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FIG. 2. Identification of the protein encoded by clone 7 cDNA.
Total RNA (5 ,ug) from heat-shocked cells and mRNA from heat-
shocked cells that was selected by hybridization to clone 7 DNA
were used to prime a rabbit reticulocyte in vitro translation system.
The protein products were mixed with gel loading buffer (6 M urea,
0.16 M mercaptoethanol, 1% SDS, 0.1 M sodium phosphate [pH
7.2], boiled, and electrophoretically separated on an SDS gel
containing 15% acrylamide-6 M urea (31). This gel system resolves
proteins in the range of 3 to 30 kilodaltons and the 24-kilodalton heat
shock protein, denoted by an asterisk, is the major in vitro-synthe-
sized protein detected in this gel. The arrow indicates the protein
coded by clone 7 cDNA. Lanes: 1, RNA from heat-shocked cells,
1.5 X 104 cpm; 2, hybrid selected with clone 7 DNA, 3 x 103 cpm;

3, no added RNA, 1.5 x 104 cpm.

the other two units nor in the published bovine or insect
sequences. There is a 3' untranslated region of 150 bp
containing a polyadenylation signal 19 bp upstream from a

poly(A) tail ca. 150 bases long. The codon usage between the
two complete protein coding units is similiar, except that
third base changes account for a 7% difference in the nucleic
acid sequence between the two coding sequences. In addi-
tion, three of the nine leucines use different codons in the
two protein coding units (compare bp 34 and 262, 139 and
367, and 217 and 445).

Identification of ubiquitin in heat-shocked cells. As noted
above, the RNA complementary to clone 7 sequences coded
for a protein of -8,000 daltons when translated in vitro. To
verify that this small protein was ubiquitin and to probe for
ubiquitin synthesis is normal and heat-shocked cells, we
immunoprecipitated both in vivo- and in vitro-labeled pro-
teins from heat-shocked and non-heat-shocked cells with
ascitic fluid containing a monoclonal antibody directed
against human ubiquitin. A low-molecular-weight polypep-
tide was specifically detected only in those samples contain-
ing the anti-ubiquitin monoclonal antibodies (Fig. 4). The in

vivo-labeled heat-shocked cells contained more ubiquitin
(lane 4) than non-heat-shocked cells (lane 5), and this pattern
was observed also when RNA from heat-shocked and non-
heat-shocked cells was translated in a rabbit reticulocyte
lysate (lanes 2 and 3). The small protein that is immunopre-
cipitable with the ubiquitin monoclonal antibody comigrated
with the small protein translated from RNA hybrid selected
with clone 7 (lane 9). When cells were labeled at 37°C during
recovery after a 3-h heat shock, smaller amounts of ubiquitin
were present in the cells (lane 6), suggesting a transient role
for free ubiquitin during the stress response. A number of
large proteins were immunoprecipitated by the preparations
of the monoclonal antibodies, but these were also immuno-
precipitable with a control ascitic fluid (lanes 7 and 8). Only
the 8,000-dalton protein was specifically immunoprecipitable
with the ubiquitin antibody preparation.

DISCUSSION
Our analysis of a clone from a cDNA library enriched in

avian fibroblast heat shock protein sequences has unveiled a
new chicken cell stress protein. An amino acid sequence
derived from the DNA sequence of this clone is virtually
identical with that of ubiquitin, a highly conserved small
polypeptide of 76 amino acids widely found in eucaryotes
(16). Ubiquitin is normally found in cells covalently bound to
histone H2A and H2B, although there are also low levels of
free ubiquitin in nuclear extracts (15, 48). The extent of
ubiquitinated histones varies with the state of the chromatin
with low amounts present in metaphase chromosomes (33,
49) and high levels in regions undergoing active transcription
(30). One ubiquitin polypeptide is attached to each histone
by a series of enzymatic reactions involving an ATP-depend-
ent activation at the carboxy-terminal glycine of ubiquitin
(22). Another enzymatic activity has been described that
specifically hydrolyzes the isopeptide bound (gly-lys) be-
tween ubiquitin and histone (1). As a result of the conjugase
and lyase activities, histones shuttle between the free and
ubiquitinated state leading to a highly dynamic state of
ubiquinated nucleosomes (49). Just how this modification
affects the nucleosome and the chromatin structure is un-
clear, but the general impression is that the modification is
essential for chromosome organization and possibly gene
expression. At present a role for ubiquinated histone 2A in
the stress response is unclear.
Other nonhistone proteins are acylated with ubiquitin (4)

