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In a patient with fatal neonatal lactic acidosis due to pyruvate dehydrogenase deficiency, the 
only potential mutation detected was c.888C>G in PDHA1, the gene for the E1 α subunit of 
the complex.  This would result in a substitution of glutamate for aspartate (D296E).  
Pathogenicity of this minor alteration in amino acid sequence was demonstrated by 
expression studies.  By comparing the mutant sequence with the known structures of the E1 
components of pyruvate dehydrogenase and the closely related branched chain α-ketoacid 
dehydrogenase, an explanation for the profound consequences of the mutation can be 
proposed. © 2003 Wiley-Liss, Inc. 
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INTRODUCTION 

Mutation analysis in patients with genetic disease often reveals changes that are predicted to have either no 
effect or to cause minimal disruption to the protein product.  Distinguishing between irrelevant sequence variants 
and pathogenic mutations can prove difficult. 

Pyruvate dehydrogenase (PDH) deficiency is one of the most common causes of primary lactic acidosis and 
early onset neurodegeneration.  Although the PDH complex contains a number of different gene products, 
mutations in the X-linked gene for the E1α subunit, PDHA1, are responsible for the great majority of cases (MIM# 
312170).  Many different mutations have been defined in this gene (Lissens et al. 2000).  Two E1α subunits and 
two E1β subunits combine to form the E1 or pyruvate dehydrogenase enzyme activity of the complex (Patel and 
Roche, 1990).  The active site, which contains a bound thiamine pyrophosphate (TPP) cofactor, is shared between 
the α and β subunits.  Phosphorylation sites involved in regulation of overall PDH activity are located on the E1α 
subunits.  The complex is inactivated by phosphorylation of three serine residues, particularly serine 293, by a 
specific PDH kinase.  The complex is reactivated by dephosphorylation by a specific phosphatase. 

We describe a patient with severe PDH deficiency and an apparently minimal missense mutation in the gene for 
the E1α subunit that has been demonstrated to be pathogenic.  Mutations of this type can provide useful 
information about amino acid residues that are critical for biological function.  In this case, the amino acid 
substitution is located close to both the cofactor binding site and the main phosphorylation site of the PDH E1α 
subunit, but it appears only to affect catalytic activity. 
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METHODS 

Case History 

The patient, a male, was born at 32 weeks after an uneventful pregnancy to unrelated Caucasian parents.  Birth 
weight was 3 kg and he was discharged on day 2, breast feeding.  He was well in the immediate post-natal period, 
but was admitted on day 17 following a 2 day history of lethargy and poor feeding.  He was floppy and had a 
compensated metabolic acidosis (pH 7.34, Base excess -10).  The acidosis worsened (blood lactate 28 mmol/L, 
CSF lactate 15 mmol/L) and he developed abnormal neurological signs.  A brain MRI showed abnormal signal in 
the caudate nucleus and ventral thalamus and the EEG was very abnormal with burst suppression.  He died on day 
19. 

Biochemical characterization and mutation analysis 

Measurement of PDH activity in cultured fibroblasts and immunochemical analysis of protein subunits were 
performed as described previously (Wicking et al. 1986; Lib et al, 2002).  Fibroblast RNA isolation, cDNA 
preparation and amplification and sequencing of the PDHA1 coding region were performed using commercial  
kits and standard methods (GenBank reference sequence NM_000284).  Exon 9 of the PDHA1 gene  
and adjacent intron sequences were amplified and sequenced using the following primers:  
forward – 5’TAATAAAGGGCCTGCGTTG and reverse – 5’CAGTGTGTTGGGCATCAAGT. 

Cloning and expression of the mutant PDH E1α  sequence 

The normal PDH E1α coding sequence, in a mammalian expression vector pRc/CMV (Invitrogen) (Brown et al, 
1997), was altered to the mutant sequence of the patient by site-directed mutagenesis using a Stratagene 
QuikChange kit.  The normal and mutant constructs were transfected into a clone of SV40-transformed fibroblasts 
from a female patient with PDH E1α deficiency (Otero et al., 1998).  This clone expresses a mutant PDH E1α 
subunit gene that results in complete deficiency of both the mRNA and protein product.  The transfected cells were 
analysed for PDH E1α immunoreactive protein and enzyme activity and the efficiency of transfection was assessed 
by co-transfection of the cells with a GFP construct and fluorescence microscopy. 

