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Summary

We report the occurrence of three novel mutations in the
Ela (BCKDHA) locus of the branched-chain a-keto acid
dehydrogenase (BCKAD) complex that cause maple syrup
urine disease (MSUD). An 8-bp deletion in exon 7 is pres-
ent in one allele of a compound-heterozygous patient
(GM-649). A single C nucleotide insertion in exon 2 oc-
curs in one allele of an intermediate-MSUD patient (Lo).
The second allele of patient Lo carries an A-to-G transi-
tion in exon 9 of the Ela gene. This missense mutation
changes Tyr-368 to Cys (Y368C) in the Ela subunit. Both
the 8-bp deletion and the single C insertion generate a
downstream nonsense codon. Both mutations appear to be
associated with a low abundance of the mutant Ela
mRNA, as determined by allele-specific oligonucleotide
probing. Transfection studies strongly suggest that the
Y368C substitution in the Ela subunit impairs its proper
assembly with the normal Etp. Unassembled as well as
misassembled Ela and Elp subunits are degraded in the
cell.

Introduction

Maple syrup urine disease (MSUD) or branched-chain keto
aciduria is an autosomal recessive disorder in the degrada-
tion of branched-chain a-keto acids derived from leucine,
isoleucine, and valine (Dancis et al. 1960). The classical
form of the disease is characterized by the rapid onset of
severe keto acidosis within the first week of life. This is
accompanied by a maple-syrup odor in urine and, clini-
cally, by seizures, coma, and death, if untreated. There is a
high incidence of mental retardation in survivors. Several
milder forms of MSUD have also been described, which
include intermediate, intermittent, thiamin responsive,
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and E3 deficient (Chuang and Shih, in press). MSUD is a
rare metabolic disorder, but in certain consanguineous
populations such as Mennonites the incidence is as high as
1 in 176 live births (Marshall and DiGeorge 1981).
The enzyme deficient in MSUD patients, the mitochon-

drial branched-chain a-keto acid dehydrogenase (BCKAD)
complex, consists of three catalytic components and two
regulatory enzymes (Yeaman 1989). The subunits of the
BCKAD complex are encoded by nuclear genes, synthe-
sized in the cytosol and imported into mitochondria where
assembly occurs (Lindsay 1989). The Et component is a
decarboxylase comprising two a (Mr = 47,000) and two f8
(Mr = 37,000) subunits. The human Ela precursor con-
tains 445 amino acids and is processed into a mature poly-
peptide of 400 amino acids. The Elp has a precursor of
392 amino acids, and the mature peptide has 342 amino
acids. The E2 component, a transacylase, is the core of the
enzyme complex consisting of 24 identical lipoate-bearing
subunits (calculated monomer Mr = 46,518) that form a
cubic structure with octahedral symmetry. The E3 com-
ponent is a dehydrogenase that exists as a homodimer
(monomer Mr = 52,000), and it is common to the pyruvate
and a-ketoglutarate dehydrogenase complexes. The two
regulatory enzymes of the BCKAD complex are a specific
kinase and a specific phosphatase, which regulate the ac-
tivity of the enzyme complex through a phosphorylation
(inactivation)/dephosphorylation (activation) cycle (Ran-
dle et al. 1984).
MSUD is genetically heterogeneous, as demonstrated by

mutations in Ela, E1, E2, and E3 loci of the BCKAD
complex (Chuang and Shih, in press). The molecular mech-
anisms underlying MSUD are complex. Mutations in one
of the subunits can disrupt the macromolecular assembly
and, therefore, the function of the BCKAD complex. We
have shown elsewhere that the homozygous Tyr-393-to-
Asn (Y393N) mutation in the Ela subunit of Mennonite
patients impairs assembly with E13, which causes degra-
dation and loss of catalytic activity of the El component
(Fisher et al. 199la, 1991b). The Y393N mutation was ini-
tially reported to occur in a compound-heterozygous non-
Mennonite patient (GM-649) with classical MSUD (Zhang
et al. 1989). The other allele in this patient was postulated
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to be a regulatory mutation, since the Ela mRNA level for
this allele was reduced (Zhang et al. 1989). In the present
study, we have elucidated the mutation in the second allele
of this patient. We have also studied another MSUD pa-
tient with an intermediate phenotype (Gonzales-Rios et al.
1985) and low Ela mRNA and subunit levels (Fisher et al.
1989). Here we report three novel mutations in these two
patients, as well as the molecular mechanism responsible
for the MSUD phenotype.

