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The pyruvate dehydrogenase (PDH) complex is situated at a
key position in energy metabolism and is responsible for the
conversion of pyruvate to acetyl CoA. In the literature, two
unrelated patients with a PDH complex deficiency and splicing
out of exon 6 of the PDH E1a gene have been described,
although intronic/exonic boundaries on either side of exon 6
were completely normal. Analysis of exon 6 in genomic DNA of
these patients revealed two exonic mutations, a silent and a
missense mutation. Although not experimentally demonstrated,
the authors in both publications suggested that the exonic muta-
tions were responsible for the exon skipping. In this work, we
were able to demonstrate, by performing splicing experiments,
that the two exonic mutations described in the PDH E1a gene
lead to aberrant splicing. We observed a disruption of the pre-
dicted wild-type pre-mRNA secondary structure of exon 6 by the
mutated sequences described. However, when we constructed

mutations that either reverted or disrupted the wild-type pre-
dicted pre-mRNA secondary structure of exon 6, we were unable
to establish a correlation between the aberrant splicing and
disruption of the predicted structure. The mutagenic experiments
described here and the silent mutation found in one of the
patients suggest the presence of an exonic splicing enhancer in
the middle region of exon 6 of the PDH E1a gene. (Pediatr Res
48: 748–753, 2000)

Abbreviations
ESE, exonic splicing enhancer
mfe, minimum free energy
PDH, pyruvate dehydrogenase
RT-PCR, reverse transcriptase PCR
SR, serine-arginine

PDH complex deficiency is one of the most common defined
genetic defects of mitochondrial energy metabolism (1). It is a
severe disease, which results in early death in the majority of
affected patients (2). Most of the cases are sporadic and result
from a new mutation arising within the germ cells of one of the
parents. However, familial cases have also been described
(3–5).

The majority of the molecular defects of the PDH complex
have been localized in the E1a subunit gene at chromosome
Xp22.1 [gene symbol PDHA1; MIM# 312170; (6)]. More than
120 patients with PDH E1a deficiency have been described,
and at least 75 different mutations in the coding region have
been reported (7). Two cases of splicing out of exon 6 from the
PDH E1a mRNA have been found (8, 9). De Meirleir et al. (8),
studying a family with Leigh’s encephalomyelopathy, found a

partial skipping of the entire exon 6 in two affected boys.
Analysis of the genomic DNA of these individuals revealed a
silent mutation at nucleotide 45 of exon 6 [cDNA position 660
according to Lissens et al. (7)]. Chun et al. (9) found a deletion
of exon 6 in all of the cDNAs examined in a female patient
who died of severe neonatal lactic acidosis. At the genomic
level, this patient was heterozygous for a missense mutation at
nucleotide 13 of exon 6 (cDNA position 628). Although not
experimentally demonstrated, the authors of both studies sug-
gested that the exonic mutations were responsible in some way
for the transcript with the missing exon.

It is estimated that up to 15% of all point mutations causing
human genetic disorders do so by resulting in aberrant mRNA
splicing. The majority of these mutations are located in the
consensus splice sites at the intron/exon borders (10). How-
ever, a small proportion of these mutations affect exon se-
quences that are distinct from the consensus sites (8, 9, 11–20),
but it is not clear how these exonic mutations affect splicing. It
was suggested (8, 11, 18) that the exonic mutations may lead
to aberrant splicing owing to a disruption of the pre-mRNA
secondary structure. Although the exact role of the secondary
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structure of the nuclear-encoded pre-mRNA is not well de-
fined, an influence of this structure on splicing has already been
observed (21–24). Exonic mutations can also influence splicing
when they are located in ESEs. ESEs are sequences that are
internal to exons and function to enhance the specific recog-
nition of splice sites during constitutive and alternative splicing
(25). Most of the ESEs identified are purine-rich, although
other classes of enhancer, such as AC-rich splicing enhancers,
have been identified (26). They contain binding sites for SR-
rich proteins that can activate splicing by binding to enhancers
and recruiting the splicing machinery to the adjacent intron
(27).

