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1. ABSTRACT

Maple syrup urine disease results from
defective function of the branched chain α-ketoacid
dehydrogenase complex [BCKD] within the matrix of
the mitochondria.  This disorder in humans is
inherited as an autosomal recessive trait with an
incidence of 1 in 150,000 live-births in the general
population and 1/176 for the Mennonite population.
Over 50 different causal mutations are known to exist
scattered among the three genes unique to the
catalytic function of the enzyme complex.  The defect
was first described in 1954 and much has been learned
about the genes and proteins involved in this rare
human disorder.  The enzyme is present in all
mammalian cells that contain mitochondria, and the
activity of BCKD is regulated by phosphorylation
through a complex-specific kinase.  Expression of the
kinase is regulated by metabolic and hormonal
components.  Naturally occurring mutations are used
to define the molecular mechanisms of transcription,
translation, protein import into mitochondria and the
assembly of the component proteins into a functional
complex. The long-term pathophysiology of BCKD
dysfunction remains to be explained.  What began as
a focused interest in BCKD due to the associated
disease, has broadened into a quest to understand
the role of BCKD in regulation of leucine levels and in
turn controlling protein metabolism and hormone
release.

2. HISTORY OF MAPLE SYRUP URINE DISEASE

Maple syrup urine disease [MSUD] derives
its name from the sweet odor imparted to the body
fluids when an individual lacks the ability to
metabolize the branched chain α−ketoacid [BCKA]
derived from their respective precursor branched
chain amino acids [BCAA] leucine, isoleucine, and
valine.  This disorder was first described by Menkes
in a 1954 article recounting a family with several
affected children (1).  Biochemists and physicians
worked together to define this “inborn error of
metabolism.”  Historically, these errors of nature have
provided investigators with a genetic tool to define
unknown metabolic pathways and MSUD served this
role for BCAA catabolism.  Another important
advancement in technology was occurring at this
time, the preparation of human cells for cell culture
enabling extensive analysis.  Especially important
were preparations of white blood cells that were
amenable to enzyme analysis (2).  During the 1960’s
investigators devised methods to maintain human
cells in culture and these became the basis for
diagnostic studies as well as tools for investigating
the pathophysiology of various diseases (3). Using
these tools, it was learned that MSUD resulted from
defective function of the mitochondrial multienzyme
complex, branched chain α-ketoacid dehydrogenase

[BCKD] (4, 5). The enzyme defect was detectable in
cells from the affected child, but parents exhibited no
phenotype and often had apparently normal enzyme
activity (6). This inheritance pattern suggested an
autosomal recessive transmission, indicative of a
single gene trait.  The multiprotein nature of BCKD
has been used to explain the wide variance in
phenotype and BCKD activity found in affected
individuals (5, 7, 8).

Individuals with impaired BCKD function are
born apparently healthy but rapidly develop
neurologic problems, vomiting, seizures and often die
in infancy (1, 9-11).   BCAAs and their respective
ketoacids accumulate in body fluids, but the
mechanisms for the resulting pathology remain to be
explained.  The presence of ketoacidosis provided an
early diagnostic tool.  Urine from infants suspected to
have MSUD was mixed with 2,4-dinitrophenylhyrazine
[DNPH], which forms yellow crystals if ketoacids are
present.  Analysis of these crystals confirmed them to
be derived from the BCKAs.  Around this time, the
Guthrie test for phenylketonuria was established
based on the bacterial auxotroph that required
phenylalanine for growth.  A similar bacterial
auxotroph for leucine dependence was engineered.
Newborn screening programs were then instituted for
early identification of neonates at risk for MSUD
based on elevated leucine in their blood (12).  Once
identified and confirmed by quantitation of plasma
BCAAs, corrective intervention followed.

