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ABSTRACT A cDNA clone (1423 base pairs) comprising
the entire coding region of the precursor form of the a subunit
of pyruvate dehydrogenase (Ela) has been isolated from a
human liver cDNA library in phage Agtll. The first 29 amino
acids deduced from the open reading frame correspond to a
typical mitochondrial targeting leader sequence. The remain-
ing 361 amino acids, starting at the N terminus with phenyl-
alanine, represent the mature mitochondrial Ela peptide. The
cDNA has 43 base pairs in the 5' untranslated region and 210
base pairs in the 3' untranslated region, including a polyaden-
ylylation signal and a short poly(A) tract. The nucleotide
sequence of human liver Ela cDNA was confirmed by the
nucleotide sequences of three overlapping fragments generated
from human liver and fibroblast RNA by reverse transcription
and DNA amplification by the polymerase chain reaction. This
consensus nucleotide sequence of human liver Ela cDNA
resolves existing discrepancies among three previously re-
ported human Eja- cDNAs and provides the unambiguous
reference sequence needed for the characterization of genetic
mutations in pyruvate dehydrogenase-deficient patients.

Mammalian pyruvate dehydrogenase complex (PDC) is com-
posed of multiple copies of pyruvate dehydrogenase (E1;
pyruvate:lipoamide 2-oxidoreductase, EC 1.2.4.1), dihydro-
lipoamide acetyltransferase (E2), dihydrolipoamide dehydro-
genase (E3), E1 kinase, phospho-E1 phosphatase, and a
protein, X, of unknown function (1-3). E1 consists of two
nonidentical subunits, a and 13, and has a tetrameric (a2f2)
structure (1). E1 catalyzes the irreversible decarboxylation of
pyruvate, which is the rate-limiting step in the overall reac-
tion of the complex (1). The activity of E1 is regulated by the
phosphorylation/dephosphorylation of three specific serine
residues in the Ela polypeptide (1). The amino acid sequence
of human E1a has been deduced from the deoxynucleotide
sequence ofcDNA clones isolated from human fetal liver (4),
hepatoma (5), and cultured foreskin fibroblast (6) cDNA
libraries. There are major discrepancies among these Ela
cDNA sequences.

Subjects with diminished PDC activity have lactic acidosis
and varying degrees of neurologic disability (7, 8). Enzymatic
studies of PDC-deficient patients show that the majority of
these patients have low levels ofE1 activity but normal levels
of E2 and E3 activities (8-10). A subset of patients with low
E1 activity may have a defect in E1 activation (11). Other
patients lack one or both of the subunit proteins (10-12).
Since many E1-deficient patients have normal amounts of
both E1 subunit proteins (10), at least one of the two subunits
may be catalytically inactive. In many ofthese patients, there
is no definitive way to determine whether the a or , subunit
is affected.

Recently our laboratory has begun to analyze Ela and E1f3
cDNA sequences ofpatients with E1 deficiency. Our analysis
has been hampered by the lack of consistency among the
published deoxynucleotide sequences for E1a (4-6). Differ-
ences that exist among the published sequences in certain
regions compound the difficulty in determining whether the
E1a sequence of El-deficient patients at certain sites is
normal or mutated. To facilitate the analysis of mutant Ela
cDNAs, we have generated an unambiguous sequence for
human E1a cDNA. The authenticity of this sequence was
validated by several techniques including multiple sequenc-
ing and restriction endonuclease analysis of independent Eia
cDNA clones, sequence analysis of multiple clones generated
by reverse transcription and the polymerase chain reaction
(PCR), and S1 nuclease analysis of total human RNA.$

MATERIALS AND METHODS
Isolation of cDNA Clones. Isolation and partial character-

ization of a cDNA clone specific for E1a (AE1al) from a
human liver cDNA library in bacteriophage Agtll have been
reported (10). A second Ela cDNA clone (AE1a2), larger than
the AElal cDNA, was isolated by rescreening the same
human liver Agtll cDNA library with a 32P-labeled oligode-
oxynucleotide probe generated from the AE1al cDNA by the
random priming method (13).
Sequence Analysis of cDNAs. The two Agtll recombinants

