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ABSTRACT. We investigated the nitrous oxide-induced Intracellular Hcy is either salvaged to methionine through 
inactivation of methionine synthase and the concurrent remethylation or is converted to cysteine via the transsulfuration 
homocysteine (Hcy) export in mutant fibroblasts with de- pathway. In most cells, remethylation is catalyzed by methionine 
fects in the homocysteine catabolizing enzyme, cystathio- synthase (5-methyltetrahydrofolate-homocysteine methyltrans- 
nine B-synthase, or in methionine synthase, which carries ferase, EC 2.1.1.13). This enzyme requires cobalamin as cofactor 
out homocysteine remethylation. The fibroblasts were in- and 5-methyl-THF as methyl donor. The transsulfuration path- 
cubated in various concentrations of methionine to create way directs superfluous Hcy to catabolism, and the first step is 
conditions favoring methionine conservation or catabolism. catalyzed by the vitamin B6-dependent enzyme cystathionine 8- 
In cystathionine gsynthase-deficient cells, high medium synthase (EC 4.2.1.22) (1). 
methionine partly protected the enzyme against inactiva- Hcy export into the extracellular medium represents a mech- 
tion, as previously found in normal fibroblasts. The Hcy anism to reduce intracellular levels of Hcy under metabolic 
export rate at low methionine levels was low (0.2-0.6 nmol/ conditions resulting in Hcy accumulation. Cellular Hcy export 
h/106 cells), and increased 2-3-fold at high methionine is probably a determinant of the amount of Hcy in plasma (2). 
levels. Nitrous oxide enhanced Hcy export rate at low Plasma Hcy has received considerable medical attention, both 
methionine, so that in the presence of nitrous oxide, the because elevated level may cause vascular lesions leading to 
Hcy export became less dependent of methionine. In cblG atherosclerosis (3,4), and also because plasma Hcy is an indicator 
cells, the enzyme inactivation was moderate and independ- of deficiency or impaired function of cobalamin or folate (5) and 
ent of medium methionine. The Hcy export rate was inter- of inborn errors of Hcy metabolism (6). 
mediate (0.54.8 nmol/h/106 cells) at low methionine lev- A number of inherited diseases are characterized by high levels 
els, and increased moderately (<Zfold) at high methionine of Hcy in plasma and massive excretion of Hcy. The most 
levels or following nitrous oxide exposure. In cblE mu- common form is cystathionine 8-synthase deficiency (6). Rare 
tants, the enzyme activity was not affected by nitrous oxide, forms affect Hcy remethylation, and among these defects, cblE 
and the Hcy export was high (0.8-1.6 nmol/h/106 cells) and cblG complementation classes have impaired function of 
and independent of methionine and nitrous oxide. These methionine synthase (7). 
data suggest that Hcy remethylation and cystathionine 8- Patients with cystathionine p-synthase deficiency have elevated 
synthase activity are major determinants of Hcy export at fasting plasma Hcy and abnormal Hcy response following oral 
low and high methionine, respectively. The low suscepti- intake of a standardized dose of methionine, i.e. methionine 
bility of methionine synthase to nitrous oxide in the pres- loading test (6). The cblE and cblG mutations also cause ele- 
ence of high methionine or in cblG or cblE mutants is vated fasting Hcy in plasma (7). There is no report on methionine 
probably related to low catalytic turnover. (Pediatr Res 35: loading test in these patients, but normal response in cobalamin- 
3-9,1994) deficient patients and in one child with methylenetetrahydrofol- 

ate reductase deficiency (8) suggests that methionine synthase 

Abbreviations deficiency does not cause an abnormal response to a methionine 
loading test. 

Hcy, homocysteine (form not specified) Clinical and experimental studies of methotrexate (9- 1 1) and 
THF, tetrahydrofolate nitrous oxide (12, 13) have provided additional information on 
5-methyl-THF, 5-methyltetrahydrofolate the role of methionine synthase as a determinant of cellular Hcy 

export. Methotrexate indirectly blocks methionine synthase by 
depleting reduced folates including 5-methyl-THF. This drug 
causes transient increase in plasma Hcy in patients (9, lo), and 
enhances Hcy export from cultured cells (1 1). Nitrous oxide, 
which oxidizes cobal(1)amin (14) and inactivates methionine 
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concentrations created conditions favoring methionine conser- 
vation or methionine excess, and mimicked the metabolic con- 
ditions obtained during fasting or a methionine loading test. The 
data obtained suggested that at low medium methionine, methi- 
onine synthase efficiently remethylates Hcy, and thereby reduces 
Hcy export. Furthermore, high methionine protected methionine 
synthase from inactivation by nitrous oxide, possibly by reduc- 
tion of catalytic turnover through product inhibition (1 5). 

