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Genomic DNA containing a  third  yeast glyceralde- 
hyde-3-phosphate dehydrogenase structural gene has 
been isolated on a bacterial plasmid designated pgapll. 
The complete nucleotide sequence of this  structural 
gene was determined. The  gene contains no intervening 
sequences, codon usage is highly biased, and the nu- 
cleotide sequence of the coding portion of this gene is 
90% homologous to  the  other two glyceraldehyde-3- 
phosphate dehydrogenase genes (Holland, J. P., and 
Holland, M. J. (1980) J. Biol. Chem. 255, 2596-2605). 
Based  on the  extent of nucleotide sequence divergence 
among the  three glyceraldehyde-3-phosphate dehydro- 
genase genes, it is likely that they  arose as a conse- 
quence of two duplication events and the gene con- 
tained on the hybrid plasmid designated pgapll is a 
product of the first duplication event. All three  struc- 
tural genes share extensive nucleotide sequence ho- 
mology in  the 5’-noncoding regions adjacent to the 
three respective translational  initiation codons. The 
gene contained on pgapll  is not homologous to  the 
others downstream from the respective translational 
termination codon,  however. The 5’ termini of messen- 
ger RNAs synthesized from the  three glyceraldehyde- 
3-phosphate dehydrogenase and two  yeast enolase 
genes have been mapped to  sites  ranging from 36 to 82 
nucleotides upstream from the respective translational 
initiation codons. In each case the 5’ terminus of the 
mRNA maps  to  a region of strong nucleotide sequence 
homology  which is  shared by all five structural genes. 
These latter  data confirm that all five structural genes 
are expressed during vegetative cell growth and fur- 
ther support  the hypothesis that a portion of the 5’- 
noncoding flanking region of the  yeast glyceraldehyde- 
3-phosphate dehydrogenase and enolase genes evolved 
from a common precursor sequence. 

The existence of three yeast glyceraldehyde-3-phosphate 
dehydrogenase structural genes was first suggested from DNA 
fdter-blotting  experiments using restriction endonuclease- 
cleaved genomic DNA and hybridization probes which are 
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complementary to glyceraldehyde-3-phosphate dehydroge- 
nase  mRNA sequences (1,2). Two  segments of genomic DNA 
were subsequently isolated on bacterial plasmids and shown 
by nucleotide sequencing to contain structural genes which 
are 95% homologous (3, 4). Here we report the isolation and 
nucleotide sequence of the  third yeast glyceraldehyde-3-phos- 
phate dehydrogenase structural gene. 

Glyceraldehyde-3-phosphate dehydrogenase is expressed at  
high levels in  yeast (5, 6) and  it is  of interest to know if all 
three  structural genes are expressed during vegetative cell 
growth. There have been numerous  reports of multiple forms 
of the enzyme isolated from yeast but  it is unclear if these 
represent isozymes or forms which have been modified during 
isolation. The most compelling evidence that  at least two of 
the genes are expressed is based on the  fact  that a limited 
number of ambiguities in the primary structure determined 
for the yeast enzyme ( 7 )  can be reconciled if the sequenced 
protein was a mixture of at  least two of the polypeptides 
encoded by the isolated genes (4) .  Evidence is presented here 
that mRNA is synthesized in vivo from all three  structural 
genes during vegetative cell growth. 

The 5’ termini of the  three glyceraldehyde-3-phosphate 
dehydrogenase mRNAs and the mRNAs synthesized from the 
two yeast enolase genes (8) have been identified. In all cases 
the 5‘ termini map to  a region of nucleotide sequence homol- 
ogy which is shared by all five structural genes. These data 
support our  hypothesis that  the 5”noncoding regions of the 
glyceraldehyde-3-phosphate dehydrogenase and enolase genes 
are structurally  related (8). 

EXPERIMENTAL PROCEDURES’ 

RESULTS 

Isolation of pgapll-There  are  three segments of yeast 
genomic DNA which are complementary t.o cDNA hybridi- 
zation probes synthesized from purified yeast glyceraldehyde- 
3-phosphate dehydrogenase mRNA (1, 2). Two of these re- 
gions of genomic DNA were subsequently isolated and shown 
to contain glyceraldehyde-3-phosphate dehydrogenase struc- 
tural genes (3, 4). When yeast genomic DNA is analyzed by 

I Portions of this paper (including “Experimental Procedures,” 
Table IS, and additional references) are presented in miniprint at  the 
end of this paper. Miniprint is easily read with the aid of a standard 
magnifying glass. Full size photocopies are available from the  Journal 
of Biological Chemistry, 9650 Rockville Pike,  Bethesda, MD 20814. 
Request  Document No. 82M-1143, cite  authors,  and include a check 
or money order  for $2.00 per set of photocopies. Full size photocopies 
are also included in the microfilm edition of the  Journal  that is 
available from Waverly Press. 
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A B  C a b  c 
FIG. 1. DNA filter blot of EcoRI-digested pgap492,  pgapll, 

and yeast DNA. Lanes A, B, and C are agarose gels of EcoHI- 
digested pgap492, pgapll, and yeast DNA (strain FI),  visualized after 
staining with ethidium bromide. Lanes a, h, and care autoradiograms 
of hybrids formed between the .”P-labeled 2.1-kb HindIII fragment 
from pgap491 and the  DNA shown in Lanes A, B, and C, respectively, 
after transfer to nitrocellulose. 