In the present study, we have used exon trap analysis to
confirm that the exonic mutations described in the PDH E1a
gene (8, 9) are responsible for the aberrant splicing of exon 6.
Furthermore, we observed a disruption of the wild-type mfe
secondary structure of exon 6, predicted by a computer pro-
gram, in the mutant sequences. Therefore, several other mutant
sequences were prepared by in vitro mutagenesis and studied
by exon trap analysis to verify whether a possible correlation
between the disruption of the predicted secondary structure of
exon 6 and aberrant splicing could be found, but no correlation
was observed. However, a purine-rich sequence in the middle
region of exon 6 could possibly act as an exonic splicing
enhancer.

METHODS

Exonic mutations in the PDH E1a gene leading to aber-
rant splicing. De Meirleir et al. (8) described patient G.D. who
had symptoms suggestive for Leigh’s encephalomyelopathy.
Fifty to 80% of his mRNAs from cultured fibroblasts coding
for the PDH E1a gene lacked exon 6. Sequencing of his
genomic DNA showed an A to G substitution at nucleotide 45
of exon 6 (660A3G; Fig. 1). The glycine at this position
(G185) is not affected by the substitution (GGA3GGG).
Analysis of parts of the boundary introns (32 bp of intron 5 and
61 bp of intron 6) revealed a normal sequence. Chun et al. (9)
described patient 2641, a girl who died of severe neonatal
lactic acidosis within the first 2 wk of life. Studies in cultured
fibroblast showed a deletion of exon 6 in all cDNAs examined.

Amplification of this exon from her genomic DNA revealed
two alleles: a normal one and one with a G to A substitution at
nucleotide 13 of exon 6 (628G3A) that causes an amino acid
change from alanine to threonine (A175T). Sequencing of part
of the boundary introns revealed normal sequences. From
patient G.D., genomic DNA from leukocytes was available for
study. From patient 2641, material was not available and
site-directed mutagenesis was performed using the wild-type
PDH E1a exon 6 as a template (further described) to create the
described mutation.

Splicing experiments. We used the pET01 exon trap vector
from Mobitec (Göttingen, Germany). Part of the PDH E1a
gene from bp 10,325 to 10,700 (28) from a normal control
subject and patient G.D. (mutation 660A3G) were PCR am-
plified using the following primers: sense, EXTR65: 5'-
CAGAGAGATAGGGTTCGAAGG-3' and antisense,
EXTR63: 5'AAGTCAACCAAATTTGAGCTCGCC-3'. These
primers introduced sites for SacI and TaqI restriction enzymes
in the 5' and 3' ends of the fragment, respectively, that were
used for ligation of the PCR fragments into the plasmid. The
PCR amplifications were performed in standard 100-mL reac-
tions, containing 1 mg of genomic DNA, as described previ-
ously (8). After digestion with SacI and TaqI restriction en-
zymes, the expected length of the fragment was 342 bp (130 bp
of intron 5, 93 bp of exon 6, and 119 bp of intron 6). These
fragments were then inserted into the pET01 vector digested
with SacI and ClaI restriction enzymes, and transformed into
Escherichia coli strain HB101 (29). The colonies containing
the recombinant vectors were selected by restriction enzyme
treatment with KpnI and were further sequenced (T7-sequenase
kit V 2.0, Amershan Life Science, Roosendaal, The Nether-
lands) using primers ETS1: 5'-GTGAGAATCCTTCCTTA-
AGTC-3' and ETS3: 5'-CCTACACATCCTGTTACCA-3'. For
the vectors containing the correct sequence, a large plasmid
preparation was made using Qiagen Plasmid Purification Maxi
Kit (Hilden, Germany). Purified plasmids were further used for
transfections in COS-7 cells. Transfections were performed
using the DEAE-Dextran method as described in the Exon
Trap manual. After 72 h, the cells were harvested and prepared
for total RNA extraction. All transfections were performed in
triplicate.