In the present work we studied the functional state of methi- 
onine synthase in fibroblasts from cystathionine synthase defi- 
cient and cblG and cblE patients. We focused on the influence 
of this enzyme on cellular Hcy export, since this process is 
probably the basis for the high extracellular level of Hcy in these 
patients. 

The sites of the enzyme defects in these cell lines are depicted 
in Fig. 1. 

MATERIALS AND METHODS 

Chemicals. L-Methionine, DL-homocysteine, S-adenosyl-L- 
methionine, cyanocobalamin, folic acid, DL-5-methyltetrahydro- 
folate (barium salt), and dithioerythritol were obtained from 
Sigma Chemical Co. (St. Louis, MO). 2-Mercaptoethanol (pro 
analysis) and methanol (gradient grade) were from Merck, Darm- 
stadt, Germany, and bis(3,5,5-trimethylhexy1)phthalate from 
Fluka Chemie, AG, Switzerland. (&)-L-iV-[methyl-'4C]Methyl- 
THF (54 mCi/mmol; barium salt) was purchased from Amer- 
sham, Buckinghamshire, England. It was dissolved in 10 mM 
ascorbic acid and stored as 200-pL aliquots under nitrogen at 
-80°C until use. Nitrous oxide, supplied as a mixture of 50% 
N20,25% N2, 20% 02 ,  and 5% CO2, and a mixture of 75% Nz, 
20% 02, and 5% C02, referred to as air, were obtained from 
AGA AB Norgas, Oslo, Norway. Other reagents were obtained 
from sources given in a previous publication ( 15). 

Cell lines and stock cultures. One human fibroblast cell line 
(referred to as CSD 751 cells) deficient in cystathionine j3- 
synthase was isolated from a 19-y-old man with homocystinuria. 
Another cystathionine j3-synthasedeficient fibroblast line (CSD 
1374 cells) was from a 13-y-old female. Both lines (GM0075 1 
and GM01374) were purchased from NIGMS Human Genetic 
Mutant Cell Repository, Coriell Institute for Medical Research, 
Camden, NJ. 

Three cblE mutant fibroblast lines (WG 788, WG 1384, and 
WG 1575) were obtained from the Repository for Mutant Hu- 
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Fig. 1 .  Hcy, methionine, and cobalamin metabolism and the sites of 
defects in the mutant fibroblasts. MS, methionine synthase; CS, cysta- 
thionine 8-synthase; 1, cystathionine j3-synthase deficiency; 2, cblG 
mutation; 3, cb l E mutation. 

man Cell Strains, Montreal Children's Hospital. One cell line 
(referred to as cblE 788) was isolated from a 3-mo-old boy (l6), 
another (cblE 1384) from a 9-y-old boy, and the third (cblE 
1575) from a 1-y-old boy. All infants had cblE disease. 

Three cb lG mutant cell lines (GTA, WG1308, and WG2009) 
were investigated. GTA (referred to as cblG TA) was isolated 
from a 5-mo-old boy and was obtained by Dr. C. A. Hall, 
Veterans Administration Medical Center, Albany, NY. WG 1308 
(cblG 1308) was from a 2-mo-old boy and WG 2009 (cblG 
2009) from a 39-y-old man. 

Stock cultures of all cell lines were grown in Dulbecco's 
modification of Eagle's medium (Flow I+boratories, Irvine, Scoj- 
laqd) containing 200 pmol L ~-methlonlne, 2.3 ~mo!/L follc 
acid, 1.5 pmol /~  cyanocob d amin, and supplemented wth non- 
essential amino acids (3.6 mmol/L each) and 10% heat-inacti- 
vated fetal calf serum. 

Cell culture conditions. All experiments were performed with 
cells transferred to and cultured in variants of the RPMI 1640 
medium (Flow Laboratories), to allow comparison with previous 
studies (1 3, 15). The fibroblasts were grown in 50 mL (25 cm2) 
tissue culture flasks (Nunc, Roskilde, Denmark) with 5 mL of 
medium and in an atmosphere of 5% C02/95% air at 37°C. The 
relative humidity was 98%. 

