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The complete nucleotide sequence for chicken glyceraldehyde-
3-phosphate dehydrogenase mRNA has been determined, thereby extending
the longest such sequence previously reported (Dugaiczyk et al.
Biochemistry, 1983, 22, 1605-1613) by 27 nucleotides. The complete mRNA
with the exclusion of poly(A) is 1284 nucleotides long and contains 56
nucleotides of 5' non coding sequence and 229 nucleotides of 3' non coding
region. Knowledge of the complete sequence allows us to propose secondary
structures models which may be of biological significance.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) consists of four
identical subunits whose amino acid sequence has been determined for a wide
variety of organisms as different as Bacillus stearothermophilus and man.
This enzyme catalyzes the oxidative phosphorylation of D glyceraldehyde-3-
phosphate into 1,3-bis phosphoglycerate and therefore plays a very important
role in the metabolism of most cells.

Examination of GAPDH mRNA in different tissues from chicken indicated
the existence of a single electrophoretic band (1) with approximately the
same abundancy. This observation is not in accord with the abundance of
the enzyme which is much higher in muscle cells where it constitutes a
considerable fraction of total proteins (2). This discrepancy could be
accounted for by subtle differences in mRNA structure overlooked by the
electrophoretic analysis as well as by differences in gene activity and/or
mRNA maturation. As a first step towards understanding the regulation of
chicken GAPDH gene expression; we have established the complete sequence
of the GAPDH mRNA from chicken leg muscle using a combination of various

strategies. This sequence now includes the 27 nucleotides at the 5' end
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which were missing in the nearly complete sequence reported by Dugaiczyk
et al.(3). These additional nucleotides have sllowed us to propose secondary
structure models which might be of physiological significance.

MATERJALS AND METHODS

a) Isolation and fractionation of RNA.

RNA was 1solated from 6 months old chicken leg muscle using a
guanidinium thiocyanate extraction procedure communicated to us by G.
Cathala. Briefly, pieces of frozen muscle were homogenized in 9 volumes of
100mM Tris-HCl pH 7.5 (25°C), 5M GuSCN, 10mMEDTA, 1.4M §-mercapto-
ethanol. The homogenate is then adjusted to 3M LiCl and 6M urea with a
five-fold dilution and allowed to stand overnight at 4°C. RNA is recovered
by centrifugation for 30 min. at 10,000 rpm (Sorvall HB 4 rotor), solubilized
in 1 mM EDTA, 0.1% SDS and 10mM Tris-HClI pH 7.5 (25°C) and then
extracted successively with one volume of phenol and one volume of
chloroform. After ethanol precipitation, Poly(A) containing RNA was isolated
by two cycles of oligo(dT) cellulose chromatography (4). Enrichment in
GAPDH mRNA was obtained by centrifugation for 20 hours at 40,000 rpm
(Kontron TST 41 rotor) on a 15-30 % (w/v) sucrose gradient in 10 mM
Tris~-HCl1 pH 7.4 (25°C), 1 mM EDTA, 0.1 % SDS. Fractions corresponding to
14S were pooled, ethanol precipitated twice and stored in water at - 20°C.

b) Plasmid DNA preparation and labeling.

Recombinant plasmid pGPD-1 was a generous gift from Dr. A.R.
McLeod (1) and was prepared following the alkaline method described by
McMaster (5). The 850 bp insert was purified by a centrifugation step of 22
hours at 25,000 rpm (SW27 rotor) on a 5-20 % (w/v) sucrose gradient in 10
mM Tris-HCl1 pH 8 (25°C), 100 mM N%(il, 2 mM EDTA. DNA fragments were
labeled at their 5' ends with (Y °°P) ATP and polynucleotide Kkinase
(Boehringer) after treatment with intestine alkaline phosphatase
(Boehringer). Labeled fragments were purified by polyacrylamide gel
electrophoresis and eluted by diffusion overnight at 37°C from crushed gel
pieces in ‘0.5 M ammonium acetate, 10 mM magnesium acetate, 0.1 $ SDS and
0.1 mM EDTA.

¢) Oligodeoxynucleotide synthesis.

Two synthetic  oligonucleotides were synthesized by the
phosphotriester method (6) on a solid-phase polystyrene resin (Bachem,
California) and purified by high performance liquid chromatography through
a8 Waters C18 column (7). Oligo I is: 5' CTCATGGTTGACACCCAT 3" and
Oligo II is: 5' CACCACTTGGACTTTGCC 3'.

d) Primer extension of labeled oligo II with reverse transcriptase.

