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Abstract. Selective degradation of cellular proteins serves to eliminate abnormal proteins and to mediate the turnover 
of certain short-lived proteins, many of which have regulatory functions. In eukaryotes a major pathway for selective 
protein degradation is ATP-dependent and is mediated by the ubiquitin system. This pathway involves substrate 
recognition by components of a ubiquitin-protein ligase system, covalent attachment of ubiquitin moieties to 
proteolytic substrates, and subsequent degradation of these conjugates by a multicatalytic protease complex. Recent 
genetic evidence suggests that the remarkable selectivity of this process is largely controlled at the level of substrate 
recognition by the ubiquitin ligase system. In Saccharomyces cerevisiae, ubiquitin-conjugating enzymes UBCI, UBC4 
and UBC5 have been identified as key components of this highly conserved degradation pathway. Genetic analysis 
indicates that ubiquitin-dependent proteolysis is essential for cell viability and that UBC4 and UBC5 enzymes are 
essential components of the eukaryotic stress response. 
Key words. Yeast; protein degradation; ubiquitin conjugating enzymes; signals for proteolysis; stress response. 

Introduction 

Protein levels in living cells are controlled both by syn- 
thesis and degradation. In every cell, proteins with rela- 
tively long half-lives coexist with proteins with short 
half-lives. This remarkable difference in protein stability 
requires mechanisms which precisely control the selectiv- 
ity of the degradation process. Selective degradation is 
involved both in the turnover of short-lived proteins such 
as crucial cellular regulators, and in the selective elimina- 
tion of abnormal, mislocalized and misassembled 
proteins. 
Eukaryotes have evolved different degradative path- 
ways. Protein degradation via lysosomes is strongly in- 
duced under starvation conditions and appears to be 
rather unselective. However, recent evidence suggests 
that a specific sequence motif (e.g. Lys-Phe-Glu-Arg- 
Gln) 7 may target some long-lived proteins for lysosomal 
degradation. A member of the hsp70 stress protein fam- 
ily was found to bind a protein bearing this sequence 
motif, and may function in the translocation of proteins 
across lysosomal membranes. Recently, a novel degrada- 
tion pathway located in the endoplasmic reticulum has 
been described 21. This pathway appears to be responsi- 

ble for the elimination of newly-synthesized membrane 
proteins passing through the secretory pathway when 
these have failed to fold correctly or to assemble into the 
requisite oligomeric complexes. 
A major pathway for the selective degradation of abnor- 
mal and short-lived proteins in the cytosol depends both 
on ATP and ubiquitin 14. Biochemical and genetic evi- 
dence indicates that ubiquitin-protein conjugates are es- 
sential intermediates for this proteolysis pathway 16. 
Degradation by the ubiquitin system serves essential 
functions of the cellular stress response. Moreover, 
this pathway is involved in the control of the half-lives 
of important cellular regulators. The ubiquitin system 
mediates the selective degradation of the far-red light 
absorbing form of phytochrome (Pfr), a regulatory 
photoreceptor of higher plants 3o. Recent in vitro stud- 
ies indicate that the short half-life of p53, a negative 
regulator of cell proliferation, can be controlled by the 
ubiquitin system a6. In addition, a key step governing 
the exit from mitosis, degradation of the cell cycle 
regulator cyclin, is mediated by the ubiquitin path- 
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In this review we will focus on structural determinants 
for proteolysis and on a description of the enzymatic 
components of the ubiquitin system which perform a key 
function in selective protein degradation. 
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encoding proteasome subunits are essential for cell vi- 
ability in yeast 10, ~ 5 

