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Structure and expression of the Drosophila
ubiquitin-52-amino-acid fusion-protein gene
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Ubiquitin belongs to a multigene family. In Drosophila two members of this family have been previously described. We
report here the organization and expression of a third member, the DUb52 gene, isolated by screening a Drosophila
melanogaster genomic library. This gene encodes an ubiquitin monomer fused to a 52-amino acid extension protein. There
are no introns interrupting the coding sequence. Recently, it has been described that this extension encodes a ribosomal
protein in Saccharomyces, Dictyostelium, and Arabidopsis. The present results show that the 5' regulatory region ofDUbS2
shares common features with the ribosomal protein genes of Drosophila, Xenopus and mouse, including GC- and
pyrimidine-rich regions. Moreover, sequences similar to the consensus Ribo-box in Neurospora crassa have been
identified. Furthermore, a sequence has been found that is similar to the binding site for the TFIIIA distal element factor
from Xenopus laevis. The DUbS2 gene is transcribed to a 0.9 kb mRNA that is expressed constitutively throughout
development and is particularly abundant in ovaries. In addition, the DUb52 gene has been found to be preferentially
transcribed in exponentially growing Drosophila cells.

INTRODUCTION

Ubiquitin is a 76-amino acid protein present in all eukaryotic
cells examined, its amino acid sequence being the most conserved
among all known proteins [1]. In the cytoplasm, ubiquitin binds
to proteins that will enter the non-lysosomal ATP-dependent
degradation pathway, characteristic of both abnormal and short-
lived proteins [1]. The existence of ubiquitin conjugates with
certain nuclear [2-4], cytoplasmic [5] and cell-surface proteins
[6-8] without causing their degradation raises the possibility that
conjugation of ubiquitin to proteins may sometimes exert regu-
latory functions.

Ubiquitin genes have been cloned and characterized in a

variety of species. It has been shown that these genes are

organized in the genome in two major structural types. The first
one is a polyubiquitin gene that encodes a polyubiquitin precursor
protein containing head-to-tail repeats in tandem. This precursor
is cleaved into monomeric ubiquitin proteins by specific cyto-
plasmic proteinases [9]. Although the number of repeats in this
gene varies among species, its organization is very conserved
[9-l 1]. In yeast, the polyubiquitin gene has been found to
provide free ubiquitin proteins especially during stress conditions
[12,13]. The second structural type of ubiquitin genes encode a

single ubiquitin moiety fused in frame to unrelated sequences.
These sequences encode 3'-C-terminal extensions of 52 (Ub52)
[12,14-18] or 76-80 (Ub80) [12,18-21] amino acids. Both UbS2
and Ub8O encode highly conserved amino acid tails that are

predominantly basic [22], which have been identified as ribosomal
proteins (rp) in yeast [23] and mammals [24]. The fusion of
ubiquitin to the N-terminus of these rps apparently increases the
efficiency of their incorporation into the ribosome [23].

In Drosophila, ubiquitin genes constitute a multigene family.
The polyubiquitin gene has been isolated [25] and characterized
in our laboratory [26] and by Lee et al. [20]. It contains either 15
[24] or 18 [20] tandem repeats, depending on the fly stock
analysed. This gene presents a transcriptional pattern that is

highly polymorphic in different stocks and strains [26]. Moreover,
in most organisms the transcription of the polyubiquitin gene is
dramatically increased during heat-shock response [12,13,27],
yielding a major heat-shock protein. However, in Drosophila,
this gene is not significantly induced under our heat-shock
conditions [25]. A cDNA corresponding to the Ub8O ubiquitin
fusion gene has also been isolated and characterized by Lee et al.
[20]. Additionally, a previous report from our laboratory de-
scribed the isolation and sequencing of a cDNA corresponding
to a DUbS2 ubiquitin-fusion gene [28].
We report here the nucleotide sequence and expression of a

genomic clone from Drosophila melanogaster which contains the
sequences encoding the DUb52 tail fusion protein. We also show
that the DUbS2 promoter region is very similar to those of the
Drosophila rp genes. This observation is consistent with the
possibility that DUb52 expression could be regulated as other
rps [23,24].

