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Summary
Methionine adenosyltransferase (MAT) 1/111 deficiency,
characterized by isolated persistent hypermethioninemia, is
caused by mutations in the MATLA gene encoding
MATal, the subunit of major hepatic enzymes MAT I
([al]4) and Im ([al]2). We have characterized 10 MATlA
mutations in MAT IflIl-deficient individuals and shown
that the associated hypermethioninemic phenotype was in-
herited as an autosomal recessive trait. However, dominant
inheritance of hypermethioninemia, also hypothesized to be
caused by MAT 1/111 deficiency, has been reported in two
families. Here we show that the only mutation uncovered
in one of these families, G., is a G-A transition at nt 791
in exon VII of one MAT1A allele that converts an arginine
at position 264 to a histidine (R264H). This single allelic
R264H mutation was subsequently identified in two hyper-
methioninemic individuals in an additional family, C. Fam-
ily C members were also found to inherit hypermethioni-
nemia in a dominant fashion, and the available affected
members analyzed carried the single allelic R264H muta-
tion. Substitution ofR-264 with histidine (R264H, the natu-
rally occurring mutant), leucine (R264L), aspartic acid
(R264D), or glutamic aid (R264E) greatly reduced MAT
activity and severely impaired the ability of the MATal
subunits to form homodimers essential for optimal catalytic
activity. On the other hand, when lysine was substituted
for R-264 (R264K), the mutant al subunit was able to
form dimers that retain significant MAT activity, suggesting
that amino add 264 is involved in intersubunit salt-bridge
formation. Cotransfection studies show that R264/R264H
MATal heterodimers are enzymatically inactive, thus pro-
viding an explanation for the R264H-mediated dominant
inheritance of hypermethioninemia.

Received September 6, 1996; accepted for publication December
20, 1996.

Address for correspondence and reprints: Dr. Janice Yang Chou,
Heritable Disorders Branch, National Institute of Child Health and
Human Development, National Institutes of Health, Building 10,
Room 9S241, Bethesda, MD 20892.
© 1997 by The American Society of Human Genetics. All rights reserved.
0002-9297/97/6003-0009$02.00

Introduction
Newborns are routinely screened for high levels of
plasma methionine as an indicator of homocystinuria
caused by cystathionine P-synthase deficiency (Mudd et
al. 1995a). A subset of children with high plasma methi-
onine has been found to have isolated persistent hyper-
methioninemia (Mudd et al. 1995b). Six such individu-
als were diagnosed by enzyme studies as having deficient
methionine adenosyltransferase (MAT) activity in the
liver but normal MAT activities in their cultured skin
fibroblasts, red blood cells, or lymphoid cells (Fin-
kelstein et al. 1975; Gaull et al. 1981; Gahl et al. 1987).
There are two human MAT genes, MAT1A and MAT2A
(Kotb et al., in press). MAT1A is a single-copy gene
expressed primarily in the liver and encoding two iso-
zymes, MAT I and III, that are tetramers and dimers
formed from identical al subunits (Cabrero et al. 1987).
MAT II, encoded by the MAT2A gene, is found in fetal
liver (and, to a lesser extent, in adult liver) as well as in
kidney, brain, testis, and lymphocytes (Kotb and
Kredich 1985; Mitsui et al. 1988; Horikawa and Tsu-
kada 1992; De La Rosa et al. 1995). Thus, the isolated
persistent hypermethioninemic phenotype characterized
by low liver MAT activity is associated with MAT I/III
deficiency.
MAT catalyzes the biosynthesis of S-adenosylmethio-