(AE1al and AE1a2) were digested with EcoRI, and the
resultant cDNA fragments were subcloned into M13mpl9.
Overlapping M13mpl9 deletion clones were generated by a
single-strand directional deletion method (14). Deoxynucle-
otide sequencing of single-stranded M13mpl9 DNA was
performed by the dideoxy chain-termination method employ-
ing the M13 universal primer and a modified phage T7 DNA
polymerase (Sequenase, United States Biochemical) (15).
Regions on the two cDNAs that were not conveniently
covered by the directional deletion cloning procedure were
sequenced by using synthetic oligodeoxynucleotide primers
based on the sequence analysis of our Ela cDNAs. Fig. 1
presents the sequencing strategies as well as a partial restric-
tion endonuclease map of human liver E1a cDNAs.
Enzymatic Amplification of Ela RNA by PCR. A human

liver specimen was obtained 12 hr after death from a subject
with unexplained lactic acidosis in the presence of normal
PDC activity. A fresh human foreskin specimen was obtained
by circumcision. Total cellular RNA was isolated from hu-
man tissue specimens or cultured cells [skin fibroblasts and
hepatoma (NPLC) cells] by extraction with guanidinium

Abbreviations: E1, pyruvate dehydrogenase; E2, dihydrolipoamide
acetyltransferase; E3, dihydrolipoamide dehydrogenase; PDC, pyru-
vate dehydrogenase complex; PCR, polymerase chain reaction.
§To whom reprint requests should be addressed.
1The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M24848).
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isothiocyanate and centrifugation through a cesium chloride
gradient (16). One to four micrograms of total RNA was
reverse-transcribed in a final volume of 20 ,ul for 30 min at
42°C in the presence of 13 units of Moloney murine leukemia
virus reverse transcriptase (Boehringer Mannheim) and 10
pmol of antisense oligodeoxynucleotide primers complemen-
tary to the sequence in Ela mRNA (17). The reaction mixture
was subsequently adjusted to a final volume of 100 ,l
containing 2.5 units of Thermus aquaticus (Taq) polymerase
and 50 pmol each of the same antisense primer and a specific
sense primer (17). Each round of amplification consisted of
denaturation at 95°C (1 min), annealing at 42°C (2 min), and
primer extension at 72°C (3.5 min). Forty-five to fifty rounds
of amplification were performed using a DNA Thermal
Cycler (Perkin-Elmer/Cetus). Three sets of sense and an-
tisense primers were utilized in the generation of overlapping
cDNA clones from total RNA; the clones spanned the entire
coding region as well as portions of the 5' and 3' untranslated
regions of human Eia mRNA (Fig. 1). The 5' -+ 3' deoxy-

nucleotide sequences of these primers are identified as bases
ofthe AE1a2 cDNA sequence in Fig. 2: set 1, antisense primer
complementary to bases 1356-1336 and sense primer iden-
tical to bases 673-693; set 2, antisense primer complemen-
tary to bases 740-717 and sense primer identical to bases
252-272; set 3, antisense primer complementary to bases
397-378 and sense primer identical to a stretch of 21 deoxy-
nucleotides (TCTGCTGGGGCACCTGAAGGA) from the 5'
untranslated region of the human fetal liver Ela cDNA (4).
This sense primer extended the 5' end ofthe AE1a2 cDNA by
an additional 27 base pairs (bp). The amplified products were
cloned into pBluescript plasmid (Stratagene), and dideoxy
DNA sequencing was performed using either double-
stranded plasmid DNA or single-stranded phage DNA in-
duced from the pBluescript transformants in the presence of
the helper phage M13K07 (18).

S1 Nuclease Protection Assay. The 875-bp EcoRI-Apa I
fragment (bases 1-875) of the AEla2 cDNA (Fig. 1) was
subcloned into pBluescript. The recombinant plasmid was
linearized by digestion with Xba I at the pBluescript poly-
linker region and was used as template in a T3 polymerase
reaction in the presence of [a-32P]UTP essentially as de-
scribed in the Bluescript DNA sequencing system instruction
manual (Stratagene). The resultant 925-base labeled an-
tisense RNA transcript (consisting of 875 bases complemen-
tary to the AE1a2 cDNA and 50 bases derived from the
vector) was hybridized to total human RNA (19). Single-
stranded RNAs, including unhybridized probe or regions on

the antisense probe that did not hybridize with human E1a
mRNA, were digested to completion with S1 nuclease (Boeh-
ringer Mannheim; 510 units at 45°C for 45 min) (19). The
protected RNA products were resolved in a denaturing 8.3 M
urea/4% polyacrylamide gel and radioactive bands were
visualized by autoradiography.

