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We isolated and characterized two related ubiquitin genes from Drosophila melanogaster, polyubiquitin and
UB3-D. The polyubiquitin gene contained 18 repeats of the 228-base-pair monomeric ubiquitin-encoding unit
arranged in tandem. This gene was localized to a minor heat shock puff site, 63F, and it encoded a constitutively
expressed 4.4-kilobase polyubiquitin-encoding mRNA, whose level was induced threefold by heat shock. To
investigate the pattern of expression of the polyubiquitin gene in developing animals, a polyubiquitin-lacZ
fusion gene was introduced into the Drosophila genome by germ line transformation. The fusion gene was
expressed at high levels in a tissue-general manner at all life stages assayed. The ubiquitin-encoding gene,
UB3-D, consisted of one ubiquitin-encoding unit directly fused, in frame, to a nonhomologous tail sequence.
The amino acid sequence of the tail portion of the protein had 65% positional identity with that of yeast UBI3
protein, including a region that contained a potential nucleic acid-binding motif. The Drosophila UB3-D gene
hybridized to a 0.9-kilobase mRNA that was constitutively expressed, and in contrast to the polyubiquitin gene,

it was not inducible by heat shock.

Ubiquitin is a highly conserved, 76-amino-acid protein
that is present in all eucaryotes examined, both as a free
polypeptide and covalently joined to various cytoplasmic,
nuclear, and cell surface proteins. Proteins known to be
conjugated to ubiquitin in vivo include histones H2A and
H2B (1, 21, 38), lymphocyte homing receptor (34), platelet-
derived growth factor receptor (43), and Drosophila actin
(3). The various functions of ubiquitin are not completely
understood, but the existing data indicate that it has several
important roles. First, ubiquitin plays an important role in
the ATP-dependent, nonlysosomal protein degradation path-
way (10, 16). It is joined covalently via its C-terminal Gly
residue to amino groups of short-lived proteins, and this
conjugation is required for the selective proteolysis of these
proteins (9, 10). Second, ubiquitin is a modifier of chromatin
structure through its conjugation to histones H2A and H2B
(21, 38). It has been suggested that this modification may
facilitate transcription and DNA repair (21). Third, it has
been proposed that ubiquitin and its conjugation system
serve as a sensor of the heat shock response. In this model,
the denatured proteins created by heat shock overload the
ubiquitin conjugation system. This results in the net deubi-
quitination of a sensor protein, which could be either the
heat shock transcription factor or a protein that activates this
factor (28, 31).

Recently, the ubiquitin genes from various organisms
were cloned and characterized (2, 18, 30, 39). These studies
revealed that the amino acid sequence of ubiquitin is highly
conserved from yeasts (30) to humans (39). A major source
of ubiquitin in yeast cells, especially during heat stress and
starvation, is provided by a gene that consists of tandem
repeats of a 228-base-pair (bp) protein-coding region that is
arranged by spacerless head-to-tail joining. Expression of
this gene generates a primary translation product consisting
of a polyprotein that is subsequently processed into mono-
meric units (29, 30). The number of unit repeats in polyubi-

* Corresponding author.
T Present address: Department of Biological Chemistry and Mo-
lecular Pharmacology, Harvard Medical School, Boston, MA 02115.

4727

quitin genes varies from species to species: Xenopus laevis
appears to have as many as 12, whereas yeasts contain 5.

Recently, monomeric ubiquitin genes have also been
identified in yeast and human cells (24, 29). Interestingly,
some of these genes encode hybrid proteins in which a
ubiquitin monomer is fused in frame to a nonhomologous tail
protein sequence that is highly conserved between yeasts
and humans (24, 29). At least one of the proteins encoded by
these hybrid genes is capable of being processed to mono-
meric ubiquitin, since the pool of free ubiquitin in exponen-
tially growing yeast cells is at normal levels in mutants
lacking the polyubiquitin gene (13).

Identification of the Drosophila polyubiquitin gene has
been reported by Izquierdo and colleagues (2, 18). In this
paper, we describe further analyses of the structure and
expression of the Drosophila polyubiquitin gene. We exam-
ined the tissue and temporal patterns of expression of the
polyubiquitin gene during the course of Drosophila develop-
ment, using B-galactosidase staining assays of germ line
transformants containing a ubiquitin-lacZ fusion gene. Also,
we describe the isolation and characterization of the Droso-
phila ubiquitin hybrid gene UB3-D.

MATERIALS AND METHODS

Plasmids and reagents. Plasmid pPUb has a 7.5-kilobase
(kb) BamHI-Sall genomic DNA fragment that contains the
intact polyubiquitin gene cloned into BamHI-Sall-digested
pUC19 (see Results). Plasmids pUB3-D1 and pUB3-D2 are
subclones of a Agtll cDNA clone of the UB3-D gene.
pUB3-D1 contains a 0.25-kb fragment that includes the 5’
leader sequence and a portion of the ubiquitin-encoding unit
of the UB3-D gene (up to the EcoRI site within the ubiquitin-
encoding unit; see Fig. 3), and pUB3-D2 contains a 0.46-kb
fragment from the remainder of the cDNA. Both UB3-D
fragments are cloned into the EcoRI site of pUC19. Plasmid
pUB3-NE has a 0.27-kb Nhel-EcoRI fragment that contains
only the tail portion of the UB3-D gene cloned into the
Xbal-EcoRlI sites of pUC19.