Treatment was to limit the dietary intake of
the BCAAs (1, 9, 10, 13, 14).  Since BCAAs are
essential in humans, they must be supplied in
quantities sufficient for growth but below levels that
result in ketoacidosis. This treatment enables
individuals to follow near normal growth and weight
curves and their intellectual development is minimally
impacted (7).  Special formulas are now available
through various drug suppliers, and BCAA content
of natural foods have been determined making the
management more effective and the food selection
more palatable (15).  These protein-modified diets
[PMD] must be adjusted for each individual with
MSUD by careful monitoring of plasma amino acids
involving a nutritional expert and a proficient
biochemical laboratory.  In this way, ketoacidosis can
be avoided except when induced by infections or
other crisis inducing events.  In these situations,
correction can be effected without severe
consequences (16, 17). Even in the extreme conditions
of ketoacidosis that result in brain edema, rapid and
aggressive treatment to reduce the plasma BCAAs to
normal values reverses the trauma within a few days
(18).  In isolated cases, additional complications are
described in older children including ophthalmic, CNS
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Figure 1. Reactions catalyzed by the enzymes of the
branched chain α-ketoacid dehydrogenase complex.

Figure 2. Diagramatic representation of the branched
chain α-ketoacid dehydrogenase complex.  The kinase
can freely associate and dissociate.  The loss of the
E1 subunit after phosphorylation by the kinase
followed by degradation is hypothesized.

pathologies, and skin and hair disorders (16, 19-22).
Furthermore, in rare cases, even in the well-managed
patient, crisis situations can lead to death (23, 24).

3. THE BCKD COMPLEX

Purification of the BCKD complex confirmed
its multiprotein nature and supported the opinion that
the complex resides on the matrix side of the
mitochondrial inner membrane (25, 26).  BCKD
catalyzes the committed step in BCAA catabolism
when it oxidatively decarboxylates the BCKAs.  All
three BCKAs are converted by BCKD with a relative
preference of KIV>KIC≥KMV, the ketoacids of valine,
leucine and isoleucine respectively (25, 26).  Products
of the reation are CO2, the respective CoA thiol ester,
and NADH with a 1:1:1 stoichiometry  (figure 1) (25).
Each acyl-CoA is further catabolized in a substrate-
specific pathway to their ultimate fate (27).

Physically, the complex is imagined as being
near 4 million daltons based on its proposed subunit
association.  This modeling is derived from electron
micrographs of the isolated complex and not on in vivo
analysis.  Crystal structure is not yet available for the
full complex nor for any of the component proteins.
The hypothesized structure consists of 24 units of the
branched chain dihydrolipoamide acyltransferase
[E2], which form the core of the complex.  Decorated
around this core are 12 α2β2 heterotetramers of the
decarboxylase [E1] and six homodimers of the
dihydrolipoamide dehydrogenase [E3], a flavoprotein
also found as a component of the pyruvate and α-
ketoglutarate dehydrogenase complexes and the
glycine cleavage complex (28, 29).  Identification of a
substrate specific BCKD-kinase contributes
additional weight to the complex although the amount
of kinase found associated with BCKD varies as
described below (30, 31).  One report describes a
BCKD-specific phosphatase in bovine tissue (32, 33)
while substantiating reports of the phosphatase from
other tissues or species have not appeared.   A
cartoon model for the complex is seen in figure 2.

BCKD is present in all mammalian cells that
have mitochondria and one report describes this
complex in Saccharomyces cerevisiae (34).  The activity
state of the complex varies with the tissue and is
directly related to the expression of the kinase within
that tissue (35-37).  Changes in the activity state
occur in response to diet, excercise, hormones and the
concentration of the BCAA (36, 38-40).  These
metabolite induced changes alter the expression of
the kinase as well as the expression of the other
subunits (41-43).  Therefore subunit association may
also play a role in the amount of active complex
present within a cell (44-49).  If activity-state is
determined only by a balance of phosphorylation-
dephosphorylation, then, one might anticipate a
constant presence and amount of all the components
of the complex.  This most certainly would include the
kinase and phosphatase.  As stated previously, the
relative amounts of the component proteins as
indicated by immunodetection vary with metabolic
state, hormonal status, and tissue.  Antibodies
against the putative BCKD-phosphatase are not
available so data on this subunit is lacking. It remains
to be tested whether phosphorylation of the E1α
subunit signals dissociation of the α2β2 tetramer from
the complex followed by degradation of the separated
proteins.  Reactivation could then be through
incorporation of new, unphosphorylated E1 units to
the complex.  Kinase activity is greatly stimulated
when bound to the lipoylated E2 subunit so it is
unlikely that free E1 tetramers or E1α subunits are
phosphorylated (50). The in vivo organization of
BCKD remains to be elucidated.  The minimal number
of subunits needed to provide full or partial activity
may not reflect the hypothetical arrangement
proposed from studies of the isolated, purified
complex.

