDS-PAGE.
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Western blotting

The livers were homogenised in 20mM-HEPES-NaOH
buffer (pH 7·5), containing 1% (w/w) Nonidet P-40, aprotinin
(10mg/ml), leupeptin (1mg/ml) and 0·1mM-4-(2-aminoethyl)-
benzenesulfonyl fluoride, with a Teflon homogeniser at 48C.
The homogenate was centrifuged at 15 000 g for 10min, and
the supernatant fraction obtained was used as the sample
solution. The sample solution was subjected to SDS-PAGE,
and proteins in the gel were electroblotted to a polyvinylidene
difluoride membrane. The membrane was probed with rabbit
anti-MCM antibodies, and immunoreactive proteins on the
membrane were detected by a chemiluminescent method
using a commercial kit (Super Signal West Pico Chemilumi-
nescent substrate system; Pierce, Rockford, IL, USA) with
horseradish peroxidase-conjugated goat anti-rabbit IgG anti-
bodies. Digitised images were obtained with a luminescent
image analyser (LAS-1000 Plus; Fuji Film, Tokyo, Japan),
and the band intensities were quantified.

Real-time polymerase chain reaction analysis

Liverswereminced in liquidN2 andmixedwith Sephasol RNA1
(Nacalai Tesque) to extract total RNA, according to the manu-
facturer’s instructions. Poly(A) þ mRNA was prepared from
the total RNA sample by using Oligotex dT30 (Roche, Basel,
Switzerland), and the cDNA template for real-time PCR anal-
ysis was synthesised from the poly(A) þ mRNA preparation
by using oligo dT primer (dT20) andMLVRT (Promega, Madi-
son,WI, USA). Amaster mix of the real-time PCR analysis con-
sisted of the cDNA template, specific primers and SYBR Green
PCR Core Reagent (Applied Biosystems, Foster City, CA,
USA). PCR was carried out using OPICON2 (MJ Research,
Waltham, MA, USA), according to the manufacturer’s instruc-
tions. The specific primers used for the determination of
the MCM mRNA level were 50-CATGGAACGTGAAGGTC-
GCAGA-30 (sense primer) and 50-AGAGGGCCTATGTCC-
ACACATC-30 (antisense primer). For normalisation, b-actin
mRNA level was also determined as the internal standard (the
sense and antisense primers used were 50-GGCATCCTGACC-
CTGAAGTA-30 and 50-GGGGTGTTGAAGGTCTCAAA-30,
respectively).

Cell culture

COS-7 (African green monkey kidney) cells were cultured in
10ml Dulbecco’s modified Eagle’s medium, containing 10%
fetal bovine serum, penicillin (100 units/ml) and streptomycin
(100mg/ml), on a 100mm dish at 378C in a humidified 5%
CO2–95% air atmosphere. The concentration of Cbl in fetal
bovine serum used, which was determined by the fully auto-
mated chemiluminescence B12 analyser ACS 180 (Chiron
Diagnostics, East Walpole, MA, USA) according to the manu-
facturer’s instructions, was 102 pmol/l (thus, the Cbl concen-
tration in the medium is calculated to be about 10 pmol/l).
For the supplementation of Cbl, hydroxocobalamin (OHCbl)
was added into the medium at a varied concentration
(1 nmol/l–10mmol/l). After reaching confluence, the cells
were harvested and homogenised in 100mM-potassium phos-
phate buffer (pH 7·5), containing leupeptin (1mg/ml), aproti-
nin (10mg/ml) and 0·1mM-4-(2-aminoethyl)-benzenesulfonyl

fluoride, with a Teflon homogeniser at 48C. The homogenate
was centrifuged, and the supernatant fraction obtained was
used as a crude enzyme solution for the MCM assay.

Statistical analyses

Changes in the hepatic total- and holo-MCM activities during
the feeding of the experimental diets were compared between
the Cbl-deficient and control groups by two-way ANOVA, and
post hoc analyses were done by the Scheffé test. Other data
were evaluated by one-way ANOVA, followed by the Scheffé
post hoc test. These analyses were performed with GB-Stat 5.4
(Dynamic Microsystems, Silver Spring, MD, USA). All data
are expressed as means and standard deviations, and statistical
significance is defined as P,0·05.

