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Using a cloned cDNA (pGAP30) the iiucleotide sequence for chicken glyceraldehyde-3-phosphate dehydro- 
genase mRNA has been determined. The cDNA insert contains 1051 nucleotides representing the amino acid 
coding sequence, with the exception of 49 NH2-terminal amino acids, and includes the entire 3'-noncoding region. 
Sequence information on the missing 5' terminus of the mRNA, not represented in the clone pGAP30, was obtained 
by extension of the cDNA using an 85-nucleotide-long internal rragment as a primer. Thus the sequence of 
310 amino acids of chicken glyceraldehyde-3-phosphate dehydrogenase representing 93 (x of the complete 
primary structure could be derived. The coding portion exhibits non-random utilization of synonymous codons 
with a strong bias for codons with G or C at the third position. The non-coding region contains several octanucleo- 
tides which are repeated and shows a potentially stable stem-and-loop structure located towards the end of the 
mRNA. Hypothetical functional implications of the putative secondary structure are discussed. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
catalyzes the oxidation and phosphorylation of D-glycer- 
aldehyde 3-phosphate to I ,3-bisphosphoglycerate [I]. There- 
fore, the enzyme plays a crucial role in glycolysis and gluco- 
neogenesis in most cells, particularly in muscle cells where it 
constitutes a considerable fraction of total cellular protein. 
We have utilized chick embryonic cardiac muscle as a model 
system to investigate molecular aspects of cell differentiation 
and early embryonic gene functions. I n  order to relate the 
synthesis of muscle proteins during muscle cell differentiation 
to alterations in gene activities, we have isolated and 
characterized the mRNAs coding for contractile proteins, 
myosin light and heavy-chain polypeptides [2,3] and more 
recently for GADPH, another abundant protein in heart 
muscle cells. To gain further insights into the organization and 
regulation of these genes, we have cloned the inRNAs in 
bacterial vectors [2,4,5]. 

' The GAPDH enzyme is composed of four identical 
subunits [6] whose amino acid sequence has been determined 
for a wide variety of organisms such as Bacillus stearothernm- 
philus [ 7 ] ,  yeast [8], lobster [9], pig [lo] and humans [I I ] .  In 
yeast, multiple forms of GAPDH polypeptides have been 
identified and isolated [I2 - 141 but an apparently unique 
amino acid sequence was established [S]. More recently the 
DNA sequences of two active GAPDH structural genes and 
evidence for a third gene per haploid yeast genome have been 
presented [Is]. Examination of the GAPDH enzyme and its 
corresponding mRNA in different tissues froin chicken in- 
dicated the existence of a single molecular mRNA species 
coding for a single GAPDH polypeptide chain [16]. Here, we 
describe the nucleic acid sequence determination of cloned 

A hhrrvialions. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
Pipes, 1.4-piperazine diethanesulfonic acid. 

Enz~wzmrs. Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1 .1 2); 
restriction endonucieases EcoRI (EC 3.1.23.13), Hind111 (EC 3.1.23.21), 
HinfI (EC 3.1.23.22), Sau3A (EC 3.1.23.27), Rsczl (EC 3.1.23.101); 
reverse transcriptase (EC 2.7.7.49); polynucleotide kinase (EC 2.7.1.78). 

GAPDH cDNA from chicken heart muscle and the amino 
acid sequence of the enzyme as predicted by the nucleotide 
sequence. The structure is compared with the known amino 
acid sequences of GAPDH from other organisms to establish 
the degree of divergence during evolution. To  the best of our 
knowledge, the nucleotide sequence data on chicken GAPDH 
mRNA constitutes the first report on the primary structure 
of the GAPDH coding sequence from vertebrates. 

EXPERIMENTAL PROCEDURES 

Preparation of Cloned Glyceraldehyde-3- Pliosphate 
DrhyrZrogrnuse D N A  f o r  Sequence Ana1~:ri.s. 

The construction of recombinant plasmids pGAP30 and 
pGAP36 bearing chicken GAPDH double-stranded cDNA 
inserts was described previously [5] .  Large preparations of 
pGAP30 plasmid DNA were performed by methods described 
by Holland and McCarthy [I 71. To generate fragments suitable 
for sequence determination, appropriate restriction enzymes 
were used for digestion as recommended by the supplier 
(Bethesda Research Laboratories). 