4.  MOLECULAR GENETICS OF BCKD

In 1985, the first cDNA clone for a
component of the BCKD complex (human E2) was
isolated and defined (51).  At present cDNA and
genomic clones are described for all the catalytic
components of  BCKD from a variety of species (52-
67).  Clones for the regulating BCKD-kinase are also
described, again from a variety of species (37, 68), and
references therein).  As yet, no clones for the putative
BCKD-phosphatase have been reported, further
adding to the confusion over its existence.
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Table 1. Human BCKD genes and their products

Gene chromosome mRNA(nt) preprotein (#AA)** mature (#AA)** Reference
E1α 19 1743 50,455 (445) 45,513 (400) 56
E1β 6 1349 42,959 (392) 37,830 (342) 59
E2 1 3545 53,487 (482) 46,369 (421) 63
E3 7 2064 54,214 (509) 50,216 (474) 66
kinase 16 1848 46,408 (412) 43,402 (392) GB AF026548

*nt=nucleotides, **#AA= number of amino acids in the protein

As seen in table 1, all the genes encoding
BCKD are located in the nucleus on autosomal
chromosomes.  Products of the mitochondrial genome
do not appear to play a role in the production,
assembly, or function of this complex (69).  Nuclear
encoded mitochondrial proteins are made on cytosolic
polysomes and targeted to the mitochondria by amino
terminal peptides [MTS].  After import the MTS is
proteolytically removed and a protein is further
processed into its functional form by the aid of
mitochondrial chaperones (70, 71).  BCKD
components follow this pathway (72).  Other
alterations may be needed to fully activate a protein
such as the covalent addition of lipoic acid to lysine
44 of the E2 component. It is not yet known when
after entry into the matrix this event occurs.  Further,
thiamin pyrophosphate [TPP] needs to be associated
with the E1 component for it to be catalytically active.

Subunit association and/or their availability
within the matrix are likely to play a role in the amount
of complex able to catalyze the oxidative
decarboxylation reaction.  Available data suggest that
the import of E1β can alter the amount of E1 subunits
within a mitochondrion (46, 72, 73).  Likewise, insulin
appears to influence the production of E1α which
could help to determine the amount of E1 present at
any one time and glucocorticoids have been shown to
alter E2 and E1β concentration (74). Limiting E1
tetramer formation and/or amount of E1 present would
provide an additional means of regulating BCKD
activity state along with phosphorylation (47).

Since MSUD can result from mutations in
any of three genes (E1α or E1β, and E2), it is difficult
to know which gene is altered simply from the clinical
presentation of elevated plasma BCAAs.  Even
enzyme activity measurements will not identify the
affected subunit.  Western blots determine the
antigenic presence of the proteins and an absence of
E2 indicates mutations in that gene (75).  Mutations in
either E1α orE1β can decrease the presence of both
since these two proteins must assume their tetrameric
structure to stabilize each against degradation (76,
77).  Under these circumstances, both genes must be
analyzed.  The antigenic presence of all protein
components suggests that a missense mutation is
present in one of the alleles and results in a
pathogenic amino acid substitution.  This mutation
could affect the catalytic properties or assembly of
the complex.  Given this scenario, nucleic acid
sequence analysis of all three cDNAs is required to
uncover the nucleotide substitution and inferred
amino acid change.  Since all cells with mitochondria
express BCKD, any cell of this type can be used; most
often transformed lymphocytes. Analysis of DNA
from the parents confirms inheritance and identifies
the parental origin of each mutant allele (75, 78). Only
one mutation is found with an increased frequency,
the 1325T→A transversion that results in a Y393N
substitution in E1α.  This is the founder mutation
responsible for the high incidence of MSUD (1/176) in
the Mennonite population (76, 79, 80).   It has been
suggested that this mutation may also be found with

