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Two avian genes encoding essential steps in the purine nucleotide biosynthetic pathway are transcribed
divergently from a bidirectional promoter element. The bidirectional promoter, embedded in a CpG island,
directs coexpression of GPAT and AIRC genes from distinct transcriptional start sites 229 bp apart. The
bidirectional promoter can be divided in half, with each halfretaining partial activity towards the cognate gene.
GPAT andAIRC genes encode the enzymes that catalyze step 1 and steps 6 plus 7, respectively, in the de novo

purine biosynthetic pathway. This is the first report of genes coding for structurally unrelated enzymes of the
same pathway that are tightly linked and transcribed divergently from a bidirectional promoter. This
arrangement has the potential to provide for regulated coexpression comparable to that in a prokaryotic
operon.

De novo synthesis of purine nucleotides occurs by a
14-step branched pathway via IMP. The pathway appears to
be invariant in all organisms known to synthesize purine
nucleotides. Despite the central importance of the pathway,
only for Escherichia coli is there an overall understanding of
gene organization, gene regulation, and enzyme regulation
(51). Recently, most of the cDNAs for vertebrate enzymes
have been cloned and characterized (reference 51 and refer-
ences therein), setting the stage for investigations of gene
expression.

Chinese hamster ovary (CHO) cell mutants corresponding
to each of the loci required for synthesis of AMP have been
isolated, and human chromosome assignments were derived
from cytogenetic analysis of CHO-human somatic cell hy-
brids (summarized in reference 1). With one exception,
genes for the 12 steps to AMP synthesis are on individual
human chromosomes. However, GPAT and AIRC, genes
encoding enzymes for step 1 and steps 6 plus 7, respectively,
were both assigned to the q arm of chromosome 4, and the
possibility of physical linkage was considered (1).

Characterization of genes of the pathway is limited to the
Gart locus. The Gart locus in Drosophila melanogaster
consists of two genes. A purine gene encodes a trifunctional
enzyme for de novo purine nucleotide synthesis containing
activities for glycinamide ribonucleotide synthetase (EC
6.3.4.13), aminoimidazole ribonucleotide (AIR) synthetase
(EC 6.3.3.1), and glycinamide ribonucleotide transformylase
(EC 2.1.2.2) (21). A cuticle protein gene is encoded on the
opposite strand, entirely within an intron of the purine gene
(20). The human GART gene has been isolated from chro-
mosome 21 on a yeast artificial chromosome and shown to
function in CHO cells (17).
There is at present no information about regulation of

genes for de novo purine nucleotide synthesis in vertebrates
or invertebrates. To initiate studies of gene regulation, it was
our objective to clone the avian GPAT gene encoding
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glutamine phosphoribosylpyrophosphate (PRPP) amido-
transferase (EC 2.4.2.14). This enzyme catalyzes step 1 of
the presumed rate-limiting reaction in the de novo pathway.
GPAT is thus a likely target for gene regulation. The cDNA
for the avian glutamine PRPP amidotransferase (52) was
used in the present work to isolate the GPAT gene. Here we
report that the AIRC gene flanks the 5' end of GPAT. The
44-kb GPAT and 8-kb AIRC genes are closely linked and are
divergently transcribed from a bidirectional promoter. This
is the first example of divergent transcription of tightly
linked genes from a bidirectional promoter in which the two
enzyme products catalyze different steps in the same path-
way. This arrangement has the potential to provide for
regulated coexpression of functionally related genes compa-
rable to that in a prokaryotic operon. To describe this unit of
genetic function, we suggest the term dioskourion, taken
from the Greek Dioskouri, the mythological inseparable twin
sons of Zeus.

MATERIALS AND METHODS

library screening. An EMBL4 chicken oviduct genomic
library (provided by Ming-Jer Tsai, Baylor College of Med-
icine) was plated at a density of 25,000 plaques per 100-mm-
diameter dish on Luria-Bertani agar supplemented with 50
,ug of thymidine per ml and 10 mM MgSO4 with E. coli
LE392 as the host. A total of 500,000 plaques was screened
with each probe. The plaques were lifted on nitrocellulose
filters (Schleicher & Schuell) as described previously (47).
Prehybridization was carried out at 42°C in 6x SSC (lx SSC
is 0.15 M NaCl plus 0.015 M sodium citrate)-lx Denhardt's
solution (0.2% Ficoll, 0.2% polyvinylpyrrolidone, 0.2% bo-
vine serum albumin)-0.5% sodium dodecyl sulfate (SDS)-
0.1 mg of salmon sperm DNA per ml-50% formamide for 4 h.
Hybridization was carried out at 42°C for 16 h in prehybrid-
ization solution with SDS omitted and containing 2 x 106
cpm of radiolabeled probe per ml (13). Washes were carried
out at room temperature in 2x SSC-0.1% SDS and then in
2x SSC_0.1% SDS at 65°C. The filters were autoradio-
graphed at -80°C with an intensifying screen. Positive
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plaques were picked for second and third rounds of screen-
ing until plaque pure. Plaque-pure phages were propagated
in 5-ml cultures. A rapid DNA isolation procedure (44) was
used to extract DNA for restriction and Southern hybridiza-
tion analyses.