MATERIALS AND METHODS

Cell culture
S3 cells from D. melanogaster [29] were cultured in M3 media

[30] supplemented with heat-inactivated 10 % bovine fetal serum.
The cultures were always grown in Nunc flasks at 24 'C.

Screening of recombinant libraries
A library consisting of Sau3A-partially-digested D. melano-

gaster genomic DNA cloned into the BamHI site of phage
EMBL3 was obtained from Clontech (Palo Alto, CA, U.S.A.)
and screened according to the manufacturer's recommended
protocols. Escherichia coli host strains and manipulations in-
volving recombinant phages were as previously described [31].

DNA manipulations and enzyme reactions

Restriction endonucleases were used following the manu-

facturer's instructions. Double-stranded DNA was 32P-labelled
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Fig. 1. (a) Physical map ofthe 12.5 kb genomic DNA fragment present in the clone A G52 and (b) physical map of the subclone pG52 4.1, a HindIII-BamHI
positive fragment 4.1 kb long

The boxed region in (a) indicates the coding region of the ubiquitin-fusion gene. In (b) the black box represents the ubiquitin region and the striped
box 3 the tail-fusion encoding region. The intron is indicated by a white box. Stippled boxes (Fi) represent the 5' non-coding region present in
the cDNA. The strategy for sequencing is shown by horizontal arrows, indicating the extension of the subclones and the direction of each sequence
reading. Smaller arrows represent synthetic oligonucleotides employed for sequencing. A, AccI; B, BamHI; Bg, BgllI; E, EcoRI; H, HindIII; P,
PvuII; S, Sall; Sac, Sacl; X, XhoI.

by nick translation, by the procedure of Rigby et al. [32]. DNA
inserts were isolated and subcloned in pUC18 as described in
Maniatis et al. [31,33] and their nucleotide sequences were

determined by the dideoxy method [34],--by using T7 DNA
polymerase.

Southern-blot hybridization
Genomic DNA was isolated from D. melanogaster adults

(Canton S) as previously described [26]. The DNA samples were

digested with restriction endonucleases, electrophoresed in 0.8%
agarose gels, transferred to Nylon filters (Schleicher and Schuell)
and hybridized as described by Maniatis et al. [31].

Northern-blot hybridization
D. melanogaster total RNA from different developmental

stages and tissues was isolated as described by Arribas et al. [26].
Total RNA from cell cultures was extracted as described by
Bunch et al. [35]. Polyadenylated RNA was isolated by using
oligo(dT) cellulose (Boehringer), following the manufacturer's
instructions. RNA samples were denatured in formaldehyde,
electrophoresed in agarose/formaldehyde gels [31] and electro-
transferred to Nylon membranes. Filters were prehybridized and
hybridized as described by Arribas et al. [26]. To quantify the
intensity of hybridization bands, RNA autoradiographs were

analysed with a laser densitometer (Image Quant 2.0).

Primer-extension analysis
For primer extension, a synthetic 15-nucleotide primer (RB6),

complementary to bases 1892-1906 (Fig. 2) (corresponding to
the first 15 nucleotides of the tail sequence), was prepared. The
oligonucleotide was labelled at its 5' end with T4 polynucleotide
kinase [33]. The primer-extension reaction was achieved as
described by Ghosh et al. [36].

RESULTS

Genomic structure of the DUb52 ubiquitin-fusion gene

The isolation of a D. melanogaster cDNA clone (pUCUb52),
corresponding to a ubiquitin-52-amino acid fusion protein, has

been previously reported [28]. For these studies, pUCUbS2 was

digested with RsaI, and the resulting fragment (nucleotides
263-463, see ref. [28]) was subcloned into the SmaI site of
pUC18. The new plasmid, p52Ub-, containing only the tail
portion of pUCUb52, was used as a probe to screen a D.
melanogaster genomic library to allow the characterization of the
Drosophila tail fusion gene. Out of 60000 recombinant phages,
we obtained one positive clone, A G52, that contained an insert
of approx. 12.5 kb. This clone hibridized with both the tail and
the ubiquitin-specific probes. A G52 DNA was further digested
with HindIII and BamHI restriction endonucleases. The resulting
4.1 kb positive fragment was subcloned in pUC18. This plasmid,
pG52 4.1, was mapped with restriction endonucleases (Fig. 1).
The interesting fragments were subcloned and analysed by
sequencing.
We sequenced 2306 bp of the clone pG52 4.1 (Fig. 2). The