a high frequency in the general population (81).
Outside of the Mennonite community, no other
population has a single mutant gene frequency with
an incidence high enough to merit newborn screening
by DNA analysis.  In most families, the proband is a
compound heterozygote with each parent
contributing a different mutant allele at one locus.
Figure 3 depicts the currently known mutations.

5.  LESSONS LEARNED FROM FUNCTIONAL
ANALYSIS OF MSUD MUTATIONS

Equating nucleotide changes with a
dysfunctional gene product provides a challenge for
any inherited disorder. The multiprotein nature of
BCKD adds another dimension to this challenge.  An
ideal test situation would be to have a host cell that
does not endogenously express the genes for BCKD.
However, since the proteins of the complex work in
concert, the cells would need to be supplied with
wild-type copies of the subunits not involved in the
mutation. Human cells lacking only one of the
components could be used, but few of the
characterized cell lines are truly null at any of the gene
loci.  In most cases, there is a nonfunctional protein
produced or at least an mRNA from the gene of
interest.  The presence of a non-functional mutant
gene product could exert a dominant negative effect,
further complicating the analysis, although this state
has never been described.  Second, human fibroblasts
have limited life span in culture and lymphoblasts are
not easily transfected minimizing the effective use of
either cell type.  Since all mammalian cells with
mitochondria express BCKD, a BCKD-null
background cell line is not available from any species.

It was thought that the lower eukaryote,
Saccharomyces cerevisaeia might serve as a recipient
cell with a null background.  However, Sinclair et al.
reported the isolation of a BCKD complex from this
organism (34).  The proteins and genes providing this
activity in yeast remain to be discovered.  Antibodies
to the mammalian proteins do not recognize any
proteins in yeast.  Searches of the published yeast
genome database using sequences for either the
amino acids or nucleotides of the mammalian or
prokaryote counterparts have failed to identify yeast
homologs for the BCKD genes.   Still the possibility
exists that yeast can be used for testing functional
consequences of amino acid substitutions in the
BCKD subunits.  An E3-null strain of yeast was
constructed and used to test human mutations in this
gene (82).

Some success with a bacterial expression
system for evaluating the interaction of the E1
subunits has been reported (83).  Using this system,
investigators have identified several amino acid
substitutions within the E1α subunit that reduce the
interaction of the α and β subunits.
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Figure 3. Causative mutations described in the genes
for the human branched chain α-ketoacid
dehydrogenase complex.

Figure 4. Potential mechanism for the decarboxylation
of the branched chain α-ketoacids in the thiamin
responsive individuals with maple syrup urine disease
who lack the acyltransferase (E2) component of the
complex.  When excess thiamin pyrophosphate (TPP)
is available the TPP-acyl intermediate is released form
the enzyme after decarboxylation. New TPP replaces
the lost cofactor and the enzyme can again function.

Loss of this interaction leads to the apparent
proteolytic loss of both proteins.  One of these
residues is the tyrosine 393 asparagine substitution in
the E1α subunit. This is the identified common
mutation within the Mennonite population.  Other
amino acid substitutions in the C-terminal end of the
E1α protein have also been implicated in the binding
of E1β.  Amino acid substitutions in the N-terminal
region of the protein do not appear to affect the
interaction of these two proteins.  These results
suggest that only the C-terminal end of E1α is
important for binding with the β component.

