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Abstract

A previously reported deficiency of "total" pyruvate dehydro-
genase complex activity is further characterized. Dihydrolipoyl
transacetylase (E2) and lipoamide dehydrogenase (E3) activities
in the patient's fibroblasts were normal. Pyruvate dehydrogenase
activity (El) was 33% of that in fibroblasts from an age-matched
control. The amounts of each of the components of pyruvate
dehydrogenase complex were analyzed using an immunoblot
technique and specific antibodies. Levels of components E2 and
E3 were the same in fibroblasts from the patient and control,
confirming the activity measurements. However, the levels of
Ela and Elft were reduced markedly in fibroblasts from the pa-
tient. Thus, impairment in the pyruvate dehydrogenase complex
activity was due to a reduction in the amount of the El component
of the complex.

Introduction

Genetic defects involving the enzymes of pyruvate metabolism,
pyruvate dehydrogenase complex (PDHC),' pyruvate carbox-
ylase, lactate dehydrogenase, and P-enolpyruvate carboxykinase,
are reported frequently (for review, see 1-4). The most common
of these involves the PDHC(1-3). However, characterizations
of the defects involving this complex have been limited to the
measurements of the enzymatic activities of the complex and
its components in extracts of skin fibroblasts, and in very rare
cases, extracts of other tissues from affected patients. PDHCis
composed of three catalytic components, pyruvate dehydroge-
nase (El) (EC 1.2.4.1), dihydrolipoyl transacetylase (E2) (EC
2.3.1.12), and lipoamide dehydrogenase (E3) (EC 1.6.4.3), and
two regulatory enzymes, pyruvate dehydrogenase kinase (EC
2.7.1.99) and pyruvate dehydrogenase phosphatase (EC 3.1.3.43)
(5). Phosphorylation of the a-chain of the El component by its
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specific kinase inactivates El (and hence the complex) while de-
phosphorylation by its phosphatase restores catalytic activity of
the complex (5). The presence of an additional polypeptide (rel-
ative molecular mass [Mr], 50,000) in mammalian PDHC(6),
has been established using immunological as well as structural
analyses (7, 8).

Classification of PDHCdeficiencies has been based on mea-
surements of component activities (partial reactions). Defects
in enzymatic activities have been reported for El, E2, E3, and
pyruvate dehydrogenase phosphatase (for review see 1-3). By
contrast, there are few reports of measurements of the mass of
the various component enzymes. Using specific antisera we have
raised against each of the three catalytic components of PDHC,
we now document a defect in the El component in extracts of
fibroblasts from a PDHC-deficient patient.

Methods

Patient. A detailed case history of the patient (J.S.) was reported recently
(9). Significant findings included lactic acidemia, intermittent ataxia,
moderate psychomotor retardation, opthalmoplegia, and retinal pigment
epithelial changes. A central hypoventilation syndrome also was docu-
mented. On postmortem histopathologic examination, the brain was
shown to exhibit the specific central nervous system pathology of Leigh's
disease (10). Deficiency of PDHCwas established by measuring "total"
PDHCactivity in disrupted skin fibroblasts after pretreatment with di-
chloroacetate (1 1).

Assays for the complex and its catalytic components. Human skin
fibroblasts were grown in Eagle's minimum essential medium, basically
as described (1 1). Confluent monolayers were trypsinized and the released
cells were washed twice with phosphate-buffered saline (1 1). To measure
"total" PDHCand pyruvate dehydrogenase (El component) activities,
we suspended the cells in phosphate-buffered saline containing 5 mM
dichloroacetate and incubated them at 370C for 15 min with shaking.
Activation was stopped (1 1), and the suspension was immediately frozen
and stored at -760C. Before enzyme assays, the suspension was further
frozen and thawed two more times. Activity of PDHCwas determined
by measurement of '4CO2 production from [1-14C]pyruvate (11), in a
total volume of 80 ul. The blank did not contain coenzyme A (CoA)
and thiamin pyrophosphate. Three or four replicates were performed
for each determination.