Plasmid constructions. Genomic subclones for restriction
mapping and sequencing were made in pBluescript SK. The
bireporter plasmid pLUC/CAT-1 (see Fig. 4) was assembled
from a derivative of pA3LUC (50) and pCAT-CON
(Promega). A 1,350-bp SmaI genomic subclone (see Fig. 3)
was digested with BglI, blunted, and digested with NotI, and
the resulting 600-bp fragment carrying the promoter was
transferred into EcoRV-NotI-digested pBluescript SK-.
From that construct, a 360-bp KpnI-blunted HindIII frag-
ment containing the promoter and 60 bp from each 5'
untranslated region (UTR) was cloned in pLUC/CAT-1,
giving rise to construct pLC2. Construct pLC4 was made
similarly, by subcloning a 380-bp RpnI-blunted SalI frag-
ment into pLUC/CAT-i. Plasmids pCAT-AT and pCAT-C
were made by cutting pLC2 and pLC4 plasmids, respec-
tively, with AvaI and BamHI, filling in, and religating.
Plasmid pCAT-A, which was used as a promoterless back-
ground control, was prepared similarly by digesting pLUC/
CAT-1 with XhoI and BamHI, filling in, and religating.
Plasmid pSK-PROl was constructed by isolating a 600-bp
PvuII-NarI restriction fragment from pLC2 and cloning it
into the Smal-ClaI sites of the pBluescript SK- polylinker.
RNA preparations and Northern hybridizations. Total

RNA preparations from chicken liver and HepG2 cells were
done essentially by acid-guanidinium thiocyanate-phenol-
chloroform extraction (5). Poly(A)+ RNA was prepared by
oligo(dT)-cellulose chromatography (Pharmacia). Northern
(RNA) blots were prepared by running the RNA on formal-
dehyde-1.4% agarose gels and blotting the gel on Gene-
Screen Plus membranes (Dupont) by capillary transfer ac-
cording to the manufacturer's instructions. Prehybridization
was carried out at 65°C in 1% SDS-1 M NaCl-10% dextran
sulfate. For hybridization, salmon sperm DNA at 100 ,ug/ml
and 2 x 105 cpm of radiolabeled probe per ml were added
and the bag was incubated for at least 12 h at 65°C with
constant agitation. The filters then were washed with 2x
SSC at room temperature and with 2x SSC-1% SDS at 65°C
and autoradiographed for 12 to 48 h at 80°C with an intensi-
fying screen on Kodak X-Omat AR film. RNA molecular
weight markers were bought from Promega.
Genomic PCR. A typical 100-pl polymerase chain reaction

(PCR) mixture contained 10 pl of PCR buffer (100 mM
Tris-HCl [pH 8.3], 500 mM KCI, 15 mM MgCl2, and 0.1%
[wt/vol] gelatin), 8 ,ul of a deoxynucleoside triphosphate
stock solution (2.5 mM each), 8 ,ul of each 30-mer (at 30
ng/pl), 2.5 U of Taq DNA polymerase, and 100 ng of chicken
genomic DNA. Two cycles were then performed at 94°C for
1 min, 45°C for 2 min, and 72°C for 2 min and were followed
by 35 cycles at 92°C for 1 min, 55°C for 2 min, and 72°C for
2 min with a 3-s extension on each cycle. The product was
run on an agarose gel, and the unique fragment was isolated
with the GeneClean kit (Bio 101). The following primers
were used to isolate PCR-AT1: 5' primer, AAG GGG AAG
TGA GCT CAC TGC CAA TAA AAC; 3' primer, AGT
CAG CAG TGT CGA CAT T'1T CTA GAG GAG.
Southern hybridizations. For genomic Southern blots, 5 p,g

of chicken genomic DNA was digested with appropriate
restriction enzymes, run on a 0.8% agarose gel, and trans-
ferred to a GeneScreen Plus membrane (Dupont). Prehybrid-
ization and hybridization were carried out essentially as
described for the Northern hybridizations. The Kodak

X-Omat film was exposed for 1 to 2 days at -80°C with an
intensifying screen. Southern blots of genomic clones and
subclones were done on nylon filters (Schleicher & Schuell),
and hybridizations were carried out according to the manu-
facturer's instructions.
DNA sequencing. Genomic subclones were sequenced by

the dideoxy sequencing method (40) with ExoIII-deleted
clones (19) or with primers derived from the cDNA se-
quence.