coding region extends from the nucleotides 1663 to 2046. The
end of the ubiquitin coding region is located at nucleotide 1890.
The non-coding regions are very AT-rich. Thus AT represents the
61 % of total nucleotides in the intron region, the 59 % in the 3'
region and the 75 % from nucleotide 636-1326 in the 5' region.
On the other hand the coding region is enriched in GCs.
The intron region. The intron is 262 bp long (lower case in Fig

2). It is located in the 5' non-coding region, and extends up to
13 bp upstream to the ATG initiation codon. This feature is
common to other ubiquitin genes in other species [27,28,37,38].
The intron obeys the D. melanogaster consensus sequences [39]
(italics in Fig. 2). The 5' and 3' splice junctions are located at
nucleotides 1388 and 1649, respectively. We identified the branch
point sequence at nucleotide 1626, approx. 30 nucleotides up-
stream from the 3' splicing site [40] (italics in Fig. 2). The
boundaries of the intron and the consensus sequences are

coincident with the cDNA sequence of DUbS2 [28].
The 5' regulatory region. The rp genes in Drosophila, Xenopus

and mouse share a common feature: a pyrimidine-rich region
flanking the transcription initiation site, flanked by GC-rich
regions (twice underlined in Fig. 2) (reviewed in refs. [41] and
[42]). In fact, we can see a CT-rich region at nucleotide 1337,
preceded by a OC-rich stretch (nucleotide 1323). In the human
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AAGCTTCAAACTGTGCGTGTAAATGCCATCTCCGTTGACGCCCGACGTCCAATCGCCATAGGTGAGGTCCTTCTGTAGCCAGAGGAGATTCGC-CTTTTGC

TGGAAGTTAACCACATCGGGATTCTCCGACAACCA AGTCAGGTCAAAGTCCGTGCCGTTCTCGAAGTAATTCCAGGCCGTGATCTTGGGACCCGCAT

CATCGCAAAGAAGGACTCCATGCGGGTGGG CTGATTCGGCGGGGTGGGTTGTTCTCATTCTG TTCATTTTCGG AGCTCGCTTACCATTGCCC

GCAATCACCTAGAAAAAACGATGAGAACCAGGTCGCTATTGTCAGGTGATTGGGGTTGAGAAAGGTTTAAGTTTC'TCAGATACTTACCGCACCCTCTGCT

CAAGAGT7AGCTTIC2AGCCACITAGAACTrCGATA TCCAAAGrGTETTTTAGAATTTGAT ACAGAAAAA GCACG

G¶GTTC1QCAC TATAAA GACATACTITI ACTAAGTCAAATACAAATITATTTATATATGIGACATATTTAGCAATAC ACATTTTAr1'1AATATCGITGG

Cl'AAATGrATATCCCTTACTTACTrATACTI AT ACTACTTAATCATTASATTA ITCTAGTAAAAATGGA CAG;CAACTT G

AATATTITlTATAAA I

A_:ZKTGCGTAATAIGTAATAT'ITAACCITRA=TAAAATATAATIY:ATATACAAG1.-GATTTICAAlITATMTATACAA7GCAAATAGCATT

CATGCCATAATAATATAATTTIWAATrAGCTTAGCT, ATAG AGGTAGCTTGGGC TATAAA AAAACGAAAACTATATGTTGATATTTAAAGT¶

GTC'1tGGTTCAAASGTAAAATATT TTIAATTAATAGTGTCTGAATATT'ITTTACAGTTCCATTTAGAATGTTTGGTATlSMAAAAATAG
..........