DNA filter  blotting after  EcoRI digestion, 13.2-,  5.5-, and 4.3- 
kb’ fragments form hybrids  with a nick-translated hybridiza- 
tion  probe synthesized  from the 2.1-kb HindIII  fragment 
which contains  the  glyceraldehyde-3-phosphate dehydroge- 
nase  gene within the plasmid pgap491 (3). The 13.2-kb EcoRI 
fragment  has  been isolated on a plasmid designated pgap492 
(2, 4) and  corresponds  to  the  structural  gene  already isolated 
on  the plasmid designated pgup49 (1). The 5.5-kb EcoRI 
fragment  corresponds to  the  structural  gene previously iso- 
lated  on  the plasmid designated  pgap63  (4). 

The 4.3-kb EcoRI  fragment was  cloned as previously de- 
scribed  for the isolation of pgap492 (2).  EcoRI-digested  yeast 
DNA was  ligated into  the  EcoRI  site of the  vector pSF2124. 
Total plasmid DNA was  isolated  from the  shotgun collection 
obtained  and supercoiled  plasmids corresponding in size to 
pSF2124 plus  a 4.5-kb insertion of yeast DNA was  isolated  by 
preparative  agarose gel electrophoresis.  After retransforma- 
tion of competent  Escherichia  coli with this  enriched  fraction 
of plasmids, the collection  was screened by colony  hybridiza- 
tion using a nick-translated  probe  synthesized  from  the 2.1-kb 
HindIII  fragment isolated from pgap491. A hybrid plasmid 
designated pgapll  was  identified and analyzed as described 
below. 

Restriction  Endonuclease  Mapping of pgapl I :  Compari- 
son with pgap492 a n d  pgap63”In  order  to confirm that  the 
sequences isolated on pgapll  are co-linear  with  genomic DNA 
sequences, DNA Wter  blotting  was carried  out in parallel with 
the isolated  plasmid and  yeast genomic DNA. Fig. 1 illustrates 
a Southern blot of EcoRI-digested pgap492 (2, 4),  pgapll, 
and  yeast DNA. A nick-translated 2.1-kb HindIII  fragment 
containing  the  glyceraldehyde-3-phosphate  dehydrogenase 
gene within  pgap492 was used as  the hybridization  probe. The 
13.2-kb EcoRI  fragment from  pgap492 corresponds  to  the 
largest hybrid  formed with genomic DNA. The 4.3-kb frag- 

* The abbreviations used is:  kb, kilobase pair. 

ment from pgapll  corresponds  to  the  smallest  hybrid formed 
in  genomic DNA. These  data confirm that  pgapll  contains a 
segment of DNA which is contiguous with  corresponding 
genomic  sequences. 

Similar blotting experiments were carried  out with  genomic 
DNA isolated  from several haploid strains of Saccharomyces 
cereuisiae  (data  not  shown).  In  some  strains, we observed 
polymorphisms  with respect  to  the location of EcoRI  and 
HindIII  restriction  endonuclease cleavage sites  adjacent  to 
the  glyceraldehyde-3-phosphate  dehydrogenase genes. Com- 
parison of these  blots with those  generated with DNA isolated 
from strain  F1  demonstrated  that  there  are  three glyceralde- 
hyde-3-phosphate  dehydrogenase  structural genes per haploid 
genome  in all the  strains  tested  and  the  three genes corre- 
sponded in all cases  to  those isolated on pgap492 (2,4),  pgap63 
(4),  and  pgapll. 

A restriction  endonuclease cleavage map of pgapll ,  illus- 
trated in Fig. 2, was generated  as described under “Experi- 
mental Procedures.” The location of the coding sequences in 
the plasmid and  the direction of transcription were deter- 
mined  from the nucleotide sequence described below and  are 
indicated in Fig. 2 by the  shaded  region  and  arrow, respec- 
tively. The  HpuI cleavage site within the coding portion of 
the gene in pgapll  is homologous to  HpaI cleavage sites in 
the genes contained within  pgap492 and  pgap63  (4).  The 
restriction  endonuclease cleavage map of pgapl 1 adjacent  to 
the coding sequences is not homologous to  the  other two 
structural genes. These  data confirm that none of the  yesat 
glyceraldehyde-3-phosphate  dehydrogenase genes are  tan- 
demly repeated in the  yeast genome. 

A more  detailed  restriction endonuclease map of the coding 
and  adjacent noncoding sequences of the glyceraldehyde-3- 
phosphate  dehydrogenase gene  within pgapll  is shown in Fig. 
3. The restriction  endonuclease cleavage maps of the  corre- 
sponding regions of pgup491 and  pgap63  (4)  are also  shown 
for  comparison. Within  the coding  regions of the genes, ap- 
proximately 65% of the  restriction endonuclease  cleavage sites 
are  present in  all three  structural genes. These  data  demon- 
strate,  together with the  primary  structure described  in the 
following section,  that  the  three  structural genes are very 
homologous. No homology among  the genes is observed  for 
restriction  endonuclease cleavage sites which map  outside of 
the  respective coding  sequences. 

Primary  Structure of the  Glyceraldehyde-3-phosphate De- 
hydrogenase  Gene  in pgapl I-The complete nucleotide se- 
quence of the coding region of the  glyceraldehyde-3-phosphate 
dehydrogenase  gene  contained within pgapll  is shown in Fig. 

