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ABSTRACT We have determined the nucleotide sequence
of a functional mouse adenine phosphoribosyltransferase
(APRT) gene and its cDNA. The amino acid sequence of the
enzyme is deduced from an open reading frame in the cDNA
and predicts a protein with a molecular weight of 19,560. The
protein coding region of the gene is -2 kilobases, and it is
composed of five exons and four introns. While the body of the
gene is 53% G+C, the 200 nucleotides upstream from the ATG
translation start codon are 66% G+C and contain three copies
of the sequence C-C-G-C-C-C. The mouse APRT enzyme
shares a homologous 20-amino acid sequence with mouse,
hamster, and human hypoxanthine phosphoribosyltransfer-
ases (HPRTs) and several bacterial phosphoribosyl-
transferases. This sequence has previously been shown to be a
likely catalytic domain in human HPRT and Escherichia coli
glutamine phosphoribosyltransferase. Because of the similar-
ities in function of these proteins, both eukaryotic and pro-
karyotic, it is not unexpected that they should exhibit one or
more regions of homology, particularly at the 5-phos-
phoribosyl-1-pyrophosphate and purine binding sites, especial-
ly if they are related via a common evolutionary lineage. This
homologous sequence is interrupted by a single intron in the
mouseAPRT gene and by two introns in the mouseHPRT gene.
Furthermore, the positions of both introns in the HPRT
sequence are different from that of the single intron in the
corresponding sequence of the APRT gene.

The gene encoding adenine phosphoribosyltransferase
(APRT) has attracted considerable interest because of its
utility as a selectable marker (1, 2). The enzyme, which is a
member of a family of phosphoribosyltransferases, consti-
tutes a purine salvage pathway that utilizes adenine and 5-
phosphoribosyl-1-pyrophosphate (PRPP) to form AMP.
Whether or not the enzyme is expressed provides the basis
for sensitive forward and backward selection systems that
permit selection of Aprt- or Aprt' cells, respectively (1, 2).
The APRT enzyme has been purified from several mam-
malian species (3-5) and is a homodimer (3, 5). However, its
amino acid sequence has not been determined, and only the
amino acid composition of human APRT has been reported
(3). Since the amino acid sequences of several eukaryotic and
prokaryotic enzymes that bind PRPP and have phospho-
ribosyltransferase activity are known, it would be instructive
to have available a mammalian APRT sequence for compara-
tive purposes. We have previously described the cloning of
mouse (6) and human (7) APRT genes, and in this report we

present the nucleotide sequence of a functional mouse APRT
gene and the deduced amino acid sequence of the protein.
We also describe a highly conserved (or possibly conver-

gent) nucleotide sequence and its encoded amino acid se-
quence that is shared by prokaryotic and eukaryotic
phosphoribosyltransferases. These include the products of
Escherichia coli gpt (xanthine guanine phosphoribosyltrans-
ferase) (8, 9), E. coli pur F (glutamine phosphoribosylpyro-
phosphate amidotransferase) (10), Bacillus subtilis purF (11),
and E. colipyr E (orotate phosphoribosyltransferase) (12), as
well as mouse APRT (this report) and mouse (13, 14), hamster
(13, 14), and human (15, 16) hypoxanthine phosphoribosyl-
transferases (HPRTs). A structural analysis of the human
HPRT enzyme, in which the amino acid sequence had been
directly determined, previously identified this common se-
quence as an apparent catalytic domain (16). A peculiar
feature of this short homologous sequence is that it is divided
by introns in mouse APRT and HPRT genes and that the
positions of the introns in these genes are different.

MATERIALS AND METHODS
Cloning of an APRT Gene and Its cDNA. We have previ-

ously reported that a 3.1-kilobase (kb) EcoRI/Sph I fragment
derived from a recombinant X phage contains a functional
mouse genomic APRT gene (6). This DNA fragment was
subsequently cloned between the EcoRI and Sph I sites of
pBR328 and the resultant 6.2-kb recombinant plasmid was
designated pSAM 3.1. The single copy insert in pSAM 3.1
was used as a probe to screen two different cDNA libraries
of mouse liver (17) and L-cell origin (kindly provided by H.
Okayama). Several independent APRT cDNA clones were
identified.

