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ABSTRACT Inherited methylmalonicacidemia due to de-
ficiency of methylmalonyl-CoA mutase (methylmalonyl-CoA
CoA-carbonylmutase; EC 5.4.99.2) activity results from at
least three classes of biochemically distinct defects affecting
cobalamin (Cbl: vitamin B12) metabolism (cbl A, cbl B, and
cbl C mutants) and a fourth class producing a defective mu-
tase apoenzyme. We have obtained genetic evidence in sup-
port of this biochemical heterogeneity, using heterokaryons
prepared by Sendai-virus-mediated cell fusion. Nine fibro-
blast lines from patients with defective Cbl metabolism (4
cbl A, 3 cbl B, and 2 cbl C), two from patients with defective
mutase apoenzyme, and two from controls were fused in
Pairwise combinations and tested for functional mutase ho-
oenzyme using a radioautographic procedure which detects
[14C]propionate incorporation into trichloroacetic-acid-pre-
cipitable material in fibroblast monolayers in situ. Each of
the mutants incorporates negligible radioactivity compared
to control cells. Activity is also negligible when different mu-
tants are mixed without virus or when homokaryons are pro-
duced by self-fusion. Heterokaryons produced by fusing
members of each of the four mutant classes with representa-
tives of any other class recover the ability to incorporate
['4C~propionate to levels comparable to those of control cells.
However, heterokaryons produced between members of the
same class fail to complement in all cases. We conclude that
the mutants with defective Cbl metabolism (cbl A, cbl B, cbl
C) comprise three complementation groups, that a fourth
group corresponds to mutase apoenzyme deficiency, and that
all four classes of mutations are recessively inherited.

The utilization of cobalamin (Cbl: vitamin B12) as a cofactor
in enzyme-mediated reactions requires its conversion to two
coenzyme forms. Each Cbl coenzyme participates in a single
reaction in man (Fig. 1): 5'-deoxyadenosylcobalamin (Ado-
Cbl) combines with L-methylmalonyl-CoA mutase (methyl-
malonyl-CoA CoA-carbonylmutase; EC 5.4.99.2) to catalyze
the conversion of L-methylmalonyl-CoA to succinyl-CoA;
and methylcobalamin (MeCbl) is required for 5-methylte-
trahydrofolate-homocysteine methyltransferase (5-methylte-
trahydropteroyl-tri-L-glutamate:L-homocysteine S-methyl-
transferase; EC 2.1.1.13) activity which catalyzes the meth-
ylation of homocysteine to methionine and the formation of
tetrahydrofolate from 5-methyltetrahydrofolate.

Individuals with inherited abnormalities of Cbl coenzyme
synthesis have metabolic blocks at one or both of these reac-

Abbreviations: Cbl, cobalamin; AdoCbl, 5'-deoxyadenosylcobalam-
in; MeCbl, methylcobalamin; OH-Cbl, hydroxocobalamin; cbl A,
cbl B, cbl C, mutant classes designated by lower case cobalamin ab-
breviation.
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Society of Human Genetics, October, 1974, Portland, Oreg.
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tions as a result of impaired holoenzyme formation. Two dis-
tinct clinical phenotypes have been reported. Rosenberg et
al. proposed that an inherited defect of AdoCbl synthesis
causes vitamin-B12-responsive methylmalonicacidemia in
patients lacking methylmalonyl-CoA holomutase activity
despite a normal mutase apoenzyme (1). Mudd and his asso-
ciates suggested that patients with homocystinuria and
methylmalonicacidemia due to combined deficiency of
methyltransferase and mutase activities had impaired syn-
thesis of both MeCbl and AdoCbl (2, 3).