nine (AdoMet) from methionine and ATP (Cantoni et
al. 1953). AdoMet participates in transmethylation and
transsulfuration pathways and, after decarboxylation,
serves as a propylamine group donor in the biosynthesis
of polyamines (Kotb and Geller 1993; Mudd et al.
1995a). The majority of MAT I/IIT-deficient individuals
have been without major clinical abnormalities (Mudd
et al. 1995b). However, two individuals with isolated
hypermethioninemia have developed neurological defi-
cits, including brain demyelination, suggesting that
MAT I/III deficiency can be deleterious (Surtees et al.
1991; Mudd et al. 1995b). To study the molecular genet-
ics of MAT I/IIT deficiency, we characterized the human
MAT1A gene and showed that it is a single-copy gene
consisting of nine exons and eight introns (Ubagai et al.
1995). We also characterized the MAT1A gene in 11
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individuals with isolated persistent hypermethio-
ninemia, including 4 patients with confirmed MAT I/III
deficiency and 2 with brain demyelination. A total of
10 mutations that abolish or reduce MAT activity were
detected in the MAT1A gene of the 11 individuals, thus
establishing the molecular basis of this disorder (Ubagai
et al. 1995; Chamberlin et al. 1996). Our studies also
showed that a complete lack of MAT I/III activity can
lead to neurological abnormalities and brain demyelin-
ation (Chamberlin et al. 1996).

Mutational analysis revealed that the 11 MAT 1III-
deficient individuals are either homozygous for defects
in the MAT1A gene or compound heterozygotes (Ubagai
et al. 1995; Chamberlin et al. 1996). Analysis of the
MAT1A gene in the available parents of these patients
indicated that the hypermethioninemia associated with
these mutations behaves as an autosomal recessive trait
(Ubagai et al. 1995; Chamberlin et al. 1996). There are,
however, two recent reports of persistent hypermethio-
ninemia inherited in a dominant fashion (Blom et al.
1992; Mudd et al. 1995b). Because enzymatically active
MAT is a MATa1 oligomer (Cabrero et al. 1987), a
mutation in the MAT1A gene causing a mutant subunit
to adversely affect enzymatic activity of heterodimers
formed with a wild-type MATal subunit might exert a
dominant deleterious effect. We therefore characterized
the MAT1A gene in members of two families with domi-
nant inheritance of hypermethioninemia. All affected
members genotyped from both families were found to
contain, within only one MAT1A allele, a G--A muta-
tion at nt 791 that converts an arginine at position 264
to a histidine (R264H). Our studies also suggest that
amino acid 264 in MATal is involved in salt-bridge
formation essential for subunit dimerization and that
the dominant effect of the R264H mutation is exerted
via the formation of enzymatically inactive R264/
R264H dimers.

Subjects and Methods

Isolated Persistent Hypermethioninemic Individuals
Family G was described by Blom et al. (1992). Two

hypermethioninemic members, CIII-1 and CIII-2, in
family C were identified by routine screening of new-
borns (Mudd et al. 1995b). Plasma methionine levels of
other family C members were determined in the present
study. Genomic DNA preparations from patients were
isolated from blood samples with a Nucleon II kit ob-
tained from Scotlab. Peripheral blood samples were ob-
tained with the informed consent of the individuals.

Analysis of the MAT1 A Gene
The MAT1A gene was characterized by amplifying

the coding regions of exons I-IX and the corresponding
intron-exon junctions by PCR as described by Ubagai
et al. (1995). The PCR-amplified fragments were ana-

lyzed for SSCP (Orita et al. 1989) by electrophoresing
wild-type and mutant target DNAs side by side through
mutation detection electrophoresis (MDE) nondenatur-
ing gels (AT Biochem) containing 5% glycerol following
the protocols provided by the manufacturer. Potential
mutations in the target DNA were identified by the dif-
ferential migration of one or both of the amplified
strands. To confirm the presence of mutations, amplified
fragments were subcloned into the pNoTA/T7 vector
with the Prime PCR Cloning System (5'-3', Inc.), and
five or more subclones of each exon were sequenced.
The G791A/R264H mutation was identified also by

allele specific oligonucleotide (ASO) hybridization using
either a wild-type (5'-CACTGGCCGTAAGATTAT-3')
or a mutant (5'- CACTGGCCATAAGATT AT-3')
probe corresponding to nt 783-800 in the human
MAT1A cDNA (Ubagai et al. 1995). In brief, the exon
VII DNAs were applied onto a Nytran membrane
(Schleicher and Schuell) with a slot-blot apparatus
(Manifold II, Schleicher Schuell) and hybridized over-
night at 42°C in a buffer containing 6x SSC, 4x Den-
hardt's, 1 mM EDTA, 0.1 mg/ml salmon sperm DNA,
and an end-labeled oligonucleotide probe. Blots were
washed in 6x SSC at 52°C for 5 min and autoradio-
graphed.