Nucleotide Sequence Determination of Genomic APRT DNA
and cDNA Sequences. The nucleotide sequence of the entire
3.1-kb fragment contained in pSAM 3.1 and of several cloned
APRT cDNAs was determined by using the chemical cleav-
age method of Maxam and Gilbert (18). The sequencing
strategy is presented in Fig. 1.
Source of Phosphoribosyltransferase Amino Acid Se-

quences. The amino acid sequence of each of the prokaryotic
phosphoribosyltransferases has previously been deduced
from the nucleotide sequence of their respective cloned genes
(8-12). The human HPRT amino acid sequence has been
determined directly from purified enzyme (16) and confirmed
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FIG. 1. Organization and restriction map of the mouse APRT gene contained within the insert of plasmid pSAM 3.1. Solid blocks represent
exons, which are aligned with a mouse APRT cDNA restriction map below. The nonblocked regions within the gene represent introns. Horizontal
arrows indicate direction of nucleotide sequencing and the positions from which sequencing was initiated. The position of the ATG translation
start codon is indicated. The cDNA nucleotide sequence was determined from independent cloned cDNAs, and it is identical to that of the boxed
regions represented in the genomic DNA.

by analysis of cloned cDNAs (15). The mouse and hamster
HPRT amino acid sequences have been deduced from cloned
cDNAs (13, 14) and in mouse, analysis of the cloned gene
identified the position of each of the known introns.

RESULTS
Nucleotide Sequence and Organization of the Mouse APRT

Gene. The organization of the APRTgene was established by
comparison of nucleotide sequences derived from the
genomic insert of the plasmid pSAM 3.1 and several inde-
pendent cDNA clones (Fig. 1). Sequence analysis of the
cDNAs revealed a single open reading frame of sufficient
length to encode APRT. Comparison with the genomic
sequence indicates that the protein coding portion of the gene
is composed of five exons and four introns and is =2 kb. The
nucleotide sequence of the 3.1-kb genomic insert, the nucleo-
tide sequence encoding the protein, and the deduced amino
acid sequence of mouse APRT are presented in Fig. 2. The
molecular weight of mouse APRT monomer, calculated from
its deduced amino acid sequence, is 19,560 and agrees with
molecular weight estimates of purified APRT protein from
other mammals (3-5). Its amino acid composition is similar to
that reported for human APRT (3).
The overall organization oftheAPRTgene is similar to that

of other mammalian genes. Except for an A-G/G-C instead
ofan A-G/G-T at the intron 2 donor splice site, the nucleotide
sequence at each of the splice junctions conforms to the
consensus sequences previously established (19). There is a
canonical A-A-T-A-A-A polyadenylylation signal (20) at
position 3043, consistent with the 255-nucleotide 3' untrans-
lated region that we detect in the sequenced cDNAs. Im-
mediately 5' to the AUG translation start signal of most
eukaryotic mRNAS, Kozak (21) has reported the consensus

sequence C-C-A-C-C. Consistent with this observation, the
G

mouse gene contains the sequence C-G-G-C-C at precisely
this position (Fig. 2). The body of the gene has a 53% G+C
content, while the 200 nucleotides upstream of the ATG
translation start codon are 66% G+C. One characteristic of
constitutively expressed housekeeping genes appears to be
G+C-rich 5' and 5' flanking sequences. The mouse APRT
gene G+C-rich region displays the sequence C-C-G-C-C-C

three times within 150 nucleotides of the ATG start codon
(position 873) at positions 737, 774, and 792. This same
sequence, which occurs in the G+C-rich region upstream of
hydroxymethylglutaryl-CoA reductase transcription start
sites (22), in the simian virus 40 promoter region (23), and 5'
to the Herpes thymidine kinase (tk) gene (24), may be
functionally important.
Amino Acid Homology Between Prokaryotic and Eukaryotic

