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Abstract

A number of patients with megaloblastic anemia and homo-
cystinuria associated with low levels of methylcobalamin syn-
thesis in cultured cells have been recognized. Methionine bio-
synthesis by intact cells, as determined by incorporation of
label from 5-I14Clmethyl-tetrahydrofolate into acid-precipita-
ble material, was deficient in cultured skin fibroblasts that
were derived from all of these patients. In one group of pa-
tients, activity of the methylcobalamin-dependent enzyme, me-
thionine synthase, in cell extracts was within the normal range
when the enzyme was assayed under standard conditions. In a
second group of patients, methionine synthase activity was de-
creased under the same assay conditions. Genetic complemen-
tation analysis demonstrated the existence of two complemen-
tation classes that corresponded to these two groups of pa-
tients. The designation cblE has previously been proposed for
the mutation in a patient with methylcobalamin deficiency and
normal methionine synthase activity. Wepropose the designa-
tion cblG for the mutation in those patients with methyl-
cobalamin deficiency and decreased synthase activity. The re-
sults of these studies suggest that the products of at least two
loci are required for cobalamin-dependent methionine biosyn-
thesis in mammalian cells.

Introduction

The remethylation of homocysteine to form methionine is
catalyzed in mammalian cells by the cytoplasmic enzyme 5-
methyltetrahydrofolate:homocysteine methyltransferase (EC
2.1.1.13), which is also called methionine synthase (1, 2). This
enzyme requires methylcobalamin (MeCbl),' a derivative of
cobalamin, or vitamin B12, for activity. The metabolism of
cobalamin by human cells involves the endocytosis of cobala-
min that is bound to the plasma protein transcobalamin II,
cleavage of cobalamin from transcobalamin II, translocation
of free cobalamin from the lysosome to the cytoplasm, and its
conversion to either of two coenzyme derivatives: 5'-deoxy-
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1. Abbreviations used in this paper: AdoCbl, 5'-deoxyadenosyl-
cobalamin; FBS, fetal bovine serum; MeCbl, methylcobalamin;
OHCbl, hydroxycobalamin.

adenosylcobalamin (AdoCbl), which is required for activity of
the mitochondrial enzyme methylmalonylCoA mutase; or
MeCbl (3). Our understanding of cobalamin metabolism in
mammalian cells has been enhanced by the recognition of a
number of inborn errors affecting cobalamin metabolism.
These include the cblA and cblB mutations, in which the syn-
thesis of AdoCbl alone is impaired and patients present with
cobalamin-responsive methylmalonic aciduria, and the cblC
and cblD mutations, in which synthesis of both cobalamin
coenzyme derivatives is impaired and patients present with
combined methylmalonic aciduria and homocystinuria (3, 4).
Recently a patient has been described with a mutation, desig-
nated cblF, that affects translocation of free cobalamin from
the lysosome to the cytoplasm (5, 6).

In 1984, a patient was described with an inborn error of
cobalamin metabolism that caused decreased synthesis of
MeCbl alone without any effect on AdoCbl synthesis (7, 8).
The name cblE has been proposed for the mutation in this
patient. Subsequently, several patients with a similar disorder
have been recognized (9-12). These patients are characterized
clinically by developmental retardation, megaloblastic ane-
mia, homocystinuria, and, in most cases, hypomethioninemia,
all of which respond to therapy with cobalamin. Studies with
cultured fibroblasts from these patients have demonstrated
normal cobalamin uptake, decreased synthesis of MeCbl, and
decreased intact cell methionine biosynthesis as measured by
incorporation of label from 5-['4C]methyltetrahydrofolate into
acid-precipitable material compared with control fibroblasts
(8). Synthesis of AdoCbl and activity of the AdoCbl-dependent
enzyme methylmalonylCoA mutase were normal. A sibling of
the original proband was diagnosed prenatally as having the
cblE mutation and his mother was treated with hydroxycobal-
amin (OHCbl) from the second trimester of pregnancy. Al-
though this individual has been clinically asymptomatic, re-
sults of studies with cultured fibroblasts were similar to those
with cells from other MeCbl-deficient patients (13).