RNA extraction and RT-PCR. Total RNA was isolated from
COS-7 cells using SV Total RNA Isolation System (Promega,
Madison, WI, U.S.A.). The reverse transcription was per-
formed with 2.5 mg of total RNA in a 33-mL reaction using the
First-Strand cDNA Synthesis Kit (Amersham Pharmacia Bio-
tech, Roosendal, The Netherlands) according to the instruc-
tions of the manufacturer. As a control for contamination with
genomic DNA, duplicate samples were used for reverse tran-
scription, in which reverse transcriptase was not added to the
mixture in one sample. The primer used for the first-strand
cDNA synthesis was primer 3: 5'-CTCCCGGGCCACCTC-
CAGTGCC-3'. For the PCR reaction, the sense primer 2:
5'-GAGGGATCCGCTTCCTGCCCC-3' and the antisense
primer 3 were used. The amplification took place in 25-mL
reactions, containing 2.5 mL of cDNA, 10 mM Tris-HCl, 50
mM KCl, 1 mM MgCl2, 200 mM dNTPs, 300 nM of each
primer, and 1 unit of AmpliTaq Gold (Perkin Elmer,

Figure 1. Sequence of exon 6 of the PDH E1a gene. Bases 1 and 93
correspond to cDNA positions 616 and 708, respectively. The purine-rich
region is localized between bp 43 and 50. When mutated, the outlined bases
showed the ability to enhance the inclusion of exon 6 in the final mRNA; the
bases inside the boxes caused exon skipping, and the base in italic does not
interfere in the splicing process. The underlined sequence represents the
probable regulatory splicing region.

749EXONIC MUTATIONS AND EXON SKIPPING IN PDHA1



Zaventem, Belgium). The conditions were 95°C for 12 min and
20 cycles of 94°C for 45 s, 59°C for 45 s, and 72°C for 1 min,
with a final extension of 10 min at 72°C. The products were
visualized on 2.5% agarose gels stained with ethidium bro-
mide; part of the products were used for sequencing. When a
PCR reaction resulted in two fragments, these fragments were
separated on a 15% polyacrylamide gel and cut out to be
sequenced.

To determine the optimal conditions, PCRs were run for 16,
18, 20, 22, 24, 26, and 28 cycles. Using 20 cycles, the PCR was
still in the logarithmic phase. All the RT-PCRs were performed
three times using RNA from different transfections.

Calculation of the mfe pre-mRNA secondary structures.
The mfe pre-mRNA secondary structures were calculated us-
ing the program RNAdraw V1.1 (30). The calculations were
imported from the RNA fold program included in the Vienna
RNA package (31).

Site-directed mutagenesis. Site-directed mutagenesis was
performed using the Quick Change Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA, U.S.A.). The double-stranded
vector containing wild-type exon 6 of the PDH E1a gene was
used as a template for all mutageneses with an exception for
mutation 7081118T3C, for which the plasmid containing
mutation 628G3A was used as a template. Primers used are
listed in Table 1. Positions of mutations in exon 6 are shown in
Fig. 1. The results of all the mutagenesis studies were con-
firmed by sequence analysis.

RESULTS

Cloning and expression of normal and mutant exon 6 E1a
sequences. To verify whether the exonic mutation found in
patient G.D. [660A3G, (8)] was responsible for the splicing
out of exon 6, we used the exon trap approach. Plasmids
containing wild-type or mutant 660A3G exon 6 were trans-
fected in COS-7 cells. RT-PCR from total RNA was performed
and resulted in almost equal quantities of amplification prod-
ucts of 339 bp and 246 bp for the wild-type (Fig. 2A, lane 3),
and a product of 246 bp and a barely detectable product of 339
bp for mutant 660A3G (Fig. 2A, lane 4). Sequencing revealed
that the product of 339 bp contained the PDH E1a exon 6 plus

insulin exonic sequences (derived from the vector) and that the
product of 246 bp contained only the insulin exonic sequences
without exon 6.