RESULTS 

PDH activity in patient cultured fibroblasts was 0.18 nmol/mg protein/min (normal range 0.7-1.1) but there was 
a normal amount of immunoreactive protein corresponding to the E1α subunit of the PDH complex (Figure 1).  
Sequence analysis of the PDH E1α subunit cDNA revealed a single base substitution of G for C at nucleotide 
position c.888 which would result in the substitution of aspartic acid 296 by glutamic acid (D296E).  The presence 
of the mutation was confirmed in genomic DNA by amplification and sequencing of exon 9 of the PDH E1α gene.  
The mutation was not detected in genomic DNA from the patient’s mother. 

The amino acid substitution is in a region of the PDH E1α chain which contains residues involved in TPP 
cofactor binding and the serine 293 which, when phosphorylated, results in inactivation of the whole complex.  
The biochemical consequences of the mutation were assessed by measuring enzyme activity under conditions 
which alter the activity of the specific PDH kinase and phosphatase.  There was no significant difference in the 
relative change in activity of the normal and mutant enzymes when the kinase was inactivated with 
dichloroacetate, with or without activation of the phosphatase by Ca2+, and when the phosphatase was inactivated 
by F- and EGTA (Table 1).  These results indicate that the mutation does not affect the ability of the enzyme to 
undergo activation and inactivation by dephosphorylation and phosphorylation.  Under all conditions, the residual 
activity of the mutant enzyme was ~ 20% of the normal control, confirming that only catalytic activity is affected. 
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Proof that the mutation results in the formation of a catalytically defective protein was obtained by expression 

studies.  The patient’s fibroblasts had normal PDH E1α immunoreactive protein and comparable amounts of 
protein were produced when either the normal or mutant sequence was expressed in PDH E1α null cells (Figure 
1).  However, normal activity was only recovered in null cells expressing the normal sequence (Table 2).  The 
efficiency of transfection was equivalent for the two constructs with 45-50% of cells showing GFP fluorescence 
labeling. 

 
 
 

Table 1.  Analysis of Activation and Inhibition of the PDH Complex by Dephosphorylation/phosphorylation   
CONDITION CONTROL* PATIENT* 

5mM Dichloroacetate 0.77 0.18 
5 mM Dichloroacetate + 2 mM CaCl2 1.28 0.27 
5 mM NaF + 0.5 mM EGTA 0.48 0.12 

    *Enzyme activity is expressed as nmol/mg protein/min. 
 
 
 

Table 2.  PDH Activity in Patient Cells and PDH E1 α Null Cells After Transfection with the Normal and 
Mutant PDH E1α cDNA Sequence   
SAMPLE PDH ACTIVITY 

Normal controls  0.70-1.10 
Patient 0.18 

PDH E1α null 0.00 
PDH E1α null + normal 

coding sequence 
0.70* 

PDH E1α null + Patient 
sequence 

0.14* 

* Activities corrected for transfection efficiency. 
 

Figure 1: Western blot analysis of PDH E1α subunit in patient fibroblasts 
and expression constructs. Fibroblast homogenates were analyzed by SDS 
polyacrylamide gel electrophoresis and probed with monoclonal antibodies 
to the E2 and E1α subunits of the PDH complex.  Track 1: PDH E1α null 
cells, track 2: PDH E1α null cells expressing normal E1α sequence, track 
3: PDH E1α null cells expressing Patient mutant sequence, track 4: Patient 
fibroblasts, tracks 5and 6: normal control fibroblasts. 
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The structure of the mutant PDH E1α protein was modeled by comparison with the recently published human 

PDH E1 structure (Ciszak et al., 2003) and the known branched chain α-ketoacid dehydrogenase (BCKDH) E1 
structure (Ævarsson et al. 2000).  In the following discussion, the amino acids are numbered as in the complete 
proteins, including the mitochondrial import sequences.  In PDH E1, there is a hydrogen bond between one of the 
ring nitrogens of histidine 292 and an oxygen of the terminal phosphate group of TPP.  Another hydrogen bond, 
between histidine 292 and aspartate 296, stabilises the loop between these residues (Figure 2).  In the BCKDH E1 
enzyme, corresponding interactions are found between histidine 336 and TPP and aspartate 340.  When the 
aspartate is replaced by glutamate, the interaction is  altered significantly, even though the side chains differ by 
only a single methyl group.  The glutamate can fit into the polypeptide chain without difficulty, but is unable to 
form a hydrogen bond with the histidine, so stabilization of the cofactor interaction will be lost.  On the other hand, 
the position of serine 293,which is phosphorylated by PDH kinase, remains the same. 