Phosphoribosyltransferases. Mouse APRT contains a ho-
mologous 20 residue amino acid sequence common to E. coli
gpt (8, 9), E. coli purF (10), B. subtilis pur F (11), and E. coli
pyr E (12) gene products and to human (15, 16), hamster (13,
14), and mouse (13, 14) HPRTs (Fig. 3). A previous analysis
of human HPRT and E. coli glutamine phosphoribosylpyro-
phosphate amidotransferase suggested that this region may
be part of a catalytic domain (16). All of the above proteins
exhibit a region of homology that encompasses 20 amino
acids and contains an invariant aspartic acid and glycine.
There are also three positions at which only a single amino
acid change occurs (Val -- Phe; Val -- Ile; Thr -* Ala), one
site in which a glycine is replaced by an aspartic acid in the
E. coli pur F product and by a glutamine in the E. coli pyr E
product, and one site where an aspartic acid is replaced by a
glutamic acid in all of the HPRTs. The majority ofamino acid
substitutions in this region are isosteric and neutral in charge,
with minimal potential for affecting function. The major
exception is the second amino acid of the sequence that is a
glutamic acid in the E. coli GPT but a lysine in the HPRTs and
the E. coli and B. subtilis pur F proteins. This substitution
produces a net charge change of +2 at this site.
The Position of Introns Within the Homologous Sequence Is

Different in Mouse APRT and HPRT Genes. Although mouse
HPRT and APRT perform similar catalytic functions, their
genes differ in size and intron number (6, 14). The gene
encoding mouse HPRT is 33 kb and contains nine exons and
eight introns (14). The functional APRT gene is contained on
a 3-kb fragment, and it is composed of five exons and four
introns within the protein coding region (Figs. 1 and 2). It is
significant that the only amino acid sequence that exhibits
striking homology between these two enzymes is that se-
quence described in Fig. 3. Comparison of the intron-exon
organization within this short region common to both genes
reveals that not only is the homologous sequence interrupted
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C LiTTITGAGTAMTTGCAACTGCACTGAMGATGATMTGGCCATTATACTCAGAGGACAGTCmrCCACACCACTACCTATAGACCCAAGTACTGTGCGGGAAGGTAGMAC
120 130 140 150 160 170 180 190 200 210 220

CCCAGrrCTGTCTCTCsCTATCAGACCTc~rTcCTrrCCAcCCCCAAAAGGAGGGCACATTCTGTG.sCATGCACAGGAGTGTCTGTGGTCTCAGAGAAGGCATTCCTT
230 240 250 260 270 280 290 300 310 320 330

ACCCGCCCTGCTACCCTGCTTTrCCCCTGCGCTCTAGCCCACACACAGTGCACTCCCACCTCTGGACCTAGACTATCCATCAGCTCCCrrCCGGTAATTCAGGAAAGCAG
340 350 360 370 380 390 400 410 420 430 440

GCGCTGAATCTCAGGCCCTTGTACTATCGCGACGAGCGAACGACMCGGCCAAACCACTCCAGCGGACCTGGGCAAGACCCCGTCCCTGCTCCCCCAGGTCCAGAAGACTA
450 460 470 480 490 500 510 520 530 540 550

GCCCCTGGAAAGCAGGACTGAAAMGCCTcTctGGCcAAAACCAAAGGATGcACATCGCACATCCCCLTLTCCACCCATATATCrrrGAGCGTACGGATGCTTrCcT
560 570 580 590 600 610 620 630 640 650 660

TTAGGCAGCTCAAGAAATCTAACCCCTGACTCAGGCCCCACACACACCTCGCAGAGGCCCCGCCTCTCACCCTCTCCCCCCCCTCGTGCTAGACCAACCCCCACCCAGAA
670 680 690 700 710 720 730 740 750 760 770

GCCCCGCCCATCGAGGACGCTCCCCCCTTCTTCCCCCCGATACCTGACCTTTGCTCTGATACCTACCTCCTCCCTGCCTCCTACACGCACGCGCCC
780 790 800 810 820 830 840 850 860 870