Results

Hepatic L-methylmalonyl-co-enzyme A mutase activity
in cobalamin-deficient rats

Total-MCM activity in the liver was not significantly changed
during the experimental period (age 10–30weeks) in the control
rats fed the Cbl-sufficient diet (Fig. 1). Similarly, the holo-MCM
activity was also kept almost constant during the feeding of the
Cbl-sufficient diet in the control rats, although it was less than
5% of the total activity. In the Cbl-deficient rats, as expected,
the holo-MCM activity was hardly detected at any of the
ages examined. The total-MCM activity was not significantly
different between the Cbl-deficient and control groups at the
age of 10 weeks. However, a marked increase in the total-
MCM activity occurred in the Cbl-deficient rats, and at age
20 weeks it was about 3-fold higher in the deficient group than
in the control (P,0·05).

When the Cbl-deficient rats at age 20 weeks were fed the
Cbl-supplemented diet, hepatic holo-MCM activity increased,
and after 2 weeks it reached a level comparable with that in
the Cbl-sufficient control group (Fig. 2). In response to the
increase in the holo-MCM activity, the urinary excretion of
MMA almost disappeared in the rats supplemented Cbl for
2 weeks. In contrast, the increased total-MCM activity in
the deficient rats returned to the normal level in 1 week
after the Cbl supplementation.

Abnormal increase in the L-methylmalonyl-co-enzyme
A mutase protein level in rat liver under the
cobalamin-deficient conditions

At age 20 weeks, the liver MCM protein level, determined by
Western blotting, was significantly higher in the Cbl-deficient
rats than in the controls (Fig. 3). The MCM protein level in the
deficient rats returned to the normal level 2 weeks after they
were put on the Cbl-supplemented diet. The MCM mRNA
level, in contrast to the protein level, was decreased by Cbl
deficiency, when determined by real-time PCR.

The Cbl-deficient rats (age 20 weeks) were administered
carnitine for 2 weeks to decrease the level of toxic MMA.
As reported previously(14), the administration of carnitine to
the Cbl-deficient rats reduced MMA levels in the urine from
2·99 (SD 0·370) to 0·89 (SD 0·149) mmol/kg body weight per d
(P,0·05). However, carnitine increased (rather than decreased)
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the hepatic total-MCM activity in the Cbl-deficient rats
(Fig. 4). In addition, the total-MCM activity in the Cbl-deficient
rats was not decreased, although methionine was supple-
mented into the diet to compensate for the decrease in the
methionine synthesis.

Effect of cobalamin on total- and holo-L-methylmalonyl-co-
enyzme-A mutase activities in cultured COS-7 cells

COS-7 cells cultured without the supplementation of OHCbl
showed hardly any holo-MCM activity (Fig. 5). Supplemen-
tation of OHCbl resulted in a marked increase in the
holo-MCM activity in a dose-dependent manner, although the
holo-MCM activity did not exceed 30% of the total-MCM
activity even if OHCbl was supplemented at 10mmol/l. In con-
trast, the total-MCM activity was dose-dependently decreased
by the supplementation of OHCbl. The activity was 2·7-fold
higher in the cells cultured without supplementation of OHCbl
than in the cells supplemented with Cbl at 10mmol/l.

Discussion

MCM, an AdoCbl-dependent enzyme, catalyses the isomerisa-
tion of L-MMA-CoA to succinyl-CoA. MCM participates

in the last step of propionate metabolism in mammals, in
which propionyl-CoA is converted to succinyl-CoA, an inter-
mediate of the tricarboxylic acid cycle(1). In patients with Cbl
deficiency or with some inherited diseases that occur due to
the mutation of MCM or other genes involved in the synthesis
of AdoCbl, MMA accumulates in the plasma and tissues. The
accumulation of MMA induces severe and recurrent metabolic
acidosis that may result in vomiting, hypotonia, coma, brain
damage, and death in infancy(7,9,10).

