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Ubiquitin is a multifunctional 76-amino-acid protein which plays critical roles in many aspects of cellular
metabolism. In Caenorhabditis elegans, the major source of ubiquitin RNA is the polyubiquitin locus, UbiA.
UbiA is transcribed as a polycistronic mRNA which contains 11 tandem repeats of ubiquitin sequence and
possesses a 2-amino-acid carboxy-terminal extension on the final repeat. The UbiA locus possesses several
unusual features not seen in the ubiquitin genes of other organisms studied to date. Mature UbiA mRNA
acquires a 22-nucleotide leader sequence via a trans-splicing reaction involving a 100-nucleotide splice leader
RNA derived from a different chromosome. UbiA is also unique among known polyubiquitin genes in
containing four cis-spliced introns within its coding sequence. Thus, UbiA is one of a small class of genes found
in higher eucaryotes whose heterogeneous nuclear RNA undergoes both cis and trans splicing. The putative
promoter region of UbiA contains a number of potential regulatory elements: (i) a cytosine-rich block, (ii) two
sequences resembling the heat shock regulatory element, and (iii) a palindromic sequence with homology to the
DNA-binding site of the mammalian steroid hormone receptor. The expression of the UbiA gene has been
studied under various heat shock conditions and has been monitored during larval moulting and throughout the
major stages of development. These studies indicate that the expression of the UbiA gene is not inducible by
acute or chronic heat shock and does not appear to be under nutritional or developmental regulation in C.

elegans.

Ubiquitin is a 76-amino-acid protein that has been highly
conserved in the evolution of eucaryotes. It has been impli-
cated in vital roles in most fundamental cellular processes
(27, 51). In the nucleus, ubiquitin is thought to play impor-
tant roles in chromatin structure (36), cell cycle events (11,
20), and, potentially, DNA repair (30). In the cytoplasm,
ubiquitin is one of the most abundant proteins. It is the
mediator of the major ATP-dependent nonlysosomal protein
degradation pathway (for a review, see reference 27) and has
been found conjugated to actin in insect cytoskeleton (4).
Ubiquitin is believed to have a role in cell surface recogni-
tion. Antibodies to ubiquitin detect the lymphocyte homing
receptor (57), the platelet-derived growth factor receptor
(69), growth hormone receptor (35), and several other uni-
dentified external membrane proteins (57). Ubiquitin has
also been associated with regulation of the heat shock
response (6, 42; U. Bond and M. J. Schlesinger, Abstr. Cold
Spring Harbor Meet. Heat Shock 1985, p. 103) and with an
autocrine growth factor (44). In most of its roles, monomeric
ubiquitin is conjugated to another protein and may act as a
recognition signal to guide distinct classes of specialized
proteins and enzymes. Recently it has been shown that
ubiquitin may itself possess proteolytic activity (22). The
X-ray structure of ubiquitin has been determined to a reso-
lution of 0.18 nm (66) and reveals a compact globular protein
with a C-terminal tail which extends into the solvent. A
hydrophobic core and extensive hydrogen bonding provide
ubiquitin with exceptional stability (68), which may be
essential for the many cellular environments it occupies.

Much of the recent effort to understand ubiquitin metab-
olism has concentrated on the study of ubiquitin at the level
of gene structure. All organisms examined to date possess a
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polyubiquitin gene, with the number of tandem repeats
varying between organisms, from 3 in Dictyostelium discoi-
deum (24) to 15 or more in Drosophila melanogaster (2). It is
believed that ubiquitin is transcribed as a polycistronic
mRNA from these loci, translated into a polyprotein, and
then cleaved proteolytically to yield free ubiquitin monomer.
Although common in viral systems, this process represents a
unique system of gene expression for eucaryotes, whose
genes are typically interrupted by introns and are monocis-
tronic (polycistronic mRNAs exist for some secretory pro-
teins and for yeast o factor; however, they all have spacer
sequences or a low copy number or both [16, 34]). Since it
has been conserved, this unique gene structure probably
confers some functional advantage(s) to cells. In Saccha-
romyces cerevisiae, the polyubiquitin locus has been shown
to play an essential role in supplying ubiquitin to cells for
sporulation and development and in enabling cells to with-
stand conditions of stress (e.g., high temperature or nutri-
tional deprivation) (21).