Met Sor Glu Pro Glu Lu Lys Lou Val Ala Arg Arg Ile Arg Val Phe Pro Aop Phe Pro tie Pro Gly Val Lou Phe Ar
ATG TCG GM CCT GAG TTG MA CTG GTG CCG CGG CCC ATC CCC GTC TTC CCC GAC TTC CCA ATC CCG GGC CTG CTG TTC AC
ATG TCG GAA CCT GAG TTG MA CTG GTG GCG CCC CGC ATC CGC GTC TTC CCC GAC TTC CCA ATC CCG GGC GTG CTG TTC AG

880 890 900 910 920 930 940 950

GTGCCGTCACGAGCCGG;CGACGCCGTTGGCGCTGTACGCTCATCCCCCscscGAcsGGCTA~ccAGCCTCGGGGATCTTGccsssCCTCTGCCCCG(CCACACGCGGGTC
960 970 980 990 1000 1010 1020 1030 1040 1050 1060

g hsp Ile Ser Pro Lou Lou Lys Ahp Pro Aop Sor Phe Arg Ala Ser I1e Arg Lou Lou Ala Ser
G GAT ATC TCG CCC CTC TTC AM GAC CCG GAC TCC TTC CCA OCT TCC ATC CCC CTC TTC GCC ACT

ACTCTCCTGTCCTTCTTCCTAC C OAT ATC TCG CCC CTC TCO MA GAC CCG GAC TCC TTC CCA OCT TCC ATC CGC CTC TTG CCC ACT
1070 1080 1090 1100 1110 1120 1130 1140

Ris Lou Lys Sor Thr Rio Ser Gly Lys I1e Asp Tyr 1e Ala C
CAC CTG MG TCC ACG CAC AGC GGC AAM ATC GAC TAC ATC GCA 0
CAC CTC MG TCC ACG CAC AGC GGC MO ATC GAC TAC ATC GCA G CCAGIGOCCTTGCTAOOTCTCCTCCTCCCCCACGCTCCTAGCCCCTATC
1150 1160 1170 1180 1190 1200 1210 1220 1230 1240

CCCTTCCCCCTCCTCTCACCCACAGTCTCCCCCACACCCATCCAT.,CTTs TTTCGACCTCTGACACTTCCTCCTTGCTTCC?>CATCCTTGGACGCTT 5rrCACCCTGG
1250 1260 1270 1280 1290 1300 1310 1320 1330 1340 1350

ATCMCTATCTAhGhCTCTCCCTTCCCTGCTACACCCCT TMGCCATCTGCCCTCGCGCTIrrOICCTGACAACOMCTCT CTGTCTCCA GAA CCCT
1360 1370 1380 1390 1400 1410 1420 1430 1440 1450 1460

CCCTCTTTAGOCCACAMACCOCCCAGCATCCTCACCAOGCICOCTACCCCGGMACCTCCACATOACGCACATCCTTCGrTAGCGCTACCCTCTCCGAGAACTAG
1470 1480 1490 1500 1510 1520 1530 1540 1550 1560 1570

ATACTAAAAATTAGCOTACCTTGOTTGCCCGTGGCCTGCCTrCCCCAGACCTCMCCCTGCTAGCTTCACCGCSGTTTCTCCCCAGCACTACACCGGCGCATCTLLCTCT
1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680

TCTTCCCTCACACMACTTGTCrrA"CMACCCTCTCTACTTGCCTCCATGCCTCAGCTTGACAM CACCCTAGGACAGCTCMIGTCCCACCACAGTCTCCAGAC A
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790

1800 1810 1820 1830 1840 1850 1860 1870 1880 1890 1900

CTATCTATCCTTCCCACGACACCTACATCCTGCATTGAAMCTCCACGACCACCATAGCTGCCCCTGACMCTGrCAOMCrCAGOTAGGATCCCCMGCO AGhACAT
1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

