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The urate oxidase (UO) gene of Drosophila melanogaster is expressed during the third-instar larval and adult
stages, exclusively within a subset of cells of the Malpighian tubules. The UO gene contains a 69-base-pair
intron and encodes mature mRNAs of 1,224, 1,227, and 1,244 nucleotides, depending on the site of 3'
endonucleolytic cleavage prior to polyadenylation. A direct repeat, 5'-AAGTGAGAGTGAT-3', is the proposed
cis-regulatory element involved in 20-hydroxyecdysone repression of the UO gene. The deduced amino acid
sequences of UO of D. melanogaster, rat, mouse, and pig and uricase II of soybean show 32 to 38% identity,
with 22% of amino acid residues identical in all six species. With use of P-element-mediated germ line
transformation, 826 base pairs 5' and approximately 1,200 base pairs 3' of the D. melanogaster UO transcribed
region contain all of the cis elements allowing for appropriate temporal regulation and Malpighian
tubule-specific expression of the UO gene.

In Drosophila melanogaster, particular purines serve as
precursors of nucleotides and pterins (35, 62). Excess purine
is converted to uric acid, which is either stored, excreted, or
catabolized, depending on the developmental stage. Uric
acid in the third-instar larva and adult is converted by urate
oxidase (UO) to allantoin and then excreted by the Mal-
pighian tubules (19, 40). The gene encoding UO is tran-
scribed exclusively within the cells of the Malpighian tu-
bules. UO mRNA is not detected by Northern (RNA)
analysis until the beginning of the third-instar larval stage; by
the middle of this stage, UO mRNA represents approxi-
mately 1% of the total poly(A)+ RNA of the Malpighian
tubules (40). By the end of the third-instar larval stage, UO
mRNA and UO protein abruptly disappear in response to a
rising concentration of the steroid hormone 20-hydroxy-
ecdysone (41). The UO gene remains transcriptionally inac-
tive from the late-third instar larval stage through the pupal
stage, with UO mRNA reappearing exclusively within the
Malpighian tubules after emergence of the adult (40).
Though the molecular mechanisms are unknown, two

experimentally distinguishable phenomena are involved in
this reactivation of transcription of the UO gene in the adult:
a UO-inducing factor in the hemolymph and an autonomous
clock-like mechanism in the Malpighian tubules. The UO-
inducing factor was first detected in xanthine dehydroge-
nase-deficient Drosophila, strains ry2 (3-52.0; 24) and ma-i
(1-64.8; 9), which have 5- to 10-fold-higher levels of UO
mRNA and UO protein in the adult than in the wild-type
adult. High levels of UO-inducing factor in the hemolymph
of a xanthine dehydrogenase-deficient adult stimulated a 5-
to 10-fold increase in UO activity in a wild-type Malpighian
tubule transplanted into the abdomen of a xanthine dehydro-
genase-deficient adult (19, 21, 41). The autonomous timer
was detected when a Malpighian tubule from a pupa was
transplanted into a newly emerged adult host. Expression of
the UO gene in the transplanted pupal Malpighian tubule was
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delayed until sufficient time had passed for the transplanted
pupal Malpighian tubule to be equivalent in age to a tubule of
a newly emerged adult (21, 22).

Identification of the cis-regulatory elements and specific
trans-acting factors which govern the elaborate pattern of
regulation of the D. melanogaster UO gene was initiated
with the isolation of UO cDNA clones and UO genomic
clones. Herein we present a molecular characterization of
the UO gene of D. melanogaster which includes (i) the
sequence of the UO gene and flanking DNA, (ii) the tran-
scription start site of the UO gene, (iii) tissue in situ
hybridizations which identify the specific population of cells
of the Malpighian tubules that express UO mRNA, (iv)
comparison of the deduced amino acid sequence of D.
melanogaster UO with sequences of plant and animal UO
enzymes, and (v) the amount of UO flanking DNA sufficient
for appropriate temporal and tissue-specific expression of
the UO gene.

MATERIALS AND METHODS
UO cDNA and UO genomic clones. D. melanogaster UO

cDNAs were isolated from an Ore-R third-instar larval XgtlO
library (gift of T. Kornberg; 66) and from our third-instar
larval Malpighian tubule library (40) constructed from ecd',
a temperature-sensitive 20-hydroxyecdysone-deficient mu-
tant (45), which has a wild-type pattern of UO gene expres-
sion at the permissive temperature of 19°C. A UO cDNA
probe, cUO2 (designated pcDNAUO2 in reference 40), was
used to isolate overlapping genomic clones from a D. mela-
nogaster Canton-S ACharon 4A library (51). A UO genomic
clone from the D. melanogaster ecd' strain was isolated by
screening a Hindlll size-limited pBR322 library with cUO2.
UO genomic clones were also isolated from a XEMBL4
Drosophila pseudoobscura AH133 library (gift of S. Schaf-
fer) and from a XEMBL3 Drosophila virilis library (gift of R.
Blackman), using cUO2 as a probe.

Southern analysis. High-molecular-weight genomic DNA
used for Southern hybridization was isolated according to
Bender et al. (3) and purified on an Elutip (Schleicher &
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FIG. 1. Restriction map and sequencing strategy for the UO genomic region and 12 independently arising UG cDNAs. (a) Restriction map
of 38 kb of genomic DNA including the Canton-S UO gene. (b) Restriction map of the UG gene and flanking DNA, with the directions and
regions sequenced designated by arrows. The transcription initiation site of the UO gene is at +1, designated by I. The heavy black line
represents the coding region of the UO gene, with the open box indicating the 69-base-pair UG intron. (c) Composite restriction map and
sequencing strategy of 12 UO cDNAs. A UO cDNA (cUO2) spans the region between two PstI sites, ®, which were introduced during cDNA
library construction. The numeral above the arrows designates the number of independently arising cDNAs sequenced for that region. The
asterisk indicates the location of a synthetic primer used to sequence the extreme 5' end of the UO cDNAs. AUG and TGA shown on the
restriction map indicate the positions of the UG translation start and stop sites, respectively. (d) Autoradiograph of a genomic Southern blot
of D. melanogaster Canton-S high-molecular-weight DNA restricted with Sall (lane 1), AvaI (lane 2), EcoRI (lane 3), and Hindlll (lane 4) was
probed with a 5.5-kb HindlIl restriction fragment containing the UO gene. A, AluI; Ac, AccI; Av, AvaI; B, BgIII; C, ClaI; D, DraI; H,
HindIII; Hp, HpaII; N, NlaIII; Pv, PvuII; R, EcoRI; S, Sall; Sp, SpeI; T, TaqI; X, XhoII.

