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Summarv revealed that both PDH and K G D H  com~lexes were ~art ia l lv  
deficient. The thiamine-dependent first enzyme of the PDH com- 

Activities of pyruvate decarboxylase (PDC), a-ketoglutarate plex, PDC, had altered kinetic properties, 
decarboxylase (KGDC) and both the pyruvate and a-ketoglutarate 
dehydrogenase complexes (PDII complex and KGDII complex) 
were measured, and kinetic properties of PDC were studied in 
fibroblasts derived from normal individuals and f ron~  a 2-yr-old girl 
with congenital lactic acidemia and severe retardation of growth 
and development. The activities of PDC, KGDC, PDI l  complex, 
and KGDII complex in the patient were 1.12 + 0.12, 2.33 + 0.42, 
9.00 2 0.50, and 16.46 f 1.57 and in controls 3.10 + 0.16, 5.36 + 
0.56, 24.13 a 1.61 and 41.95 + 3.72 nmole/mg protein/hr. The 
optimum pt i  (6.0) and Michaelis constants (Km) for pyruvate of 
PDC (1.0-1.6 x 10-5M) were similar in fibroblasts of the patient 
and controls. PDC activity was more sensitive to denaturation by 
heat in the fibrohlasts of the patient than those from controls, 
while heat denaturation curves of KGDC were similar in the 
patient and control. lligher concentrations of thiamine pyrophos- 
phate (TPP) were required to protect PDC from heat denaturation 
in the patient. T P P  was more easily removed from PDC in the 
patient than in the control by washing the fibroblasts with alkaline 
buffer. These results suggest that the PDC enzyme of the patient 
is in an altered molecular form, to which T P P  is loosely bound. 
This particular constellation of abnormalities has not pre~iously 
been ;eported in patients with lactic acidemia. 

Speculation 

CASE REPORT 

M. S. was a 2-yr-old caucasian girl who had had intermittent 
lactic acidosis and severe retardation of growth and development. 
She was admitted first at 14 months to the University of Missouri 
Medical Center because of failure to thrive. 

Two paternal male cousins had had profound mental retarda- 
tion and died at an early age. Two younger siblings of this patient 
also died at an early age. One had brain injury secondary to birth 
trauma. The other had the same syndrome as this patient and died 
of sepsis. 

On examination, she was a pale, retarded, floppy infant who 
appeared younger and smaller than her age. She was hyperventi- 
lating. Examination of the chest revealed no rales or rhonchi. The 
extremities were hypotonic, but all four moved well. Deep-tendon 
reflexes could not be obtained. She was able to sit, but d i d  not 
walk. There was no evidence of ataxia. 

She was found to have lactic acidosis (I I8 mg/dl). The serum 
COz content was 6 pEq/liter and the pH 7.10. The concentration 
of lactic acid in the blood remained high, between 55 and 118 
mg/dl (normal 3-12 mg/dl) while the concentration of pyruvate 
ranged from 2.5-3.0 mg/dl (normal 0.3-0.7 mg/dl). On screening 
for metabolic disease, samples of urine were found to contain 

The defective activity of PDC, KGDC, 
con~plexes in this patient might be the result 
gene for an enzynle subunit common to both 

large amounts of ketones, keto acids, and alanine. The excretion 
PDf17 and KGD1' of alanine was 0.14 mg/mg of creatinine (normal 0.025-0.088). 
of a 'lutation in the Quantitative analysis of the organic acids showed four major 

and KGDC. elevations, hippuric, acetoacetic, 3-hydroxybutyric, and lactic 
acids. The va1;es were 99.4, 178.0, 280.0, and 797.0 pmoles/mg 

lactic acidemia is now lo be hemrogeneous creatinine, respectively. The excretions of a-ketoglutaric acid and 

and to be caused by genetically determined defects in the activities the branched-chain keto acids and amino acids were not elevated. 

of a variety of enzymes. These include deficiencies of the PDH A biopsy of the skin was obtained with informed consent for 

complex (1, 3, 6 ,  22, 26), pyruvate carboxylase (4), glucose-6- evaluation of PDC and PDH activities in cultured fibroblasts. 