Transient transfections and reporter assays. Transient
transfections were done by the lipofection method (14).
HepG2 cells were grown to 60% confluency in 35-mm-
diameter plates, washed with phosphate-buffered saline
(PBS), and incubated with 1 ml of transfection reagent
containing 20 pl of Lipofectin reagent (Bethesda Research
Laboratories, Inc.), 8 p,g of the plasmid to be assayed, 2 p,g
of RSV-lacZ plasmid (11), and Eagle minimal essential
medium for 8 to 12 h at 37°C in 5% CO2. The transfection
reagent was then removed, and cells were fed with 2 ml of
Eagle minimal essential medium supplemented with 10%
fetal bovine serum and incubated at 37°C in 5% CO2 for 48 to
60 h. Then the cells were washed with PBS and incubated
with 1 ml of TEN buffer (30 mM Tris-HCl [pH 7.5], 1 mM
EDTA, 15 mM NaCl) for 10 to 15 min. After removal from
the plate, two-thirds of the cells were used to prepare
extracts for the chloramphenicol acetyltransferase (CAT)
and 3-galactosidase assays by the freeze-thaw method and
one-third was used for preparation of extract for the lu-
ciferase (LUC) assay by Triton X-100 lysis. For the CAT
assay, cells were pelleted and lysed in 150 ,ul of buffer A (35)
in three freeze-thaw cycles. The debris were pelleted and 20
to 50 1pl of the supernatant was heated to 65°C for 20 min in
order to inactivate endogenous acetylases. Subsequently,
CAT was assayed by the liquid scintillation counting method
(42). CAT extracts that were not heat treated were used for
the P-galactosidase assay (37). LUC activity was assayed as
described by the supplier of the reagents (Promega). The cell
culture lysis reagent provided was supplemented with 0.4
mM phenylmethylsulfonyl fluoride. The light emission was
measured with a Monolight 2010 instrument (Analytical
Luminescence Laboratory) as relative light units. Protein
was quantitated by the Bradford assay, and CAT and LUC
specific activities were normalized for 3-galactosidase specific
activity. Plasmids pGL2-CON and pCAT-CON (Promega)
containing a simian virus 40 (SV40) promoter-enhancer to drive
LUC and CAT, respectively, were used as positive controls.
RNase protection assays. Plasmid DNA was cut with the

appropriate enzymes and, where necessary, 3' overhangs
were trimmed with T4DNA polymerase. The DNA was then
phenol-chloroform extracted twice and ethanol precipitated.
For each reaction mixture, 100 to 200 p,g of template DNA
was mixed with 2.5 p,l of 100 mM dithiothreitol, 5 ,ul of a
nucleoside triphosphate stock (5 mM ATP, UTP, and GTP),
1 i,l of 300 ,uM CTP, 5 p,l of [a-32P]CTP (400 mCi/mmol), 5
,ul of 5x transcription buffer (200 mM Tris [pH 7.5], 30 mM
MgCl2, 10 mM spermidine, and 50 mM NaCl), 7 to 12 U of
T3 or T7 RNA polymerase, and 40 U of RNasin (Promega)
and brought to a 25-pl total volume with H20. The reaction
mixture was incubated for 1 to 2 h at 30°C and subsequently
treated with RNase-free DNase (Promega) for 15 min. Next,
175 ,ul of solution containing RNase-free 0.1 M NaCl, 10mM
Tris-HCl (pH 8.0), and 1 mM EDTA was added and the
mixture was passed through a Sephadex G-25 microspin
column to remove the unincorporated label. The hybridiza-
tion of the probe with the RNA and the RNase treatment
were done as described elsewhere (39), and the reaction
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FIG. 1. Organization and restriction map of the chicken GPAT-AIRC genomic locus. Representative genomic clones and their EcoRI
restriction patterns are shown at the top (adapter sites used for cloning are shown in quotation marks). Exons (boxes) and introns (thin lines)
are indicated. The dotted line represents a part of the genomic locus that was not cloned. Arrows indicate the direction of transcription.

products were run on a sequencing gel and exposed at -80°C
to Kodak X-Omat AR film with an intensifying screen. RNA
probes of known lengths were also run alongside the se-
quencing ladder. Under the electrophoresis conditions used,
RNA species ran 5% more slowly than DNA species.
Therefore, we applied this correction when the sizes of the
RNA protected fragments were calculated (39).

Nucleotide sequence accession number. The nucleotide
sequence of the AIRC-GPAT intergenic region (shown in
Fig. 3) has been deposited in the GenBank data base under
accession no. L12533.

RESULTS

Chicken GPAT and AIRC genes are physically linked. For
isolation of GPAT clones, a chicken oviduct genomic library
was initially screened with the intact, previously isolated,
avian cDNA (52). Phage clones AT1, AT2, and AT5, repre-
sentative of five multiple isolates, are diagrammed in Fig. 1.
These clones contain glutamine PRPP amidotransferase se-
quences downstream of codon 125 in the cDNA. In order to
isolate the 5' end of the GPAT gene, it was necessary to
rescreen the library with a cDNA probe corresponding to
nucleotides (nt) 75 to 521 of the cDNA. This led to the
isolation of phages AT6, AT7, C-AT8, and C-AT9 (Fig. 1).
Restriction mapping and Southern hybridization established
that AT6 and AT7 did not overlap with the 5' end of AT5 or
the 3' end of C-AT8. The missing DNA between AT5 and
AT6, which carries part of GPAT exon 3, was isolated by
genomic PCR using sequence information from the edges of
clones AT2 and AT6. The PCR product was a single 1.1-kb
fragment that was cloned and designated PCR-AT1. The 5'
end of PCR-AT1 overlaps with exon 3 in AT6, and the 3' end
overlaps with intron sequences in AT2 and AT5. The gap
between clones C-AT8 and AT7 was estimated to be 5.5 kb
by genomic Southern blots (data not shown). Subsequent
nucleotide sequence analysis indicated that this region was
part of GPAT intron 1. We were not successful in cloning the
missing intronic segment by PCR. The phage clones depicted

in Fig. 1 account for all of the EcoRI fragments in a genomic
Southern blot probed with GPATcDNA and thus contain all
of the gene except for the missing portion of GPAT intron 1.
Genomic Southern blots also suggest that GPAT is a single-
copy gene (data not shown).

