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The functional gene and three intronless pseudogenes for human triosephosphate isomerase were isolated
from a recombinant DNA library and characterized in detail. The functional gene spans 3.5 kilobase pairs and
is split into seven exons. Its promoter contains putative TATA and CCAAT boxes and is extremely rich in G
and C residues (76%). The pseudogenes share a high degree of homology with the functional gene but contain
mutations that preclude the synthesis of an active triosephosphate isomerase enzyme. Sequence divergence
calculations indicate that these pseudogenes arose approximately 18 million years ago. We present evidence
that there is a single functional gene in the human triosephosphate isomerase gene family.

Triosephosphate isomerase (TPI, EC 5.3.1.1) catalyzes
the interconversion of dihydroxyacetone phosphate and
glyceraldehyde-3-phosphate in the glycolytic and gluconeo-
genic pathways (40). The enzyme consists of two identical
polypeptide chains which are 248 amino acids in humans (24,
27). Multiple electrophoretic and chromatographic forms
have been reported for TPI in every human tissue that has
been examined (21, 42, 51). However, gene mapping studies
with somatic cell hybrids (18, 23), studies of TPI post-
translational deamidation (15, 36), and characterizations of
naturally occurring variant isozyme patterns (12, 42) indicate
that the multiple forms arise from posttranslational modifica-
tions of a protein that is encoded by a single gene.
TPI is required for cell growth and maintenance. Accord-

ingly, the TPI gene is expressed in all cell types and thus
belongs to the so-called housekeeping gene category. Most
previous studies of mammalian gene regulation have focused
on facultative genes whose expression is limited to a par-
ticular cell type and developmental stage. In contrast, little is
known about housekeeping gene regulation. We have under-
taken a characterization of the human TPI gene to improve
our understanding of the structural features that distinguish
housekeeping genes from developmentally controlled genes.
Studies of this gene should define DNA sequences that
promote housekeeping gene recognition by the transcrip-
tional machinery of all cells.
Another interest in the TPI gene involves the various

mutations that cause hereditary TPI deficiencies in humans.
Homozygous-deficient individuals usually have 3 to 20% of
normal TPI activity and exhibit chronic nonspherocytic
hemolytic anemia, retarded growth, increased susceptibility
to bacterial infections, and pronounced neurological and
muscular disorders (54). The mutations that cause TPI
deficiency appear to be heterogeneous since both TPI en-
zyme activity and steady-state TPI mRNA levels can vary
among patients (27). For those patients tested, residual
enzyme activity is heat labile, suggesting that at least one
allele encodes a structurally altered protein (27, 49, 56).
Although the incidence of homozygous TPI deficiency is
fairly rare, a significant percentage of the human population
(e.g., approximately 5% of Blacks in the United States)
carries one normal and one null TPI allele as defined by 50%

* Corresponding author.

enzyme activity and 50% immunological cross-reacting ma-
terial (13, 34-36, 47). These individuals are phenotypically
normal. Characterization of mutant alleles that alter steady-
state TPI mRNA levels as well as characterization of null
alleles that do not produce detectable protein should help to
identify nucleotides that function in the control of TPI gene
transcription and RNA processing.
Nine human TPI cDNA sequences were isolated from an

adult liver library (27). All cDNAs appear to be derived from
a single mRNA species, suggesting derivation from tran-
scripts of a single gene. DNA sequencing defined the entire
744-nucleotide coding region, from which the TPI amino acid
sequence was deduced, and the entire 448-nucleotide 3'
untranslated region. Hybridization of TPI cDNA to restric-
tion enzyme digests of human DNA demonstrated that the
human genome contains multiple copies of TPI gene se-
quences (27).
We report here the isolation and characterization of the

functional gene and three pseudogenes for human TPI. The
functional gene spans 3.5 kilobase pairs (kbp) and is split into
seven exons. Exon-intron boundaries and the putative pro-
moter region were defined by nucleotide sequence analysis.
The 5' end of TPI mRNA was localized by primer extension.
The three pseudogenes lack introns and evolved independ-
ently from processed transcripts of the functional gene
approximately 18 million years ago.

MATERIALS AND METHODS

Cell cultures. Monolayer cultures of L153 and WI38 dip-
loid fibroblast cell lines and the HeLa cell line were grown in
Dulbecco modified Eagle medium supplemented with 10%
fetal calf serum. The cells were chilled to 4°C when 80%
confluent and then harvested by scraping. Daudi Burkitt
lymphoma B cells, Jurkat-FHCRC acute lymphocytic leuke-
mia T cells, and Frawley Epstein-Barr virus-infected B cells
were grown in suspension culture in RPMI 1640 sup-
plemented with 10% fetal calf serum.
Genomic DNA library screening. Approximately 600,000

plaques of a human genomic DNA library in X Charon 4A
(26) were screened (6) with a nick-translated, PstI-excised
insert from the human cDNA clone pHTPI-Sa (27). Nitro-
cellulose-bound DNA was prehybridized at 37°C in a solu-
tion containing Sx SSC (lx SSC is 0.15 M NaCI plus 0.015
sodium citrate), 50% formamide, lx Denhardt solution, 20
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mM sodium phosphate (pH 7.5), and 50 ,ug of single-stranded
calf thymus DNA per ml. cDNA was denatured and added to
1.5 x 106 cpm/ml. After the hybridization, filters were
washed at 50°C in O.1lx SSC-0.1% sodium dodecyl sulfate
and exposed to X-ray film.

Restriction enzyme mapping the TPI genomic clones in
bacteriophage DNA. Physical maps of each genomic clone in
Charon 4A were initially generated by localizing all EcoRI

and PstI sites relative to the right arm of the recombinant
molecules. DNA was digested to various degrees of comple-
tion with the appropriate enzyme, electrophoresed in a 0.3%
agarose gel, transferred to nitrocellulose (52), and prehybrid-
ized at 37°C in a solution containing 5x SSC, 50%
formamide, 10% dextran sulfate, lx Denhardt solution, 20
mM sodium phosphate (pH 7.5), 50 ,ug of single-stranded calf
thymus DNA per ml, and 0.1% sodium dodecyl sulfate. A
1,980-base-pair (bp) BgIH-BamHI fragment derived from the
right arm of Charon 4A DNA (bp 41,890 to 43,870) was

labeled with 32P by nick translation and added to 1.5 x 106
cpm/ml. After hybridization, the nitrocellulose was washed
at 500C in O.1x SSC-0.1% sodium dodecyl sulfate and
exposed to X-ray film. For more detailed analysis, genomic
fragments generated by complete digestion with one or more
restriction enzymes were subcloned into pBR322, pUC13, or
M13 DNA.