Construction ofAmino Acid 264 Mutants
We employed a modification of cassette mutagenesis

(Wells et al. 1985) to generate multiple mutations of
codon 264. The pSVLhMAT-ApaI-3' fragment (con-
taining nt 664-1188 of human MAT1A) was used for
construction of codon 264 mutants by site-directed mu-
tagenesis (Ubagai et al. 1995). The two outside PCR
primers were nt 664-801 and nt 781-1188, and the
sense strand of the degenerate inside primers (nt 781-
801) was 5'-GTCACTGGC (C/A/G)(A/T)(T/A/
C)AAGA TTATT-3'. The amplified fragments were di-
gested with ApaI and XbaI and ligated into the
pSVLhMAT-ApaI-5' fragment as described by Ubagai
et al. (1995). Mutants were identified by DNA sequenc-
ing. A BamHI fragment containing the entire mutant
cDNA was also subcloned into a bacterial expression
vector, pQE30 (QIAexpress System, QIAGEN, Inc.).

Expression of Mutant MAT1 A cDNAs
M15 bacteria were transformed with wild-type or mu-

tant MAT1A cDNAs in the pQE30 vector, and COS-1
cells were transfected with wild-type or mutant MAT1A
cDNAs in the pSVL vector as described by Chamberlin
et al. (1996). MAT activity was assayed essentially as
described by Mitsui et al. (1988). In brief, the enzyme
was incubated for 30 min at 37°C in a reaction mixture
(100 jl) containing 0.1 M Tris-HCI, pH 8.2, 20 mM
MgCl2, 150 mM KCl, 10 mM ATP, 5 mM P-mercapto-
ethanol, and 500 ,uM L-[methyl-3H] methionine (0.5
gCi/reaction) or 500,M L-[methyl-35S] methionine (0.5
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gCi/reaction). The reaction was stopped with 10 gl of
2 M HCl04 containing 5 mM methionine. After centrif-
ugation, 50 gl of the supernatant solution was spotted
onto a phosphocellulose circle, washed in 5 mM methio-
nine/1 % casamino acids, dried, and measured in a scin-
tillation counter.

Cross-Linking ofMA Ta 1 and Western Blot Analysis
Extracts (220 ,ug protein in 100 gl) from bacteria ex-

pressing a wild-type or mutant MAT1A cDNA were
incubated with 2.6 gg of Bis (sulfosuccinimidyl)suberate
(BS3) (Pierce) at room temperature for 20 min. The reac-
tion was stopped by the addition of 15 pl of 1M glycine,
and the reaction products were electrophoresed through
10% SDS-polyacrylamide gels and transferred onto Im-
mobilon P (Millipore). The MATcxl protein was de-
tected using a rabbit anti-MATal serum (Chamberlin
et al. 1996) and an alkaline phosphatase system (Kirke-
gaard and Perry Laboratories, Inc.).

Results

All Hypermethioninemic Members in Family G Carry
a Single Allelic R264H Mutation in Their MAT1 A
Genes

Analysis of plasma methionine levels in family G (fig.
1) led Blom et al. (1992) to propose that a dominant
mutation in the MAT1A gene might be responsible for
the hypermethioninemic phenotype of this family. To
test this hypothesis, we employed SSCP analysis to iden-
tify potential mutations in the nine exons of the MAT1A
gene in three members of family G (GI-1, GI-2, and Gil-
1, fig. 1). SSCP variations were observed in exons III,
VII, VIII, and IX fragments when compared with those
of the wild-type gene. Sequence analysis showed that
changes in exons III (C225T/A75A), VIII (C-*T, intron
8), and IX (T1131C/Y377Y) were silent. The SSCP pat-
tern of exon VII was complex (fig. 2A); however, all
affected members analyzed shared one SSCP band (indi-
cated by the arrows in fig. 2A). Sequence analysis of five
or more exon VII subclones from GI-1, GI-2, and GIl-
1 revealed that the two affected members, GI-1 and Gil-
1, each had a G--A transition at nt 791 that converts
an arginine at position 264 to a histidine (R264H) (fig.
3). Roughly half of their exon VII subclones contained
this mutation, suggesting that only one MAT1A allele
was affected. In contrast, all exon VII subclones of GI-
2, who had normal plasma methionine levels, contained
wild-type MAT1A sequence (G791).
The presence of the R264H mutation in exon VII of