In mammals, most MCM protein occurs in the form of a
non-functional apoenzyme that does not bind to AdoCbl
under physiological conditions(13,15). In the present experi-
ment, even if rats were maintained on a diet supplemented
with a sufficient level of Cbl (25mg cyanocobalamin was
included per kg diet), the holo-MCM activity was less than
5% of the total-MCM activity in the liver at each of the
ages examined (Fig. 1). Thus, it seems that synthesis of
MCM protein is in excess to what is needed for normal
metabolism in mammals. Furthermore, the holo-MCM activity
did not exceed 30% of the total-MCM activity in COS-7 cells
even if the amount of OHCbl supplemented into the medium
was increased to 10mmol/l (which is about 10 000-fold higher
than the plasma concentration of Cbl in Cbl-sufficient rats
(about 1 nmol/l)(6)). These results indicate that a large part

Fig. 2. Changes in hepatic total- (A) and holo- (B) methylmalonyl-CoA mutase (MCM) activities and urinary methylmalonic acid (MMA) (C) after adding cobalamin

(Cbl) to the diet of Cbl-deficient rats. Cbl-deficient rats at age 20 weeks (D) were fed a Cbl-supplemented diet (100mg cyanocobalamin per kg) for 1, 2 or 4 weeks

(S1, S2 and S4, respectively), and hepatic total- and holo-MCM activities and urinary MMA were determined. C, Cbl-sufficient control rats (age 20 weeks). Values

are the means of five rats, with standard deviations represented by vertical bars. a,b,c,d Values with unlike letters were significantly different (P,0·05).

Fig. 1. Changes in hepatic total- (A) and holo- (B) methylmalonyl-CoA mutase (MCM) activities in rats maintained on a cobalamin (Cbl)-deficient diet. Weanling

rats (age 3 weeks) were maintained on a diet supplemented with Cbl (25mg cyanocobalamin per kg) (W) or without Cbl (X), and hepatic total- and holo-MCM

activities were followed during the experimental period (age 10-30 weeks). Values are the means of five rats, with standard deviations represented by vertical

bars. a,b,c,d Values with unlike letters were significantly different (P,0·05).
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of MCM protein is kept as the catalytically inactive apoen-
zyme that does not bind to AdoCbl in mammalian cells
even if Cbl is provided in excess. However, it is not clear
whether the apoenzyme form of MCM has a physiologically
important function in mammalian cells.
The present results show that a marked increase in the

MCM protein expression occurs with a concomitant increase
in the total-MCM activity in rat liver when Cbl deficiency
becomes severe, even though virtually all of the MCM protein
is in the apoenzyme form (Figs. 1 and 3). At age 20 weeks, the
total-MCM activity in the liver was about 3-fold higher in
the Cbl-deficient rats than that in the Cbl-sufficient controls,
and the increased activity in the deficient rats returned to the
normal level in 1 week after adding Cbl to the diet (Fig. 2).
In sheep and fruit bats, unlike in rats, Cbl deficiency does
not induce a significant change in the total-MCM activity in
the liver(16,17). The reason for the discrepancy is unclear but

it may be due to differences in species and/or the severity of
Cbl deficiency. At age 20 weeks, the total-MCM activities
in the cerebrum, cerebellum and kidneys were also signi-
ficantly higher (1·5-fold, 1·5-fold and 3·2-fold higher, respec-
tively) in the Cbl-deficient rats than in the controls (data not
shown). The MCM mRNA level in the liver, unlike the protein
level, was rather decreased by Cbl deficiency (Fig. 3). Thus,
the synthesis of the MCM protein might be up-regulated trans-
lationally in rat liver under Cbl-deficient conditions. Alterna-
tively, there is a possibility that the destruction of the MCM
protein is decreased by Cbl deficiency. In contrast to MCM,
MS, which requires methylcobalamin as a coenzyme, has
been reported to decrease at the protein level (but not at
mRNA level) in rat liver under Cbl-deficient conditions
because of the instability of its apoenzyme(18). In addition,
MS protein expression is markedly increased in some cell
types (such as HepG2 and COS-7 cells) when they are cul-
tured in medium supplemented with Cbl at concentrations
over 1mmol/l(19). It has been proposed that Cbl up-regulates
MS at the translational level by modulating a Cbl-responsible
internal ribosome entry site in the 50-upstream of the MS
mRNA(20,21).