Blot hybridization of genomic DNAs. High-molecular-
weight chromosomal DNA was prepared from cultured cells
by phenol extraction and CsCl gradient centrifugation (45).
DNA was digested with restriction enzymes, elec-
trophoresed in a 0.8% agarose gel, transferred to nitro-
cellulose, and hybridized to 32P-labeled TPI cDNA as de-
scribed above for restriction enzyme mapping. To identify
restriction fragments containing intron sequences, a 245-bp
Hinfl-PstI fragment derived from intron 4 of the hTPI-8B
gene was subcloned into the HincIl and PstI sites of
M13mp8 DNA. Before ligation, the Hinfl site in intron 4 was
filled in with Klenow fragment and deoxynucleoside triphos-
phates. The single-stranded subclone was labeled with 32P by
hybridization to and extension of the M13 universal primer.
Double-stranded [32P]DNA was digested with PstI and
EcoRI, and the TPI insert was purified. Hybridization to
filter-bound DNA was as described above for restriction
enzyme mapping.
DNA sequencing. DNA restriction fragments were se-

quenced by either the chemical method of Maxam and
Gilbert (28) or the dideoxy termination method of Sanger et
al. (46).
RNA blotting. Total RNA was isolated from cultured cells

(45). Polyadenylated [poly(A)+] RNA was purified by chro-
matography on oligodeoxythymidylic acid-cellulose (2),
electrophoresed in a 1.2% agarose-2.2 M formaldehyde slab
gel, transferred to nitrocellulose (53), and hybridized to a

32P-labeled subclone of TPI cDNA (27).
Primer extension analysis. A 284-bp Hinfl fragment that

includes nucleotides -221 to +63 (where +1 is the first
nucleotide of the TPI translation initiation codon) was iso-
lated from a subclone of the hTPI-8B gene, 5' labeled with
[_y-32P]ATP and polynucleotide kinase, digested with HaeII,
and electrophoresed in a 20% polyacrylamide strand-
separating gel (25). The 32P-labeled, mRNA-complementary
strand that includes nucleotides +4 to +63 was purified and
used as the primer. Poly(A)+ RNA (1 ,g) isolated from
Frawley Epstein-Barr virus-infected B cells, and 25 ng of
32P-labeled primer was suspended in 80% phosphate-
buffered formamide-7.5 mM Tris (pH 7.5)-0.45 M NaCl-0.1
mM EDTA and denatured at 70°C. After 5 min, the tempera-

ture was gradually lowered to 37°C to maximize hybridiza-
tion. The hybrids were then ethanol precipitated, and the
primers were extended with reverse transcriptase at 42°C in
50 mM Tris (pH 8.1)-2 mM dithiothreitol-5 mM MgCl2-10
mM KCI-0.6 mM deoxynucleoside triphosphates. After 90
min, NaOH was added to 0.2 M, and the incubation was
continued at 42°C for an additional 2 h. The reactions were
neutralized by the addition of Tris (pH 7.0) to 0.7 M, ethanol
precipitated, and denatured in 100% formamide. Extended
primers were sized by electrophoresis in an 8% polyacryla-
mide-7 M urea gel and detected by autoradiography.
Gene divergence calculations. Human pseudogene or yeast

functional gene sequences (1) were aligned with the human
functional gene sequence to maximize similarities. Nucleo-
tide substitutions per coding region site (percent divergence
divided by 100) were determined by the method of Perler et
al. (41). This method introduces corrections for multiple
events at a single site. All pseudogene codons harboring
deletions or insertions relative to functional gene codons
were excluded from the calculations. Times of pseudogene
divergence from the functional gene were determined by
using the average silent site substitution rates calculated for
globin genes (14, 22, 41). When comparing pseudogene and
functional gene untranslated regions, a nucleotide in com-
mon to the two regions was scored as + 1, a substitution,
deletion, or insertion was scored as -1, and the denominator
(total number of nucleotides evaluated) was taken as the
average number of nucleotides in the two sequences under
comparison. Corrections for multiple events at a single site
within the untranslated regions were made by using the
formulation of Jukes and Cantor (19).

RESULTS
Isolation and characterization of human TPI genomic

clones. Several human TPI cDNA sequences have been
isolated from an adult liver cDNA library (27). All appear to
be derived from a single mRNA species. The longest cDNA,
pHTPI-5a, contains the last two nucleotides of the transla-
tion initiation codon, the entire 744-nucleotide coding region
of the mature polypeptide, and the entire 448-nucleotide 3'
untranslated region. The purified cDNA insert of pHTPI-5a
was 32p labeled by nick translation and used to isolate TPI
sequences from a twice-amplified human genomic library in
A Charon 4A (26). Of the 600,000 plaques that were screened
(6), 4 contained different TPI sequences as determined by
restriction enzyme analysis of phage DNA. cDNA-
homologous regions were mapped to specific restriction
enzyme fragments of each recombinant by blot hybridiza-
tion. Exon sequences were more precisely localized by DNA
sequencing.

Restriction enzyaie maps of the four genomic clones have
few similarities (Fig. 1). However, all clones share an NcoI
site that lies close to the 5' end of the TPI coding region and,
as determined by DNA sequencing (see below), includes the
ATG translation initiation codon. cDNA-homologous se-
quences in XhTPI-8B are dispersed over several kbp. In
contrast, cDNA-homologous sequences in XhTPI-5A, XhTPI-
19A, and XhTPI-13C are clustered within an approximately
1-kbp region.

Structure of the functional TPI gene. The restriction map of
XhTPI-8B DNA suggested that cDNA-homologous se-
quences in the hTPI-8B gene were interrupted by introns.
Nucleotide sequence analysis confirmed that this gene con-
sists of seven exons and six introns that span 3.5 kbp. The
exons contain the entire TPI protein-coding region and
predict an amino acid sequence that is identical to that
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FIG. 1. Physical maps of TPI genomic sequences. (A) Organization of human DNA in XhTPI-8B. The linkage maps of EcoRI and PstI
fragments were determined by partial restriction enzyme digests. The horizontal line represents human DNA, and the wavy line represents
DNA. EcoRI sites at the insert-vector junctions were created in the cloning procedure and do not reflect EcoRI sites in human DNA (20).