We have begun studies on ubiquitin in the nematode
Caenorhabditis elegans. Using a yeast ubiquitin gene clone
(kindly provided by A. Varshavsky, Massachusetts Institute
of Technology, Cambridge), we have isolated the C. elegans
polyubiquitin gene, UbiA. We have previously shown that
UbiA RNA acquires a 22-nucleotide leader sequence by a
trans-splicing reaction (26). Here we present the complete
sequence of UbiA and characterize the structure and expres-
sion of its transcript. UbiA possesses unusual features not
seen in ubiquitin genes from other organisms studied to date.

MATERIALS AND METHODS

Screening C. elegans genomic libraries. The plasmid pUB2,
containing the yeast ubiquitin-coding region, was provided
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FIG. 1. Structure of the UbiA gene of C. elegans. Thick arrows indicate tandemly repeated regions encoding monomeric ubiquitin. Open
boxes represent introns which are present in the primary transcript of UbiA. The shaded box represents the final 2 amino acids of
polyubiquitin and the 3’ untranslated region. Lines below the gene represent the two overlapping phage clones, Ubl and Ub2, which contain
UbiA. Selected restriction sites are indicated as follows: S, Sall; X, Xabl; C, Clal, H, HindIII; E, EcoRI.

by A. Varshavsky. The ubiquitin-coding region was sub-
cloned into the vector M13mp19 (40), and uniformly radio-
labeled probes for library screening were prepared by primer
extension of single-stranded recombinant phage DNA as
described by Russnak and Candido (53). A A Charon 4
library of a partial EcoRI digest of C. elegans genomic DNA
was provided by T. Snutch (Simon Fraser University, Bur-
naby, British Columbia, Canada). Also used was a Agtll
library of a partial EcoRI digest provided by R. Barsted
(Washington University, St. Louis, Mo.). Both phage librar-
ies were screened by the method of Benton and Davis (5).
Positive clones were analyzed by restriction enzyme diges-
tion and Southern blotting (60).

Genomic Southern blot analysis. Genomic DNA was pre-
pared from the C. elegans Bristol (N2) and Bergerac (BO)
strains as described by Jones et al. (31). Southern transfers,
hybridization, and washing of filters were performed by the
method of Russnak et al. (53). The hybridization signal was
found to retain specificity and increase in intensity under
conditions of lowered stringency (5X SSPE-30% forma-
mide, 42°C [1X SSPE is 10 mM sodium phosphate {pH 7.4},
150 mM NaCl, and 1 mM EDTAJ). These conditions were
therefore used for all Southern, Northern (RNA), and phage
library hybridizations described here.

DNA sequencing. Restriction fragments of genomic DNA
were subcloned from A phage into the sequencing vectors
M13mpl8 and M13mp19 (40) and were sequenced by the
dideoxy-chain termination method of Sanger (54) at 50°C. All
cloned DNA was sequenced on both strands or multiple
times on one strand. DNA and protein sequences were
analyzed by using the computer program described by
Delaney (15).

Culture of C. elegans. C. elegans Bristol (N2) was main-
tained in liquid culture as described previously (63). Syn-
chronous populations were obtained by inoculating cultures
with embryos prepared from gravid adult C. elegans by
alkaline bleaching (19). Cultures were either fed immediately
or were allowed to hatch and arrest as L1 larvae prior to
feeding to improve the degree of synchrony (14). Life cycle
stages were collected and frozen at —70°C in Buffer A (250
mM sucrose, 10 mM MgCl,, 10 mM Tris hydrochloride, pH
8.0, 1 mM EGTA [ethylene glycol-bis(B-aminoethyl ether)-
N,N,N’,N'-tetraacetic acid]).

RNA analysis. Total cellular RNA was prepared from
synchronized populations of all C. elegans life cycle stages
by the method of Chirgwin et al. (10), which removes
contaminating DNA. This allowed direct quantification of
the RNA by spectrophotometry and ethidium fluorescence
and hence permitted direct comparisons between samples.
Northern (RNA) blot analysis was carried out as described
by Thomas (64). Dot blot analysis was performed by using a
Bio-Rad manifold. The plasmid pCeA7, containing the C.
elegans actin 1 gene, was provided by M. Krause (Fred
Hutchinson Cancer Research Center, Seattle, Wash.).