and the level of these ubiquitin complexes increases over
10-fold when cells produce abnormal and unstable polypep-
tides (23). In these complexes, several chains of ubiquitin
may be bound to a single polypeptide, and this structure is
postulated to target the protein for proteolytic degradation.
A mechanism involving the ATP-dependent activation of
ubiquitin and its transfer to protein has been demonstrated in
studies with purified enzyme preparations from reticulocytes
(18, 24). The most convincing evidence for a role of ubiquitin
in the degradation of abnormal polypeptides has been shown
in recent studies of the ts85 mutant of a mouse mammary cell
line (11). Finley et al. (13) found that the enzyme which
activates ubiquitin in the presence of ATP is thermolabile in
this mutant. In mutant ts85 at the nonpermissive tempera-
ture, the inability to form ubiquitin complexes parallels a
block in the degradation of amino acid analog-containing
abnormal polypeptides, prematurely terminated nascent poly-
peptides, and short-lived normal proteins. At the nonper-
missive temperature, formation of ubiquinated H2A was
blocked also indicating a common ubiquitin activation path-
way for the two different ubiquitin modification reactions.
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A 100 BP

BGLII
PST I PVUII BGLII PVUII HINDIN PSTI

* *~~~~~~~

B Bgll1
1 20 40 60
TTGAGAGGTGGGATGCAGATCTTCGTGAAAACGTTGACTGGCAAGACCATCACCCTTGAG
LeuArgGlyGlyMetGlnIlePheValLysThrLeuTmrGlyLysTmrIleThrLeuGlu
LeuArgGlyGlyMetGlnIlePheValLysThrLeuTmrGlyLysThrIleTmrLeuGlu

80 100 120
GTTGAGCCCAGTGACACCATTGAAAATGTGAAGGCCAAGATCCAAGACAAGGAAGGCATC
ValGluProSerAspThrIleGluAsnValLysAlaLysIleGlnAspLysGluGlyIle
ValGluProSerAspThrIleGluAsnValLysAlaLysIleGlnAspLysGluGlyIle

Pvu 1l
140 160 180

CCCCCTGACCAACAAAGGTTGATCTTTGCTGGCAAGCAGCTGGAAGATGGGCGCACCCTG
ProProAspGlnGlnArgLeuIlePheAlaGlyLysGlnLeuGluAspGlyArgThrLeu
ProProAspGlnGlnArgLeuIlePheAlaGlyLysGlnLeuGluAspGlyArgTmrLeu

200 220 240
TCTGACTACAACATCCAGAAAGAGTCCACCCTGCATCTGGTGCTGCGCCTGAGGGGAGGC
SerAspTyrAsnIleGlnLysGluSerThrLeuHisLeuValLeuArgLeuArgGlyGly
SerAspTyrAsnIleGlnLysGluSerThrLeuHisLeuValLeuArgLeuArgGlyGly

Bgl11
260 280 300

ATGCAGATCTTTGTGAAGACCCTGACTGGCAAGACCATCACCCTCGAGGTTGAGCCCAGT
MetGlnIlePheValLysThrLeuThrGlyLysThrIleThrLeuGluValGluProSer
MetGlnIlePheValLysThrLeuThrGlyLysThrIleThrLeuGluValGluProSer

320 340 360
GACACCATTGAGAACGTGAAGGCCAAGATCCAAGACAAAGAAGGCATCCCCCCTGACCAA
AspThrIleGluAsnValLysAlaLysIleGlnAspLysGluGlyIleProProAspGln
AspThrIleGluAsnValLysAlaLysIleGlnAspLysGluGlyIleProProAspGln

Pvul1
380 400 420

CAAAGGTGGATTTTTGCTGGCAAGCAGCTGGAAGATGGTCGCACCCTGTCTGACTACAAC
GlnArgLeuIlePheAlaGlyLysGlnLeuGluAspGlyArgThrLeuSerAspTyrAsn
GlnArgLeuIlePheAlaGlyLysGlnLeuGluAspGlyArgThrLeuSerAspTyrAsn

440 460 480
ATCCAAAAGGAGTCCACCCTGCACTTGGTGCTGCGCCTCAGGGGTGGCTATTAGTTGTTG
IleGlnLysGluSerThrLeuHisLeuValLeuArgLeuArgGlyGlyTyr*am
IleGlnLysGluSerThrLeuHisLeuValLeuArgLeuArgGlyGly

500 520 540
TCAGCAGTCTTGTCAAGCAAGATGCACAGCACATTGTGTGTTGCACTGTAGTCTTTCTAAT

Hind111
560 580 600

G CCGXCGGTCCGGTTCGTGGAATGXCTATTAAGTTTTTCCGCTGCCCCTTTPolyA tail.