Since the 5' end of the glutamine PRPP amidotransferase
cDNA was not known, it was important to determine
whether there was another GPAT exon upstream of the exon
encoding Met-1. Accordingly, chicken liver poly(A+) RNA
blots were probed with various restriction fragments from
genomic clones C-AT8 and C-AT9, located 5' of GPAT
exon 1. Surprisingly, several of these fragments hybridized
with a 2.3-kb mRNA distinct from the 2.8- and 3.1-kb GPAT
mRNAs (Fig. 2). Nucleotide sequence data from selected
restriction fragments that hybridized to the 2.3-kb
mRNA were used to scan the EMBL and GenBank data
bases. A perfect match with the sequence of chicken AIR
carboxylase-5-aminoimidazole-4-N-succinocarboxamide ri-
bonucleotide (SAICAR) synthetase cDNA (4) was found,
thus establishing the close physical linkage of the GPAT and

1 2

9.5-
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2.8-
1.9-

'-*GPAT~* '4AI RC

0.9-

FIG. 2. Northern blots of the 2.3-kb AIRC mRNA (lane 2) and
the 2.8- and 3.1-kb mRNAs of GPAT (lane 1). Both blots came from
the same formaldehyde gel but were probed separately, the AIRC
with a genomic subclone of phage genomic clone C-AT8 and the
GPAT blot with the GPAT cDNA.
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TABLE 1. Exon-intron organizationa

Exon
Gene No Length 5' splice donor (nt) 3' splice acceptor pChoadsoenb Amino acid(s)

(nt)
Glutamine PRPP 1 297 CAGgtaagg -29,000 ttgtocacagGG II Arg-32

amidotransferase 2 67 AAGgtagaa 4,500 tctcotgaagGG 0 Lys-54/Gly-55
3 207 AAGgttagt 900 gtottcaaagCT 0 Lys-125/Leu-126
4 113 AAGgtgagg 90 ctoattgoagAA II Arg-163
5 146 AAGgtaagc 1,040 tttattacagAA I Gly-217
6 73 CGAgtaagt 910 ctotttCaagGT II Glu-241
7 152 AAGgtttgt 1,230 atgttcttagGT I Gly-292
8 128 AAGgtttgt 280 ctgtttgtagTG 0 Lys-339/Cys-340
9 222 GAGgtaagt 920 ttttgttoagGT 0 Glu-413/Val-414
10 121 TAGgtaaat 1,100 tttcctgtagGG I Gly-454
11 1,480

AIR carboxylase/SAICAR 1 77 CAGgtaaac 500 ttttototagAA I Glu-7
synthetase 2 198 CAGgtttgt 1,400 ttctatttagGA I Gly-73

3 179 AAGgtaagt 400 tcottaatagGA 0 Lys-32/Asp-33
4 180 AAGgtatga 90 gtctttatagAT 0 Lys-189/Ile-190
5 114 CAGgtaaca 840 octttttcagTC 0 Gln-229/Ser-230
6 84 GAGgtattc 165 tottotgtagTT 0 Gln-258/Leu-259
7 181 AAGgtacat 1,100 cocotgoaagGA I Gly-319
8 156 GTGgtaaga 950 ttctttgoagGA I Gly-372
9 1,190

a All intron-exon boundaries conform to the consensus splice junctions (3).
b 0, positioning of introns between codons; I, interruption after the first base

AIRC genes. A partial restriction map of the -52-kb GPAT-
AIRC region is shown in Fig. 1.

Exon-intron structure. Exons were initially positioned by
correlating the restriction map of the GPAT-AIRC locus with
sites in the exons and by probing Southern blots of genomic
clones with cDNA fragments. Exact intron sizes were ob-
tained either by nucleotide sequencing or by sizing the
products of PCRs that used primers located on flanking
exons. The nucleotide sequences of all GPAT and AIRC
exons and intron-exon boundaries were determined. Splice
sites (Table 1) agree with the consensus (3), and exons agree
with the cDNA sequences obtained earlier (4, 52), with a few
exceptions. The main revision to the cDNA sequence that is
required is in the GC-rich 5' UTR of GPAT. nt 1 to 61 in the
truncated cDNA sequence (52) were inverted. The corrected
5' UTR sequence in GPAT exon 1 is numbered in Fig. 3 from
positions 881 to 1049. Additional corrections to the cDNA
sequences are an A-to-T change at nt 496 of the glutamine
PRPP amidotransferase cDNA (52), which results in no
codon change, and the following changes in the AIR carbox-
ylase-SAICAR synthetase cDNA: from G to T at nt 1, from
C to T at nt 37, and from CG to GC at nt 47 and 48 (4). The
5' UTR ofAIRC is numbered nt 651 to 592 (Fig. 3).