RESULTS

Isolation of genomic clones. Preliminary Southern hybrid-
ization analysis confirmed the presence of sequences homol-
ogous to yeast ubiquitin in restriction digests of C. elegans
genomic DNA. A screen of the A Charon 4 library represent-
ing 10 genome equivalents revealed a single class of phage
which hybridized to the yeast ubiquitin probe. This phage
was termed AUbl. Subclones of AUbl which hybridized to
yeast ubiquitin sequences were subjected to partial DNA
sequencing, and it was found that the phage represented an
incomplete polyubiquitin gene, lacking the 5’ sequences. We
obtained another clone (A\Ub2) in a subsequent screen of the
Agtll phage library. This clone overlapped AUb1 by 220 base
pairs and included the rest of the ubiquitin-coding region as
well as the 5’ noncoding sequence. One possible reason for
the difficulty we encountered in isolating a complete genomic
clone of the polyubiquitin gene may be its tandemly repeated
structure, which may be subject to recombinational deletion
during the construction of phage libraries.

Localization of the UbiA gene. Employing our AUb1 clone,
Coulson et al. isolated a series of overlapping cosmids
containing the UbiA gene as part of their C. elegans genome
mapping project (12; J. Sulston, personal communication).
This cosmid ‘contig’ extends approximately 100 kilobases
(kb) downstream (3') of the polyubiquitin gene. One of these
cosmids, C16A7, was nick translated and used as a probe for
in situ hybridization to C. elegans chromosomes by D.
Albertson of the Medical Research Council Laboratory of
Molecular Biology, Cambridge, England). Using this proce-
dure, the UbiA gene was mapped to the left half of chromo-
some III (D. Albertson, personal communication).

Analysis of the UbiA gene sequence. A schematic illustra-
tion of the 4-kb region containing the C. elegans polyubiqui-
tin gene UbiA is presented in Fig. 1. The overlapping phage
clones AUb1 and AUb2 are indicated by lines. Coding regions
of UbiA were initially assigned by Southern blotting of
restriction digests of AUbl and AUb2 DNA and were con-
firmed by sequencing. Introns and flanking noncoding re-
gions of UbiA have also been indicated.

We sequenced approximately 4,500 base pairs of DNA
within and around the UbiA gene (Fig. 2). The coding region
consists of 11 tandem copies of monomeric ubiquitin se-
quence with no spacer DNA between repeats. In addition,
there is a 2-amino-acid extension on the final repeat unit.
Assuming that the UbiA mRNA is translated into a polypro-
tein, its primary translation product would have a mass of 95
kilodaltons; this polyprotein would then be posttranslation-
ally cleaved into monomeric ubiquitin with a molecular
weight of 8,600. The 76-amino-acid ubiquitin sequence is
identical for each of the 11 repeats; however, there is
degeneracy in the wobble position of some codons.

Genomic Southern hybridization analysis was undertaken
to confirm the arrangement of the UbiA gene in the Bristol
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FIG. 2. The sequence of UbiA, the polyubiquitin gene of C. elegans. The A of the methionine initiator codon of the first ubiquitin repeat
unit has been numbered +1; thus, the start site of transcription is at —455 (A). The translation of UbiA into amino acids is given above its
nucleotide sequence. Individual repeat units are separated by small arrowheads. The 3’ splice signal sequence used for trans splicing is
underlined darkly, and the adjacent nucleotide (A), represents the site of ligation of the 5'-spliced leader exon. The TATA box homology is
underlined at —487. Various potential regulatory sequences are also indicated; two elements closely matching the HSE consensus are boxed,
a sequence resembling the binding site for the mammalian steroid hormone receptor is indicated by two arrows, a block of cytosine
nucleotides is underlined with dots, and 8-base-pair direct repeats are indicated by broken underlines. The two nonubiquitin amino acids at
the end of polyubiquitin are circled, and the ochre stop codon is indicated by an asterisk. Three sequences potentially involved in efficient
mRNA 3’-end formation are underlined, as is the polyadenylation signal (®).