ATTTTGGTATATTTGCAGTGClCGGCGGCGGCCACACTCTCTTTTCCCTTTTTCTTTTGAA [TAGCATTT GGTTGCAc3rTTTCCTCTGI gtgagtttcc

attaaatatattaaaaataaac aaaaatcgcaata acgtggcagaatgtaaacatattgttgtttagtgacgtatttgtgatatqaaaaagatggacac
tggtgcttgtcgaccggtggagctgtttctgtcgaacgaaacatgc cawcaaRtca gacctaacctccaatctttgccogctctttgggacgcacaagtt

cgctaagaaatcgtacgatttggtactgatttatgttttatattgctttcag[TGACGCCGCCATT ATG CAG ATC TTC GTG AAA ACC CTC

1 M Q I F V K T L

1686 ACC GGC AAG ACC ATC ACC TTG GAG GTG GAG CCT TCT GAC ACC ATC GAG AAT GTC AAG GCT AAG ATC CAG GAT AAG

9 T G K T I T L E V E P S D T I E N V K A K I Q D K

1761 GAG GGC ATT CCC CCA GAT CAG CAG CGT CTG ATC TTC GCC GGC AAG CAG CTG GAG GAT GGC CGC ACT CTG TCC GAC

34 E G I P P D Q Q R L I F A G K Q L E D G R T L S D

1837 TAC AAC ATT CAG AAG GAG TCC ACC CTG CAC TTG GTG CTC CGC CTG CGT GGT GGT ATC ATT GAG CCC TCG CTC AGG

59 Y N I Q K E S T L H L V L R L R G G I I E P S L R

1911 ATT CTG GCC CAG AAG TAC AAC TGC GAC AAG ATG ATC TGC CGC AAG TGC TAC GCC CGT CTG CAT CCT CGT GCC ACC

84 I L A E K Y N C D K M I C R K C Y A R L H P R A T

1944 AAC TGC CGC AAG AAG AAG TGC GGA CAC ACC AAOAAC CTG CGC CCC AAG AAG AAG TTG AAG TAG ACTATGATCATCCGTCG

109 N C R K K K C G H T N N L R P K K K L K End

2066 ACGGTCCAGGCTGGTCTTTCTATCGACAAAACCATGGTTAACCATCTAAGTAM'ThTGTACATTTTGTGAAACCACATCTAATCGAAATGTATTG CATIG

2169 CTGCCAAGGCACAGCCTA ] TTTACACCGTGTA?TmCYrG1mCCTGTCATCTGTTTCGTTTQTGTCTCCCGAAGAACGAGTTTCTGCGGTTTTA
2265 GGAAGCTCTTATACTGCAATTAGTTGGCCTCTCCGAGATCT

Fig. 2. Nucleotide sequence of the DUbS2 gene

Nucleotides are-numbered from a HindlIl site upstream of the gene. Amino acids are indicated by bold numbers. The junction between ubiquitin
and tail protein is shown by an asterisk. The fragrnent overlapping the cDNA sequence is surrounded by square brackets. The 5' intron is in lower
case. The consensus 5' and 3' splicing and branch-point sequences are in italics. The A implicated in the splicing reaction is marked by a dot. The
CT and GC stretches are doubly underlined. The different transcription start points are in bold letters. The Drosophila transcription start consensus
sequence (ATCAGTG) is underlined by a shaded line. The TATA-boxes are marked by broken lines. The TATA-like elements are underlined by
wavy lines. The CAAT-boxes are underlined by dots. The elements similar to the Ribo-box sequences of N. crassa are underlined by striped boxes.
The sequence similar to the binding site of the Xenopus TDEF is boxed. The translation start consensus sequence is underlined by thick broken
lines. The polyadenylation-like signal (AAATATA) is marked by a single line, and the TG sequence is in bold letters. The other 3' end formation
signal (CA-TlTG) is marked by a shaded line.

UbAS2, the cap site is found in a palindromic pyrimidine tract,
also very close to the intron start point [17]. On the other hand,
our data of transcription start studies (see below) by primer-
extension analysis indicate that three different transcription
initiation points seem to be present (Fig. 3). The first one is at
thymidine 1342, in the CT stretch. The other two points are
located 20 and 62 nucleotides upstream. These data are in
agreement with those reported for other ubiquitin-fusion proteins
[17] and Drosophila rp genes [43]. However, we can also see a D.
melanogaster transcription start consensus sequence, ATCAGTG
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[44], at the nucleotide 1137 (indicated by a shaded line in Fig. 2).
The meaning of this sequence is so far unknown.
With regard to regulatory elements in the 5' region, it has been