Numbers below the horizontal line indicate EcoRI fragment sizes in kbp. (B) Localization of TPI gene sequences in recombinant
bacteriophage DNA. Only EcoRI fragments or, as in the case of hTPI-8B, a part of an EcoRI fragment, that contain TPI gene sequences are

shown. All genes are oriented 5' to 3' and are aligned by using the conserved NcoI site that includes the ATG translation initiation codon.
This site is indicated by the arrow below the figure. Solid boxes designate exon sequences. Open boxes in the 'IhTPI-5A and ThTPI-19A
genes represent exon regions that presumably exist yet have not been rigorously analyzed by DNA sequencing. The y in the WhTPI-13C gene

designates the 317-bp sequence that most likely was deleted by a homologous recombination event. Note that the EcoRI site within the
'lhTPI-5A gene corresponds to the EcoRI site in the-last exon of the hTPI-8B gene and that the second NcoI site within the ThTPI-13C gene

corresponds to the NcoI site in the last exon of the hTPI-8B gene.

previously determined from pHTPI-5a cDNA (Fig. 2). Al-
though there are two nucleotide differences between the
exon regions of the hTPI-8B gene and pHTPI-5a cDNA,
these differences are silent mutations. One mutation is in
nucleotide 3 of codon 94, and the other is in nucleotide 3 of
codon 162. Silent site substitutions between hTPI-8B and
pHTPI-5a DNA are not unexpected since these DNAs were
derived from different individuals. The 3' untranslated re-
gions of hTPI-8B and pHTPI-5a are completely homologous.
The hTPI-8B gene sequences at exon-intron boundaries

(Table 1) are in reasonable agreement with the consensus
sequences established for other functional genes that are

transcribed by RNA polymerase 11 (38). Two exon-intron
junctions lie between codons, three junctions interrupt a
codon after the first nucleotide, and one junction interrupts a
codon after the second nucleotide. All introns are within the
protein-coding portion of the gene. Exons range in size from
74 to 564 bp, the largest of which includes the 448-bp 3'
untranslated region.
TPI mRNA structure. A low-abundance, 1,250-nucleotide

RNA species was detected by blot hybridization of total
RNA isolated from human fibroblasts, HeLa cells, Daudi
Burkitt lymphoma B cells, Jurkat-FHCRC acute
lymphocytic leukemia T cells, and Frawley Epstein-Barr
virus-infected B cells (Fig. 3; 27). Variations in the relative

abundance of TPI RNA between cell lines may reflect
different cellular growth rates. Given a 744-nucleotide cod-
ing region and a 448-nucleotide 3' untranslated region (as
defined by cDNA and genomic DNA sequencing) and as-
suming a 50-nucleotide poly(A) tail, the 5' untranslated
region of TPI mRNA must be no larger than 50 nucleotides.
The 5' terminus of TPI mRNA was localized by primer

extension analysis. A single-stranded, 5'-[32P]IDNA primer
complementary to nucleotides +4 to +63 (Fig. 4; +1 is the
first nucleotide of the translation initiation codon) was hy-
bridized to poly(A)+ RNA and extended with deoxynucleo-
side triphosphates by reverse transcriptase. Extension prod-
ucts were analyzed by denaturing gel electrophoresis and
autoradiography. Products corresponding to termini at
guanosine nucleotides -32 and -34 (which define a 5'
untranslated region of 32 and 34 bp, respectively) were
detected with Frawley Epstein-Barr virus-infected B-cell
RNA (Fig. 4) and Daudi Burkitt lymphoma B-cell RNA (data
not shown). Since the mRNA cap structure may inhibit
reverse transcription of the last few nucleotides, these 5'-end
determinations are only close approximations, and the
smaller product may be the result of premature transcription
termination. Alternatively, this product could reflect a sec-

ond 5' end for TPI mRNA. The fact that homology of the
functional gene with at least two of the processed TPI
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pseudogenes stops abruptly upstream from position -34 (see
below) strongly suggests that the longer primer extension
product reflects the actual 5' end ofTPI mRNA. Although an
adenine nucleotide is the most common nucleotide at an
mRNA start site, transcription initiation at guanine
nucleotides has been reported for other genes (7). Adenine
nucleotides in closest proximity to position -34 reside at
positions -39 and -29.

Features of the TPI gene promoter region. Sequences
upstream from the proposed mRNA start site of the hTPI-8B
gene contain putative TATA and CCAAT boxes at positions
that are consistent with the usual spacings of a eucaryotic
promoter (11). The TATA box (TATATA) is located 26 to 21
bp and the CCAAT box (CCAT) is located 73 to 70 bp 5' to
the proposed site of transcription initiation. The most out-
standing feature of sequences upstream from the TPI gene is
a high G-C content. Positions -35 to -140 are 76% G and C
nucleotides, with a preponderance (58%) of G nucleotides.
The 5' untranslated region is also notably G-C rich (73%).

Structure of three TPI pseudogenes. To investigate the
structure of other members of the TPI gene family, cDNA-
homologous sequences were determined in entirety for XhTPI-
13C and in part for AhTPI-19A and XhTPI-SA (Fig. 2). All
three genes harbor multiple amino acid substitutions as well
as insertions and deletions that preclude the synthesis of a
functional TPI polypeptide. Deletions in XhTPI-19A and
XhTPI-SA shift the translational reading frame and generate
premature termination codons. All three genes are intronless
and thus bear a structural hallmark of so-called processed
pseudogenes. The ThTPI-13C gene has a tract of eight
adenine nucleotides that lies downstream from the
AATAAA sequence in the 3' untranslated region. In addi-
tion, this gene is flanked by a short direct repeat,
TAAA -TTT. These features suggest that the ThTPI-13C gene
was generated by integration of a reverse-transcribed copy
of TPI mRNA into germ line DNA via a transposition-like
mechanism (17, 39, 55). Extrapolating from the structure of
other processed pseudogenes, the position of the 5'-flanking
repeat often delineates the 5' end of mRNA sequences. The
5'-most repeat in the ThTPI-13C gene is immediately up-
stream from the site proposed for functional gene transcrip-
tion initiation. Therefore, in agreement with mRNA primer
extension analysis, the ThTPI-13C gene structure indicates
that TPI mRNA consists of a 34-nucleotide 5' untranslated
region. The 3'-most repeat in ThTPI-13C is four nucleotides
3' to the 8-bp stretch of adenine nucleotides that was
probably derived by reverse transcription of a portion of the
TPI mRNA poly(A) tail.