El component was assayed by measuring the decarboxylation of [1-
'4C]pyruvate to '4C02 in the presence of ferricyanide as an electron ac-
ceptor (12). The blank did not contain thiamin pyrophosphate. The
activities of E2 and E3 components of the complex were measured in
cells that were treated as described above except that the dichloroacetate-
activation step was omitted. E2 component activity was measured by
following the transfer of the [I-'4C]acetyl moiety from [1-_4C]acetyl-
CoA (12). E3 component was assayed in the direction of lipoamide re-
duction (12). All assays were linear with respect to both time and the
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amount of added protein. 1 mUof activity is defined as 1 nmol of sub-
strate oxidized or product formed per min at 370C. Protein was deter-
mined by the method of Lowry et al. (13), with bovine serum albumin
as standard.

Immunological identification of E,, E2, and E3 of PDHC. Human
skin fibroblasts in culture were harvested by scraping with a rubber po-
liceman. Cells were washed twice with ice-cold phosphate-buffered saline,
and crude mitochondrial pellets were prepared using digitonin (14). Whole
cells or crude mitochondrial pellets were stored at -760C.

PDHCcomponents were characterized by Western blot analysis.
Frozen cells or mitochondrial pellets were resuspended in ice-cold 20
mMpotassium phosphate, pH 7.0, 1%Triton X-100. The samples were
sonicated twice for 10 s at continuous pulse with a microtip and were
dissociated by boiling for 10 min in 17 mMdithiothreitol, 2% sodium
dodecyl sulfate (SDS). The samples were separated by electrophoresis in
discontinuous SDS polyacrylamide gels (6% polyacrylamide stacking,
9%polyacrylamide separation).

Proteins were transferred to a nylon-based membrane (Zeta-probe,
Bio-Rad Laboratories, Richmond, CA) using a Bio-Rad transblot ap-
paratus essentially as described in Bio-Rad Instruction Manual #85-0176-
485, except that electroelution was conducted at room temperature at
75 mA, constant current, for 8 h. After transfer, the membrane was
incubated with a specific antibody followed by '25I-protein A. Immu-
noreactive proteins were visualized by exposing the membrane to X-
Omat AR film (Eastman Kodak Co., Rochester, NY). In preliminary
experiments using 1251I-labeled El (15) from bovine kidney, both a- sub-
unit and a-subunit were quantitatively transferred to the Zeta-probe
membrane. Based on staining of the gel with Coomassie Brilliant Blue
R-250 after electrotransfer, electrotransfers of E2 and E3 also were quan-
titative using these conditions.

Preliminary experiments showed that E2 is highly susceptible to pro-
teolytic degradation. Proteolysis was minimized by including protease
inhibitors in the solutions during the preparation and solubilization of
the mitochondrial fraction (results not shown). The following mixture
of protease inhibitors was found to be effective in minimizing E2 deg-
radation: (final concentration) 2 mMEDTA, 2 mMEGTA, 0.2 mM
phenylmethenesulfonyl fluoride, 0.5 mg/liter Leupeptin, and 0.7 mg/
liter Pepstatin.

Rabbit antisera against individual components El (16), E2 (16), and
E3 (17) of PDHCwere raised using highly purified bovine kidney El,
bovine heart E2, and a commercially available E3 preparation from por-
cine heart (Sigma Chemical Co., St. Louis, MO). The anti-E3 serum
reacts with not only the E3 component of PDHC, but also the E3 com-
ponents of a-ketoglutarate and branched-chain ketoacid dehydrogenase
complexes. In contrast, the anti-E2 serum reacts only with the E2 com-
ponent of PDHC(Carothers, D. J., and M. S. Patel, unpublished obser-
vations). For immunoblot analyses, antisera were diluted with 20 mM
Trizma base, 500 mMNaCI, pH 7.5, 5%bovine serum albumin. Antisera
for El, E2, and E3 were diluted 20-fold, 50-fold, and 50-fold, respectively.

Results

"Total" PDHCactivity (dichloroacetate-activated) in extracts
of fibroblasts from patient J.S. was considerably lower than that
observed in the fibroblasts from three age-matched controls (F,
P.H., and C.S.) and a younger control (B.M.) (Table I), confirm-
ing our earlier report (9). Treatment of the extract of fibroblasts
from patient J.S. with added purified pyruvate dehydrogenase
phosphatase caused a degree of activation of the PDHCequal
to that caused by dichloroacetate, Mg++and Ca` (9), indicating
that the phosphatase activity in the patient's fibroblasts was nor-
mal and suggesting that the low PDHCactivity in these fibro-
blasts was due to a defect in one of the other components.