described in Drosophila that rp genes lack the canonical TATA-
box sequence 20-30 nucleotides upstream from the transcription
start site, but they contain TATA-like elements at unusual
positions. We have found TATA-like elements, AAATATA [45],
at positions 938, 960 and 1001 (wavy lines in Fig. 2). There are
also three canonical TATAAA sequences at nucleotides 711, 911
and 1158 (broken lines in Fig. 2).
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Fig. 4. Genomic Southern-blot analysis of the ubiquitin-fusion gene DUb52

Genomic DNA from D. melanogaster (Canton S) adult flies (8 ,ug)
was digested with EcoRI (lane 1), BamHI (lane 2), HindlIl (lane 3)
and XhoI (lane 4), and hybridized with the 0.2 kb tail-specific clone
p52Ub-. Size markers were fragments from wild-type phage A DNA
digested with HindlII.
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Fig. 3. Primer-extension analysis

A 15 bp-pair long synthetic oligonucleotide, complementary to
nucleotides 1891-1905 (5'-CGAGGGCTCAATGAT-3') was 5' end
labelled and annealed to 10 /sg (lane 1) and 5 ,ug (lane 2) of poly(A+)
RNA from D. melanogaster (Canton S) adult flies. Primer-extended
products are indicated by arrowheads. Size markers are 32P-labelled
phage A DNA digested with HindIII (lane 3) and BstElI (lane 4).
Their molecular sizes are given.

Table 1. Nucleotide sequences in DUb52 gene similar to the consensus
Ribo-box in N. crassia

Position Sequence
Mismatches with
the consensus

243 GT GGAAAAa-GG-AGCTC 3
577 CcGcAcAACTtG-tGCTa 6
1417 aacGAAAAaTCGCA-ATa 6

Ribo-box C G C C G A
consensus TAGAAAA T GG G TC

G T G G A C

Multiple CAAT-box [46] similarities have been found at
nucleotides 771, 891, 1092, 1227, 1362 and 1544 (marked by dots
in Fig. 2). These sequences are quite similar to the proposed
Drosophila CAAT consensus sequence A(A/T)GCA(A/T)-
N(A/T)N, which differs slightly from the mammalian consensus
sequence [47].
At nucleotides 243, 577 and 1417 (indicated by striped lines in

Fig. 2), we detected sequences identical with the consensus
Ribo-box described in N. crassa [48]. The sequences are given in
Table 1.

In the crp-J and crp-2 genes of N. crassa, three Ribo-box

sequences were found [48]. One ofthem overlaps the transcription
start point. In our case, one of them was located inside the
introh, and the others were positioned far upstream from the cap
sites.
At 1200 bp upstream from the CT stretch, we found a sequence

(boxed in Fig. 2) similar to the binding site of TFIIIA distal
element factor (TDEF) of Xenopus laevis [49]. This cis-element
(CACGTG) stimulates transcription from the TFIIIA promoter
in oocytes but not in somatic cells. We do not know if this
sequence has any physiological relevance in the DUb52 gene.
The 3' non-coding region. At the 3' end of the sequence, we

found a polyadenylation-like sequence AATATA (nucleotide
2118, indicated by a single underline in Fig. 2) [47], but we could
not find other sequences involved in the efficient 3' end formation
[50,51]. However, there are related sequences at positions 2164
[51], 2201 and 2222 [50]. At approx. 100 bp downstream from the
AATATA, we observed a GT-rich element (bold letters in Fig.
2). In yeast, it has been shown that the factor CFI binds this
element, which is necessary for the stabilization of the poly-
adenylation machinery [52]. In DUbS2, the exact site of
polyadenylation has not been determined, but it is likely that it
might be far downstream from this sequence, bearing in mind the
size of the DUb52 mRNA (see below).
The coding region. The sequence corresponding to the coding

region coincides with that previously described in cDNA
pUCUb52 [28]. The ATG translation initiation codon is included
in a Drosophila consensus sequence GCCGCC(A/G)CCATGG
[53]. The purine 5' upstream of the ATG codon is conserved, as
well as the cytosines at positions -4 and -5, although, at positions
-1 and -2, they are replaced by thymidines (underlined by dots in
Fig. 2).