family G members was analyzed by ASO hybridization
using oligonucleotide probes specific to a wild-type
(G791) or a mutant (G791A) MAT1A allele (fig. 2B).
Amplified exon VII DNA from all affected members hy-
bridized to both probes, indicating that they have both
wild-type (R264) and mutant (R264H) alleles (fig. 2B).

Family G

GO

GI

Gil

Gill
1 (87-475) 2 (176-389) 3 (156)

Family C

Cl
1 2 (84) 3 (14)

1/1 1/4 41/1CHi
1 (31) 2 (294) 3 4 5 (43;87) 6(32)

1/4 / 1/4 1/4 1/4 1/4
CIII

1 (175; 337) 2 (71;236) 3 (98;169) 4 (80;135) 5 (92) 6 (195)

Figure 1 Pedigrees of families G and C with dominant inheri-
tance of hypermethioninemia. The pedigree of family G and the mem-
bers' plasma methionine levels were reported by Blom et al (1992),
except for GO-1, who was analyzed in this study. The plasma methio-
nine levels of CIII-1 and CIII-2 of family C were reported by Mudd
et al (1995b). Black-filled symbols represent hypermethioninemic sub-
jects carrying the single allelic R264H mutation, open symbols repre-
sent normal subjects, open symbols containing the letter u represent
individuals not available for genotyping, and the open symbol with a
filled dot represents an obligatory carrier. Values in parentheses are
plasma methionine levels (in gM). The upper limit of reference human
plasma methionine levels is 35-45 gM (Blom et al. 1992; Mudd et
al. 1995b). Plasma methionine concentrations in GIII-1 and GIII-2 are
ranges of three determinations and in CII-S and CIII-1, -2, -3, and
-4 are two individual measurements. For CII-5, the lower value was
obtained when the subject was on progesterone. For CIII-1, -2, -3,
and -4, the lower values were obtained when the subjects were ages
1.8-14 years; the higher values, ages 1 mo-1 year. The MAT1A exon
VII haplotype of each genotyped member is denoted at the upper right
corner of each symbol.

On the other hand, exon VII DNA of an unaffected
family member, GI-2, like the DNA from a wild-type
subject, hybridized only to the wild-type probe (fig. 2B).
The presence of the R264H mutation in family G mem-
bers was confirmed also by DNA sequencing (data not
shown).
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Figure 2 Molecular analysis of the MAT1A gene of family G
members. A, SSCP analysis of PCR-amplified exon VII fragments on
MDE gels containing 5% glycerol. The exon VII fragment of an unre-
lated, unaffected subject is denoted as wild-type (WT). The common
SSCP band identified in all affected members is denoted by arrows.
B, ASO hybridization analysis of PCR-amplified exon VII fragments
affixed to a nytran membrane as described in Subjects and Methods.

Studies have shown that 5%-25% of mutations in
PCR products escape detection by SSCP analysis (Orita
et al. 1989). To search for mutations in the MAT1A
gene of hypermethioninemic members in family G, in
addition to R264H, we sequenced five subclones each
from exons I-IX of patient GII-1 but detected no addi-
tional mutations (data not shown).
The complex SSCP pattern of MAT1A exon VII (fig.