To determine which component of the PDHCwas affected,
the enzymatic activities of the El, E2, and E3 components of
the complex were assayed. E2 and E3 activities of the patient's
fibroblasts were not significantly different from those of an age-
matched control (F) (Table I). E1 activity in the patient's fibro-
blasts, however, was only 33% of that observed in the control
F. The ferricyanide assay used to determine El activity in crude
cellular preparations measures only a small fraction of "total"
PDHCactivity. Therefore, identification of E1 deficiency based
solely on the ferricyanide assay may not be adequate. Immu-
nological detection offers an alternate approach to characterize
PDHCactivity deficiency. Additionally, this approach should
discriminate between a change in enzyme content and a change
in the catalytic efficiency of the enzyme.

Mitochondrial extracts of equal quantities of fibroblasts from
the control P.H. and patient J.S. had approximately similar
amounts of immunoreactive protein at a position corresponding
to E3 (Fig. 1, panel 1). Skin fibroblasts from patient J.S., therefore,
contained normal quantities of E3. A similar analysis established
that the mutant fibroblast contained normal amounts of im-
munoreactive E2 (Fig. 1, panel 2). The relative amounts of Ela
and E1# were analyzed in mitochondrial pellets derived from
equal quantities of fibroblasts from the two age-matched controls
(P.H. and C.S.) and patient J.S. (Fig. 1, panel 3). Fibroblasts
from two controls had similar amounts of immunoreactive pro-
teins at the positions corresponding to E1a and El#3 (panel 3,
lanes B and D). In contrast, very little El a-subunit or (3-subunit
were detected in fibroblast extracts from patient J.S. (lane C).
In a separate experiment (Fig. 2), amounts of El subunits were
analyzed in extracts of whole cell (right) and isolated mitochon-
dria (left). The amounts of immunoreactive proteins at the po-
sitions corresponding to Ela and El# are drastically decreased

Table L Measurement of Pyruvate Dehydrogenase Complex and Its Component Activities in Fibroblasts from Controls and Patient J.S.

PDHCcomponent activities*

Subject Age "Total" PDHCactivity* E E2 E3

nmol/min per mgprotein nmol/min per mgprotein nmol/min per mgprotein

Patient J.S. 5 yr 0.32±0.17 0.06±0.002 2.3 42.1
Control F 7 yr 2.77±0.20 0.18±0.020 2.7 48.4
Control P.H. 7 yr 4.03±0.15
Control C.S. 7 yr 2.40
Control B.M. 1 mo 2.22±0.31

* Values are mean±SDof three or four determinations or when no SDis indicated, single observations.
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Figure 1. Immunoblot analysis of PDHCcomponents in fibroblasts
from age-matched controls and patient J.S. For each panel, crude mi-
tochondrial pellets prepared from fibroblasts containing similar quan-
tities of cellular protein were analyzed. (Panel 1) E3 immunoblot. The
membrane was treated with an anti-E3 serum; A, 100 ng of purified
bovine heart E3; B, 0.27 mgprotein from control P.H.; C, 0.30 mg

protein from patient J.S. (Panel 2) E2 immunoblot. The membrane

in extracts from patient J.S. as compared with those from the
control B.M. Further, there is no evidence for the accumulation
of aberrant precursor-peptides of EIa or E,,t in whole cell extracts
of patient's fibroblasts (Fig. 2, right, lane B). These reduced
amounts of Ela and El1 are consistent with residual "total"

PDHCactivity (<15% of control values; Table I) in the patient's
fibroblasts.