Southern-blot analysis. In order to determine whether the
DUb52 gene is present as a single-copy gene, Southern blots of
digested D. melanogaster Canton S DNA were hybridized with
32P-labelled DNA p52Ub- (Fig. 4). Single hybridization bands,
ranging between 9 and 23 kb, were obtained when DNA samples
were digested with EcoRI, BamHI, HindIll and XhoI enzymes
(see Fig. 1). These data suggest that DUb52 gene exists as a single
copy in the Drosophila genome.

Pattern of ubiquitin-fusion gene expression
DUb52 encodes a 0.9 kb RNA. Polyadenylated [poly(A)+]RNA

from different developmental stages of D. melanogaster was
isolated and analysed by hybridization to a labelled tail-specific
DNA p52Ub-. Fig. 5 shows one single band of 0.9 kb in
embryonic, larval, pupal and adult RNA. This RNA is
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Fig. 6. Northern-blot analysis of different tissues from D. melanogaster

Total RNA (2.5 jug) from ovaries (lane 1) and 5 jug of total RNA
from Malpigian tubules and intestines (lane 2), imaginal discs (lane
3), fat bodies (lane 4) and salivary glands (lane 5) were hybridized to
the tail-specific probe p52Ub-.

Fig. 5. Northern-bit analysis of different developmental stages from
D. melaogaster (Canton S)

(a) Poly(A+) RNA (2 #ug/lane) was isolated from embryos (lane 1),
third-instar larvae (lane 2), pupae (lane 3) and adult ffies (lane 4),
and hybridized with tail-specific plasmid p52Ub-. The arrowheads
show the position of 23S and 16S molecular-size marker rRNAs
from E. coli. (b) The same filter was hybridized to an oc-tubulin-
specific probe, to check for RNA loading.

constitutively expressed throughout development as can be
observed when comparing the intensity of the bands from
different developmental stages (Fig. 5).
As Lee et al. [20] had previously observed, we also detected

specific hybridization of the ubiquitin-80 amino acid tail fusion
cDNA to a 0.9 kb mRNA (results not shown). Thus it appears
that both genes transcribe a 0.9 kb messenger (see the Discussion
section).

Differential expression of DUb52 gene. To determine the
distribution of ubiquitin-fusion gene expression, total RNA from
Malpigian tubules and intestine-associated tissues, imaginal discs,
fat bodies and salivary glands were isolated from third-instar
larvae. In addition, total RNA from adult ovaries was analysed.
Samples were fractionated, blotted and hybridized to the p52Ub-
probe. Fig. 6 shows a single band of 0.9 kb which is abundantly
expressed in all the samples. However, the level of expression
varied depending on the tissue examined. From densitometer
analysis it can be deducted that the steady-state concentrations
of the transcript for the ubiquitin-52-amino acid fusion gene in
ovaries is at least four times higher than in other tissues analysed.

In order to determine whether DUb52 gene expression is
altered depending on the growth conditions, RNA isolated from
Drosophila cell cultures growing in exponential and stationary
phases were analysed. Filters were then hybridized to the tail-
specific probe p52Ub- (Fig. 7a). The 52-amino acid fusion-
protein transcript is almost undetectable in stationary-phase
cells, whereas its concentration during the exponential phase is
15-fold increased. A similar phenomenon has been observed in

(a) 1 2

23 S >

(b) 1 2

16 S

(c) 1 2

Fig. 7. Northern-blot analysis of RNA from exponentially (lane 1) and
stationary (lane 2)-phase growing Drosophila cultured cells

Total RNA from 106 cells was hybridized to the tail-specific probe
p52Ub- (a), ubiquitin probe pUC63F [24,25] (b) and a-tubulin-
specific probe (c).
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the expression of the 52-amino acid fusion tail from S. cerevisiae
[12], and Trypanosoma cruzi [16]. However, the hybridization to
the polyubiquitin gene pUC63F [25,26] reveals that the poly-
ubiquitin expression is not apparently altered by growth con-

ditions (Fig. 7b). Thereby, and despite the results observed with
both Saccharomyces and Trypanosoma [12,16], where the tran-
scription of the polyubiquitin gene is stimulated during
stationary-phase cultures, in Drosophila this expression does not
appear to be significantly induced under these conditions.

