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ABSTRACT The functional human adenine phosphoribo-
syltransferase (APRI) gene is <2.6 kilobases in length and
contains five exons. The amino acid sequences of APRTs have
been highly conserved throughout evolution. The human
enzyme is 82%, 90%, and 40% identical to the mouse,
hamster, and Escherichia coli enzymes, respectively. The
promoter region of the human APRT gene, like that of several
other "housekeeping" genes, lacks "TATA" and "CCAAT"
boxes but contains five GC boxes that are potential binding sites
for the Spl transcription factor. The distal three, however, are
dispensable for gene expression. Comparison between human
and mouse APRT gene nucleotide sequences reveals a high
degree of homology within protein coding regions but an
absence of significant homology in 5' flanking, 3' untranslated,
and intron sequences, except for similarly positioned GC boxes
in the promoter region and a 26-base-pair region in intron 3.
This 26-base-pair sequence is 92% identical with a similarly
positioned sequence in the mouse gene and is also found in
intron 3 of the hamster gene, suggesting that its retention may
be a consequence of stringent selection. The positions of all
introns have been precisely retained in the human and both
rodent genes, as has an unusual AG/GC donor splice site in
intron 2. Particularly striking is the distribution of CpG
dinucleotides within human and rodent APRT genes. Although
the nucleotide sequences of intron 1 and the 5' flanking regions
of human and mouse APRT genes have no substantial homol-
ogy, they have a frequency of CpG dinucleotides that is much
higher than expected and nonrandom considering the G+C
content of the gene. Retention of an elevated CpG dinucleotide
content, despite loss of sequence homology, suggests that there
may be selection for CpG dinucleotides in these regions and
that their maintenance may be important for APRT gene
function.

Adenine phosphoribosyltransferase (APRT, EC 2.4.2.7)
catalyzes the formation ofAMP and inorganic pyrophosphate
from adenine and 5-phosphoribosyl-1-pyrophosphate
(PRPP). Its importance in metabolism probably relates to the
production of adenine as a by-product of the ubiquitously
distributed polyamine biosynthesis pathway (1). Deficiency
of APRT activity is inherited as an autosomal recessive
condition characterized by high urinary levels of adenine and
2,8-dihydroxyadenine (DHA), which may lead to a clinically
significant DHA urolithiasis appearing during childhood or at
a later age (2). The gene for human APRT has been mapped
to chromosome 16 (3) at 16q24 (4). We have described the
cloning of this gene and a relatively frequent Taq I restriction
fragment length polymorphism within its largest intron (5).

The APRT gene is constitutively expressed in all adult
tissues with only moderate variation between different cell
types (6). APRT activity increases about 2-fold during S
phase of the cell cycle (7), probably reflecting a doubling of
the number of gene copies. As is the case for some other
"housekeeping" genes (8), the transcription promoter of the
mouse APRT gene from liver or cultured fibroblasts lacks
TATA or CCAAT-like sequences but contains three
CCGCCC repeats (GC boxes) that form the core of a
decanucleotide sequence that can interact with Spl transcrip-
tion factor (9-12).
We have determined the nucleotide sequence of the human

APRT gene for several reasons. First, by distinguishing
features that are conserved between our previously se-
quenced mouse gene (13, 14) and the Chinese hamster gene
(15), we may be able to identify anatomic features that are
important to their constitutive expression. Second, the se-
quence of a wild-type humanAPRTgene is necessary for our
ongoing studies of mutant genes from human populations and
cell cultures. Third, because of the relatively small size of
APRT genes and the availability of media for selecting cells
in culture that either express or fail to express APRT activity
(3), APRT genes have been extensively utilized for studying
mutagenesis in mammalian cells (16-19).