Restriction enzymes, alkaline phosphatase, T4 DNA li-
gase, S1 nuclease, and avian myeloblastosis virus reverse
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FIG. 1. (a) Restriction map of the cloned Drosophila polyubiquitin locus showing the 7.5-kb Sall-BamHI fragment that contains the
polyubiquitin gene. Symbols: M, protein-encoding region of the gene; —, direction and approximate position of the transcript. The kink in
the arrow represents the intron within the leader sequence. The following restriction enzyme sites are shown: Sall (S), HindIII (H), StyI (St),
Nrul (N), Xhol (X), BamHI (BH), Taql (Tq; not all Tagl sites are shown), and Bg/II (B). (b) Determination of the number of
ubiquitin-encoding repeats in the polyubiquitin gene. Plasmid pPUb, containing the polyubiquitin gene shown in panel a, was partially
digested with 5 (A) and 10 (B) U of Xhol for 15 min at 37°C. The DNA was separated on a 0.8% agarose gel and blotted onto a GeneScreen
Plus membrane as described in the text. The filters were hybridized to a nick-translated DNA fragment composed of the 0.23-kb

ubiquitin-encoding repeat.

transcriptase were purchased from Boehringer Mannheim
Biochemicals. T4 polynucleotide kinase and Klenow poly-
merase were purchased from New England BioLabs, Inc.
Sequencing kits and Sequenase were from U.S. Biochemi-
cal. [a-*?P]dATP, [a-3?P]dCTP, and [y->’P]ATP (3,000 Ci/
mmol) were obtained from Amersham Corp.

Southern hybridization. Genomic DNA was isolated as
previously described (37) from D. melanogaster adults (the
Canton S strain made homozygous as described by Simon et
al. [37]). The DNA samples were fractionated electrophore-
tically in a 0.8% agarose gel and transferred to a GeneScreen
Plus filter according to the instructions of the manufacturer.
The filter was hybridized with nick-translated DNA probes
as described elsewhere (25).

In situ hybridization. Salivary gland squashes were per-
formed as described elsewhere (23). Hybridization and de-
tection were performed as described previously (36), using
the 0.23-kb ubiquitin-encoding repeat as a probe.

DNA sequencing. Restriction fragments were cloned into
M13 phage and sequenced by the dideoxy-chain termination
method, using Sequenase.

RNA analysis. To prepare heat shock RNA, adult flies
were heat shocked by immersing a glass vial containing the
flies in a water bath at 36.5°C for 1 h. RNA was prepared as
previously described (37). Non-heat shock RNA was pre-
pared similarly but without heat shock. RNA samples were
electrophoresed and transferred to nitrocellulose filters es-
sentially as described previously (35). Ethidium bromide
staining revealed the presence of approximately equivalent
amounts of RNA in all lanes.

For S1 mapping, a 0.94-kb HindIII-Xhol fragment (Fig.
la) from the 5’ upstream region of the polyubiquitin gene
was cloned into pUCI19, and this subclone was used to
generate a 0.63-kb Tagql fragment. This fragment was end
labeled and then cleaved with Syl (Fig. 1a) to generate a
5’-end-labeled 0.47-kb fragment that was complementary to
the 5’ end of the ubiquitin RNA. This labeled fragment was
isolated by gel electrophoresis and used in hybridizations to
detect complementary RNA. A sample of total RNA (150
pg) or of poly(A)* RNA (20 pg) from heat-shocked or
non-heat-shocked flies was ethanol precipitated and sus-

pended with 20 pl of hybridization buffer (80% formamide,
0.4 M NaCl, 1 mM EDTA, 40 mM MOPS [morpholinepro-
panesulfonic acid], pH 7.0). After the labeled DNA probe
was added, the samples were covered with 50 pl of mineral
oil, heated at 85°C for 15 min, and quickly transferred to
51°C for annealing. After 15 h, 180 pl of S1 buffer (30 mM
sodium acetate, 0.1 M NaCl, 2 mM ZnCl,, 5% glycerol, pH
4.5 to 5.0) and S1 nuclease [800 U for total RNA and 320 U
for poly(A)* RNA samples] was added to each tube. After
incubation at 15°C for 90 min, the samples were ethanol
precipitated and analyzed on a 7% denaturing polyacryl-
amide gel. Hpall-digested pBR322 DNA was used as a size
marker.

For primer extension, a 23-nucleotide primer, complemen-
tary to bases 915 through 937 (Fig. 2) (located 4 bp upstream
of the intron donor site), was prepared. The 23-mer was
labeled at its 5’ end with T4 polynucleotide kinase as
described elsewhere (41). The end-labeled primer was an-
nealed to 20 pg of total RNA by being heated at 70°C for §
min and cooled to room temperature. Reverse transcription
was carried out as described previously (26). A 7% denatur-
ing polyacrylamide gel was used to analyze the resulting
extension products. Hpall-cut pBR322 DNA was used as a
size marker.