RESULTS AND DISCUSSION
Characterization of Human Eja cDNAs. The isolation and

partial characterization of an E1a cDNA clone (AE1al) from
the human Agtll cDNA library were reported previously (10).
The complete nucleotide sequence analysis of this cDNA
revealed an open reading frame encoding a peptide that is
identical to the first 20 amino acids from the N terminus of
purified bovine heart E1a (20) and that contains the three
phosphorylation sites of porcine heart E1a (21). However,
the translation initiation codon ATG was not present in the
AE1al cDNA. A larger E1a cDNA clone (AE1a2) was there-
fore isolated by rescreening the human liver Agtll library
with a 32P-labeled AE1al cDNA probe generated by the
random priming reaction. Nucleotide sequence analysis
showed that the overlapping regions of AE1al and AE1a2
cDNAs were identical (Fig. 1).
The complete nucleotide sequence of human liver E1a

cDNA (AE1a2) as well as the deduced amino acid sequence
of the E1a prepeptide are presented in Fig. 2. The AE1a2
cDNA contains 1423 bp, including 13 adenines at the 3' end
of the clone. The largest open reading frame, starting at base
44, comprises 1170 nucleotides and encodes an Ela prepep-
tide of 390 amino acid residues (Fig. 2). Starting at base 53
within the same open reading frame is a codon for a second
potential translation initiation methionine. Translation start-
ing at base 44 or 53 would give an Ela prepeptide with a
calculated molecular mass of 43,246 or 42,831 daltons, re-
spectively. Both these values approximate the estimated
molecular mass of 44,500 daltons for Ela prepeptide from
cultured porcine kidney cells, based on sodium dodecyl
sulfate/polyacrylamide gel electrophoresis (22). However,
nucleotide sequences surrounding either of these potential
translation initiation sites do not conform to the hypothesized
characteristics for eukaryotic translation initiation (23). Pres-
ently, it is not possible to determine which of the two is the
translation initiation site in vivo. The N-terminal amino acid
of the mature E1a peptide (mitochondrial form) is phenylal-
anine (amino acid 1 in Fig. 2) based on the amino acid
sequence ofbovine heart E1a (20). If translation starts at base
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CTGGGTTGTGAGGAGTCGCCGCTGCCGCCACTGCCTGTGCTTC ATG AGG AAG ATG CTC GCC GCC GTC TCC
M R K M L A A V S

-29
CGC GTG CTG TCT GGC GCT TCT CAG AAG CCG GCA AGC AGA GTG CTG GTA GCA TCC CGT AAT
R V L S G A S Q K P A S R V L V A S R N

-1

TTT GCA AAT GAT GCT ACA TTT GAA ATT AAG AAA TGT GAC CTT CAC CGG CTG GAA GAA GGC
F A N D A T F E I K K C D L H R L E E G
T
CCT CCT GTC ACA ACA GTG CTC ACC AGG GAG GAT GGG CTC AAA TAC TAC AGG ATG
P P V T T V L T R E D G L K Y Y R M