Nitrous oxide exposure, methionine loading, harvesting of cul- 
tured cells. To create optimal conditions for the assessment of 
enzyme inactivation and Hcy export, respectively, the experi- 
ments were conducted both at high (mid- to late logarithmic 
growth phase) and low cell density. 

Cells were grown to mid- to late logarithmic growth phase in 
the presence of 30 pmol/L methionine until they reached >0.3. 
lo5 cells/mL. Then the medium was replaced with fresh medium 
containing 15, 30, 150, and 1000 pmollL methionine, and the 
culture flasks carefully flushed for 1 min with either 50% nitrous 
oxide or air (control) delivered at a rate of 2 L/min via a sterile 
pasteur pipette. The cells were harvested after 1.5, 3, 6, 12, 24, 
36, or 48 h of gas exposure. 

The Hcy export rate is dependent on cell density and decreases 
when growth reaches confluence (17). Therefore, we also per- 
formed experiments with cells seeded at lower density. When the 
cells reached a density of 1-5. lo4 cells/mL (about 48 h after 
seeding), the medium was replaced with fresh medium contain- 
ing 15, 30, 150, and 1000 pmol/L methionine and exposed to 
air or nitrous oxide, as described above. The cells were harvested 
at intervals of 24 h for 1 wk. 

Biochemical analyses. The intact cell assay for methionine 
synthesis is based on the incorporation of I4C from 5-[methyl- 
14C]methyl-THF into proteins of cells incubated for 18 h in a 
medium containing 0.2 mmol/L L-Hcy thiolactone and 5 pmol/ 
L 5-[methyl-14C]methyl-THF, but lacking methionine and folic 
acid. Details of the assay have been published (1 5). 

Determination of methionine synthase activity was performed 
by a modification of the radioisotope assay described by Weiss- 
bach et a/. (18). After thawing, the cell pellet was homogenized 
in 200 pL of 50 mmol/L potassium phosphate buffer, pH 7.4, 
containing 100 mmol/L NaCI, 10 mmol/L dithioerythritol, and 
0.05% Triton X-100. The incubation mixture (final volume of 
100 pL in 0.6-mL polyethylene tubes) contained 400 pmol/L 
DL-homocysteine, 500 pmol/L (f )-5-[methyl-14C]methyl-THF (2 
pCi/pmol), 50 pmollL cyanocobalamin, 300 pmol/L S-adeno- 
syl-L-methionine, 125 mmol/L 2-mercaptoethanol, 50 mmol/L 
potassium phosphate buffer, pH 7.4, and 50 pL of cell extract. 
The incubation was started by addition of the extract, and the 
incubation mixture was overlayered with 50 pL of bis(3,5,5- 
trimethy1hexyl)phthalate to protect the assay mixture from air 
(19). The incubation was camed out at 37°C in the dark, and 
was terminated by adding 400 pL of ice-cold water to the 
incubation mixture. [14C]Methionine was quantitated as de- 
scribed ( 1 5). 

Hcy and methionine in the culture medium were assayed with 
HPLC methods based on precolumn derivatization with 7-flu- 
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oro-benzo-2-oxa- l,3-diazole-4-sulfonate (Hcy) or o-phthaldialde- 
hyde (methionine) and fluorescence detection (I 5). 

Protein was determined by the method of Bradford (20) using 
bovine ?-globulin as standard. 

Curve fitting and calculation of export rates. The logarithm of 
the cell number (N) and the logarithm of the amount of Hcy 
accumulated in the medium ( y )  were plotted versus time of 
incubation, and the curves were fitted to polynomial functions. 
The Hcy export rate (v) ,  given as the amount of Hcy exported 
per unit time and cell mass, was calculated from the equation 

The export rates were plotted against cell density. 
Details on the curve fitting and construction of export rate 

curves have been published ( 1 I, 17). 
Statistical analysis. The effect of nitrous oxide on methionine 

synthase activity in mutant cells cultured in various concentra- 
tions of methionine was evaluated by relating the residual activity 
to time of exposure, using the Spearman rank correlation coef- 
ficient. The p values are given as one-tailed. 

RESULTS 

Methionine synthase activity in extract from mutant fibro- 
blasts. Methionine synthase activities were measured in extracts 
from the mutant cell lines and compared with the activity in 
normal fibroblasts. Highest activity was found in normal fibro- 
blasts, followed by a moderate reduction in activity in the two 
cystathionine 8-synthasedeficient cell lines (CSD 75 1 and CSD 
1374 cells) and in the three cobalamin E mutants (cblE 1384, 
cblE 788, and cblE 1575), in that order. Lowest activity was 
observed in extract from the cobalamin G lines (cblG 1308, 
cblG TA and cblG 2009 cells). 