Ubiquitin-lacZ fusion. The plasmid pPUb (Fig. la) was
digested with BglII to liberate a 2-kb fragment containing the
upstream region. The 2-kb fragment was then treated with
Klenow enzyme to fill in sticky ends and cloned into
Smal-digested pMC1871 (8), which contains the B-galacto-
sidase protein-coding region. A 5.1-kb Sall fragment con-
taining the ubiquitin-lacZ gene was cloned into Sall-digested
Carnegie 20 vector for germ line transformation. Transfor-
mation was performed as described elsewhere (37), using
Drosophila melanogaster Adh°cn; ry’?? (ACR). Third-in-
star larvae, early- and mid-stage pupae, and adults were
dissected, stained for B-galactosidase activity, and examined
as described previously (15). Embryos of ages 4 to 8 and 12
to 16 h were permeabilized and stained whole as described
elsewhere (X. Sun, Ph.D. thesis, Cornell University, Ithaca,
N.Y., 1987).
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GGCTTGCTGTTCTTCGCGTTCARAATCTCCAGCTCCATTTTGCTTTCGGTGCGCTTGCAARTCAGTACTGTCCARRATCGRARATCGCCGARCCGTAGTGT
GACGTGCGGGGCTCTGCGARRATARAARCTTTTTTAGGTARTATGGCCACACACGGGGARAGCACAGTGGATTATATGTTTTAARTATTATARTATGCAGGTTT
TCATTACTTATCCAGATGTARGCCCACTTARAGCGATTTRACARTTATTTGCCGARARGAGTATARRCAARRTTTCACTTARARARTGGATTAARGARAAGCT
TGTGTARGATTATGCGCAGCGTTGCCAGATAGCTCCATTTTARRTTTCCAGTCARARGCTGCGAGT TTCARART TATAGCCGGTAGAGARGACAGTGCTATT
TCARARGCARRCTAACARGGGTCTTRARARTTCCARRARCACCARTCCTARCARGCCTTGGACTTTTGTARGTTTAGATCARAGGTGGCATTGCATTCAATGT
CATGGTARGARGTAGGTCGTCTAGGTAGRARTCCTCATTCAGCCGGTCRRGTCAGTACGAGARARGGTCTCARTTTGARATTGTCTTARARATATTTTATT
GTTTTGTACTGTGGTGAGTT TRRACGARRAARCACARRARARARGTGATACACAGAAARTCATARRARATTTTRRTACRRGGTATTCGTACGTATCAAAAAC
ATTTCGGCACARTTTTTTTTCTCTGTACTARAGTGT TRCGARCACTACGGTATTTTTTAGTGAT TTTCAARCGGACACCGARGGIATATARACAGCGTTCG
CGRRCGGTCGCCT!!!RHRCCRRTTGRCRTTTGCRGCHGCQRGTHCRRGCRGRRRGTRHRGCGCRRTCHGCGRRRRRTTTﬂTﬂCTTﬂﬂTTGTTGGTGRTT
ARRGTACARTTARARGARCATTCTCGARARGTCACARGRARCGTRAGTTTTTAARCTCGCTGTTACCART TAGTRATRAGAGCAACAARGACGTTGAGTARTT
TCRRGRRHHHCTGCHTTTCRRGGTCTTTGTTCGGCCHTT;;;;;;;;RTTCRRCGCTCTRCBTHHTTHCRHHRTRRGRHHTTGGCHGCCRCGCHTCTTGT
TTTCCCARTCAARTTGGCATCARRACGCARARCARATCTATAARRTARRRCTTGCGTGTTGATTTTCGCCAAGAT TTAT TGGCARATTGTGAARATTCGCAGTG
ACGCATTTGARRATTCGAGARATCACGAACGCACTCGAGCATTTGTGTGCATGTTATTAGTTAGTTAGTTCTTTGCTTAARTTGARGTATTTTACCAARCGA
ARTCCACTTATTTTTAGCTGARARTARGAGTAGGTTGCTTGAARARCGARRGCCACGTCTGGARARTTTCTTATTGCTTAGTAGTTGTGACGTCACCATATACA
CACARAATAATGTGTATGCATGCGTTTCAGCTGTGTATATATACATGCACACACTCGCAT TATGARRRCGATGACGAGCAARCGGARCAGGTTTCTCAACT
ACCTTTGTTCCTGTTTCTTCGCTTTCCTTTGTTCCARTATTCGTAGRGGGTTRATAGGGGTTTCTCARCARARGTTGGCGTCGATARATAARGTTTCCCATT

TTTATTCCCCAGCCAGGARGTTAGTTTCARTAGTTTTGTAATTTCARCGARARCTCATTTGATTTCGTACTARTTTTCCACATCTCTATTTTGACCCGCAG
oo000 (11}

ARTAATCCARA ATG CAG ATC TTT GTG ARG ACT TTG ACC GGA ARG ACC ATC ACC CTC GAG GTA GRG CCC TCG GAC RCC
Met Gin lle Phe Val Lys Thr Leu Thr Gly Lys Thr |le Thr Leu Glu Val Glu Pro Ser Asp Thr

ATT GAG ART GTT ARG GCT RAG ATC CAA GAC ARG GAG GGA ATT CCC CCA GAT CAR CAG CGT CTG ATT TTC GCC GGC
Ile Glu Asn Val Lys Ala Lys lle Gin Asp Lys Glu Gly lle Pro Pro Asp Gin GIn Arg Leu |le Phe Ala Gly

ARG CAG CTT GAG GART GGA CGC ACC CTG TCC GAT TAC AARC ATC CAG ARG GAG TCC RCC CTT CAC TTG GTC CTC CGT
Lys GIin Leu Glu Asp Gly Arg Thr Leu Ser Asp Tyr Asn lle GIn Lys Glu Ser Thr Leu His Leu Val Leu Arg

crc c6T 66T 66T ATG CAG ATC TTT GTG ARG ACC CTG ACT GGC ARG ACC ATC ACC CTC GAG GTA GAG CCG TCG GAC
Leu Arg Gly Gly Met Gin lle Phe Val Lys Thr Leu Thr Gly Lys Thr Ile Thr Leu Glu Val Glu Pro Ser Rsp

ACC ATT GAG AAT GTC RAG GCC ARG ATT CARG GAT ARG GAG GGA ATT CCC CCA GAT CAG CAG CGT CTG ATC TTC GCC
Thr lle Glu Asn Val Lys Rla Lys lle Gin Asp Lys Glu Gly lle Pro Pro Asp Gin Gin Arg Leu |le Phe Rla

GGC ARG CAG CTT GAG GAT GGA CGC ACC CTG TCC GAT TAC AAC ATC CAG ARG GAG TCC ACC CTT CAC TTG GTC CTT
Gly Lys Gin Leu Giu Rsp Gly Arg Thr Leu Ser Asp Tyr Asn lle GIn Lys Glu Ser Thr Leu His Leu Val Leu