GACTTGATGCCTACCCACTAOCCATCMCCTTCTTCTACCCTACTCACCMCACCTACTOrCCTASGCMCTGTTGACCTCCCCCATACTTIGCCTCTAOArTCCCATG
2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120

ly Lou hsp Ser Arg Gly Phe Lou Phe Gly Pro Ser Lou Ala Gln Glu
CT CTA GAC TCC ACG CCC STC CTG TTT GCC CCT TCC CSA OCT CAG GAG

CCCCTCAGCTCCATCCCACMCCTTCCCTCCTTACCCTMCAG CT CTA GAC TCC AGG GGC TOC CTG TTm CGC CCT TCC CTA GCT CAG GAG
2130 2140 2150 2160 2170 2180 2190 2200 2210

Lou Oly Vol Oly Cy. Vol Lou Ile Arg Lye Gln Oly Lye Lou Pro Oly Pro Thr Vol Ser Ala Ser Tyr Ser Lou Glu Tyr
CSG GGC CTGC GCC TCT CTG CTC ATC COO MAA CAG GCG MC CTG CCG GGC CCC ACT CTG TCA CCC TCC TAT TCT CTC GAG TAT
CTG CGC CTG GCC TCT CTG CTC ATC CGG AA CAG G00 MG CTG CCG GCC CCC ACT GTG TCA GCC TCC TAT TCT CTG GAG TAT

2220 2230 2240 2250 2260 2270 2280 2290

Cly Lye
COO MO
G00 AAG CTMOCCACTCTCTCTAGAOCAAOCAOCSCTCTACACCCGCTACCACTOTCTACCACTAMCGTGOCTGCTCAGAGAGCTOCAGACATTGCGCTCACGTT

2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

Ala Clu Lou Glu Ile Gln Lys
GCT GAG CTGGM ATC CAG MA

ACACCACCCACMACGCTCCACCTAOGCC OCC CACTCTTCCCGCCTACACTCTCTCTACACTACTTCCTCTCTGC GCT GAG CTG GM ATC CAG MA
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500

Asp Ala Lou Glu Pro Gly Cln Arg Vol Vol Ile Vol Asp hAp Lou Lou Ala Thr Gly 0
GAT GCC TTC CM CCC G0G CAC ACA GTG CTC ATT GTG GAT GAC CTC CTG CCC ACA OCA C
OAT CCC FTC CM CCC G00 CAG AGA 0TG CTC ATT CST OAT GAC CTC CTG GCC ACA GGA C CTMACCGMCCCMCACAMCAGACTTCA

2510 2520 2530 2540 2550 2560 2570 2580 2590

ly Thr Met Phe Al. Ala Cys Asp
CA ACC ATG TTT Ccc GCC TGT GAC

MAGCOCAOACCCCTSCCTGGCTCCGCACTAACCAAGAGCrrGMCACCTCCTCTTICTCCTGCCCTOCCCCCCAG GA ACC ATG TTT GCG GCC TCT GAC
2600 2610 2620 2630 2640 2650 2660 2670 2680 2690

Lou Lou Rio Gln Lou Arg Ala Glu Vol Vol Glu Cys Vol Ser Lou Vol Glu Lou Thr Ser Lou Lys Gly Arg Glu Arg Lou
CSG CSG CAC CAG CTC CGG GCT GM GTG CTG GAG TCT GTG AOC CGG CTC GAG CTG ACC TCG CTG MG GGC AGG GAG AGO CTA
CSG CTG CAC CAG CC CGG GCT CM CTC CTGC GAG TCT GCT ACC CGG GTG GAG CTG ACC TCG CTG MG GGC AGO GAG AGG CIA FIG. 2. The complete nucleo-

2700 2710 2720 2730 2740 2750 2760 2770 tide sequence of the 3.1-kb frag-

Gly Pro Ile Ptro Phe Phe Ser Lou Lou Gln Tyr Asp Tor ment containing the mouse APRT
GCA CCT ATA CCA TOC TOC TCT CTC CTC GAO TAT GAC TGA gene. The cDNA nucleotide se-
GGA CCT ATA CCA TTC STC TCT CTC CTC CAG TAT GAC TGA GCAGCTGCCTAGATGCTCACACCCCTGCTCCCAGCAGCACTACGMCTGCTTGCTG