Discussion

About 50 of the -80 reported cases of PDHCdeficiency in
children have been attributed to defects in a particular com-

ponent of the complex, based on measurements of component
activities (partial reactions) of the complex. Of the three catalytic
component assays used in the previous reports and in this report,
the El assay (the decarboxylation of lI-'4Clpyruvate in the pres-

ence of ferricyanide as an electron acceptor) is most problematic,
as it measures <10% of "total" PDHCactivity. Reduction in
enzyme activity of a component and hence the complex activity
could be due to a decrease in the catalytic efficiency of that
component or a decrease in the mass of the component. These

2. Wehave routinely observed that bovine heart E2 migrates slightly
dower than E2 fiom human fibroblasts and rat liver (unpublished ob-

servations). The latter observation is consistent with that of DeMarcucci
and Lndsay (7).
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was treated with an anti-E2 serum; A, 100 ng of purified bovine heart
E22 (upper band, E2; lower band, degradative product of E2); B, 0.33
mgprotein from control P.H.; C, 0.41 mgprotein from patient J.S.
(Panel 3) El immunoblot. The membrane was treated with an anti-E,
serum; A, 150 ng of purified bovine kidney El (upper band, Ela;
lower band, Elt); B, 0.53 mgprotein from control P.H.; C, 0.59 mg
protein from patient J.S.; D, 0.40 mgprotein from control C.S.

two possibilities can be discriminated with immunological anal-
ysis.

Among the reported cases of PDHCdeficiency attributable
to a reduction in the activity of a specific PDHCcomponent,
only in one case, an E3 deficiency, has the defect been confirmed
by demonstrating the absence of immunoreactive material in
the patient's tissue (18). A preliminary report suggests an alter-
ation of Ela in a PDHC-deficient patient (No. 1373) based on
SDS-polyacrylamide electrophoretic mobility of immunopre-
cipitated EIa from 35S-methionine-labeled fibroblasts (4). In this
study, fibroblasts were labeled overnight with 35S-methionine
before immunoprecipitation of PDHC, and the comparison was
based on the radioactivity present in the Ela band, not on the
amount of EIa protein. The PDHCdeficiency in our patient is
due to a reduction in the amount of E, immunoreactive protein.
Our analysis indicates that Ela and El peptides of normal length
are present at low levels in fibroblasts from patient J.S. (Fig. 2),
which indicates that alterations, if any, in the primary structure
of either a-peptide or ,B-peptide of El are minor.

Possible mechanisms for decreased levels of the mature mi-
tochondrial peptide include defects at transcriptional, posttran-
scriptional, translational, or posttranslational steps. Many mi-
tochondrial proteins encoded by nuclear genes are synthesized
as precursors with a NH2-terminal leader peptide (19). In a poly-
(A)+RNA-dependent cell-free system (wheat germ), both Ela
and El, are synthesized as precursor polypeptides 4,000-mo-
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Figure 2. Immunoblot analysis of El in fibroblasts from patient J.S.
and control B.M. Whole cell extracts (right) and crude mitochondrial
extracts (left) prepared from similar quantities of fibroblasts based on
cellular protein content were analyzed in each case using anti-El
serum. A, 250 ng of purified bovine kidney El (upper band, Ela; lower
band, Elf) B, 0.50 mgprotein from control B.M.; C, 0.54 mgprotein
from patient J.S.

lecular weight heavier than their respective mature peptides
(Raefsky, C., and M. S. Patel, unpublished observations). In the
present study (Fig. 2, right), no precursor peptides of either EIa
or El, were detected from whole cell extracts of the patient's
fibroblasts. A point mutation should theoretically affect only
one of the subunits. However, a defect in one of the two peptides
of El might inhibit transport of mutated precursor-peptide into
the mitochondria or assembly of the heterotetramer (a2#2), lead-
ing to rapid degradation of one or both subunits. Studies using
specific cDNA probes and in vitro translation are needed to
establish the nature of the defect of E, in this patient.

In summary, an impairment in the PDHCactivity in this
patient is attributable to a reduction in the amount of the El
component of the complex. The immunoblot technique em-
ployed in this study should prove useful in identifying defects
in the PDHCcomponents in fibroblasts from a large number
of patients.

Acknowledgments

Wewish to thank Dr. Lester Reed for a generous supply of purified
bovine kidney El, and heart E2 and E3; Dr. Douglas Kerr and Ms. Marylin
Lusk for providing us with two control fibroblast cell lines (P.H. and
C.S.) and total PDHCactivities on these two cell lines; Carol Gondek
for her assistance in maintaining cells in tissue culture; Dr. Angela Cal-
iendo for her assistance in iodination of El; Cindy Raefsky for raising
rabbit antibodies against El and E2; and Donna Carothers for raising
rabbit antibodies against E3. Wethank Dr. Douglas Kerr and Dr. Alan
Goodridge for helpful discussions concerning the manuscript.