Recent investigations of Cbl metabolism by Mahoney et
al. in cultured fibroblasts from several patients with methyl-
malonicacidemia extend these previous observations (4, 5).
Intact fibroblasts in monolayer were examined for the abili-
ty to synthesize AdoCbl and MeCbl from hydroxo-[57Co]co-
balamin (OH-Cbl) added to the growth medium. In addi-
tion, conversion of OH-Cbl was studied in cell-free fibro-
blast extracts. These studies revealed three distinct classes of
mutants, each with different defects in Cbl metabolism.
Two classes, designated cbl A and cbl B mutants, failed to
synthesize AdoCbl in intact fibroblasts but had normal syn-
thesis of MeCbl. They could be distinguished from one an-
other by examining crude cell extracts: cbl A mutants had
normal synthesis of AdoCbl; cbl B mutants were defective.
Both classes lacked methylmalonyl-CoA mutase activity in
intact cells because of deficient holoenzyme formation. The
third mutant class, designated cbl C, produced neither Ado-
Cbl nor MeCbl in intact cells but had normal AdoCbl syn-
thesis in crude extracts. Such mutants lacked both mutase
and methyltransferase activities.

In this report we present genetic evidence supporting the
observed biochemical heterogeneity of Cbl mutants. Such
evidence is based on complementation tests in heterokaryons
formed from mutant fibroblast strains. Our work was facili-
tated by the report of Hill and Goodman (6) that mutase ac-
tivity can be monitored in fibroblast monolayers in situ
using a radioautographic procedure which detects [14C]pro-
pionate incorporation into trichloroacetic-acid-precipitable
material.

MATERIALS AND METHODS
Source and Growth of Cells. All strains are subeultures of

skin fibroblasts maintained in Eagle's minimal essential me-
dium (Gibco) supplemented with 1% nonessential amino
acids (Gibco), 10% fetal calf serum (Flow Laboratories), and
100 jtg/ml of kanamycin. Cells were grown at 370 in a 5%
C02/95% air atmosphere, washed with Dulbecco's phos-
phate buffered saline without calcium or magnesium, and
harvested with 0.25% trypsin (Gibco).
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Table 1. Source and phenotype of fibroblast strains

Pas-
sages

in
Strain Patient's cul-
number initials ture* Phenotypet Refs. t

if R.P. 7 cblA (1,4,5)
214 K.B. 17 cblA (5, 15)
221 M.O. 14 cbl A (5)
245 A.M. 5 cbh A (5)
209 T.S. 16 cblB (5, 15)
215 M.R. 20 cblB (5)
224 K.B. 25 cblB (5)
78 E.M. 29 cbl C (3, 4)

178 M.M. 27 cbl C (24)
77 L.A. 23 Mutase apoenzyme (7)

defect
184 M.M. 12 Mutase apoenzyme

defect
87 M.K. 16 Normal

237 D.N. 21 Normal

* Refers to number of times the cultures had been split 1:2 or 1:3 by
the beginning of this study; cultures were split an additional three
to five times by the end of the study.

t The cbl designations are defined in the Introduction.
t Includes previous publications dealing with the biochemical or
clinical description of the individual cell strains in patients.

The individual fibroblast strains used in these experiments
are shown in Table 1. Using the designations described in
the introduction, 11 mutant strains were employed: 4 cbl A
mutants; 3 cbl B mutants; 2 cbl C mutants; and 2 mutants
with a primary defect of the mutase apoenzyme (7). Two
normal strains were used as controls.
The strains were studied between the 5th and 29th pas-

sage in culture (Table 1). Such passages appear not to affect
the ability of cells to fuse or to demonstrate complementa-
tion. Prior to this study, three strains (209, 214, and 224)
tested positive for mycoplasma by broth or agar assay (8).
For this reason all strains were maintained in kanamycin.
No subsequent evidence of mycoplasma was obtained by ex-
amination of cell appearance, growth rate, or microbial
assay.

Cell Fusion. Cells were fused according to the procedure
of Klebe et al. (9). Freshly confluent cells were harvested,
mixed 1:1 in sterile tubes, and seeded into 35 mm Falcon
petri dishes, 4 X 105 cells per dish. One or 2 days later, the
cells were washed with growth medium and incubated for
30 min at 40 with 0.4 ml per dish of f3-propiolactone-inacti-
vated Sendai virus, 250 hemagglutinating units/ml (10). In
early experiments 106 cells were seeded into 25 cm2 flasks
(Falcon) and 1 ml of virus was used. Two milliliter of
growth medium were added to each dish and incubation
was continued for an additional 90 min at 370. The cells
were treated briefly with 0.25% trypsin, washed with medi-
um, and incubated overnight in growth medium. On the fol-
lowing day the cells were tested for [14C]propionate incorpo-
ration as described below. In two representative fusions, the
proportion of cells demonstrating multiple nuclei was 25%
and 26%. Multinucleate cells were scored in the complemen-
tation tests without regard to the number of nuclei present.