2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 quence and the corresponding
GCTCAGCCTAGCCCTGAMCTGACCTOTCTGAGCTACCGGCCGCCCTTTTCTGACTCTOATCACTCATTCCTTO CCTCACCTCATCCCCCTGCCCTCGGACCCC amino acid sequence of the pro-

2880 2890 2900 2910 2920 2930 2940 2950 2960 2970 tein are shown for the exon re-

TCCATCCTTCTACTrrCTACACGTCCCACACACCCTCCACCATACCAGACCTCTGCTACTCCACATCMTAAACC~TTOCATATCCATCC gions of the gene. Numbering be-
2980 2990 3000 3010 3020 3030 3040 3050 3060 gins at the 5' side of the insert.

in both genes, but the number of introns and their positions 15th amino acid of the sequence. In HPRT, the conserved
in each gene differs (Fig. 4). The APRT gene is interrupted sequence is interrupted twice. The first intron occurs be-
once in this region, within the glycine codon representing the tween the 2nd and 3rd amino acids, while the second intron
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119
GLY GLN ARG VAL VAL ILE VAL Asp AspLEu LEuALA THR GLY GLY THR MET PHEALA ALA 179MOUSE APRT

126
MOUSE HPRT (13,14) - Lys ASN - LEu - - GLu - ILE ILE AsP

126
HAMSTER HPRT (13,14) - Lys ASN - LEU - - GU - ILE ILE AsP
HUMAN HPRT (15,16) - Lys ASN - LEU - - GLu - ILE ILE AsP

80
L- COLI GPT (8,9) - GLu GLY PHE ILE VAL ILE - - - VAL ASP

- - LYS -
- GLN THR LEU 217

- LYs - GLN THR LEU 217

- - LYS - GLN THR LEU 217

- - - - Au VAL ALA ILE 151

358 f
j. Co PUF (10) Asp LEU - - - SER ILE VAL ARG - THR - SER GLu GLN ILE 503

116
E. GLL. PYRE (12) GLN GLY - - MET LEu - - - VAL ILE THR ALA - THR ALA ARG GLu SER MET 211

a. suBTiLis MF (11) - - - - MET - - - SER ILE VAL ARG - THR - SER ARG ARG ILE 475

separates the 8th amino acid (glutamate) from the invariant
aspartate.

DISCUSSION
We have previously shown that the 3.1-kb DNA fragment,
whose nucleotide sequence is presented in Fig. 2, has the
capacity to transform Aprt- cells to the Aprt' phenotype via
DNA-mediated transfection (6). The gene is small, which will
facilitate its use for in vitro mutagenesis, for studying regula-
tion of expression, and for identifying sites within the protein
that are important for enzymatic activity. The protein coding
regions were established from the nucleotide sequences of
several cloned cDNAs, and the positions and sizes of introns
were established by their comparison with the genomic
nucleotide sequence. It is interesting to note that one of the
cDNAs sequenced had retained the entire first intron (data
not shown), indicating that it may have been derived from an
incompletely processed messenger RNA. If there is an
ordered excision of introns, the organization of this cDNA
suggests that intron 1 may be the last to be excised.
While we have not yet mapped where transcription begins,

we have shown that a cloned processed APRT pseudogene
diverges from the genomic sequence 31 nucleotides upstream
from the ATG translation start codon (data not shown). The
position of divergence falls within a sequence at position 842
(an adenine flanked by a string ofpyrimidines) that comprises
a consensus cap site. Similarly, the 5' end of our longest
cDNA terminates at about the same position (data not
shown). This cDNA was retrieved from a cDNA library
constructed by Okayama and Berg, which selects for cDNAs
approaching full length (25). Together, these observations
suggest that transcription may start in this region. Although
there is a consensus cap site (26) in this region, there is no
"TATA"-like or "CCAAT" sequence (26). This is consistent
with the 5' sequences of other housekeeping genes such as
HPRT (14), hydroxymethylglutaryl-CoA reductase (22), and
dihydrofolate reductase (27), which also appear to lack the
sequence signals commonly associated with RNA polymer-
ase II promoters. Furthermore, the 200 nucleotides upstream
from the ATG start codon, which encompass the pseudogene
divergence site, have a 66% G+C content compared to 53%
for the body of the gene. A characteristic of sequences