2A) suggests the presence of sequence variations or addi-
tional mutations. Sequence analysis revealed the exis-
tence of four allelic variants in exon VII fragments of
family G (table 1). Variants 1-3 encode the wild-type
MATal, and variant 4 (G791A) encodes the R264H

Table 1

Allelic Variants in MATIA Exon VII and the Associated Intron 7 of
Families G and C

NUCLEOTIDE

ALLELE 791a 870b 882b 44-Intron 7

1 (Normal) G G C C
2 (Normal) G G C T
3 (Normal) G A T C
4 (Mutant) A G C C

G-to-A mutation at nt 791 converts an arginine at residue 264 to
a histidine.

b G-to-A transition at nt 870 and C-to-T transition at nt 882 result
in no amino acid change.

mutant. The exon VII haplotypes of genotyped family
G members are indicated in figure 1.

The R264H-Associated Hypermethioninemic
Phenotype Is Transmitted in a Dominant Fashion
Mutation analysis revealed the presence of this sin-

gle allelic R264H mutation in the MAT1A gene in two
additional hypermethioninemic individuals, CIII-1 and
CIII-2 from family C (fig. 1). SSCP and sequencing

G-
K265 [A

G263[ G11

T262

WT

R264H LI
1

Exon VIl

Mmcl

60

Figure 3 Autoradiogram of Sanger nucleotide sequence of the
MATIA gene in the hypermethioninemic patient GI-1. GI-1 contains
a wild-type (G791/R264) and a mutant (G791A/R264H) MAT1A
allele. The G-+A (boxed) transition at nt 791 generates an additional
MscI site in exon VII that can be used as a diagnostic marker. Whereas
MscI digestion of the amplified wild-type (WT) exon VII fragment
(292 bp) yielded two fragments of 176 and 116 bp, the R264H exon

VII fragment yielded three fragments of 60, 116, and 116 bp.

WT R264H
G A T C G AT C

Moc

176 21

Mscl

J
.92

)92176 2
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analyses detected no additional mutations in the
MAT1A gene of CIII-1 or CIII-2. Moreover, the
mother of CIII-1 and CIII-2 (CII-1, fig. 1) had a normal
serum methionine level of 31 gM and carried no muta-
tions in her MAT1A gene.
The G--A transition at nt 791 generates an additional

MscI site in exon VII that can be used as a diagnostic
marker (fig. 3). Plasma methionine levels and the appear-
ance of a new MscI restriction site in one allele of
MAT1A exon VII were examined in family C members
(fig. 1). Our results show that all hypermethioninemic
individuals in family C available for genotyping also had
one wild-type (G791/R264) and one mutant (G791A/
R264H) MAT1A allele. Thus, the mild hypermethio-
ninemic phenotype associated with the R264H mutation
is also transmitted in a dominant fashion in family C.
Sequence analysis revealed that the MAT1A gene of ge-
notyped family C members contained exon VII allelic
variants 1 and 4 (fig. 1).

Amino Acid 264 in MATa 1 5s Involved in Subunit
Dimerization
To examine the structural requirement of residue 264

in MAT catalysis, we constructed a series of codon 264
mutants in pQE30 and analyzed for MAT activity after
expression in Escherichia coli. The R-264 was substi-
tuted with amino acids of diverse structures including
histidine (R264H, the naturally occurring mutant), ly-
sine (R264K), leucine (R64L), glutamic acid (R264E),
and aspartic acid (R264D) (fig. 4). The R264H mutant
had <1% of the wild-type MAT activity. Substitution
of R-264 with long-chain aliphatic (R264L) or acidic
residues (R264D and R264E) also greatly reduced enzy-
matic activity. However, a conservative substitution of
lysine for arginine (R264K) retained -20.4% of wild-
type MAT activity (fig. 4), suggesting a positive charge
at residue 264 is necessary, but not sufficient, for full
enzymatic activity.
The enzymatically active forms of MAT are dimers

(MAT III) and tetramers (MAT I) of the MATal subunit
(Cabrero et al. 1987). The positive charge requirement
for amino acid 264 in MATal suggests that this residue
may be involved in salt-bridge formation essential for
subunit dimerization. We therefore examined the ability
of bacterially expressed wild-type and mutant MATal
to dimerize by treating the bacterial extracts with a
chemical cross-linker, BS3. Western blot analysis showed
that wild-type MATal subunits readily formed dimers
(fig. 4). On the other hand, MATal mutants (R264H,
R264L, R264D, and R264E), lacking a strong positive
charge at position 264, failed to dimerize under the ex-
perimental conditions used (fig. 4). However, the
R264K-MATal did dimerize, suggesting that a posi-
tively charged amino acid at this position is required for
polar interactions during intersubunit dimerization.