P W P  1 1  - - 
I 3 4 2  6 3 I - I 

I Bam HI 5 Hpa I 
2 Bgl I I 
3 Eco RI 

6 Sol1 
7 Smo I 

4 HlndIII 8 X b a I  

H = I kilobase  (kb) 

FIG. 2. Restriction endonuclease  cleavage map of pgapll. 
The  single horizontal lines indicate the pSF2124 vector portion of 
the plasmid  and the double horizontal line indicates the yeast DNA 
portion of the plasmid. The  shaded region indicates the location of 
the coding portion of the glyceraldehyde-3-phosphate dehydrogenase 
gene in pgapll.  The arrour shows  the direction of transcription of the 
gene. The cleavage map was derived from the data reported in the 
Miniprint. 
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4 as are  the  sequences for the genes in pgap491(3)  and pgap63 
(4). The  primary  structure was determined using the sequenc- 
ing strategy outlined in Fig.  5. The gene in pgapll  contains a 
single open reading frame  without intervening  sequences. The 
primary  structure of the polypeptide  predicted  from this gene 
is highly  homologous to  the  primary  structure  determined for 
yeast glyceraldehyde-3-phosphate  dehydrogenase (7), con- 
firming that  this plasmid does contain a third  structural gene. 
The primary  structure of the polypeptide  encoded by  the gene 
within pgapll  is 89  and 88% homologous to  the polypeptides 
encoded by the genes  within pgap63  and pgap491, respec- 
tively. Based on  these  data, it is possible that  the gene  within 
pgapll  was derived  from an  early duplication event  and  that 
the genes contained on pgap63  and pgap491 arose from a 
subsequent duplication.  Alternatively, the similarity  between 
the genes  on pgap63  and pgap491 could be due  to preferential 
gene conversion between these two structural genes rather 
than a later duplication event. The possibility of gene  conver- 
sion among  the  three glyceraldehyde-3-phosphate dehydro- 
genase  genes  is  considered under “Discussion.” 

Codon usage within the gene contained within ggapll fol- 
lows the  same highly biased pattern previously described  for 
those within pgap63  and pgap491 (3, 4). In  the cases of 
alanine, aspartic acid, isoleucine, serine, threonine,  and valine, 
two codons are used exclusively which  contain either C or U 
in the  third position. The remaining 14 amino acids are 
encoded by a single codon in approximately 98%  of the cases. 
For  the six amino acids which are encoded by two codons, 
alanine  and  aspartic acid are biased for GCU (81%) and GAC 
(68%), respectively. The codons for isoleucine, serine, threo- 
nine, and valine contain  either C or U in  the  third position 
approximately 50%  of the t,ime. There  are 84 positions  within 
the  three glyceraldehyde-3-phosphate  dehydrogenase struc- 
tural genes at  which all three genes contain  an isoleucine, 
serine, threonine, or valine codon. In 56 of these cases, the 
third positions of the respective  codons are identical. In  the 
remaining 28 cases, the nonidentical third position  nucleotide 
occurred in pgap491, pgap63, or  pgapll in 46,  25, and 29%  of 
the cases, respectively. The  distribution of third position 
changes among  the  three  structural genes will be discussed 
below. 

Within  the  portions of the  three  structural genes which 
encode the NAD-binding  domains of the polypeptides  (resi- 
dues 1-147), the gene  contained  within pgapll  differs from 
those  contained on  pgap491 and pgap63 at 69 and 63 nucleo- 
tide positions,  respectively.  Within this  same region, the genes 
contained on  pgap491 and  pgap63 differ by 30 nucleotides. 
Within the  portions of the genes which encode the cat,alytic 

I?6 

FIG. 3. Comparison of the  restric- 
tion  endonuclease maps of the  three 
yeast glyceraldehyde-3-phosphate 
dehydrogenase genes. A detailed re- 
striction endonuclease map of the por- 
tion of pgapll which contains the glyc- 
eraldehyde-3-phosphate dehydrogenase 

EcoRI/Sall fragments (1.5 and 2.8 kb) 
gene was derived by partial digestion of 

after “’P-labeling of the 5’ termini of 
Sall-digested  pgapll with the indicated 
restriction endonucleases. The restric- 
tion maps of pgap491 and pgap63 are 
shown for comparison. The cross- 
hatched regions correspond to the cod- 
ing portions of the genes. 

P E P  491 

P g a p  1 1  

PQOP 63 

domains of the polypeptides  (residues 148-331), the gene 
contained on pgapll differs from those contained  on  pgap491 
and pgap63 by 40 and 38 nucleotides, respectively. Within 
this region, the genes  within  pgap491 and pgap63 differ by 23 
nucleotides. These  data  demonstrate  that  the observed rate 
of divergence  within the  portions of the genes which encode 
the NAD-binding domains of the polypeptides is higher than 
that observed  within the catalytic  domain. 

The  putative location of amino acid residues which differ 
among  the  three  yeast glyceraldehyde-3-phosphate dehydro- 
genase  polypeptides in  the  native enzyme has been  ascertained 
by comparison  with the three-dimensional structure  deter- 
mined  for lobster glyceraldehyde-3-phosphate  dehydrogenase 
(9, 10). The  majority of the  amino acids which differ among 
the  three polypeptides are predicted to reside at  external 
regions of the enzyme. Amino acid differences at positions 
predicted to be within internal regions of the enzyme are 
chemically  conservative amino acid changes. There are a 
limited number of amino acid substitutions which might alter 
the  structure of the  tetrameric enzyme; however, no  striking 
structural  alterations  are predicted from this analysis. 