phosphatase (24), and fructose diphosphatase (21). It is also seen 
in patients with methylmalonic acidemia (13, 17). and Leigh's MATERIALS A N D  METHODS 

subacute necrotizing encephalomyelopathy (29). Hereditary defi- CHEMICALS 
ciencies in the PDH complex or the KGDH complex have been 
described in over 25 patients with lactic acidosis. The PDH I-14C-pyruvate (sodium salt, specific activity 5.82-8.92 mCi/ 
complex is a multienzyme system which is comprised of PDC, mmole) and I-'4C-a-ketoglutarate (sodium salt, specific activity 
dihydrolipoyltransacetylase and dihydrolipoyldehydrogenase 54.1 mCi/mmole) were purchased from the New England Nuclear 
(14). PDC contains TPP and exists in an active (nonphosphoryl- Corporation. All other chemicals used were of highest available 
ated) and an inactive (phosphorylated) form. The conversion from purity. 
the active to the inactive form is catalyzed by a kinase, and the CULTURED SKIN FIBROBLASTS 
conversion from the inactive to the active form is catalyzed by a 
magnesium dependent phosphatase (18). Skin fibroblasts were grown in Eagle's Minimal Essential Media 

We have investigated the PDH and KGDH complexes in at pH 7.2-7.4 with 10% fetal calf serum. Cells from the patient 
fibroblasts from a patient with congenital lactic acidosis and severe and controls were harvested on the day of each experiment with 
retardation of growth and development. Assays of enzyme activity activated trypsin versene while in the log phase of growth. 
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ENZYME ASSAYS 

Cells were washed twice with 50 mM Tris-HCI, pH 7.4, con- 
taining 0.105 M NaCI. Washed cell pellets were suspended in cold 
distilled water to a concentration of 4-6 X 10" cells/ml and kept 
in ice for 20 min. Then, 4.0 ml of the cell suspension was sonicated. 
All of the PDC activity was detected in the supernatant after 
centrifugation which would have removed unruptured cells. The 
activity of PDC was measured by the method of Blass et al. (1) 
except that the concentration of MgCIz was increased to 10 mM, 
the final incubation volume was scaled up by a factor of 5 to 0.7 
rnl and I4CO2 was collected in 3N NaOH after acidification of the 
incubation mixture. The activity of KGDC was measured under 
the same conditions, but with a-ketoglutarate instead of pyruvate 
as substrate. In the kinetics studies on PDC and KGDC, sonicates 
of fibroblasts were preincubated with 5.7 mM MgClz in 27.7 mM 
potassium phosphate buffer, pH 6.0, for 20 min at room temper- 
ature before assay for maximum activation by the phosphatase. In 
the heat denaturation study, the samples were heated after the 
addition of 0.13 ml of 0.75 M potassium phosphate buffer, pH 7.5, 
to 1.083 ml of the preincubated sonicates in order to adjust the 
pH to 7.1. The reaction mixture for the enzyme assay contained 
1.4-1.6 mM MgCIz in these studies. 

The activities of the PDH and KGDH complexes were mea- 
sured by the method of Blass et al. (2) except that "CO? was 
collected in 3N NaOH after acidification of the incubation mix- 
ture. Cytochrome c oxidase was measured spectrophotometrically 
(28) in sonicates of fibroblasts. Protein was measured by the 
method of Lowry et al. (16) using bovine albumin as standard. 

PROCEDURE FOR REMOVING TPP FROM THE ENZYMES 

Fibroblasts were suspended in 0.1 M potassium phosphate 
buffer pH 8.8 and the suspension was stirred for 5 min in ice. 
Then, the fibroblasts were separated by centrifugation at 7,710 x 
g and washed once with water. The final sediment was suspended 
in water and sonicated. This procedure has been shown to disso- 
ciate TPP from PDC of yeast, producing a requirement for added 
TPP in the assay (20). 

RESULTS 

The activities of both the PDH and KGDH complexes were 
lower in fibroblasts from the patient with congenital lactic acide- 
mia than from controls (Table 1). The mean PDH activity (nmole/ 
mg protein/hr) for the patient was 9.00 (range 7.63-10.00) com- 
pared to the mean values of 24.00 and 24.20 (range of individual 
assays 18.01-29.83) for the controls. The mean KGDH activity 
was 16.46 (range 13.39-19.97) compared to 40.00 and 47.42 (range 
of individual assays 34.90-61.48) for the controls. There was no 
overlap in the individual assay values for the patient and controls, 
and both PDH and KGDH were 37% of the mean of the controls. 
The differences were significant at P  < 0.001. The activities of 
PDC and KGDC which are the first components of the dehydro- 
genase complexes were also low in fibroblasts from the patient 
(Table 1). The mean PDC activity (nmole/mg protein/hr) for the 

Table 1. Enzyme activities in disruptedfibroblasts from patient and 
controls' 

Activity (nmole/mg protein/hr) 

Controls Patient 

patient was 1.12 (range 0.44-1.88) compared to the mean values 
of 3.72, 2.73, and 2.95 (range of individual assays 1.81-4.67) for 
the controls. The mean KGDC activity was 2.33 (range 1.04-4.89) 
compared to 6.36 and 5.11 (range of individual assays 3.57-8.23) 
for the controls. Although the ranges of individual values of the 
patient and controls overlapped, the mean PDC activity was 36%) 
and the mean KGDC was 40% of the mean of the controls and 
the differences were significant at P <  0.001. Cytochrome c oxidase 
activity was slightly decreased in the patient (84% of control), but 
the difference was not significant. 

