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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 pgap11.
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
homeology 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
filter-blotting experiments using restriction endonuclease-
cleaved genomic DNA and hybridization probes which are

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 to 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
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Fic. 1. DNA filter blot of EcoRI-digested pgap492, pgapll,
and yeast DNA. Lanes A, B, and C are agarose gels of EcoRI-
digested pgap492, pgapl1, and yeast DNA (strain F)), visualized after
staining with ethidium bromide. Lanes a, b, and c are 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 HindIIl 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 pgap49 (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
HindlIII fragment isolated from pgap491. A hybrid plasmid
designated pgapll was identified and analyzed as described
below.

Restriction Endonuclease Mapping of pgapll: Compari-
son with pgap492 and pgap63—In order to confirm that the
sequences isolated on pgap11 are co-linear with genomic DNA
sequences, DNA filter 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-

2 The abbreviations used is: kb, kilobase pair.

Enolase and Glyceraldehyde-3-phosphate Dehydrogenase Gene Expression

ment from pgapl1 corresponds to the smallest hybrid formed
in genomic DNA. These data confirm that pgapl1 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
cerevisiae (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 pgapl1l.

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 Hpal cleavage site within the coding portion of
the gene in pgapll is homologous to Hpal cleavage sites in
the genes contained within pgap492 and pgap63 (4). The
restriction endonuclease cleavage map of pgapll 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 pgap11 is shown in Fig.
3. The restriction endonuclease cleavage maps of the corre-
sponding regions of pgap491 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 pgapll—The complete nucleotide se-
quence of the coding region of the glyceraldehyde-3-phosphate
dehydrogenase gene contained within pgap11 is shown in Fig.

pgap Il S
| 34 2 6 3 [
- n S—
T 28 5
| Bam HI S5 Hpa I
2BglII 6 Sall
3 Eco RI 7 Sma I
4 Hind ITI 8 Xbal
— = | kilobase (kb)

F1G. 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 pgapl1. The arrow 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 pgapl] 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 pgap49] 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 ggapl1 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 iscleucine, serine, threo-
nine, and valine contain either C or U in the third position
approximately 50% of the time. 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 pgaepll 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 pgapé3 differ by 30 nucleotides.
Within the portions of the genes which encode the catalytic
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domains of the polypeptides (residues 148-331), the gene
contained on pgapl1 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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Fic. 4. Nucleotide sequence of the coding region of the glyc-
eraldehyde-3-phosphate dehydrogenase gene in pgapll. The
continuous nucleotide sequence is for the glyceraldehyde-3-phosphate
dehydrogenase gene in pgapll extending from the ATG initiation
codon to the TAA termination codon. The amino acid sequence
predicted from the nucleotide sequence is shown below the nucleotide
sequence. Codons in pgap49 which differ from pgapll 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 (pgap49) 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-
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cation of sequences in pgapl1 (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'-nonceding 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 peno46 (8, 11). 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 Hinfl restriction endonuclease cleavage site located 34
nuclestides 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 Hinfl cleavage site. The probes were labeled with
polynucleotide kinase at the 5" termini of the Hinfl 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 peno46 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 peno46
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
peno8 and should extend from the Hinfl site through the

Hinc T1 Sat 1
-—————
AlyI L Avo IT
T 7 lI77/L}/ /qIZI77/IJ/ M]iL‘J ILI@ 7
+— —4-
Toq 1 Hpa I Hinc II

——— =150 base pairs

Fic. 5. Strategy for determining the nucleotide sequence of
the glyceraldehyde-3-phosphate dehydrogenase gene in
pgapll. The arrows indicate the direction and amount of sequence
determined from each end-labeled restriction endonuclease fragment.

8T0¢ ‘8 4800190 U0 159nH Aq /6.10°0q[-mmmy/:dny wioly papeo jumoq


http://www.jbc.org/
cube
Realce

cube
Realce

cube
Realce

cube
Realce

cube
Realce

cube
Realce


Enolase and Glyceraldehyde-3-phosphate Dehydrogenase Gene Expression

5295

AGCCACCATCTGCTTCTTAGGTGCATGCGACGRTATCCACGTGCAGATCA
-200 -280 -270 -260 250

ACATAGTCTGANGAAGBGGEGAGGAGCATGTTCATT CTCTGTAGCAGT AAGAGCT TGGTGATAATGACCAAAACTEGAGT

240 -230 220

-210 -200 -130 180 170

CGARATCATATAAATAGACAATATATTTTCACACAATGAGATTTGTAGTACAGTTCTATTCTCTCTCTTGCATARATAAG

Fic. 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 pgapil.