D N A  Sequence Analj5sis 

Nucleotide sequence determinations were performed as 
described in detail by Maxam and Gilbert [I 81. The insert of 
the recombinant plasmid pGAP30 was completely sequenced. 
DNA fragments were labeled at their 5' ends with pj-32P]ATP 
and polynucleotide kinase (Boehringer) after treatment with 
calf intestine alkaline phosphatase (Boehringer). Labeled 
fragments were purified by polyacrylamide gel electrophoresis 
and eluted by crushing the gel pieces and shaking them over- 
night at 37 "C in 0.5 M ammonium acetate, 10 mM mag- 
nesium acetate, 0.1 7; sodium dodecyl sulfate and 0.1 mM 
EDTA. 
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For each singly labeled fragment the following four se- 
quence reactions were performed : Guanine with dimethyl- 
sulfate; guanine + adenine with formic acid; cytosine + thy- 
mine with hydrazine; cytosine with hydrazine plus NaCI. 
Sequence samples were resolved on 22 x, lo:',; and 6 poly- 
acrylamide sequencing gels. The gels were 400 mm long 
and 0.3 mm thick. 
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Primer extension was performed essentially as described 
by Hagenbuchle et al. [19]. DNA from pGAP30 plasmid 
was digested with Hinfl restriction endonuclease and the 
resulting fragments were radiolabeled at their 5' ends with 
polynucleotide kinase. A 780-nucleotide fragment containing 
the 5'-terminal portion of GAPDH mRNA was isolated by 
gel electrophoresis and cleaved with restriction endonuclease 
Suu3A yielding a singly labeled fragment of 85 nucleotides 
which was used as specific primer. 

"P-labeled primer (10- 20 pmol) was hybridized with 
40 pg of polyadenylated RNA from heart muscle in SO p1 of 
80 deionized formamide, 0.4 M NaC1, 0.01 M Pipes pH 6.5 
and 0.1 ';A sodium dodecyl sulfate for 60 min at SO'C. The 
reaction was terminated by adding 200 PI  of ethanol at 
-20 C. The precipitate was washed twice with cold 700f 
ethanol and dried. The total ethanol precipitate was used in a 
SO-p1 reaction mix containing SO mM Tris pH 8.3, 10 mM 
MgC12. 0.5 mM dithiothreitol, 1 mM each of the four deoxy- 
nucleotide triphosphates and 20 units of reverse transcriptase 
(Life Sciences. Inc.). The cDNA reaction mix was incubated 
for 1 h at 42 C. The reaction products were precipitated with 
ethanol, denatured in 0.1 M NaOH for I0  min at  68°C and 
layered on a 6 "/; polyacrylamide gel in  Tris/borate/EDTA 
buffer. Primer-extended cDNA was located by autoradio- 
graphy, eluted from the gel and sequenced as described above. 

Secon&rrrj% Structure Anulysis of S'-Noticoding Sequence 

Determination of potentially base-paired regions in the 
3'-noncoding sequence of GAPDH mRNA was performed by 
computer analysis on a VAX 11/780 using the program of 
Zucker and Steigler [20]. Values for optimal binding energies 
were taken from Henco [21]. 

RESULTS 

The construction and characterization of cDNA re- 
combinant plasmids containing structural gene sequences of 
GAPDH from chicken heart muscle has previously been 
reported 151. One of these clones, designated pGAP30, 
contains an  insert of 1051 base pairs plus poly(A) stretches 
of various length at both ends of the inserted DNA. The 
identity ofthis plasmid has now been fully confirmed by direct 
sequence analysis of the entire cloned DNA. 