Although nucleotide sequences at the 3' end of the ThTPI-
19A and ThTPI-5A genes have not been determined, the fact
that at least 'IhTPI-19A and possibly ThTPI-5A diverge
from the functional gene at the same 5' position (-34) as
does ThTPI-13C indicates that they too arose from germ line
integration of a TPI cDNA. In accordance with primer
extension data, we assume that the homology of ThTPI-5A
with hTPI-8B at positions -36 and -35 is fortuitous rather
than reflecting heterogeneity in the 5' terminus of TPI
mRNA. By analogy to the ThTPI-13C gene, ThTPI-19A and
ThTPI-5A sequences immediately upstream from bp -34
should include one of the flanking direct repeats that are
remnants of the cDNA integration event. Since sequences
flanking the PhTPI-13C, ThTPI-19A, and ThTPI-5A genes
bear no relationship to one another, each gene was inte-
grated into a different chromosome locus (see below).
The ThTPI-13C gene has a 317-bp deletion (designated by

asterisks in Fig. 2) that extends from codon 155 to 40 bp into

the 3' untranslated region. An examination of functional
gene sequences near the deletion endpoints reveals a direct
repeat of GGACT(N)1 or 2AGCA. The equivalent of one of
these repeats, GGACTAAGCA, remains in ThTPI-13C
DNA, suggesting that the deletion arose by homologous
recombination between the repeats either in human cells
before library construction or during XPhTPI-13C propaga-
tion in Escherichia coli. Deletion endpoints are in-
determinable because the exact site of crossover is un-
known. For simplicity, the deletion is shown to include all of
the first repeat and none of the second (Fig. 2). This is
consistent with the GGACTAAGCA sequence that remains
in the cloned pseudogene.
Genomic organization of the human TPI gene family. TPI

sequences in DNA from two human cell lines were examined
to estimate the number of genes comprising the human TPI
gene family and to associate a particular genomic DNA
restriction fragment with a particular TPI gene. Genomic
DNA and TPI recombinant bacteriophage DNA were incu-
bated with PstI or EcoRI, electrophoresed in an agarose gel,
transferred to nitrocellulose, and hybridized with a nick-
translated cDNA insert from pHTPI-5a. Of the ap-
proximately nine PstI genomic DNA fragments that were
detected, three could be correlated with one of the charac-
terized TPI genes on the criterion that they comigrate with
PstI fragments in recombinant phage DNA (Fig. 5A). In
L153 and HeLa cell DNA, the entire functional hTPI-8B
gene is contained within 2.6- and 2.0-kbp PstI fragments.
Only a part of the genomic PstI fragment that harbors the
4IhTPI-SA gene is present in XPhTPI-SA. Similarly, only a
part of the genomic PstI fragment that harbors the NPhTPI-
19A gene is present in XPhTPI-19A. Therefore, neither of
these genes can be associated with a PstI fragment of cell
line DNA by this method. Human DNA appears to contain a
PstI fragment of similar size to the 0.9-kbp PstI fragment
that spans the 317-bp deletion in the 'IhTPI-13C gene. This
suggests but does not prove that the deletion in XThTPI-13C
DNA arose in human cells as opposed to E. coli. HeLa cell
DNA (and L153 fibroblast DNA [data not shown]) differs
from W138 cell DNA by two additional PstI fragments of
approximately 1.0 and 1.7 kbp.
EcoRI restriction fragments of genomic and TPI re-

combinant bacteriophage DNA were also analyzed. Of the
approximately nine EcoRI genomic DNA fragments that
hybridize to TPI cDNA, five comigrate with EcoRI frag-
ments in recombinant phage DNA (Fig. SB). The entire
functional hTPI-8B is present within 10.0- and 1.6-kbp
EcoRI fragments, the entire PhTPI-SA gene is present
within 5.7- and 4.3-kbp EcoRI fragments, and the entire
'IhTPI-19A gene is contained within a 2.3-kbp EcoRI frag-
ment. Neither the deletion-bearing 3.9-kbp EcoRI fragment
of XThTPI-13C nor an EcoRI fragment approximately 300 bp
larger is detected in human DNA. This is expected because
the 3.9-kbp fragment maps to a human-X DNA junction in
XPhTPI-13C, and therefore, one of the EcoRI ends of this
fragment was derived from an EcoRI linker used in the
cloning process (26).
We estimate from the number of genomic restriction

fragments that hybridize to TPI cDNA that there are two or
three TPI genes in addition to those characterized. To
determine whether any of these genes contain intron se-
quences, 245 nucleotides of intron 4 were subcloned and
hybridized to PstI-digested genomic DNA. Intron 4 se-
quences were detected only in the 2.6-kbp PstI fragment that
was shown to contain the hTPI-8B gene (Fig. 6). We
conclude that the hTPI-8B gene is the only intron-containing
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-360 -350 -340 -330 -320 -310 -300 -290 -280 -270

-260 -250 -240 -230 -220 -210 -200 -190 -180 -170 -160
88 AAAGCCGCAATCGAGGCGGAGCGAGAGCCCCGACTCTCCTAGAACGTTGCCACAAGAAGGGGAACGTCGGAACAGTGCATCATCGGGCGGCCXGG

*1 3C

PSA

8B

<-CCGGTrCAATCAGAATGGTAAATTGTACAMTATATGCACATATATATACCATATIAATCTATTTCAAGGTTTTMA TTACTTACCTTTCAGTTT

<- IACAAAAGAAAACAGAMTATTGGAACTGTACTATGGAGAAATTAGGGACAAAAGGTAACAGTATATTGATATTAACATTGCTGCTAGT

-150 -140 -130 -120 -110 -100 -90 -80 -70 -60
GCGGCGGCAGAGGGCGGGCGGGGGCAGGGCTCCcGGGGACTGGGCGGCCATGGCGAGGACGCGAGGAGCGGAGTTCCACTTCGCGGCCTCTATATAA

IF13C TCTCTCATAGGCMATGCCGTAGTCCTMTCCCAACAATCCCACACCAACAAGCAGCCACAGAACTAAACAGMAAAAGAATAATTGGGTTTTWw MAAATA

'19lA i( STCAGGT1TCTTACATTTTTTTAACATGATACCTMIIAGAATATCAAAAACCTATGATCCCC

5A CCTGCACTAGTAATACTGCTAMGATAATGATCACATGTGTAACACTGTAGTTACAAGATCTCATATCCGCCTAACAACCTTGCCAAGTATT

.> aaI aa 10
-50 -40 -30 -20 -10 Met Ala Pro Ser Arg Lys Phe Phe Val Gly Gly Asn Trp