The other exonic mutation leading to aberrant splicing of
exon 6 of the PDH E1a gene was described in patient 2641
from the study by Chun et al. (9). To verify whether this
mutation 628G3A (G to A substitution at nucleotide 13 of
exon 6) was also responsible for the aberrant splicing, a
site-directed mutagenesis in exon 6 from the wild-type PDH
E1a gene was performed, mimicking the described mutation.
After transfections in COS-7 cells, we observed complete
splicing out of exon 6 for this sequence (Fig. 2B, lane 5).

An updated computer program, RNAdraw V1.1 (30), was
used to predict the mfe secondary structures of the 93 bp from
exon 6 in wild-type, mutant 660A3G, and mutant 628G3A
(data not shown). By comparison of the predicted structures, it
was observed that both mutations disrupt the wild-type
conformation.

Site-directed mutagenesis based on predicted mfe pre-
mRNA secondary structures. Because the exonic mutations in
the PDH E1a gene affect splicing and disrupt the predicted
wild-type secondary structure, we decided to test whether there
is a relationship between the disruption of the predicted sec-
ondary structure and the splicing out of exon 6. For this
purpose, site-directed mutagenesis in this exon was performed
based on the RNAdraw program.

The first mutagenesis was designed in a way such that
disruption of the mfe secondary structure of exon 6 was
obtained without changing the amino acid glycine (G195). It
was a C to A substitution at nucleotide 75 of exon 6
(690C3A). Transient transfection of the mutated construct in
COS-7 cells showed, by RT-PCR, two amplification products
of 339 bp and 246 bp (Fig. 2B, lane 4). The ratio between the
intensity of these products was similar to that found in the
wild-type construct.

When predicting the secondary structures above, we fol-
lowed the same procedure as Chun et al. (9), Steinsgrimsdottir
et al. (11), and Fukao et al. (12). These authors took into
consideration only the exonic sequences for predicting the mfe
pre-mRNA structures, and interactions between exonic/

Table 1. Primers used for mutagenesis

Mutation Primer*

628G3A 1. 59-GGTAGGTGCCCCTGGGCACTGGGATTGCTCTAGCC-39
(patient 2641) 2. 59-GGCTAGAGCAATCCCAGTGCCCAGGGGCAGCTAAC-39
690C3A 1. 59-CTGGTTAGCAGCACCATCTCCATATAAAGTCAGGCAG-39

2. 59-CTGCCTGACTTTATATGGAGATGGTGCTGCTAACCAG-39
666T3C 1. 59-CCTGTAAGTATAATGGAAAAGACGAGGTCTGCCTGACTTTATATG-39

2. 59-CATATAAAGTCAGGCAGACCTCGTCTTTTCCATTATACTTACAGG-39
671T3C 1. 59-GTATAATGGAAAAGATGAGGCCTGCCTGACTTTATATGGCG-39

2. 59-CGCCATATAAAGTCAGGCAGGCCTCATCTTTTCCATTATAC-39
7081118T3C 1. 59-GAAATAGCAAGTCCTATGGTGAGCTCGGTACCTATTTGG-39

2. 59-CCAAATAGGTACCGAGCTCACCATAGGACTTGCTATTTC-39
661A3C 1. 59-CCTGTAAGTATAATGGACAAGATGAGGTCTGCCTG-39

2. 59-CAGGCAGACCTCATCTTGTCCATTATACTTACAGG-39
640delAA 1. 59-CTGTAAGTATAATGG_ _AAGATGAGGTCTGCCTGAC-39

2. 59-GTCAGGCAGACCTCATCTT_ _CCATTATACTTACAG-39

* The underlined nucleotides correspond to the mutated or deleted ones.
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intronic sequences in the folding of the pre-mRNA were not
considered. Again using the RNA draw program, we redrew
the structures of wild-type and mutant (660A3G, 628G3A,
and 690C3A) exon 6 of the PDH E1a gene, but this time
taking into consideration part of the surrounding introns (Fig.
3, A–D). We observed that at least 150 bp of each intron had
to be included in the calculations to obtain a stable structure.