 
 

 
 
 
 

DISCUSSION 

This male patient developed severe lactic acidosis in the newborn period associated with a significant reduction 
in PDH activity, but a normal amount of immunoreactive PDH E1α protein.  Genetic analysis revealed a single 
base substitution in the X-linked E1α subunit gene which would result in substitution of aspartate 296 by 
glutamate.  This mutation must have arisen in the germ cells of his mother, who has only the normal sequence in 
her somatic cells.  Although such a minimal change would often be dismissed as insignificant, the possibility was 
considered that it might be pathogenic in this case as it is located within a part of the molecule which is involved in 
binding of the thiamine pyrophosphate cofactor, enzymatic activity and inactivation of the complex by 
phosphorylation.  Pathogenicity was confirmed as expression of the mutant coding sequence in cells that have no 
endogenous E1α mRNA or protein resulted in production of an inactive, but fully immunoreactive E1α protein. 

There are two forms of the PDH E1 enzyme, one is a homodimer (as in E. coli) and the other, more common 
form, is a heterotetramer of 2α and 2β subunits.  PDH E1α subunit sequence is known in over 30 species covering 
a wide range of organisms: bacteria (Streptococcus, Clostridium, Thiobacillus), yeast, protozoans (Trypanosoma), 
plants (Arabidospis, maize, potato), invertebrates (Drosophila, C. elegans) and vertebrates.  In all of these the 
amino acid corresponding to position 296 in the human protein is aspartate.  The sequence conservation extends to 
the very closely related branched chain α-ketoacid dehydrogenase (BCKDH): 
 

TPP

HIS 292 

ASP 296

GLU 296

SER 293

Figure 2.  Modeling the 
consequences of the D296E 
mutation. The normal PDH E1α
sequence is overlaid with the 
D296E mutant sequence and 
hydrogen bonds between 
histidine 292 and TPP and 
aspartate 296 in the normal 
protein are shown by dotted 
lines.  The two structures are 
identical apart from the position 
of the γ-carboxyl group on the 
substituted glutamate in the 
mutant.  This cannot form a 
hydrogen bond with histidine 
292. 
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PDH: 
                                          292                      296 
T  Y  R  Y  H  G  H  S  M  S  D  P  G  V  S  Y 
 
BCKDH: 
                                          336                      340 
T  Y  R  I  G  H  H  S  T  S  D  D  S  S  A  Y 
 

The structure of human PDH E1 has recently been determined and this provides a plausible explanation for the 
biochemical consequences of this minor alteration to the amino acid sequence of the E1α subunit.  In both PDH 
and BCKDH E1 enzymes, there is a direct interaction between the corresponding histidine residues (292 and 336 
respectively) and TPP.  Replacement of histidine 336 by alanine in BCKDH abolishes both TPP binding and 
enzyme activity.  It is predicted that histidine 292 plays a similar role in PDH.  Aspartate 340 in BCKDH interacts 
with histidine 336 and its importance has been established by site-directed mutagenesis (Hawes et al. 1995).  
Replacement by alanine results in complete inactivation of the complex, but has no effect on the ability of the 
protein to be phosphorylated.  Biochemical characterization of the PDH E1α D296E mutation indicates that this 
also affects only enzyme activity, with no evidence of impaired phosphorylation or dephosphorylation by the PDH 
kinase and phosphatase enzymes.  Direct comparison of the normal and mutant PDH E1α structures shows that the 
interaction between aspartate 296 and histidine 292 would be abolished by the substitution. 

In this patient, detailed biochemical and genetic analysis confirmed the pathogenicity of a minimal alteration in 
the amino acid sequence near the active site of the PDH E1 enzyme.  The mutation results in a significant 
reduction in catalytic activity with no effect on regulation by phosphorylation and dephosphorylation of the E1α 
subunit .  These observations support structural, sequence and biochemical studies which indicate that the reaction 
mechanism and regulation of PDH and BCKDH are extremely similar. 
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