88 GTGGGCAGTGGCGACTGCGCGCGACACTGACCTTCAGOCCTCGGCTCGGCC ATG GCG CCC TCC AGG AAG TTC TTC GTT GGG GGA AAC TGG

1 3C AATAAAATAAAAAMM -T T A A - A -C

T19A AACCTAGAAATCACAGAAG -T T A k - --- G

f5A AATAAAACCCGTMAGGC -T A T A , T G A G

pHTP I-5a

Intron 1

aa 20 aa 30
Lys Mel Asn Gly Arg Lys Gln Sr Lou Gly Glu Lou Hi, Gly Thr Lou Asn Ala Ala Lys Val Pro Ala Asp Thr Glu

B AMS ATG MC GGG CG AMG CM MT CTG GGG GMG CTC ATC GGC ACT CTG AC GCG GCC A GTG CCG GCC GAC ACC GM

I13C T T A T T A - TA A G T

Y19A CA A C C G - A T

TA5

pHTPi1-5a

AAT A CT T A

aa 4Q as50
Val Val Cys Ala Pro Pro Thr Ala Tyr II Asp Phi Ala Arg Gin Lys Lou Asp Pro Lys

B 6TGG1 T TGT GCT = OCT AT GM TAT ATC GAC TCGMCCOGCG A CTA GAT =MB

013C C T A A A

Y19A C A T C T - G

Y5A A

pIfIi-5a

T G- G A G G C

aa 60
Ilie Ala Val Ala Ala Gln
ATT GCT GTG GCT GCG CMG

C

C AC

Intron 2

aa 70 80 aa 90
Asn Cys Tyr Lys Val Thr Asn Gly Ala Phe Thr Gly Glu lie Ser Pro Gly Met Ilie Lys Asp Cys Gly Ala Thr Trp

8B MC TGC TAC AM GTG ACT MT GGG GCT TTT ACT GGG GAG ATC AGC CCT GGC ATG ATC MA GAC TGC GGA GCC ACG TGG

C A

A C C T

C T G

A

AA AT C T

TA T

88

13C

19A

T5A

pHTP I -5a

ACCAGCTAGif =TTGAAAACCACTTCTGGCCCCGTGGGGGACTCAAGTCGCCAAGCGAGGGTTCCCCTGAGCG=GAGCTCACAGGTCTCGCCrTGTCCCG.0
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intron 3

aa 109r0 aa 110
Val Val Lou Gly His Ser Glu Arg Arg His Val Phe Gly Glu Ser Asp Glu Leu lie Gly Gin Lys Val Ala His Ala

88 GTG GTC CTG GGG CACTCGAG AGA AGG CAT GTC T GGG GAG TCA GAT GAG CTG ATT GGG CAG AA GTG GCC CAT GCT

T13C A G A A G

19A _ T A I

5A GTGTG --- G

pHTPI-5a A
Gly

aa 120 aa 130 aa 140
Leu Ala Glu Glj Leu Gly Val Ile Ala Cys Ile Gly Glu Lys Leu Asp Glu Arg Glu Ala Gly Ile Thr Glu Lys Val

8B CTG GCA GAG GGA CTC GGA GTA ATC GCC TGC ATT GGG GA MG CTA GAT GM AGG GM GCT GGC ATC ACT GAG AA GTT

'v13C T A A C

'Y19A A A T- C C T

If5A A

pHTPI-5a

intron 4

aa 150 V aa 160
Val Phe Glu Gin Thr Lys Val lle Ala Asp Asn Val Lys Asp Trp Ser Lys Vai Val Leu Ala Tyr Glu Pro Val Trp

8B GTT TTC GAG CAG ACA AAG GTC ATC GCA GAT AAC GTG AAG GAC TGG AGC AAG GTC GTC CTC GCC TAT GAG CCT GTG TGG

T13C G A G * 000 000 000 000 000 *0* 0*0 *0* *0* *0* ** *

T119A A A G A G GC

f5A T T A T G T C

pHTPI-5a G
Lou

intron 5

aa 170 aa 88aa 190
Ala lle Gly Thr Gly Lys Thr Ala Thr Pro Gln Gin Ala Gin Glu Val His Glu Lys Lou Arg Glj Trp Leu Lys Ser

88 GCC ATT GGT ACT GGC AMG ACT GCA ACA CCC CM CAG GCC CAG GM GTA CAC GAG AMG CTC CGA GGA TGG CTG AM TCC

T13C **0 *00 0** ***0** **0 *** *** *** **0 *** *00 **0 0** *** *** *** *** *** **0 *** **0 *** *** *00 ***

Y19A C A G A T -

f5A C C G A T
pHTPI-5a

intron 6

aa 209 aa 210 aa 220
Asn Val Ser Asp Ala Val Ala Gin Ser Thr Arg lie Ile Tyr Gly Gli Ser Val Thr Gly Ala Thr Cys Lys Glu Leu

8B AAC GTC TCT GAT GCG GTG GCT CAG AGC ACC CGT ATC ATT TAT GGA GGC TCT GTG ACT GGG GCA ACC TGC AMG GAG CTG

T13C *** 0**00* *** *** *** *** *** ** **0 * 0 00*0*00 00* 0*0 0*0 0*0 *0* 000 000 0*0 000 *00

yf19A A T T C TG

I5A A A T G C M GT-

pH1P I-5a
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aa 230 a8 240
Ala Ser Gin Pro Asp Val Asp Gly Phe Leu Val Gly Gly Ala Ser Leu Lys Pro Glu Ph. Val Asp lie lie Asn Ala Lys Gln Tor

8B GCC AGC CAG CCT GAT GTG GAT GGC TTC CTT GTG GGT GGT GCT TCC CTC AAG CCC GAA TTC GTG GAC ATC AAT GCC AAA CAA TGA

T13C *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ****5* *** *** **5 55* *5* *5* 555 *55 *5 **5 555 **5