Schuell, Inc.). DNA digested with restriction enzymes was
size fractionated in an agarose gel and transferred onto nylon
membrane (Hybond-N; Amersham Corp.) with 6x SSC
(SSC is 0.1 M NaCl plus 0.015 M sodium citrate). The
Southern blot was prehybridized at 42°C overnight in 50%
formamide-50 mg of sheared salmon sperm DNA per ml- 0.1
M piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES; pH
7.04)-0.1 M NaCl-0.1% Sarkosyl-0.1% Ficoll-0.1% polyvi-
nylpyrrolidone 40-0.1% bovine serum albumin. Modified
prehybridization solution with 40% formamide and 10%
dextran sulfate served as the hybridization mixture. The
HindIII genomic fragment containing the UO gene (Fig. la)
used as a probe for Southern analysis was random primer
labeled with [a-32P]dATP to a specific activity of 4.6 x 108
cpm/,g by the method of Feinberg and Vogelstein (17), and
2 x 107 cpm was incubated with the blot at 42°C overnight in
20 ml of hybridization solution. After hybridization, the blot
was washed at 50°C for 2 h in two to four washes of 0.1 x
SSC-0.05% N-laurylsarcosine-0.02% sodium pyrophos-
phate and then autoradiographed. For the isolation of UO
clones from the D. pseudoobscura and D. virilis libraries, the
stringency of the hybridization conditions was reduced by
using 35% formamide and 42°C washes for D. pseudoob-
scura and by using 40°C as the hybridization and wash
temperature for D. virilis.

Northern analysis. Total RNA used in Northern analysis of
transformed files was prepared by grinding 30 animals from
various stages of development, 25 hand-dissected Mal-
pighian tubules, or the remaining tissue from the animals in
a 1.5-ml Eppendorf microfuge tube, using a ground glass
homogenizer and 450 ,lI of extraction buffer (3 M LiCl, 6 M
urea, 10 mM sodium acetate [NaOAc; pH 5.0], 0.2 mg of
heparin per ml, 0.1% sodium dodecyl sulfate). The RNA was
precipitated in the grinding buffer for 1 to 8 h at 4°C and
centrifuged for 15 min. The pellet was washed with 100 ,ul of
wash buffer (4 M LiCl, 8 M urea), centrifuged for 15 min,
suspended in 100 ,ul of 0.1 M NaOAc (pH 5.0)-0.1% sodium
dodecyl sulfate, extracted with 100 RI of phenol-chloroform
and then with 100 RI of chloroform, and precipitated for 4 to
8 h at -20°C with 2 volumes of ethanol in the presence of 0.2
M NaOAc. This RNA extraction procedure is a variation of
a published protocol (71). RNA was recovered by centrifu-
gation for 15 min, washed with 70% ethanol, vacuum dried,
dissolved in 74% formamide-26% formaldehyde, denatured
for 5 min at 65°C, and loaded onto an agarose-formaldehyde
gel. RNA, size fractionated in an agarose-formaldehyde gel,
was blotted onto nylon membrane (Hybond-N; Amersham)
with 1Ox SSC. The Northern blot was prehybridized and
hybridized in solutions identical to those of Wood et al. (82).
The oligonucleotide (5'-TAATTGCATGCGGCGAAGT
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TATATAT GTA-3') which detects UO mRNA transcribed
from the UO gene of the D. melanogaster ecd' strain, but
not from the UO gene of the D. melanogaster Canton-S
strain, was end labeled to a specific activity of 1.3 x 108
cpm/,jg with [,y-32P]dATP. After 6 hours of prehybridization
at 42°C, the Northern blot was hybridized for 3 days at 50°C
in 20 ml of hybridization solution with 1.6 x 107 cpm of the
end-labeled oligonucleotide. Since the oligonucleotide probe
is 66% A+T, the Northern blot was washed at 50°C accord-
ing to Wood et al. (82) in the presence of tetramethylammo-
nium chloride, which raises the melting temperature ofA T
base pairs to that of G - C base pairs. To confirm the
presence of RNA in each lane, the Northern blot was
stripped and reprobed with 1.5 x 107 cpm of a HindIII-PstI
restriction fragment containing a portion of the D. melano-
gaster ras gene (59), which was random primer labeled (17)
to a specific activity of 8.6 x 108 cpm/,ug. The Northern blot
was hybridized and washed, using the procedure described
above for the Southern blot.

Sequencing. Restriction fragments containing the UO tran-
scription unit were cloned into the single-stranded bacterio-
phage vectors M13mpl8 and M13mpl9 and sequenced ac-
cording to Sanger et al. (74), using [a-35S]dATP and DNA

polymerase I, Klenow fragment (Bethesda Research Labo-
ratories, Inc.), or avian myeloblastosis virus (AMV) reverse
transcriptase (Bio-Rad Laboratories). Figures lb and c show
the sequencing strategy for the UO genomic and cDNA
clones. All restriction sites used in constructing M13 sub-
clones were verified by sequencing across that same restric-
tion site present within other subclones. Each subclone was
sequenced by using high and low concentrations of dideoxy-
nucleotides, and the DNA was separated on 8 and 6%
polyacrylamide sequencing gels, respectively. The majority
of the sequencing data was derived from both strands of the
UO genomic DNA and UO cDNA. Many subclones were
sequenced twice, some by using 7-deaza-2'-deoxyguanosine-
5'-triphosphate as a substitute for dGTP (Boehringer Mann-
heim Biochemicals).