The Primary Structure of the 5’- and 3’-noncoding  Regions 
of the  Glyceraldehyde-3-phosphate  Dehydrogenase Gene in 
pgapll-The  primary  strcuture of the regions of the glycer- 
aldehyde-3-phosphate  dehydrogenase gene in pgapll  which 
are  adjacent  to  the  translational initiation and  termination 
codons is shown in Fig. 6. As observed for the genes contained 
on  pgap491  (3) and  pgap63  (4),  the A + T composition of the 
nocoding regions of the gene on pgapll  are 72% for 150 
nucleotides upstream from the  translational initiation  codon 
and 74% for 120 nucleotides  downstream from the  transla- 
tional termination codon. The hexanucleotide  TATAAA is 
located 150 nucleotides upstream from the  translational ini- 
tiation codon in pgapll.  This hexanucleotide  is  located 139 
and 130 nucleotides upstream from the  translational initiation 
codons in pgap491 and pgap63,  respectively (4).  There  are 
two regions of strong nucleotide  sequence homology between 
the 5“noncoding  sequences in pgapll  and  those in pgap491 
and pgap63. These regions are  illustrated in Fig. 7. The 
sequences  between -1 and -38 in pgapll  are homologous to 
the sequences  between -1 and -47 in pgap491 and  those 
between -1 and -56 in pgap63. The region between -39 and 
-88 in pgapll  is  also homologous to  these  same regions in 
pgap491 and pgap63. Based on the  strong similarities in 
primary  structure between these two regions in pgapll,  it  is 
likely that  they arose by tandem duplication. 

Within these  same regions of nucleotide  sequence homology 
among the glyceraldehyde-3-phosphate  dehydrogenase genes, 
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FIG. 4. Nucleotide sequence of the coding region of the glyc- 
eraldehyde-3-phosphate dehydrogenase gene in  pgupll. The 
continuous  nucleotide  sequence is for the glyceraldehyde-3-phosphate 
dehydrogenase  gene  in pgupll extending from the ATG initiation 
codon to the TAA  termination  codon. The amino  acid  sequence 
predicted from the nucleotide  sequence is shown be2ow the nucleotide 
sequence. Codons  in pgap49  which  differ from pgupll are shown 
above the continuous sequence. Codons  in pgap63 which  differ from 
pgapll are  shown below the continuous sequence. In positions  where 
the codon  in  pgap49 or pgap63  predicts a different  amino  acid  than 
in pgapll, the amino  acid  is  indicated above @gup49) or below 
(pgap63) the codon. 

there  are strong homologies with corresponding 5"noncoding 
regions of the two yeast enolase genes (8). As shown in Fig. 7 ,  
all five genes contain  a hexanucleotide homologous to CA- 
CACA,  5-15 nucleotides upstream from the respective trans- 
lational  initiation codons. A second region of strong  sequence 
homology is located 22-41 nucleotides upstream from each 
respective initiation codon. Interestingly, the  apparent dupli- 

cation of sequences in pgapll (nucleotides -39 to -88) begins 
with the CACACA hexanucleotide and ends with the second 
homologous region described above. The significance of these 
homologous regions will  be discussed further in the following 
section. 

The 3"noncoding region of the gene contained in pgapll is 
not homologous to the corresponding regions in pgap491 and 
pgap63, although the  latter two genes contain significant 
homologies within the first 100 nucleotides following the  trans- 
lational  termination codon (4). 

Mapping the 5' Termini of the Messenger RNAs Encoded 
by the Yeast EnoLase and Glyceraldehyde-3-phosphate De- 
hydrogenase Gene Families--In order to determine if the 
three glyceraldehyde-3-phosphate dehydrogenase structural 
genes are expressed in yeast, hybridization analyses were 
carried out with total poly(A)-containing yeast mRNA and 
hybridization probes containing sequences which are comple- 
mentary  to the 5"noncoding portions of the  three  structural 
genes. Since the coding portions of the  structural genes are 
extremely homologous and cross-hybridize, hybridization 
probes were prepared which included sequences from the 5" 
noncoding regions of the genes. A  parallel set of experiments 
was carried out with the two enolase structural genes. From 
the analysis, it is possible to  map  the 5' terminus of the mRNA 
and  to ascertain if the mRNA is synthesized. 

In  the case of the  yeast enolase genes, both genes are 
expressed during the vegetative cellular growth however, the 
amount of mRNA synthesized from the two genes is highly 
dependent  on the carbon source used to propagate the cells 
(11). In cells growing logarithmically in medium containing 
glucose, for example, 95%  of the enolase mRNA is derived 
from the  structural gene contained on the plasmid designated 
peno8, while 5% is encoded by the gene contained on the 
hybrid plasmid designated pen046 (8,ll).   In order to  map the 
5' termini of the two enolase mRNAs, hybridization probes 
were isolated from each plasmid which extended from a com- 
mon H i d  restriction endonuclease cleavage site located 34 
nucleotides downstream from the translational  initiation co- 
dons of both genes, to  sites  far  upstream from the translational 
initiation condons. The nucleotide sequences of the two eno- 
lase structural genes are identical between the initiation codon 
and  the HznfI cleavage site. The probes were labeled with 
polynucleotide kinase at  the 5' termini of the HinfI cleavage 
sites and were then hybridized with total yeast poly(A)-con- 
taining mRNA as described under "Experimental Proce- 
dures.'' The poly(A)-containing mRNA was isolated from cells 
grown in the presence of glucose as carbon source. Under 
these growth conditions, the mRNA encoded by the gene 
contained on pen046 comprises approximately 5% of the eno- 
lase mRNA in the cell. S1 nuclease digestion of the hybrids 
formed between the probe derived from the gene on pen046 
and  this mRNA  preparation should reveal at least two resist- 
ant hybrids. The major hybrid would be formed between the 
probe and mRNA synthesized from the gene corresponding to 
pen08 and should extend from the  HinfI  site through the 