,19A A C A A T

5A C C C CA A T A

pHTPI-5a

8B GCCCCATCCATCTTCCCTACCCTTCCTGCCAAGCCAGGGACTMAGCA
w13C *. .*.************ *hI****T

I19A _ _

S5A G C A

pHTPl-5a

XCAGAAGCCAGTAACTGCTTTCCCTGCA ATATGCTTCbGAblb1GT
CC C

C C C T

TG G C C C

88 ICCTICC1
w13C C TC TT

T 19A C C T

'5A A C AT

pHTP 1-5a

T13C

f5A T

pHTP I -5a

T T

8B GAGMACCATCCTCTCCCTTCTC

,13C GT

pHrP 1-5a

C

C A C1 G

A G C G C A

-AG--

G A GA ---

A4 C AA

8B AACCACCATGTGAGGMTAAACCTAGCACTAGGTCTTGTGGTTGTCTGCCTTCACTGGACTTGCOCGATMTCTTCCII II AGCGCTATATAATG
f 13C G AG AC I l iTTAAATACAAGGTATAMTTATTGAAMATTGGCCAATGAT
pHTPI-5a AAAAAAAAAAAAAA

8B ATCAT

13C MGTGCAAAGGGGATGTGTTAGTTCTTGITTAATTTTCA TGTGTGGAATGTGTAAACATAACACTCTTTAACCCAGATTAATTICCCCTA T

A G

G

C

- C

C

I - 0

G

C C

88 ATTTCCCGCTGGGT
r 13C GTTCCAAGGACCATGAGCTTAAAGTAAAAATAAGTC

TGTGGCCTCATCCAAACTGTATCTTCCiiiACTGMATATCTTCACCCTGTMTGGTTGGGACCAGGCCAATC AT

AATMTTGGAACTAAACGTCACCAAGGTGGCTTCTCCTTGGCTGAGAGATGGAAGGC13TGGTGGGAiii;CTCCTGGGTTCCCTAGGCCCTAGTGAGGGCAGAA

TACACCGTGAGGCCAAGATCCCCTCAGAAGGCAGGAGTGCTGCOCTCTCCCATGGTGCCOGTGCCTCTGTGCTGTr,TATGTr.

TTGTGCAAGAAAAAAAMAAAACAAGAACAGGTTTCTATAACAACATCTCTTACTATTTTTACTTGAAAAMTGTTTTGCGTAGCAGACTGTCATAGOC

TGGOGTAGGGGCTcAGcccAccAwTTTL-Ar.

ARM * w w__- w_f w § _ e _ e w f ___
I 1 %r% I
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FIG. 3. Blot hybridization analysis of TPI RNA in cultured
human cells. Poly(A)+ RNA from 100 FLg of total cellular RNA was
electrophoresed in a 1.2% agarose-2.2 M formaldehyde slab gel,
transferred to nitrocellulose, and hybridized with a 32P-labeled
subclone of TPI cDNA (27). The nitrocellulose was washed to
remove unhybridized probe and exposed to X-ray film. Human L153
fibroblast RNA (a), HeLa cell RNA (b), Daudi Burkitt lymphoma
B-cell RNA (c), Frawley Epstein-Barr virus-infected B-cell RNA
(d), and Jurkat-FHCRC acute lymphocytic leukemia T-cell RNA (e).
Restriction nuclease digests of pBR322 DNA were used as molecu-
lar weight standards. To detect these standards, the blot was washed
to remove hybridized TPI probe and rehybridized with nick-
translated pBR322 DNA.

TPI gene and, therefore, most probably the only functional
TPI gene. Assuming that the uncharacterized TPI genes are
processed pseudogenes of 1,225 bp, the four genomic clones
described in this paper comprise approximately 65% of TPI
gene sequences in the human genome.

DISCUSSION
We have characterized several members of the human TPI

gene family. This family consists of a functional gene (hTPI-
8B) and at least three processed pseudogenes (PhTPI-13C,
NIhTPI-19A, and ThTPI-5A). Each of these genes was
isolated and analyzed in detail. The functional gene spans 3.5
kbp and is divided into seven exons. These exons encode a
TPI polypeptide that is identical to that deduced from adult
liver cDNA (27). The promoter includes sequences resem-
bling TATA and CCAAT boxes and is unusually G-C rich
(76%). The pseudogenes contain numerous bp substitutions
and translational frameshift mutations that preclude the
synthesis of a functional polypeptide. Each pseudogene
bears the structural hallmarks of an origin from TPI cDNA
that was integrated into germ line DNA via a transposition-
like mechanism.

Evidence for a single functional TPI gene. Our data indicate
that there is a single functional TPI gene per haploid genome.

TABLE 1. Exon-intron arrangement of the human TPI genea

Intron no. Exon-intron junction sequence Intron(5' junction..... 3' Junction) size (bp)
1 CCGgtaagc ..... accatctgtcctcagA -1,250

nt 115 lit 116
(Glu 38) (Glu 38)

2 CAGgtgaga ..... catctcttcctttagC 111
nt 239 it 240
(Ser 79) (Ser 79)

3 GAGgttagt ..... tctgtttctcaacagC 74
nt 324 fit 325
(Glu 107) (Leu 108)

4 CAGgtatct ..... atctctgccctgcagA -310
nt 457 fit 458
(Asp 152) (Asp 152)

5 CAGgtaacc ..... agcttcttgttctagG -290
nt 543 it 544
(Gln 180) (Ala 181)

6 GAGgtgagt ..... ttctgctccctccagG 127
nt 631 it 632
(Gly 210) (Gly 210)

Consensus C a ttttttttttt c
sequence AGgt agt n agG

A g ccccccccccc t
a Exon sequences are in capital letters, and intron sequences are in lower-

case letters. Introns 2, 3, and 6 were entirely sequenced. The sizes of introns
1, 4, and 5 are approximations. Nucleotide (nt) positions at which each intron
interrupts TPI mRNA are numbered. The corresponding amino acids in TPI
protein are shown within parentheses. When ambiguities in the precise splice
site existed, exon-intron boundaries were determined by applying the gt-ag
splice rule (38). Only intron nucleotides corresponding to the 5' and 3'
consensus sequeinces (38) are shown.

All nine TPI cDNA sequences that were isolated from a
human liver cDNA library are derived from the same mRNA
species, suggesting that they were synthesized from tran-
scripts of a single gene (27). A single-sized mRNA is
detected by RNA blotting, and primer extension analysis
together with pseudogene structure indicate that the 5'
terminus of this mRNA is localized to a single nucleotide.
Only the functional hTPI-8B gene is detected when intron
4-specific sequences are hybridized to restriction enzyme
digests of human DNA, suggesting that the remaining TPI
genomic sequences are intronless pseudogenes. In agree-
ment with this hypothesis, most EcoRI and PstI TPI
genomic fragments hybridize to both the 5' and 3' halves of
TPI cDNA (data not shown), as expected for processed TPI
genes which should consist of approximately 1,225 bp.