¢6T cTc ¢6T 66T 66T ATG CARG ATC TTC GTG RAG ACT TTG ACC GGA ARG ACC ATC ACC CTIC GAG GTA GAG CCC TCG
Arg Leu Arg Gly Gly Met Gin lle Phe Val Lys Thr Leu Thr Gly Lys Thr Ile Thr Leu Glu Val Glu Pro Ser

GAC ACC ATT GAG RAT GTT ARG GCT ARG ATC CAA GAC ARG GAG GGA ATT CCC CCA GAT CARAR CAG CGT CTG ATT TTC
Asp Thr lle Glu Asn Val Lys Ala Lys lle GIn Asp Lys Glu Gly lle Pro Pro Asp Gin GIn Arg Leu Ile Phe

GCC GGC ARG CAG CTT GAG GAT GGA CGC ACC CTG TCC GAT TAC AAC ATC CAG RAG GAR TCG ACC CTT CAC TTG GTG
Rla Gly Lys GIn Leu Glu Asp Gly Arg Thr Leu Ser Asp Tyr Asn |le GIn Lys Glu Ser Thr Leu His Leu Val

CTC CGT CTC CGT GGA GGA ATC CAG GCT JTAA ACTARATARCATTTCCARATAARACACAATTTAGCACGCACTTCACTCTAAATARATAT

Leu Arg Leu Arg Giy Gly 1l€ GIn Ala
GAGGAGATTATGGATGGCCACTTTCCTTTCTGCATTGTCARARGGGARGACTARCAGARAARRATTCTARATTTCAGTRRACGCTARGACARTRRATTTTATTA

AATGTATTARTTCAAATAAATGARRRRGCTTTARATTCGCTTRTTRATTGTGTGGTATTTTTTTTTTTTTTITGAT

2. Nucleotide and deduced amino acid sequences of the polyubiquitin locus. The DNA sequence, which includes the 5'-flanking

region through codon 16 of the first ubiquitin-encoding repeat, is fused at the Xhol site (underlined) to the sequence determined from a
subcloned dimer of internal ubiquitin-encoding repeats. (We sequenced several dimers and monomers of repeats that encode identical amino
acid sequences, but we did not determine the order of the 18 repeats and present only a representative dimer.) This sequence is joined at the
3’ end to a sequence starting at amino acid 17 of the terminal repeat (underlined Xhol site) and a 3'-flanking region. The first amino acid codon
of each repeat is indicated in boldface. Intron donor and acceptor sites and the TACTAAC box (19) are marked by dots. The transcription
start sites defined by primer extension and S1 nuclease mapping analysis are indicated by arrows. The putative TATA box is underlined in
the 5'-flanking region. Possible polyadenylation signals are underlined in the 3’'-flanking region. The three extra amino acid residues following
amino acid 76, Gly, in the terminal repeat are boldfaced and underlined.
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RESULTS

Genomic structure of the polyubiquitin gene. We isolated
the cDNA clone adm63F.1 in a previous search for heat
shock gene cDNAs (22). The corresponding RNA was found
to be constitutively expressed in cell culture and was in-
duced 4.5-fold by heat shock; hence, this gene, which maps
to the cytological locus 63F, has been termed a minor heat
shock gene (22). Here, we report that the DNA sequence of
adm63F.1 establishes it as a polyubiquitin gene. To isolate
an intact genomic clone, the adm63F.1 DNA was used as a
probe for Southern hybridization with electrophoretically
separated BamHI-Sall-digested genomic DNA. A genomic
DNA fragment of approximately 7.5 kb showed hybridiza-
tion to the ubiquitin cDNA, and DNA of this size range was
purified and cloned into pUC19 to generate a small genomic
library. With the cDNA fragment used as a probe, the library
was screened to obtain a plasmid, pPUb, that contained the
intact polyubiquitin gene on a 7.5-kb fragment (Fig. 1a).

A partial Xhol digestion of pPUb showed a ladder of bands
with a unit size of 228 bp (Fig. 1b). The number of such
bands indicated that the Drosophila polyubiquitin gene con-
tained 18 tandem ubiquitin-encoding repeats. This determi-
nation of the repeat number agrees with an independent
measurement derived from quantitative Southern hybridiza-
tion (23) performed with variable amounts of a fragment
containing only one ubiquitin-encoding repeat unit as a
standard (data not shown).

The sequences of several repeats of the Drosophila ubi-
quitin-encoding region have been independently determined
by Arribas et al. (2). We have cloned monomers and dimers
of the ubiquitin-encoding repeat of plasmid pPUb and se-
quenced three randomly chosen monomers and four dimers
of the repeat. The predicted amino acid sequences of the
ubiquitin-encoding repeats sequenced were identical (Fig.
2), although the nucleotide sequences varied, especially at
the third position of the codon. The predicted amino acid
sequence was also identical to that for five of the nine
ubiquitin-encoding repeats previously reported (2), but we
did not see the frameshift mutation and the amino acid
substitution that had been reported for several sequenced
repeats (2). In addition, this amino acid sequence was
identical to that of human (39) and chicken (5) ubiquitin.
Interestingly, the C-terminal ubiquitin-encoding repeat of D.
melanogaster (which has not been examined previously)
encoded 79 residues rather than the 76 characteristic of
mature ubiquitin. The extra C-terminal residues were Ile-
Gln-Ala following residue 76, Gly. This contrasts with yeast
and chicken polyubiquitin, in which a single extra amino acid
has been found (5, 30). By blocking the carboxy terminus of
the preceding Gly residue, the extra C-terminal residues may
serve to prevent participation of unprocessed polyubiquitin
in reactions of ubiquitin-protein conjugation (30).

The sequence reported in Fig. 2 also includes sequences,
not previously reported, of regions upstream and down-
stream of the gene and of the RNA leader. During analysis of
the sequencing data, we found potential intron donor and
acceptor sites within the 5’ noncoding sequence. The exist-
ence of a 758-bp intror within the 5’ untranslated leader
region was confirmed by sequence analysis of five cDNA
clones (Fig. 1a). The intron donor site was located 126 bp
downstream of the transcription start site (see below), and
the acceptor site was 11 bp upstream of the first codon,
AUG. Interestingly, the position of the intron closely resem-
bled that of an intron in the chicken ubiquitin gene, UBI (6).