Although the clinical presentations and the results of stud-
ies with cultured fibroblasts were similar for all of these pa-
tients, assay of methionine synthase specific activity in extracts
of cultured fibroblasts has revealed heterogeneity among them
(10, 14). In fibroblast extracts from the subject of the original
report, enzyme activity was within the normal range when the
assay was performed using standard assay conditions, which
include 150 ,M 2-mercaptoethanol. Enzyme activity was de-
creased compared with control values when the assay was re-
peated using suboptimal concentrations of reducing agent (7,
8). In fibroblast extracts from other patients, methionine syn-
thase activity was decreased even when the assay was per-
formed using optimal conditions (9, 10, 14). This heterogene-
ity might be the result of different mutations affecting a single
locus, or of mutations affecting two or more separate loci. In
the present study, we have investigated the heterogeneity
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among patients with MeCbl deficiency using complementa-
tion analysis. Our results demonstrate that the mutations in
these patients affect loci separate from those affected in the
cblC and cblD mutations, and furthermore demonstrate that
the mutations in patients with MeCbl deficiency fall into two
complementation classes, perhaps representing mutations at
two separate loci.

Methods

Materials. Cell culture media and fetal bovine serum (FBS) were pur-
chased from Gibco Laboratories, Grand Island, NY; 5-['4C]methyl-
tetrahydrofolate from Amersham Corp., Arlington Heights, IL; S-
adenosylmethionine, DL-homocysteine thiolactone, 5-methyltetra-
hydrofolate, hydroxycobalamin (OHCbl) and MeCbl from Sigma
Chemical Co., St. Louis, MO; Bio-Rad AGIX8 resin, 200-400 mesh,
chloride form, from Bio-Rad Laboratories, Richmond, CA; and poly-
ethylene glycol-I000 (PEG) from the J. T. Baker Chemical Co., Phil-
lipsburg, NJ.

Cell culture. Skin fibroblasts were obtained with informed consent
from patients with MeCbl deficiency. Fibroblasts from patients with
the cblC and cblD mutations were provided by Dr. L. E. Rosenberg
(Yale University, NewHaven, CT) and Dr. S. I. Goodman (University
of Colorado, Denver, CO). Strain El was provided by Dr. J. C. Ha-
worth, E2 by Dr. S. M. Schmutz (University of Manitoba, Canada),
and E3 by Dr. R. W. Erbe (Harvard University, Cambridge, MA) and
Dr. W. J. Rhead (University of Iowa, Iowa City, IA). Strain GI was
provided by Dr. I. T. Thomas (University of Florida, Gainesville, FL)
and Dr. R. W. Erbe, G2 by Dr. V. C. McKie and Dr. D. B. Flannery
(Medical College of Georgia, Augusta, GA), and G3 by Dr. D. H.
Morton and Dr. H. L. Levy (Harvard University). All cell strains were
determined to be free of mycoplasma contamination. Cultures were
routinely maintained in Eagle's minimum essential medium plus
nonessential amino acids (MEM) supplemented with 10% (vol/vol)
FBS. For some experiments, this medium was supplemented with 0.75
MM OHCbI. MEMsupplemented with 10% FBS contains 103 AM

L-methionine, which is sufficient to support proliferation of both con-
trol and MeCbl-deficient fibroblasts. The mutant fibroblasts, unlike
control fibroblasts, do not proliferate when methionine in the culture
medium is replaced with homocysteine at the same concentration
(7, 10).

Methionine synthase assay. Fibroblast cultures were trypsinized
and resuspended at a density of 1-2 X 0I cells/ml in 0.1 Mpotassium
phosphate buffer, pH 7.4. This cell suspension was sonicated on ice
and the sonicate was centrifuged at 4VC at 27,000 g for 60 min. The
resulting supernatant (cell extract), which contained 8-26 mgprotein/
ml depending upon the cell strain used, was stored at -70'C until used
for enzyme assay.

Enzyme activity was measured by a modification of previously
reported techniques (8, 15). The assay mixture for measurement of
holoenzyme activity contained, in a total volume of 200 AI: 100 Ml of
cell extract; 100 mMpotassium phosphate buffer, pH 7.4; 250 AM
S-adenosylmethionine; 500 AMDL-homocysteine (prepared fresh
daily from the thiolactone); 150 mM2-mercaptoethanol; and 390 AM
5-['4C]methyltetrahydrofolate (1.4 dpm/pmol). For measurement of
total enzyme (holoenzyme plus apoenzyme) activity, the assay mixture
contained in addition 50 AMMeCbl.

The assay mixture was incubated with shaking for 60 min in the
dark at 370C in stoppered tubes that had been flushed for 5 s with
nitrogen. The reaction was terminated by addition of 800 Ml of ice-cold
distilled water, and the entire mixture was applied to a syringe column
with a bed volume of 1.5 ml Bio-Rad AG1X8, 200-400 mesh, chloride
form resin (Bio-Rad Laboratories). Radioactivity of the entire effluent
was measured by liquid scintillation counting.