The R264/R264H MATa 1 Heterodimer Is
Enzymatically Inactive
To exert a dominant effect on MAT enzymatic activ-

ity, the wild-type and mutant heterodimer should have
greatly diminished enzymatic activity. We therefore ex-
amined MAT activity after cotransfecting wild-type
(R264) and mutant (R264H) MAT1A cDNAs into COS-
1 cells. Under the experimental conditions used, the
R264H mutant was virtually inactive. When R264 to
R264H cDNAs were transfected at ratios 3:1, 1:1, and
1:3, MAT activities observed were 41.9%, 28.8%, and
12.2% of wild-type activity, respectively (table 2). As a
control, we also determined MAT activity by mixing
individual wild-type (R264) or mutant (R264H) cDNA-
transfected extracts at ratios 3:1, 1:1, and 1:3. As ex-
pected, the corresponding MAT activities were 73.9%,
54.1%, and 28.8%, respectively, of wild-type activity
(table 2), reflecting the amount of wild-type extract pres-
ent in the assays.

Discussion

To delineate the molecular mechanisms of a domi-
nant mutation and to increase our understanding of
structure-function relationships of MAT, we character-
ized the MAT1A gene in members of family G (Blom
et al. 1992) with a dominant inheritance of hypermethi-
oninemia. We show that the MAT1A genes in all hyper-
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0~~~8 t. oM N
CO , c

o o O

° 0 0 0 0OH 4 4H 4i +i -H +1

CS Cj CD 0m C

Figure 4 Enzymatic activity of bacterial extracts transformed
with wild-type or mutant MAT1A cDNAs and Western blot analysis
of cross-linked MATal subunits. Extracts (220 gg in 100 p1) were
incubated in the absence (-) or presence (+) of a chemical cross-
linker, BS3, electrophoresed through a 10% SDS-polyacrylamide gel,
blotted onto Immobilon P. and probed with an anti-MATal serum
(Chamberlin et al. 1996). The apparent molecular weight of the mono-
mers and dimers are 47 kD and 102 kD, respectively. The enzymatic
activity (in nmole/min/mg protein) is depicted below each correspond-
ing lane. Numbers in parentheses represent percent of total activity.
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Table 2

MAT Activity from COS-1 Cell Extracts

MAT AcrrviTy
(% Wild Type)

WILD-TYPE/R264H
(Ratio) Cotransfected Mixed

3:1 41.9 ± 7.8 71.9
1:1 28.8 ± 8.2 54.1
1:3 12.2 ± 7.9 28.8

NOTE. -The MAT activities in nmollmin/mg protein are: wild-type
(R264), .39 + .4; R264H, .16 + .2; and mock, .18 + .2. Cotransfection
data are the means of five independent experiments, and mixed ex-
tracts results are the means of two independent experiments. The
amount of total plasmid DNA was constant at 25 ,ug/75-cm2 flask.

methioninemic members of family G contain, in only
one of the two alleles, a G-+A mutation at nt 791 that
converts an arginine at position 264 to a histidine
(R264H). Mutational analysis also revealed the pres-
ence of this single allelic R264 mutation in two addi-
tional hypermethioninemic individuals in a family, C.
We further showed that the hypermethioninemic phe-
notype and the associated R264H mutation were also
transmitted in a dominant fashion in family C. Both
family G and C are of northern European origin but are
not known to be related. Thus, dominant inheritance of
hypermethioninemia correlates with this single allelic
MAT1A mutation.