METHODS
Bacteria, Bacteriophage, and Plasmids. The previously

described X clone XHuapl5 (5), which contains a 17.5-
kilobase (kb) genomic insert including a functional human
APRT gene, was propagated in Escherichia coli LE 392. An
8-kb HincII-EcoRI fragment and a 2.8-kb Cla I-Bgl II
fragment (5) were subcloned into the polylinker of the pIBI
20 vector (International Biotechnologies, New Haven, CT),
as were a Sma I fragment extending from position 1 to 752
(Fig. 1) and a 2.2-kb BamHI fragment (5), extending from
position 602 to 2763 (Fig. 1). All of the above subclones,
which were used for nucleotide sequence determination,
were maintained in E. coli JM109. Single-stranded DNA was
obtained by superinfecting transformed cells with helper
phage as described by Dente et al. (20) but by using M13 K07
(International Biotechnologies) as the helper phage.
DNA Libraries and Screening. Three human cDNA librar-

ies were screened for APRT cDNAs using the purified
internal 2.2-kb BamHI fragment as a probe. Fibroblast (21),
T-lymphoblast (22), and hepatoma (HepG2) (23) cDNA
libraries were kindly provided by H. Okayama (National
Institutes of Health), D. A. Wiginton and J. J. Hutton
(Children's Hospital, Cincinnati), and R. Moore (Monsanto),

Abbreviations: APRT, adenine phosphoribosyltransferase; PRPP,
5-phosphoribosyl-1-pyrophosphate.
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CCTCACGCCCT CCTCCACCCCGCGCCCCAGCCT CCCGCGCGCAGCGTGCGGGATCTCGGCCAATAAACCACAAACCCCGCCCG TACGCGCGCCAGGT GCGTGGGCGAGACCAGCT CACGCCCCT CCTCCAGCCGCCAAGC CCCGGCC

300 310 320 330 340 350 360 370 380 390 400 410 V 420 430
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FIG. 1. Nucleotide sequence ofthe humanAPRTgene and its 5' flanking region. The deduced amino acid sequence encoded by the five exons
is shown beneath. GC boxes within the 5' flanking sequence and intron 1 are underlined. The arrowhead identifies a unique Cla I site (nucleotide
415). The conserved sequence in intron 3 is hihted by a series of superscripted dots, and the poly(A) signal is identified by a superscript
bar. See text for determination of the genomic sequence. The sequences of the protein coding and 3' untranslated regions were confirmed from
cDNAs.

570
ATG GCC GAC TCC
Met Ala Asp Ser

ATACGGTACAGGCTTCCGGCGACGATGCCCGCCCCTCACCCACGCTCCGCCCTCCGGGATGCCCCACCCCTCGTGGCGGTCCCCCGTCCCCGCGCAGGCCCTCGGGCTGCCGCTGGCTCTTCGCACGCC

GCCGAGGGAGCACGTGGGCTCTGCGCGTCTGCTTGGGGGAGGGCCTTTGGGGTGCTTCAGGGGGCGCCGGGACGGGTGCTTGGGTCGCCCGGGAAGGTTGTGAGATTGAGCCCCCGAGGCCGCGCTGTGCAGGCGTCCTTCCGCAG
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respectively. The fibroblast library was screened by colony
hybridization (24), whereas plaques produced by the HepG2
and T-ceil libraries were screened as described by Benton
and Davis (25).
DNA Sequencing and Homology Analyses. Genomic and

cDNA restriction fragments were subcloned in both orien-
tations into pIBI 20 and subjected to nucleotide sequence
analysis using a modification (26) of the dideoxynucleotide
chain-termination procedure (27). Since the region between
nucleotides 805 and 900 (Fig. 1) consistently yielded ambig-
uous results due to band compression, the sequence of both
strands of this segment was confirmed by the Maxam and
Gilbert method (28). Nucleotide sequence homology search-
es were performed using an International Biotechnologies
program based on that described by Pustell and Kafatos (29).

RESULTS
The nucleotide sequence of the human APRT gene is dis-
played in Fig. 1. The genomic sequence was determined from
a series of overlapping subclones obtained from XHuapl5,
which we had demonstrated by transfection to contain an
entire functional human APRT gene (5). The sequence of the
coding region was confirmed by sequencing several indepen-
dently isolated cDNAs retrieved from plasmid or X phage
libraries. The longest cDNA sequenced extended from the 3'
poly(A) site to within 17 nucleotides of the ATG translation
start codon at position 568 (Fig. 1). We deduce that transla-
tion initiates at this start codon since it is in the same reading
frame as the remainder of the cDNA and since this amino
terminus precisely coincides with that of mouse APRT.
Though there are other potential ATG start sites further
upstream, only the one at position 568 is preceded by the
consensus eukaryotic initiation sequence described by
Kozak (30, 31).
Like the mouse APRTgene (14) the promoter region lacks