Nucleotide sequencing and transcript mapping data pre-
sented below show that the two genes are transcribed
divergently, with their Met-1 codons 458 bp apart and their
transcriptional start sites just 229 bp apart (Fig. 3). The 44-kb
GPAT gene is composed of 11 exons of similar sizes, except
the last one, which contains the information for amino acids
454 to 511 of the protein and alternative 3' UTRs as well
(Table 1). GPATmRNAs of 2.8 and 3.1 kb from chicken liver
are accounted for by 3' UTRs of 650 bases and 1 kb,
respectively (52). Since exon 11 of GPAT contains the
information for both 3' UTRs and includes two polyadenyl-
ation sites, the two GPAT mRNAs arise by use of different
polyadenylation sites rather than by differential splicing. The
importance of the different, relatively long 3' UTRs is not

of a codon; II, interruption after the second base.

known. Examination of exon-intron boundaries indicates no
preference for a particular splicing phase (Table 1). The first
two introns of the gene are considerably longer than the rest,
with the first intron alone accounting for more than half of
the 52-kb locus.
The 8-kb AIRC gene is considerably more compact than

GPAT. It is composed of nine exons, the last of which is
considerably longer, coding for amino acids 372 to 426 and
the 1,030-nt 3' UTR (Table 1). There are two polyadenyla-
tion signals, 110 bp apart, but evidence for a shorter mRNA
has not been obtained. The first six exons encode the
SAICAR synthetase domain (amino acids 1 to 258), and
exons 7 to 9 encode the carboxylase domain (residues 259 to
426). Domain boundaries were previously inferred by se-
quence alignments with monofunctional SAICAR synthetase
and AIR carboxylase from bacteria and functional analysis
of the avian AIR carboxylase-SAICAR synthetase cDNA in
E. coli (4). The exon structure is thus consistent with a
model in which AIR carboxylase-SAICAR synthetase
evolved by fusion of ancestral genes encoding monofunc-
tional enzymes. Exon-intron boundaries indicate a strong
preference for splicing phases 0 and I, with splicing of exons
4 to 7 occurring in phase 0 and the rest in phase I.
The GPAT-AJRC intergenic region is GC rich, lacks TATA

boxes, and shows a symmetrical pattern. A 1,350-bp SmaI
restriction fragment hybridizing with both glutamine PRPP
amidotransferase and AIR carboxylase-SAICAR synthetase
cDNAs was isolated from clone C-AT8 and was subcloned,
mapped, and sequenced on both strands (Fig. 3). The
putative bidirectional promoter is 229 bp long, has an 80%
GC content, and contains no recognizable TATA homolo-
gies. Two pairs of Spl and CCAAT boxes are located at the
optimal distance (10, 49) from the transcriptional start site of
AIRC, and one pair of Spl and CCAAT boxes is located at
the optimal distance from the transcriptional start site of
GPAT (Fig. 3). Two additional Spl boxes flank the intergenic
region and are accompanied by a number of other potentially
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FIG. 3. Structural features of the bidirectional promoter. (A)
Restriction map and exon structure of the promoter region drawn to
scale. Exons (boxes) and 5' UTRs (shaded areas) are depicted.
Arrows show the direction of transcription. (B) Sequence and
consensus sites of the promoter region. Transcription start sites of
GPAT and AIRC as determined by RNase protection assays from a
reporter minigene in HepG2 cells (dark arrows) and transcription
start sites determined by primer extension for AIRC or RNase
protection assay of chicken liver RNA for GPAT (filled squares) are
shown. Putative Spl and CCAAT boxes, MRE, and AP-2 consensus
sites are underlined. Three sets of direct repeats (I, II, and III) are
underlined by half arrows. The AP-2 consensus sequences used are
CCSCRGGC (32) and YCSCCMNSSS (24), and the MRE consensus
sequence used is TGCRCNC (7).

interesting sites. Five metal response element (MRE) con-
sensus sites (7) flank the 5' end of the GPAT gene, with two
of them arranged as a perfect palindrome with a 3-bp spacer.
It remains to be determined whether the putative MREs
function to coordinate GPAT transcription with availability
of Fe for the glutamine PRPP amidotransferase Fe-S cluster
(reference 52 and references therein). Several AP-2 consen-
sus sites (25, 33) are clustered around the first exon of each
of the two genes. A number of perfect or nearly perfect
direct repeats are found close to the GPAT transcriptional
start site. These elements are candidates for cis-acting
regulatory sites for GPAT and AIRC and could serve to
coordinate expression with other genes for de novo purine
nucleotide synthesis.

CATACTIVITY LUCIFERASE ACTIVITY
(105cpm/mg/hr) (l RLUs/I0ug/10s)

C14
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FIG. 4. Constructs used to assay promoter function. Values
shown are the averages (± standard deviations) of at least three
transfections, each done in duplicate. All results are normalized
against 3-galactosidase activity of a cotransfected plasmid, RSV-
jgal. Background values of the relevant control vectors have been
subtracted. RLUs, relative light units.