In study of the kinetic properties of these enzymes, PDC activity 
was found to be more sensitive to denaturation by heat in the 
fibroblasts from the patient than those from controls (Fig. 1). 
Incubation for 5 min at 46.5OC led to complete loss of activity in 
the patient, while there was still 30% of original activity in controls. 
In contrast, the heat denaturation curve of KGDC did not differ 
significantly from control (Fig. I). 

PDC was completely protected from heat denaturation by the 
addition of 0.7 mM TPP in both patient and control (Fig. 2). 
However, higher concentrations of TPP were required to protect 
the PDC of the patient from heat denaturation. TPP was more 
easily removed from PDC of the patient than of the control by 
washing the cells with alkaline buffer (Table 2). This was deter- 
mined by assay of the enzyme in washed and unwashed cells with 
and without added TPP. PDC was virtually absent in washed cells 
of the patient without added TPP and increased markedly with 
the addition of TPP to the maximum level observed in unwashed 
cells. 

The pH optimum curve of PDC activity was similar in the 
fibroblasts from the patient and control. The enzyme had a pH 
optimum in the region of pH 6.0. The Michaelis constant (Km)  of 
PDC for pyruvate was 1.0-1.6 x 10-% in fibroblasts from the 
patient and was not different in patient and control (Fig. 3). 

' O 0 k  4 
Pyruvate decarboxylase 

Controls ( 5  

P 
t- -, 

PDC 3.10 +. 0.16 (20) 1.12 * 0.12 (15)' 
KGDC 5.36 * 0.57 (10) 2.33 + 0.42 (9)' 
PDII 24.13 + 1.61 (6) 9.00 ? 0.50 (4)" 
KGDH 44.95 + 3.72 (6) 16.46 + 1.57 (4)" 
Cytochrome c oxidase 2130 + 164 (9) 1786 + 134 (3)" 

' Values are means ? SEM. with the total number of assays shown in 
parentheses. There were three control subjects in assays for PDC and 
cytochrome c oxidase and two for the others. 

P ~ 0 . 0 0 1 .  
'' Not significant. 

TIME AT 46.5"C ( mln 1 

Fig. I. Denaturation of pyruvate decarboxylase by heat. Disrupted 
fibroblasts were incubated at 46.5"C for different times. Enzyme activities 
were assayed in duplicate at 30°C. Activity is expressed as a percent of 
activity ofdisrupted fibroblasts kept at 0°C. One and three control subjects 
were studied for heat denaturation of tr-ketoglutarate and pyruvate decar- 
boxylase, respectively. Numbers of assays are in parentheses. Verric(~1 burs 
in the figure designate means + SEM. 
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DISCUSSION Defects in both the PDH and K G D H  complexes have been 

The conversion of pyruvate to acetyl-CoA is catalyzed by the 
multienzyme, PDH complex. The first component, PDC, is a 
thiamine-dependent enzyme. Deficiency in the activity of the 
PDH complex leads to accumulation of pyruvate which is 
promptly converted to lactate and alanine. 

Our patient had congenital lactic acidemia and activities of 
PDC, KGDC, and both PDH and KGDH complexes were de- 
creased in cultured fibroblasts. Furthermore, properties different 
from those of the normal enzyme were demonstrated for PDC of 
the patient. PDC activity was more sensitive to denaturation by 
heat. Higher concentration of TPP were required to protect PDC 
from heat denaturation in the patient and TPP was more easily 
removed from the PDC of the patient. However, the Michaelis 
constants (Km) for pyruvate and pH optimum were similar in 
patient and controls. The data suggest that the PDC of the patient 
is an altered molecular form, to which TPP is loosely bound. It 
has been suggested that fibroblasts contain more than one form of 
PDC because of inflections in the substrate-activity curves (1). 
Inflections were not found in our studies in either patient or 
controls. 

Hereditary deficiencies in the PDH complex or the KGDH 
complex have been described in over 25 patients with lactic 
acidosis. Most patients have had mild to severe neurologic disease. 