To test the hypothesis that the predicted mfe secondary
structure of exon 6 influences the splicing process, we designed
three new mutations, based on calculated structures including
intronic sequences: 1) a T3C substitution at nucleotide 51 of
exon 6 (mutation 666T3C); this mutation does not change the
amino acid asparagine (D187) but the wild-type pre-mRNA
secondary structure is disrupted (Fig. 3E); 2) a T3C substi-
tution at nucleotide 56 of exon 6 (mutation 671T3C). The
amino acid valine is changed into an alanine (V189A), and the
pre-mRNA secondary structure is the same as for the wild-
type; 3) a mutation that does not affect the consensus splice
sequences was made in intron 6 (T to C substitution 118 bp
downstream of the 5' splice site of intron 6 mutation
7081118T3C) in the construct containing mutation
628G3A. This mutation was designed in a way such that the
disrupted secondary structure of exon 6 containing mutation
628G3A was reverted to the wild-type.

After mutagenesis and expression in COS-7 cells, we ob-
served that the mutation 671T3C, with a conserved secondary
structure, showed RT-PCR fragments of 339 bp and 246 bp
(Fig. 2C, lane 5). The ratio between the intensity of fragments
retaining and of those skipping exon 6 was higher in this

construct when compared with the wild-type. However, the
construct containing mutation 666T3C, with a disrupted sec-
ondary structure, also showed these two fragments and in the
same proportions as mutation 671T3C (Fig. 2C, lane 4). The
double construct with mutation 7081118 T3C showed 100%
skipping of exon 6 (Fig. 2C, lane 6).

Mutation in a purine-rich region of exon 6 of the PDH
E1a gene. The mutation of patient G.D. is located in a
purine-rich region that could be acting as an ESE (Fig. 1). We
decided to test whether this is a conserved region for the
recognition of exon 6 by the spliceosome complex. For this
reason, we constructed two new mutations: 1) an A3C sub-
stitution at nucleotide 46 of exon 6 (mutation 661A3C); the
amino acid lysine is changed to glutamine (K186Q); and 2) a
deletion was made to remove two of the four consecutive
adenines of the purine-rich region (mutation 660delAA).

After transfection in COS-7 cells, we observed RT-PCR
fragments of 339 bp and 246 bp for both mutations (Fig. 2D,
lanes 4 and 5). The ratio between the intensity of the fragments
retaining and of those skipping exon 6 was higher in these
constructs when compared with the wild-type.

DISCUSSION

In the present study, we demonstrate by using exon trap
analysis that the two exonic mutations described in exon 6 of