TATA or CCAAT-like sequences. However, there are 5 GC
boxes 5' to the coding region that may serve as potential
binding sites for the Spl transcription factor (9-12). Since
removal of DNA upstream of the Cla I site at position 413
(arrowhead in Fig. 1) permits efficient APRT expression, as
assayed by transfection of Aprt- recipient mouse L cells
(data not shown), it appears that the GC boxes distal to the

a

Cla I site are dispensable. The two remaining GC boxes,
beginning at position 467 and position 485, respectively (Fig.
1), are located 101 and 83 base pairs (bp) from the translation
start site. This arrangement is similar to that of the mouse
APRT promoter region, where the two most proximal GC
boxes are 99 and 81 bp upstream from the ATG start codon
(14). Curiously, the core hexanucleotide of the Spl recogni-
tion sequence also appears four times within the first intron.
Three of these sequences have an overlapping arrangement;
however, only one, GGGGCGGGAA, conforms to the con-
sensus decanucleotide sequence that apparently is required
for efficient Spl binding (12). The above sequence conforms
to the consensus decanucleotide at 9 of the 10 positions, with
only the 3' terminal nucleotide diverging.
Comparison ofAPRT amino acid sequences reflects strong

evolutionary conservation. The human amino acid sequence,
deduced from the nucleotide sequence of cloned cDNAs and
the functional gene, is 82% and 90% identical to the mouse
and hamster sequences, respectively (Fig. 2a). The hamster
amino acid sequence was deduced from a published nucle-
otide sequence (15). Though this sequence as published lacks
a sufficient open reading frame, insertion of any single
nucleotide 37 bp downstream from the translation initiation
site corrects the reading frame and produces a protein very
similar to its human and mouse counterparts. The extent of
APRT amino acid conservation is most vividly illustrated by
comparison of prokaryotic and mammalian sequences. The
E. coli APRT amino acid sequence (32) is about 40% identical
to that of the human and rodent enzymes (Fig. 2a).
We had previously identified an amino acid sequence

conserved between several bacterial and mammalian
phosphoribosyltransferases (14). This sequence is underlined
in Fig. 2a and is invariant over much of its length. Where
substitutions have occurred, they are mostly neutral and
isosteric. The amino acid sequence of an E. coli phosphori-
bosylpyrophosphate synthetase has been determined (33)
and also contains at least part of this conserved sequence
(Fig. 2b). Since phosphoribosyltransferases and PRPP syn-
thetase (in its reverse reaction) have PRPP as a common
substrate, this sequence is a likely candidate for at least part
of a PRPP binding site.

H A D S L 0 L V e Q R I R S F P D F r T P C V V
S E p K A R V I L

E A I L
T A T A Q E Y L K N S I K IQ Y K I L

Human: S F RAA I C L L A
Mouse: s R
Hamster: s R
E. coIl: A Y A L S D

Human: L A Q E L C L C C V
Mouse: v
Hamster:
E. coil: V L G V F

Human: I Q K D A L E P G-Q
Mouse:
Hamster:
E. coil: 11 V I K D

F R D IS Fv L K D r A
L D
L

V T S L e K

R If L K A T It C R I D Y I A C L D S R C F L F C P S
S S S K
s S K
E R Y N A C I T K V V C T A - A P

L I R K R C K L P C P T L V A S Y S L Y a K A L E
Q V S

v s A

P V P R I S T D T DQ

R V V V V D D L LA T GC T H N A A C E L L R A LQ A
I F D H1 Q R

K C C Q
K L I E T V K I R C C

Human: E V L E C V S L V E L T S L K G IR K L A P V P F F S L L Q Y
Mouse: v R C I D
Hamster: v c s

E. coll: A D A A F I I N ED G (EML) Q C- IT S Y V P FFP G

b
Human APRT: G Q R V V V V D D L L A T G G T H N AA
E. coil PRPP Synthetase: R D C L H I D L C K