Based on the restriction map ofpGAP30 DNA, which we 
had established earlier [ 5 ] ,  the strategy for sequence deter- 
mination was developed. Double-stranded DNA fragments 
of defined length were generated with restriction endonucleases 
as  indicated in Fig. 1. The fragments were labeled on both 
5' ends with polynucleotide kinase and [y-"PATP and 
cleaved by secondary digestion with appropriate restriction 
enzymes t o  obtain singly labeled DNA subfragments which 
were then purified on polyacrylamide gels. Fragments eluted 
from the gel were sequenced according to Maxam and 
Gilbert [IS]. The internal 320-base-pair fragment obtained 
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Fig. I . Sequencing strategj) ,for. chicken Iieurr rnusdc g l~crrc i l~ le i i~~r ir -  
3-phospliute tldij~dvogennse mRNA.  The horizontal box delineates the 
coding region. The lines extending from the horizontal rectangle re- 
present the length of the noncoding regions of the mRNA. Poly(A) is 
present at the 3' end in addition to the noncoding sequence. The thick 
vertical arrows indicate the portion of GAPDI-I contained in the cDNA 
recombinant clone pGAP30 [ 5 ] .  The direction and extent of each se- 
quencing run, starting at the position of the restriction endonuclease 
sites noted, are indicated by the horizontal arrows. S = SutrIlI; 
F = Hinf l ;  H = HindIII; R = R.sa1; E = &oRI. Restriction sites 
given in parenthesis are located within the PBR322 flanking DNA of 
clone pGAP30, broken lines stand for PBK322 sequences. The wavy 
horizontal line represents the sequence determined by 'primer extension' 
analysis 

by digestion with, Hind111 endonuclease (see Fig. I )  was 
strand-separated and both strands were sequenced separately. 
The nucleotide sequence of most of the GAPDH mRNA 
thus derived is shown in Fig.2. To  verify the final sequence, 
overlapping fragments of the same or opposite polarity. as 
shown in Fig. 1 ,  were analyzed repeatedly. As revealed by the 
amino acid sequence predicted from the open reading frame, 
the cDNA insert of pGAP30 represents coding information 
for 274 amino acids (numbers 60 - 332, according to the num- 
bering of the porcine enzyme [lo]). The coding information 
is followed by an UGA termination codon and 228 nu- 
cleotides constituting the 3'-noncoding sequence. Additional- 
ly, the clone contains about 30 adenosine residues at the left 
end and a variable number of adenosines ranging from 50 
to 120 at the right end which corresponds to the 3' end of the 
inRNA. The variation in length of poly(A) stretches is pre- 
sumably due to a recombination-independent deletion of 
homopolyniers since it was observed within single clones even 
after retransformation of rec- Esckerichia coli with purified 
pGAP30 DNA at very low concentrations (unpublished 
results). To obtain additional information on the 5' portion 
of the mRNA that was not represented in the clone, we 
synthesized the corresponding cDNA using primer extension 
of cloned DNA. For this experiment pGAP30 DNA was 
digested with HinfI and Scru3A to yield ;I fragment of 85 nu- 
cleotides from the left end of the insert (see Fig. 1 ) .  After 
5'-end radio-labeling, the fragment served as specific primer 
for cDNA synthesis using total mRNA of chicken hearts as 
template. As shown in Fig. 3, the predominant product made 
in this reaction was the maximally extended cDNA of 
344 ( F 5 )  nucleotides which we further subjected to sequence 
analysis. From the observed length of the primer-extended 
cDNA we calculated the actual size of chicken GAPDH 
mRNA to he 1 I%( 5 )  nucleotides leaving space for 68( F 5 )  
nucleotides of 5'-noncoding sequence in front of the AUG 
start codon. The relatively low radioactivity introduced into 
the primer together with a rather ineffective synthesis ofcDNA 
under the conditions described (only 10-30"<', of the primer 
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190 
GGG AAG CUG UGG AGA GAU GCC AGA GGU GCU 
G l y  Lys Leu Trp Arg A s p  G l y  Arg Gly A l a  

2 0 0  
GCC CAG AAC AUC AUC CCA CCG UCC ACU CGG 
A l a  G I N  AsN Ile Ile Pro A l a  Ser Thr G l y  

210  
GCU GCU AAG GCU GUG GGC AAA GUC AUC CCU 
A l a  A l a  Lys A l a  Val Gly L y s  V a l  Ile Pro 

2 2 0  
GAG CUG AAU Gcc AAG CUU ACU GGA AUG CCU 
Glu Leu AsN G l y  Lys Leu Thr G l y  Met A l a  