FIG. 2. Sequence of the functional TPI gene and three TPI processed pseudogenes. The sequences of three TPI processed pseudogenes
(IhTPI-13C, 'IhTPI-19A, and IhTPI-5A) and the cDNA from pHTPI-5a (27) are compared to the exon sequences of the functional hTPI-8B
gene. Only pseudogene and cDNA nucleotides that differ from functional gene nucleotides are shown. Genomic DNAs were isolated from a
single individual (26). The cDNA was derived from an unrelated individual (60). Nucleotides upstream from the codinig region of hTPI-8B are
numbered relative to the first nucleotide of the translation initiation codon (+ 1). Intron positions in hTPI-8B are indicated. The putative TATA
box, CCAAT box, and AATAAA polyadenylation-transcript cleavage site in hTPI-8B are underlined. The transcription start site is
represented by a broken arrow (fl~). Deletions (-) and insertions (A ) have been introduced into the IhTPI-13C, IhTPI-19A, and
PhTPI-5A genes to retain maximum homology with the functional gene. Asterisks in the PhTPI-13C sequence designate the 317-bp deletion

that is thought to be the result of a homologous recombination event. The exact crossover site is unknown; therefore, the deletion is shown
to include the entire first repeat and none of the second repeat. Direct repeats involved in the generation of this deletion are underlined twice
in hTPI-8B. Short, direct repeats flanking the 'IhTPI-13C gene are within boxes. ¶, Not determined.
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FIG. 4. Mapping the 5' end of TPI mRNA by primer extension. Poly(A)+ RNA (1 ,ug) from Frawley Epstein-Barr virus-infected B cells
was hybridized with 25 ng of a single-stranded, 5'-32P-labeled Hinfl-HaeII fragment (1.6 x 103 cpm/ng) complementary to nucleotides +4 to
+63 of the hTPI-8B genomic sequence (where +1 is the first nucleotide of the translation initiation codon). The primer was extended, and
extension products were characterized by electrophoresis in an 8% polyacrylamide-7 M urea gel (see the text). (A) MW, HpaIl-digested
pBR322 DNA, 3' end labeled with 32p; lane 1, primer-extended poly(A)+ RNA; lane 2, primer alone; lane 3, primer extended in the absence
of poly(A)+ RNA. Arrows indicate the two primer extension products. (B) MW, HpaII-digested pBR322 DNA, 3' end labeled with 32p; lane
5, primer alone; lane 6, primer-extended poly(A)+ RNA; lanes G, A+G, T, C+T, Maxam-Gilbert sequencing reactions. The 5'-32P-labeled
terminus of the sequenced fragment corresponds to that of the primer used in the extensions. Since the sequencing reactions result in the
release of the modified (3'-terminal) base, a single nucleotide is added to each sequencing product to denote the actual distance from the
32P-labeled end (e.g., the first nucleotide of the translation initiation codon, normally designated +1, is assigned position +2).

Previous gene mapping studies by TPI enzyme activity
determinations placed the expressed gene on chromosome
12 (18, 20, 23). Using human-rodent hybrid cell DNAs, we
have found that the functional hTPI-8B gene maps to this
chromosome and that the processed pseudogenes are dis-
persed to other chromosomes (R. Eddy, J. R. Brown, and L.
E. Maquat, unpublished data). Our data supporting the
existence of only one expressed TPI gene concur with data
of previous TPI isozyme studies. These studies indicate that

the multiple electrophoretic and chromatographic forms of
this enzyme differ only by the degree of posttranslational
modification (12, 15, 42, 51).

Evolutionary history of TPI pseudogenes. The evolutionary
relationship between a pseudogene and its functional coun-
terpart can be estimated by calculating the sequence diver-
gence between the protein-coding regions of the two genes
(14, 41). Sequence divergence is often measured in terms of
nucleotide substitutions that either do not lead to amino acid
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FIG. 5. TPI sequences in genomic DNA. Genomic DNA (10 Rg) or recombinant bacteriophage DNA (2 ng) was digested with a restriction
enzyme, electrophoresed in a 0.8% agarose gel, transferred to nitrocellulose, and hybridized with a nick-translated cDNA insert from
pHTPI-5a. Filters were washed to remove unhybridized probe and exposed to X-ray film. PstI (A) and EcoRI (B) restriction fragments of
HeLa or W138 genomic DNA that comigrate with TPI sequences in recombinant bacteriophage DNA are indicated. Restriction fragments
were sized relative to a HindIll digest of A DNA.

replacements (silent site substitutions) or do lead to amino
acid replacements (replacement site substitutions).
The numbers of nucleotide substitutions per site for each

of the TPI pseudogenes relative to the functional gene were
determined by the method of Perler et al. (41) (Table 2).
Considering that the replacement sites of processed
pseudogenes have not been under selective pressure for the
entire time, if for any time, since the pseudogenes arose from
the functional gene, silent site substitutions more accurately
predict pseudogene divergence times (22). Accordingly, di-
vergence times for each of the TPI pseudogenes were

calculated by using the silent site substitution rates estab-

lished for globin genes (14). These rates should be applicable
to nonglobin genes since, aside from mRNA structural
constraints (e.g., constraints dictated by mRNA secondary
structure or specific codon requirements), the silent sites of
any gene should not be under selective pressure (8, 41).
Silent site substitutions predict that the TPI pseudogenes
began to diverge from the functional gene approximately 18
million years ago (Table 2).
Divergence of the 34-bp 5' untranslated region of each of

the pseudogenes from the functional gene (Table 2) is in part
due to a 3-bp sequence that is present in the pseudogenes yet
lacking in the hTPI-8B gene (Fig. 2). It is likely that the three
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A. B.
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1.0 .0

0.7 0.7
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FIG. 6. hTPI-8B intron 4-homologous sequences in genomic
DNA. Genomic DNA (10 ,ug) was digested with PstI,
electrophoresed in a 0.8% agarose gel, transferred to nitrocellulose,
and hybridized with a [32P]cDNA insert from pHTPI-5a (A). After
exposure to X-ray film, the nitrocellulose was washed to remove

hybridized cDNA and rehybridized to 32P-labeled intron 4 se-

quences from the hTPI-8B gene (B). Note that these DNA samples
were electrophoresed for a longer time than those shown in Fig. 5.