Southern blots of restriction endonuclease-cleaved Droso-
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FIG. 3. Southern blot analysis of genomic DNA from Canton S
adult flies. (A) Genomic DNA (10 pg) digested with Smal-Xmnl
(lane a), BamHI (lane b), HindIll (lane c), Sall (lane d), and
Smal-Nrul (lane e). Hybridization was carried out as described in
the text, using the 0.23-kb ubiquitin-encoding repeat DNA as a
probe. (B) Genomic DNA (8 pg) digested with BamHI (lane a),
HindlIII (lane b), Sall (lane c¢), and Nrul (lane d). Hybridization was
carried out by using a 0.27-kb tail-specific fragment isolated from
pUB3-NE as a probe.

phila DNA were hybridized with labeled DNA containing all
of the polyubiquitin-encoding repeats of pPUb. One major
and one or two minor bands of hybridization were observed
in each lane (Fig. 3). The intensity of the minor bands was
highly variable when nonhomozygous lines were analyzed.
We suggest that the minor signals resulted from length
polymorphisms among alleles of the polyubiquitin gene. The
variability among the different fly stocks observed by us and
by Izquierdo et al. (2, 18) suggests that the length of the
polyubiquitin gene is flexible, expanding or contracting by
unequal crossing over between tandemly arranged repeats.
However, we cannot exclude the possibility that the weak
hybridization signals were due to additional minor polyubi-
quitin loci that contained only one or a few ubiquitin repeats
or repeats having low homology.

The Drosophila ubiquitin gene family includes a hybrid gene
encoding a ubiquitin monomer fused to an 80-amino-acid tail
sequence. The screening of a Agtll adult fly library with a
probe from the ubiquitin-encoding region revealed both
strongly and weakly hybridizing plaques. Cloning and se-
quencing of DNA from these latter plaques revealed a novel
ubiquitin-related gene, designated UB3-D (Fig. 4). UB3-D
encoded a protein of 156 amino acids in which a ubiquitin
monomer (76 amino acids) was fused to a heterologous tail
polypeptide of 80 amino acids. The amino acid sequence of
the ubiquitin moiety of the fusion protein was identical to
that of polyubiquitin, although the nucleotide sequence was
more divergent (83% positional identity). The amino acid
sequence of the tail moiety of the protein encoded by UB3-D
was also homologous to that of a similar ubiquitin hybrid
gene product described in other organisms. It had 65%
identity to the sequence of yeast UBI3 tail protein (29) and
82% identity to the tail moiety of an analogous human
protein (24) (Fig. 4). The tail protein was very basic, con-
taining 30% Arg and Lys, and had the characteristically
positioned four Cys residues that could potentially form a
zinc finger, DNA-binding motif (20, 29). The fact that the
amino acid sequence of the UB3-D-encoded protein is con-
served among different organisms suggests that it possesses
a conserved function.

The number of UB3-D genes per genome was determined
by hybridization of Southern blots of electrophoretically
fractionated genomic DNA from D. melanogaster Canton S,
using a 0.27-kb tail-specific fragment isolated from plasmid
pUB3-NE as a probe (Fig. 3). The existence of one band in
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GARTTCCCTTTTTTGAARTTTATTATTCAATTACTACCTTTATTTGATTTCTGGA  S4
ARCGTACATGATCTTATGTAGCAARATTACTTTTCCTTTGATTCTGTTGCCGARGCARGTTTGGTGACTGGAATACAARG 133
ATG CAG ATC TTC GTT ARG ACC CTC ACG GGC ARG ACC ATC ACT CTT GAG GTC GAA CCG TCG 193
D. Met Gin lle Phe Val Lys Thr Leu Thr Gly Lys Thr lle Thr Leu Glu Val Glu Pro Ser 20
H. - - - - - - 4 4 4 4 44 e e e e e e
v. - - -4 4 4 - - 4 4 4 4 4 4 4« = =4 = - Ser _
EcoRl
GAT ACT ATC GAA AAT GTC AAA GCC ARG ATT CAG GAC ARA GAA GGA ATT CCT CCA GAT CAG 253
D. Asp Thr lle Glu Asn Val Lys Ala Lys lle GIn Asp Lys Glu Gly lle Pro Pro Asp GIn 40
H. - = - - - - - 4 4 4 4 4 e e e e e e -
V. - —- -~ RAsp _ _ _ Ser _ _ _ - 4 4 4 4 =4 =4 = =
CAG CGT CTG ATC TTC GCT GGC ARG CAG CTG GAA GAT GGC CGC ACC CTC TCT GAC TAT AAC 313
D. Gin Arg Leu lle Phe Ala Gly Lys GIn Leu Glu Asp Gly Arg Thr Leu Ser Asp Tyr Asn 60
H. - - - - 4 - 4 4 4 4 4 4 4 - e e e e -
v. - - - - - 4 4 4 4 4 4 4a a4 e e e e e
ATT CAG ARG GAG TCC ACT TTG CAC TTG GTG CTC CGC CTG CGT GGT GGT‘OCC ARG ARG CGC 373
D. Ile GIn Lys Glu Ser Thr Leu His Leu Val Leu Arg Leu Arg Gly Gly Ala Lys Lys Arg 80
H. — = - o 4 e e mm e e e e e e - - - =
v. _ - - - - - - - - - - - - <2 - -6y _ _ _
ARG ARG ARG ARC TAC TCC ACT CCC ARG AAA ATC ARG CAC ARG AGG ARG AAG GTC ARG CTA 433
D. Tyr Ser Thr Pro Lys Lys lle Lys His Lys Arg Lys Lys Val Lys Leu 100
H. — - —~ Ser _ Thr _ _ _ _- Asm _ _ _ - - - - - -
Y. - = = Val - Thr - - _- _- _- - - - His - - _ _- _
GCT GTC CTG ARA TAC TAC ARG GTT GAC GAG AAC GGC ARG ATC CAC CGT CTC CGT CGC GAG 493
D. Ala Val Leu Lys Tyr Tyr Lys Val Asp Glu Asn Gly Lys Ile His Arg Leu Arg Arg Glu 120
H. - = - - - 4 4 4 4 4 4 4 - - Sser - - - - -
Y. - - - Ser _ _ _ _ _- AlaGlu - _ Val Thrbys - _ _ _
TGC CCC GGT GAG ARC TGC GGC GCC GGC GTC TTC ATG GCT GCC CAC GAR GAT CGT CAC TAC 553
D. Cys Pro Gly Glu Asn Cys Gly Ala Gly Val Phe Met Ala Ala His Glu Asp Arg His Tyr 140
H. — =~ SerAspGlu _ _ _ _ _ _ _ _ Ser _ Phe _ _ _ _
V. — Ser AsnPro Thr _ _ _ _ _- _ Leu _ Asn _ Lys _ _ Leu _
TGC GGC ARG TGC ARC CTG ACC TTT GTC TTC AGC AAA CCA GAG GAA ARG TAA TTTTGCTACAT 61S
D. Cys Gly Lys Cys Asn Leu Thr Phe Val Phe Ser Lys Pro Glu Glu Lys 156
H. — - —- - Cys _ _ TyrCys _ Asn _ _ _ Asp _
Y. — — ~ ~ His Ser Val Tyr Lys Val Asn Ala 152
ARGATCATGTACGTTTCCAGAAATCARATARAGGTACTAAT TGARTARTARATTCARTCGCTGARAARARRRAAAAAAA 694
ARARA 699