ACT GTA CGC CGA ATG GAG TTG AAA GCA GAT CAG CTG TAT AAA CAG AAA ATT ATT
T V R R M E L K A D Q L Y K Q K I I

TTC TGT CAC TTG TGT GAT GGT CAG GAA GCT TGC TGT GTG GGC CTG GAG GCC GGC
F C H L C D G Q E A C C V G L E A G

CCC ACA GAC CAT CTC ATC ACA GCC TAC CGG GCT CAC GGC TTT ACT TTC ACC CGG
P T D H L I T A Y R A H G F T F T R

TCC GTC CGA GAA ATT CTC GCA GAG CTT ACA GGA CGA AAA GGA GGT TGT GCT AAA
S V R E I L A E L T G R K G G C A K

GGA GGA TCG ATG CAC ATG TAT GCC AAG AAC TTC TAC GGG GGC AAT GGC ATC GTG
G G S M H M Y A K N F Y G G N G I V

CAG GTG CCC CTG GGC GCT GGG ATT GCT CTA GCC TGT AAG TAT AAT GGA AAA GAT
Q V P L G A G I A L A C K Y N G K D

TGC CTG ACT TTA TAT GGC GAT GGT GCT GCT AAC CAG GGC CAG ATA TTC GAA GCT
C L T L Y G D G A A N Q G Q I F E A

ATG GCA GCT TTG TGG AAA TTA CCT TGT ATT TTC ATC TGT GAG AAT AAT CGC TAT
M A A L W K L P C I F I C E N N R Y

GGA ACG TCT GTT GAG AGA GCG GCA GCC AGC ACT GAT TAC TAC AAG AGA GGC GAT
G T S V E R A A A S T D Y Y K R G D

CCT GGG CTG AGA GTG GAT GGA ATG GAT ATC CTG TGC GTC CGA GAG GCA ACA AGG
P G L R V D G M D I L C V R E A T R

GCT GCC TAT TGT AGA TCT GGG AAG GGG CCC ATC CTG ATG GAG CTG CAG ACT TAC
A A Y C R S G K G P I L M E L Q T Y

CAC GGA CAC AGT ATG AGT GAC CCT GGA GTC AGT TAC CGT ACA CGA GAA GAA ATT
H G H S M S D P G V S Y R T R E E I

GTA AGA AGT AAG AGT GAC CCT ATT ATG CTT CTC AAG GAC AGG ATG GTG AAC AGC
V R S K S D P I M L L K D R M V N S

GCC AGT GTG GAA GAA CTA AAG GAA ATT GAT GTG GAA GTG AGG AAG GAG ATT GAG
A S V E E L K E I D V E V R K E I E

GCC CAG TTT GCC ACG GCC GAT CCT GAG CCA CCT TTG GAA GAG CTG GGC TAC CAC
A Q F A T A D P E P P L E E L G Y H

TCC AGC GAC CCA CCT TTT GAA GTT CGT GGT GCC AAT CAG TGG ATC AAG TTT AAG
S S D P P F E V R G A N Q W I K F K

AGT TAA GGG GAG GAG AAG GAG AGG TTA TAC CTT CAG GGG GCT ACC AGA CAG TGT
S

CTT GGT TAA GGA GGA AGA AAA CCC AGT CAA TGA AAT TCA ATG AAA TTC TTG GAA

ATT AAG TGT GTA GAT TGA GCA GGT AGT AAT TGC ATG CAG TTT GTA CAT TAG TGC
AGA TGA ATT ATT GAG TGC TTA A" MA AMA A

44 of the AEla2 cDNA, the Ela leader peptide is composed
of 29 amino acids, and the mature human Ela peptide
contains 361 amino acids with a calculated molecular mass of
40,183 daltons. This is consistent with the estimated molec-
ular mass of 41,000 daltons for bovine kidney Ela (1).
The accuracy of the human liver E1a cDNA sequence

shown in Fig. 2 was verified by (i) single-strand deoxynucle-
otide sequencing ofthe AE1a2 cDNA in both directions and (ii)
sequence identity between AE1al and AE1a2 cDNAs in the
overlapping region (1362 bp). In addition, we independently
isolated human E1a cDNA clones that were derived by reverse
transcription of total RNA isolated from cultured human skin
fibroblasts as well as a human liver specimen from an E1-
deficient patient (10) in the presence of specific antisense E1a
primers followed by DNA amplification using the PCR. Deox-
ynucleotide sequence analyses of the overlapping E1a cDNA
clones from this patient revealed that the composite human
Ela cDNA sequence was identical to normal human liver Ela
cDNA shown in Fig. 2, indicating that the mutation is not
present in the E1a mRNA of this patient. The consistency of
our findings over independent cDNA clones that were derived
from different cDNA cloning paradigms and from different
tissues argues for the authenticity of the human E1a cDNA
sequence as presented in Fig. 2.
To date, three cDNA sequences for normal human Ela