The enzyme activities in the mutant cell lines grown in a 
culture medium containing 30 pmol/L methionine are summa- 
rized in Table 1. 

When normal and mutant fibroblasts were transferred to cul- 
ture media containing variable methionine concentration in the 
absence of nitrous oxide, moderate changes (<30%) in methio- 
nine synthase activity was observed throughout the experimental 
period of 48 h. In most experiments, the activity increased slightly 
for the first 24 h and then leveled off. No consistent effect from 
methionine was observed. 

Methionine biosynthesis in intact mutantfibroblasts. Intact cell 
methionine biosynthesis in cystathionine j3-synthase-deficient 
cell lines was comparable with that previously observed in control 
fibroblasts (l5), whereas in all the cblG and cblE lines, it was 
low, i.e. less than 20% of the activity in the cystathionine B- 
synthase-deficient cells (Table 2). Thus, disparity exists between 
measurements of remethylation in intact cells and in cell extracts. 

Nitrous oxide markedly (>50%) inhibited the remethylation 

Table 1. Methionine synthase activity in normal and mutant 
fibroblast in air* 

Methionine synthase 
activity (nmol/h/mg 

Cell line orotein) 

Control 5659B 
Control MRC-5 
CSD 75 1 
CSD 1374 
cblG TA 
cblG 1308 
cblG 2009 
cblE 788 
cblE 1384 
cblE 1575 

* Methionine synthase activity was determined in extracts from six 
parallel samples from each cell line. 

Table 2. Effect of nitrous oxide on intact cell methionine 
biosvnthesis in normal and mutant human fibroblasts+ 

Methyl group incorporated 

-N20 (pmol/ +N20 (pmoll 
Cell line 1 O6 cells) 1 O6 cells) 

Control 5659B 
Control MRC-5 
CSD 75 1 
CSD 1374 
cblG TA 
cblG 1308 
cblG 2009 
cblE 788 
cblE 1384 
cblE 1575 

Fibroblasts (2-6. lo5 cells/mL) were cultured in the absence and 
presence of nitrous oxide for 18 h in a medium containing N5-[methyl- 
"Clmethyl-THF and Hcy-thiolactone, as described in Materials and 
Methods. The incorporation of radioactivity from N5-[methyl-"C]- 
methyl-THF into acid-precipitable material was determined. Values are 
mean of four determinations + SD. 

CSD 1374 

A 

Time of incubation (hours) 

Fig. 2. Methionine synthase inactivation by nitrous oxide in human 
cystathionine 8-synthasedeficient fibroblasts cultured in the presence of 
various concentrations of methionine. The CSD 75 1 cells and CSD 1374 
cells were grown to 0.34 10' cells/mL and 0.65. lo5 cells/mL, respec- 
tively, and then transferred to a medium containing 15 (+), 30 (A), 150 
(.), and 1000 (0) pmol/L methionine. The results are given as percent 
activity remaining, which is the activity of the cells exposed to nitrous 
oxide in percent of the activity of control cells. Each value is the average 
of duplicate measurements. The change in methionine synthase activity 
versus time was evaluated at each methionine concentration, and there 
was a significant (p  < 0.05) decrease in enzyme activity of CSD 75 1 ( r  
= -0.88 to -0.95) and CSD 1374 cells ( r  = -0.64 to -0.95) at all 
concentrations. 

in intact cystathionine 8-synthase-deficient cells, had a moderate 
or no effect on the activity in intact cblG cells, and was without 
effect in cbl E cells (Table 2). 

Inactivation of methionine synthase in mutant fibroblasts by 
nitrous oxide. The inactivation of methionine synthase by nitrous 
oxide was investigated in mutant fibroblasts cultured in the 
presence of 15 to 1000 rmol/L methionine. 

In cystathionine j3-synthase-deficient cell lines, methionine 
synthase was rapidly and extensively inactivated. The inactiva- 
tion was more pronounced at low compared with high concen- 
trations of methionine in the medium (Fig. 2). 

In cblG cells, methionine synthase was moderately (<66%), 
but significantly ( p  < 0.05) reduced following nitrous oxide 
exposure. The inactivation was independent of the methionine. 
concentration in the medium (Fig. 3). 

In cblE cells exposed to nitrous oxide, the variability in 
methionine synthase was somewhat larger than that observed for 



CHRISTENSEN ET AL. 