Cellfusion. After trypsinization, equal numbers of the two cell lines
to be tested were mixed and plated into 35-mm tissue culture dishes at
a density of 300,000-350,000 cells per dish. 24 h after plating, half of

the cultures were exposed for 60 s to a 40% solution of PEGin PBSto
induce cell fusion. The cultures were then washed thoroughly using
MEMlacking FBS to remove any residual PEG(16, 17). The remain-
ing cultures were not exposed to PEG. Microscopic inspection demon-
strated that 15% of cells in the PEG-treated cultures contained two
or more nuclei. Fused and unfused cultures were incubated for 72 h in
MEMsupplemented with 0.75 ,uM OHCbl. At the end of this period,
intact cell methionine biosynthesis was measured as described below
and compared in parallel fused and unfused cultures to determine
whether complementation had taken place.

Intact cell methionine biosynthesis. This was determined from the
incorporation of label from 5-['4C]methyltetrahydrofolate into acid-
precipitable material (18, 19). Cultures were washed once with PBS
and then incubated for 18 h in MEMsupplemented with 50 Mg/ml
sodium ascorbate, 3.75 MMOHCbl, and 10% dialyzed FBS, in which
folic acid had been replaced by 5-['4C]methyltetrahydrofolate (0.5
MCi/ml, 60 mCi/mmol), and methionine by DL-homocysteine thiolac-
tone. At the end of this incubation, cellular macromolecules were
precipitated with 5%TCAand radioactivity of the precipitated mate-
rial was determined by liquid scintillation counting.

Results
The results of studies using intact cultured fibroblasts demon-
strated that the underlying defect was similar in all of the
MeCbl-deficient cell strains. Synthesis of MeCbl from 57Co-la-
beled cyanocobalamin and intact cell methionine biosynthe-
sis, measured by the incorporation of label from 5-['4C]-
methyltetrahydrofolate into acid-precipitable material, were
decreased in each of the mutant strains compared with control
values. Synthesis of AdoCbl and incorporation of label from
['4C]propionate into acid-precipitable material, an indirect
measure of methylmalonylCoA mutase activity, were normal
(7, 8, 10-13).

Table I shows the results of assay of methionine synthase
activity in extracts of control and MeCbl-deficient fibroblasts.
Holoenzyme and total enzyme activities were measured in
extracts of fibroblasts that had been incubated for 96 h before

Table I. Methionine Synthase Activity in Extracts of Control
and MeCbl-deficient Fibroblasts

Methionine synthase activity

Grown without OHCbl Grown with OHCbl*

Holoenzyme Total enzyme Holoenzyme Total enzyme

pmol methionine synthesized/min per mgprotein

Control 13±3 (12) 48±8 (12) 126±30 (18) 189±31 (16)
El 19±4 (6) 48±9 (6) 118±27 (9) 134±40 (7)
E2 16±5 (3) 48±7 (3) 92±10 (3) 119±10 (3)
E3 30±1 (3) 49±3 (3) 86±3 (3) 90±5 (3)
GI 4±2 (5) 10±4 (6) 13±5 (11) 21±9 (12)
G2 3±2 (6) 12±9 (6) 4±2 (9) 12±6 (9)
G3 2±1 (6) 8±6 (4) 30±8 (7) 56±12 (9)

Values represent means±SD of the indicated number of determina-
tions.
* Cells were incubated for 96 h before harvest in medium supple-
mented with 0.75 ,uM OHCbI. Cell extracts were prepared and me-
thionine synthase activity was determined in these extracts as de-
scribed in Methods.
Holoenzymne, enzyme to which MeCbl is bound; total enzyme, ho-
loenzyme plus apoenzyme.
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harvest in either MEMor MEMsupplemented with 0.75 uM
OHCbl. OHCbl at this concentration has been shown to stim-
ulate activity of methionine synthase. All assays were per-
formed using standard assay conditions, including 150 mM
2-mercaptoethanol. Holoenzyme and total enzyme activities
in extracts of three of the mutant cell strains (designated E I,
E2, and E3 in the table) were similar to those of control ex-
tracts under the same assay conditions. On the other hand,
activity in extracts of three other cell strains (GI, G2, and G3)
was decreased to a variable extent relative to activity of control
extracts. The MeCbl-deficient cell lines thus could be divided
into two groups on the basis of methionine synthase activity
measured under optimal reducing conditions.