DISCUSSION

The isolation and sequencing of a cDNA clone coding for the
52-amino acid ubiquitin-fusion protein DUb52 has previously
been reported [28]. In the present work, we describe the
characterization of a genomic clone from D. melanogaster
encoding this ubiquitin-fusion protein (DUbS2). The amino acid
sequence of the extension proteins is very conserved from yeast
to humans. This finding could indicate a common function of
these proteins among eukaryotes. Recently, it has been shown
that these are ribosomal proteins in yeast [23], mammals [24] and
other organisms [18,54].

Structure of the DUb52 gene

In some organisms, ubiquitin-fusion protein genes belong to a

multigene family. Moreover, the sequence that is identical with
that in DUbS2 in yeast [12], Arabidopsis [18], barley [55] and
humans [17] is present in more than one copy per haploid
genome. However, our Southern-blot analysis results suggest
that in the genome of D. melanogaster the 52-amino acid
ubiquitin-fusion protein is encoded by only one gene (Fig. 4).
The DUbS2 genomic sequence shares some similarities with

those of ubiquitin-fusion proteins in other organisms and also
with other Drosophila rp genes. Some common features among
higher eukaryote rp genes (except for human) are the presence of
a pyrimidine-rich transcriptional start point, surrounded by GC-
rich boxes; and the absence of a canonical TATA-box [41]. These
features are also seen in other non-rp genes transcribed by RNA
polymerase II [56,57]. In addition, it has been described that the
oligopyrimidine tract at the 5' end of mammalian rp mRNA is
important for translational control mechanisms [58]. Likewise,
the human ubiquitin-fusion proteinUbAN2 gene [17] presents the
cap site located within a 13-nucleotide palindromic pyrimidine
tract, close to the 5' end of the intron. Moreover, some Drosophila
rp genes also start in a CT-rich stretch [43], although other rp
genes do not [47,59]. We also show here that DUbS2 presents a
CT-rich region preceded by a GC-rich stretch in its 5' region. Our
primer-extension experiments locate three putative cap sites (Fig.
3). One of them is in the CT-rich stretch, although the other two
points are several nucleotides upstream from this sequence. On
the other hand, a Drosophila transcription start consensus
sequence [44] can be observed 186 bp upstream from the CT
tract. The significance of this sequence is, however, unknown.
Similarly, we found multiple TATA and TATA-like boxes [45],
even though these sequences are too distant to be significant.
There were also multiple CAAT-like boxes [47], as in other
Drosophila rp genes.
A different element occurring in the DUb52 gene is a region

similar to the so-called Ribo-box sequence of N. crassa [48]. The
co-ordinated expression of ribosomal components involves all
three RNApolymerases. The Ribo-box sequence ispresent in the
SS promoter transcribed by the RNA polymerase III, in the 40S
promoter transcribed by the RNA polymerase I, and in the crp-J

and crp-2 rp genes, transcribed by RNA polymerase II. It has
been suggested that the Ribo-box sequence may co-ordinate
transcription of rp genes with those of SS and 40S rRNA genes
[48]. It should be interesting to test the function of these
sequences, if any, in the Drosophila genome.

Hall & Tylor [49] have described a transcription factor, TDEF,
which stimulated the TFIIIA gene transcription threefold in
Xenopus oocytes. Although TDEF can bind to DNA in both
oocytes and somatic cells, in somatic cells the TFIIIA gene does
not exhibit an increased transcription. TDEF binds to a distal
region in the TFIIIA promoter, which includes a 6 bp pal-
indromic sequence (CACGTG). A yeast cell protein [60] and the
adenovirus type-2 major late transcription factor [61] possess
DNA-binding properties similar to those of TDEF. Interestingly,
we can also find this element, even though it is located far away
from the transcription start sites (Fig. 2). The presence of this
sequence and the possibility of the existence of an ovary-specific
transcription factor in Drosophila are in agreement with our
expression results. Thus, as we can see in Fig. 6, the DUbS2
mRNA concentration is higher in ovaries, at least four times
with respect to other tissues analysed.
The amino acid sequences of the ubiquitin tails have been

extremely conserved during evolution, suggesting an important
role for these proteins in eukaryotes. In yeast [23] and mammals
[24], these extension proteins are located in the cytoplasm, where
they are contained in the ribosomes. This location could explain
the presence of a nucleic acid-binding domain in the primary
structure of both Ub52 and Ub8O. The function of this domain
could be binding or interaction with mRNA or rRNA molecules
within the ribosome.