S1 and mung bean nuclease mapping. To determine the
transcription start site for the UO gene, S1 and mung bean
nuclease mapping were performed by end labeling 1 ,ug of
the genomic restriction fragment HhaI-EcoRl (Fig. 2) with
T4 polynucleotide kinase and [y-32P]dATP (50). The two
strands of the 178-nucleotide end-labeled fragment were
separated on a 6% sequencing gel, and the strand comple-
mentary to UO mRNA, designated probe S (Fig. 3c), was

MOL. CELL. BIOL.
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FIG. 2. Sequence of the D. melanogaster Canton-S UO gene and flanking DNA and the deduced amino acid sequence of the UO protein.
The DNA sequence is numbered in the left margin, with +1 at transcription start (I). The deduced amino acid sequence is numbered in the
right margin beginning with the translation initiation methionine as residue 1. DR at positions -138 and +11 is a perfect 13-base-pair direct
repeat. The autoradiographic band intensities of the products from S1 nuclease mapping (S1), mung bean nuclease mapping (MB) (Fig. 3a),
and primer extension experiments (PE) (Fig. 3b and d) are schematically represented by closed circles for intense signals and open circles for
weaker signals. Primers P1 and P2 are each 30 nucleotides and were used in primer extension experiments (Fig. 3c). Within a different reading
frame of the first exon of the UO gene there is a second small open reading frame beginning at nucleotide position 332 (underlined) with a stop
codon at position 598 (underlined and marked by an asterisk) and having no significant amino acid sequence similarity to reported peptides
in the PIR or GenBank/EMBL protein banks. The sequence of the 69-base-pair UO intron in italics has two internal consensus splice
sequences overscored and labeled with an S. The asterisk at nucleotide position 1161 indicates the UO translation termination codon.
Beginning at nucleotides 1163, the letters below the contiguous UO Canton-S sequence represent nucleotide differences and dots represent
deletions of nucleotides in the 3' untranslated region ofUO cDNAs from the ecdl strain of D. melanogaster. Four consensus polyadenylation
signals in the Canton-S UO sequence are overscored and labeled with an A. Three polyadenylation sites at positions 1285, 1289, and 1306 (An)
were identified from sequence data of the 3' end of eight independently arising ecd' UO cDNA clones containing poly(A) tails.

isolated. Total RNA was extracted with guanidine hydro-
chloride from whole third-instar larvae and adults (42).
Poly(A)+ RNA was isolated on an oligo(dT)-cellulose col-
umn (Pharmacia). Approximately 105 cpm of probe S and 20
,ug ofpoly(A)+ RNA from Ore-R third-instar larvae, 10 ,ug of
poly(A)+ RNA from Ore-R adults (data not shown), or 10 ,ug
of poly(A)+ RNA from ry2 12-h adults was dissolved in 40 ,ul
of 80% formamide-40 mM PIPES (pH 6.4)-40 mM NaCl-1
mM EDTA, boiled for 10 min, and allowed to hybridize for
approximately 12 h at 42°C. After the annealing step, 350 ,ul
of S1 reaction buffer (11) was added to each sample along
with 50 U of S1 nuclease (Boehringer Mannheim) or 150 U of
mung bean nuclease (Pharmacia), and the samples were
incubated at 37°C for 1 h. The concentration of S1 and mung
bean nuclease was optimized to achieve nearly complete
digestion of the single-stranded DNA while minimizing the
slower rate of digestion of the DNA-RNA duplex. Mung
bean nuclease is reported to create fewer digestion artifacts
than some preparations of S1 nuclease (60). After S1 or
mung bean nuclease treatment, the reaction was phenol-
chloroform extracted, ethanol precipitated, dissolved in 6 ,ul
of standard DNA sequencing loading dye, denatured for 3

min at 90°C, and loaded into single lanes of a 6% sequencing
gel. As a control, the same amount of labeled probe was
hybridized to 10 ,g of calf thymus tRNA (Boehringer
Mannheim) and treated as described above.
Primer extension analyses. Primer extension was per-

formed by digesting 1 jig of the SpeI-EcoRI restriction
fragment (Fig. 2) with AluI endonuclease and end labeling
the resulting restriction fragments with T4 polynucleotide
kinase and [_y-32PPdATP (50). The mixture of end-labeled
fragments was separated on an 8% sequencing gel, and the
30-nucleotide strand complementary to UO mRNA, desig-
nated P1 (Fig. 3c), was purified. Approximately 4 x 104 cpm
of the labeled P1 was added to either 5 or 6 ,ug of poly(A)+
RNA from Ore-R third-instar larvae, from ry2 12-h adults, or
from Ore-R 12-h adults. Poly(A)+ RNA was isolated as
described above. Probe P1 and the poly(A)+ RNA were
dried and then dissolved in 20 ,ul of hybridization solution
(30), placed at 65°C for 1 min, incubated at 37°C for 1 h. The
hybridization products were ethanol precipitated and dis-
solved in reaction buffer (30) containing fresh ultrapure
deoxynucleoside triphosphates (Pharmacia) and 10 U of
AMV reverse transcriptase (Pharmacia) and incubated at
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FIG. 3. Mapping the transcription start site for the UO gene of D. melanogaster. (a) Si and mung bean nuclease mapping of the 5' end
of UO mRNA. Genomic fragment S (panel c) was end labeled with 32p, and the strand complementary to UO mRNA was hybridized with
20 ,ug of poly(A)+ RNA from wild-type Ore-R third-instar larvae (3L, +; lanes 1 and 2). Probe S was hybridized to 10 j±g of poly(A)+ RNA
from ,y2 12-h adults (A, ry; lanes 3 and 4). DNA-RNA hybrids were digested with 50 U of S1 nuclease in lanes 1 and 3 and 400 U of mung
bean nuclease in lanes 2 and 4. As a control, lane 5 contained 10 mg of calf thymus tRNA (C) hybridized to the probe and digested with 50
U of Si nuclease. Lane 6 contained only the S probe (S). Protected products were separated on a 6% sequencing gel and sized in relation to
a M13 sequence ladder. Both Si and mung bean nuclease digestion resulted in protected products of 91 to 95 nucleotides for the larval (3L)
and the adult (A) mRNA. (b) Identification of the transcription start site of the UO gene by primer extension analyses. DNA fragment P1
(panel c) was end labeled, and the strand complementary to UO mRNA was hybridized to 5 ,ug of poly(A)+ RNA from Ore-R third-instar
larvae (3L, +; lane 1), 5 ,ig of poly(A)+ RNA from ry2 12-h adults (A, ry; lane 2), or 6 ,ug of poly(A)+ RNA from Ore-R 12-h adults (A, +;
lane 3). After primer extension using AMV reverse transcriptase, the products were separated on an 8% sequencing gel and sized, using an
M13 sequence ladder. An extension product of 91 nucleotides was detected in all samples tested, consistent with S1 and mung bean nuclease
mapping, placing transcription initiation at position + 1 (I; Fig. 2). The origin of the 158-nucleotide product is discussed in the text. (c) Diagram
of the strategy used for the S1 and mung bean nuclease mapping and primer extension experiments. The open box represents a 5' portion of
the UO transcription unit. The single-stranded DNA probes are indicated by the solid lines, with their 32P-labeled terminal nucleotides shown
as closed circles. Dots placed under the solid line of probe S indicate the region digested by S1 or mung bean nuclease. Dashed lines show
the extension of probes P1 and P2 by AMV reverse transcriptase. On the basis of the 5' mapping data, position I (Fig. 2) was determined to
be the transcription initiation site for D. melanogaster UO mRNA. (d) P2 (panel c and Fig. 2), a synthetic 32P-end-labeled 30-mer,
complementary to UO mRNA, was hybridized to 10 ,ug of poly(A)+ RNA from Ore-R third-instar larvae (3L, +; lane 2) and to 10 ,ug of
poly(A)+ RNA from ry2 adults (A, ry; lane 3). Only a single extension product of 126 nucleotides, mapping to + 1 (Fig. 2), was observed. Lane
1 is the primer P2 alone (P), which gave a signal at the position of 30 nucleotides (present in the lower portion of the gel not shown here). (e)
Sequence comparison of the 5' end of a UO cDNA clone (i) with the corresponding genomic sequence (ii).