230  
UUC CGU GUG CCA ACC CCC AAU GUC UCU GUU 
Phe Arg Val Pro Thr Pro AsN V a l  Ser V a l  

2 4 0  
GUU GAC CUG ACC UGC CGU CUG GAG AAA CCA 
V a l  A s p  Leu Thr Cys Arg Leu Glu Lys P r o  

2 5 0  
GCC AAG UAU GAU GAU AUC AAG AGG GUA GUG 
A l a  Lys Thr A s p  A s p  Ile Lys V a l  V a l  

2 6 0  
AAG CCU CCU GCU GAU GGG CCC CUG AAG CGC 
Lys & A l a  Ala A s  G l y  Pro Leu Lys Gly 

2 7 0  
AUC CUA GGA UAC ACA GAG GAC CAG GUU GUC 
Ile Leu G l y  Tyr Thr Glu A s p  G I N  V a l  V a l  

280 
UCC UGU GAC UUC AAU 9 GAC AGC CAU UCC 
Ser C y s  Asp Phe AsN Gly A* Ser His Ser 

290 
UCC ACC UUU GAU GCG GGU GCU GGC AUU GCA 
Ser Thr Phe A s p  A l a  Gly A l a  Gly Ile A l a  

300 
CUC AAU GAC CAU UUC GUC AAG CUU GUU UCA 
Leu AsN A s p  H i s  Phe Val Lys Leu Val Ser 

3 1 0  
UGG UAU GAC AAU GAG UUU GGA UAC AGC AAC 
T r p  Tyr A s p  AsN Glu Phe G l y  Tyr Ser AsN 

3 2 0  
CGU GUU GUG GAC LUG AUG GUC CAC AUG GCA 
Hrg V a l  V a l  A s p  Leu Met V a l  His Met A l a  

3 3 0  

Ser Lys G l u  
ucc AAG GAG UGA CCCAGGCACACAGCCCCEEKTUGCCUAGCGAA 

cc A G G A C C C U U U G U U G G A K ~ U ~ C C A C C C C X ~ A U C C I J G C A  

GUGAGAWCXGE~~CUIJCCCWCUGUCUCCCCCACXCXWUUUCLUCC~JCAGC 

CUCCGGGAGGUGGGAGAGGCUGAUAGMCUGAUCUGUUUGUGUACCACCUUACAUC 

AAUAAAAGUGUUCACCAUCUGA" 

Fig. 2. N u c h t i t i e  . s t y m i c e  of'rlricken h ~ u r i  rni~scle GAPDH m R N A  trnd rlir cwotked uruino w i d  seyurncc. Nuinmering of the amino acids was done ac- 
cording to the published primary structure of porcineGAPDH (101. The amino acids different between the t w o  enzymes are underlined. The conserved 
sequence A-A-U-A-A-A-A in the 3'-noncoding region as  well a s  repcatcd octanucleotides are indicated by boxes. Hyphens representing phospho- 
diester bonds have been omitted 

strand was extended) allowed the analysis of only an ad- 
ditional 114 nucleotides beyond the cloned sequence. 

In summary, we have determined 310 amino acids of the 
chick GAPDH enzyme representing 93"7, of the total primary 
structure of 322 amino acids. 

DISCUSSION 

To compare the amino acid sequcnce of chicken GAPDH 
with the known structures of GAPDH from yeast [8], pig [ IO]  
and human [ l  I], 310 amino acids of each enryme were aligned 
to maximize homology as shown in Fig.4. The chicken enzyme 