Patients, Material, and Methods

MSUD Patients and Cell Lines
Skin fibroblasts from a classical MSUD patient (GM-

649, a 9-mo-old Caucasian male) and the heterozygous
mother (GM651) and father (GM650) (Chuang et al. 1982;
Zhang et al. 1989) were obtained from the Human Genetic
Mutant Cell Repository (Camden, NJ). Fibroblasts of a
classical MSUD patient (CQ, a 7-mo-old Caucasian female)
and her mother (DQ) were provided by Dr. A. E. Chudley,
(University of Saskatchewan, Saskatoon). CQ at 5 mo of
age had the following plasma levels: leucine, 31.4 mg/dl;
isoleucine, 5.8 mg/dl; and valine, 6.8 mg/dl. She re-
sponded to dietary therapy. Lymphoblasts of an interme-
diate-MSUD patient (Lo) (Gonzales-Rios et al. 1985) were
supplied by Dr. Dean Danner (Emory University, Atlanta).
Normal lymphoblast cultures were established by stan-
dard methods from peripheral blood lymphocytes by in-
fection with Epstein-Barr virus (Miller and Lipman 1973).
Lymphoblast cell lines were grown in RPMI-1640 medium
(ICN-Flow) containing 15% heat-inactivated fetal bovine
serum as described elsewhere (Fisher et al. 1991a). Fibro-
blast lines also were grown as described elsewhere (Fisher
et al. 1989).

Cloning and Sequencing ofAmplified Genomic DNA
Genomic DNA was isolated (Davis et al. 1986) and was

amplified by PCR in 50 ji of the following reaction mixture: 1
FM each of the sense primer and the antisense primer, 200
gM each of dNTPs, 1.25 units of TaqDNA polymerase (Pro-
mega), 5 p1 of 10 X reaction buffer (Promega), and 200 ng of
template. The reaction was cycled at 940C for 30 s, 550C for
30 s, and 72°C for 1 min for a total of 35 cycles. Primers used
were as follows: 5'-TG(CITICTGATGCAGGTGGTCTC-3'
(intronic) (sense) and 5'-GTGGAGGCACAGATAGACGT-3'
(intronic) (antisense) for exon 2, 5'-TCGTGCATGTTC-
ClT1ATCTCAGC-3' (intronic) (sense) and 5'-GTCAGTGCT-
GTGGGGATGCT (intronic) (antisense) for exon 7, and 5'-
TAGCCTGCCCACTGCCCCATGT-3' (intronic) (sense) and
5-TCTCGGGGTACCTGAGGATGG-3' (antisense) (bases
1408-1388) for exon 9 (with a G-to-C change at base 1397, to
create a KpnI site. The nucleotides in the human Ela gene
and cDNA were numbered according to the system described
elsewhere (Chuang et al. 1993). PCR-generated fragments for
exon 2 (320 bp), exon 7 (240 bp), and exon 9 (243 bp) were

purified by agarose gel electrophoresis and were sequenced di-
rectly, by using the fmol DNA sequencing kit (Promega). For
heterozygous alleles, purified PCR fragments were subcloned
by blunt-end ligation into pBluescript SK+ plasmids (Strata-
gene) previously digested with SmnaI. Positive clones were se-
lected for double-strand sequencing (Chen and Seeburg 1985).

Allele-specific Oligonucleotide (ASO) Probing ofAmplified
cDNA
cDNAs from MSUD cell line Lo and normal cell lines