-160 -150 -140

-80 -70 -60

2130 2120 -110 -100 -90

ARATTCATCAAGAACTTGGTTTGATATTT CACCAACACACACABAAMACAGTACTTCACTAAATTTACACACAMMACAMA ATG  PGAPTL

-50 -40 -30 -20 -10

TAA ATAMGCAATCTTGATGAGGATAATGA GAATATACATAAATACTACCGTTTTTCTGCTAGATTTTGTARA

+10 +20

+30 +40 +50 +60 +70

GACGTAMTAAGTACATATTACTTTTTAAGCCAAGACAAGATTAGCA

+80 +90 +i00

+110 +120

(-88) VATATTATTCAT CAG-AACTTGGTTT-GATATTTCACCAACACACAC(~39)

(-38) AMAAAAC~—AG-TACT — ——TCA-~CTABATTTA-CACACA-~—-———- AAACAMA AT
(-7 AR CANG-AACTTAGTTT CGAAT- AN ——--CACACATARA-TARA-CAA ATG
(=55 MARATCAG-AACTTAGTTTCAMTTARATTCATCACACAMACAMCAMAACANA ATG
(-15) ARATACCANGCAACT ~—GCTT-—ATC-AA-———~CACACMACA-CTAMTCAM ATG
(-3 T ARCRCCANG CAACTAATACT -—-AT—AA-———CATACA-——~TAA-T——-A AT

PGAP11
PGAPLIL
PGAPE3
PENO46
PENO8

Fic. 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, pgap63, pgap491, 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 peno8 sequence. The mapped positions of the 5 termini of
mRNAs synthesized from the genes are indicated by the bars 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 perno46 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 glyeer-
aldehyde-3-phosphate dehydrogenase structural genes which
extend from a Hinfl 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, pgap63, and pgapll 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 Hinfl 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 bars above each sequence correspond to the end points
of the hybrids formed with each probe. The dots above the
bars 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 pgapll, 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-

F16. 8. Mapping of the 5’ terminus of the mRNA synthesized
in vivo from the enolase gene corresponding to peno46. Sl
nuclease-resistant hybrids formed between a probe isolated from
peno46 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)

-(-53)

-(-44)

gapd9 gap63 gapll”

Fic. 9. Mapping of the 5’ termini of the mRNAs synthesized in vivo from the genes contained within
peno8, pgap49, pgap63, and pgapll. S1 nuclease-resistant hybrids formed between **P-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. cerevisiae. None of the genes
contains an intervening sequence (3, 4). The gene contained
on the pgapll 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 pgapll 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 at position 36 and
high yields of valine and isoleucine at position 328. The gene
isolated on pgap491 encodes threonine and isoleucine at these
positions while serine and valine are encoded at these positions
by the genes on pgap63 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 pgap491 was the major polypeptide in the
preparation which was sequenced. It is also reasonable to
conclude that one or both of the polypeptides encoded by the
genes in pgap63 and pgapll 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 pgapll is 90%
homologous to the coding portions of the genes contained in
pgap491 and pgap63. The coding portions of the genes in
pgap491 and pgap63 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 pgapl]l is a product of the first duplication event
while those in pgap491 and pgap63 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. It 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

5297

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 pgapll 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 pgapll 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 pgapll are
2.3-fold (69:30) more diverged from the genes in pgap491 or
pgap63 than are the latter genes from each other. In the case
of sequences encoding the catalytic domains, the gene in
pgapll is 1.7-fold (40:23) more diverged from those in pgap491
or pgap63 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 pgapll and pgap63 predict a methionine residue at position
178 while the gene in pgap491 predicts leucine at this position.
Within this region, the sequences of the genes in pgap491 and
pgap63 differ by 11 silent third position codon changes and a
single first position codon change at codon 178. The gene
contained in pgapl1 differs within this region from the genes
in pgap491 and pgap63 by 13 and 5 nucleotides, respectively.
Interestingly, these data predict that the genes in pgapi1 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 pgapll and pgap63 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 versus the catalytic do-
mains would be to postulate preferential recombination
among the three structural genes within sequences encoding
the catalytic domains versus 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 pgapl1 and pgap63.