contains 332 amino acids, the same number as the pig 
GAPDH, but differs from the enzyme in yeast, which is one 
amino acid shorter, and from the human enzyme, which 
contains 334 amino acids. It can be seen that the degree of 
conservation of the amino acid sequences of GAPDH during 
evolution is relatively high wilhin the vertebrate kingdom, 
whereas the primary structure of the yeast enzyme differs 
considerably. The highest percentage of conserved amino 
acids in comparison to chicken GAPDH is exhibited by the 
porcine enzyme containing 92.6 of sequence homology, 
followed by the human enzyme with 87 Only 66.5 y ;  of the 
sequence from yeast GAPDH are identical with the chicken 
enzyme. Most of the substitutions can bc regarded as con- 
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Fig. 3. Autoradiograph of primer-extmded C D N A  of' the 5' end portion o/ 
G A  PDH rnRNA separurecl on u 6 polvorr~ylumide sequencing pel. The 
isolation of the priming DNA fragment and the reaction conditions for 
cDNA synthesis are described under Experimental Procedures. The 
maximally extendcd primer cDNA of 344 nucleotides is indicated by the 
arrow. Less intensive, shorter bands are presumably premature ter- 
mination products. The radioactivity at the hottom of the gel represents 
the unreacted primer fragment ( H i n f l -  Suu3A fragment of pCAP30) 

servative and could have resulted from single base changes. 
The amino acids Ser-148, Cys-149, Thr-150, His-176. Lys-183 
and Arg-231, which are considered to be essential for the 
enzymatic activity of GAPDH [11,22], are present in chicken 
GAPDH at the same position as in all other GAPDH enzymes 
sequenced so far. 

Chicken GAPDH mRNA reveals a non-random utili- 
zation of synonymous codons as previously shown fos other 
mRNAs [22-261, suggesting that codons for the same amino 
acid are not neutral. Fig.5 shows marked differences in the 
frequency with which certain codons are used. In particular, 
the amino acids Leu, Ile, Glu and Arg show a highly significant 
preference in codon use. Similar preference but to a lesser 
extent can be observed for Pro, Ala and Gln, whereas codons 
for His, Tyr, Asn, Asp and Gly are used almost equally. I n  
general, there is an underutilization of codons ending in A or U 
and a preference for codons ending in G or C, although 
certain amino acids, e.g. Ala os Arg, behave the opposite way. 
The bias in codon utilization appears to correlate with the 
mRNA per .se, rather than with the organism or tissue, since 
another distinct mRNAs in the same cell shows a different 
pattern of preference, as we have shown for the myosin light 
chain inRNA of chicken cardiac tissue (unpublished results). 
On the other hand, yeast GAPDH mRNA reveals yet another 
combination of predominant codons [15]. 

In the chicken GAPDH mRNA the 3'-noncoding region 
between the UGA stop codon and the beginning of the poly(A) 
tract is 228 nucleotides long. The putative signal for poly- 
adenylation, the A-A-U-A-A-A-A sequence is located 15 nu- 
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l l e  - L~~ - G l y  - T y r  - T h r  - G l u  - A s p  - G I N  - V a l  - V a l  P ro  - Leu - L y s  - G l y  

280 

S e r  - C y s  

Ser 

ASP 

- A l a  - A l a  - A s p  - G l y  

G l U  

A s p  - 

Phe - 

1 '  

C L N  Ser - G l u  

c1 U Srr - Glu 

A l a  

c1 u 

300 

V a  1 

290 
A l a  - Leu - A s N  - A s p  - H i s  

C l X  S e r  - Pro - Lyu  

Plbe - A s N  - G l y  - A s p  - S e r  - H i s  - Ser Ser - T h r  - Yhe - A s p  - A l a  - G l y  - A l a  - G l y  - I l e  

LCU Ser - A s u  I l e  Ser 

A s p  - Srr  - l'lhr 

S r r  - A r N  G l U  T h r  

310 320 

T r p  - Tyr  - A s p  - A s N  - G l u  - Phe - G l y  - Tyr - Ser  - A s N  - A r g  V a l  - L y s  - Leu - V a l  - Ser 

T Y ~  Thr 

I l e  

G l U  

3 j U  

H i s  - He1 - A l a  - Ser - L y s  - G l u  

L y b  - A l a  V J 1  
I l e  

V a l  - V a l  - A s p  - L e u  - l4et - V a l  - 
V a l  - G l u  

A l a  

Fig.4. Alignmrnr ofthe umino acid sequmce cf GAPDHJrom chicken, yeast, pig und hunzun. The alignment begins with amino acid 22 of the porcine 
enzyme since the first 21 amino acids of chicken GAPDH have not been determined. To facilitate comparison the numbering of the pig GAPDH was 
used for all four enzymes shown. Regions of heterogeneity are indicated. Amino acids identical for the enzyme of all four organisms are shown only for 
the chicken GAPDH 
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u u u  4 