have been published: a human fetal liver cDNA (4), a human
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FIG. 2. Deoxynucleotide and deduced
amino acid sequences of human liver E1a
(AEla2) cDNA. Nucleotides and deduced amino
acids (in single-letter codes) are numbered on
the right. If translation is initiated at the first
methionine, the 29 amino acids of the deduced
signal peptide are amino acids -29 to -1. The
broken underline identifies the 20 amino acids
that matched perfectly with a sequence of 20
amino acids that we have derived, starting with
the N-terminal residue, from purified bovine
heart E1a (10). Two peptides containing the
three phosphorylation sites are identified by
double underlining. A polyadenylylation signal
is underlined.

hepatoma cDNA (5), and a cultured human foreskin fibro-
blast cDNA (6). The sequences of all three cDNAs are
significantly different from one another (Fig. 3). Discrepan-
cies ranging from single base alterations (such as insertions,
deletions, and substitutions) to major deletions resulting in
large reading-frame shifts of up to 64 amino acids as well as
a deletion of 93 consecutive bases are distributed at 14
locations in the coding and 3' untranslated regions (Fig. 3;
refs. 4-6). Since the three published Ela cDNA sequences
differ from one another, it was not possible to accurately
identify the DNA sequence of normal human Eia mRNA.
Now, with the addition of information we have obtained on
the sequence of human liver and skin fibroblast Ela cDNAs,
we are able to resolve the discrepancies among the published
Ela cDNA sequences.
The most prominent discrepancy among the three pub-

lished sequences ofhuman Ela cDNA is the absence from the
sequence reported for foreskin fibroblast cDNA (6) of a
stretch of 93 nucleotides that was present in the human fetal
liver and hepatoma Ela cDNAs (Fig. 3; refs. 4 and 5) and in
our human liver Ela cDNA (Fig. 2, bases 555-647). The loss
of 31 amino acids due to the 93-base deletion was compen-
sated in the foreskin fibroblast cDNA by two base insertions
(both are guanine, at bases 1120 and 1153 of AEla2 in Fig. 2)
that caused two reading-frame shifts in the deduced sequence
of the 31 C-terminal amino acids in Fig. 2 as well as bypassing
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of the stop codon at bases 1214-1216. Translation in the
foreskin fibroblast cDNA would continue to base 1310 for an
additional 33 amino acids (6), thus maintaining the overall
size of the mature peptide (Fig. 3).
The 93-base deletion found in the cultured foreskin fibro-

blast Ela cDNA (6) may reflect the presence of a human E1a
isozyme. We previously reported (24) a case of E1 deficiency
in which the defect was expressed in the patient's liver, heart,
and muscle but was only partially expressed in kidney and
was not expressed in cultured skin fibroblasts. It is therefore
possible that tissue-specific expression of E1 isozymes may
be the basis of this observation. To determine whether the
93-base deletion found in the foreskin Ela cDNA is present
in other human cell types, we surveyed human tissue spec-
imens and cultured cells by two independent experimental
approaches. In one set ofexperiments, a 32P-labeled 925-base
antisense RNA probe (complementary to bases 1-875 of the
AE1a2 cDNA plus 50 bases from the vector) was used for
Si-protection analysis of total RNA isolated from a human
liver specimen, human hepatoma (NPLC) cells, human skin
fibroblasts, and human glioblastoma cells (A172). Total RNA
from all these specimens protected a sequence of :900 bp in
the probe (Fig. 4), indicating that the 93-base region is present
in the Ela mRNA from these human cells.

In a separate set of experiments, we amplified this 93-base
region from human foreskin Ela mRNA and analyzed the
products by gel electrophoresis (Fig. 5). The stretch of 489
nucleotides corresponding to bases 252-740 of AE1a2 cDNA
(Fig. 2) was cloned and amplified from total RNA of different
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FIG. 4. S1-protection analysis of human
Ela mRNA. An evenly labeled 925-base an-
tisense RNA probe complementary to bases
1-875 ofAE1a2 was annealed to total RNA (50
jug) isolated from various human cell types.
After digestion of single-stranded RNA with
S1 nuclease, the protected RNA was resolved
in a denaturing urea/4% polyacrylamide gel
and radioactive bands were visualized by au-