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 ise-1-cytochrome ¢ (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:
AAAAAACCAAGCAACT 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 region
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

Enolase and Glyceraldehyde-3-phosphate Dehydrogenase Gene Expression

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 pgapl1 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 Synthesized from the Yeast Enolase and Glyceraldehyde-3-Phosphate
Dehydrogenase Gene Families: The Primary Structure of a Third Yeast

Glyceraldehyde-3-Phosphate Dehydrogenase Gene

BY
Janice P, Holland, Laura Labieniec, Candice Swimmer, and Michael J. WHolland
EXPERIMENTAL PROCEDURES

Materials and Bacterial Strains,. [,-3ZP]ATP (2000-3000 Ci/mmol) was purchased
From Wew Engiand RucTear and [s-S2PJdCTP (2000-3000 Ci/mmol) was abtained from
Amersham Corporation. Restriction endonucleases Alu I, Ava II, BamM I, Hpa II,
Sal 1, Sma I, Tag I, and Xba I and bacterial alkaline phosphatase were pur-
Thased Trom Betiesda Research Laborataries. Restriction endanucleases Bgl II,
Hae 111, Minc 11, Hind 111, Hinf I, Hpa I, Mo 1I and Pvu IT were obtain

From New England BToTabs, PGTYnucleﬁTae kTnase and DNK ligase (T4-infected
E. coli) were supplied by P-L Biochemicals. DNA polymerase I was purchased
Trom Boehringer Mannheim. 8acterial strains and growth conditions were as
described in Holland and Holland {1}. Plasmid DNA was prepared according to
the procedures of Clewell and Helinski (2) and Colman et al (3). apasl, an
ampicillin resistant recombinant contatning a glyceraldehyde-3-phosphate
dehydrogenase gene, was isolated as described by Holland and Halland (1).
9gap492, a hybrid plasmid composed of the vector, pSF2124 (4) and an Eco RI
Tagment of yeast DNA containing the same gene, was isolated as outlimed in
Holland et al (5).

Isolation of pgapll. Ten pools, each of 2000 E. coli RR101 ampicillin resis-
ant transtormants containing Eco RI restricted yeast genomic DNA Tigated into
the Eco RI site of the cloning vector pSF2124, were screened by a combination
of Southern blotting and colony filter hybridization techniques as described
by Holland et al {5) for the presence of hybrid plasmids containing glyceral-
dehyde-3-phosphate dehydrogenase genes. The 2.1 kb $tind 111 fragment from
p}g\_aﬁAQl {1) was nick translated in the presence of [a-32P]JdCTP according to
the procedure of Rigby et al (6) and used as a hybridization probe. The hy-
brid plasmid designated pgapll was fsolated and shown by Southern blotting and
restriction mapping described below to contain the third glyceraldenyde-3-
phosphate denydrogenase structural gene on a 4.3 kb Eco RI fragment of genomic
DNA.

Southern Blotting Anal‘sis of g&agu. 0,25 ug each of 9%5%492 (5) and p%_:y_u
a W5 wg of yeas were L gigested with the restriction enzyme tco RI
and the cleavage products displayed on a .8% agarose slab gel electrophoresed
at 60 v for 5 hr. After electrophoresis, DNA was transferred to a nitrocel-
lulase filter by the modified procedure of the Southeen technique (8) outlined
by Ketner and Kelley (3). The filter was pretreated for 3 h at 65° in 3 X S5
{1 x SSC = 0.15 M sodium chloride, 0.015 M sodium citrate, pH 7.0) containing
Dennardt‘s solution (10): 0.02% Ficoll, 0.02% polyvinylpyrolidine, and 0.02%
bovine serum albumin. The filter was then pretreated for 1 h at 65° with the
above solution supplemented with 0.1% sodium dodecyl sulfate and 10 ug/m!
depurinated satmon sperm DNA and blotted dry. Hybridization was performed in
the Tatter solution at 65° for 36 h under mineral oil utilizing 2.5 x 105 cpm
of a [32p]dCTP-1abeled 2.1 kb Hind III fragment from pgap491 (1) nick trans-
lated according to the procedure of Maniatis et al (9). Following {ncubation
the filter was washed 3 times with chloroform at room temperature to remove
the of] and 6 times with 300 m) 6 x SSC at 65° for a tota) of 90 min. Auto-
radiography was performed as previously described.

Restriction Endonuciease Cleavage Anaiysis. A restriction endonuclease cleav-
3ge map was established for the pmll Fiybrid plasmid by first digesting 0.5
ug ONA with the following restriction enzymes for 1 h at 37°C in 30 1 reac-
tion volumes under the suppliers' prescribed conditions: Bam MI, Bgl II, Eco
RI, Hind 111, %EU 1, 5al I, Sma | and Xba 1. ODigestions were terminated by
the addition of 0.2 volumes of & solutTon containing 0.125 M EDTA, pH 7.8, 25%
glyceral and 2% Sarkosyl. A series of digestions with two restriction endo-
nucleases were then analyzed. The results of these digestions are tabulated
in Table IS. Based on these data the map shown in figure 2 was detemined.