(N2) strain of C. elegans and to determine whether the
polyubiquitin structure is conserved in a related C. elegans
strain, Bergerac (BO). These strains are crossfertile but
show a high incidence of DNA polymorphisms due to a
higher frequency of insertions of the transposon Tcl in the
Bergerac strain (52). Figure 3 shows a comparison of the two
strains of C. elegans, BO and N2. Restriction enzymes that
cut outside the coding region (Sall) or within the coding
region (EcoRI) were selected, and digests were probed with
an EcoRI-Bglll fragment of the coding region which would
cross-react with any portion of a ubiquitin repeat sequence.
As seen in this figure, the UbiA gene was located on a 3.4-kb
Sall fragment in the genomic DNA of both strains. Digestion
with EcoRI yielded the expected hybridizing fragments of
4.0, 1.8 (weak), 0.9, 0.6, and 0.5 kb corresponding to the
UbiA gene. The 2.3-kb EcoRI fragment seen in Fig. 3
originates for a second ubiquitin gene (see below). Similar
results were obtained for Xbal, Sstl, Pstl, Xhol, Bglill,
HindIll, and Sau3Al digest comparisons of DNA from the
two strains (data not shown), confirming the organization
predicted from AUbl and AUb2 phage DNA digests.

Northern analysis. Northern analysis of total C. elegans
RNA using the EcoRI-BglII coding region probe of UbiA
revealed two main hybridizing mRNAs (Fig. 4). The more
abundant mRNA was 2,500 nucleotides in length, sufficient
to encode the 11-repeat UbiA precursor polypeptide, while
the other, less abundant mRNA (UbiB) was approximately
700 nucleotides in length, sufficient to encode either three
ubiquitin repeats or a ubiquitin sequence fused to an unre-
lated DNA sequence. Northern hybridization with a DNA
probe derived from the 3’ noncoding region of UbiA indi-
cated that the UbiB mRNA arose from a different ubiquitin-
encoding locus and was not a processed form of UbiA (26).
Genomic Southern data confirmed that at least two distinct
ubiquitin loci were present in C. elegans DNA and indicated
that the gene encoding the 700-nucleotide mRNA was likely
wholly or partially contained on a 2.3-kb EcoRI fragment or
a 12-kb Sall fragment (see above).

3’ Noncoding region. The polyubiquitin precursor polypep-
tide has a distinct carboxy-terminal sequence; the final
ubiquitin repeat has a 2-amino acid extension prior to the
ochre stop codon. The 3’ end of UbiA has a typical polyad-
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FIG. 3. Analysis of C. elegans genomic DNA. Genomic DNA (2
ng) from C. elegans Bristol (lanes N2) or Bergerac (lanes BO) were
digested with Sall or EcoRlI, separated by electrophoresis on a 0.7%
agarose gel, and transferred to nitrocellulose. These Southern blots
were hybridized to a portion of the UbiA-coding region (an EcoRI-
Bglll fragment spanning nucleotides 1344 to 1754) and fluoro-
graphed.

enylation signal (AATAAA) 110 base pairs downstream of
the stop codon. Also found in this region are many se-
quences which have previously been shown to be involved in
efficient 3’ end formation, including AGTGTAAG (39), TTC
AAC, and TCAAG (65) (Fig. 2). This region is also rich in
potential secondary structures. The exact site of polyadeny-
lation has not been determined, but is likely to occur at an A
residue 20 to 100 nucleotides downstream of the AATAAA
sequence.

Intragenic introns. A unique feature of the C. elegans
polyubiquitin gene is the presence of introns within the
coding region. Short introns (50 base pairs) interrupt the
Gly-47 codon G/GA in 4 of the 11 UbiA repeats; the position
of these introns is identical in each repeat. The introns obey
the C. elegans splice consensus sequences (18).

§' trans intron. The first ubiquitin-encoding repeat is
preceded by a sequence which closely resembles a C.

