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ABSTRACT

The Drosophila Prat gene encodes phosphoribosylamidotransferase (PRAT), the enzyme that
performs the first committed step of the de nove purine nucleotide biosynthesis pathway. Using
information from amino acid sequence alignments of PRAT from other organisms, a polymerase
chain reaction-based approach was employed to clone Prat. Amino acid sequence alignment of
Drosophila PRAT with PRAT from bacteria, yeast, and vertebrates indicates that it is most identical
(at least 60%) to the vertebrate PRATs. It shares putative amino-terminal propeptide and iron-
binding domains seen only in Bacillus subtilis and vertebrate PRATs. Prat was localized to the right
arm of chromosome 3 at polytene band 84E1-2. Owing to the fact that this region had been well
characterized previously, Prat was localized to a 30-kilobase region between two deficiency break-
points. By making the prediction that Prat would have a similar “purine syndrome” phenotype as
mutations in the genes ade2 and ade3, which encode enzymes downstream in the pathway, five alleles
of Prat were isolated. Three of the alleles were identified as missense mutations. A comparison of
PRAT enzyme activity with phenotype in three of the mutants indicates that a reduction to 40% of
the wild-typé allele’s activity is sufficient to cause the purine syndrome, suggesting that PRAT activity

is limiting in Drosophila.

IOSYNTHESIS of purine nucleotides de novo
begins with 10 enzymatic steps that lead to the
synthesis of IMP, the common precursor of AMP and
GMP. An important regulatory point of the pathway
is the first step, which is thought to be rate-limiting
for the synthesis of IMP and is catalyzed by phospho-
ribosylamidotransferase (PRAT) (WYNGAARDEN and
KELLEY 1983). PRAT performs the following reac-
tion: 5-phosphoribosylpyrophosphate (PRPP) + glu-
tamine — 5-phosphoribosylamine (PRA) + glutamate
+ PP;, where NHj3 can be substituted for glutamine.
The enzyme contains two major domains: approxi-
mately the first 200 amino acids from the amino
terminus are required for glutamine amide transfer,
and the remaining are for the synthesis of PRA with
NHj; (ZALKIN and Dixon 1992). The amino acid se-
quences have been determined from the purF locus
of Escherichia coli (Tso et al. 1982), purF of Bacillus
subtilis (MAKAROFF et al. 1982), ADE4 of Saccharomy-
ces cerevisiae (MANTSALA and ZALKIN 1984), from
chicken (ZHOU ¢t al. 1990), and recently from rat
(IWAHANA et al. 1993b) and humans (IWAHANA et al.
1993a).

PRAT activity is directly inhibited by purine nucle-
otides and stimulated by PRPP. This has been shown
in mammalian systems (BECKER and KM 1987), E. coli
(MESSENGER and ZALKIN 1979), and B. subtilis (MEYER
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and SWITZER 1979). There are two features of PRAT
that are not shared by all species studied. One feature
is a propeptide that must be proteolytically processed
for use of glutamine as a substrate and is found in B.
subtilis and chickens but not in E. coli and §. cerevisiae
(ZALKIN and DixoN 1992). The second feature is an
iron-binding region found in B. subtilis and chickens
that may play a role in protein stability (GRANDONI et
al. 1989) and in propeptide processing (ZHOU et al.
1992).

Regulation of PRAT and other de novo purine
pathway enzymes has been found at the level of gene
expression in E. coli, B. subtilis and S. cerevisiae. In E.
coli, all but one of the nine loci encoding the de novo
purine pathway enzymes are regulated coordinately
at the transcriptional level by the purR repressor
(ZALKIN and DixoN 1992). purR responds to high
levels of the pathway end-products adenine and hy-
poxanthine. Two de novo pyrimidine pathway genes,
a pyrimidine salvage pathway gene and giyA (which
encodes serine hydroxymethyltransferase) are also re-
pressed by purR. In B. subtilis, all the enzymes in the
de novo pathway are encoded in a single operon.
Initiation of transcription of the operon is repressed
by adenine and elongation is regulated by guanosine
(ZALKIN and DixoN 1992). In S. cerevisiae, at least
four genes of the purine pathway are positively regu-
lated by the transcriptional activators BAS1 and BAS2
in response to adenine starvation (DAIGNAN-FORNIER
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and FINK 1992). BAS] and BAS2 are also required
for basal expression of at least two genes in the histi-
dine and one gene in the tryptophan biosynthesis
pathways. The transcription factor GCN4, which is
responsive to amino acid starvation and activates
amino acid biosynthetic and aminoacyl tRNA synthe-
tase genes, also activates transcription of the ADE4
gene which encodes PRAT (HANS-ULRICK ef al.
1991). RoLres and HINNEBUSCH (1993) have found
that GCN4 also responds to purine starvation and its
induction leads to increased expression of not only
ADE4 but ADE5,7, ADES, and ADEI, which all
encode de novo purine biosynthesis enzymes. In sum-
mary, at least part of the regulation of expression of
de novo purine pathway genes occurs at the transcrip-
tional level. In the two bacteria, regulation is negative
in response to the presence of pathway end products
while in S. cerevisiae it is positive in response to a
reduction in a pathway end product. In addition, not
only is there coordinated expression of d¢ novo purine
pathway genes, but cross-pathway regulation has been
demonstrated in both E. coli and S. cerevisiae.

Little is known about how the de novo purine path-
way genes are regulated in multicellular eukaryotes.
One exception is the human gene encoding inosine
monophosphate dehydrogenase, one of the two en-
zymes required for the synthesis of GMP from IMP.
It is regulated at the post-transcriptional level in the
nucleus by guanine nucleotides (GLESNE et al. 1991).