[14C]Propionate Incorporation. Mutase activity was mon-
itored by the radioautographic procedure of Hill and Good-
man (6) which detects [14C]propionate incorporation into
trichloroacetic-acid-precipitable material by fibroblast mo-
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FIG. 1. Pathway showing the synthesis and metabolic roles of
the Cbl coenzymes and the synthesis and utilization of methylmal-
onyl-CoA. AdoCbl synthesis depends upon the activities of three
enzymes, two reductases and an adenosyltransferase (5). The bro-
ken line leading to MeCbl reflects uncertainty concerning the de-
tails of its biosynthetic pathway. The two enzymatic reactions de-
pendent on Cbl coenzymes are methylmalonyl-CoA mutase and 5-
methyltetrahydrofolate-homocysteine methyltransferase. 5-Meth-
yltetrahydrofolate is abbreviated Me-H4folate; tetrahydrofolate is
abbreviated H4folate.

nolayers in situ. The [14C]propionate is taken up, converted
to its CoA derivative, and metabolized in two steps to L-
methylmalonyl-CoA (Fig. 1). Mutants with defective Ado-
Cbl synthesis or a primary defect of the mutase apoenzyme
cannot metabolize [14C]propionate further, while normal
cells incorporate the isotope into labeled macromolecules via
succinyl-CoA and the Krebs cycle. [14C]Propionate incorpo-
ration was monitored in the unfused strains described in
Table 1 and in the complementation tests. Four chambered
slides (Lab-Tech Products) were seeded with 103-104 cells
per chamber and incubated overnight in growth medium at
370. The attached cells were washed with phosphate-buff-
ered saline and incubated for 10 hr at 370 in Puck's saline F
(0.5 ml per chamber; Gibco) containing 0.05 M glucose, 15%
(v/v) fetal calf serum which had been dialyzed overnight
against phosphate buffered saline, and 10-4 M sodium [1-
'4C]propionate, 10 Ci/mol (New England Nuclear). At the
end of incubation, the cells were washed with 0.9% NaCl,
fixed in 10% formalin in 0.9% NaCl for 10 min, washed four
times in cold 5% trichloroacetic acid (1-2 min per wash) and
washed in water for 30 min. The slides were then air dried
and coated with NTB-2 Nuclear Track Emulsion (Kodak).

After 4-14 days exposure in the dark at 40 (depending on
the thickness of the emulsion), the slides were developed and
stained for 10 min with Giemsa (Fisher) diluted 1:10 with
water. The silver grain patterns were examined by light mi-
croscopy, and the relative number of silver grains observed
over the cells was taken as an index of mutase activity.

Protocol and Scoring of Results. The strategy of each ex-
periment was to test each mutant strain in three kinds of fu-
sions: self-fusion as a "negative control"; fusion with a line
with which it was expected to complement as a "positive
control"; and the test fusions. For the Cbl mutants, the posi-
tive control was usually a fusion with strain 184 which has a
primary defect of the mutase apoenzyme (Table 1). These
.controls insured that each strain being tested was competent
to complement in each experiment and provided upper and
lower limits of expected silver grain patterns. Normal cells
were also self-fused as controls in early experiments but such
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FIG. 2. Silver grain patterns obtained after radioautography of
fibroblasts incubated in the presence of [14Cipropionate. The pres-
ence of a dense cover of silver grains over cells corresponds to func-
tional methylmalonyl-CoA mutase. The cells in the left column are
unfused fibroblasts. The cells in the right column are fibroblasts of
the strain shown immediately to the left which have been treated
with inactivated Sendai virus to produce multinucleate homokar-
yons. The fibroblast strains are 87, a normal strain, in frames a and
d; 184, with a defect of the methylmalonyl-CoA mutase apoen-
zyme, in frames b and e; and 215, a cbl B mutant, in frames c and f.
Magnification: X180.

fusions were later discontinued in favor of the "positive con-
trol" described above. A number of fusions were carried out
two or more times and these are indicated in Table 2. In
each experiment, all isotope incorporation tests were carried
out in duplicate or triplicate.