EggL1L2 L3 L4 A D

FIG. 4. Northern analysis of ubiquitin mRNA levels during C.
elegans development. For each life cycle stage, 10 pg of total RNA
was separated on a denaturing formaldehyde gel, transferred to
nitrocellulose, and hybridized to a radiolabeled fragment of the
coding region of UbiA (see Fig. 3). The two main ubiquitin-encoding
mRNAs are indicated. Lanes: L1-L4, larval stages; A, adult; D,
dauerlarva.
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elegans 3' splice consensus sequence, TTTCAG (18). We
have recently shown that the 3’ splice site in the UbiA
upstream noncoding region is used for splicing; however, it
undergoes a trans-splicing reaction, in which a 22-nucleotide
leader exon from a separate RNA is joined to this splice
acceptor site in the UbiA precursor RNA (26). The sequence
of this leader is identical to that of the trans-spliced leader of
the C. elegans actin genes, which is derived from the 5’ end
of a 100-nucleotide spliced leader RNA (33).

5’ End promoter structure. We have previously localized
the major site of transcript initiation to a sequence 450
nucleotides upstream of the 3’ splice site used for trans
splicing (26). The major UbiA promoter elements are thus
likely to be located immediately upstream of this region.
Careful scrutiny of the sequence upstream of the UbiA start
site reveals no clear TATA motif. The TATA box influences
the accuracy of transcript initiation in eucaryotes and is
almost always found 20 to 35 nucleotides upstream of the cap
site (43). A derivative of the TATA motif, GAATAA, is
found 32 nucleotides upstream of the UbiA heterogeneous
nuclear RNA start site (Fig. 2). This variant of the TATA
sequence may account for the inexactness of UbiA transcrip-
tion initiation; minor alternative sites of heterogeneous nu-
clear RNA initiation can be detected by S1 nuclease analysis
(data not shown). Multiple CAAT-box homologies are found
within 200 nucleotides of the start site, including one be-
tween the GAATAA box and the cap site. The sequence
C,sTCC at —782 may represent a functionally important
regulatory sequence; overall, C. elegans DNA is 67% AT
rich, so the probability of random occurrence of such a
sequence is low.

At positions —653 and —828 are sequences which resem-
ble the heat shock element (HSE) defined by Pelham (C--
GAA--TTC--G) (48). This element is found upstream of most
eucaryotic heat shock genes and has been shown to confer
heat inducibility both in vitro and in vivo (59). The sequence
at —653 matches the HSE consensus sequence at six of eight
positions, whereas the sequence at —828 matches the HSE
consensus at seven of eight positions.

The UbiA promoter region also contains an inverted
repeat at —816, overlapping the distal HSE. A search of
published sequences revealed similarity between this in-
verted repeat and the binding site(s) for mammalian steroid
hormone receptors (55). Whether this inverted repeat func-
tions to confer steroid sensitivity to UbiA transcription is not
known. This element is a considerable distance from the
heterogeneous nuclear RNA start site and hence may be
only weakly functional. Another sequence of potential inter-
est in the UbiA 5’ end is an 8-nucleotide direct repeat at
—477 and —576 (Fig. 2, dashed underline). The significance
of this element is unknown.

Expression of ubiquitin. When the cross-reacting EcoRI-
BglII sequence from the UbiA-coding region was used to
probe Northern blots of C. elegans RNAs from various life
cycle stages, it was found that the level of both ubiquitin
mRNAs remained relatively constant throughout develop-
ment (Fig. 4). In separate titration experiments, we esti-
mated the level of UbiA mRNA to be approximately 0.003%
of poly(A)* RNA (data not shown).