42°C for 1 h. The extension products were phenol-chloro-
form extracted, ethanol precipitated, vacuum dried, dis-
solved in 6 ,ul of standard DNA sequencing loading dye,
denatured for 3 min at 90°C, and then loaded into single lanes
of an 8% sequencing gel. Additional primer extension reac-
tions were performed by end labeling 400 ng of a synthetic
30-mer, P2, just downstream of P1 (Fig. 2 and 3c). Hybrid-
ization and extension reactions were performed as described
above, using 4 x 104 cpm of the labeled P2 and 10 Rxg of
poly(A)+ RNA from Ore-R third-instar larvae or 10 ,ug of
poly(A)+ RNA from ry2 12-h adults. The same results for the
primer extension reactions were obtained from several ex-
periments using RNA from two independent isolations of
each developmental stage and from each Drosophila strain.

Tissue in situ hybridizations. Abdomens from ry2 12-h
adults were frozen, sectioned, and hybridized to sense and
antisense UO RNA probes according to Raikhel et al. (69).
The RNA hybridization probes were generated by transcrip-
tion in the presence of [a-35S]dUTP from the T7 and T3
promoters of pBluescript KS(+) (Stratagene) containing the
EcoRI-AccI restriction fragment of cUO2 (Fig. lc). Full-
length transcripts, confirmed by Northern analyses, were
hydrolyzed for 30 min in the presence of 0.1 M NaHCO3 at
60°C, yielding an array of RNA fragments of approximately
200 nucleotides capable of permeating sectioned and whole-
mount tissue. Hybridization of the partially hydrolyzed UO
sense and antisense RNA probes to the sectioned abdomens
and autoradiography were performed according to Raikhel et
al. (69). There was no significant difference in the total
number of cells (480 + 42) of the Malpighian tubules of
Ore-R and ry2 adults as determined by counting Feulgen-
stained nuclei in Malpighian tubule whole-mounts (data not
shown).

Malpighian tubules were hand dissected in Drosophila
Ringer solution (79), permeabilized, and fixed according to a
procedure developed for Drosophila embryos (16). The UO
sense and antisense RNA probes were prepared as described
for the sectioned tissue in situ hybridizations. After hybrid-
ization and final washes, the Malpighian tubules were placed
between a poly-D-lysine-coated slide and a glass cover slip
treated with Sigmacote (SL-2; Sigma), and flattened by
pressing firmly on the cover slip. The cover slip was then
removed by rinsing in 95% ethanol. Autoradiography was
performed according to Raikhel et al. (69).

Amino acid comparisons. The deduced amino acid se-
quences of UO from D. melanogaster, soybean (61), rat (70),
mouse, baboon, and pig (83) were compared by using the
program FASTP (48). Each of the six deduced amino acid
sequences was divided into approximately three equal parts,
and all pairwise comparisons were made. The FASTP algo-
rithm will only detect and optimize an alignment with the
insertion of gaps in a single region established by the initial
alignment (48).

P-element germ line transformation. A 3.2-kilobase (kb)
genomic PstI restriction fragment encoding the UO gene
from the ecdl strain was cloned into the PstI site of the
P-element vector CaSpeR containing a modified D. melano-
gaster white reporter gene (64). The PstI sites are at position
-826 and approximately 1.2 kb downstream of the UO
transcribed region. The resulting UO P-element construct
was coinjected with the helper P-element pwn25.7 according
to Rubin and Spradling (72) into white-deficient embryos,
Df(l)w,yw67c23(2, which were homozygous for the second
chromosome from the wild-type D. melanogaster Canton-S
strain. The sequence of the UO gene on the Canton-S second
chromosome contains several nucleotide differences in the 3'
untranslated region from that of the UO gene isolated from a
stock containing the temperature-sensitive 20-hydroxy-
ecdysone mutation, ecdl (Fig. 2). This sequence difference
allowed discrimination between the message from the UO
gene introduced via the P element and the endogenous
Canton-S UO message of the host strain (see above). All
transformants were made homozygous for a single P-element
insertion.

Nucleotide sequence accession number. The sequence re-
ported has been assigned EMBL accession number X51940.