The ubiquitin system 

Ubiquitin is a small, abundant and highly conserved in- 
tracellular protein. It has a tightly packed globular struc- 
ture with three faces which might interact with other 
proteins: one acidic, one basic and one hydrophobic. The 
carboxyl terminus of ubiquitin, which protrudes from the 
globular core, becomes conjugated to substrate proteins. 
Ubiquitin conjugation is a multistep process (fig. 1). In 
an initial ATP-dependent step, which requires the activity 
of a ubiquitin-aetivating enzyme, El, a thiolester is 
formed between the carboxyl-terminus of ubiquitin and 
a cysteine of the El enzyme. Subsequently, ubiquitin is 
transferred to a specific cysteine residue of a ubiquitin- 
conjugating enzyme, E2. This type of enzyme catalyzes 
the covalent attachment of ubiquitin to e-amino groups 
of lysine residues of target proteins. All eukaryotes ap- 
pear to have a large variety of these enzymes, which 
possess different substrate specificities and are involved 
in strikingly different cellular functions ~9. Some conju- 
gation reactions require additional factors, known as 
'ubiquitin-protein ligases' or E3s, to mediate substrate 
recognition and subsequent ubiquitination 6. 
Degradation of ubiquitin-protein conjugates seems to be 
mediated by a multicatalytic protease complex (protea- 
some) 23. This cylindrical particle appears to consist of 
several related but functionally distinct proteases and 
occurs both in the cytoplasm and the nucleus. Genes 
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Figure 1. Ubiquitin conjugation pathway. Ubiquitin (UB) protein conju- 
gation is catalyzed by ubiquitin-activating enzyme (El) and a family of 
ubiquitin-conjugating enzymes (E2). The covalent attachment of ubiqui- 
tin to substrate proteins may lead to selective degratiou of the protein or 
may cause a modification of protein structure and function. Ubiquitin 
conjugation may be reversed by the action of isopeptidases which cleave 
ubiquitin from conjugates. 

Function of ubiquitin-protein conjugation 

According to an early hypothesis, ubiquitin in a protein 
conjugate serves as a tag marking proteins for degrada- 
tion. However, the existence of metabolically stable ubi- 
quitin conjugates indicates that ubiquitin may also have 
a function in the direct modification of protein structure 
and function. Such stable conjugates have been identi- 
fied with proteins of the nucleus, the cytosol and the 
cell surface: chromosomal histones H2A and H2B 33, 
Drosophila actin 3, hormone receptors 22, 34, cell adhesion 
proteins 3t and viral coat proteins s. For some of these 
proteins ubiquitin conjugation may be reversible, since 
enzymes have been described which precisely cleave 
ubiquitin from conjugates 3z. 
In vivo, two types of ubiquitin conjugate structures have 
been observed. Monoubiquitination occurs at one or more 
lysine residues in target proteins. This type is typical for 
ubiquitin-histone conjugates which are metabolically sta- 
ble. Multiubiquitination occurs when ubiquitin itself gets 
ubiquitinated at a specific lysine residue (lysine-48 of 
ubiquitin). Since such a branched multiubiquitin chain 
was discovered on a short-lived engineered protein, this 
structure was suggested to be a specific signal for protein 
degradation by the ubiquitin system 5. Consistent with 
this hypothesis are experiments which showed that a 
ubiquitin variant, in which lysine-48 of ubiquitin was 
replaced by an arginine residue, failed to support both 
multiubiquitination and degradation of a test substrate. 
However, it remains to be shown whether in general the 
type of ubiquitin-protein structure determines whether a 
given protein will be degraded or not. Alternatively, the 
nature of the substrate itself might determine the struc- 
ture and fate of the conjugate. 