In Drosophila melanogaster, two de novo purine path-
way genes have been well characterized. The ade2’
and ade3’ (also known as Gart; ade for adenine-requir-
ing) mutations were isolated in screens for purine
auxotrophs (JOHNSTONE et al. 1985). ade2 encodes
FGARAT (HENIKOFF et al. 1986b) and ade3 encodes
a trifunctional polypeptide with the three enzyme
activities GARS, AIRS and GART (HENIKOFF ¢t al.
1986a) (Figure 1). Whether the ade2 and ade3 genes
are regulated with respect to pathway end products
has not been addressed.

To begin to understand the regulation of de novo
purine pathway genes in Drosophila, a study of the
gene encoding PRAT (Figure 1) was initiated.
Through sequence analysis, the structure of the gene,
which has no introns, was inferred. A multiple align-
ment of the derived amino acid sequence with other
PRAT sequences indicates that Drosophila PRAT
possesses a propeptide and an iron-binding region and
is most similar to chicken, human, and rat PRAT.

Previous work on the phenotype of ade2 and ade3
mutations provided the basis of a screen for Prat
mutations. The first alleles of ade2 and ade3 were
isolated as purine auxotrophic mutations which had
no obvious visible phenotype except for a reduction
in red eye pigments in ade2’ mutants (JOHNSTONE et
al. 1985). Subsequently, lethal and sublethal alleles
were isolated in screens for noncomplementing alleles
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FIGURE 1.—The first five steps of de nove purine nucleotide
biosynthesis. The Drosophila genes encoding these enzymes are
indicated on the left of the pathway. The pathway intermediates
are: PRPP = 5’-phosphoribosyl 1-pyrophosphate; PRA = 5’-phos-
phoribosylamine; GAR = 5’-phosphoribosylglycinamide; FGAR =
5’-phosphoribosyl N-formylglycinamide; FGAM = 5’-phosphori-
bosyl N-formylglycinamidine; AIR = 5’-phosphoribosylaminoimi-
dazole. The enzymes, indicated on the right of the pathway are:
PRAT = phosphoribosylamidotransferase (EC 2.4.2.14); GARS =
GAR synthetase (EC 6.3.4.13); GART = GAR transformylase (EC
2.1.2.2); FGARAT = FGAR amidotransferase (EC 6.3.5.3); AIRS
= AIR synthetase (EC 6.3.3.1).

of ade2! (TIONG et al. 1989) and of a deficiency of the
ade3 region (T10ONG and NasH 1990). These mutations
have a pleiotropic phenotype or “purine syndrome”
characterized by some or all of the following, depend-
ing on the severity of the mutation: reduction in red
eye pigments, finer bristles, smaller wings with vena-
tion defects, deformed legs, and pupal lethality
(TioNG and NasH 1990; TioNG et al. 1989). The
pupal lethal phenotype of nuli alleles of ade3 is incom-
pletely penetrant: a small percentage of individuals
will eclose, and these always have the purine syndrome
(T1oNG and NasH 1990). Isolation and characteriza-
tion of ethyl methanesulfonate (EMS)-induced muta-
tions of Prat show that they have the “purine syn-
drome” phenotype that is found with mutations in the
downstream genes ade2 and ade3. It was found that a
much smaller decrease in enzyme activity is required
to produce a purine syndrome phenotype with Prat
than with ade2 or ade3, suggesting that PRAT activity
is limiting in Drosophila. This finding is consistent
with PRAT being an important regulatory point
of the de novo purine pathway (WYNGAARDEN and
KELLEY 1983).

MATERIALS AND METHODS

Amplification of a segment of Prat: Oligonucleotide
primer sequences were based on conserved amino acids in