In order to investigate the role of the HSE-like sequences
in the UbiA promoter, we prepared RNA from embryos or
synchronized populations of larvae subjected to various heat
shock regimes. The kinetics of induction of the C. elegans
heat shock response have been well characterized (31, 53,
58). C. elegans normally grows at temperatures between 14
and 25°C. Typically, heating C. elegans in liquid at 33°C for
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FIG. 5. Dot blot analysis of ubiquitin mRNA levels during heat shock. Total RNA (3 pg) was analyzed at each time point by hybridization
to one of the three 32P-labeled DNA probes as indicated. The probe for UbiA was a gene-specific FnuDII-SstI fragment from the 3’ end of
the UbiA locus. Due to the large difference in mRNA abundance, UbiA and actin dots were exposed for 3 days, while hsp16 dots were exposed
for only 1 day. Hybridization intensity for each dot was determined by densitometry and is expressed graphically as a proportion of the
intensity of the sample with maximum hybridization for that probe (a, actin; u, UbiA; h, hsp16). Also shown is a photograph of the ethidium
fluorescence of the 28S and 18S rRNAs for each RNA sample. (A) C. elegans embryos were shifted from 22 to 33°C, and samples were
removed at the following times after temperature elevation: 0 min (0), 15 min (1), 30 min (2), 45 min (3), and 60 min (4). C, Control embryos.
(B) Embryos were elevated to the indicated temperatures (in degrees Celsius) (C, control, [22°C]), and samples were taken after 45 min.

as little as 15 min induces heat shock mRNAs. We found it
necessary to examine multiple samples for a given heat
shock experiment; comparisons of single time points for
temperature-stressed versus unstressed C. elegans was un-
satisfactory. A prolonged exposure to 33°C following a slow
rise to this temperature resulted in a pronounced induction
of hsp16 RNA but did not appear to result in an increase in
ubiquitin mRNA levels in C. elegans embryos (Fig. 5). The
levels of UbiA and actin RNA fluctuated somewhat between
samples, but there was no linear trend and at most a twofold
variation in signal intensity. A similar result was obtained if
embryos were rapidly raised to heat shock temperature or
when L2 larvae were analyzed. The expression of ubiquitin
mRNA in embryos stressed for 45 min at different tempera-
tures is also presented in Fig. 5. Ubiquitin RNA levels

fluctuated slightly and nonlinearly as the temperature was
increased from 31 to 34°C. This result is similar to the
behavior of another noninducible RNA, actin, and in con-
trast to the behavior of a typical inducible heat shock mRNA
such as hspl6, the concentration of which increases linearly
over this temperature range. It should be noted that temper-
atures above 35°C result in significant alterations in cell
physiology and viability, and as such do not accurately
reflect heat induction (D. Jones, personal communication). It
appears from our results that the level of UbiA mRNA does
not increase significantly during chronic or acute heat stress.

Ubiquitin transcription was also assayed during the larval
moulting period from L1 to L2, the transition which repre-
sents the greatest change in larval size during C. elegans
development. Synchronized L1 larvae were sampled prior to
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FIG. 6. Northern analysis of ubiquitin mRNA levels during the
L1-to-L2 larval moulting period. C. elegans was cultured at 22°C,
and samples were taken at the following times relative to the
appearance of mature L2 larvae: lane 1, 6 h prior to L2 (i.e., L1
stage); lane 2, 45 min prelethargus; lane 3, midlethargus; lane 4,
shedding of old cuticle, lane S, appearance of mature L2; lane 6,2 h
after appearance of mature L2. Hybridization was as described for
Fig. 4.

premoult lethargus, during lethargus, through shedding of
the cuticle, and into L2. No significant changes in ubiquitin
RNA levels were observed by Northern analysis of total
RNA prepared from C. elegans before, during, and after
moulting (Fig. 6).

The observed fluctuation in ubiquitin mRNA levels be-
tween samples on Northern and dot blots was not a re-
flection of unequal loading. RNA concentrations were
determined by both spectrophotometry and ethidium fluo-
rescence, and the level of UbiA appeared to vary indepen-
dently relative to that of UbiB mRNA. Thus there was some
variation in the level of ubiquitin mRNA, but it was not
correlated with heat shock or moulting hormone action.

DISCUSSION

Ubiquitin is a highly conserved protein. Out of 76 amino
acid residues, 72 are invariant between yeast, plant, and
animal ubiquitins. The ubiquitin encoded by the C. elegans
polyubiquitin gene most closely resembles that of human
ubiquitin (67), differing in only 1 amino acid residue (Fig. 7).
There is no intragenic variation in amino acid sequence
encoded within the nematode polyubiquitin gene, although
there is some divergence at the level of codon usage.