I NTRON
TAAA--------CCCA

GGG CAG AGA GTG GTC ATT GTG GAT GAC CTC CTG GCC ACA ATG TI
MOUSE APRT GLY GLN ARG VAL VAL ILE VAL AsP AsP LEU LEU ALA THR GLY GLY THR MET Pi

FIG. 3. Homology of amino acid sequence within
mammalian and prokaryotic phosphoribosyltrans-
ferases. The amino acids within a 20-residue region are
aligned to illustrate homology. Amino acids 119-138 of
the mouse APRT sequence, derived from the cor-
responding nucleotide sequence, are presented. Dash-
es within the sequence of other phosphori-
bosyltransferases indicate identity with mouse APRT
residues. The enclosed amino acids identify residues
identical to mouse HPRT at the same position but
different from mouse APRT. Numbers at the start of
each peptide identify the amino acid position within the
complete protein, while the number at the end of each
sequence indicates the full length of the protein.
Reference from which each sequence was obtained is
indicated in parentheses.

upstream of several housekeeping genes described (14, 22,
27) is that they are G+C-rich. Also, the sequence C-C-G-C-
C-C occurs three times within 135 nucleotides upstream from
the ATG start codon of the mouse APRT gene. This same
sequence occurs twice within each ofthe 21-base-pair repeats
that comprise part of the simian virus 40 promoter (23) and
three times in the G+C-rich region upstream of the hydroxy-
methylglutaryl-CoA reductase cap sites (22). In the Herpes
thymidine kinase (tk) gene, which possesses all of the
sequence signals associated with strong polymerase II pro-
moters, the sequence C-C-G-C-C-C appears at position -105
and is apparently critical for maintaining high levels of
transcription (24). It is, therefore, attractive to speculate that
as with other housekeeping genes analyzed, the promoter of
the mouse APRT gene may lack characteristic TATA and
CCAAT boxes and that transcription may begin in the
G+C-rich region described.
The homology between a 20-amino acid sequence in mouse

APRT and other phosphoribosyltransferases, coupled with
the likely catalytic function of this region of the protein (16),
suggests that this sequence may have an ancient evolutionary
origin. It has been argued that functional domains of proteins
are encoded by individual exons and that one mechanism of
evolution is the sorting and shuffling of exons (28). There are
now several examples to support the original suggestion that
introns separate portions ofgenes that encode functional and
structural domains in their corresponding proteins (29-35).
The most detailed analysis has been that describing the globin
gene family. There are two introns whose positions are
constant within the mammalian a-type and (-type globin
genes (32) and in the seal myoglobin gene (31), although
introns in the myoglobin gene are much larger than their
globin gene counterparts. In the globin genes, introns sepa-
rate structural units within the protein (32). The soybean
leghemoglobin gene has an additional central intron (36-38)
whose position was predicted by Go's structural analysis of
globin (32). Curiously, insect globin genes lack introns
altogether (39). One way to rationalize these observations has
been to invoke a putative ancestral gene with at least three
introns, all of which have been retained in leghemoglobin
genes, two ofwhich have been retained in mammalian globin
and myoglobin genes, and none in the insect genes. Intron

HE ALA ALA Fi. APnAitinn nf intrnne within th*k. mielhntidp.-- --- -- --- ..-. ..- - - 1'1%1. It. rU;MlLlVlS UJL1 LIUll; WlILILl Mr.11 lU~L;UIUUV
MOUSE HPRT GLY LYS ASN VAL LEU ILE VAL GLU AsP ILE ILE AsP THR GLY LYs THR MET GLN THR LEU sequences of mouse APRT and HPRT (14) gene regions