1. Blass, J. P. 1979. Disorders of pyruvate metabolism. Neurology.
29:280-286.

2. Robinson, B. H., J. Taylor, and W. G. Sherwood. 1980. The genetic
heterogeneity of lactic acidosis: occurrence of recognizable inborn errors
of metabolism in a pediatric population with lactic acidosis. Pediatr.
Res. 14:956-962.

3. Utter, M. F., and K.-F. R. Sheu. 1980. Biochemical mechanisms
of biotin and thiamin action and relationships to genetic defects. In Birth
Defects: Original Article Series, March of Dimes Birth Defects Foun-
dation. 16(No. 1):289-304.

4. Robinson, B. H. 1983. Inborn errors of pyruvate metabolism.
Biochem. Soc. Trans. 11:623-626.

5. Reed, L. J. 1974. Multienzyme complexes. Accounts of Chemical
Research. 7:40-46.

6. Stanley, C. J., and R. N. Perham. 1980. Purification of 2-oxo acid
dehydrogenase multienzyme complexes from ox heart by a new method.
Biochem. J. 191:147-154.

7. DeMarcucci, O., and J. G. Lindsay. 1985. Component X. An
immunologically distinct polypeptide associated with mammalian py-
ruvate dehydrogenase multi-enzyme complex. Eur. J. Biochem. 149:
641-648.

8. Roche, T. E., J. M. Jilka, and M. Rahmatullah. 1985. Properties
of newly characterized proteins of the pyruvate dehydrogenase complex.
13th Int. Congr. Biochemistry. 286(Abstr.).

9. Johnston, K., C. J. L. Newth, K.-F. R. Sheu, M. S. Patel, G. P.
Heldt, K A. Schmidt, and S. Packman. 1984. Central hypoventilation
syndrome in pyruvate dehydrogenase complex deficiency. Pediatrics.
74:1034-1040.

10. Kretzschmar, H. A., S. J. DeArmond, T. K. Koch, M. S. Patel,
C. J. L. Newth, K A. Schmidt, and S. Packman. 1986. Pyruvate dehy-
drogenase complex deficiency as the etiology of Leigh's disease. Pediatrics.
In press.

I 1. Sheu, K.-F. R., C.-W. C. Hu, and M. F. Utter. 1981. Pyruvate
dehydrogenase complex activity in normal and deficient fibroblasts. J.
Clin. Invest. 67:1463-1471.

12. Chuang, D. T., C.-W. C. Hu, and M. S. Patel. 1983. Induction
of the branched-chain 2-oxo acid dehydrogenase complex in 3T3-L1
adipocytes during differentiation. Biochem. J. 214:177-181.

13. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with Folin phenol reagent. J. Biol. Chem.
193:265-275.

14. Mackall, J. C., M. Meredith, and M. D. Lane. 1979. A mild
procedure for the rapid release of cytoplasmic enzymes from cultured
animal cells. Anal. Biochem. 95:270-274.

15. Cautrecasas, P., and M. D. Hollenberg. 1976. Membrane Re-
ceptors and Hormone Action. Adv. Protein Chem. 30:251-451.

16. Vaitukaitis, J. L. 1981. Production of antisera with small doses
of immunogen: multiple intradermal injections. Methods Enzymol. 73:
46-52.

17. Hurn, B. A. L., and S. M. Chantler. 1980. Production of reagent
antibodies. Methods Enzymol. 70:104-142.

18. Matuda, S., A. Kitano, Y. Sakaguchi, M. Yoshino, and T. Saheki.
1984. Pyruvate dehydrogenase subcomplex with lipoamide dehydroge-
nase deficiency in a patient with lactic acidosis and branched-chain keto
aciduria. Clin. Chem. Acta. 140:59-64.

19. Wickner, W. T., and H. F. Lodish. 1985. Multiple mechanisms
of protein insertion into and across membranes. Science (Wash. DC).
230:400-407.

Pyruvate Dehydrogenase Deficiency 847