The GPAT-AIRC intergenic region is a bidirctional pro-
moter in vivo. In order to determine whether the DNA region
between the first exons of the two genes is sufficient for
simultaneous bidirectional transcription, we constructed a
bireporter plasmid (pLUC/CAT-1) with the reporter genes,
LUC and CAT, in a head-to-head arrangement separated by
a polylinker (Fig. 4). A 343-bp BglII-KpnI fragment spanning
the intergenic region (Fig. 3) was cloned in both orientations
in pLUC/CAT-1, yielding plasmids pLC2 and pLC4 (Fig. 4).
This fragment contains the 5' UTR ofAIRC, the intergenic
region, and the first 60 bp of the GPAT 5' UTR. Parts of the
5' UTRs were included in order to retain potential promoter
elements around the transcriptional start sites. With these
constructs, bidirectional transcription was assayed from a
single dish of transfected cells. With both orientations of the
bidirectional promoter in plasmids pLC2 and pLC4, two
independent assessments of transcription were obtained,
one based on CAT expression and the other based on LUC
expression.
HepG2 cells were transiently transfected with these plas-

mids. The results depicted in Fig. 3 show that this intergenic
fragment can indeed function as a bidirectional promoter.
Transcription towardsAIRC was considerably stronger than
towards GPAT (8-fold stronger on the basis of the LUC
assay and 11-fold stronger on the basis of the CAT assay.
The bidirectional promoter exhibited activity comparable to
that of an SV40 promoter-enhancer system used to drive the
LUC reporter in plasmid pGL2-CON and 2.5-fold lower than
that of an SV40 promoter-enhancer used for expression of
the CAT reporter in plasmid pCAT-CON. The difference
between the expression of the GPAT and AIRC reporters
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FIG. 5. Results of RNase protection assay to determine the
GPAT transcription start site. Labeled GPAT antisense RNA en-
compassing the KpnI-AvaI fragment of the SmaI genomic subclone
S2 (Fig. 2) was hybridized to 20 ,ug of total chicken liver RNA (lane
2) or 20 ,ug tRNA (lane 1) and run against a sequencing ladder. The
estimated sizes for the two protected fragments after a 5% correc-
tion to account for the slower mobility of RNA are given (see
Materials and Methods).

correlates with the presence of twice as many optimally
located Spl and CCAAT boxes on the stronger AIRC
promoter side.
To further characterize the bidirectional promoter, the

intergenic region was dissected. The objective was to deter-
mine whether half promoters could be obtained and, if so, to
what extent they retained function. Starting with plasmids
pLC2 and pLC4, the LUC reporter and the proximal half
promoter attached to it were deleted by using a conveniently
located AvaI site at nt 779 (Fig. 3), yielding plasmids
pCAT-AT and pCAT-C, respectively (Fig. 4). Each half
promoter retained the optimally located consensus CCAAT
and Spl boxes. A deletion of the LUC reporter from the
pLUC/CAT-1 promoterless vector provided plasmid
pCAT-A, which served as a negative control. Transient
expression in HepG2 cells showed that each half promoter
retained function (Fig. 4). However, promoter strength
decreased in comparison with that of the intact promoter.
The GPAT side retained 30% and theAIRC side showed 80%
of intact-promoter function. The AIRC half promoter was
thus 30-fold more active than the GPAT half promoter. This
result implies that cis-acting sites in theAIRC half promoter
augment transcription from the GPAT half promoter, al-
though an alternative possibility, that decreased expression
was due to juxtaposition of vector sequences, was not
eliminated.
AIRC and GPAT transcriptional start sites. The 5' end of

the AIRC mRNA has been determined by primer extension
and anchor-PCR cloning (4). A similar approach for GPAT
mRNA yielded a truncated 5' end (52) in which cDNA nt 1 to
61 were inverted with respect to the genomic sequences.
RNase protection mapping was used to identify the GPAT
mRNA cap site. In an initial experiment, an antisense RNA
probe corresponding to nt 941 to 778 (Fig. 4) and chicken
liver total RNA gave two protected fragments of approxi-
mately 56 and 49 nt, the longer of which corresponds to a cap
site at nt 885 (Fig. 5). Efforts to confirm this result with
different RNA probes failed because other RNA probes
produced high background levels and/or uninterpretable
protected fragments. As an alternative approach to map the
5' end of GPAT and to confirm the AIRC primer extension
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AIRC GPAT

GPAT/CAT antisense RNA

pSK-PRO0

T3

T7-i AIRC/LUC antisenseRNA

B 1 2 A G C T 4

232 -
f¢r. .........