3510 ug of partially p\émﬂed GAPDH mRNA was hybridized with

100 ng ““P labeled oligo II (5.10° cpm/ ug) for 10 min at 65°C in 25 pl of 50
mM Tris-HCl pH 8.6 (25°C), 6 mM MgCl,, and submitted to reverse
transcription for one hour at 42°C in the presence of 0.4 mM each of the
four deoxynucleotide triphosphates, 5 mM dithiothreitol and 20 units of
reverse transcriptase (Life Sciences Inc.). The reaction products were
denatured for 15 min at 100°C in 10 mM NaOH, 50 % formamide and -layered
on a 10 % polyacrylamide sequencing gel (8). Primer-extended cDNA was
located by autoradiography, eluted from the gel and ethanol precipitated as
above.

e) Sequence analysis.

Olgo 11 extended cDNA and DNA restriction fragments were
sequenced using the Maxam and Gilbert procgdure (9).

Sequencing of the reverse transcripts primed with oligo I or oligo
11 with the base specific 'chain termination method of Sanger et al. (10) was
carried out with the following modifications. 4 ug RNA and 100 ng primer
(oligo I or oligo II ) were allowed to react for 5 min at 65°C in 10 pl 50 mM
Tris-HC]1 pH 8.6 (25°C), 50 mM NaCl, 6 mM MgCl, and 5 mM dithiothreitol (R
buffer). The volume was adjusted to 16 ul by ad&ing 1 pl 10 X R buffer and
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5 ul of a mixture containing 0.5 mM 4TTP, d(%"EP and dATP. Finally this
mixture was used to dissolve 40 uCi of dried (o"“P) dCTP (1,000 Ci/mMole)
and dispatched into 3 ul aliquotes in 4 separate vials containing 1 ul reverse
transcriptase (5 units) and 1 pl of: 0.5 mM ddTTP for T specific reaction,
0.125 mM ddGTP for G specific reaction, 0.25 mM ddATP for A specific
reaction and 0.01 mM ddCTP for C specific reaction. The reactions were kept
for 15 min at 42°C before the addition of 3 ul of a 0.5 mM solution of each
four dANTP containing 5 units reverse transcriptase. Incubation was for an
additional 15 min at 42°C. Reactions were terminated by adding 8 ul
formamide, 10 mM EDTA, 0.01 % xylene cyanol and 0.01 % bromophenol blue.
The products were separated on 0.4 mm thick, 5 and 6 % polyacrylamide gels
containing 8 M urea which were dried before autoradiography (8).

RESULTS AND DISCUSSION

The starting material was the partial ¢cDNA (pGPD-1) clone utilized by
McLeod (1) and kindly donated to us. The 850 bp insert was excised by
EcoRl, digested with several restriction enzymes and the resulting map was
used to establish the sequencing strategy. Double-stranded DNA fragments
were generated and labeled with polynucleotide kinase and ('YBZP)ATP and
then cleaved by secondary digestion with appropriate restriction enzymes to
obtain singly labeled DNA subfragments which were purified through
polyacrylamide gels. Eluted fragments were sequenced according to Maxam
and Gilbert (9). In order to confirm this sequence, severai types of
restriction fragments were subcloned in M13 mp8 and mp9 and sequenced by
the chain terminators method (10)(data not shown).

The partial protein sequence thus derived (Figure 1) allowed
unambiguous identification of GAPDH by comparison to known sequences from
different sources (11). It turned out that the first triplet in the clone
encoded a glycine residue immediately following a methionine which appeared
to be conserved in all GAPDH sequenced so far. We therefore designed an 18
mer oligonucleotide (oligo I) corresponding to the 15 nucleotides at the 5'
end of the cDNA clone plus the three residues corresponding to this
methionine residue. In order to extend the sequence of GAPDH mRNA beyond
the 5' limit of the pGPD-1 clone, this oligonucleotide was used to prime
specifically the synthesis of ¢DNA on partially purified GAPDH mRNA
(12-14). We used 2',3'-dideoxy nucleoside triphosphates as specific chain
terminators for reverse transcriptase (10) to derive the sequence of the next
330 nucleotides.