Figure 2. RT-PCR analysis of the PDH E1a gene exon 6. Total RNA was
isolated from transiently transfected COS-7 cells and used for RT-PCR
analysis. Representative results for triplicate experiments are shown. In all the
figures, lanes 1 to 3 correspond to mock-transfected cells, cells transfected
with empty vector and wild-type, respectively. A, lane 4, mutant 660A3G.
The wild-type constuct (lane 3) shows two bands: the upper band (339 bp)
contains exon 6, whereas in the lower band (246 bp), exon 6 is lost. In the
mutant sequence of patient G. D. (lane 4), we observed mainly the 246-bp
band, indicating that most of the mRNA has lost exon 6. B, lanes 4 and 5,
mutant 690C3A and mutant 628G3A, respectively. Mutant 628G3A (lane
5) contains only the band of 246 bp, indicating that all of the mRNA skipps
exon 6. Mutant 690C3A (lane 4) maintains the same pattern as wild-type. C,
lanes 4–6, mutants 666T3C, 671T3C and 7081118T3C, respectively.
Mutants 666T3C and 671T3C (lanes 4 and 5, respectively) show the same
pattern of splicing as wild-type. The ratio between the intensities of the
fragments retaining (339 bp) and having lost exon 6 (246 bp) were higher in
these mutants than in the wild-type. Mutant 7081118T3C (lane 6) had 100%
skipping of exon 6. D, lanes 4 and 5, mutants 661A3C and 660delAA,
respectively. Both mutants show the same pattern of splicing as wild-type, but
the ratio between the intensity of the fragments retaining and skipping exon 6
is higher in the mutants than in the wild-type. Markers (M) for A, B, and C, 64
to 587 bp; marker for D, 124 to 2176 bp (Boehringer Mannheim, Brussels,
Belgium). Figure 3. View of part of the predicted pre-mRNA mfe secondary structure

of exon 6 and part of the boundary introns of the PDH E1a gene. A, wild-type.
B, mutation 660G3A (patient G. D). C, mutation 628A3G (patient 2641). D,
mutation 690C3A. E, mutation 666T3C. The exonic sequence is in bold,
and the arrows indicate the mutated bases.
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the PDH E1a gene (8, 9) indeed cause aberrant splicing of this
exon. Several cases of exonic mutations presumed to lead to
aberrant splicing have been described in the literature, but in
only three studies, splicing experiments were developed to
demonstrate the causal relationship between both [(12, 13) and
the present study].

In several instances, it has been suggested that disruption of
the pre-mRNA secondary structure might be at the basis of the
aberrant splicing. In general, computer programs are used to
predict the pre-mRNA mfe secondary structures (18, 22, 32),
some of which have been experimentally confirmed (21, 24).
To test the hypothesis of pre-mRNA secondary structure dis-
ruption for exon 6 of the PDH E1a gene, we decided to use the
calculations of the RNAdraw program (30) taken by the RNA
fold program from the “Vienna RNA package” [RNA fold
(31)], a program that has been shown to generate well-
determined structures (33, 34). As a first approach, we decided
to use only the 93 bp of exon 6 of the gene in the mfe
calculations. However, as exonic sequences can interact with
intronic sequences in the pre-mRNA (21, 23) and these inter-
actions might be indispensable for obtaining a well-stabilized
structure, we decided to change the strategy by including
sequences from the surrounding introns. Nevertheless, the
mutations did, in both cases, disrupt the predicted secondary
structure of the wild-type pre-mRNA sequence. These results
urged us to further study the hypothesis by designing several
new mutations that retain, disrupt, or restore the predicted
wild-type mfe secondary structure (690C3A, 666T3T,
671T3C, 628G3A 1 7081118T3C). These mutations
were created in the exon trap construct by site-directed mu-
tagenesis and studied by exon trap analysis. However, no
correlation could be found between the predicted structures and
the splicing patterns.

A few reasons could be found to explain the lack of corre-
lation between the predicted structures and the splicing pat-
terns. First of all, the pre-mRNA secondary structure predicted
by the RNAdraw program does not reflect the conformation of
this RNA in vivo. Besides the fact that only part of the gene is
taken into consideration for structure calculations, the com-
puter program also does not take into account that these
structures might be influenced by specific interactions of
RNA–protein complexes such as the hnRNP A1 protein that
might help to define the borders of mammalian introns (35, 36).
A second possibility is that the predicted secondary structure
exists but that it does not interfere in the splicing process.
Indeed, Eperon et al. (37) have shown that the pre-mRNA
secondary structure only sequesters splicing sites effectively
when an alternative site is provided. When the alternative site
is inactivated, the otherwise blocked site is used in vivo. Such
sites might be revealed by an RNA duplex-unwinding activity,
or by helix destabilization activity found in hnRNP prepara-
tions. In mammals, three putative helicases involved in mam-
malian pre-mRNA splicing have been identified, but their
interactions with splicing sites have not yet been determined
(38).