FIG. 4. Nucleotide and deduced amino acid sequences of the Drosophila UB3-D cDNA clone (D) and comparison with the amino acid
sequences of the homologous human (H) (24) and yeast UBI3 (Y) (29) genes. Bold characters indicate the first amino acid of the tail moiety
of the protein. The arrowhead indicates the site of proteolytic cleavage that would be required to generate mature ubiquitin from the primary
translation product. A stretch rich in basic amino acid residues that resembles a nuclear localization signal (11) is underlined in the tail
sequence. The amino acid residues of the three clones are numbered from 1 to 156 (H and D) or 152 (Y), beginning with the N termini.

each lane suggests that there is only one copy of the UB3-D
gene in the genome.

Analysis of RNA encoded by the polyubiquitin and UB3-D
genes. The sizes and relative amounts of RNAs containing
ubiquitin-encoding units were estimated by hybridization of
the polyubiquitin-encoding repeat probe to Northern (RNA)
blots of total RNA from adult flies. An RNA species of 4.4
kb produced the most prominent signal; however, several
smaller and less abundant RNAs were also observed (Fig. 5).
The major 4.4-kb mRNA was of a size consistent with that
predicted for the full-length polyubiquitin-encoding RNA.
The minor band of 0.9 kb in length was apparently the
UB3-D mRNA, since it hybridized strongly to a probe made
from the UB3-D gene. The other minor band may represent
another monoubiquitin hybrid gene homologous to that
found in yeast cells (29) or a minor polymorphic variant of
the polyubiquitin gene in the population of flies from which
the RNA was isolated (see above).

A previous study established that the original polyubiqui-
tin cDNA clone hybridized to a constitutively expressed
RNA species in Drosophila cell cultures that was inducible
to a 4.5-fold-higher rate of synthesis by heat shock (22).

a b
olyubiquitin B3-D
NHS HS NHS HS
e - =4.40kb -
-2 37kb >
=-1.35kb=

FIG. 5. Northern blot analysis of heat shock and control RNA.
Total RNA (30 ng) isolated from non-heat-shocked or heat-shocked
flies was fractionated and hybridized with the 0.23-kb ubiquitin-
encoding repeat DNA (a) or pUB3-D2 cDNA (b) fragment as
probes.
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FIG. 6. (a) Primer extension mapping of the transcription start. A 23-nucleotide synthetic primer (5'-CTTGTGACTTTCGAGAATGTTCT-
3’) complementary to nucleotides 915 through 937 was end labeled and annealed to total RNA (20 ug) from two preparations (lanes 1 and 2).
A control primer was mock annealed in the absence of RNA [lane (—)RNA]. Reverse transcription was carried out as described in the text.
The same experiment done separately with heat shock RNA yielded a single primer-extended product with the same size as that for non-heat
shock RNA (not shown). Hpall-cut pBR322 was used as a size marker, and the fragment sizes (in nucleotides) are indicated in the MW lanes.
(b) S1 nuclease mapping of the transcription start. A 0.47-kb Styl-Tagl restriction fragment, end labeled with Kinase at the Tagl site, was
hybridized to non-heat shock (NHS) or heat shock (HS) total (150 ug) or poly(A)* (20 pg) RNA. As controls, hybridizations without RNA
plus S1 treatment [lane (—)RNA] and with RNA minus S1 treatment [lane (—)S1] were performed. Hpall-cut pBR322 DNA was used as a

size marker; fragments sizes are shown as in panel a.

More recently, a study of polyubiquitin RNA levels in flies
suggested that the gene was not induced by heat shock (2).
To reexamine this question, RNA from both heat-shocked
and non-heat-shocked flies was hybridized with a nick-
translated ubiquitin probe. Heat-shocked flies contained
approximately three times more 4.4-kb polyubiquitin-en-
coding message than did uninduced flies (Fig. 5). To stan-
dardize the quantitation, filters were reprobed with nick-
translated DNA from B-1-tubulin and ribosomal protein 49
genes (40). The discrepancy between this result and that
reported previously (2) may have arisen from differences in
the method of heat shock or from the fact that this level of
induction is rather difficult to detect over the background of
constitutively expressed polyubiquitin.