FIG. 2. Amino acid conservation
within APRT. (a) Amino acid se-
quence comparison of human APRT
with rodent and E. coli APRTs. The
deduced human sequence is present-
ed in full. Amino acids deduced from
mouse (14), hamster (15), and E. coli
(32) gene sequences are shown only
when they differ from the correspond-
ing amino acid of the human enzyme.
A blank space indicates amino acid
identity. Dashes indicate deletions,
and subscripted amino acids bounded
by parentheses indicate insertions in
the E. coli sequence with respect to
the mammalian enzymes. The con-
served sequence common to mamma-
lian and prokaryotic phosphoribosyl-
transferases (14) is underlined. (b)
Amino acid sequence comparison be-
tween the putative PRPP binding site
of human APRT and E. coli PRPP
synthetase. The human sequence is
presented in full. Spaces in the E. coli
sequence indicate identity with the
corresponding amino acid in the hu-
man sequence.
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Human: G G A G C T C A G A G A G G T T G A G A C A T A G G
Mouse: T T
Hamster: G A T C A

FIG. 3. Conserved nucleotides within intron 3 of human and
rodent APRTgenes. The 26-nucleotide sequence from intron 3 of the
human gene is presented in its entirety. Only those nucleotides that
differ are shown in the mouse and hamster sequences.

The nucleotide sequence of the human APRT gene was
compared to that of the mouse (14) to identify conserved
sequences in noncoding regions. It is reasonable to speculate
that such sequences may be important forAPRT expression.
As expected, the protein coding sequences are highly ho-
mologous between species. However, DNA sequences with-
in 5' flanking and 3' untranslated regions as well as within
introns are extensively diverged. Upstream divergence be-
gins four nucleotides 5' to the ATG translation start codon
and displays little significant homology, except within a
region in which both genes contain two closely spaced GC
boxes. Despite sequence divergence, the introns all interrupt
protein coding sequences at precisely the same positions in
the human and mouse genes. Interestingly, intron 2 also
contains an unusual AG/GC splice donor site that is common
to intron 2 of the human and both rodent species. The only
conserved intron nucleotide sequences occur within intron 3,
which contains two nucleotide stretches with >75% homol-
ogy to similarly positioned mouse sequences. The first, which
extends from position 2026 to 2055 (Fig. 1), is homologous at
23 of 30 bp; the second (Fig. 3), which extends 26 bp, differs
at only 2 bp and its position within the gene is highlighted in
Fig. 1. Significantly, the second sequence, differing only at 5
bp, also occurs within intron 3 of the hamster gene (Fig. 3),
suggestive of a conserved function. The poly(A) signal in the
human gene is AGTAAA and was present in both genomic
and cDNA clones. This sequence, which differs from the
canonical AATAAA (34, 35) associated with most genes, is
not found in the APRT genes of either mouse or hamster.
The APRT genes display a peculiar distribution of CpG

dinucleotides. The dinucleotide CpG is underrepresented in
mammalian DNA but appears in clusters within the genome
(36). The distribution ofCpG dinucleotides within and upstream
of the human and mouse APRTgenes is similar and nonrandom
(Fig. 4). In the human gene, there is a cluster of CpG
dinucleotides, with frequencies ranging to >10 per 100 bp, that
begins at least 500 bp upstream ofthe ATG translation start site
and extends about 200 bp into intron 2. The extent of the
CpG-rich region in the mouse gene is more restricted, beginning
about 170 bp upstream of the ATG translation initiation codon
and extending about 100 bp into intron 2. In both species, the

remainder oftheAPRTgene contains fewer CpG dinucleotides
than expected based on the G+C content of the gene and a
random distribution. That this CpG distribution is not a reflec-
tion of G+C content and is apparently not random is demon-
strated by the relatively constant GpC distribution over the
length of the mouse and human genes.