RESULTS

DNA sequence of the UO gene. The restriction maps and
strategies used to sequence D. melanogaster UO genomic
DNA and cDNA clones are diagrammed in Fig. 1. Genomic
DNA from D. melanogaster Canton-S was restricted with
four different endonucleases and probed with the 5.5-kb
HindlIl restriction fragment containing the UO gene (Fig.
la). The genomic restriction fragments that hybridized to the
5.5-kb HindIlI DNA probe were equivalent in size to the
restriction fragments of the cloned UO gene (Fig. ld),
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indicating that no obvious rearrangements of the UO region
occurred during cloning of the genomic DNA. Southern
analyses also showed that the UO gene is single copy in the
wild-type strains Canton-S (Fig. ld) and Ore-R as well as in
several mutant strains (data not shown). In contrast to the
single-copy UO gene of D. melanogaster, there is a tandem
duplication of the UO gene in some strains of D. virilis (S.
Lootens et al., unpublished data). The composite DNA
sequence of the UO gene derived from D. melanogaster
Canton-S genomic clones, Ore-R cDNA clones, and ecd'
cDNA clones is shown in Fig. 2. Several strain-specific
nucleotide differences, deletions, and additions in the 3'
transcribed but untranslated region of the UO gene are
located between positions +1179 and +1255 (Fig. 2).
The UO 5'-flanking genomic sequence contains a 13-base-

pair direct repeat (DR; AAGTGAGAGTGAT, at -138 and
+11; Fig. 2). Each DR element includes a perfect direct
repeat of the sequence AGTGA with an axis of symmetry
centered at the G nucleotide at positions -132 and +17.
Downstream of the DR element is a single, long open reading
frame, beginning 34 nucleotides 3' of the UO transcription
start site, coding for a 352-amino-acid sequence similar to
the sequence of UO from a plant and several vertebrates.
Within the protein-coding region of the UO gene there is a
69-base-pair intron that has GU-AG consensus splice junc-
tions (58) and two 3' intronic splice signal sequences,
TTAAA and TTAAT (overscored and labeled with an S; Fig.
2) which are similar and identical, respectively, to the
Drosophila consensus splice signal sequence (C/T)T(A/
G)A(T/C) proposed by Keller and Noon (37).

Within the 3' untranslated region of the UO gene from
Canton-S are four AATAAA elements (overscored and
labeled with an A; Fig. 2), identical to the consensus
polyadenylation sequence of Proudfoot and Brownlee (67),
which are just upstream of the three polyadenylation sites
(An in Fig. 2). Comparisons of UO genomic clones from aD.
melanogaster Canton-S library with UO cDNA clones from
a D. melanogaster ecdl Malpighian tubule library revealed
many sequence differences in the 3' transcribed but untrans-
lated region. Two of these nucleotide changes in the UO
gene from the ecdl strain at positions 1254 and 1255 (Fig. 2)
abolish the first of four polyadenylation signals (AATAAA)
so that the UO gene from the ecdl strain has only three
poly(A) signals and three polyadenylation sites (Fig. 2).
Based on the sequence data from eight ecdl UO cDNA
clones, the UO gene gives rise to messages, after 3' endo-
nucleolytic cleavage but before polyadenylation, of 1,224,
1,227, and 1,244 nucleotides, which is consistent with North-
ern analyses showing UO poly(A)+ RNA to be approxi-
mately 1,400 nucleotides (40). Whether endonucleolytic
cleavage and polyadenylation occur at the nucleotides G or
A and T or A at the first and third polyadenylation sites has
not been determined. In general, cleavage and polyadenyla-
tion after a C or an A are preferred sites (4).

Transcription initiation of the UO gene. Two possible
overlapping transcription initiation sequences (ATCATCA,
-3; Fig. 2) and (ATCAGTA, +1; Fig. 2) were first identified
upstream of the UO translation initiation codon by their
resemblance to a D. melanogaster transcription initiation
consensus sequence ATCA(G/T)T(C/T) (31). The transcrip-
tion initiation site (+1; Fig. 2) for the D. melanogaster UO
gene was confirmed by three independent experimental
procedures: (i) S1 nuclease and mung bean nuclease map-
ping, (ii) primer extension analyses, and (iii) the sequence of
three cDNA clones that extended fully 5' and were capped
with a 7-methylguanosine residue. S1 nuclease mapping

experiments used poly(A)+ RNAs from Ore-R third-instar
larvae, Ore-R adults (data not shown), and ry2 12-h adults
that were hybridized to single-stranded probe S (Fig. 3c).
The S1 mapping of the 5' end of the UO transcript revealed
protected products of 93 to 95 nucleotides in length and
weaker products of 91 and 92 nucleotides for all poly(A)+
RNA preparations examined (Fig. 3a). Protected products of
91, 94, and 95 nucleotides and a minor protected product of
92 nucleotides were observed with mung bean nuclease.
Such microheterogeneity in S1 and mung bean nuclease
mapping has been reported to be an artifact of incomplete or
overdigestion with S1 nuclease or the interference of a cap G
(8, 29, 77, 80).
Primer extension analyses were used as a second method

to identify and confirm the site(s) of transcription initiation.
Using P1 as a hybridization primer (Fig. 2 and 3c) and the
poly(A)+ RNA fractions described above for the S1 and
mung bean nuclease mapping, products of 91 and 92 nucle-
otides and weaker products of 89 and 94 nucleotides resulted
upon primer elongation with AMV reverse transcriptase. In
several independent primer extension experiments, a clearly
discernible band at 158 nucleotides also resulted when
poly(A)+ RNA from Ore-R third-instar larvae and r2 12-h
adults was used (Fig. 3b). With the exception of the 158-
nucleotide primer extension product, a schematized presen-
tation of the data from S1 and mung bean nuclease mapping
and the primer extension analyses of the transcription start
of the UO gene are shown in Fig. 2. The lengths of the primer
extension products, with the exception of the 158-nucleotide
band, were consistent with the transcription start site
mapped with S1 and mung bean nuclease.
The 158-nucleotide primer extension band could not be

due to hybridization of P1 to a second site downstream on
the UO mRNA, as the sequence of P1 has no similarity to
any other site along the UO mRNA, even allowing for 14
mismatches out of 30 nucleotides. The unexpected primer
extension product of 158 nucleotides was not due to a second
upstream promoter responsible for high levels of UO
mRNA. This conclusion was derived from an additional set
of primer extension experiments with the P2, a synthetic
primer, just downstream of P1 (Fig. 2 and Fig. 3c). Primer P2
was hybridized to poly(A)+ RNAs from Ore-R third-instar
larvae and r2 12-h adults, both sources having high levels of
UO mRNA. Only a single extension product of 126 nucleo-
tides resulted (Fig. 3d), which also maps the transcription
start site of the UO gene to position +1 (Fig. 2).
To confirm the location of the UO transcription start site,