Results were scored "blind" by two observers using a light
microscope with phase contrast optics and a green filter.
They scanned the multinucleate cells in each test and re-
corded the intensity of the silver grain pattern with a score
of 0, 1+, 2+, 3+, or 4+; 0 meaning absence of silver grains
over multinucleate cells; and 4+ being the score assigned to
the test result in any given experiment with the greatest
number of silver grains.

RESULTS
Initially we examined ["4Clpropionate incorporation in 13
unfused fibroblast strains: 11 mutant and two control. Nine
mutant strains have defective Cbl metabolism (4 cbl A, 3 cbl
B, and 2 cbl C mutants) and two have a mutase apoenzyme
defect (Table 1). As shown in Fig. 2a, cells of the control
strain were completely covered by large numbers of silver
grains which were so densely distributed as to obscure the
cell architecture. In contrast, each of the mutants accumu-
lated only a few grains. The strains with a mutase apoen-
zyme defect demonstrated almost complete absence-of silver
grains and consistently scored 0 (Fig. 2b). Most of the cbl
mutants were scored 0 or 1+ while a few mutants, demon-

Table 2. Results of complementation tests in
heterokaryons formed from pairs of mutant cell lines

The mutant cell lines (if, 214, 221, etc.) are listed according to
mutant class across the top and down the.left ordinate. Each self-
fusion and test fusion was scored from 0 (no grains) to 4+ (dense
grain pattern obscuring cell outline) as described in the text. The
intraclass fusion results are enclosed by the heavy black line, while
the interclass fusions are reported in the shaded area. Blank spaces
designate tests which were not carried out. Results noted with an
asterisk denote fusions which were repeated on two or more occa-
sions.

strating a more "leaky" phenotype, tended to be scored 2+
(Fig. 2c). Some variability was noted in the scoring. It was
often difficult to distinguish between 0 and 1+; and cells
scored against a high background produced by a thick coat-
ing of emulsion were most often read 1+ or 2+. Neverthe-
less, in no case did a mutant strain ever score higher than
2+, and mutant strains were easily distinguished from con-
trols. These results confirm the findings of Hill and Good-
man (6) in tests of similar mutant and control strains.

Individual strains were treated with inactivated Sendai
virus to produce multinucleate homokaryons. Such "self-fu-
sions" always gave silver grain patterns similar to those of
the unfused parent strain. The cells in Fig. 2d are from the
self-fusion of a normal strain. As with the unfused cells in
Fig. 2a, these multinucleate cells were completely covered
with a dense blanket of silver grains. Most self-fusions of
mutant strains gave scores of 0 or 1+, comparable to their
unfused counterparts. Fig. 2e and f show the silver grain
patterns of representative self-fusions of mutant strains. Nu-
clei are readily discernible in these photographs because
there are very few silver grains over the cells. As with un-
fused cells, some self-fusions produced scores as high as 2+.
Three mutants consistently giving 2+ scores were strains 221
and 245, both cbl A mutants, and strain-215 (Fig. 2f), a cbl B
mutant. The leaky character of these mutants did not pre-
clude their use in complementation tests, since normal cells
were always far more densely covered with silver grains.
Complementation tests were carried out with all 11 mu-

tant strains fused in pairwise combinations. The results of
these experiments are shown in Table 2. Heterokaryons pro-
duced by fusing members of each of the four mutant classes
with mutants of any other class uniformly recovered the
ability to incorporate ["4C]propionate to 3+ or 4+ levels. For
example, Fig. 3a shows the silver grain pattern of cells from