Hlnc I1 sal I - I . 
' Alu I 

. 
Am 11 

\ VI, I, I ,  ,,-,//,A f 
I I 

Toq I Hpa I Hmc II 
" - 

t----l =I50 base palrs 

FIG. 5. Strategy for  determining the nucleotide sequence of 
the glyceraldehyde-3-phosphate dehydrogenase  gene in 
pgupll. The arrows indicate the direction and  amount of sequence 
determined  from  each  end-labeled  restriction  endonuclease  fragment. 
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PGCCACCATCTGCrrCrrAffiTGCATGCGACGGTATCCA~TGCA~TCA 
-290 -280 -270 -260 -250 

A C A T % T C T G A ~ G A ~ G ~ ~ ~ T C A T G ~ ~ R ~ C T G T % ~ G T ~ I ~ ~ G A T ~ T G ~ ~ ~ ~  
-240 2 3 0  3 2 0  - i l o  -io0 - i g o   - i s 0   - i 7 0  

C G W T C A T A T ~ T ~ C A A T A T A m C A ~ C A A T G f f i A ~ G T f f i T A T A T m C A C A C A 4 T F A G A m  
FIG. 6. Nucleotide sequence of the 

5'- and 3'-noncoding regions of the 
glyceraldehyde-3-phosphate dehy- 
drogenase gene in pgapll. The nu- 
cleotide sequence 290 nucleotides up- 
stream from the ATG initiation codon 
and 126 nucleotides downstream from 
the TAA termination codon is shown for 
the gene within pgapll. 

T A 4  ATA44GCAATCTTGATGACFATA4TGA~WTATA~TWTACTACCGTT' r lTCTGCTAGA~~W 
+ io  +iO +30 +40 4 0  +60 +io  

WTWTMTACATAlTAClllllMCWWR%U 
t80 +go t i o o  tilo t i 2 0  

( - 8 8 ) ~ T ~ ~ ~ T C A 4 G - A 4 C T T G G m - G A T A m C C ( - 3 9 )  
( - 3 8 ) A 4 n A n A C - - f f i - T A C T - - - - - T C A - - C T I W \ m A - C A C A C A  ATG PWU 
(-47)MA@$?h4G-A4CllAGllTCWT-A"----CACACATPPf--T~-M ATG pGAp491 

(-45)A@&CCPAGCCT--GCll---ATC-A4-----CACACAP,4~-CTPPATW ATG PW 
( - ~ ~ ) ~ C G - A ~ C ~ ~ A ~ ~ W \ A T T A ~ ~ T T C A T C A C A  ATG P w 3  

( -~~)~T&CCPAGC~TACT-- -AT- -A~- - - - -~TA~- - - - -TA~-T- - -A  ATG Pouo8 

FIG. 7. Comparison of the 5"noncoding regions of three  yeast glyceraldehyde-3-phosphate dehydro- 
genase genes and two  yeast enolase genes. The 5'-noncoding regions of peno8, peno46, pgup63,  pgup491, and 
pgapll have been aligned relative to the ATG initiation codons to maximize homology. Two regions of homology 
within the 5'-noncoding  region  of the gene in pgapll have been aligned. Two regions of strong homology among 
the five genes are indicated by the brackets below the pen08 sequence. The mapped positions of the 5' termini of 
mRNAs synthesized from the genes are indicated by the burs above the sequences. The  solid  dots above the bars 
indicate the location of intense hybrids formed between the genes and mRNA. The numbers within parentheses 
refer to the number  of nucleotides upstream from the respective ATG initiation codons. 

homologous coding sequences to  the  last homologous nucleo- 
tide which is one nucleotide upstream from the translational 
initiation codon. The second hybrid would  be formed between 
the probe and mRNA synthesized from the homologous gene 
corresponding to peno46. As illustrated in  Fig. 8, the two 
expected hybrids are formed. The smaller, more abundant 
hybrid maps  to a position one nucleotide upstream from the 
initiation codon while a less intense hybrid is present which 
maps to a position 40 nucleotides upstream from the initiation 
codon. Neither hybrid is formed in the absence of yeast 
mRNA. In each case, a  series of five hybrids, differing by one 
nucleotide from each other, is observed. This same pattern is 
observed for the glyceraldehyde-3-phosphate dehydrogenase- 
mapping experiments. In  the case of the hybrid formed be- 
tween the probe isolated from the gene in  pen046 and  the 
mRNA synthesized from the gene corresponding to peno8, we 
know from the primary structures of the enolase genes that 
the last homologous nucleotide is one position upstream from 
the initiation codon (8).  The series of five hybrids  extends 
from three nucleotides upstream from the  last homologous 
nucleotide to one nucleotide downstream from this nucleotide. 
These  data suggest that S1 nuclease trims  the hybrids within 
a few nucleotides of the last  base pair in the hybrid. We 

therefore assume that  the error in mapping is  +4-5 nucleo- 
tides. Based on these data,  it is unlikely that  the multiple 
hybrids reflect heterogeneity at the 5' termini of the mRNAs. 