three different UO cDNA clones from a third-instar larval
cDNA library were sequenced at the 5' end (Fig. lc). These
cDNA clones extend to nucleotide A at + 1, followed by a G
nucleotide not present at the corresponding position of either
the Canton-S genomic sequence or the ecdl UO genomic
sequence (Fig. 3e). No UO cDNAs were isolated that had an
additional 67-base-pair 5' exon.
A clue concerning the origin of the 158-nucleotide primer

extension band was obtained when the Spel-EcoRI frag-
ment, containing the 5' transcribed region of the UO gene
including the sequence of P1 (Fig. 2), was used as a probe to
screen a third-instar larval cDNA library. Two classes of
cDNAs were obtained. One class of cDNAs hybridized to
the EcoRI-SpeI probe and also to cUO2 (Fig. lc). The
second class of cDNAs hybridized to the EcoRI-SpeI probe
but not to cUO2 and contained cDNAs of approximately
3,800 base pairs in length with restriction maps unlike that of
the UO. This latter class of cDNAs may encode the message
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FIG. 4. Spatial distribution of UO mRNA among the cells that comprise the Malpighian tubules from the adult. Panels a and b show
phase-contrast (a) and dark-field illumination (b) of the autoradiographic image of a sectioned ry2 12-h adult abdomen hybridized to a UO
antisense "S-labeled RNA probe synthesized from the EcoRI-AccI restriction fragment of cUO2 (Fig. lc). Hybridization signals were
detected exclusively within the Malpighian tubules (Mt). (c) Bright-field images of whole-mount Malpighian tubules from a r2 12-h adult were
hybridized to the antisense "S-labeled RNA probes as described for panels a and b. The autoradiographic image revealed hybridization
mainly within the mid-segment (M) of the anterior pair of tubules (A) and along the entire posterior pair of tubules (P), with a small amount
of hybridization within the cells of the ureter (U). Hybridization did not occur within the transitional segment (T) or the initial segment (I)
of the Malpighian tubules. Dark areas along the gut (G) attached to the Malpighian tubules are not exposed silver grains but opaque material
within the preparations also present in the control sense-strand in situ hybridizations (e). (d) Whole Malpighian tubules from an Ore-R 12-h
adult were hybridized to the antisense 35S-labeled UO RNA probe used for panels a and b. (e) No detectable signal was present when ry2 12-h
adult Malpighian tubules were hybridized to a sense 35S-labeled UO RNA probe.
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FIG. 5. Alignment of the deduced amino acid sequences of UO from D. melanogaster (Dm), soybean (S; 61), rat (R; 70), mouse (M), pig
(P), and baboon (B; 83) and the first 39 and 43 amino acids from the amino termini of UO from D. virilis (Dv) and D. pseudoobscura (Dp),
respectively. The single-letter amino acid code is used. Three deduced amino acid sequences for rat UO have been reported which differ from
one another at the amino and carboxy termini (33, 57, 70). In this figure, the deduced rat UO sequence from Reddy et al. (70) was used since
it appears to be full length. To establish the comparison and accommodate the larger D. melanogaster UO protein, a gap was introduced in
the middle of all the other UO amino acid sequences at a site that showed no similarity between D. melanogaster and other five UO
sequences. All other gaps were created by the FASTP program to optimize the alignments (48). The UO amino acid sequence of D.
melanogaster shows 32, 38, 37, 36, and 35% identity to the UO amino acid sequence of soybean, rat, mouse, pig, and baboon, respectively.
Boxed areas indicate identical amino acids found in two or more of the UO proteins. Amino acid residues of UO identical in all six species
are shaded. The location of introns for D. melanogaster UO and soybean uricase II are indicated by triangles.

that is primed by P1 and gives rise to the 158-nucleotide
extension product.

Spatial distribution of UO mRNA by in situ hybridization.
In situ hybridizations of UO mRNA were performed to
identify the population of cells of the Malpighian tubules
containing UO mRNA in the wild-type 12-h Ore-R adult and
in the xanthine dehydrogenase-deficient (ry2) 12-h adult,
which has a 5- to 10-fold-higher level of UO mRNA (19, 40).
At least two mechanisms could account for this higher level
ofUO mRNA in the Malpighian tubules of ry2 12-h adults: (i)
an increase in the amount of UO mRNA within the same
population of cells of Malpighian tubules or (ii) recruitment
of additional cells expressing UO mRNA from those cells
which comprise the Malpighian tubules. To examine these
two possibilities, UO sense and antisense RNA probes were
hybridized in situ to sectioned and whole-mount Malpighian
tubules. An [a-35S]dUTP-labeled antisense RNA probe syn-
thesized from the EcoRI-AccI template of cUO2 (Fig. lc)
hybridized exclusively to the Malpighian tubules in sections
of ry2 12-h adult abdomens (Fig. 4a and b). No hybridization
signal was detected by using a sense UO RNA probe
hybridized to alternate sections (data not shown). Whole-
mount Malpighian tubules from Ore-R adults and ry2 adults
were hybridized with a UO antisense RNA probe. There
were no detectable UO transcripts in the midgut, the hind-
gut, or the cells that comprise the transitional segment or the
initial enlarged segment of the Malpighian tubules as defined
by Wessing and Eichelberg (81) (Fig. 4c to e). There was a
weak hybridization signal within the ureter and within the
cells at the extreme distal end of the posterior tubule (Fig. 4c
and d). In both ry2 adults and Ore-R adults, UO transcripts
accumulate within the main segment cells of the anterior
Malpighian tubules and along the length of the posterior
tubules. There was a far greater number of silver grains over

the whole-mount Malpighian tubules of the ry2 12-h adult as
compared with the same population of cells of the Ore-R
12-h adult (compare Fig. 4c and d), which is consistent with
5- to 10-fold-higher level of UO mRNA and UO activity in
the ry2 adult than in the Ore-R adult (19, 40, 41).
Deduced UO amino acid sequence and protein sequence