- a *4-~~~~126

FIG. 6. RNase protection assays of total RNA from HepG2 cells
transfected with construct pLC2. (A) Construct pSK-PROl was
used for the preparation of antisense RNA probes ofLUC and CAT
mRNAs. Linearization of the plasmid with AvaI and in vitro
transcription with T3 RNA polymerase yielded an antisense RNA to
the GPAT-CAT message. Linearization of the construct with SacII
and in vitro transcription with T7 RNA polymerase yielded an
antisense RNA to the AIRC-LUC message. (B) Results of the
RNase protection assays. The GPAT-CAT antisense RNA probe
was hybridized to 20 pLg of tRNA (lane 1) and 20 p.g of total RNA
from transient transfectants (lane 2). A unique band with an esti-
mated length of 232 nt in lane 2 supports a unique transcription start
site at position 881 (Fig. 2). The AIRC-LUC antisense RNA probe
was hybridized to 20 pg of tRNA (lane 3) and 20 ILg of total RNA
from transient transfectants (lane 4). A much stronger band (126 nt)
relative to the control suggests a unique transcription start site at
position 651 (Fig. 2). Estimated sizes of the RNA bands were
corrected for an observed 5% slower mobility of RNA under the
conditions used.

result, we determined the GPAT and AIRC transcriptional
start sites from transient expression of the pLG2 reporter
plasmid in HepG2 cells. The plasmid was transiently trans-
fected into HepG2 cells, and total RNA was prepared from
the transfectants. A Narl-PvuII restriction fragment from
pLG2 was subcloned into pBluescript SK-, and antisense
RNA probes were made for the GPAT-CAT and AIRC-LUC
regions, as shown in Fig. 6A. The RNase protection assays
gave a single protected fragment for each reporter; the
estimated sizes were 232 nt for the CAT-GPAT probe and
126 nt for the LUC-AIRC probe (Fig. 6B). The transcription
start sites thus derived for the reporter minigenes are very
close to those determined by anchor PCR for AIRC (4) and
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by RNase protection for GPAT (Fig. 5). These transcription
start sites at positions 651 for AIRC and 881 for GPAT are
shown in Fig. 3. This experiment thus confirms that the
DNA fragment used as a bidirectional promoter contains all
the information necessary for correct transcription initiation.
The GPAT transcriptional start sites corresponding to the

two protected RNA fragments derived from avian liver RNA
shown in Fig. 5 were not seen in HepG2 cells (Fig. 6B, lane
2). A second GPAT transcription start site may not have
been resolved or, alternatively, HepG2 cells may use only
one of the two possible transcriptional start signals. The
determination of the GPAT transcriptional start site estab-
lishes that the GPAT mRNA has a 169-bp 5' UTR, the
longest of all in cDNAs from the de novo purine biosynthesis
pathway that have been characterized. RNA secondary
structure prediction algorithms (26) show that this GC-rich 5'
UTR may form a stable secondary structure with a AG of
-72 kcal/mol (ca. -300 kJ/mol). Such a secondary structure
may play a role in translational regulation of this gene.

DISCUSSION

We have reported the first analysis of genes for de novo
purine nucleotide synthesis from a vertebrate. GPAT and
AIRC encode enzymes that catalyze step 1 and steps 6 plus
7, respectively, in the de novo pathway. The cloning and
nucleotide sequence analysis have established that these two
genes are closely linked in a head-to-head arrangement in the
chicken genome. An intergenic sequence of 229 bp separates
the transcription start sites for the two genes. This close
linkage leads to the prediction that the corresponding human
genes, both located on the q arm of chromosome 4 (1), are
comparably linked.
For the purpose of simplifying this discussion, a bidirec-

tional promoter is defined operationally as a short segment of
DNA that promotes bidirectional transcription in vivo. This
operational definition does not distinguish between mecha-
nisms for transcription initiation that involve assembly of a
single basal transcription complex at one site or complexes
at two contiguous sites that may or may not interact. In this
context, the AIRC-GPAT intergenic region is a bona fide
bidirectional promoter that drives transcription of the two
genes. This promoter exhibits 10-fold-higher activity on the
AIRC side than on the GPAT side. Interestingly, this differ-
ence of transcriptional activity, if maintained in the chromo-
somal context, could contribute to ensuring that glutamine
PRPP amidotransferase activity is rate limiting for purine
nucleotide synthesis. It is assumed, but has not been shown
directly, that reaction 1 is the rate-limiting step in the
pathway for de novo purine nucleotide synthesis.
The GPAT-AIRC bidirectional promoter contains no rec-

ognizable TATA homologies. Despite this and the lack of
known initiator elements (32, 45), transcription of GPAT and
AIRC genes appears to start at distinct sites, in contrast to
that of most housekeeping promoters, which usually gener-
ate heterogeneous mRNA 5' ends. The basis for unique
mRNA 5' ends from the GPAT and AIRC genes is not
known.
A number of Spl and CCAAT boxes are arranged within

the promoter in a symmetrical pattern. Spl and CCAAT
boxes are bidirectional (16, 49). Spl protein is present in all
cell types, resulting in constitutive activation (27), whereas a
multiplicity of proteins is known to bind the CCAAT box (9),
which may have regulatory roles apart from activating
constitutive gene expression. In agreement with the arrange-
ment of Spl and CCAAT boxes, the AIRC side of the