were prepared by reverse transcription of the total cellular
poly (A)' RNA isolated from each cell line (Chirgwin et al.
1979). Each reaction mixture (in 50 p1) contained 50 mM
Tris-HCI, pH 8.3, 75 mM KCl, 10 mM DTT, 3 mM
MgCl2, 5 pg of poly (A)+RNA, 125 gM each of dNTPs, 5
gM oligo (dT)17, 24 units of RNasin (Promega), and 500
units of Moloney murine leukemia virus reverse tran-
scriptase (RNase H-) (GIBCO/BRL). mRNA was dena-
tured at 95°C for 5 min, the reaction components were
added, and the reaction was carried out at 450C for 120
min. The reaction mixture was held at -20°C until ampli-
fication. The primers used for amplification were as fol-
lows: 5'-GGGCACCACAGCACCAGTGAC-3' for bases
1027-1047 (sense) and 5'-TCTCGGGGTACCTGAGG-
ATGG-3' for bases 1408-1388 (antisense), which gener-
ated a 382-bp fragment. The first round of amplification
was performed in 50 p1 of a reaction mixture containing
the standard PCR buffer (50 mM KCl, 10 mM Tris-HCl,
pH 8.4,1,IM MgCl2, and 0.1% Triton-X) with the follow-
ing components: 10 pl of cDNA, 1 gM each of the prim-
ers, 200 gM each of dNTPs, and 1.25 units of Taq DNA
polymerase (Promega). The reactions were cycled 35 times
through the following series of reaction temperatures:
940C for 30 s, 550C for 30 s, and 720C for 1 min and then
were held at 40C. One microliter of the product of the first-
round amplification was used as template for a second-
round amplification under identical conditions.
cDNA fragments amplified by PCR were electropho-

resed on a 1.2% agarose gel and were blotted onto Gene-
screen Plus (DuPont/NEN). Blots were probed sequen-
tially with end-labeled oligonucleotides containing the
Y368C mutation (5'-GACGTGTGTCAGGAG-3') and the
normal sequence (5'-GACGTGTATCAGGAG-3').

Construction ofEBO Expression Vectors and Transfection
Studies
The Epstein-Barr virus-based expression vector EBO-

pLPP was provided by Dr. Robert Margolskee (Roche In-
stitute of Molecular Biology, Nutley, NJ). The character-
istics of the vector and the insertion of a full-length normal
human Ela cDNA have been described elsewhere (Fisher
et al. 1991a). The EBO vector contains the hygromycin
phosphotransferase sequence, which confers antibiotic re-
sistance. To construct a recombinant EBO vector express-
ing the Y368C mutant Ela, a BpmI-KpnI fragment (bases
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1192-1402) that contained the A-to-G transition at base
1256 was obtained from the amplified Ela cDNA from Lo
cells (see description of cDNA amplification). An XbaI-
BpmI fragment (1,322 bp) that contained the mitochon-
drial targeting sequence and the remainder of the human
Ela coding sequence was obtained from the normal
hEla/EBO plasmid (Fisher et al. 1991a). The two restric-
tion fragments were ligated into the EBO vector previously
digested with XbaI and KpnI.

Transient transfection experiments were carried out as
described elsewhere (Fisher et al. 1991a). Cells at a con-
centration of 5 X 107 ml in RPMI 1640 medium JRH Bio-
sciences) containing 15% heat-inactivated FCS and antibi-
otics (kanamycin, 0.1 mg/ml; penicillin, 50 U/ml; and
streptomycin, 50 mg/ml) were incubated with EBO plas-
mid DNA (100 gg/ml) and sheared salmon sperm DNA
(400 jg/ml) at room temperature for 10 min with gentle
inversions. Electroporation of 1-ml aliquots of cell/DNA
mixtures were carried out as described elsewhere (Fisher
et al. 1991a). Hygromycin B (200 gg/ml) selection of
transfected cells was initiated 48 h after electroporation.
Viable cells were separated from nonviable cells by Ficoll
gradient at 10 d. Intact untransfected and transfected lym-
phoblasts were assayed for decarboxylation rates by using
a-keto [1-14C] isovalerate as described elsewhere (Chuang
et al. 1982). Decarboxylation assays were carried out on
triplicate dishes for each untransfected and transfected
cell line.

Results

Identification ofthe Second Mutation in Classical MSUD
Patient GM-649
As described above, GM-649 was previously shown to

be a compound heterozygote at the Ela locus (Zhang et
al. 1989). One allele carried the Y393N mutation, and the
second allele was postulated to be a regulatory mutation,
on the basis of a reduced mRNA level for this allele. To
study the possible regulatory defect, we amplified the pro-
moter regulatory region corresponding to bases +27 to
-320 and bases +27 to -909 of the Ela gene from patient
GM-649. Direct sequencing revealed that the patient is
heterozygous for an A-to-T transversion at base -284.
The mother, whose mRNA level was approximately half
of normal levels (Zhang et al. 1989), is also heterozygous
for this base substitution. The A-to-T transversion is
within the region for optimal basal gene expression, be-
tween bases +1 and -320, as previously determined by
promoter mapping (Chuang et al. 1993). The significance
of this base alteration for promoter activity was investi-
gated by using the luciferase reporter assay. The constructs
containing the A-to-T conversion, when transfected into
HepG2 cells, showed normal luciferase activity (data not
shown). The results excluded the possibility that this base
change in the promoter region was responsible for the re-