DISCUSSION
Unlike most mammalian genes that have been characterized,
the gene encoding APRT is constitutively expressed and
subject to little, if any, regulation. It is possible, therefore,
that only minimal sequence information is required for
appropriate levels of APRT gene transcription. With this
assumption in mind, we compared human and rodent APRT
genes to detect conserved characteristics that may have
functional significance. As expected, the protein coding
regions of the mouse and human genes are very similar to
each other. Furthermore, the E. coli enzyme is about 40%
identical to the mammalian enzymes, indicating that these
purine salvage enzymes have a common origin and that
retention of enzymatic function imposes significant muta-
tional constraints upon APRT genes.
There are several interesting features associated with the

human and rodent APRT genes. Their organization is very
similar; and though their introns have undergone extensive
sequence divergence and vary somewhat in size (Fig. 4), they
share identical splice sites. The rare splice donor site AG/GC
is present in intron 2 in each of the three genes rather than the
almost invariant AG/GT tetranucleotide, which, with the
exception of avian a-globin (37, 38) and murine a-crystalline
(39), occurs in all of the -400 vertebrate genes in the
GenBank data base (40). The high degree of conservation of
the 26-bp region within intron 3 and its retention within that
intron suggest that this nucleotide sequence is subject to
stringent selection and possibly serves a functional role.
Though it is common to find nucleotide sequence conserva-
tion within 5' and 3' flanking regions of genes from different
species encoding tissue-specific proteins, or genes subject to
cell cycle and/or hormonal regulation (e.g., refs. 41-45), no
such conservation is apparent within flanking sequences of
APRT genes from different species. There is no substantial
homology between >220 bp of their 3' untranslated regions
or between >500 bp of their 5' flanking regions, except within
a region about 100 bp upstream ofthe ATG start codon where
both genes contain two closely spaced potential Spl binding
sites that account for the homology.
Although the APRT genes lack functional TATA and

CCAAT sequences, they are not unique in this respect. Several
other genes encoding housekeeping functions have promoters

0 0.5 1.0 1.5 2.0 2.5 3.0

967 270 227 1 226
_Ul _

~

186 109 1 252Iy x
FIG. 4. Distribution of CpG and

GpC dinucleotides within the human
and mouse APRT genes and their 5'
flanking sequences. The positions of
exons are defined by solid boxes. The
human and mouse genes are aligned at
their respective ATG translation start
codons. The size of each intron is
indicated in base pairs, as is the length
of the untranslated 3' region. The
positions of the translation termina-
tion signals are indicated by vertical
arrows. The width of each bar repre-
sents 100 bp and the height denotes
the number of CpG or GpC dinucle-
otides within that 100 bp. The scale is
in kilobases.
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also lacking these sequences but containing multiple GC boxes
(12, 42, 46-49). These GC boxes have the potential for binding
the Spl transcription factor (9-12) and, in some cases, can
promote bidirectional transcription (10, 50), but in the mouse

gene transcription appears to be unidirectional (M.K.D., un-

published observations). In some genes described (12, 42,
47-49), the GC boxes are in the opposite orientation of the
CCGCCC sequences contained in the 5' region of human and
mouse APRT genes. The significance, if any, of the orientation
of putative Spi binding sites is unclear.
A striking and conserved feature of the APRT genes is the

distribution of CpG dinucleotides. Although the mammalian
genome is about 40% G+C (51), CpG dinucleotides, which
may serve as substrates for methylation, are underrepre-
sented, occurring with a frequency of about only 2%. How-
ever, Bird (36) has underscored that clusters of CpG dinu-
cleotides primarily occur as discrete islands. Although the
mouse and human APRT genes have a G+C content >55%,
the CpG dinucleotide frequency over the 3' two-thirds of the
genes is less than half than expected were the CpG distribu-
tion random. In contrast, the 5' ends of mouse and human
APRT genes have a greater than random representation of
CpG dinucleotides. Particularly striking is that although the
intron 1 sequences of mouse and humanAPRTgenes have no
apparent homology, both have retained a very high CpG
content. This suggests that sequence divergence within
intron 1 was not random but subject to selection for a high
CpG dinucleotide content. The same observation can be
made for the 200 nucleotides extending upstream from the
ATG start signal, indicating selection and a possible func-
tional role for the high CpG content in these regions. The
possibility that CpG-rich regions may interact with one or
more proteins to influence gene transcription has been
addressed (36). In vitro methylation of the 5' end but not the
3' half of the hamster APRT gene rendered it nonfunctional
(52). Thus, it appears that the CpG-rich domain needs to be
unmethylated to exert its effect. It is, therefore, plausible to
speculate that in its hypomethylated state, the CpG-rich
domains common to the human and murine APRTgenes may
contribute to their constitutive expression.
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