In earlier studies (Ubagai et al. 1995; Chamberlin et
al. 1996), we showed that two individuals containing
null MAT1A mutations have manifested neurological
complications, including brain demyelination. However,
hypermethioninemic individuals with MAT1A muta-
tions that retain low levels of MAT activity have been
free of clinical abnormalities. Therefore, it is not surpris-
ing that the hypermethioninemic individuals in both
families G and C are clinically benign because this single
allelic R264H mutation is predicted to retain -30%O of
normal MAT 1111 activity in the liver. Our study defines
a threshold at which reduced MAT I/III activity leads
to hypermethioninemia. Individuals with 50%-60% of
MAT I/III activity appear to have normal or near normal
plasma methionine levels (Mudd et al. 1995b; Chamber-
lin et al. 1996).
The dominant effect of the R264H mutation suggests

that substitution of histidine for arginine at position 264
may reduce or abolish enzymatic activity of MATal
oligomers formed between R264H mutant and R264
wild-type subunits. Two lines of evidence suggest that
residue 264 is involved in salt-bridge formation essential
for subunit dimerization and optimal MAT activity.
First, expression of wild-type MAT1A cDNA in E. coli
yielded enzymatically active MAT, and the encoded
MATal subunit readily forms dimers. Substitution of

histidine, a weakly basic amino acid, for arginine at
position 264 markedly diminished the ability of the mu-
tant R264H-MATal subunits to dimerize and resulted
in almost a total loss of catalytic activity (< 1% of wild-
type activity). Moreover, mutant MATal subunits
(R264L, R264D, and R264E) lacking a positive charge
at residue 264 were incapable of forming dimers and
were enzymatically inactive. In contrast, R264K-
MATa1, a mutant maintaining a strong positive charge
at position 264, forms dimers readily and retains ¢20%
of wild-type MAT activity. Second, crystallographic
studies of bacterial MAT (Takusagawa et al, 1996a,
1996b) have revealed that, in the central region of the
MATa1 dimer, the subunits interact through polar in-
teractions involving a salt bridge between R-244 of one
subunit and E-42 and T-242 of the other. R-244, E-42,
and T-242 in E. coli MAT correspond to R-264, E-57,
and T-262 in human MATa1, and these three amino
acids are conserved across species (Sakata et al, 1993).
Our data strongly suggest that an intersubunit salt
bridge between R-264 and E-57/T-262 in human MAT
stabilize the MATal dimers optimal for MAT catalysis.

Cotransfection of R264 wild-type and R264H mutant
cDNAs into COS-1 cells showed that the observed MAT
activity does not reflect the amount of transfected wild-
type cDNA. This suggests that the R264 wild-type
MATa1 subunit can dimerize with the R264H mutant
subunit, but the resultant heterodimer retains little enzy-
matic activity. It is possible that an intersubunit salt
bridge between R-264 (wild-type) and E-57/T-262
(R264H mutant) stabilizes polar interactions between a
weakly basic H-264 in the mutant subunit and E-57/T-
262 in the wild-type subunit. We are currently investi-
gating why hetero-oligomers of R264/R264H retain lit-
tle or no MAT catalytic activity.

Acknowledgments
We thank Cindy Freehauf at The Children's Hospital, Den-

ver, for her help in obtaining blood samples from family G.

References
Blom HJ, Davidson AJ, Finklestein JD, Luder AS, Bernardini

I, Martin JJ, Tangerman A, et al (1992) Persistent hyper-
methioninemia with a dominant inheritance. J Inherit Metab
Dis 15:188-197

Cabrero C, Puerta J, Alemany S (1987) Purification and com-
parison of two forms of S-adenosyl-L-methionine synthetase
from rat liver. Eur J Biochem 170:299-304

Cantoni GL (1953) S-adenosylmethionine: a new intermediate
formed enzymatically from L-methionine and adenosine tri-
phosphate. J Biol Chem 204:403-416

Chamberlin ME, Ubagai T, Mudd SH, Wilson WG, Leonard
JV, Chou JY (1996) Demyelination of the brain is associated
with methionine adenosyltransferase I/III deficiency. J Clin
Invest 98:1021-1027



546 Am. J. Hum. Genet. 60:540-546, 1997

De La Rosa J, Ostrowski J, Hryniewicz MM, Kredich NM,
Kotb M, LeGros HL Jr, Valentine M, et al (1995) Chromo-
somal localization and catalytic properties of the recombi-
nant a subunit of human lymphocyte methionine adenosyl-
transferase. J Biol Chem 270:21860-21868.