In- 
.- 
> 

% 40 

cblG TA cblG 1308 cblG 2009 

Time of incubation (hours) 

Fig. 3. Methionine synthase inactivation by nitrous oxide in human cobalamin G mutant fibroblasts cultured in the presence of various 
concentrations of methionine. The cell densities of the cb1G TA cells, cb1G 1308 cells and cblG 2009 cells at the start of the experiment were 0.53. 
10' cells/mL, 0.91. lo5 cells/mL, and 0.85. lo5 cells/mL, respectively. Treatment, presentation of data, and symbols were as described in the legend 
to Fig. 2. The change in methionine synthase activity versus time was evaluated at each methionine concentration, and there was a significant ( p  < 
0.05) decrease ( r  = -0.67 to -0.95) in activity of all three mutant cell lines at all methionine concentrations. 

Time of incubation (hours) 

Fig. 4. Methionine synthase inactivation by nitrous oxide in human cobalamin E mutant fibroblasts cultured in the presence of various 
concentrations of methionine. The cell densities of the cblE 788 cells, cblE 1384 cells and cblE 1575 cells at the start of the experiment were 0.88. 
10' cells/mL, 0.43. lo5 cells/mL, and 0.74. lo5 ceUs/mL, respectively. Treatment, presentation of data, and symbols were as described in the legend 
to Fig. 2. The change in methionine synthase activity versus time was evaluated at each methionine concentration. There were no significant ( p  > 
0.05) changes ( r  = -0.55 to +0.47) in activities in these cells following nitrous oxide exposure, except for the cblE 788 cells cultured in the presence 
of 30 pmol/L methionine, where a significant decline ( r  = -0.76) in activity was observed. 

control fibroblasts, cystathionine B-synthase-deficient cells and 
cblG cells. However, no decrease in enzyme activity was ob- 
served during nitrous oxide exposure (Fig. 4). 

Hcy export at dlferent methionine concentrations. The Hcy 
export rates were investigated in all eight types of mutant fibro- 
blast lines in the presence of 15 to 1000 pmol/L methionine. 
The experiments were carried out at two different cell densities 
because the Hcy export rate is related to cell density and growth 
phase (17). One design (highest cell density) corresponds to the 
inactivation experiment depicted in Figs. 2-4. 

In both cystathionine B-synthase-deficient cell lines, the Hcy 
export rate was relatively low at low medium methionine, and 
increased 2-3-fold upon methionine loading (Fig. 5, Table 3). 

Methionine loading only moderately (15-20%) increased the 
Hcy export rate in two of the cblG lines (cblG TA and cblG 
2009 cells), and slightly (10%) in one line (cblG 1308) (Fig. 5, 
Table 3). The Hcy export from the cobalamin E mutants (cblE 
1384, cblE 788, and cblE 1575) was high and essentially inde- 
pendent of the methionine concentration (Fig. 5, Table 3). 

Export rate curves typical for each cell type are shown in Fig. 
5, and the results for all cell lines are summarized and compared 
with normal fibroblasts in Table 3. Table 3 also demonstrates 
that the same results were obtained at different cell densities. 

Hcy export during nitrous oxide exposure at diferent methio- 
nine concentrations. The Hcy export rates were determined for 

all eight mutant lines exposed to nitrous oxide and cultured in 
the presence of 15- 1000 pmol/L methionine. The experimental 
design (high and low density) was the same as that of the 
experiments described in the preceding paragraph. 

At low concentrations of methionine in the medium, nitrous 
oxide increased the Hcy export rate up to or slightly above the 
rate observed without nitrous oxide and with 1000 pmol/L 
methionine. The enhancement caused by nitrous oxide was 
pronounced for cell lines where the Hcy export in the absence of 
nitrous oxide was highly dependent on methionine, i.e. control 
fibroblasts, cystathionine @-synthase-deficient cell lines, and, to 
a lesser degree, the cblG cells (Fig. 5). Nitrous oxide did not 
increase Hcy export from the cblE cells (Fig. 5). Thus, in the 
presence of nitrous oxide, the Hcy export from normal and 
mutant fibroblasts was high and essentially independent on 
methionine. The cystathionine p-synthasedeficient cell lines 
were exceptions to this general observation, because the export 
from these cells increased as a function of the methionine con- 
centration also during nitrous oxide exposure (Fig. 5). 

Also these data are summarized in Table 3, and the same 
results were obtained at different cell densities. 