A similar experiment was carried out with the probe isolated 
from peno8. As illustrated in  Fig.  9, a single S1 nuclease- 
resistant hybrid is observed which maps 36 nucleotides up- 
stream from the translational  initiation codon in peno8. 

Hybridization probes were isolated from the  three glycer- 
aldehyde-3-phosphate dehydrogenase structural genes which 
extend from a HinfI restriction endonuclease cleavage site 29 
nucleotides downstream from the initiation codon in all three 
genes to sites  far  upstream from the initiation codon in each 
respective gene. Hybridization was carried out  as described 
for the enolase genes utilizing total poly(A)-containing mRNA 
isolated from cells grown  in the presence of glucose. The 
probes isolated from pgap491, pgup63, and  pgupll formed 
hybrids which mapped  to  sites 44, 53, and 82 nucleotides 
upstream from the initiation codon of each respective gene 
(Fig. 9). In each case, the hybrid observed extended beyond 
the initiation codon and includes sequences within the 5'- 
noncoding region of the gene. Since the 5"noncoding regions 
of the  three glyceraldehyde-3-phosphate dehydrogenase genes 
lack sufficient homology to cross-hybridize, we conclude that 
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the  hybrids observed  were  formed  with mRNA synthesized 
from the gene  which  corresponds to  the hybridization  probe. 
The size of the  hybrid  formed, therefore,  corresponds to  the 
number of nucleotides from the HinfI site  to  the  last nucleo- 
tide which is  complementary  to  the 5’ terminus of the mRNA. 

The locations of the 5’ termini of the enolase and glyceral- 
dehyde-3-phosphate dehydrogenase  mRNAs,  calculated  from 
the  data  presented in Figs. 8 and 9, are shown  in Fig. 7. The 
solid burs above each  sequence correspond to  the end points 
of the  hybrids formed  with each probe. The dots above  the 
burs indicate  the most intense of the family of hybrids. The 
most striking  feature of these  data  is  that  the 5’ termini of all 
five mRNAs  are located  within  a region of strong nucleotide 
sequence homology among  the genes. In the case of the gene 
contained  on  pgupll,  the 5’ terminus of the  mRNA  synthe- 
sized from this  maps only to  one of the  duplicated homologous 
sequences. These  data  demonstrate  that  mRNA is synthesized 
in vivo from  all three glyceraldehyde-3-phosphate dehydro- 
genase genes. They also  show that  the 5’-nontranslated re- 

C C+T G A G  - +  - 
RNA 

115- 

+ - 
en0 8 

FIG. 8. Mapping of the 5’ terminus of the mRNA Synthesized 
in vivo from the enolase gene  corresponding  to pen046. SI 
nuclease-resistant hybrids formed  between  a probe isolated from 
pen046 which includes the 5”noncoding  portion of the gene (see 
“Experimental  Procedures”)  and  total yeast poly(A)-containing 
mRNA  are shown in the lane on  the right (+RNA).  The control 
without  added RNA (-RNA) is in the parallel lane. The number of 
bases  from the 5‘ end label is shown  on the right axis. The number 
of bases from  the ATG  initiation  codon is shown in parentheses on 
the left axis. A series of chemical  cleavage  reactions were electropho- 
resed in the first four lanes in order  to  determine  the molecular 
weights of the hybrids. 

%. , ... . -(-82) 

-(-44) 

FIG. 9. Mapping of the 5‘ termini of the mRNAs synthesized in vivo from the  genes contained  within 
penoS, pgup49, pgap63, and pgapll. SI nuclease-resistant  hybrids formed  between ”‘1)-labeled probes (see 
“Experimental  Procedures”)  containing  the 5’-noncoding regions of the genes  within peno8, pgap49, pgap63, and 
pgapll and  total yeast poly(A)-containing  RNA  are shown in the presence of RNA (+) and in the absence (-) of 
RNA. The numbers in parentheses refer to  the  number of nucleotides upstream from each respective ATG 
initiation codon.  A series of chemical  cleavage reactions were  electrophoresed in parallel in order  to  determine  the 
molecular  weights of the  hybrids. 
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gions of the  yeast enolase and  glyceraldehyde-3-phosphate 
dehydrogenase  mRNAs  are homologous. 

DISCUSSION 

Previous  reports  from  this  laboratory (3, 4)  and  the  data 
presented  here confirm that  there  are  three  nontandemly 
repeated  glyceraldehyde-3-phosphate  dehydrogenase  struc- 
tural  genes  in  yeast.  These genes are  not alleles  since they  are 
present  in  haploid  strains of S. cerevisiue. None of the genes 
contains  an  intervening  sequence (3, 4). The gene  contained 
on  the  pgupll plasmid is homologous to  but  not  identical 
with  the  other two (3, 4) within the coding portions of the 
genes. Codon  usage  within the gene on pgapl l  follows the 
same highly  biased pattern observed  for the  other glyceral- 
dehyde-3-phosphate  dehydrogenase genes (4). 