Finkelstein JD, Kyle WE, Martin JJ (1975) Abnormal methio-
nine adenosyltransferase in hypermethioninemia. Biochem
Biophys Res Commun 66:1491-1497

Gahl WA, Bernardini I, Finkelstein JD, Tangerman A, Martin
JJ, Blom HK, Mullen KD, et al (1988) Transsulfuration in
an adult with hepatic methionine adenosyltransferase defi-
ciency. J Clin Invest 81:390-397

Gaull GE, Tallan HH, Lonsdale D, Przyrembel H, Schaffner F,
Von Bassewitz DB (1981) Hypermethioninemia associated
with methionine adenosyltransferase deficiency: clinical,
morphological, and biochemical observations on four pa-
tients. J Pediatr 98:734-741

Horikawa, S, Sasuga J, Shimizu K, Ozasa H, Tsukada K (1990)
Molecular cloning and nucleotide sequence ofcDNA encod-
ing the rat kidney S-adenosylmethionine synthetase. J Biol
Chem 265:13683-13686

Horikawa S, Tsukada K (1992) Molecular cloning and devel-
opmental expression of a human kidney S-adenosylmethio-
nine synthetase. FEBS Lett 312:37-41

Kotb M, Geller AM (1993) Methionine adenosyltransferase:
structure and function. Pharmacol Ther 59:125-143

Kotb M, KredichNM (1985) S-adenosylmethionine synthetase
from human lymphocytes: purification and characterization.
J Biol Chem 260:3923-3930

Kotb M, Mudd SH, Mato JM, Geller AM, Kredich NM, Chou
JY, Cantoni GL. Consensus nomenclature for the mamma-
lian methionine adenosyltransferase genes and gene prod-
ucts. Trends Genet (in press)

Mitsui K, Teraoka H, Tsukada K (1988) Complete purification

and immunochemical analysis of S-adenosylmethionine syn-
thetase from bovine brain. J Biol Chem 263:11211-11216

Mudd SH, Levy HL, Skovby F (1995a) Disorders of transsul-
furation. In: Scriver CR, Beaudet AL, Charles R, Sly WS,
Valle D (eds) The metabolic basis of inherited diseases, 7th
ed. McGraw-Hill, New York, pp 1279-1327

Mudd SH, Levy HL, Tangerman A, Boujet C, Buist N, David-
son-Mundt A, Hudgins L, et al (1995b) Isolated persistent
hypermethioninemia. Am J Hum Genet 57:882-892

Orita M, Iwahana H, Kanazawa H, Hayashi K, Sekiya T
(1989) Detection of polymorphisms of human DNA by gel
electrophoresis as single-strand conformation polymor-
phisms. Proc Natl Acad Sci USA 86:2766-2770

Sakata SF, Shelly LL, Ruppert S, Schutz G, Chou JY (1993)
Cloning and expression of murine S-adenosylmethionine
synthetase. J Biol Chem 268:13978-13986

Surtees R, Leonard JV, Austin S (1991) Association of demye-
lination with deficiency of cerebrospinal-fluid S-adenosyl-
methionine in inborn errors of methyl-transfer pathway.
Lancet 338:1550-1554

Takusagawa F, Kamitori S, Markham GD (1996a) Structure
and function of S-adenosylmethionine synthetase: crystal
structures of S-adenosylmethionine synthetase with ADP,
BrADP, and PP1, at 2.8A resolution. Biochemistry 35:2586-
2596

Takusagawa F, Kamitori S, Misaki S, Markham GD (1996b)
Crystal structure of S-adenosylmethionine synthetase. J Biol
Chem 271:136-147

Ubagai T, Lei K-J, Huang S, Mudd SH, Levy HL, Chou JY
(1995) Molecular mechanisms of an inborn error of methio-
nine pathway: methionine adenosyltransferase deficiency. J
Clin Invest 96:1943-1947

Wells JA, Vasser M, Powers DB (1985) Cassette mutagenesis:
an efficient method for generation of multiple mutations at
defined sites. Gene 34:315-323