PRAT. The sequences of the 20-nucleotide degenerate
primers DmPRPP-left and DmPRPP-right were 5’-YT(C/G)
CARCAYCGNGG(T/C/A)CARGA-3’ and 5'-(C/G)A-
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GAATTCGAATATCGAATCAAGTACTTAAGCTAAACGTTTTCATTAAATTCCTACTGCTCATAATGACACCAACAAATT GAACCAATCGCATTTCAGTTTG -769
ATACTTATCAAATGTATAAAAGAAACCGTTTTTGTAAMATGTTCCTACTGTGAATTTTTTCTAATATATTTATCTCTTAGTGGCGTTTTTATTGAGGGA -669
TTGCAGTGAACTTATTTTCAATTGTTATACATATGTAGTTAATTATTATTTATTTATTTCACGAAACATTTTTTATATTTTTGGTTTTAATTGCCTACGT -569
GTTAAAAAAAAACTGTTAAATATTATATATACGAACATACACATACAATTTTTAATTAATTTTAAATGCGCAAAATAACTTTAATTCAATTTAAAATAA -469
GCTTTAGTTTGATTTAGTTTGATTGCGTATATTTTATATAAACGAATAAAAT CAAATTATAATGTGTATATTGTTTTGTGTACTAAATTACAAATTAGGT -369
AAAATTCCAATTTGAAAATACAGACTATAGAATGCTATCGATCCCATCAGCACACCGCACTATCGATATCAGCGACCGATCGATATTGGGCTTGATCTCG -269
ACCGATTCGGGAAMMACTGAGCTGCGCGTGCGAGCGTGCGAGGATTTTTCTTGTATAAMACCGTTGCGTAATCAGCAGGTAMRTCAGRIN GGCGTCAAC -169
TGCGCCACTGCCTGCEmCCTTCMCCAGCATATTGTACCGATTTTTCAGCAGCAACATGTCAG&CCACAGCMCMCMCAGTCGCAGCAGA -69
AGCAACAACAACATGTGCGCGTGGTCGAGCAACAACAGGTGGAACCAGCTGAGGCGGTGACCTCCAGC A;c c@a rgc ch Tgc A}'C Tgc GF §4
AGC ARG GAG CTA ACC GGT TTG ACG CAC GAG TGC GGC GIT TIC GGG GCA ATC GCT TGC GGA GAT TGG CCC ACC CAA 99
S K E L T G L T H E C G V F 6 A I A C G D W P T qQ 33
ATG GAC ATT AC GTG ATC TGT TTG GGG CTG GTG GCA CTG CAG CAT CGT GGG CAG GAG TCT GCG GGC ATA GCG 174
MGGIA)IGEACHVICLGLVALQHRGQESAGIASB
ACC AGC GAG AAG TGC TCC AAC TTC AAC GTG CAC AAG GGC ATG GGT ATG ATC AGC ACC CTG TTC AAC GAC 249
1C’CgEG%AKgCSAQGNCFNVHKGMGMISTLFND83
GAC TCC ATG AAG AAG CTT CGT GGC AAC CTG GGC ATC GGT CAT ACA CGC TAC TCG ACC GCT GGC GGA TCC GGA GIG 324
Db S M K K L R 6 N L 6 I 6 H T R Y S T A 6 6 S 6 Vv 18
AAC TGT CAG CCC TIT GIG GTA CAT ACG ACC CAT GCA TTG GCC CTG GCC CAC AAT GGT GAG CTT GIT AAC 399
WNCQGPFVVCQTTHG?ALALAHNETELvn133
AAC GAA TCT CTA AGA AGG GAG GTT TTG GCC AGA GGC GTG GGC TTA TCC AGC CAC AGC GAC AGT GAG TTG ATC GCC 474
N E S L R R E V L AR G V 6 L S S H S D S E L I A 158
CAG TCG TTG T6C T6C GCC CCG GAG GAT GTT TCC GAA CTG GAT GGA CCC AAC TGG CCA GET AGG ATC AGG CAT TTC 549
Q@ S L ¢ C AP E D V S E L D G P N W P A R I R H F 183
ATG ATG CTG GCG CCA CTC TCC TAC TCG CTG GTC ATC ATG CTA AAG GAC AAA ATC TAC GCC GTG AGG GAC ACC TAT 624
M M L A P L S Y S L VI M L K Db K I Y A V R D T Y 208
GGA AAT AGA CCG CTA TGC ATT GGC AAG ATA GTG CCC ATC AAT GCT GGG CAC GGA AAT AAC TTA GAC ACA CCT GCC 699
¢ N R P L C 1 6 K 1 v P 1T N A 6 H 6@ N N L D T P A2

33

TGT T TG TCC AGT GAG AGC TGT GGC TTC CTG TCG ATC GGT GCC AGA TAC GTC CGC GAA GTG GAG C(T 774
GIAJGgGGEGGVGSSEcgcCGFLSIGARYVREVEPZSB
GGA GAG ATA GTG GAG CTG TCG CGA AGT GGC TAC CGC ACG GTG GAC ATT GTG GAA AGA CCC GAC TTT AAG CGC ATG 849
6 E I v E L S R S 66 Y R T Vv D I vV E R P D F K R M 28
TTT TGT ATA TIT GAG TAC GYT TAC TTC GCC CGC GGA GAC AGC ATC TTC GAG GGT CAG ATG GTG TAC ACA GTG 924

GﬁCFCIFEYVYFl\g(.iDSIFEGQMVYTV3O8
AGG CTG CAG TGC GGC CGG CAG CTG TGG CGA GAG GCT CCA GTG GAG GCG GAT ATT GTG AGT TCC GTT CCC GAG TCT 999
RLQECGRQLGgGREAPVEADIVSSVPES333

GGC ACA GCG GCG GCG CAT GGC TAT GCC CGT GAG TZT GGC ATT GAA TIT GCC GAG GTT CTC TGC AGG AAT CGC TAC 1074
G T A A A H G Y A R E S 6 I E F A E V L C R N R Y 35
GTG GGA CGG ACG TTT ATT CAA CCC TCT ACA (GG CTG CGG CAG TTG GGA GTA GCC AAG AAG TTC GGA GCC CTA TCC 1149
vV ¢ R T £ 1 @ P S T R L R @ t & V A K K F ¢ A Lt § 38
GAG AAC GTG GCT GGC AAG AGA TTG GTC CTG ATA GAC GAT TCC ATT GTG CGC GGC AAC ACC ATT GGA CCA ATA ATC 1224
E N V A G K R L v L I D D S I V R 6 N T I 6 P I I 4028

AAG CTG CTA CGG GAT GCA GGC GCC CGG GAG GTG CAC ATC CGC ATT GCC AGC CCA CCG CTG CAG TAC CCA TGC ‘II'F 1299
K v L R B A 6 A R € V H I R I A S ¢ P L Q@ Y P C Y 433
ATG GGT ATA AAT ATT CCA ACT CGA GAG GAA TTG ATT GCC AAC AAG CTG AAC CCC GAC CAA CTA GCT AGG CAT GTG 1374
M 6 I N I P T R E E L I A N K L N P D Q L A R H V 458
GGC GCC GAC AGT CTG GCT TAT CTT AGT GTG GAG GGA CTA GTG GAG GCT GTC CAA CTA AAG CAC CGC GAT GCA GGC 1449
G A D § L A Y L S V E G L V E A V Q L K H R D A G 483
GAT AGT AAA TCC AAG GGA ACG GGC CAC TGC ACC GCC TGT CTC ACT GGT TAT 6GT 152
b S K ch 6 T 6 H C T A C L T GGeAYCgCGGgGCIGCSCGSTGéGSgS4