The results of complementation analysis of two MeCbl-de-
ficient cell strains, one (El) with normal synthase activity and
one (G1) with decreased gynthase activity under standard
assay conditions, with one another and with cblC (Cl and C2)
and cblD (Dl) cell strains, are shown in Table II. Intact cell
methionine biosynthesis was compared in parallel fused and
unfused cultures. Exposure of unmixed cultures of any of the
mutant cell strains fir 60 s to a 40% solution of PEGresulted
in a very smali increase or an actual decrease in methionine
biosynthesis. Intact cell methionine biosynthesis was in-
creased, compared with that of parallel unfused cultures, in
fused mixed cultures of cell strain El with either cblC or cblD
cells, indicating that complementation had occurred, as ex-
pected, between these cell strains. Similarly, complementation
occurred between cell strain G1 and cblC and cblD cells.

Table II. Complementation of MeCbl-deficient Cells
with cblC and cblD Cells

Methionine biosynthesis

Unfused Fused Diderence

pmol methyltetrahydrofolate incorporated/mg protein
per 18 h

Control 361±14 341±17 -20±9
El 57±1 54±4 -3±3
GI 12±1 13±1 +1±0.3
Cl 83±15 89±7 +6±22
C2 54±4 47±2 -7±5
DI 119±9 122±3 +3±11
E1 XC1 92±18 180±8 +88±26
E1 X C2 53±1 107±4 +54±5
El X Dl 77±6 205±27 +128±23
GI XCI 65±3 107±17 +42±18
GI XC2 48±1 90±4 +42±6
GI XD1 79±1 130±5 +51±5
El XGl 43±1 142±7 +99±7

Intact cell methionine biosynthesis as measured by the incorporation
of label from 5-['4C]methyltetrahydrofolate into acid-precipitable
material as described in Methods was determined in cultures of fi-
broblasts from patients with MeCbl deficiency and normal methio-
nine synthase activity in cell extracts (E l), MeCbl deficiency and de-
creased methionine synthase activity in cell extracts (GI), cblC dis-
ease (C l, C2), and cblD disease (Dl). Values were determined in
unmixed and mixed cultures, with (fused) and without (unfused) ex-
posure to PEG. Values are means±SD of triplicate determinations. A
positive value for the difference in intact cell methionine biosynthe-
sis between fused and unfused cultures indicates that complementa-
tion has occurred.

Table III. Complementation Analysis of Fibroblasts
from MeCbl-deficient Patients

Methionine biosynthesis

El E3 GI G2 G3

pmol methyltetrahydrofolate incorporated/mg protein per 18 h

El -1±0.6 -1±2 +44±11 +40±6 +26±14
E3 +1±4 +34±18 +42±18 +26±3

G1 +2±2 +2±2 0±5
G2 -1±0.5 +2±3

G3 -5±8

Values shown are the mean differences (±SD) in intact cell methio-
nine biosynthesis between parallel fused and unfused cultures; a posi-
tive value indicates that complementation has taken place. Values
are the means of two experiments, each including triplicate determi-
nations.

Complementation also occurred between cell strains El and
GI. The magnitude of the stimulation of intact cell methio-
nine biosynthesis was similar in fused, mixed cultures of cell
strains El and GI and in fused, mixed cultures of either of
these cell strains and cblC or cblD cells.

Table III summarizes the results of complementation anal-
ysis of five MeCbl-deficient cell strains. Each of these cell
strains has been shown to complement with cblC and cblD
cells. In no case did exposure of a mutant cell strain to 40%
PEGresult in a large increase in intact cell methionine biosyn-
thesis. Each of the cell strains tested fell into one of two com-
plementation classes. Those cell strains with normal methio-
nine synthase activities in cell extracts under standard assay
conditions, cell strains El and E3, constituted one of the com-
plementation classes; those cell strains with diminished methi-
onine synthase activity in cell extracts under these conditions,
cell strains G1, G2, and G3, made up the second complemen-
tation class. In addition, cell strain E2, derived from the af-
fected sibling of patient El, was shown in additional experi-
ments to fall within the first complementation class.

Discussion

Each of the patients studied in this report presented in infancy
with developmental retardation, megaloblastic anemia, and
homocystinuria, all of which responded to therapy with cobal-
amin. Studies using intact cultured fibroblasts from these pa-
tients also yielded mostly similar results (8, 10-13). In all cases,
synthesis of MeCbl from labeled precursor and intact cell me-
thionine biosynthesis were deficient. In five out of the six cell
strains, synthesis of AdoCbl and intact cell propionate fixa-
tion, a measure of the functional integrity of methylmnalonyl-
CoA mutase, were normal; in the sixth strain, G3, intact cell
propionate fixation was decreased in the presence of normal
AdoCbl synthesis (1 1). The basis for this finding is at present
unclear.