comparisons. The D. melanogaster UO transcription unit
contains two in-frame methionine codons in the amino-
terminal region (Met-i and Met-23; Fig. 2). If Met-1 is
utilized as the translation initiation codon, the deduced Mr
for the UO peptide would be 39,989, which is not signifi-
cantly different from the apparent Mr of 40,480 + 1,340
estimated for the purified UO protein (20). If Met-23 is used
to initiate translation, the deduced Mr would be 37,701,
which is significantly less than the apparent molecular
weight. The scanning model for translation initiation (39)
would predict that Met-1 is the translation start site for the
UO gene in D. melanogaster. Met-1 is in good sequence
context for a Drosophila translation initiation codon (7). The
four nucleotides upstream of Met-1 of the UO gene are
identical to the four nucleotides preceding the start codon of
other Drosophila genes (32, 63, 78). Whether Met-i or
Met-23 is the translation start for the UO protein could not
be determined directly, since the amino terminus of the
purified UO protein was blocked and could not be sequenced
(T. B. Friedman, unpublished results). Consequently, a
molecular evolutionary comparison between UO ofD. pseu-
doobscura and D. virilis (Fig. 5), which diverged from D.
melanogaster approximately 30 and 40 million years ago,
respectively (55, 56), was used to determine which of the two
in-frame methionine codons, Met-i or Met-23, is the UO
translation start site.
The sequences of the first seven amino acids of UO from

D. melanogaster, D. pseudoobscura, and D. virilis are

S 259
R 255
M 256
P 256
B 256
Dm 300
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FIG. 6. Northem analysis of UO mRNA in transformants. (a) Total RNA from 60 animals (lanes 1 to 5, 10, and 11), 50 dissected
Malpighian tubules (lanes 6 and 8), and the remaining tissue after dissection of the Malpighian tubules (lanes 7 and 9) was probed with an
oligonucleotide that hybridized exclusively to the UO mRNA transcribed from the UO gene introduced via P-element transformation. UO
mRNA was detected in transformed early (E3L), mid- (M3L), and late (L3L) third-instar larvae (lanes 1 to 3, respectively) as well as the adult
(A; lane 5). UO mRNA was not detected in the pupae (P; lane 4). UO expression in the transformants was confined to the Malpighian tubules
of the third-instar larvae (3L Mt; lane 6) and the adult (A Mt; lane 8) and not present in the remaining tissue after Malpighian tubule dissection
(RT; lanes 7 and 9). UO mRNA from the host strain did not hybridize to an oligonucleotide specific for UO RNA transcribed from the UO
transgene (lane 10). Lane 11 contains total RNA from adults of the ecdl stock from which the UO gene present in the P-element construct
was derived. Shown at the left margin are the positions of the size standards present in the 0.24- to 9.5-kb RNA ladder (BRL). (b) To check
for the presence ofRNA in each lane, the Northern blot was reprobed with the HindIII-PstI fragment of the D. melanogaster ras gene which
recognizes a 1.6-kb transcript expressed uniformly during development (59).

identical (Fig. 5). The D. pseudoobscura deduced UO amino
acid sequence has a methionine codon (met-21) in the
corresponding position to Met-23 of the D. melanogaster
deduced UO protein sequence. However, the D. virilis
deduced UO amino acid sequence does not have a second
methionine residue in the amino-terminal region (Fig. 5). The
first eight codons of the deduced UO protein in D. virilis
contain four synonymous substitutions when compared with
the first eight codons for the deduced amino acid sequence of
D. melanogaster UO protein, while immediately upstream of
Met-1 in both species, the preceding 32 nucleotides show no
DNA sequence similarity. Taken together, these data indi-
cate that Met-1 is the UO translation start codon in all three
Drosophila species.
The amino acid sequence comparison between UO of D.

melanogaster, soybean (61), rat (70), mouse, pig, and ba-
boon (83) is shown in Fig. 5. There is 32 to 38% amino acid
sequence identity between UO of D. melanogaster and UO
of the five other species. Though not indicated in Fig. 5,
many of the nonidentities represent conservative evolution-
ary amino acid changes (48). Among the 22% of the amino
acid resides identical in the deduced amino acid sequences of
UO from soybean, rat, mouse, pig, baboon, and D. melano-
gaster, there are four histidine residues (in D. melanogaster,
His-170, His-172, His-182, and His-308) which may be
involved in copper binding (49, 83). UO is a peroxisomal
enzyme (12, 28, 44), and we note that the deduced amino
acid sequence at the carboxy terminus ofUO is Ser-His-Leu
for D. melanogaster, Ser-Lys-Leu for soybean, and Ser-
Arg-Leu for rat, mouse, pig, and baboon. These tripeptide
sequences are also found at the carboxy termini of some, but
not all, peroxisomal proteins (26, 27, 47, 53). Any one of
these three carboxy-terminal tripeptides is sufficient for
targeting a reporter protein to peroxisomes (25). On the basis
of the similar carboxy termini ofUO proteins compared here

(Fig. 5) and from the data on targeting of some peroxisomal
proteins (26, 27, 53), we suggest that a serine residue
followed by a positively charged amino acid and then a
carboxy-terminal leucine is the peroxisomal targeting se-
quence for UO of D. melanogaster, plants, and vertebrates.
DNA sequence sufficient for UO gene expression. A P-ele-

ment construct containing the 3.2-kb PstI fragment which
includes the UO gene from the ecd' strain was transformed
into D. melanogaster by using P-element-mediated transfor-
mation (72). Five independent lines were made homozygous
for a single P-element insertion and confirmed by Southern
analysis (data not shown). Using Northern analysis, an
oligonucleotide specific for message transcribed from the
UO transgene (see Materials and Methods) detected UO
mRNA from transformed third-instar larve and adults but
not from pupae (Fig. 6). Shown in Fig. 6 is the Northern
analysis of a single transformed line. Four additional inde-
pendent transformed lines were analyzed in an identical
fashion, with the same results as in Fig. 6. In D. melanogas-
ter, UO expression is confined to the Malpighian tubules.
Northern analysis of RNA from hand-dissected Malpighian
tubules of third-instar larvae and adult transformants com-
pared with RNA extracted from the remaining tissues dem-
onstrated that UO mRNA from the UO transgene is ex-
pressed only within the Malpighian tubules (Fig. 6).