D —
TIG A(siC TleG TEA TACCGATTGAAGCTCATAAGT GCCAAAAGACGAAAAAGGCTTTTGGAAACCAGTTTTGCACGCAATTGCCCACTACGAAATAA %g%g

CAAAAATTGCAGTATAAATAGCCATAGAGGGCTCGGAATTACTGTCACAAATTTTGCATTTAGTTTATCTAGCATTACAGCCCACCCATTCCTATTTACA 1719
CTCTACCTTATTAGATCTTAAGTAAGCAGCCCACGTGCTTCCCCAAGCTAAAAGACACCGATTTATGTCTGGTTTTGCCTCTGGAACTTTACTCATAGTA 1819
CAAAATACATAACTCTTTGTTGCCCATCTTGAATATCACTAAAATTTGTTGTTTGCAAATGCCAATAATAAAGACACTTAGACTATTGATTAAACAGACT 1919
CTATTTTCTCTCTCTAGCTATCGAAGATATGAAATTACGTGCATGATATCGAGCAGTATGCTCCAAGGTCCGAAGCCAGTTGCTCTGTGCGGCAATGCAC 2019
CATTTCCTAAGGAGGTCATGGGTTCCACAAGCACTGGAGGCATTCGGATATGATTCTTTTGAATTTTAGATGATTAATTGGTGATAAGTCCACTGCAATA 2119
AATACTTAAAAACAGATTCAATTGTCGTGCTCTGTTGCTTTGCAAATAAT CATTCTTATCAATACTGAGGAAACACTTTAATTTTACACAAATAATGAGT 2219
TGACCAATGATATGGCAAAATTTCTTGTCTAAGGTTTACTTTAACAACAGAAACCGGCGTTGAAGTCGTAAATAGTTTGAAGTAACATCCGAATATGTAT 2319
GTACATAGTTTTTATTATAACTTATGCTAGTCCACCATTTGTATTATATCTGTATCTTAAGAGTCCAGCATATCTCGAAGTCCTTCAGCTCCAATTCCCT 2419
TTCAATAACCTGTGTGTAGAGATTATCAAGCGTTTCCTGCATTCGTTGTTTGAGTGTGGCATTCTGAATGGAAGCAATTTCCGTTGACTTTTGCACCTGC 2519
TGCGCTTTCAGTTCACGAATCTGGCGCGTCAGTTGATTGATCTTCTGCTGGACCTGTTGCTGCGTGTACTGCGGCTGLGGTTCGTCTATGAATTC 2614

549

FIGURE 2.—Nucleotide sequence of the 3.5-kb EcoRI fragment containing Prat. Coordinates of the sequence are relative to the A in the
initiator methionine codon, which is at +1. The translation of the single open reading frame is shown below the nucleotide sequence. Putative
transcription start consensus sequences are boxed; polyadenylation sequences are underlined. The overlining arrows indicate position and
orientation of primers used to sequence Prat mutations.

RRTT(T/A/G)CCRTTRTGNGC(G/C)A-3", respectively.
The degeneracy of the primers was somewhat reduced by
omitting rarely used codons (WADA et al. 1990). Using
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FIGURE 3.—Multiple alignment of PRAT sequences from B. subtilis (MAKAROFF et al. 1982), chicken (ZHOU et al. 1990), rat (IWAHANA et
et al. 1982), and S. cerevisiae (MANTSALA and ZALKIN 1984). The human sequence is not shown as it has 92% amino
acid identity with the rat sequence (IWAHANA et ai. 1993a). Vertical bars indicate sequence identity. The thick horizontal bars indicate the
conserved residues that were the basis for degenerate oligonucleotide primer design. The sites of three Drosophila Prat missense mutations
(12A19, 16A6 and 62B104) are boxed, and the amino acid substitution is indicated above each site. The three residues of the “catalytic
triad” (MEI and ZALKIN 1989) of the glutamine amidotransferase domain toward the amino terminus of the proteins are boxed, as are the
cysteines involved in iron binding toward the carboxyl terminus. The alignment of the B. subtilis iron-binding region with other sequences
was performed manually subsequent to performing the multiple alignment by computer (see MATERIALS AND METHODS). A vertical arrow

al. 1993b), E. coli (Tso
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amino-terminal deletion in E. coli that still retains catalytic activity (see DISCUSSION) (MEI and ZALKIN 1990).

Drosophila genomic DNA as the template, primers with sec at 48°, and 30 sec at 72°. The PCR product of expected
phosphorylated 5’ ends, and Taq DNA polymerase (Strata- size was gel-purified in low melt agarose and blunt end
gene), a polymerase chain reaction (PCR) was performed ligated into Smal-digested pVZ1, a derivative of pBluescribe
with 40 cycles of the following conditions: 30 sec at 94°, 30 (Stratagene) (HENIKOFF and EGRTEDARZADEH 1987).
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Library screening, subcloning and sequencing: A Phage
library screening, A DNA isolation, restriction digests,
Southern blots, probe hybridizations, and plasmid subclone
production followed standard protocols (SAMBROOK et al.
1989).

To sequence both strands of the plasmid subclone pCs1-
3.5E, exonuclease III-nested deletions were generated
(HENIKOFF 1987).

The five Prat mutations and the wild-type Prat allele from
the parent ¢’’ chromosome were cloned by screening six
genomic libraries for two clones of each allele. These librar-
ies were constructed by isolating the 3—6-kilobase (kb) EcoRI
fragments from the genomic DNA of each mutant hemi- or
homozygote. These fragments were ligated to EcoRI-di-
gested, phosphatase-treated AZAPII DNA (Stratagene). The
phage were then packaged (Gigapack IIXL; Stratagene) and
the primary phage clones were screened using the 3.5-kb
EcoRI insert from pCs1-3.5E as a probe. One strand of the
open reading frame of each of the five alleles was sequenced
using a set of eight oligonucleotide primers. The primer
sequences are indicated in Figure 2. Sequence differences
were detected by comparison to the wild-type allele. Once
a sequence difference was found in one clone, it was con-
firmed by sequencing the same region in a second clone.