Based  on  the  primary  structures of the  three glyceralde- 
hyde-3-phosphate  dehydrogenase genes, none  appears  to be a 
pseudogene. The S1 nuclease-mapping  data  demonstrate  that 
mRNA is synthesized  from all three  structural genes. It  seems 
likely that  the  three  polypeptides  are also synthesized in vivo 
and  that  they  might give rise to isozymes of the  tetrameric 
enzyme. The  most convincing  eveidence that  there  are at least 
two glyceraldehyde-3-phosphate  dehydrogenase  polypeptides 
present in yeast is based on  the  fact  that  two  ambiguities  in 
the  primary  structure of the enzyme (7)  can be  resolved if 
polypeptides  are  present in the cell which are  encoded by at 
least two of the isolated  genes. Jones  and  Harris  (7)  report 
similar molar yields of serine  and  threonine a t  position 36 and 
high  yields of valine and isoleucine a t  position 328. The gene 
isolated on pgup491 encodes  threonine  and isoleucine at these 
positions  while serine  and valine are encoded at  these positions 
by the genes on pgup63 and  pgapll.  The  remainder of the 
primary  structure  determined by Jones  and  Harris  (7)  agrees 
closely with  that  predicted  from  the  gene in  pgap491. Based 
on  these  data,  one would predict  that  the  polypeptide  encoded 
by the  gene in  pgup491  was the  major polypeptide  in the 
preparation which  was sequenced. I t  is also reasonable  to 
conclude that  one  or  both of the  polypeptides  encoded by the 
genes  in  pgup63 and  pgupll were present in the  preparation. 

The simplest  mechanism for the evolution of three glycer- 
aldehyde-3-phosphate  dehydrogenase  structural genes in 
yeast would be to  postulate two  successive duplication  events. 
The coding portion of the  gene  contained in pgupll  is 90% 
homologous to  the coding portions of the genes contained  in 
pgup491 and pgap63. The coding portions of the genes  in 
pgap491  and  pgup63  are 95% homologous. If one ignores the 
possibility of preferential  recombination  between specific pairs 
of structural genes, then  one would predict  that  the  gene 
contained in pgupll  is a product of the  first  duplication  event 
while those in pgap491  and  pgup63  are  the  products of a 
subsequent duplication. Minimum  estimates of the  times of 
these  duplication  events, calculated from  the observed rate of 
divergence of glyceraldehyde-3-phosphate  dehydrogenase 
(12), are 200 and 100 million  years,  respectively. These  esti- 
mates would represent  minimum  values since concerted evo- 
lution of the family of yeast  glyceraldehyde-3-phosphate  de- 
hydrogenase genes ( i e .  recombination  among  the  genes) 
would minimize the observed sequence divergence among  the 
genes. I t  is quite possible that  the  yeast genes have evolved in 
concert since multiple  forms of glyceraldehyde-3-phosphate 
dehydrogenase  have  been  observed in  a wide variety of eucar- 
yotic cells, suggesting duplication  events which are  much 
earlier  than  those  estimated above. 

The distribution of nucleotide sequence  changes within 
specific portions of the coding regions of the  three  yeast 
glyceraldehyde-3-phosphate  dehydrogenase  structural genes 

was  analyzed in  order  to  test  the possibility that  preferential 
recombination  occurs  between specific pairs of structural 
genes. If the  three genes do  not  undergo  recombination  or if 
recombination occurs randomly  among  the  three genes, then 
the  time  and  order of duplication  estimated from the  sequence 
divergence data  determined for any  statistically significant 
portion of the  three coding  regions should be  similar. Initially, 
divergence  within the  portions of the genes  which encode  the 
two functional  domains of the  polypeptides was  examined. 
Within  the  portions of the  structural genes  which  encode the 
NAD-binding  domains of the polypeptides (codons 1-147), 
the gene contained  in pgupll  differs from  those  contained  in 
pgap491  and  pgap63  at 69 and 63  nucleotide  positions, re- 
spectively. The  latter two  genes differ by 30 nucleotides  in 
this region. The portion of the gene in  pgupll which encodes 
the  catalytic  domain of the  polypeptide (codons 148-331) 
differs  from the genes in  pgap491  and  pgap63 at  40 and 38 
nucleotide  positions,  respectively. The genes contained in 
pgap491 and  pgap63 differ by 23 nucleotides  within the  re- 
gions  encoding the  catalytic domains. Based  on  these  data, 
sequences encoding the NAD-binding domain  in pgupll  are 
2.3-fold (69:30) more diverged from  the genes  in  pgup491 or 
pgap63  than  are  the  latter genes from  each  other.  In  the case 
of sequences encoding the  catalytic  domains,  the gene  in 
pgupll  is 1.7-fold (40:23) more diverged from  those in  pgup491 
or pgup63 than  are  the  latter genes from  each  other.  In  both 
cases, the  data  predict  that  the genes contained in pgap491 
and  pgap63  are  the  products of a  second  duplication event. 
The  estimated  times of the two  duplication events, however, 
are  somewhat different if one  considers  the  data  from  the 
NAD-binding domain versus the  catalytic domain. The  cata- 
lytic  domain divergence data  predict  that  the second  dupli- 
cation  is closer to  the  first  duplication  than  do  the  data  from 
the NAD-binding  domain. 