Genetics: Gravel et al.
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a fusion between a cbl A and a cbh B mutant. The cells are

completely covered with silver grains and the test was scored
4+. Since self-fusions of these strains were scored 1+ or 2+
(Table 2), these results show correction of the mutant pheno-
type in the heterokaryons and provide evidence of com-
plementation between the mutant genomes. Similar results
were observed for fusions between a cbl B and a cbl C mu-

tant (Fig. Sb) and a cbl A and cbl C mutant (Fig. Sc). Table
2 shows that all interclass fusions (shaded area), including
fusions with mutase apoenzyme mutants, resulted in com-
plementation as shown by the 3+ or 4+ scores recorded in
every test.
No evidence of such increased [14C]propionate incorpora-

tion was obtained by mixing different mutant strains in the
absence of Sendai virus. Thus, cell to cell cross-feeding was

not observed in mixtures between mutants from different
cbl groups (cbl A and cbl B; cbl B and cbl C; cbl A and cbl
C), or between any cbl mutants and those with a mutase
apoenzyme defect. The existence of cross-feeding cannot be
excluded by these experiments, but seems most unlikely,
since the number of cells used was purposefully small and
since mixed cultures were maintained for only short inter-
vals before testing.

Significantly, no complementation was observed when fu-
sions were carried out between mutants of the same class.
Fig. Sd shows the silver grain pattern for a fusion between
two cbl A mutants, strains If X 221. These heterokaryons
show some silver grains and were scored 2+. As noted in
Table 2, the appropriate self-fusions produced scores of 1+
for strain If and 2+ for strain 221. These results differ mark-
edly from the scores produced by these same mutants in
"positive control" fusions with strain 184. Table 2 shows that
fusion between strains If and 184 was scored 3+ and that fu-
sion between strains 221 and 184 was scored 4+. Since both
strains (if and 221) were competent to complement, the fail-
ure of the test fusion (if X 221) to incorporate normal levels
of [14C]propionate demonstrates that these mutants do not
complement in heterokaryons. Fig. Se and f shows the re-
sults of complementation tests between two cbl B mutants
and between two cbl C mutants, respectively. All possible in-
traclass complementation tests were performed and the re-

sults are shown in Table 2 (unshaded areas). In no instance
was the score for the silver grain pattern produced between
two mutants of the same class greater than that obtained for
each mutant alone. Thus, the four cbl A mutants comple-
ment mutants of all other classes but not each other. The
same was true for the cbl B and cbl C mutants, and the two
mutants with a defective mutase apoenzyme.

DISCUSSION

Nine mutant fibroblast lines with defective Cbl metabolism
and two with a mutase apoenzyme defect were grouped into
four complementation groups by examining [14C]propionate
incorporation in Sendai-virus-mediated heterokaryons.
These data confirm the separation of cbl A and cbl B mu-
tants into distinct classes as demonstrated biochemically by
Mahoney et al. (5). The four cbl A mutants, which have in
common a block in AdoCbl synthesis in intact cells but nor-

mal activity of the final steps of AdoCbl synthesis in crude
extracts, make up a single complementation group; and the
three cbl B mutants, with deficient synthesis of AdoCb1 in
crude extracts as well as intact cells, comprise a second com-
plementation group. The third complementation group in-
cludes the two cbl C mutants. They have a combined defect
of AdoCbl and MeCbl synthesis. The two mutants with a de-

*~~''r

-ai

p.

O.S'.X tb; ;§WC

8 .~~~
v

i . :

and6fS

84{

If

f f,
FIG. 3. Results of representative complementation tests. The

cells in each frame were produced by fusion of different .Cbl mu-
tants in pairwise combination. The intensity of the silver grain
pattern observed over multinucleate cells by radioautography fol-
lowing incubation with [14C]propionate is taken as a measure of
complementation (see text for details). The fibroblast strains used
in each frame are as follows: if (cbl A)/215 (cbl B) in frame a; 215
(cbl B)/78 (cbl C) in frame b; if (cbl A)/178 (cbl C) in frame c; if
(cbl A)/221 (cbl A) in frame d; 209 (cbl B)/215 (cbl B) in frame e;
and 78 (cbl C)/178 (cbl C) in frame f. Magnification: X180.