toradiography. Lanes: 1, labeled probe with-
out added S1 nuclease; 2, human liver; 3,
cultured human hepatoma (NPLC); 4, cul-
tured human glioblastoma (A172); 5, cultured
skin fibroblasts from an E1a-mRNA-deficient
patient (10); 6, cultured skin fibroblasts from a
normal subject. In lane 1, the slightly slower
migration of the undigested probe reflects the
presence of50 bases derived from pBluescript.
In lanes 4 and 5, low signal intensities reflect
a low abundance of Eia mRNA in these cell
lines. Total RNA from all cell types protected
an -900-bp fragment of the labeled probe.

FIG. 3. Schematic representation of the
three published human Ela cDNAs (4-6) as
well as our AE1a2 cDNAs. Boxes represent
coding region. Untranslated regions are rep-
resented by thin lines. Solid boxes indicate
sequence encoding the leader peptide.

(A) n Hatched boxes indicate altered deduced
amino acid sequences due to a change in the

- AAAAGATT reading frame. Heavy lines indicate the two
short amino acid sequences containing the
three phosphorylation sites. Base insertions

l(A)n and deletions are identified (+ and -, re-
spectively). Discontinuity in the human fore-

, . ~, skin fibroblast cDNA (6) represents the ab-
1 500 sence of 93 consecutive nucleotides.

11 types by using specific Ela primers (primer set 2 in
materials and Methods), reverse transcriptase, and PCR.
bsence of this 93-base segment would have resulted in
nplification of a 396-bp cDNA. A cDNA fragment of -500
? was amplified from total RNA from cultured human fetal
ng fibroblasts, human liver, and foreskin specimens (Fig.
,indicating that these 93 bases were present in this region
'human E1a cDNA. It is therefore very unlikely that this
§-base deletion represents normal human E1a mRNA. The
rge reported deletion (6) probably either resulted from a
oning artifact or was peculiar to the foreskin fibroblasts
ed in generating the cDNA library.
Another major discrepancy among the three published
icleotide sequences is that, relative to the human hepatoma
)NA (5), the human fetal liver Eia cDNA contained a set
single-base deletion and insertion (at, respectively, bases
1 and 566 of AE1a2 in Fig. 2), which introduced a reading-
ame shift altering the deduced sequence of 68 amino acids
Gig. 3; ref. 4). Our analysis ofAE1a2 and AElal cDNAs (Fig.
and PCR-generated human liver Ela cDNAs (results not
iown) is in agreement with the nucleotide sequence reported
this region for human hepatoma Ela cDNA (5).
Among the three published cDNA sequences for human
1a (4-6), our results (Fig. 2) most closely resemble the
quence reported for the hepatoma E1a cDNA (ref. 5; Fig.
i. However, our human liver E1a cDNA sequence differs
om the hepatoma sequence at two sites: a guanine at base
)88 and an adenine at base 1103 in Fig. 2 are replaced by a
!tosine and a guanine, respectively, in the hepatoma cDNA
i), resulting in two amino acid substitutions, alanine to
roline and alanine to threonine, respectively (Fig. 2). The
zoxynucleotide sequence of human liver and skin fibroblast
DNAs at these two locations agrees with two other reported
quences (4, 6). In the hepatoma E1a cDNA, these two
ases are part of the recognition sequences for the restriction
idonucleases BamHI and Sac II, respectively. Consistent
,ith our sequence analysis of human liver E1a cDNA clones,

FIG. 5. Agarose gel electrophoresis of am-
i 2 3 4 plified cDNA prepared from total RNA iso-l.. lated from various human cell types. E1a

cDNAs were generated from total RNA by
reverse transcription and PCR in the presence
of two oligodeoxynucleotide primers (primer

353- :: set 2, Materials and Methods; ref. 17). The
amplified products were resolved in a 1%
agarose gel and stained with ethidium bro-
mide. Lanes: 1, markers (Hae III digest of

310- 4 X174 replicative-form DNA; lengths indi-
cated in bases); 2, human foreskin; 3, human
liver; 4, cultured human hepatoma (NPLC).