Carnitine is clinically used to treat methylmalonic aciduria
in patients with Cbl deficiency(22) because MMA-CoA, which
is accumulated as a result of the decrease in the holo-MCM
activity, is converted to non-toxic methylmalonyl-carnitine,
but not toxic MMA, and excreted into the urine when carnitine
is administered(23). Indeed, we observed that liver injury
induced by Cbl deficiency was reduced by the injection of car-
nitine in rats(14). However, the hepatic total-MCM was not
decreased (rather increased) by the administration of carnitine
in the Cbl-deficient rats (Fig. 4). The results suggest that the
accumulation of toxic MMA as a result of a decrease in the
holo-MCM activity is not a primary cause of the increase in
MCM protein expression in rat liver under Cbl-deficient con-
ditions. This notion is supported by the observation that the
total-MCM activity in the liver of Cbl-deficient rats returned
to the normal level within 1 week after their diet was supple-
mented with Cbl even though the urinary excretion of MMA
still occurred at a substantial level at this time point (Fig. 2).
The holo-MS activity is lowered by Cbl deficiency in rat
liver(18). It has been reported that testicular injury induced

Fig. 3. Effects of cobalamin (Cbl) deficiency on methylmalonyl-CoA mutase (MCM) protein (A) and mRNA (B) levels in rat liver. MCM protein and mRNA levels

were determined by Western blotting and real-time PCR, respectively. Cbl-deficient rats at age 20 weeks (D) were fed a Cbl-supplemented diet (100mg cyanoco-

balamin per kg) for 2 weeks (S2). C, Cbl-sufficient control rats (age 20 weeks). Data are presented as relative values (% of the level of the Cbl-sufficient control

rats). Values are the means of five rats, with standard deviations represented by vertical bars. a,b Values with unlike letters were significantly different (P,0·05).

Fig. 4. Effects of carnitine (Car) and methionine (Met) on hepatic total-

methylmalonyl-CoA mutase (MCM) activity in cobalamin (Cbl)-deficient rats.

Cbl-deficient rats (age 20 weeks) (D) were intraperitoneally injected with

L-carnitine (0·5mmol each) twice per d for 2 weeks (Car) or were fed a

methionine-supplemented diet (4 g methionine per kg) for 2 weeks (Met).

C, Cbl-sufficient control rats (age 20 weeks). Values are the means of five

rats, with standard deviations represented by vertical bars. a,b,c Values with

unlike letters were significantly different (P,0·05).
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by Cbl deficiency in rats is reduced when methionine is added
to the diet to compensate for a decrease in methionine syn-
thesis(24). However, methionine did not reduce the increased
total-MCM activity in the Cbl-deficient rats (Fig. 4).

When COS-7 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine
serum alone (the Cbl concentration in the medium was
estimated to be about 10 pmol/l, which is considerably
lower even compared with the plasma concentration of Cbl
in deficient rats (150 pmol/l)(6)), the holo-MCM activity was
below the detection limit (5 pmol/mg protein per min)
(Fig. 5). Thus, it appears that the holo-MCM activity is not
necessary in COS-7 cells to maintain normal cell physiology.
Indeed, MMA was barely excreted into the medium even
if COS-7 cells were cultured under the Cbl-deficient condi-
tions (the concentration of MMA in the spent culture
medium, which was measured by HPLC with intramolecular
excimer-forming fluorescence derivatisation(7), was 1·18 (SD
0·232) mmol/l (n 3), which is very much lower than the
plasma concentration of MMA reported in Cbl-deficient rats
(750mmol/l)(5)). Adding Cbl to the medium at concentrations
higher than 100 nmol/l increased the holo-MCM activity by
more than 100-fold, reaching a level comparable with or
higher than that in rat liver under Cbl-sufficient conditions
(about 1 nmol/mg protein per min). For comparison, the
holo-MS activity of COS-7 cells cultured in a medium in
which fetal bovine serum was the sole Cbl source was
about 50 pmol/mg protein per min, and increased about 4-
fold when Cbl was added at a concentration of 3·7mmol/
l(19). In contrast to the holo-MCM activity, the total-MCM
activity was dose-dependently decreased by the supplemen-
tation of Cbl in COS-7 cells (Fig. 5), indicating that Cbl
deficiency results in an increase in MCM protein level in
COS-7 cells as well as rat liver.
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