The transcription start site of polyubiquitin mRNA was
mapped by both primer extension and S1 nuclease mapping
experiments. We prepared a 23-nucleotide primer that was
complementary to the known RNA sequences from nucleo-
tides 915 to 937, located just upstream of the intron donor
site. A single primer-extended product of approximately 123
bases was observed with non-heat-shock RNA (Fig. 6a) and
heat shock RNA (data not shown).

S1 nuclease mapping was also performed. An end-labeled
Styl-Tagql 0.47-kb fragment was annealed to poly(A)* RNA

or total RNA as described in Materials and Methods. S1
nuclease digestion resulted in an approximately 112-bp pro-
tected fragment (Fig. 6b). Since the Tagl site used for end
labeling is 11 bp upstream of the 3’ end of the 23-nucleotide
primer, the S1-protected fragment is 11 bp shorter than the
primer-extended fragment. Thus, the estimated transcription
start site is at nucleotide 815 = 3 (Fig. 2) for RNAs made
both in heat shock-induced and uninduced flies. Sequence
analysis of four cDNA clones confirmed this assignment of
the start site. In addition, we noted the presence of a TATA
box sequence, TATATAAA, 31 bp upstream of this transcrip-
tion start site and within a GC-rich environment (Fig. 2).

The sequence of one cDNA clone contained an additional
20 bp upstream of the major transcription start site. This may
be explained by a minor start site(s) upstream of the major
site. This explanation is also consistent with the minor bands
observed when the film was exposed longer than that shown
in Fig. 6b.

To examine UB3-D mRNA levels, the filter was hybrid-
ized with a nick-translated pUB3-D2 cDNA fragment. It was
found that the UB3-D gene was expressed at about a
fivefold-higher level than was the B-1-tubulin gene, and the
expression of the UB3-D gene was not detectably increased
upon heat shock (Fig. 5).
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Ub-lacZ ACR

FIG. 7. B-Galactosidase activity in polyubiquitin-lacZ transform-
ants. Larvae of transformant (left) and parent strain ACR (right)
were dissected and stained in X-Gal buffer for 2 h (15).

Expression of polyubiquitin gene is tissue general. The
polyubiquitin RNA is present in Drosophila cell culture and
in whole animals at embryonic, larval, pupal, and adult
stages (22; Fig. 5 and data not shown). To facilitate more
precise analysis of the tissue-specific and temporal pattern of
expression of the polyubiquitin gene, the gene was marked
by fusion to the protein-coding region of B-galactosidase.
This hybrid gene contained the 2-kb, 5’ Bgl/II fragment of the
polyubiquitin gene (Fig. 1a), which had 1.1 kb of sequences
upstream of the transcription start. This hybrid gene was
introduced into the Drosophila genome by germ line trans-
formation (33). Five independent transformants and the
parental ACR flies were dissected in X-Gal (5-bromo-4-
chloro-3-indolyl-B-D-galactopyranoside) buffer as described
in Materials and Methods. The blue reaction product was
first observed within 30 min in the transformants, while the
endogenous B-galactosidase activity in ACR flies was de-
tected in only a few tissues and only after overnight devel-
opment as described previously (15). Some variability in
staining intensity was observed, but most if not all tissues
stained dark blue within 2 h in all of the transformants. No
difference in the level of expression was observed between
female and male flies. We also compared the expression of
the fusion gene in heat-shocked and non-heat-shocked trans-
formants. In heat-shocked flies, blue staining appeared more
rapidly but the final pattern was identical. To examine the
developmental specificity of the expression, transformant
third-instar larvae and early- and mid-stage pupae were
dissected as described above. Groups of 4- to 8-h and 12- to
16-h embryos were permeabilized and stained as described
in Materials and Methods. We observed a tissue-general
pattern of staining at all life stages assayed (Fig. 7), support-
ing the view that the polyubiquitin gene is expressed consti-
tutively and in a developmentally nonspecific manner.
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DISCUSSION

Ubiquitin is encoded by an unusual family of genes. This
family has been most extensively characterized in yeast cells
(29); however, the basic composition of this family is similar
in humans (39) and, as described above, in D. melanogaster.
A prominent source of the ubiquitin polypeptide is a polyu-
biquitin gene that contains tandem arrays of ubiquitin-
encoding units; in yeast cells, the polyubiquitin gene pro-
vides by far the major source of ubiquitin in heat-stressed
and stationary-phase cells. Additional ubiquitin is provided
by hybrid genes that encode a ubiquitin monomer fused to an
unrelated amino acid tail sequence. Both the polyprotein and
the hybrid proteins are processed to yield the monomeric
units (29, 30) that contribute to the pool of free ubiquitin (13).

The protein sequence of ubiquitin is extremely conserved.
The predicted amino acid sequence of the unit repeat of the
product of the Drosophila polyubiquitin gene is identical to
that of chicken and human ubiquitin. The organization of the
polyubiquitin genes is also conserved. Ubiquitin-encoding
repeats in the polyubiquitin gene are organized in a head-to-
tail tandem array with no spacer or termination codon
between the repeats. Each ubiquitin unit is directly joined to
an adjacent unit by a Gly-Met junction, which in yeast cells
has been shown to be cleaved by a specific processing
enzyme to generate mature monomeric ubiquitin (29, 30).
Although the general structure of the polyubiquitin gene has
been conserved, the number of repeats, the number of genes
per genome, and the identity of the final amino acid residue
in the terminal repeat of the polyprotein are different among
species (5, 39). There are 18 repeats in the polyubiquitin gene
of our D. melanogaster Canton S line; this is the longest
ubiquitin gene identified (there are 4 repeats in chicken cells
[6], 5 in yeast cells [30], 9 in human cells [39], and approx-
imately 12 in X. laevis [12]).