The sequences of the PCR product clones, nested deletion
clones, and mutant clones were determined using a Sequen-
ase Version 2.0 kit (U. S. Biochemical Corp.). Sequencing
data were entered directly into a computer file and verified
using a sonic digitizer and editor software from Riverside
Scientific Enterprises (Seattle, Washington). Sequence dis-
play, restriction site searches, and some alignments were
performed using the GENEPRO software from Riverside.
Multiple alignment was done using MULTALIN with de-
fault parameters (CORPET 1988). Sequence figures were
prepared with the aid of the Eyeball Sequence Editor
(CaBoT and BECKENBACH 1989).

Drosophila strains and mutant screen: The strains car-
rying Df{3R)dsx™**? and Df{3R)dsx™*** (BAKER et al. 1991)
were obtained from BRUCE BAKER. The strains carrying
DfI3R)Antp™*+*17 and ¢'! were from the Bloomington, Indi-
ana stock collection and v was from Bowling Green. The
mutant screen and all experiments were conducted at 25°
on Carolina Biological instant Drosophila medium. A dose
of 0.025 M EMS (Sigma) was used to mutagenize males (see
Figure 5) (ASHBURNER 1989). Ten mutagenized males were
mated to 10 females per bottle. These parents were trans-
ferred to fresh bottles 4 days later, then again in 4 more
days. The non-Sb, non-ebony F, individuals were screened
for a reduction in red eye pigments, wing defects, and small
bristles. Candidate mutant F,’s were backcrossed to the
deficiency-carrying strain to establish heritability and to
balance over TM3 (genotype v ; Prat™ ¢’/ /TM3,Sb).

Enzyme assays: Crude protein extracts were prepared
from equal numbers of adult males and females (HENIKOFF
etal. 1986a). PRAT assays were performed using the GARS-
coupled reaction essentially as described by OATEsS and
PATTERSON (1977). The 100-ul reaction mixture contained
100 mMm Tris-HCI, pH 8.0, 4 mM MgCl,, 10 xCi/ml [**C]-
glycine (Du Pont NEN), 1 mM glycine, 0.5 mM ATP, either
5 mM glutamine or 50 mm NH,CI, 40 ul protein extract and
3 mm PRPP. Background activity was determined from
reactions without PRPP. The reactions were incubated at
room temperature for 4 hr. The amount of '*C incorporated
into GAR was measured by spotting two 50-ul volumes of
each reaction onto Whatman DE-81 filters, followed by 4
washes of 5 min each in 2 liters of water, followed by
scintillation counting (MARTIN 1972). GAR, and not glycine,
is selectively retained on the DE-81 filter. The PRAT activ-

ity of each extract (average counts for the two readings
minus background) was normalized to the glucose-6-phos-
phate dehydrogenase (G6PDH) activity of each extract,
which was assayed following the method of Kusy and NoLT-
MANN (1966). This was done to control for variability in
protein quantity and quality from extract to extract.

Measurement of viability: The crosses employed to meas-
ure the survival to adulthood of Prat mutants were 1)
v; Prat™ ¢'!/TM6B,Th males X v; D3R)dsx™****/TM6B,Tb
virgin females, where the non-Th vs. T} individuals were
scoredand 2) v; Prat™ ¢! males X v ; Df{3R)dsx™*** /TM3,5b
virgin females, where the non-Sb vs. Sb individuals were
scored (see Table 1). Viability was measured as the ratio of
Prat mutants to wild-type siblings, which was then normal-
ized to the ratio obtained for the parental ¢’/ chromosome
in a parallel cross.

RESULTS

Amplification of a segment of Prat: A multiple
alignment of PRAT amino acid sequences from E.
coli, B. subtilis and . cerevisiae showed two regions in
the glutamine amide transfer domain (MEI and
ZALKIN 1990) where there is complete amino acid
identity among the three species. These conserved
regions, indicated in Figure 3, were used to design
two degenerate oligonucleotide primers. The pre-
dicted size of the PCR product, excluding the possi-
bility of introns, was approximately 250 base pairs.
Using D. melanogaster genomic DNA as a template
and the degenerate primers, a band of approximately
this size was produced in a PCR (not shown). Five
clones of this PCR product were sequenced, and one
showed significant identity (62%) with the chicken
PRAT sequence (ZHOU et al. 1990). The sequences of
the other four clones did not show similarity to PRAT
(data not shown). These are probably nonspecific PCR
products that arose from the use of degenerate
primers.

Isolation of the Prat gene: The PCR product clone
encoding a segment of Prat was used as a probe to
screen a Canton S genomic DNA A library (MANIATIS
et al. 1978) and three overlapping A clones were
obtained. The PCR product clone mapped to a 3.5-
kb EcoRI fragment which was subcloned (pCs1-3.5E).
This fragment was sequenced and a single, uninter-
rupted 511 amino acid open reading frame encod-
ing PRAT was found entirely within this fragment
(Figure 2).

The position of the initiator methionine is sup-
ported in two ways. First, multiple amino acid se-
quence alignment (Figure 3) indicates that there is a
conserved cysteine near the amino terminus. This
cysteine is found at the amino-terminus of the mature
protein (ZALKIN and DIxoN 1992) and is a necessary
component of the catalytic triad that performs the
removal of the amide group from glutamine (MEI and
ZALKIN 1989). Since there is no methionine immedi-
ately upstream of the cysteine, as in E. coli and S.
cerevisiae PRAT, Drosophila PRAT must have a pro-
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peptide sequence. In addition, since the chicken and
B. subtilis PRAT sequences have short propeptides of
11 amino acids, the first in-frame methionine up-
stream from the conserved cysteine was chosen as the
initiator methionine for Drosophila PRAT. Second,
the sequence just upstream of this initiator methionine
fits well with translation start sequences found in
Drosophila (CAVENER and Ray 1991), where the con-
sensus nucleotides are C and A at positions —4 and
—3, respectively (Figure 2).