Methionine in the culture medium. We measured the methio- 
nine concentration in the culture medium during cell growth. 
Moderate reduction in methionine (<20%) was observed at 
initial concentrations higher than 30 pmol/L. The largest methi- 
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Table 3. Effect of methionine loading and nitrous oxide exposure on maximum homocysteine export in 
normal and mutant human fibroblast.? 

Methioning concentration 

Homocysteine export rate 
Cell density at Cell density at -N20 (nmol/h/ l O6 cells) 

start ( 10' max. export 
+N20 (nmol/h/ lo6 cells) 

Cell line cells/mL) (10' cells/mL) 15 pM 30 pM 150 pM I000 pM 15 pM 30 rM 150 pM 1000 rM 

Control 5659Bt 0.25 0.61-0.76 0.12 0.13 0.23 0.68 0.68 0.72 0.71 0.82 
1.05 1.06-1.68 0.15 0.17 0.33 0.90 0.93 0.86 0.89 1.00 

Control MRC-St 0.49 0.50-1.00 0.21 0.23 0.29 0.64 0.43 0.43 0.46 0.64 
1.16 1.17-1.56 0.18 0.19 0.38 0.72 0.74 0.71 0.72 0.74 

CSD 75 1 0.08 0.08-0.09 0.55 0.57 0.62 0.9 1 0.69 0.79 0.78 0.97 
0.34 0.34-0.4 1 0.27 0.36 0.42 0.8 1 0.61 0.57 0.72 0.79 

CSD 1374 0.08 0.08-0.10 0.27 0.42 0.43 0.90 0.67 0.74 0.67 1.04 
0.65 0.65-0.67 0.19 0.23 0.38 0.68 0.37 0.40 0.49 0.82 

cblGTA 0.46 0.61-0.64 0.47 0.50 0.52 0.60 0.68 0.70 0.67 0.67 
0.53 0.59-0.62 0.65 0.64 0.65 0.84 0.89 0.86 0.83 0.87 

cblG 1308 0.27 0.41-0.50 0.81 0.96 0.81 0.87 0.92 1.05 0.87 0.86 
0.9 1 1.01-1.04 0.50 0.49 0.46 0.55 0.53 0.55 0.54 0.56 

cblG 2009 0.30 0.45-0.72 0.73 0.74 0.63 0.82 0.87 0.87 0.92 0.92 
0.85 0.93-1.13 0.35 0.35 0.35 0.50 0.48 0.48 0.44 0.56 

cblE 788 0.1 1 0.27-0.28 1.60 1.49 1.61 1.61 1.91 1.77 1.52 1.65 
0.88 0.98-1.17 0.79 0.79 0.84 0.86 0.80 0.71 0.72 0.79 

cblE 1384 0.19 0.30-0.34 0.97 0.92 0.91 0.96 0.92 0.88 0.96 0.95 
0.43 0.43-0.5 1 1.01 1.15 1.15 1.17 1.07 1.19 1.19 1.12 

cblE 1575 0.17 0.42-0.44 1.07 1.04 1.04 1.26 1.14 1.14 1.14 1.29 
0.74 1.01-1.04 0.85 0.86 0.95 0.94 0.75 0.97 1.00 0.96 

* Experiments with each cell line were performed at low (first line) and high (second line) cell density. 
t Data from ref. 15. 

onine consumption was observed with CSD 1374 cells (about 
40%) and the cblG 2009 cells (about 70%) grown at 15 pmollL 
for 6 d (data not shown). 

DISCUSSION 

Experimental design and parameters investigated. Isolated or 
cultured cells are useful to investigate the interaction of nitrous 
oxide with methionine synthase because metabolite concentra- 
tions affecting the susceptibility of the intracellular enzyme may 
be controlled by varying the composition of the culture medium 
(13, 15). 

We determined three parameters that reflect the functional 
state of methionine synthase, i.e. intact cell methionine biosyn- 
thesis, methionine synthase activity in cell extract, and Hcy 
export rate. 

Intact cell methionine biosynthesis is a measure of metabolic 
flux through the methionine synthase in cells incubated with 
high concentration of homocysteine without methionine. This 
technique demonstrates catalytic activity of the enzyme localized 
in its intracellular environment, allows the evaluation of nitrous 
oxide induced enzyme inactivation, but cannot be performed in 
the presence of various concentrations of methionine. 