A

T G C A
@1

B

T G C A

Figure I Nucleotide sequencing showing the 8-bp deletion in
exon 7 of the Ela gene. Genomic DNAs were prepared from normal
fibroblasts (A) and MSUD fibroblasts (patient GM-649) (B). The region
encompassing exon 7 was amplified (for the primers used, see Patients,
Material, and Methods) The amplification products (240 bp) were phos-
phorylated and subcloned into pBS plasmids and were sequenced using
the sense primer. The boxed sequence (5' to 3') indicates the 8-bp deletion
corresponding to bases 887-894 of the human Ela cDNA (Chuang et al.
1993).

duced mRNA level and the MSUD phenotype. We con-
cluded that the A(-284)-to-T transversion in the ElBa gene
was a normal polymorphism.
To detect the mutation in the second allele of GM-649,

each of the nine exons of the Ela gene of this patient were
amplified and directly sequenced. These sequences re-
vealed that the patient was heterozygous for an alteration
in exon 7 (data not shown). This region was subcloned,
and the sequencing of the subclones indicated that an 8-
bp deletion occurred between bases 887 and 894 in one
allele of GM-649 (fig. 1B), when compared with a normal
sequence (fig. 1A). The results established, at the genomic
level, that the second mutation in GM-649 was the 8-bp
deletion at the Ela locus.
The 8-bp deletion produces a nonsense codon 255 of

the mature Ela subunit. The same deletion abolishes a
SmaI restriction site in exon 7 of the Ela gene. This alter-
ation in the restriction was used to study segregation of
the 8-bp deletion in this family. As shown in figure 2, uncut
amplified exon 7 DNA was 240 bp in size (lane 1). Diges-
tion of the amplified DNA from normal subjects by SmaI
generated two smaller fragments, 169 and 71 bp in size
(lane 2). Two identical fragments were obtained with am-
plified DNA from the father (GM-650), who does not
carry the deletion (lane 4). The patient (GM-649) had one
allele with the 8-bp deletion, which produced an amplified
exon 7 DNA that was not cut by SmaI (lane 3). The other
allele contained the SmaI site and was cut into two frag-
ments by the restriction enzyme. Thus, a total of three
fragments is observed in lane 3. The mother (GM-651),
who was heterozygous for the 8-bp deletion, produced the
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Figure 2 Segregation of the 8-bp deletion in the GM-649 family
by restriction-enzyme analysis. The region containing exon 7 was ampli-
fied from fibroblasts from normal cells (lane 2), MSUD patient GM-649
(lane 3), the mother (GM-651) (lane 5), and the father (GM-650) (lane 4),
as described in fig. 1. The amplified products were digested with SmaI
restriction enzyme. The digests were separated on 2% agarose gels, and
the DNA fragments were stained with ethidium bromide. The DNAs of
normal cells and of cells from the father contained wild-type exon 7 with
the Smal site and were cut into two fragments, of 169 and 71 bp. The
patient and the mother were heterozygous for the 8-bp deletion, which
abolishes the SmaI site. As a result, both the uncut PCR product and two
cut normal fragments are present. Lane 1 is an undigested 240-bp PCR
product from the normal cells.

Figure 3 Nucleotide sequencing showing the A-to-G transition
(mutation Y368C) in amplified Ela cDNA from intermediate-MSUD pa-
tient Lo. mRNA prepared from normal and Lo lymphoblasts was reverse
transcribed, and the region corresponding to bases 1027-1408 of the Ela
cDNA was amplified (for the primers used, see Patients, Material, and
Methods). The PCR products (382 bp) were subcloned into PCR-100
vector (Invitrogen). Plasmid DNA prepared from selected colonies was
sequenced using the fmol sequencing kit (Promega). The A-to-G transi-
tion at base 1265 is indicated.

same three fragments (lane 5) as were seen in the patient
(lane 3).