FIG. 3. Partial restriction map and sequence of clone 7 cDNA. (A) Restriction map of clone 7. The positions of restriction enzyme sites
for PvuII, BgII, and HindIll are indicated. The areas of clone 7 that have been sequenced by the Maxam and Gilbert technique are indicated
by the narrow black lines and an asterisk indicates the position of the label in each of the sequenced fragments. (B) The sequence of clone
7, numbering from the 5' end of the insert cDNA, is shown. Directly below is the derived amino acid sequence. The third line shows the amino
acid sequence of bovine ubiquitin (41), which is represented here as a repeating unit to correspond to the DNA sequence. A solid line indicates
undetermined sequences, and X represents ambiguous sequences. The positions of the restriction sites of clone 7 are noted. The sequence
from 385 to 391 bp is inferred from the PvuII restriction site.
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FIG. 4. Immunoprecipitation of in vitro- and in vivo-labeled
proteins with an anti-ubiquitin monoclonal antibody. Antibody
preparations (mouse ascites fluids kindly supplied by A. Var-
shavsky) were mixed with extracts of cells labeled in vivo for 1 h or
with cell-free translation products (refer to the text). Samples of the
in vivo-labeled proteins contained 106 cpm, except for lane 6 which
had 0.5 x 106 cpm. Samples of in vitro-translated polypeptides
contained 105 cpm each. Immunoprecipitates were solubilized for
SDS gel electrophoresis on a 15% polyacrylamide-6 M urea system
(31), and gels were processed for fluorography. All lanes except 9
and 10 are immunoprecipitates. Lanes: 1, in vitro, no RNA added;
2, in vitro, 5 ,ug of RNA from heat-shocked cells; 3, in vitro, 5 ,ug of
RNA from non-heat-shocked cells; 4, in vivo, heat-shocked cells; 5,
in vivo, non-heat-shocked cells; 6, in vivo, heat-shocked cells
allowed to recover at 37°C for 1 h before labeling; 7, in vivo,
heat-shocked cells mixed with control ascitic fluid; 8, in vivo,
non-heat-shocked cells mixed with control ascitic fluid; 9, in vitro,
RNA was hybrid selected by using clone 7 DNA (2 x 103 cpm); 10,
in vitro, total RNA from heat-shocked cells (1 x 103 cpm).

An unexpected observation in these studies was the induc-
tion of several common heat-shock proteins in the ts85 cells
at 39°C, a temperature which has no such effect on the
wild-type parental cells.
The proteolytic degradation activity of ubiquitin conju-

gates might be expected to increase during a stress response.
Most stress agents, heat in particular, will have a profound
effect on de novo synthesized polypeptides, causing misfold-
ing and denaturation. The cell needs to eliminate these
abnormal polypeptides, which may block the protein syn-
thetic machinery, intracellular transport, the assembly of
ribosomes, and formation of other macromolecular com-
plexes. In this regard it is noteworthy that increased ubiqui-
tin-conjugated proteins were found in cells treated with
amino acid analogs to produce labile polypeptides (24). Our
initial studies of the stress response in avian cells showed
that amino acid analogs were inducers of the stress response
(28). There is evidence that the stress response in procaryo-
tes may also induce proteases. In E. coli, a 94,000-dalton
enzyme that has an ATP-dependent proteolytic activity is
encoded by the Ion (capR) gene whose expression is under
control of the heat shock regulon (37).
The data reported here show a fivefold rise after heat

shock in ubiquitin mRNA levels. However, each mRNA has
the capacity to produce four to six ubiquitin molecules, and
after the stress a larger mRNA species appears which could
encode an additional two polypeptides. This arrangement of
tandemly repeated identical polypeptides in a single mRNA

reading frame is unusual and offers a distinctive mechanism
for amplifying genetic information. The sequence indicates
that the mRNA is translated as a polyprotein and not by
internal stop-starts. Proteolytic processing of polyproteins
during and after translation occurs widely in eucaryotic cells
(19) and is frequently found in virus gene expression (38).
Two of the three ubiquitin sequences derived from our clone
have the carboxy-terminal glycine which has been shown to
be the site of initial activation leading to isopeptide bond
formation. It is surprising that the 3' final ubiquitin sequence
terminates in tyrosine, presumably blocking its activation as
well as any polyubiquitin precursor that might accumulate.
Alternatively, there may well be some other role for this
ubiquitin in the cell. The protease acting on polyubiquitin
has an unusual specificity, cleaving a gly-met bond. We
found this protease to be active in both the reticulocyte and
wheat germ cell-free systems, and there is the possibility that
ubiquitin itself or its polyprotein form has proteolytic activ-
ity.
The partial sequence of a yeast gene encoding ubiquitin