- U U A  0 

U U G  2 

c u u  4 

C U C  0 

C U A  1 

- C U G  $ 0  

L e u  - 

u c u  4 

U C A  3 

U C G  1 

c c u  1 

c c c  8 

C C G  0 

A U U  3 [ A U C  1 5  

A U A  0 

Met A U G 

A C U  7 

T h r  [ 
A C A  5 

A C G  1 

U A U  5 

T y r [ U A C  4 

G U U  8 

G U C  1 3  

G U A  1 

G U G  1 1  

U A A  - 
U A G  - 

Term[  

G C U  16  

G C A  6 

G C G  2 

C A U  6 

H i s [ C A C  6 

C A A  0 

G A U  1 1  

1 0  Asp [ G A C 

-1 U G C  

C G U  

C G C  

a C G A  

C G G  

G G U  9 

G G A  5 

G G G  8 

Fig. 5. Codon usage.for synonymou.r crmino acids in G A P D H  tnRNA/ron7 chicken heart I I ? ~ . T C k .  The frequency of use of each codon, as revealed by the 
sequenced part of GAPDH mRNA from chicken heart, is indicated. Amino acids showing a highly significant preference are underlined with solid lines. 
marginal preference is indicated by dotted lines 

UUC 
AAU 'UC 
C C 
C U 
U C 
C A 
cu, _CG 

LA, UL 
C.G 
c.c A ~ ~ A  

Fig. 6. Possihlr secondary structure u f  the 3'-noncoding sc9uenc.e o f  dzich-en GAPDH m R N A  . Maximal base-pairing of the 228 nucleotides of the 
3' trailing sequence was determined by computer analysis as described under Experimental Procedures. No correction was made for single nucleotide 
loops or bubbles 

cleotides upstream from the 3' end, as expected from most 
known mRNA sequences [23]. The potential secondary struc- 
ture of the 3'-trailing sequence, as shown in Fig.6, was de- 
termined by computer analysis. Large portions of the sequence 
are able to form base pairs, thus leading to a rather compact 
shape of the trailer. It is particularly interesting to note that 
a very stable loop structure is formed by a stem of 15 base 
pairs and 23 single-stranded nucleotidcs in the loop. In the 
secondary structure, drawn by the computer, this large helical 
stein is located very close to the UGA stop codon of the 
mRNA. The arrangement could suggest a hypothetical role 
in translation, since it might support termination, e.g. the 
ribosomes running off' the mRNA. An alternative function 
of the loop could be envisaged in termination of transcription 
assuming that the 3' terminus of the mRNA coincides with 
the end of the primary transcript. As has been shown for the 
attenuation of bacterial operons encoding amino acid bio- 

synthetic enzymes [27] or the premature termination of late 
SV40 transcription [28], potential stem-end-loop configura- 
tions of the transcript seem to be involved in termination of 
transcription. 

Another interesting feature of the 3'-noncoding region is 
the occurrence of several repeated oligonucleotide sequences, 
of which the two longest are octanucleotides. Although the 
function of these repeats remains obscure, one could speculate 
that they might be important for the formation of spontaneous 
deletions in noncoding regions, which are subject to high 
mutation rates compared to coding regions of genes. The 
involvement of similar short repeats for deletion mutations 
has recently been documented in bacteria [B]. 

We would like to thank B. Fiirtsch (Max Planck Institute of 
Biochemistry, Martinsried, FRG) for the computer analysis of the 
secondary structure. H. H.  Arnold is indebted to Llr H.  Diggelmann 
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and Dr G. Fey (lnstitut Suissc r k  Rrchwchr Expirimenrules sur  lc C'cinwr. 
1,ausanne) for the hospjtality at their institute, where inns1 of the 
sequencing work was conducted. We also thank Dr H .  Marquardt for 
continuous support and help in preparing the maniscript. This work was 
supported by Diwt.schc ~obr.sc~/ iunj is~rm~~in.~c/~a~/  grant Ar 1 1515. Part 
of the sequence has been published previously [ 5 ] .  
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