Identification ofMutations in an Intermediate-MSUD
Patient (Lo)

In an earlier report we had shown that the Ela mRNA
level was reduced in an intermediate-MSUD patient (Lo)
(Gonzales-Rios et al. 1985), whereas the E1l mRNA level
was normal (Chuang et al. 1990). The levels of Ela and
E1P subunits were both reduced in cells from this patient
(Fisher et al. 1989). The results suggested that patient Lo
has a mutation in the El component. Ela cDNAs pre-
pared from normal and Lo cells were amplified, and sub-
clones were sequenced. Figure 3A shows a single A-to-G
transition in the Ela cDNA from Lo, which results in the
Tyr-368-to-Cys (i.e., Y368C) mutation in the Ela sub-
unit. Amplification followed by direct sequencing of exon
9 of the Ela gene from Lo indicated that the patient was
heterozygous for the A-to-G conversion.
To identify the second mutation, the nine exons of the

Ela gene from Lo were amplified and directly sequenced.
Comparison with normal genomic sequences revealed a
single C nucleotide insertion in exon 2 of the patient (fig.
4). This resulted in a frameshift at codon 4 of the mature
Ela subunit, with the generation of a premature stop co-
don (TGA) at base 174 of the Ela mRNA.
The amplified normal DNA fragment containing exon 2

is 320 bp in size and has three BslI sites with a specificity
for the CCN7GG sequence. The digestion of the amplified
normal DNA produced four fragments, of 171, 60,48, and
29 bp, that were separated by PAGE (fig. 5, lanes 2 and 6).
The single C insertion mutation created an additional Bs1I

site within the 171-bp fragment, resulting in two smaller
fragments, of 126 and 41 bp. As shown in lane 3 of figure
5, the 126-bp fragment was readily detectable in amplified
DNA from Lo and was diagnostic for this mutation. The
41-bp fragment migrated close to the 48-bp and was
difficult to discern. Since Lo was heterozygous for the sin-
gle C insertion, the normal 171-bp fragment was also pres-
ent (lane 3). An identical restriction-fragment pattern was
observed in classical patient CQ (lane 5) and the mother
DQ (lane 4). The result suggested that both the patient and
the mother were heterozygous for the single C insertion.
This was confirmed by direct sequencing of amplified
DNA from these subjects.

Normal Lo

A C GT A CGT

.4 C Inelon

Figure 4 Nucleotide sequencing showing a single C nucleotide
insertion in exon 2 of the Ela gene. Genomic DNAs were prepared from
lymphoblasts from a normal control and intermediate-MSUD patient Lo.
The region containing exon 2 was amplified (for primers used, see Pa-
tients, Material, and Methods). The amplified products (320 bp) were
subcloned and sequenced as described in fig. 1. The arrow shows the
single C insertion at base 137.
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Figure 5 Screening of the single C nucleotide insertion by re-
striction-enzyme analysis. The 320-bp PCR products were digested with
BsllI, and the fragments were separated by 12% PAGE in 1 X TBE buffer.
The gel was stained with ethidium bromide. The normal sequence con-
tains three BslII sites, at bases 175, 208, and 260, which produce four
fragments, of 29, 48, 60, and 171 bp (lanes 2 and 6). The single C insertion
generates an additional Bsll site, which results in further cleavage of the
171-bp fragment, into 41- and 126-bp fragments. This is observed in the
compound heterozygotes Lo (lane 3), classical MSUD patient CQ (lane
5), and her carrier mother DQ (lane 4). Lane 1 shows the undigested PCR
product from normal cells.

Characterization ofthe Y368C Mutation and the 8-bp
Deletion
The Ela cDNA containing the A-to-G transition