bidirectional promoter showed 8- to 11-fold-higher transcrip-
tional activity than the GPAT side. The GPAT-AIRC bidi-
rectional promoter was shown to consist of two half promot-
ers. However, both half promoters were less active than the
intact promoter, with the GPAT half promoter losing 70% of
its activity. This suggests that, especially in the GPAT half
promoter, the distal half of the promoter enhances transcrip-
tional activity. However, alternative explanations, such as
an inhibitory context of juxtaposed vector sequences, were
not ruled out. Nevertheless, these results contrast with the
murine DHFR bidirectional promoter, in which removal of
the DHFR proximal region enhances transcription of the
flanking gene (41).
Of other putative cis-acting sites in the bidirectional pro-

moter, the MREs are most intriguing. Four potential MREs
inAIRC intron I and one proximal to theAIRC transcription
start site were identified. MREs function to activate tran-
scription of metallothionein genes in order to detoxify heavy
metals (34). Since glutamine PRPP amidotransferase con-
tains an essential Fe-S cluster (reference 52 and references
therein), it is attractive to think that MREs may function to
coordinate Fe availability with de novo purine nucleotide
synthesis via expression of GPAT. Fe availability is known
to regulate the synthesis of other key metabolic enzymes by
a translational mechanism (8, 18). It is important, however,
that MREs have not been reported to respond to Fe.
A number of AP-2 sites are clustered in and around the

bidirectional promoter. AP-2 is implicated in mediating
induction of genes responding to protein kinase and cyclic
AMP signal transduction pathways (25) and is itself induced
by retinoic acid (48). If these sites are relevant in vivo, they
will provide some possibilities for the regulation of these
genes.
The difficulties in mapping the 5' UTR by primer extension

and RNase protection assays as well as in computer model-
ling suggest that the 5' UTR is capable of forming a stable
secondary structure. Secondary structure in a 5' UTR can
decrease the efficiency of translation initiation and may also
contribute to the regulation of translation (29).
The promoter and flanking regions that include the first

exons of both genes, most of AIRC intron 1, and the
proximal part of GPAT intron 1 (Fig. 3, nt 100. to 1350) have
a 74% GC content with a nonsuppressed CpG content and
thus resemble a CpG island (2). There is a growing body of
evidence that CpG islands, regions which contain clustered,
nonmethylated CpG dinucleotides resulting from a high GC
content and a lack of CpG suppression, are located at the 5'
ends of many genes in vertebrates (2, 15). Given the sup-
pression of CpG content in the genome due to methylation of
CpG and the evolutionary mutability of mCpG (2), it is
evident that such loci are under positive selective pressure.
A likely explanation for this conservation is that these
islands are associated with the 5' ends of predominantly
housekeeping genes and host the promoters for these genes.
There are a number of clustered genes in vertebrates that

are divergently transcribed from bidirectional promoters.
These include housekeeping genes of the surfeit locus (6,
24), the murine and human al(IV) and a2(IV) collagen genes
(28, 46), the histone H2a and H2b genes (22), DHFR and an
uncharacterized gene homologous to one for bacterial DNA
mismatch repair (31, 43), the Wilms' tumor locus (23), a
proliferating cell nuclear antigen gene (36), an SV40-like
monkey genomic locus (38), and the CpG island HTF9 (30).
The GPAT andAIRC genes can now be added to this list as
perhaps the best-characterized case. These genes are at
present unique among the group of divergently transcribed
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genes in that both gene products are well defined and both
function in a single metabolic pathway. In addition, GPAT
andAIRC are not homologous, indicating that the cluster did
not evolve by gene duplication as is likely for the al and a2
genes of type IV collagen (46). Except for the Wilms' tumor
locus, the bidirectional promoter invariably resides in a CpG
island and contains no TATA boxes. Spl boxes are com-
mon, whereas CCAAT boxes and distinct transcriptional
start sites may or may not occur.

In addition to the examples of divergent transcription from
vertebrates cited above, there is a two-gene cluster for
pyrimidine synthesis in Dictyostelium discoideum (12).
PYR1-3, encoding the first three enzymes of the pathway, is
separated by 1.5 kb fromPYR4, which codes for enzyme 4 in
the six-step pathway to UMP synthesis. Interestingly, these
divergently transcribed genes exhibit the same pattern of
developmental regulation.

Divergent transcription of two genes from a bidirectional
promoter can provide coexpression and coregulation of
expression. Proximal cis-acting elements, as well as trans-
acting factors, have the potential to modulate the expression
of both genes simultaneously. The resulting coordinated
expression would be not unlike that obtained from a bacte-
rial operon. In view of the emerging number of examples for
this arrangement and the unique opportunities for coregula-
tion, this genetic unit which we have termed a dioskourion
may represent a functional unit of expression in higher
eukaryotes which is comparable in some respects to a
bacterial operon.
The basis for the GPAT-AIRC dioskourion is not known.

The evolution of the GPAT-AIRC dioskourion presumably
provides a distinct biological advantage. It is not known
whether expression of the dioskourion is regulated. Possi-
bly, transcription of genes for step 1 and steps 6 plus 7 is
coregulated, whereas other coexpressed genes in the path-
way are constitutive. Whatever the basis for the GPAT-
AIRC dioskourion, the tight linkage of two sites for tran-
scription initiation within a CpG island suggests that this
structure may be conserved in mammals. Preliminary work
from our laboratories supports this prediction (2a).
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