GGAA TCT TTG ATT GTT AT ATA ATT GAC ACT GGT AM ACA ATG CM ACT TTG encoding the region of homology. The first five nucleo-
GTATG_____-- ~G ---- tides within the donor and acceptor sequences of each of

INTRON INTRON the introns are also presented.
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deletion has also been postulated for the evolution of intron
organization in actin genes from sources as diverse as plants,
mammalian skeletal muscle and nonskeletal tissues, and
invertebrates. In contrast to globin and actin genes and to
members of other gene families, such as genes encoding renin
and pepsinogen (35), the structural homology between human
a1-antitrypsin and chicken ovalbumin is not reflected by the
positions of introns in their respective genes (40). Although
these two proteins are encoded by representatives of a
common gene family, the numbers, sizes, and positions of
their introns are different (40) and may reflect the very
different functions of these proteins.
The homologous amino acid sequence we describe em-

braces a family ofenzymes (i.e., phosphoribosyltransferases)
obtained from prokaryotic and mammalian sources. Since
these enzymes perform similar catalytic functions, it is not
surprising that there should be at least one region of homol-
ogy between them. That the prokaryotic phosphoribosyl-
transferases share a common sequence with mammalian
APRT and HPRT argues that these genes may have arisen
from a common primordial gene. Although we cannot elimi-
nate the possibility that these enzymes and their genes arose
by convergent evolution, we consider this possibility improb-
able because convergent evolution is more likely to indepen-
dently produce a similar three-dimensional organization rath-
er than a common amino acid sequence. In support of this
argument, Salmonella typhimurium ATP phosphoribo-
syltransferase, which like the other phosphoribosyltransfer-
ases utilizes PRPP, lacks the homologous sequence common
to the enzymes presented in Fig. 3 (41).

If the mammalian APRT and HPRT genes and the pro-
karyotic genes encoding the phosphoribosyltransferases
shown in Fig. 3 arose from a common ancestral sequence, the
introns were likely introduced into the mammalian genes
after development of enzymatic function. The prokaryotic
phosphoribosyltransferase genes indicated in Fig. 3 lack
introns entirely. However, since there are occasional ex-
amples of prokaryotic genes with an intron (42, 43), we
cannot exclude an ancestral gene with three introns within
the homologous sequence, two of which were lost in the
mouse APRT gene, one in the mouse HPRT gene, and all in
the prokaryotic genes. The existence of introns within the
genome of a prokaryotic ancestor to both eukaryotes and
current common prokaryotes has previously been postulated
(44). If three introns were introduced into the common
sequence early in eukaryotic evolution, the intron organiza-
tion in this region of mouse APRT and HPRT genes could be
accounted for by intron deletion. Alternatively, ifAPRT and
HPRT genes arose independently with no common ancestral
origin, so that the homologous region is a consequence of
convergent evolution, intron insertion could have occurred
independently at any time during the evolution of each of
these genes. Regardless of the evolutionary scenario, introns
came to reside within a genomic region encoding part of an
apparent catalytic domain (16), and in each gene the pattern
of insertion is different. The fact that introns occur at all in
this region indicates that DNA sequences encoding func-
tional domains may be interrupted by introns as well as being
bounded by them.
Note Added In Proof. Primer extension and RNA protection experi-
ments localize transcription initiation to the site proposed in the text
within the G+C-rich region. There is also a consensus polymerase
II promoter 660 bp further upstream from this point with a possible
cap site at position 176, a TATA box at position 153, and C-C-A-
A-T-T sequence at position 95 (Fig. 2). The amino acid sequences of
E. coli APRT (M. W. Taylor and H. V. Hershey, personal com-
munication) and mouse APRT are 42% and 45% identical for the
entire protein and putative catalytic domain, respectively, support-
ing evolutionary conservation.
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