The occurrence of premature termination at several sites as well as the
difficulty to unambiguously read the sequence beyond 330 nucleotides
prompted us to synthesize a second oligodeoxynucleotide (oligo II) to
complete the sequence down to the 5' terminus of the mRNA. This sequence
was obtained by the chain-terminators method used above and confirmed by
chemical sequencing of the largest discrete c¢DNA produced by run-off
reverse transcription primed by 5’ 32? labeled oligo 11 (not shown). The Size
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of this cDNA (140 s nucleotides) corresponds to what should be expected
from the size of the mRNA (about 1300 nucleotides without poly(A)) as
determined in denaturing gels by reference to DNA restriction fragments
used as markers (not shown).

The complete nucleotide sequence is shown in Figure 1 along with the
protein sequence it encodes. It contains 56 non-coding nucleotides at the 5'
end, 999 coding nucleotides corresponding to 333 amino-acids, a termination
codon (UGA), and 230 non-coding nucleotides at the 3' end. While this work
was being completed, two partial sequences have been published (3,15)
which are in full agreement with our sequence as far as the coding portion
of the mRNA is concerned. However, several minor differences located in the
3' non-coding region, probably due to individual polymorphism, can be
noticed.

Computer analysis (16) of possible base-pairings involving the now
complete 5' region of the mRNA has suggested several possibilities for the
secondary structure of this molecule. A plausible model is represented in
Figure 2a, where the AUG initiation codon is bulging out of a quite stable
stem in an easily available configuration. 14 nucleotides upstream from the 3'
end, the 3' non-coding region exhibits the AAUAAAA which contains the
canonical sequence AAUAAA supposed to function as a signal for poly-
adenylation. Large portions of this 3' terminal sequence are able to form
base pairs and could for example lead to the structure shown in Figure 2b
where the UGA stop codon is close to a very stable double-stranded region.
This structure is quite similar to that already proposed by Domdey et al.
(15) and it is interesting to note that all the differences observed with the
two published partial sequences (3,15) reside in the 3' non-coding region
and are conservative with regard to this hypothetical secondary structure.
Another interesting feature of the 3' non-coding region is its ability to
interact with the 5' end thereby generating a rather peculiar corifiguration
which could regulate the access of ribosomes (Figure 2c).

The aminoacid sequence of chicken GAPDH derived from the nucleotide
sequence is in agreement with its extreme evolutionary conservation. For
example, the pig sequence shows only 26 differences out of a total of 333
aminoacids and 19 of these differences can be accounted for by single
nucleotide substitutions. Moreover, all the essential amino acids thought to

be important for catalysis such as Cys-149, His-176 or Lys-183, are

Fiﬁure 1 : Complete nucleotide sequence of chicken leg muscle GAPDH
m and its translated protein sequence.

The arrow indicates the 5" limit of the cDNA pGPD-1 clone.
Underlined sequences are those which served to design the two
oligonucleotides used as primers for reverse transcription
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Figure 2 : A secondary structure model for the 5' (a) and 3' (b)
noncoding regions of chicken GAPDH mRNA and their possible inter-

action (c¢).
The secondary structure models were obtained by computer

search for dyad symmetry regions within the 200 nucleotides at the
5' end (a) and at the 3' end (b) or pairing capabilities between
them (c) using the SEQ computer program (16) made available by
Intelligenetics (Palo Alto). Open triangles refer to differences
observeﬁ between this work and that of Dugaiczyk et al. (15) and
closed triangles between this work and that of Domdey et al. (1l4).
The inverted arrow close to the poly(A) in (b) indicates an addi-
tional C residue in our sequence.

conserved except for the replacement of this latter aminoacid by Arg in
Bacillus stearothermophilus (17) and Thermus aquaticus (18). However, the
overall nucleotide homology between the different vertebrate mRNA coding
for GAPDH is much less than that observed at the level of protein sequence.
For example, if we compare the nucleotide sequence corresponding to the two
known functional domains of GAPDH (19), the NAD binding site (amino acids
1-147) and the catalytic site (amino acids 148-333), there is a 36 $ homology
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between yeast and chicken for the first 400 nucleotides which increases to 50
§$ for the other part of the coding region. Moreover, the two oligonucleotides
used here have failed to prime reverse transcription on GAPDH mRNA from
CHO as well as HelLa cells, even in non-stringent conditions (20°C). This

indicates a high degree of sequence divergence al least at these two loci.
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