The Drosophila UB3-D gene is a ubiquitin hybrid gene
encoding a protein with an 80-amino-acid tail sequence. The
amino acid sequence of the tail moiety of the UB3-D gene
product has over 65% homology with that of yeast UBI3
protein and 82% homology with that of the human homolog.
The tail amino acid sequences are thus conserved to a high
degree over great evolutionary distances and therefore are
likely to have similar functions. The tail protein is rich in
basic amino acids and has a highly basic stretch of seven
residues at the beginning of the tail (Fig. 4) which resembles
a sequence motif required for protein localization to the
nucleus (11). It has also been suggested that the tail sequence
contains a generalized consensus sequence originally de-
scribed in TFIIIA (20) that forms distinct Zn*-binding do-
mains which interact with nucleic acids (29). These data
suggest that either the intact hybrid protein or the 80-residue
tail may function as a nucleic acid-binding protein (29).

The polyubiquitin gene has a design that is adapted for thé
rapid production of large amounts of ubiquitin. However,
the existence of multiple genes in the ubiquitin family leaves
open the possibility that the polyubiquitin gene is active
mainly at specific developmental stages or in specific cell
types of multicellular organisms. In yeast cells, the hybrid
genes are a major source of ubiquitin in vegetatively growing
cells, whereas the polyubiquitin gene is the major source of
ubiquitin in stationary-phase cells. Several ubiquitin mRNA
species are expressed in both Dictyostelium discoideum (14)
and X. laevis (12), and the relative abundance of these RNAs
varies during development. In chickens, a ubiquitin gene
that has 94% sequence identity to the coding region of the
major polyubiquitin gene (UbI) is expressed in germinal cell
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lines during spermiogenesis but has not been detected in
other tissues (27).

Examination of the developmental and spatial expression
of the polyubiquitin gene in D. melanogaster cells in situ by
either antibody staining of ubiquitin or hybridization with a
ubiquitin cDNA probe is complicated by the multiplicity of
genes. To overcome this complication, the polyubiquitin
gene was marked by fusion to the Escherichia coli lacZ gene
and introduced into the germ line by transformation. A large
amount of the ubiquitin upstream sequence (1.1 kb) was
included on this construct to increase the probability that the
hybrid gene would show the normal pattern of polyubiquitin
gene expression. This strategy had been successfully applied
to generate patterns of expression of the hybrid gene which
correspond with those of the endogenous gene (15, 17, 35).
Expression of the ubiquitin-lacZ gene was examined by
using a histochemical stain for B-galactosidase activity and
found to be constitutively produced throughout all stages
(embryonic, larval, pupal, and adult) of development exam-
ined. Since the B-galactosidase activity was relatively stable,
we cannot rule out the possibility that quantitative fluctua-
tions in the rate of ubiquitin-lacZ expression were masked
by B-galactosidase that accumulated during the course of
development. However, measurements of the 4.4-kb ubiqui-
tin mRNA by Northern analysis in whole (untransformed)
animals confirmed that this gene is expressed constitutively
throughout development and is a major ubiquitin-encoding
RNA (H. Lee, unpublished data). This tissue-general and
developmentally nonspecific expression of polyubiquitin is
consistent with its role as one of the major sources of the
multifunctional ubiquitin polypeptide.

The levels of free ubiquitin and ubiquitinated H2A rapidly
decrease in response to heat shock and other stress treat-
ments (4, 7, 31). Ubiquitin becomes conjugated to a variety
of other proteins and in so doing is thought to participate
either in the degradation of protein damaged by the stress or
in the restoration of these proteins to their native conforma-
tions (13). Concomitant with this reduction in free ubiquitin
is the enhanced rate of synthesis of polyubiquitin RNA. The
level of polyubiquitin RNA has been shown to increase
severalfold over normal levels in yeast (13) and chicken (5)
cells in response to heat shock. The Drosophila polyubiqui-
tin gene is also induced by heat shock, as has been shown in
the analysis of pulse-labeled RNA in cell cultures (22) and as
shown here by the analysis of RNA levels in flies by
Northern blots and S1 assays. Although the polyubiquitin
gene encodes a 4.4-kb mRNA which shows threefold induc-
tion by heat shock, the 0.9-kb mRNA of UB3-D does not
show any detectable heat induction.

The observation that the polyubiquitin gene is heat induc-
ible provoked us to search for heat shock consensus ele-
ments in its 5’ upstream region. We sequenced 0.8 kb
upstream from the transcription start site but failed to find
good matches to the heat shock consensus element, either to
the original 14-bp sequence (32) or to the modified version
consisting of multimers of a 10-bp repeating unit (42). The
absence of good heat shock elements in the proximal up-
stream region is not inconsistent with the fact that the
ubiquitin RNA made during heat shock is at a level 5- to
20-fold lower than that of the major heat shock genes (22).
This lower level of heat shock expression could be explained
by the existence of heat shock consensus elements farther
upstream of the sequenced 0.8-kb flanking region or by
matches to 1.5 copies of the 10-bp repeating unit (42) present
in the leader at position 916 or in the intron at position 1209
(Fig. 2). Alternatively, poor matches to the consensus se-
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quences in the proximal region may weakly bind heat shock
transcription factor, resulting in modest stimulation of
expression. Finally, the polyubiquitin gene may be induced
by a mechanism that is distinct from that of other heat shock
genes. Interestingly, both the chicken UBI (6) and the yeast
polyubiquitin (29) genes contain heat shock consensus ele-
ments in their upstream regions, although it is not known
whether these elements are functional.
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