Measurement of methionine synthase in cell free extract de- 
termines enzyme activity in a constructed medium containing 
reducing agent(s), and supraphysiological concentrations of hom- 
ocysteine, 5-methyl-THF and S-adenosylmethionine (21). The 
activity can be determined in extract from cells exposed for 
various time periods to nitrous oxide and methionine, and this 
allows the assessment of the kinetics of inactivation. However, 
methionine synthase activity in extract does not necessarily 
reflect the activity in intact cells, as demonstrated for the cblE 
mutant (22). 

Hcy export rate reflects an imbalance between Hcy production 
and metabolism in intact cells (2). Conceivably, the process is 
affected by the activities of various enzymes, including methio- 
nine synthase. Sampling from the culture medium is convenient, 
and detailed kinetic studies can be performed with cells exposed 

to various agents, including nitrous oxide and methionine (13, 
15). 

Inactivation of methionine synthase by nitrous oxide in normal 
intact cells. We have recently demonstrated that the inactivation 
of methionine synthase by nitrous oxide in normal human 
fibroblasts cultured in defined media is enhanced by high folate 
content (1 3) or by low levels of methionine (1 5). Low folate and 
high methionine in the culture medium probably protect methi- 
onine synthase against inactivation by reducing the catalytic 
turnover. Methionine may act through product inhibition, 
whereas low folate may reduce the availability of the cosubstrate, 
5-methyl-THF (1 3, 15). This explanation is supported by data 
on isolated methionine synthase showing that the enzyme inac- 
tivation by nitrous oxide is dependent on catalytic turnover, and 
occurs only in the presence of all components required for 
enzyme catalysis (23). 

In normal fibroblasts, nitrous oxide rapidly inactivated methi- 
onine synthase and markedly increased the Hcy export rate at 
low medium methionine, so that in exposed cells, the export is 
high and independent on the concentration of methionine in the 
medium (Table 3) ( 1 5). 

Effect of nitrous oxide and methionine loading in mutant 
fibroblasts. At low medium methionine, methionine synthase 
was rapidly inactivated by nitrous oxide in the cystathionine P- 
synthasedeficient fibroblasts (Fig. 2), and this agrees with 
marked enhancement of Hcy export (Fig. 5, Table 3). At high 
methionine, the enzyme is partly protected against inactivation 
by nitrous oxide (Fig. 2), which under these conditions did not 
enhance the Hcy export (Fig. 5, Table 3). The methionine loading 
effect on Hcy export, visualized as a dosedependent increase in 
export rate when methionine concentration is increased from 15 
to 1000 pmollL, is partly abrogated during nitrous oxide expo- 
sure (Fig. 5, Table 3). Thus, the response of cystathionine j3- 
synthasedeficient fibroblasts to nitrous oxide exposure at various 
methionine concentrations resembles that observed with the 
normal fibroblasts (1 5), except that a certain methionine loading 
effect remained even in the presence of nitrous oxide. This 
finding suggests that cystathionine 8-synthase in normal cells 
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Cell density (10~cells/ml) 

Fig. 5. The effect of nitrous oxide on Hcy export from three mutant fibroblasts cell lines cultured in the presence of various concentrations of 
methionine. The concentrations of methionine (15-1000 pmol/L) are indicated on the graph. The cells were cultured for 48 h. Results from cells 
exposed to air are given as solid lines, and from cells exposed to nitrous oxide as broken lines. 

limits the amount of Hcy exported at high methionine levels. 
Methionine synthase in the cblG mutants was only slightly 

inactivated by nitrous oxide, and the inactivation process was 
not modulated by the methionine concentration in the medium 
(Fig. 3). The moderate inactivation may be explained by the slow 
catalytic turnover of this enzyme, as indicated by the low intact 
cell methionine biosynthesis in these cells (Table 2) and the 
moderate increase in Hcy export rate following nitrous oxide 
exposure (Fig. 5, Table 3). Lack of protection may reflect altered 
regulatory properties of the mutant methionine synthase. The 
observation that cblG mutant methionine synthase has altered 
in vivo response to S-adenosylmethionine compared with normal 
enzyme (24) may reflect such properties. 

Methionine synthase in the cbl E mutants was not inactivated 
by nitrous oxide (Fig. 4) and there was no effect of nitrous oxide 
on the Hcy export rate (Fig. 5, Table 3). This observation agrees 
with published results (22) and may be related to the slow 
catalytic turnover of the intracellular enzyme as demonstrated 
by the low intact cell remethylation (Table 2) (22). 