Polyubiquitin genes have been isolated from a number of
organisms, including humans (3, 67), chickens (7), yeasts

Human P E A

Barley S D A
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(45, 46), D. melanogaster (2), and D. discoideum (24);
c¢DNAs corresponding to polyubiquitin mRNAs have been
sequenced from Xenopus laevis (17) and barley (23). All
display a characteristic spacerless, tandem-array structure
comprised of 228-base-pair repeats encoding 76 amino acids.
The number of polyubiquitin genes and the number of
tandem repeats is quite variable among organisms. Despite
the large variation in gene structure and expression, the final
product of monomeric ubiquitin is conserved. We have
shown here that the C. elegans polyubiquitin gene (UbiA)
consists of 11 tandem copies of the ubiquitin-encoding
repeat.

The C. elegans UbiA gene has a typical 3’ end, containing
a polyadenylation signal and sequences believed to function
in efficient 3’'-end formation. The presence of an additional 2
amino acids at the C terminus of the nematode UbiA gene is
common to most ubiquitin genes. Although the number and
type of amino acid residues in the extension may vary
between organisms, it is presumed that these sequences
exist to block the C-terminal glycyl residues of the adjacent
ubiquitin repeat in order to prevent conjugation of unpro-
cessed polyubiquitin precursors to intracellular proteins.

The lack of spacer sequences between tandem repeats is a
common feature of polyubiquitin genes. To date, however,
no reported sequence of a polyubiquitin gene has contained
coding-region introns. Although an intron occurs in two of
the yeast monomeric ubiquitin fusion genes (interrupting the
ubiquitin moiety within the third codon) (45) and within the
5’ noncoding sequence of the chicken polyubiquitin (7) and
human triubiquitin genes (3), in each of these examples the
introns are not part of the tandemly repeated sequence. The
C. elegans UbiA gene thus represents a unique and impor-
tant exception to the structure of other known ubiquitin
genes. In addition to containing an unusual leader intron
which is acquired by a trans-splicing mechanism, UbiA also
contains four coding-region cis-spliced introns. The coding-
region introns of UbiA are found in identical locations within
ubiquitin repeats 1,4,7, and 10, interrupting the Gly-47 codon
G/GA. The introns are all approximately 50 base pairs in
length, typical of the short introns which predominate in C.
elegans genes (18). When the UbiA cis intron sequences are
aligned, they show much greater similarity to each other
than to other short introns in C. elegans. The conserved
position of introns in the tandem repeats strongly suggests
that the nematode polyubiquitin gene evolved by a series of
duplication and crossing-over events (56, 61). The repeating,
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FIG. 7. Interspecies comparison of ubiquitin amino acid sequences. Invariant residues are shown on the central line. Positions of
interspecies variation are indicated as gaps; the corresponding amino acid substitutions in human, barley, yeast, and C. elegans ubiquitins
are indicated. The asterisk indicates the glycine codon interrupted by an intron in 4 of the 11 ubiquitin repeat units of the C. elegans

polyubiquitin gene.
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+ — — structure implies that the duplicating cassette may
have been a + — dimer or a + — — trimer.

No consensus TATA motif is evident in the proximity of
the transcriptional start site of UbiA; however, a GAATAA
sequence present at —487 is the likely analog of this element.
The sequence of C,s;TCC located at —782 may have some
functional significance to UbiA gene regulation. A similar
sequence exists upstream of the chicken B-globin gene (38)
and is thought to be a site of SP1 transcription factor binding
(32). Intriguingly, poly(A) or poly(T) tracts upstream of
yeast genes have been implicated in the control of constitu-
tive expression (62).

All organisms respond to chemical or thermal stress by
synthesizing heat shock proteins which are thought to tran-
siently protect labile cellular structures and processes (8, 13,
25, 37). Heat shock protein induction is linked to the
appearance of abnormal proteins within the cell during
stress. For instance, heat shock protein synthesis can be
induced at normal growth temperatures in Drosophila mu-
tants expressing large amounts of abnormal actin (28) and in
Xenopus oocytes by the injection of denatured proteins (1).
A mammalian temperature-sensitive mutant cell line (ts85)
defective in ubiquitin conjugation synthesizes heat shock
proteins at the nonpermissive temperature (11, 20), and
ubiquitin itself is heat inducible in chicken (6, 7) and yeast
(21) cells. There is a shift of ubiquitin toward more conju-
gated forms, accompanied by an increase in the rate of
proteolysis, when rat hepatoma cells are subjected to heat
shock (47). Both chicken (7) and yeast (21) polyubiquitin
genes possess sequences in their 5’ regulatory region which
resemble the HSE consensus sequence defined by Pelham
(48), and their mRNA levels increase three- to fivefold
during heat or chemical stress. It has also been demonstrated
genetically that the yeast Ubi4 polyubiquitin gene is essential
for thermal tolerance (21).