Nevertheless, we observed that the two mutations (660de-
lAA and 661A3C) constructed in the purine-rich region of
exon 6 were favoring the inclusion of this exon in the final

mRNA, when compared with the wild-type construct. Several
studies have demonstrated that splicing of pre-mRNAs con-
taining weak 3' splice site consensus sequences require splicing
enhancer elements for activity (39–41). Nonsense mutations
localized in ESEs are able to cause skipping of the respective
exon, owing to a disruption of the interactions between an ESE
and SR-rich proteins (27, 42). When comparing the purine-rich
sequence of exon 6 (TGGAAAAGA) with ESE sequences
published by Schaal and Maniatis (43), we observed that
indeed the purine-rich sequence after mutation 660delAA (TG-
GAAGA) becomes more similar to a published ESE (YG-
GAGA, where Y is a pyrimidine), and the mutation 661A3C
produced a sequence that was shown to be part of the IgM M2
enhancer and three other ESEs identified by the SELEX tech-
nique (GGACAAGA—the underlined sequences are conserved
and the three nucleotides in the middle are variable). It is
possible that the mutation 660A3G is localized in an impor-
tant site of specific protein binding, leading to aberrant splic-
ing. The new mutations produced in this region could make
this site more favorable for being recognized by this or other
proteins. Mutagenic studies in ESEs of the human b-globin
gene support this theory. It was shown for this gene that a point
mutation and a double mutation in an ESE did not affect the
normal splicing of exon 2. Indeed, these mutations lead to
increased binding of a new, unidentified 70-kD protein. Inter-
estingly, the authors found in another ESE that a point muta-
tion, which does not change the amino acid sequence, had a
dramatic effect on the mRNA splicing efficiency (27). Taking
together the mutations of patient G.D., 660delAA, 661A3C,
666T3C, and 671T3C, we can delimit a region of 12 bp
(between bp 42 and 56, Fig. 1) where the sequence changes are
actively affecting splicing (inhibiting or enhancing the correct
splicing of exon 6). This region could probably be a regulatory
splicing region.

The in vivo splicing experiments in COS-7 cells result in
either complete (mutation 628G3A) or almost complete (mu-
tation 660A3G) skipping of the PDH E1a exon 6 for the
mutant sequences, whereas approximately 50% skipping was
observed for wild-type exon 6. The appearance of a faint band
containing exon 6 for mutant 660A3G is in agreement with
the in vivo situation in which only partial skipping of this exon
is observed. The 50% skipping observed for the wild-type exon
6 sequence could possibly be explained on the basis that the
weak 3' splice site of exon 6 requires an ESE to be recognized
by the spliceosome complex. This splice site indeed shows the
lowest value of the entire PDH E1a gene when 3' and 5' splice
site consensus values are calculated according to Shapiro and
Senapathy (44). Absence or reduced production of a protein to
interact with the ESE(s) in COS-7 cells could explain the
partial skipping observed for this exon. The increased inclusion
of exon 6 by the mutants could be explained by a better
recognition of this protein or by the change of a site that is
recognized by another protein that is present in these cells.
Although specific SR-rich protein binding sites have been
identified, individual SR-rich proteins are capable of recogniz-
ing a broad spectrum of weakly related sequences (27).
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In conclusion, we could demonstrate for the first time that
exonic mutations lead to aberrant splicing in the PDH E1a
gene. We did not observe a relationship between disruption of
the predicted secondary structure of the pre-mRNA and exon
skipping. The mutagenic studies performed suggest the pres-
ence of a regulatory splicing region, most probably an ESE,
localized in the middle region of exon 6 of the PDH E1a gene.
Further experiments should be performed to define this regu-
latory element and its respective protein interactions.
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