Drosophila PRAT is most similar to chicken, hu-
man, and rat PRAT, with 62%, 61%, and 60% iden-
tity respectively. As discussed above, Drosophila
PRAT appears to have a propeptide, although it is 18
rather than 11 amino acids long. Drosophila PRAT
also has a domain at the carboxyl end of the sequence
that includes three cysteine residues at positions 432,
493 and 500 that are also found in chicken, rat,
human and B. subtilis PRAT (Figure 3). In the se-
quence containing cysteines 493 and 500, 11 out of
12 residues are conserved among Drosophila and the
vertebrates. This cysteine-containing domain is re-
sponsible for the formation of an iron-sulfur cluster
in B. subtilis (ZALKIN and D1xoN 1992) and is impor-
tant for propeptide processing in chickens (ZHOU et
al. 1992).

Some features of the nucleotide sequence are as
follows. Potential transcription initiation sequences
found in Drosophila (HULTMARK et al. 1986) are at
positions —185 and —152 (Figure 2). Two potential
polyadenylation signal sequences (WICKENS 1990) are
at sites 350 and 372 nucleotides downstream from the
translation stop (Figure 2). Although the second se-
quence of AUUAAA is less commonly found than
AAUAAA, itis almost as efficient as a polyadenylation
signal in in vitro studies (WICKENS 1990), and in this
case it is followed by a U-rich sequence which is
important for cleavage (HUMPHREY and PROUDFOOT
1988). Taken together, the above data predict a tran-
script of approximately 2.1 kb. Northern blot analysis
of polyadenylated RNA isolated from different stages
of development shows a single message of this size
(D. CLARK, unpublished data).

Localization of Prat: In situ hybridization of the
PCR product clone to polytene salivary gland chro-
mosome squashes showed a single site of hybridization
on the right arm of chromosome three at polytene
band 84E1-2 (not shown). This region had been ex-
tensively characterized and contains the doublesex
(dsx) (BAKER and WOLFNER 1988; BAKER et al. 1991)
and lodestar (lds) (GIRDHAM and GLOVER 1991) genes.
The restriction map of BAKER and WOLFNER (1988)
aligned with that of the A clones isolated in the Prat
screen. A physical map of the region containing Prat,
dsx and lds is shown in Figure 4A. The positions of
the distal breakpoints of the deficiencies dsx"**2 (R2)

and Antp™*+?7 (R17) (BAKER and WOLFNER 1988) are
also shown. Note that the 3.5-kb EcoRI fragment
containing the Prat open reading frame lies com-
pletely within the approximately 30-kb interval de-
fined by the R17 and R2 deficiency breakpoints. Al-
though many lethal complementation groups have
been identified in the dsx region (Figure 4B) (BAKER
et al. 1991), none is a candidate for alleles of Prat
because none maps to the interval defined by the R17
and R2 breakpoints. The only mutationally identified
locus that lies within this interval is lds, which encodes
a protein important for chromosome segregation
(GIrRpHAM and GLOVER 1991).

Screen for Prat mutations: A screen for EMS-
induced mutations that fail to complement the defi-
ciency dsx™***’ (R43; see Figure 4B) is outlined in
Figure 5. The features of the purine syndrome phe-
notype chosen for the screen were wing venation
defects and/or a decrease in red eye pigments. A
vermilion (v) mutant background, which lacks brown
eye pigments (LINDSLEY and Z1MM 1992), was chosen
to facilitate the detection of a decrease in the red eye
pigments. Such flies with decreased red eye pigments
display an orange eye color. The parental third chro-
mosome used for mutagenesis carried the ebony
mutation e'’.

Approximately 21,000 F, individuals were screened
and five independent mutations were isolated that
complement R17 and fail to complement R2, and thus
map to the approximately 30 kb region containing
Prat (Figure 4). These mutations also formed a single
complementation group (data not shown) and were
thus all candidate alleles of Prat. Generally, the mu-
tant hemizygotes and heteroallelic combinations
(Prat”/R43) have wing, leg and eye pigment defects
of varying degrees. Examples of the wing phenotype
are shown in Figure 6. The wing phenotype has
variable penetrance and expressivity, with the most
common characteristics of gaps in the posterior cross-
veins, incomplete L2 longitudinal veins, and irregular
bristles along the posterior margin. The distal por-
tions of legs are occasionally deformed (not shown).
The bristle phenotype was not assessed. The red pig-
mentation in the eyes appears slightly reduced; how-
ever, it is not detectable in photographs. Four aspects
of the mutations were characterized: sequence, en-
zyme activity, viability, and wing phenotype.

Sequence analysis of Prat mutations: Although the
five mutations have the predicted phenotype and map
genetically to the correct region, the possibility re-
mained that these are mutations in another gene in
the region. Indeed, at least two other transcribed
regions of unknown function have been mapped in
the interval between the R17 and R2 breakpoints
(BAKER and WOLFNER 1988; GIRDHAM and GLOVER
1991). Direct proof that at least some of the mutations
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are alleles of Prat was found from sequence analysis.
The sequence of the open reading frames of each
allele was compared to that of the parental wild-type
allele. Two out of five of the alleles (16A6 and
62B104) have point mutations resulting in amino acid
substitutions at sites that are identical in the five
species (Figure 3). These both lie in a region attrib-
uted with catalytic function and feedback regulation
by purine nucleotides (ARGOs and HANEI 1983; MEI
and ZALKIN 1990). 16A6 has an arginine for glycine
substitution at a site that in E. coli has been shown to
be important for feedback inhibition of the enzyme
by guanine nucleotides (ZHOU et al. 1993). 62B104
has a substitution of phenylalanine for serine within
the highly conserved region that contains a purine/
pyrimidine phosphoribosyltransferase motif (BAIROCH
1992), which is presumably a site important for PRPP
binding. A third allele, 12A 19, has a leucine in place
of serine or alanine. This site is within the domain
necessary for glutamine-dependent activity as defined
in E. coli (MEI and ZALKIN 1990). In this case, perhaps
substitution with an amino acid with a larger side
chain is the cause of the defect. No mutations were
found in the coding regions of the other two alleles,

48A53 and 49A74. These presumably have lesions in
transcriptional regulatory regions of the gene.