There are two HSE sequences upstream of the nematode
UbiA gene transcriptional start site, at —653 and —826 (—198
and —371 relative to the transcription start). A Kinetic
analysis was undertaken to look for changes in ubiquitin
mRNA synthesis upon temperature elevation, but no signif-
icant effects were seen. These experiments lead us to con-
clude that UbiA transcription is not under thermal control
and thus that the HSE sequences present are nonfunctional.
Ubiquitin may be regulated at the level of the free ubiquitin
protein pool in a cell. As such, chicken cells (with four
ubiquitin repeats per mRNA) and yeast cells (with five such
repeats per mRNA) might require more mRNA to replenish
depleted levels of free ubiquitin during heat shock than do C.
elegans cells which contain 11 ubiquitin repeats per mRNA.
C. elegans cells might be able to increase the level of free
ubiquitin monomer sufficiently by translational or posttrans-
lational means. Alternatively, one can envision thermal
regulation of the synthesis or activity of the enzymes in-
volved in ubiquitin conjugation. The Drosophila (2) and
Dictyostelium (24) polyubiquitin genes lack both HSE se-
quences and thermal induction of transcription.

The importance of ubiquitin in development has been
elegantly demonstrated by a genetic analysis of the yeast
Ubi4 polyubiquitin gene (21). Deletion studies have revealed
a requirement for a functional polyubiquitin locus to ensure
proper spore development and viability. Ubiquitin-depen-
dent proteolysis has been postulated to play important roles
in erythrocyte maturation (50) and eye lens development
(29). Developmental induction of one or more ubiquitin
mRNAC(s) has been documented in several organisms (2, 17,
23, 24, 41).
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The levels of UbiA and UbiB mRNA are relatively con-
stant in all nematode life cycle stages, at both normal and
heat shock temperatures. We investigated whether a tran-
sient rise in UbiA mRNA occurred during the transition from
one larval stage to another in C. elegans. It was reasoned
that the moult should represent a period of increased turn-
over of intracellular structures and regulatory proteins,
which in turn might lead to an increased demand for ubiqui-
tin. We saw only slight fluctuations in ubiquitin mRNA
levels, with no correlation to the onset of moulting.

It has been demonstrated that yeast Ubi¢ mRNA levels
respond to the nutritional status of the cell, increasing
four-to fivefold in stationary-phase (starved) cells relative to
exponentially growing vegetative cells (21). Under condi-
tions of starvation or nutritional deprivation, C. elegans 1.2
larvae may enter a resistant life cycle stage termed the
dauerlarva (9). Dauerlarvae are resistant to starvation, des-
iccation, and harmful chemicals such as detergents. We
investigated UbiA expression in dauerlarvae, on the hypoth-
esis that levels of UbiA mRNA might be higher given the
stressful environment and the likelihood that abnormal pro-
teins might accumulate in the absence of nutritional input.
There was no apparent change in UbiA mRNA level, even
upon heat shock of dauerlarvae (not shown). Thus dauerlar-
vae must have an adequate pool of free ubiquitin to fulfill
their metabolic requirements.

The level of ubiquitin mRNA in C. elegans thus remains
relatively constant through development, and during heat
stress. This suggests (i) that UbiA mRNA is relatively stable
and present at sufficient concentration to accommodate
temporary changes in the requirement for free ubiquitin, and
(ii) that the concentration of free ubiquitin may be regulated
at the level of translation or protein processing. Alterna-
tively, the ubiquitin system could be regulated via activity of
the conjugating enzymes which attach ubiquitin to target
proteins (49).
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