As yet, critical residues within the E1β
subunit for binding to the α subunit have not been
identified.  The number of mutations identified in E1β
are far less than those known for E1α.   Functional
analysis of two E1β mutations have been reported
(78).  One mutation results in a substitution of
tyrosine for asparagine126 and the second truncates
the protein at arginine274, shortening the subunit by
68 amino acids.  The truncated protein can be made in
vitro and retains its antigenic properties while being
imported and processed by the mitochondria.
Western blots of mitochondrial proteins from a cell
line harboring this mutation do not contain this
truncated antigenic protein.  The implication is that
the C-terminal end of E1β is involved in the
interaction with E1α.  Confirmation of this hypothesis
remains to be accomplished.

The other mutant allele product with a single
amino acid substitution does interact with E1α to form
the BCKD complex, yet catalytic activity is absent
(78).  Based on computer alignment of the α2β2
structure with the crystal structure of transketolase, it
has be speculated that this amino acid substitution
interferes with TPP binding.  Transketolase also
utilizes TPP as a cofactor in a chemically similar
reaction as performed by the BCKD –E1 component.

From studies unrelated to mutant allele
analysis we showed that over-expression of the E1β
subunit can increase the total amount of BCKD
complex within the mitochondrion.  Over-expression
of neither of the other two subunits affected the
amount of complex.  Thus, E1β may be a regulating
subunit for the amount of complex found within a
mitochondrion. Regions of E1β important for
interacting with E2 have been described as well (84).

Mutations in the E2 subunit do not seem to
affect the amount of E1 formation.  Indeed E2

-
 cells

show full expression of the E1subunits by western
blot analysis (85).  What has emerged is that the so-
called “thiamin-responsive” MSUD patient is strongly
associated with the E2

-
 phenotype (86).  These

findings suggest that E1, in the presence of
pharmacologic excess of TPP, can decarboxylate
sufficient amounts of the potentially toxic ketoacids
to minimize the dire consequences. A potential
mechanism for this is shown in figure 4.  Speculation
on mechanisms for this thiamin-responsive condition
is described in the literature without firm conclusions
or understanding (87-89).

6. PERSPECTIVES/ FUTURE GOALS

At the molecular genetic and biochemical level
there is much to learn about the regulated expression
of all the BCKD gene products.  This could be by
gene transcription, mRNA translation, protein import
into mitochondria, and/or subunit assembly and
turnover.  It is likely that several of these mechanisms
are in effect, different tissues may respond to a host
of stimuli and the mechanisms could vary with tissue
and stimuli  Crystallographic analysis of the
individual proteins and potentially the entire complex
would help in understanding the functional changes
resulting from amino acid substitutions within a
protein.

The ultimate goal is to provide better
treatment and even a cure for MSUD.  The PMDs
currently used have greatly improved life
expectancies, and minimized consequences of crisis
induced ketoacidosis.  Yet, we should be able to
further improve the quality of life for MSUD patients
with additional discoveries leading to newer
therapies.  These diets have resulted in a new
dilemma, maternal MSUD.  Females with MSUD are
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fertile and can reproduce.  Being affected with MSUD,
the mother is intolerant of high protein diets, yet, the
fetus requires large amounts of protein for proper
growth.  A successful pregnancy for this situation
has been reported (90), but the newborn was small for
gestational age.  Development of animal models for
MSUD could shed light on additional means of
therapy under this delicate situation.  Understanding
the protein structures would provide information on
the tertiary structure and critical residues within the
complex.  Drugs could then be designed to bind
mutant proteins altering their conformation to a
catalytically more favorable shape.  Studies on the
regulation of gene expression within different tissues
and the means these tissues use to carry out this
regulation will help to elucidate the important tissues
in BCAA metabolism.  These studies will also indicate
the essential tissues for targeted gene replacement
therapy.  Several reports have indicated the feasibility
of gene therapy on inborn errors of metabolism (91-
93).  Recently, it was shown that a liver transplant
could eliminate the need for a PMD in an MSUD
proband (94).  This is not to suggest that organ
transplantion be used as a primary means of treatment
but does indicate the liver as a primary site for gene
therapy.  A great deal has been learned since 1954
with even greater accomplishments still on the
horizon.
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