has recently been published, and there are striking similari-
ties between the yeast and chicken ubiquitin sequences
(37a). First, both have tandem, contiguous copies of the
polypeptide which abut each other at the junctions between
the carboxy terminus of one sequence and amino terminus of
the next one. Three of the junctions, consisting of a gly-met
sequence, are in the yeast DNA clone; two gly-met junctions
are in our chicken cDNA. Second, both the yeast and
chicken sequences contain one additional amino acid at the
C terminus of the final protein coding unit, adjacent to the
translation stop codon. The stop codons are different for the
yeast (UGA) and chicken (UAG) sequences, as is the odd
C-terminal amino acid, which is tyrosine in the chicken
sequence and asparagine in the yeast sequences. Third,
although the amino acid sequence is strongly conserved
between the yeast and chicken sequences, codon usage
differs (primarily at the third base), so that the nucleic acid
sequence homology between the yeast and chicken se-
quences is ca. 78%. Fourth, the putative yeast mRNA
termination site is 160 bp from the translation stop, and the
chicken ubiquitin mRNA has ca. 150 bases in the 3' non-
translated region. These sequences are not conserved be-
tween the chicken and yeast sequences. Fifth, the yeast
sequence of 76 amino acid has three differences from the
sequence of the bovine ubiquitin; chicken ubiquitin is iden-
tical to the bovine protein. Only one locus of these tandem
arrays of ubiquitin coding sequences was detected in the
yeast genome (37a). We have no definite information yet on
either the number of these arrays in a single transcript or the
number of loci in the chicken genome. The size of the
chicken mRNA allows for five to six polypeptide coding
sequences depending on the length of the 5' untranslated
portion of the mRNA. Restriction endonuclease analysis
showed six copies of the ubiquitin in the yeast gene and no
splicing. Our preliminary examination of chicken ubiquitin
genomic clones indicates that splicing does not occur within
the coding sequences.
The data presented here show that not only are the amino

acid sequences of avian and yeast ubiquitin virtually identi-
cal but that the formation of the protein from a tandemly
repeated polyprotein precursor has been conserved. Prelim-
inary results indicate that our clone cross-hybridizes to
Drosophila mRNA and DNA under very stringent hybridi-
zation conditions. Like ubiquitin, many components of the
stress response of the cell, including factors affecting regu-
lation of gene expression, have been strongly conserved
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through evolution. But despite the extensive structural in-
formation about stress proteins and their genes, functions of
the major cell stress proteins are unknown. Our discovery
that the ubiquitin gene is under stress control allows us to
assign a function for one of the chicken cell stress proteins.

Since submission of this paper, two other DNA sequences
coding for ubiquitin have been published. One of these is
from a cDNA library constructed from polyA(+) RNA from
stage 10 Xenopus laevis gastrulae (12). The cDNA clone that
was analyzed contains two contiguous 228-bp repeats of a
ubiquitin sequence and portions of a third repeat. In the
cDNA, there is a termination codon of the polyprotein
sequence precisely at the end of a repeat, and this differs
from the yeast and chicken sequences, which have one extra
amino acid at the carboxy terminus of the polyprotein.
Examination of genomic DNA from X. laevis shows substan-
tial population polymorphism for ubiquitin sequences, and
as many as 12 ubiquitin tandem coding units are in at least
one locus in the genome. Multiple RNA bands which differ
in size by increments of the 228-bp coding sequence are
detected in preparations from different individuals and at
different stages of development. A repetitive 228-bp se-
quence is found also in a Drosophila genomic clone derived
from the early ecdysone puff region 63F of the Drosophila
melanogaster polytene chromosome (26). This clone con-
tains 15 tandemly arrayed copies of the repeat, and it
hybridizes to DNA sequences from a variety of different
organisms, including chickens and humans. The published
amino acid sequence derived from the repeat is not ubiqui-
tin. However, we noted that the sequence of the DNA
complementary to that published as the coding strand shows
extensive homology to the DNA sequence coding for chicken
ubiquitin. An amino acid sequence derived from the Drosoph-
ila repeat DNA strand which is complementary to that
published and read in the opposite direction shows a perfect
identity to the chicken ubiquitin sequence from amino acids
17 to 72. If we delete the guanine at nucleotide position 66 of
the published repeat sequence (a cytosine in the coding
strand), then the subsequent codons correspond precisely to
the 4 amino acids at the carboxy terminus of ubiquitin and
the 16 amino acids at the amino terminus of the protein.
Since there was no way to orient transcription of the
published sequence, we conclude that our assignment of
ubiquitin to this repeat is correct. Interestingly, the 63F puff
in Drosophila has been previously identified as a minor heat
shock locus (32). Furthermore, ecdysone acts at the larval
stage of development when increased protein turnover oc-
curs. An increase in ubiquitin formation might be expected
under these conditions, consistent with its role in protein
degradation.
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