Enzyme assays of Prat mutants: To establish the
relationship between enzyme activity and phenotype
of three of the alleles, crude protein extracts were
prepared from adult flies. Sufficient quantities of
12A19 and 48A53 hemizygotes were unavailable for
the enzyme assays. PRAT activity of each extract,
using either NHs or glutamine as a substrate, was
assayed and calculated as a function of G6PDH activ-
ity to control for protein quantity and quality (see
MATERIALS AND METHODS). PRAT activity in the mu-
tant extracts is expressed relative to the activity in the
wild-type extract so that correlations with viability
data can be made (Table 1; see below). Using either
NHs or glutamine as the substrate, the three muta-
tions assayed yielded different PRAT activities, all
lower than that of the wild-type allele.

Viability and the wing phenotype: The enzyme
activities of FGARAT in ade2’ flies and GART in
ade3' flies are undetectable (HENIKOFF et al. 1986b),
yet the visible phenotypes of these purine auxotrophic
mutations are essentially wild-type (JOHNSTONE, NASH
and NAcGuIB 1985; KEIZER, NasH and TioNG 1989).
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FIGURE 5.—Screen for Prat mutations.

To determine how activities of the Prat mutant en-
zymes correlate with the severity of their phenotype,
the viability and wing phenotype of the mutants were
scored.

Viability, or survival to adulthood, was measured as
the ratio of mutant adults to wild-type siblings (non-
balancer/balancer sibs; see Table 1). This ratio was
normalized to the viability of the parental ¢'’ chro-
mosome in a parallel cross to indicate the relative
viability of Prat mutants. The wing phenotype was
scored in the surviving mutant adult males and fe-
males with regard to whether or not there was a gap
in the posterior cross vein of either one or both wings.
Examples of mutant wings, including posterior cross
vein gaps, are shown in Figure 6.

The data shown in Table I indicate that a reduction
in PRAT activity to approximately 40% is sufficient
to produce a purine syndrome phenotype, as meas-
ured by a reduction in viability and frequent wing
defects. A comparison of the proportion of mutants
with posterior cross-vein gaps to the enzyme activity
and viability shows that 49A74 has a smaller propor-
tion of cross vein gaps than would be expected, in
comparison to the results for 16A6 and 12A19. The
molecular basis for the 49A74 mutation was not de-
termined and it is not a mutation in the amino acid
coding region. Therefore, perhaps this disparity in
the wing phenotype of 49A74 can be explained in
terms of an alteration in either temporal or spatial
regulation of expression.

DISCUSSION

By utilizing identities between the PRAT amino
acid sequences from bacteria and yeast, Drosophila
Prat was cloned. The PRAT amino acid sequence is
most similar to the chicken, rat, human and B. subtilis
sequences, which have a propeptide and iron-binding
region. The organization of the gene is simple, with a
coding region that is uninterrupted by introns. Exten-
sive genetic and physical mapping in the region
around Prat (BAKER and WOLFNER 1988; BAKER et al.

FIGURE 6.—Wing defects of two Prat mutants. (A) Wild-type
(Ambherst); (B) v; 1646 ¢''/R43; (C) v; 12A19 ¢''/R43. The gap in
the posterior cross-vein is the feature that was scored in Table 1.

1991) and the phenotypic analysis of two other purine
pathway genes ade2 and ade3 (T1IONG and NAsH 1990;
TIONG et al. 1989) facilitated the isolation of five
mutations in Prat. Analysis of these mutations sup-
ports the prediction that the Prat mutant phenotype
is similar to those for ade2 and ade3, genes encoding
enzymes downstream in the pathway. A reduction in
PRAT enzyme activity to about 40% of the wild-type
activity is sufficient to produce a mutant pheno-
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TABLE 1

Phenotypes of Prat mutants heterozygous with the deficiency ds:

+ R43

. . @
Relative enzyme activity

Non-balancer/balancer sibsb

Relative viabi]ityc Proportion of

mutants with poste-

Allele 1 2 3 1 2 1 2 rior cross vein gaps
16A6 0.46 0.38 0.41 285/339 87/217 0.84 0.69 240/285 = 0.84
12A19 - —_ — 21/482 46/1587 0.076 0.067 21/21=1.0
48A53 — — — — 36/626 — 0.13 —
49A74 0.14 0.22 0.27 92/285 — 0.44 — 44/182 = 0.24
62B104 0.44 0.40 0.42 _ 86/500 — 0.36 —
+/ 1 1 463/377 241/339 1 1 4/463 = 0.009

# Enzyme activity was determined in three experiments as described in MATERIALS AND METHODS and is expressed as a proportion of the
activity of the wild-type parental allele in each experiment. Experiments 1 and 2 were carried out with NH; as the substrate and experiment

with L-glutamine as the substrate.

Viability of Prat mutant hemizygotes was determined in two ways (crosses 1 and 2) which are described in detail in MATERIALS AND
METHODS. Crosses 1 and 2 were between Prat mutant heterozygotes and dsx™ * #* heterozygotes, where both heterozygotes were carrying a
dominantly marked chromosome 3 balancer. The progeny were scored with respect to the presence of the dominant balancer marker.