(Y368C) was inserted into an EBO expression vector for
transient-expression studies. The plasmids carrying the
normal and the mutant Ela cDNAs were transfected into
Ela-deficient lymphoblasts derived from a Mennonite pa-
tient (LMK). LMK cells are homozygous for the Y393N
substitution in the Ela subunit (Fisher et al. 1991b). Intact
untransfected and transfected lymphoblasts were used to
measure the rate of decarboxylation of a-keto [t-14C] iso-
valerate. As shown in figure 6, untransfected LMK cells
(lane 2) and LMK lymphoblasts transfected with the EBO
vector without insert (lane 3) exhibited trace or no decar-
boxylation activity. Transfection ofLMK cells with vector
carrying a normal Ela cDNA (lane 4) fully restored decar-
boxylation activity to the levels observed in untransfected
normal lymphoblasts (lane 1). LMK cells transfected with
vector containing Ela cDNA with the Y368C substitution
(lane 5) were unable to decarboxylate the a-keto acid. The
results established that the Y368C mutant subunit was a
defective polypeptide, which failed to restore decarboxyl-
ase activity and therefore was the cause of MSUD.
The lysates prepared from untransfected and trans-

fected lymphoblasts were subjected to western blotting.
Antibody against either Ela or ElI3 subunits was used as a
probe. Both in untransfected LMK cells (lane 2) and in
those transfected with EBO vectors without inserts (lane
3), the Ela-subunit level was reduced compared with the
normal level (fig. 7, top), whereas EtP subunit was present

x 121

cc2 10
CL
00)
E 8

0 E0 6
00 4
E
C 2

0
1 2 3 4 5

Figure 6 Decarboxylation rates of a-keto [1-'4C] isovalerate by
intact Ela-deficient (patient LMK) lymphoblasts transfected with the
EBO vector carrying the normal or Y368C Ela cDNA. The intact-cell
assay with a-keto [1-14C] isovalerate as substrate was carried out as de-
scribed in Patients, Material, and Methods. The results are expressed as
means ± standard error of the mean, of three separate dishes. The rates
of decarboxylation of [1-14C] pyruvate were in the normal range in both
untransfected and transfected cells (data not shown). Lane 1, Un-
transfected normal cells. Lane 2, Untransfected LMK cells. Lane 3, LMK
cells transfected with EBO vector without insert (control). Lane 4, LMK
cells transfected with the EBO vector carrying the normal Ela cDNA.
Lane 5, LMK cells transfected with the vector containing the Y368C Ela
cDNA.

in trace amount (fig. 7, bottom). Transfection of the LMK
cell with vector harboring normal Ela cDNA (lane 4) in-
creased the Ela-subunit level so that it was similar to nor-
mal levels (lane 1), with concomitant appearance of a
smaller proteolytic fragment (fig. 7, top). The ElP subunit

1 2 3 4 5

Figure 7 Western blotting of lysates from normal and transfected
LMK lymphoblasts. Cultured cells were transfected with EBO vectors as
described in the legend to fig. 6. Cell lysates were subjected to SDS-PAGE
at 200 gg/lane. Separated proteins were electrotransferred to polyvinyli-
dene difluoride membranes. The filters were probed with either Ela (top)
or E1l (bottom) polyclonal antibodies radiolabeled by coupling with 'VI-
protein A (Fisher et al. 1989). Lane 1, Untransfected normal cells. Lane
2, Untransfected LMK (Ela-deficient MSUD) cells. Lane 3, LMK cells
transfected with the EBO vector without insert (control). Lane 4, LMK
cells transfected with the EBO vector carrying the normal Ela cDNA.
Lane 5, LMK cells transfected with the vector carrying the Y368C Ela
cDNA.
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1 2 1 2
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Figure 8 ASO probing of amplified cDNA fragments derived
from normal and MSUD (patient Lo) lymphoblasts. The amplified 382-
bp cDNA fragments (see fig. 3) from normal and Lo cells were electro-
phoresed on 1.2% agarose gel and were transferred onto GeneScreen Plus
membrane. The filters were sequentially probed with end-labeled normal
(5'-GACGTGTATCAGGAT-3') (B) and mutant (5'-GACGTGTGQTC-
AGGAG-3') (A) oligonucleotides. The A-to-G transition is underlined in
both the normal and mutant sequences. Lanes 1, Normal cells. Lanes 2,
Lo cells.