A detatled restriction endonuclease cleavage map involving enzymes with
four and five nucleotide recognition sites was also established for pgapll
using the partial digestion procedure of Smith and Birnsttel (7). 25 ug of
pge%\) was digested with the restriction enzyme Sal 1, dephosphorylated with
bacterial alkaline pnosphatase according to Smith and Birnstiel (7) and phos-
phorylated with polynucleatide kinase and [y-32PJATP by the method of Maxam
and Gilbert (8). Following phenol extraction, three sequential ethanol preci-
pitations were carried out to remove unincorporated [y-32pJATP. The end-
labeled Sal 1 Tinear DNA was digested with ECo RI and the 2.8 kb and 1.5 kb
fragments containing the glyceraldehyde-3-phosphate dehydrogenase gene were
isolated by preparative agarase gel electropharesis. A series of partial
digestions af these two fragments were carcied out (3060 cpm end-labeled DNA
per digestion) with Alu I, Ava II, Hae I(II, Hinc 11, Hind TII, Hinf I, Wpa II,
Moo I, Tac I and Tag 1. The cleavage products were displayed on a 1.5% aga-
Tose slab gel {30 T?s.s cm) and visualized by autoradiagraphy with Kodak X-
OMAT R film and a Dupant Lightning Plus intensifying sceeen for exposure times
of 24-48 h. These data and a series of limit digestions with each enzyme were
used to generate the map shown in figure 3.

DNA Sequence Analysis. End-labeled 2.8 kb and 1.5 kb Sal I1/Eco Rl fragments
Trom pgapll, prepared as described above for restriction endonuciease analy-
sis, were chemically modified and cleaved according to the method of Maxam
and Gilbert (8). Cleavage products were analyzed by 0.4 mm 20% (or 12%)
palyacrylamide gel electrophoresis at 1100 V using a 7, 20 and 36 h (14-16 h)
loading schedule, Autoradiography was carried out 3s described above.

20 ug of the 4.3 kb Eco RI fragment from pgapll containing the glyceral-
dehyde-3-phosphate dehydrogénase geme, iSolated by sucrose density centrifu-
gation, was digested with the restriction enzyme Ta , dephasphorylated and
phosphorylated as previously outlined, Two fragments, 0.75 kb and 0.9 kb con-
taining 5' flanking sequences, were isolated by preparative polyacrylamide gel
electrophoresis. These fragments were identified by secondary digestions with
the restriction enzyme Hae [Il. Single end-labeled fragments were eluted from
polyacrylamide gels after digestion with Hae I1i. DNA sequence analysis was
carried out according to the procedure of Maxam and Gilvert (8), 25 ug of
the 4.3 kb Eco RI fragment was digested with the restriction enzyme Hpa I.
Labeling of the blunt-ended fragments was carried out as described above ex-
cept that the fragmeats were denatyrd by boiling for 5 min pricr to the poly-
nucleotide kinase reaction. The [32p).1abeled 2.5 kb and 1.8 kb fragments
were renatured and cleaved by the restriction endonucleases Bgl [l and Sal I,
respectively. The resulting 0.7 kb Bg) 11/Hpa 1 and 0.3 kb Fpa I/sal T Frag-
ments were isolated by preparative agardse g€l electrophoresis and Sequenced
as described above. 25 ug of the 4.3 kb Eco RI fragment were digested with
the restriction enzyme Minc II. Blunt-ended fragments were Jabeled as des-
cribed above and isolated by preparative agarose gel electrophoresis. A 0.8 kb
Hinc 1@ fragmeat containing 5'-noncoding Sequences was cleaved by Hha 1 and
The resulting 0.5 kb end-labeled fragment was sequenced, A 1.5 kb Hinc jl
fragment containing 3' noncoding sequences was cleaved by Ava II and resulting
1.3 kb Ava II fragment was analyzed. Coding region sequences obtained from
the 0.19 and 0.25 kb Hinc 11 fragment were cleaved respectively by Alu [ and
Ava 11 and the resultTag 0.16 kb Alu I/finc 11 and 0.17 kb Ava 1i/Hinc 1]
Tragments were sequenced. The overall Sequencing strategy 1s summarized in
figure 5.