fect of the mutase apoenzyme make up the fourth complem-
entation group.
We propose that each of these complementation groups

identifies a different locus; that, together, they define four
independent gene loci; and that the observed complementa-
tion is, therefore, intergenic. Two independent lines of evi-
dence support this proposal. First, each set of noncomple-
menting mutations lies within a single gene according to
Benzer's classic interpretation of the cia-trans test (11). That
is, the absence of complementation in any given heterokar-
yon indicates that the defect of each parental genome must
be at the same locus. Since we observed four sets of non-

complementing heterokaryons, we infer the existence of
four genes. A theoretical exception to this rule is the failure
of a polarity mutant to complement a point mutation in a

distal gene of an operon or gene cluster (12, 13), but such
phenomena are very rare and have been observed only in
bacteria and fungi. Second, the prominent biochemical dif-
ferences both between the mutase apoenzyme and the Cbl
mutants (1, 7), and among the Cbl mutants (4, 5) argue

strongly that the four mutant classes reflect the activity of
four different loci. In fact, only the cbl A and cbl B mutants
are similar enough to possibly reflect mutations at the same
locus. These two classes are indistinguishable clinically and
in intact cultured cells. They differ only in their ability to
synthesize AdoCbl in cell extracts. Although it seems most
likely that cbl A mutants are blocked at a different step in
AdoCbl synthesis than are cbl B mutants (5), it is possible

Proc. Nat. Acad. -;ci. USA 72 (1975)
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that these two classes reflect mutations at the same locus and
that the complementation observed between them is intra-
genic. For instance, one step in AdoCbh synthesis could be
catalyzed by an enzyme composed of two identical subunits
and bound to the mitochondrial membrane. In intact cells or
homokaryons, different mutations of this enzyme (i.e., cbl A
or B) could produce an indistinguishably severe block in
AdoCbl synthesis, whereas, when the mitochondrial mem-
brane is altered or destroyed during the preparation of cell
extracts, the subunits of the cbl A-type mutant enzyme
could assume a configuration restoring near normal enzy-
matic activity. To complete this formulation, complementa-
tion in heterokaryons between cbl A and cbl B mutants
could reflect formation of hybrid enzyme with activity far
greater than that of either parent line. Clearly, an unambig-
uous distinction between intragenic and intergenic com-
plementation of these mutants must await their biochemical
characterization.
The occasional demonstration of affected sibs and the ap-

proximately equal numbers of affected males and females
has suggested that each of the methylmalonicacidemias is in-
herited in vivo as an autosomal recessive trait. This assump-
tion has not yet been tested by statistical analyses in pe-
digrees or by heterozygote detection. The results of our com-
plementation tests confirm that the three defects of Cbl me-
tabolism and the defect of the mutase apoenzyme are ex-
pressed as recessive mutations in heterokaryons, since each
can be complemented by fusion with cells of a class other
than their own. It is unlikely that the expression of a domi-
nant allele could have been masked by an excess of normal
alleles, because complementation was observed regularly in
dikaryons as well as heterokaryons containing several nuclei.
Some patients with methylmalonicacidemia respond to

administration of pharmacologic doses of vitamin B12 with
decreased accumulation of methylmalonic acid and clinical
improvement (7, 14). Such responsive patients appear to be
restricted to those with defects of Cbl metabolism. Among
the nine patients with Cbl defects whose fibroblast lines
were examined in this study, seven have been tried on vita-
min B12 therapy. Three of the cbl A and one of the cbl B pa-
tients are responsive to vitamin B12 (ref. 14, and unpublished
observations) while one patient from each group (cbl A,
K.B.; cbl B, T.S.) showed no improvement after short-term
therapeutic trials (15). If these results are confirmed with
long-term therapeutic trials, it would imply that mutations
of the same Cbl gene can lead to different clinical expression
of the defect. This would underscore still additional hetero-
geneity and preclude the use of complementation analysis to
determine the likelihood that vitamin B12 therapy would be
effective.

Beginning with the demonstration of complementation
between mutations of independent loci on the X chromo-
some in human diploid cells (16), several metabolic defects
have been successfully subjected to complementation tests.
Genetic heterogeneity has been demonstrated in cells from
patients with galactosemia (17), xeroderma pigmentosum
(18-20), maple syrup urine disease (21), and hexosaminidase
deficiency (22, 23). It is apparent that genetic complementa-

tion is proving to be an effective tool for the elucidation of
the genetic basis of inherited metabolic disease.
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