in transfected LMK cells (lane 4) was restored to -50% of
that in normal cells (fig. 7, bottom). A similar increase in
the Ela level was observed in LMK cells transfected with
the Y368C Ela cDNA, but the E1p subunit remained in
trace amount (lanes 5).
The abundance of the mutant Ela mRNA carrying the

single C insertion was determined by ASO probing. As de-
scribed above, Lo was a compound heterozygote carrying
a Y368C substitution in one allele and a single C insertion
in the second. cDNA prepared from Lo cells was ampli-
fied. The amplified region corresponded to the C-terminal
segment of the Ela subunit, which carried the Y368C sub-
stitution (an A-to-G transition). The amplified cDNA,
when probed with the A-to-G mutant probe (fig. 8A),
showed a positive signal for Lo cells (lane 1) and a negative
signal for normal cells (lane 2). Reprobing of the same filter
with a normal ASO (fig. 8B) showed that the signal in Lo
cells (lane 1) was far less than 50% of that in normal cells
(lane 2), as expected for the second allele. This indicated
that the mutant mRNA containing the single C insertion
was in low abundance. Supporting this conclusion was the
sequencing of subclones derived from the amplified cDNA
of Lo, which showed that only one in five clones carried
the single C insertion (data not shown).

Discussion

The present study identifies three novel MSUD muta-

tions in the Ela gene that either decrease the steady-state
mRNA level or impair El assembly of the human BCKAD
complex. Our study of the Ela promoter region of the
compound-heterozygous MSUD patient GM-649 was

prompted by the earlier suggestion, based on low abun-
dance of the Ela mRNA (Zhang et al. 1989), of a second
regulatory mutation. The region between bases +1 and
-320 contains two AP-2 elements that were shown to be
essential for basal transcription of the Ela gene (Chuang

et al. 1993). The presence of an A-to-T transversion at base
-284 in both GM-649 and the mother (GM-651) sug-
gested that this base change occurs in the second allele
of the patient. However, normal promoter activity of this
allele indicates that base -284 is not a critical base for
promoter function. This result also suggested that the sec-
ond mutation in GM-649 was in the coding region of the
Ela gene. The putative second mutation was not pre-
viously detected by cDNA amplification and sequencing,
presumably as the result of low abundance of the mutant
mRNA (Zhang et al. 1990). In the present study, an al-
ternate approach, i.e., amplification of exonic DNAs, led
to the detection of a heterozygous 8-bp deletion in exon 7
of the Ela gene of the patient (GM-649) and the mother
(GM-651).
The association of nonsense codons with a reduction in

the mRNA level had previously been observed in two
MSUD mutant alleles. One was the nonsense allele E163*
in human E2 (Fisher et al. 1993), and the second was the
Q(-6)* in bovine Ela (Zhang et al. 1990). In the present
study, we show that nonsense codons 4 and 255 of the
mature Ela subunit were generated by a single C insertion
and an 8-bp deletion, respectively, of the Ela gene. Oc-
currence of these premature stop codons also resulted in
low abundance of the mutant Ela mRNA. The decreased
level of mRNA caused by nonsense mutations has been
documented in other eukaryotic mRNAs, including
mRNAs for P-globin (Baserga and Benz 1988), arginosuc-
cinate synthetase (Dennis et al. 1989), dihydrofolate reduc-
tase (Urlaub et al. 1989), triosephosphate isomerase (Daar
and Maquat 1988), ornithine aminotransferase (Mashima
et al. 1992), and muscle phosphorylase (Tsujino et al.
1993). It has been suggested that nonsense mutations pro-
mote ribosome dissociation from the mRNA, thus prema-
turely subjecting the naked mRNA to endogenous
nuclease degradation (Daar and Maquat 1988). Both of the
nonsense codons produced by the C insertion and the 8-
bp deletion are located within the first three-quarters of
the coding region of the Ela (445 amino acid residues). It
has been proposed that a nonsense codon may impair the
transport of the nascent triosephosphate isomerase
mRNA from the nucleus to the cytoplasm (Belgrader et
al. 1993). The same study also indicates that tRNA and
ribosomes may function in concert in the recognition of
nonsense codons, which triggers degradation of the mu-
tant mRNA in the nucleus.
The decarboxylation of the a-keto [1-14C] isovaleric