Assay of methionine synthase activity in extracts of
MeCbl-deficient cell lines, however, disclosed heterogeneity
among these patients. In one group of cell strains (designated
E1, E2, and E3 in Table I), synthase activity fell within the
normal range when the assay was performed under standard
assay conditions, which include relatively high concentrations
of reducing agent. It has previously been shown in two of these
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cell strains (El and E2) that synthase activity was decreased
relative to that of control extracts when the assay was per-
formed using suboptimal concentrations of reducing agent (8,
13). Similar results were obtained with cell strain E3 (unpub-
lished data). In the second group of cell strains, GI, G2, and
G3, methionine synthase activity was decreased relative to that
of control extracts even under optimal assay conditions. The
effect of altering reducing conditions on methionine synthase
activity in extracts of these cells is difficult to interpret because
of the low level of enzyme activity that is present even under
optimal assay conditions.

The question of whether this heterogeneity arises as the
result of mutations affecting more than one locus was ad-
dressed by complementation analysis. The results of this anal-
ysis demonstrated the existence of two complementation
classes among these patients (Table III). One of these classes
consisted of those patients with normal methionine synthase
in cell extracts activity under standard assay conditions. This
class includes the subject of the original reports of a patient
with what was designated the cblE mutation (7, 8). Wepropose
the designation cblG for the second class, in which methionine
synthase activity in cell extracts was decreased relative to that
of control extracts even under optimal assay conditions. The
patients included in this new complementation class have
been previously reported as cblE (10, 11) or cblE-variant (12)
patients.

Wehave now studied cultured fibroblasts from 11 patients
with MeCbl deficiency. In all cases, methionine synthase activ-
ity is low in extracts of cblG fibroblasts, but not in those of
cblE fibroblasts, when the assay is carried out using standard
assay conditions. Intact cell methionine biosynthesis, mea-
sured under the conditions of the present study which involve
preincubation of cultures in medium supplemented with
OHCbl for 3 d before assay, tended to be lower in cblG than in
cblE cell strains. This difference was not seen in all strains,
however, and G3 had values as high or higher than any of the
cblE strains, whereas two of the five cblE strains had values
within the range of the other cblG strains. These results suggest
further heterogeneity among both the cblE and cblG sub-
groups. At the present time, differentiation between the cblE
and cblG groups among patients with MeCbl deficiency thus
depends upon either assay of methionine synthase specific ac-
tivity in fibroblast extracts or complementation analysis.

The existence of two complementation cldsses among pa-
tients with MeCbl deficiency suggests that the products of at
least two separate loci may be required for cobalamin-depen-
dent methionine synthesis in mammalian cells. Interallelic
complementation has been observed in mutations that affect
enzymes composed of multiple identical subunits (16, 20, 21).
Since we do not now know the identity of the gene product or
products affected by the cblE and cblG mutations, the possibil-
ity of interallelic complementation in the present study cannot
be formally ruled out. The magnitude of the increase in methi-
onine biosynthesis observed in fusions between cblE and cblG
cells, however, is similar to that observed between cells from
either of these two complementation classes and cblC and
cblD cell strains (Table II), which are expected to affect a
separate locus or loci. These results are more consistent with
intergenic than with interallelic complementation, because the
magnitude of complementation is generally less in cases of
interallelic complementation than that observed in cases of
intergenic complementation (21). The only enzyme currently
known to play a role in cobalamin-dependent methionine bio-

synthesis, methionine synthase, apparently consists of three
nonidentical subunits (22). Interallelic complementation
would not be expected to occur if the cblE and cblG mutations
affected a gene encoding one subunit of this enzyme.

The identity of the loci affected by the cblE and cblG mu-
tations are not yet known. Cobalamin-dependent methionine
biosynthesis has been studied in some detail using methionine
synthase purified from Escherichia coli (1, 2). In this system,
synthesis of MeCbl occurs as a part of the catalytic cycle of
methionine synthase. A deficiency of MeCbl thus could arise
as a consequence of impaired functioning of methionine syn-
thase. An NADP-dependent reducing system that consists of
two flavoproteins required to maintain the enzyme in its active
form also has been described (23, 24). Purification of methio-
nine synthase from mammalian sources has proved difficult,
and similar detailed studies using the mammalian enzyme
have not yet been reported. It has been previously suggested
that the cblE mutation affects a reducing system analogous to
that in E. coli (8), whereas the cblG mutation could arise as the
result of a mutation affecting the methionine synthase enzyme
itself. While the bacterial reducing system apparently does not
function with the mammalian enzyme, mammalian methio-
nine synthase may contain thiol oxidase activity that plays a
similar role as an integral part of the protein (25). In any case,
the cblE and cblG mutations should provide a powerful tool
for investigating the mechanisms of methionine biosynthesis
in man.
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