It has been suggested that these ribosomal tails, as well as
other ribosomal proteins, are extremely short-lived if they are
not properly assembled in the ribosome [62]. Hence, the transient
binding of ubiquitin to ribosomal-extension proteins could
increase the rate at which the ribosomal tails are transported
and/or assembled into the ribosome. This phenomenon could
decrease the proportion of tails synthesized de novo that should
be degraded during the transition to the ribosome [23].

Expression of the DUb52 gene
Analysis of DUbS2 gene expression reveals the presence of

only one 0.9 kb mRNA constitutively expressed in all devel-
opmental stages (Fig. 5). Previous reports [20] had shown that
the Ub8O fusion gene in Drosophila also encodes an mRNA with
a similar molecular size. Our findings confirm this observation
(results not shown). In humans, both genes homologous to
DUbS2 and DUb8O [17] also have the same transcript size.

However, the DUbS2 gene expression varies considerably
among different larval and adult tissues. Thus, adult ovaries
show a high accumulation of this fusion-protein mRNA as
compared with other tissues examined (Fig. 6). This result is in
accordance with the existence of a high rate of ribosome synthesis
during Drosophila oogenesis. A Drosophila egg contains about
5 x 1010 ribosomes [63]. Therefore it is not surprising to find a
higher level of ribosomal proteins in ovaries. A similar result has
been observed in Manduca sexta [21].

It has been proposed in yeast that the fusion genes represent
the major source of ubiquitin when ribosome synthesis is active,
i.e. during the exponential growth phase. However, the yeast
polyubiquitin gene is activated later in the cell cycle, during
nitrogen starvation and under cellular stress conditions [12,54].
In Drosophila cell culture, this differential expression occurs in
the DUbS2 gene, but does not occur in the polyubiquitin gene. In
fact, cells growing in the exponential phase accumulate the
D UbS2 transcript very actively, whereas it is repressed when cells
enter the stationary phase (Fig. 7). In contrast, the polyubiquitin
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gene does not seem to be differentially regulated during the two
growth conditions. Additionally, it had previously been observed
that the Drosophila polyubiquitin gene is not significantly induced
to transcribe under heat-shock conditions [25]. The data reported
here confirm this observation. However, Lee et al. [20] found a
threefold increase in polyubiquitin concentrations in heat-
shocked cells. Clearly, in Drosophila the heat-shock induction of
polyubiquitin transcript concentrations does not reach the level
observed in other species [12,27], where ubiquitin is considered a
major heat-shock protein. In Caenorhabditis elegans, Graham et
al. [38] did not find significant changes in polyubiquitin expression
on temperature elevation. Both organisms contain a large number
of ubiquitin repeats in the polyubiquitin mRNA (11 in Caeno-
rhabditis and 15-18 in Drosophila), which could provide enough
ubiquitin moieties to replenish the depleted concentrations of
free ubiquitin during heat-shock conditions. However, other
organisms have to increase the rate of transcription in order to
provide enough ubiquitin to reach the appropriate concentrations
in the cell.

In conclusion, in Drosophila the genes encoding ubiquitin
belong to a multigene family. In this work we have contributed
to its characterization by isolating and analysing a genomic clone
that encodes a ubiquitin-fusion protein and a 52-amino acid
ribosomal protein. Until now, the ubiquitin genes of the ubiquitin
multigene family isolated in Drosophila were the polyubiquitin
gene, characterized in our laboratory [25,26,64], and the 80-
amino acid fusion gene [20]. With the DUbS2 gene, the repertoire
of sequences encoding ubiquitin in Drosophila seems to be
complete.
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