A more  striking  anomaly in the divergence pattern of the 
three  yeast  structrual genes is observed if one considers those 
sequences  between codons 144 and 243. This  portion of the 
structural genes encodes  the  most highly conserved portion of 
the polypeptides. The amino acid sequences of the  yeast, 
lobster,  and pig glyceraldehyde-3-phosphate  dehydrogenases 
are  extremely homologous in  this region (7, 10). Within  this 
region, there is a  single amino acid  difference predicted  from 
the  sequences of the  three  yeast genes. The  structural genes 
in pgupll  and  pgap63  predict a methionine residue a t  position 
178 while the gene  in pgap491  predicts leucine a t  this position. 
Within  this region, the  sequences of the genes  in  pgup491 and 
pgup63 differ by 11 silent  third position  codon changes  and a 
single first position codon change at  codon 178. The gene 
contained in pgapll  differs  within this region from the genes 
in pgap491  and  pgup63 by 13 and 5 nucleotides,  respectively. 
Interestingly,  these  data  predict  that  the genes in  pgupll  and 
pgap63  are  the  products of the second  duplication. Since all 
but  one of the nucleotide sequence differences among  the 
three genes  in this region are  silent  third position  codon 
changes, it  seems unlikely that  the  conservation of nucleotide 
sequence between the genes in  pgupll  and pgup63  in this 
region of the  structural genes is the  result of selective pressure 
at   the polypeptide level. An attractive  explanation for the 
anomalous  duplication  times  predicted from the divergence 
data in the NAD-binding domains uersus the  catalytic  do- 
mains would be to  postulate  preferential  recombination 
among  the  three  structural genes  within sequences encoding 
the  catalytic  domains uersus the NAD-binding  domains. In 
the case of sequences encoding  residues 144-243 of the poly- 
peptides,  one would further  postulate  preferential recombi- 
nation  in  this region between  the genes in  pgupll  and pgup63. 

The 5'-noncoding region of the gene  in pgapll  is homolo- 
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gous to  the genes contained in pgap491 and pgap63 within 
the regions adjacent to  the translational  initiation codons. 
This region of homology among the  three genes appears to 
have been tandemly duplicated in pgapll. No homology 
between the 3”noncoding portion of the gene in pgapll  and 
corresponding regions of the  other two genes was observed. 

The S1 nuclease-mapping data demonstrate that mRNA is 
synthesized from all three yeast glyceraldehyde-3-phosphate 
dehydrogenase genes. These  data also show that  the 5’ termini 
of the glyceraldehyde-3-phosphate dehydrogenase genes and 
the enolase genes map  to  a region of nucleotide sequence 
homology which is shared by all five structural genes. Thus, 
the homologous portions of these two gene families which are 
adjacent  to  the initiation codons (8) are present within the 5’- 
nontranslated regions of the mRNAs synthesized from the 
genes. While the functional significance of this homologous 
region of nucleotide sequence is not known, it is likely that 
these sequences evolved from a common precursor. Since the 
coding portions of the glyceraldehyde-3-phosphate dehydro- 
genase gene family is unrelated  to the coding regions of the 
enolase genes, it is likely that  the complete genes evolved  by 
a  segmental process. 

The 5”noncoding regions of the glyceraldehyde-3-phos- 
phate dehydrogenase and enolase genes have been compared 
to  other yeast genes for which the 5’ terminus of the mRNA 
synthesized from the gene is known. Within the sequences 
surrounding  those corresponding to  the 5’ terminus of the 
respective mRNA,  no homology was found among the genes 
coding for yeast iso-1-cytochrome c (13), yeast TRP5 (14), and 
those  reported here. In  contrast,  the genes coding for the yeast 
alcohol dehydrogenases (15, 16) contain regions of significant 
homology. The region surrounding the sequences coding for 
the 5’ termini of the glyceraldehyde-3-phosphate dehydroge- 
nase and enolase genes has  the general structure: 
AAAAAACCAAGEAACT where the underlined region indi- 
cates  the mapped  termini of the mRNAs. The corresponding 
regions in ADCl is AATATTTCAAGCTATACCAAG 
CATAC. In ADR2, the sequence of the corresponding recon 
is: AGAATATCAAGCTACA. In  both of these genes, the 
sequence CAAGC is present at  or near the mapped 5’ termini 
of the mRNAs. This sequence is homologous to sequences 
adjacent to  the 5‘ termini of the glyceraldehyde-3-phosphate 
dehydrogenase and enolase genes. Finally, the sequence sur- 
rounding the  site mapped for the 5‘ terminus of the yeast 
HIS3 gene (17) is:  AAAAAATGAGCAGGC. - This sequence is 

” 

also homologous to  the corresponding regions of the genes 
described here  but  the degree of homology with the CAAGC 
sequence is not as strong as for the alcohol dehydrogenase 
genes. Interestingly, the sequence AAAAAAC- - AG-TACT is 
present in pgapll between nucleotides -26 and -38. Although 
this  sequence is extremely close to  the consensus sequence for 
the genes, it does not correspond to  the 5‘ terminus of a 
mRNA detected  in the cell. This sequence lacks the CAAG 
portion of the homology. It is tempting to speculate that  the 
homologous portions of these genes play some role in tran- 
scription or translation. Correlation of these sequences with 
expression of the genes will require further analysis of the 
expression of genes containing defined alterations within these 
homologous sequences. 
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Homologous nucleotide sequences at the 5' termini of messenger RNAs
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