Liver
( XE1 a2)

Foreskin/
Fibroblast

Hepatomra

Fetal
Liver

I-
bp 0
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restriction digestion analyses ofAE1a2 cDNA withBamHI or
Sac II confirmed the absence of recognition sites for these
two enzymes (data not shown). The two bases in Fig. 2
therefore accurately represent the human Ela mRNA. Al-
though it is plausible that single-base substitutions at these
two locations in the hepatoma E1a cDNA may represent
polymorphism, it is unlikely that two independent polymor-
phic events are simultaneously present in one E1a cDNA but
are absent from the other six separate Ela cDNAs (AE1a2 and
AElal cDNAs isolated from the human liver Agtll library;
cDNAs generated by PCR from cultured skin fibroblast RNA
from an El-deficient patient; also see refs. 4, 6, and 25). It is
possible that these two base changes either are peculiar to the
hepatoma cell line used in the isolation of the previously
reported hepatoma Ela cDNAs (5) or are the result of a
cloning artifact.

Relevance to the Identification of Genetic Defects. We have
presented evidence from different experimental approaches
to confirm the human Ela cDNA sequence (Fig. 2). E1a
cDNA was originally isolated in our laboratory for the
purpose of characterizing human E1 mutations. In the ma-
jority of cases of E1 deficiency, it is not possible to identify
mutations specific to either the Ela or Ef3 peptide by simple
analysis of enzymatic activity or protein or mRNA profiles.
Another approach for the identification ofthe mutations in E1
subunits is direct nucleotide sequence analysis of patient-
specific E1 mRNAs or genes. Presently, direct analysis of
specific mRNA appears to be the method of choice for
analysis of human E1 mutations, in light of the recent ad-
vances in the application of the PCR (26, 27). However, this
approach for localization of mutation(s) requires the avail-
ability of deoxynucleotide sequences that accurately repre-
sent normal human Ela and E1/8 mRNAs. We have therefore
made every attempt to resolve all the discrepancies that have
been observed between our human E1a deoxynucleotide
sequence and the previously published sequences in order to
present an accurate basis for future analysis of E1a in both
normal and diseased states.
The application of the PCR in the analysis of Ela mRNA

from one of our E1-deficient patients has provided an inde-
pendent sequence of human Ela mRNA. Skin fibroblasts
from this patient have low E1 activity but normal activities for
E2 and E3 (10). Analysis of this patient's E1a cDNAs gener-
ated by reverse transcription and PCR (results not shown)
revealed that the composite deoxynucleotide sequence of the
patient's E1a cDNA is identical to the reported hepatoma E1a
cDNA except for the two deoxynucleotides corresponding to
bases 1088 and 1103 of the AE1a2 cDNA (Fig. 2) as discussed
above. However, based on comparison between the patient's
E1a cDNA sequence and the Ela sequence of our human
liver cDNA AE1a2, we ruled out the possibility of an E1a
defect in this patient. Had we relied on the published human
hepatoma E1a cDNA sequence, we could have made the
interpretation that this patient's E1a mRNA was mutated at
these two nucleotides. Similarly, in another E1-deficient
patient recently reported by Endo et al. (25), a deletion of
four nucleotides upstream from the termination codon re-
sulted in a reading-frame shift generating a new termination
codon at the 33rd codon downstream from the normal ter-
mination site. The additional differences at the same two
bases (bases 1088 and 1103 in Fig. 2) between the hepatoma
and patient E1a cDNAs apparently complicated the interpre-
tation of the mutation in this patient (25). Endo et al. (25)
attributed these differences to heterogeneity of the Ela gene
unrelated to the patient's defect, based on the observation
that these two bases from the patient's cDNA are identical
with that reported for the human fetal liver Ela cDNA (4) and
the foreskin fibroblast E1a cDNA (6). However, this conclu-
sion was based on two cDNA sequences that do not accu-

rately reflect the human Ela mRNA. The unambiguous
human Ela cDNA sequence in Fig. 2 eliminates the possi-
bility of multiple Ela mutations in this patient. The availabil-
ity of the human Ela cDNA sequence as a reference and the
application of the PCR technique should facilitate the anal-
ysis of genetic mutations in the entire coding region of the
human Ela mRNA.
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