¢ The relative viability is the score for each Prat mutant chromosome (non-balancer/balancer sibs) normalized to the score for the parental

¢'! chromosome.

While scoring the viability of mutants in cross 1, the presence of gaps in one or both posterior cross veins was scored.

¢ — = not determined.

£« indicates the wild-type '’ chromosome that was used in the mutant screen.

type, indicating that PRAT activity is limiting in
Drosophila.

In contrast to the Drosophila gene which has no
introns, the chicken PRAT gene has 10 introns
(GAvALAS et al. 1993). In addition, the chicken PRAT
gene shares a bidirectional promoter with the gene
encoding aminoimidazole ribonucleotide carboxylase
(AIRC) which performs steps 6 and 7 of the de novo
purine pathway. The transcription start sites for these
two genes are just 229 bases apart. No open reading
frames in 2 kb of the sequence upstream of the Dro-
sophila Prat open reading frame showed any apparent
similarity with AIRC amino acid sequences (D. CLARK,
unpublished results). Therefore, the Drosophila gene
appears to be quite different from the chicken gene
in its organization, possibly reflecting differences in
the way expression is regulated.

The multiple sequence alignment (Figure 3) showed
that Drosophila PRAT has a putative 18-amino acid
amino-terminal propeptide. The 11-amino acid pro-
peptides of B. subtilis and chicken PRAT are proteo-
lytically processed to yield an enzyme with an amino-
terminal cysteine (SoucieT, HERMODSON and ZALKIN
1988; ZHOU et al. 1992). This cysteine together with
aspartate at position 29 and a histidine at position 101
of the mature E. coli enzyme (boxed in Figure 2) form
a catalytic triad motif that is typical of the purF-type
of amidotransferases (WENG and ZALKIN 1987) and is
essential for removal of the amide group from gluta-
mine (MEI and ZALKIN 1989). These residues are
conserved in Drosophila. As with B. subtilis, chicken,
and rat PRAT, there is a conservative change from
the aspartate to a glutamate residue in this motif.

In B. subtilis, the two glutamate residues in the
propeptide upstream from the conserved cysteine, in

addition to the cysteine itself, are necessary for pro-
peptide processing as shown by site-directed mutagen-
esis experiments (SOUCIET et al. 1988). When the
glutamate at position 10 was replaced by a valine,
processing was abolished. These two glutamate resi-
dues are conserved in rat and chicken PRAT, sug-
gesting that they are also important in these species
for processing. If indeed Drosophila PRAT has a
propeptide that is proteolytically processed, the fact
that a histidine replaces one of these two glutamic
acid residues and that the propeptide is longer suggest
different requirements for propeptide processing in
Drosophila.

Sequence analysis of the five Prat mutations identi-
fied three missense mutations. Two mutations, 16 A6
and 62B104, lie in completely conserved regions in
the catalytic portion of the enzyme, yet they produce
a relatively mild mutant phenotype. On the other
hand, the mutation 12A19 is a missense mutation that
falls in a relatively less conserved region in the gluta-
mine amide transfer portion of the protein. Even if
this mutation eliminates the ability of PRAT to use
glutamine as a substrate, one would predict that the
12A19 mutant enzyme would still be able to use NH;
as a substrate and thus the phenotype should not be
severe. Indeed, in E. coli, the first 237 amino acids
(Figure 3) can be deleted and the enzyme is still
functional with NHjs as a substrate (MEI and ZALKIN
1990). Three explanations for this disparity are: (1)
the 12A19 enzyme is unstable or unable to fold prop-
erly, (2) Drosophila PRAT cannot use NHj as a sub-
strate in vivo, and (3) there is a second site mutation
outside of the coding region that affects expression.

A prediction was made that mutations in Prat would
have a similar phenotype as mutations in genes encod-
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ing enzymes downstream in the pathway. This is a
reasonable prediction since the pathway is essentially
universal and there are no other known functions for
the enzymes that perform steps 1 through 5. This
prediction was correct in that Prat mutations have a
purine syndrome phenotype characterized by pupal
lethality, wing and leg defects, and a reduction in red
eye pigments as is found for the semilethal ade2 and
ade3 mutations (TIONG and NasH 1990; TIONG et al.
1989). Enzyme assays of protein extracts from three
of the mutant lines showed that they had only a partial
loss of function of PRAT, yet they all had reduced
viability and wing defects. In contrast, GART activity
is undetectable in ade3' mutants (HENIKOFF e al.
1986b), yet the flies are essentially wild-type save for
purine auxotrophy. The molecular basis for the ade2’
mutation is not known but, in any case, its FGARAT
activity is undetectable (HENIKOFF ¢t al. 1986b), and
the flies are similar to ade3’ mutants except for a
reduction in eye pigments (JOHNSTONE et al. 1985).
This correlation of the reduction in enzyme activity
with the severity of phenotype in a given mutant leads
to the implication that PRAT activity is present in
limiting quantities in flies relative to GART and
FGARAT. This is consistent with the view of PRAT
as the rate-determining step and a regulatory point of
de novo purine biosynthesis (WYNGAARDEN and
KELLEY 1983).

In conclusion, the molecular cloning of Prat and
mutagenesis of the endogenous gene provide a foun-
dation for studying regulation of the gene and enzyme
in vivo. An investigation into the regulation of this
rate-limiting step in the pathway will contribute to
understanding how the pathway is regulated as a
whole in multicellular eukaryotes.

I wish to thank STEVEN HENIKOFF for his advice and support.
This work was funded by a Medical Research Council of Canada
post-doctoral fellowship to D.C. and National Institutes of Health
grant GM29009 to STEVEN HENIKOFF.
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