Therefore, some of the smaller TPI-homologous restriction frag-
ments are less apparent in this figure than in Fig. 5.

nucleotides were a part of the 5' untranslated region of the
functional gene when the pseudogene arose. Similarly, since
the pseudogenes as well as the pHTPI-5a cDNA contain a G
whereas the hTPI-8B gene contains a C at the third position
of amino acid codon 162, it is likely that the hTPI-8B gene at
one time also contained a G at this position. Nucleotides in
common to two or more pseudogenes and not present in the
hTPI-8B gene are evident throughout the coding and
untranslated regions. At least some of these undoubtedly
reflect changes in the functional gene since the time of
pseudogene divergence.

Since TPI genomic sequences were isolated from the
recombinant library by relatively stringent hybridization (5 x
SSC, 50% formamide, 37°C) and wash (0.lx SSC, 0.1%
sodium dodecyl sulfate, 50'C) conditions, we presume that
we have characterized the most conserved members of this
gene family. Processed TPI pseudogenes that evolved before

those described in this paper most likely also exist within the
human genome.
The hTPI-8B gene was also compared to the Sac-

charomyces cerevisiae TPI gene (1). There have been mul-
tiple changes per silent site during the estimated 1 billion
years (37) since the evolutionary branch that gave rise to
yeasts split from the branch that gave rise to humans (Table
2). Replacement site rather than silent site substitutions
more accurately reflect the divergence times of functional
genes (14, 41). However, the lack of TPI gene sequences
from other organisms more closely related to humans pre-
cludes the establishment of a clock based on TPI gene
evolutionary rates. Calculations of TPI gene divergence
times based, for example, on globin gene evolutionary rates
(14) would be inappropriate since genes encoding proteins
with different structural constraints are known to have
different rates of replacement site changes (41, 59). A search
for sequence homologies within the 5' and 3' untranslated
regions of the human and yeast genes revealed no conserved
remnant of a common ancestral gene other than the tran-
script cleavage-polyadenylation signal (data not shown).
The TPI gene promoter. In searching for elements that

govern housekeeping gene expression in all cells, one might
take a reductionist approach and propose that these ele-
ments (i) act at the level of gene transcription, (ii) should be
shared by all housekeeping genes, and (iii) should be absent
in facultative genes whose expression is limited to a particu-
lar developmental stage. cis-Acting transcriptional regula-
tors of polymerase II-transcribed genes have been localized
to DNA sequences both upstream (7, 11, 58) and down-
stream (3, 9, 61) from the tr-anscription start site. Since the
upstream control elements are better characterized, we
compared the putative TPI gene promoter with promoters of
other housekeeping genes. From this comparison, we were
unable to identify any unifying feature of housekeeping gene
promoters. Although housekeeping gene promoters for
mouse hypoxanthine phosphoribosyltransferase (32), ham-
ster HMG coenzyme A reductase (44), and mouse ribosomal
protein L30 (57) lack TATA (4, 16) and CCAAT (5, 14)
boxes, the TPI promoter has both canonical TATA and
CCAAT sequences. The TPI promoter is characterized by
an extremely high G-C content. DNA sequences extending
140 bp upstream from the start of transcription are 76% G
and C residues with a preponderance (58%) of G residues. A
high G-C content is a feature of some, but not all, house-
keeping gene promoters. The mouse hypoxanthine
phosphoribosyltransferase and hamster HMG coenzyme A
reductase genes have promoter regions that are 77 and 65%
G+C, respectively (32, 44); however, the rat cytochrome c
gene promoter, for example, is only 38% G+C (48).

Housekeeping genes are similar to immediate early viral
genes in that they are recognized by the transcriptional
machinery of cells in the absence of any modifications to this
machinery. It follows that the transcriptional control regions
of housekeeping genes and immediate early viral genes might
be homologous. However, the TPI sequence lacks signifi-
cant homology to any viral enhancer (58) or to putative
enhancers in human DNA that have been identified by
homology to the simian virus 40 72-bp repeat (10).
Although the herpes simplex virus (HSV) tk gene requires

induction by early viral gene products (43), its promoter (29)
shares certain sequences with the TPI promoter that merit
mention. These sequences include the GTGGCC at ap-
proximately position -10 and the CCACTTCGC at ap-
proximately position -35 (where + 1 is the transcription start
site). However, HSV tk gene mutagenesis failed to reveal a
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TABLE 2. Divergence of TPI gene sequences'
Silent site divergence at:

Gene pair of coding region + 1 to +747 Coding region + 1 to +747 5' untranslated region 3' untranslated regionGenepairof coding region____________to____747_ -34 to -1 +748 to +1195

(nucleotide changes per site) Nucleotide changes Divergence time (nucleotide changes (nucleotide changes

per site (myr) per site) per site)

4uhTPI-13C vs. hTPI-8B 0.081 0.15 19 0.191 0.114
*hTPI-19A vs. hTPI-8B 0.075 0.14 18 0.191 ND
*TPI-5A vs. hTPI-8B 0.085 0.14 18 0.229 0.115
Yeast TPI vs. hTPI-8B 0.435 2.10 ND ND

a The nucleotide changes per site within coding regions were determined by the method of Perler et al. (41). Times of divergence for each TPI pseudogene were
calculated assuming 0.008 substitutions per silent site per 1 million years for two initially identical sequences (14, 41). When comparing untranslated regions, a
nucleotide in common to the two regions was scored as +1, a substitution, deletion, or insertion was scored as -1, and the denominator (total number of
nucleotides evaluated) was taken as the average number of nucleotides in the two sequences under comparison. Nucleotide changes per site within the
untranslated regions were corrected for multiple events by the formula of Jukes and Cantor (19): d = (3/4)ln[1 -(413)p], where d equals the corrected number and p
equals the uncorrected number of nucleotide changes per site. A number larger than unity reflects corrections for multiple changes at a single site (41). ND, Not
determined.

functional role for either of these sequences (30, 31). Ho-
mologies to the GTGGCC sequence of the HSV tk gene are
also present in the chicken tk (33) and the mouse
hypoxanthine phosphoribosyltransferase (32) genes at simi-
lar positions. The TPI gene also shares considerable homol-
ogy to the first distal transcriptional signal of the HSV tk
gene (30, 31). Of the 14 bp shown to be functionally
important for HSV tk gene transcription, 9 are present
within the TPI promoter at the same location (bp -61 to
-48). Proof for the significance of these similarities and the
possible existence of regulatory sequences located down-
stream from the start site of TPI gene transcription requires
further studies.
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