Mapping of the 5'-Termini of Messenger RNAs Synthesized from the Enolase and
mRNAs synthesiz rom ree glyceraldehyde-i-phosphate dehydrogenase and
two enolase genes were determined by the S1 nuciease protection method des-
cribed by Berk and Sharp (11). In the cases of the three glyceraldehyde-
3-phosphate dehydrogenase genes, restriction endonuclease cleavage fragments
were isolated from pgapd4d (12), pgap63 (12) and pgagu. Each fragment was
[32p)-1abeled as described above at a Hinf site Ch is common to all three
genes and is located within the coding region, 30 nucleotides downstream from
each respective translational inttiation codon. In the case of pgapas, a 2.1
kb Hind 111 fragment containfng the gene (12) was digested with Hinf [ and the
5' Termini were [32P]-labeled as described above, A 0.45 kb Hinf 1 fragment
containing the region of interest was isolated by preparative agarose gel
electrophoresis, This fragment was then digested with Ava Il and the 0.41 kb
fragment containing the desired iabeled Hinf terminus was isolated and used in
the hybridization. A 3.2 kb Pvu II fragment coataining the glyceraldehyde-
3-phosphate dehydrogenase gene Trom pgap63 (12) was fsolated, digested with
Hinf I, [32p]-labeled and a D.31 kb Pvu II/Hinf 1 fragment containing the 5'-
Terminus of the gene was isolated. This fragment was further digested with
Ava II and a 0.26 kb fragment containing the desired labeled Hinf I site was
Jnalyzed. In the case of pgapll, the 4.3 kb Eco RI fragment containing the
gene was digested with Hinf I, end-labeled and a 0.17 kb Hinf I fragment was
analyzed. The enolase Genes contained on the hybrid plasmids designated penos
and penod§ {13) share a common Hinf [ cleavage site within the coding region
35 nucleotides downstream from The respective translational initiation codons.
This site was end-labeled in order to generate fragments for the Si nuclease
protection experiment. The Sma I/Kpn I fragment which contains the 5'-termi-
nus of the enolase gene in penod was tsolated as previously described {13),
digested with Hinf I, end-l1abeTed as described above and finmally, the 1.1 &b
Hinf I fragmen¥ containing the region of interest was §solated by preparative
agarose gel electrophoresis, A 1.6 kb Eco RI fragment containing the 5'-termi-
nus of the gene contained in peno46 was Tsolated as previously descrived (13),
digested with Hinf 1, end-labeled as described above, and a 0,27 kb fragment
containing the 5'-terminal sequences was isolated. Tnis fragment was further
digested with Hpa II and the 0.23 kb fragment, labeled at the Hinf [ site of
interest, was Tsolated and analyzed. -

2.5 ug of poly[{A)-selected yeast RNA or salmon sperm DNA were hybridized
with 0.05 ug of each end-labeled restriction fragment in a § 1 reactfon vol-
ume containing 80X deionized formamide, 0.04 M Pipes, pH 6.4, D.4 M NaCl and
0.001 M EDTA 1n sealed capillary tubes as described by Casey and Davidsan
{18}, After neating for 10 min at 65°, the samples were incubated at 50° for
8 h. Following hybridization the samples were diluted ten-fold with buffer
contatning 0.3 M NaCl, 0,03 M sodium acetate, pH 4.6, 0.001 M InSO4, 20 ug/ml
single stranded salmon sperm ONA and 550 units S1 nuclease and fncubated for
1 h at roam temgeratuce, After phencl extracticn and ethanol precipitation,
the sample was suspended in 90% formamide containing 0.05 M Tris-borate, 0.001
M EDTA, pH B.3 and electrophoresed in a 20% acrylamide gel for 20 h at 1100 V
as described for the DNA sequence analysis. Control samples containing salmon
sperm DNA instead of paly(A)-selected RNA, were electrophoresed in parallel
Tanes.
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TABLE IS

Holecular Weight of Restriction Endonuclease
eavage Fra nts o El

Restriction Endonuclease Fragment Molecular Weight (Kb)

%gl 11 13.9 1.65

€0 RI 11.2 4.3
Wnd 111 15.5
g 1 15,5

al | 15.5

7 1 15.5
Sma 1/8gl 11 12.5 1.65 1.35

@ 1/Hind 111 13.7 1.8
Sna 1/%5a 1 13.3 2,25
ha 1/Wpa I 11.8 37
Sma I/%al 1 11.5 4.0
?_IQTT 117%6a 1 13.9 0.9 0.75
'BST 11/8Tad 111 13.9 1.1 0.55
'B'gT 11/Fpa 1 13.2 1.65 0.7
o 11/%al 1 12.9 1.65 1.0
co RI/HTnd 111 1.2 3.6 0.7
{l@ I/Sal 1 15.2 0.3
Eco RI7ZA) I 1.2 2.8 1.5
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