Role of methionine synthase in Hcy metabolism and export. 
Hcy in mammalian cells is distributed between three competing 
routes of disposal: remethylation, which in non-liver tissues is 
catalyzed by methionine synthase, catabolism by cystathionine 
8-synthase (I), and release of Hcy into the extracellular medium 
I-\ 

(LJ. 
The present results with mutant (cblG and cblE) cells with 

defective methionine synthase (Fig. 5, Table 3) perfectly agree 

with those obtained with normal cells where methionine synthase 
was inactivated with nitrous oxide (15). Cells with inhibited 
methionine synthase have a high Hcy export at low extracellular 
levels of methionine, and the export is not or only slightly 
dependent on methionine level. This adds support to the hypoth- 
esis that methionine synthase has a major impact on Hcy export 
at physiologic methionine concentrations, and agrees with me- 
thionine synthase as a low K,,, and methionine-conserving en- 
zyme (1). It also suggests that methionine synthase activity has a 
major impact on fasting plasma Hcy level. Notably, fasting levels 
are high in subjects with impaired methionine synthase due to 
folate or cobalamin deficiency (25-28), and there are clinical 
observations (8) indicating that such patients have a normal 
response to methionine loading. 

An abnormal methionine loading test, on the other hand, is 
observed in heterozygotes (29) or homozygotes (6) for cystathi- 
onine 8-synthase deficiency. This clinical observation is a corol- 
lary to the results obtained with the cystathionine 8-synthase- 
deficient fibroblasts (Fig. 5, Table 3), showing enhanced Hcy 
export when the methionine concentration is increased above 
the physiologic level, even under conditions when methionine 
synthase is inhibited by nitrous oxide. Thus, an abnorma! me- 
thionine loading test may reflect the amount of Hcy that escape 
catabolism when methionine synthase is saturated. 

Comparison of the functional state of methionine synthase in 
cblG and cblE mutants. Both cblG and cblE cells accumulate 
normal amounts of cobalamin, but there is decreased synthesis 
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of methylcobalamin (26). In both classes, intact cell methionine 
biosynthesis as determined by incorporation of label from 5- 
['4C]methyl-THF into acid-precipitable material, is low (26) 
(Table 2). The properties of methionine synthase in cblG and 
cbl E mutants are different. In extract from cb 1 E mutants, nor- 
mal activity was found in the standard assay including a reduc- 
tant and cobalamin, whereas the activity in extract from cblG 
mutants was low under these conditions (26) (Table 2). The sites 
of defects has not been identified. An increased requirement for 
a reductant by the cblE enzyme suggests that the mutation in 
cb l E afTects a reducing system necessary to keep enzyme-bound 
cobalamin in its reduced form. The defect in cblG mutants is 
probably localised to methionine synthase itself (30). 

The present data further distinguish the functional state of 
methionine synthase cblG and cblE mutants. CblE cells cul- 
tured in the presence of high levels of Hcy show low intact 
methionine biosynthesis (Table 2). However, in standard culture 
medium, the methionine synthase in intact cb1 E cells is ~robablv 
catalytically inactive.   his conclusion is supported by ihe  high 
Hcy exwrt which is not influenced bv methionine concentration 
or nitrbus oxide (Fig. 5, Table 3), i n d  lack of nitrous oxide- 
induced inactivation of the enzyme activity measured in cell free 
extract (Fig. 4). Methionine synthase in intact cblG cells, on the 
other hand, seems to have low catalytic activity, as judged by 
low intact cells methionine biosynthesis (Table 2), slight enhance- 
ment of Hcy export by nitrous oxide at low methionine level 
(Fig. 5, Table 3), and moderate inactivation of the enzyme by 
nitrous oxide (Fig. 3). 

SUMMARY AND CONCLUSION 

Low catalytic turnover of methionine synthase caused by low 
substrate availability (1 3), high concentration of the product 
methionine (1 5), or by different mutations is associated with 
reduced susceptibility of the enzyme to nitrous oxide induced 
inactivation. 

Cells with intact methionine synthase have low Hcy export at 
low concentration of methionine. Such cells respond to excess 
methionine by a marked increase in the Hcy export rate. Func- 
tional methionine synthase deficiency due to genetic mutations 
or pharmacologic inhibition abrogates the methionine loading 
effect. These cells show a high Hcy export rate that is independent 
of methionine and probably limited by Hcy catabolism via 
cystathionine 8-synthase. 

Mutant fibroblasts of the complementation classes cblG and 
cb l E have defects in methionine synthase, and the present study 
adds to the data suggesting functional diversity of methionine 
synthase in these mutants. 
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