acid in Ela-deficient host lymphoblasts (patient LMK) was
restored by transfection with the EBO vector containing a
normal Ela cDNA, but not with the vector harboring the
Y368C mutation. The results provide direct evidence that
this mutation disrupts the function of the BCKAD com-
plex. The host cells were derived from a Mennonite
MSUD patient (LMK) who carries the homozygous
Y393N mutation in the Ela subunit (Fisher et al. 1991b).
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As described above, the latter mutation impairs proper as-
sembly of Ela with Elp, resulting in the degradation of
both subunits (Fisher et al. 1991a). Western blotting (fig.
7) showed that the EltP subunit in the LMK host cells was
only partially restored by introduction of a normal Ela
cDNA. The inability of the normal Ela to increase the
EtI3 subunit in LMK cells to a normal level remains per-
plexing. Two possible mechanisms may explain this obser-
vation. First, the normal mRNA was overexpressed in
transfected Ela-deficient lymphoblast (Fisher et al.
1991a), but the Ela-subunit level was comparable to that
in untransfected normal cells. This indicated that only a
portion of the recombinant Ela was properly folded and
able to assemble with El P. Elsewhere we have shown that
chaperon proteins are essential for the proper folding and
assembly of El heterotetramers (Wynn et al. 1992). The
availability of endogenous chaperons in lymphoblasts may
limit the production of properly folded Ela. Unassembled
Eta and Elp were degraded in the cells. The smaller spe-
cies of Ela in western blotting (fig. 7, top, lane 4) probably
represented intermediate proteolytic products. Alterna-
tively, the host LMK cells are homozygous for the Y393N
mutation (Fisher et al. 1991b). In transfected LMK cells,
the recombinant Ela may have competed with Y393N
Eta for assembly with Etp, resulting in a low level of as-
sembled normal Et. Our recent pulse-chase experiments
in an Escherichia coli expression system indicated that the
Mennonite Y393N mutant Ela was capable of limited and
inefficient assembly with Etl3 (J. R. Davie, W. Wynn, J. L.
Chuang, R. P. Cox, and D. T. Chuang, unpublished data).
The reduced Etp subunit in LMK cells transfected with
the normal Ela suggested that the properly assembled El
was less than normal. It was therefore surprising that the
full decarboxylation rate was present in transfected cells,
compared with normal cells (fig. 6). This may indicate a
possible excess of El in normal cells, with a portion not
bound to E2. In support of this possibility is evidence that
the "activator" protein of the BCKAD complex in mito-
chondria is the unbound El component (Fatania et al.
1982; Yeaman et al. 1984).
The failure of the Y368C Ela to rescue Elf3 subunits

(fig. 7, bottom) is similar to the effect of the Y393N muta-
tion in Mennonite patients. The Y393N Ela mRNA was
overexpressed by the EBO vector in host cells, to a level
similar to that of the recombinant normal Ela mRNA
(Fisher et al. 1991a). Thus, in the present transfection stud-
ies, the normal and the Y368C Ela mRNAs were expected
to be similarly expressed. This was supported by the com-
parable levels of normal and Y368C Ela subunits in
transfected LMK cells (fig. 7, top). However, only a small
fraction of Y368C Ela subunit was able to assemble with
Elp, as determined by the pulse-chase experiment (data
not shown). The latter result and the immunologic absence
of ElfP in Y368C transfected cells strongly suggest that this
mutation impairs proper folding and subsequent assembly

of Ela with El3. Unassembled as well as misassembled
Y368C Ela and normal E1 3 are degraded in the cell.

Studies of MSUD mutations have implicated Tyr-368
(present study) and Tyr-393 (Fisher et al. 1991a) of the Ela
subunit as important residues for El assembly. Tyr-368 is
completely conserved in the Ela subunits of human, rat,
bovine, and Pseudomonas BCKAD complexes, and Tyr-
393 is present in all three mammalian Ela subunits (Wex-
ler et al. 1991). The results strongly suggest that the carb-
oxy-terminal region is critical for proper assembly of Ela
with Elp. This region is distal from the putative thiamin
pyrophosphate-binding motif (residues 182-229) (Haw-
kin et al. 1989) and the two phosphorylation sites (Ser-292
and Ser-302) (Fisher et al. 1989) and is distinct from the
proposed subunit interaction sites (residues 199-255)
(Wexler et al. 1991). The role of Tyr-368 and Tyr-393 is
uncertain, but they may be structural in that their side
chains provide hydrogen bonding that is required for sta-
ble subunit interactions. Hydrogen-bonding networks in-
volving Tyr residues are shown to exist around the active
site of phospholipase A2 (KUipers et al. 1990). The precise
molecular mechanisms that impair El assembly involving
the Tyr residues must await the solution of the El struc-
ture.
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