DISCUSSION

Structural features of the UO gene. The UO gene of D.
melanogaster is structurally compact, consisting of two
exons separated by a 69-base-pair intron (Fig. 2). The D.
melanogaster UO gene is transcribed from a single pro-
moter, yielding UO mRNA of 1,224, 1,227, and 1,244 nucle-
otides, depending on which one of three 3' endonucleolytic
cleavage sites is utilized (Fig. 2 and 3). A few genes from
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both vertebrates and invertebrates have been shown to have
multiple polyadenylation sites (14, 23, 43, 54, 76) and in
some cases the polyadenylation sites are closely spaced (34,
68, 75). The biological significance of multiple adjacent
polyadenylation signals and sites remains to be determined
(13).
The UO gene of D. melanogaster has a complex develop-

mentally and tissue-specific pattern of expression. UO
mRNA is present within the main segment cells of the
Malpighian tubules (see Results and Fig. 4) of third-instar
larvae and adults (19, 40). Putative regulatory sequences
involved in tissue-specific expression, developmental tim-
ing, and quantitative regulation of the UO gene can be
identified by several methods. Comparison of the DNA
sequence of the flanking region of the homologous gene in
different species is one approach for identifying putative
cis-regulatory elements, which are detected as conserved
motifs highlighted amid a background of dissimilar DNA
sequence (5, 6, 18, 36). In both D. melanogaster and D.
pseudoobscura, among 520 base pairs upstream of the UO
gene there are seven conserved motifs 8 to 14 nucleotides in
length (T. B. Friedman et al., unpublished data). One of the
conserved motifs, TATAAAA, identical to the consensus
TATA box element (10), is present at position -31 in
relation to the D. melanogaster UO transcription start site at
+1 (Fig. 2). Bracketing the TATA box (-31) and the UO
transcription start site at +1 of the D. melanogaster UO
gene is a perfect 13-base-pair direct repeat (DR, AAGT
GAGAGTGAT), beginning at positions -138 and +11.
The sequence of the DR motif is similar to a proposed

20-hydroxyecdysone consensus sequence found upstream of
six 20-hydroxyecdysone-inducible genes ofD. melanogaster
(65). In particular, each DR motif has two adjacent copies of
the sequence (AGTGA) also found within the region provid-
ing 20-hydroxyecdysone induction of the hsp22 heat shock
protein gene of D. melanogaster (38, 65). The similarity of
DR motifs to proposed steroid hormone receptor-binding
sites (2, 65) and the position of the two DR motifs relative to
transcription start of the UO gene suggest that these ele-
ments may be important for the transcriptional repression of
the UO gene by 20-hydroxyecdysone (41). The UO EcoRI-
HhaI and HhaI-SpeI restriction fragments (Fig. 2) each
contain a single DR element and show binding to purified
20-hydroxyecdysone receptor in a gel retardation assay. In
addition, a 22-base-pair double-stranded synthetic oligonu-
cleotide (5'-CTCTAAGTGAGAGTGATGATGG-3') con-
taining the DR sequence (positions -142 to -115; Fig. 2)
showed binding to a purified 20-hydroxyecdysone receptor
in a gel retardation assay (R. Voellmy, unpublished data).

Evidence that 20-hydroxyecdysone is part of the mecha-
nism that represses the UO gene is derived from experiments
using ecdl, a temperature-sensitive 20-hydroxyecdysone-
deficient strain of D. melanogaster. Repression of UO gene
transcription in ecdl occurs in the late third-instar larvae at
19°C as in wild-type D. melanogaster, but repression of UO
gene transcription does not occur in the late third-instar ecdl
larvae at 29°C, the restrictive temperature. In addition, a
rapid decline of UO mRNA in ecdl at 29°C can be brought
about by feeding 20-hydroxyecdysone to third-instar larvae
(41).
For some genes, different cis-regulatory elements appear

to be involved in steroid hormone-mediated gene activation
and repression (2, 52, 73). Nevertheless, it seems possible
that a sequence which binds the 20-hydroxyecdysone recep-
tor could function either as an inducible or repressible
element, depending on its location. Therefore, the same

20-hydroxyecdysone receptor may function as an activator
as well as a repressor. If the 20-hydroxyecdysone receptor
interacts with one or both of the DR elements, this complex
might interfere with positive trans-acting factors that bind to
the TATA box or the ability of RNA polymerase to initiate
transcription of the UO gene. There is precedent for inter-
ference as a mechanism of gene repression (1, 15, 46). The
human chorionic gonadotropin gene is repressed when the
glucocorticoid receptor binds to a cis element and interferes
with cyclic AMP binding at an adjacent site (1). To clarify
the possible negative regulatory function of the DR cis-
regulatory motifs of the UO gene, the effect on the develop-
mental pattern of transcription of the UO gene by site-
specific mutagenesis of one or both DR motifs will be
examined in future experiments.
DNA sequence sufficient for UO gene expression. Using

P-element-mediated germ line transformation (72), we deter-
mined that 826 base pairs of 5'-flanking DNA and approxi-
mately 1,200 base pairs of 3'-flanking DNA are sufficient for
the complex and tissue-specific pattern of expression of the
UO gene (Fig. 6). Further experiments are being performed
to more narrowly define the sequences necessary for the
developmental timing and Malpighian tubule-specific expres-
sion of the UO gene. Identification of potential elements that
may be important for UO gene regulation has been acceler-
ated by a sequence comparison of the 5'-flanking DNA of the
UO gene from D. melanogaster with the 5'-flanking DNA of
the UO gene from D. pseudoobscura (T. B. Friedman et al.,
unpublished) and the 5' sequence of the UO gene from D.
virilis (L. L. Wallrath et al., unpublished data). During
development, both D. pseudoobscura and D. virilis exhibit a
pattern of UO gene expression different from that of the UO
gene from D. melanogaster. Evolutionarily conserved se-
quence elements within the flanking DNA of the UO gene
may be involved in the common features of UO expression
between these three species. Further investigations will
determine whether the differences in regulation of the UO
gene between these three species are due to changes in cis
elements or differences in the UO trans-acting factors.
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