THIAMINE PYROPHOSPHATE ( m M  

Fig. 2. Protective effect of thiamine pyrophosphate on heat denatura- 
tion of pyruvate decarboxylase. Disrupted fibroblasts were incubated with 
various concentration of thiamine pyrophosphate at 46.5"C for 5 min and 
enzyme activities were assayed in duplicate as described in the method. 
Activity is expressed as a percent of activity of disrupted fibroblasts at 
0°C. Verrical bars in the figure designate means -+ SEM. Numbers of 
assays are in parentheses. 

reported in cultured fibroblasts from a patient with lactic acidosis 
(12) and five patients with Friedreich's ataxia (2). Blood concen- 
trations of pyruvate and lactate were not elevated in the patients 
with Friedreich's ataxia. In one of five patients with Friedreich's 
ataxia, activity in the potassium ferricyanide-linked assay for PDC 
was also decreased, but the activity of KGDC was not determined 
(2). Because each complex is built of three enzymes and one 
enzyme, dihydrolipoyldehydrogenase (LPD) is the same protein 
in both complexes in mammals (25) and in bacteria (9, 10, 11, IS), 
it has been suggested that a mutation in LPD would account for 
a reduction in the activity of both complexes in these patients. 
However, a recent study found normal PDH and lipoamide 
dehydrogenase in fibroblasts from six patients with Friedreich's 
ataxia (19). Recently, deficiency of LPD was found in tissues of a 
patient with congenital lactic acidosis with deficiencies of PDH 
and KGDH, but normal PDC and KGDC (23). In our patient, 
the activities of the PDH and K G D H  complexes were decreased, 
but the evidence for molecular alteration in PDC and low activities 
of PDC and KGDC argue against a defect in LPD. Further, the 
patient with LPD deficiency had branched-chain amino acidemia 
and decreased activity of branched-chain keto acid dehydrogenase 
indicating that the same LPD is common to pyruvate, a-ketoglu- 
tarate, and branched-chain keto acid dehydrogenases (27). The 
concentrations of the branched-chain amino acids and keto acids 
in our patient were normal, indicating that the branched-chain 
keto acid dehydrogenase was normal, although this was not as- 
sayed in the fibroblasts. 

PDC from bovine heart and kidney and pigeon breast muscle 

Control  I ( Km=1.0XIO-5M ) 

0 
0 

CONCENTRATION OF PYRUVATE ( m M  

Fig. 3. Pyruvate decarboxylase activity in fibroblasts from patient and 
controls at different concentrations of pyruvate. Pyruvate decarboxylase 
activity was measured in duplicate at each concentration of pyruvate. 

Table 2. Alkaline washing of intact ihroblasts from patient and 
control f 

Activity (nmole/mg protein/hr) 
Without TPP/With 

Without TPP With TPP TPP' 

Unwashed cells 2.49 + 0.35 2.82 _C 0.28 0.88 + 0.08 
Control 

PDC 
Washed cells 1.74 + 0.33 2.45 + 0.40 0.70 + 0.03 
Unwashed cells 0.38 + 0.13 0.69 -C 0.15 0.52 + 0. l l 

Patient Washed cells 0.08 + 0.08 0.69 -+ 0.18 0.08 + 0.08 

Unwashed cells 3.03 -+ 0.36 4.14 f 0.52 0.73 + 0.04 
Control 

KGDC 
Washed cells 3.37 + 0.26 4.33 + 0.25 0.78 + 0.07 
Unwashed cells 1.15 f 0.07 1.55 f 0.12 0.74 + 0.03 

Patient Washed cells 1.40 + 0.17 1.94 _t 0.29 0.73 + 0.05 

' Intact cells were washed and activities were measured with and without 0.14 mM thiamine pyrophosphate. Values are means + SEM of four 
experiments. 

"he ratios (without TPP/with TPP) are the mean values + SEM of the ratios from four experiments. 
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appears to be a tetramer of subunit structure a?/32. The a subunit 
probably binds TPP and Mgf and catalyzes the decarboxylation 
of pyruvate to yield 2-a-hydroxy-ethyl TPP whereas the ,I3 subunit 
may catalyze the subsequent reductive acetylation of the oxidized 
lipoic acid moieties on the transacetylase ( 5 ,  7). It is also supposed 
that KGDC from pigeon breast muscle has several subunits 
differing in their molecular weight, and different oligomeric forms 
of the enzyme represent certain combinations of the enzyme 
subunits (8). 

It is not at all likely that the patient represents two separate 
mutations in pyruvate and a-ketoglutarate dehydrogenases. The 
mechanism by which a single mutational event could provide 
molecular alteration in PDC and defective activities of KGDC 
and the KGDH complex is far from clear. A possible hypothesis 
would be that there is a mutation in an a subunit common to PDC 
and KGDC. If this were true, the substrate specificity for pyruvate 
or a-ketoglutarate might then be conferred by different B subunits. 
Such a mutation might not alter the resistance of KGDC to heat, 
but alter that of PDC to heat along with its binding of TPP. An 
alternate hypothesis would be that mutation in a gene for PDC 
somehow interferes with expression of the gene for KGDC. 
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