Signals for proteolysis 

Selective protein degradation requires structural determi- 
nants on proteolytic substrates which target these 
proteins for destruction. These determinants can be rec- 
ognized either directly by specific proteases or, alterna- 
tively, by specific recognition components of more com- 
plex proteolytic systems. Thus, the half-life of a protein 
in a given cellular environment is probably a function of 
the cellular concentration of these recognition compo- 
nents and their affinity to available target sites on 
proteins. Experimental evidence suggests that many 
proteins bear several distinct proteolytic determinants 
for different recognition components of proteolytic path- 
ways t 7. Furthermore, long-lived proteins may be turned 
into proteins with short half-lives by structural alter- 
ations which expose cryptic signals. This might apply to 
the degradation of abnormal proteins and to the regulat- 
ed degradation of proteins triggered by events which 
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influence protein structure such as light in the case of 
phytochrome 30. 
Several approaches were taken to define amino acid de- 
terminants which affect protein stability. Based on a 
computer comparison of short-lived proteins a determi- 
nant that targets proteins for proteolysis has been sug- 
gested 25. According to the so-called PEST-hypothesis 
proteins containing stretches of amino acids rich in pro- 
line, glutamic acid, serine, and threonine (P, E, S, T) are 
short-lived in vivo. However, a general function of PEST- 
sequences as proteolytic determinants is controversial 
and experiments addressing the validity of this hypothe- 
sis remain to be done. 
One determinant for protein degradation by the ubiquit- 
in system has been analyzed in detail in yeast: the N-end 
rule. In the case of a test protein, 13-galactosidase, the 
identity of the amino-terminal amino acid determines the 
half-life of the protein 1. Constructs bearing amino-ter- 
minal residues with bulky side chains (Met excluded; 
Arg, Lys, His, Phe, Trp, Tyr, Leu) are short-lived proteins 
in vivo. These amino acids are called primary destabiliz- 
ing residues. Proteins with certain other amino-terminal 
residues can be turned into short-lived proteins by 
amino-terminal modifications. Amino-terminal Asn and 
Gln residues (tertiary destabilizing) are deamidated into 
Asp and Glu residues (secondary destabilizing) by 
specific enzymes. To these acidic amino-terminal residues 
Arg - a primary destabilizing residue - is added by a 
specific aminoacyl-tRNA protein transferase. Versions 
of the N-end rule seem to operate in various organ- 
isms 24 
Substrates of the N-end rule require a single lysine 
residue in close proximity to the amino-terminus for 
ubiquitination and subsequent degradation 2. A recogni- 
tion component, UBRI, recognizes destabilizing amino- 
terminal residues on a substrate. This protein is thought 
to interact with a ubiquitin-conjugating enzyme which 
adds ubiquitin to the acceptor lysine. In the case of 13- 
galactosidase, a multiubiquitin chain is confined to this 
lysine residue 5. The gene encoding the UBR1 protein has 
been cloned 4. Overexpression of UBR1 protein results in 
an increased turnover of N-end rule constructs suggest- 
ing that UBRI is a rate-limiting factor of this pathway. 
Although ubrl deletion mutants completely stabilize 
short-lived N-end rule substrates, the mutant has no ob- 
vious phenotype under various physiological conditions. 
This unexpected finding indicates that the N-end rule 
constitutes only one pathway for the degradation of 
proteins by the ubiquitin system. 
Studies with certain N-end rule substrates led to implica- 
tions for the proteolysis of oligomeric proteins. In a mul- 
tisubunit protein complex the proteolytic determinant 
(e.g. a destabilizing residue of the N-end rule) and the 
actual acceptor lysine for ubiquitination may be located 
on different subunits 2~ In this case only the subunit 
which bears the lysine gets degraded. This mechanism of 
cis-trans recognition may apply to the regulated degrada- 

tion of the tumor suppressor protein p53. Binding of the 
E6 protein of papilloma virus promotes the ubiquitina- 
tion of p53. In such a complex only the p53 protein gets 
degraded 26. 

Genetics of ubiquitin-dependent proteolysis 

Genetic analysis of the ubiquitin system greatly im- 
proved our understanding of the in vivo function of the 
system. Analysis of the mutant mouse cell line ts85 with 
a thermolabile ubiquitin-activating enzyme demonstrat- 
ed the essential character of ubiquitin-protein conjuga- 
tion for cell viability. Moreover, these studies suggested 
that the majority of short-lived and abnormal proteins 
are degraded by the ubiquitin-dependent pathway 9. 
A detailed molecular genetic analysis of ubiquitin-conju- 
gating enzymes (UBC) has been performed in the yeast 
Saccharomyces cerevisiae 29. This organism is uniquely 
suitable for investigations of the in vivo functions of gene 
products. These studies led to the discovery that the 
DNA repair gene RAD6 (UBC2)is and the cell cycle 
gene CDC34 (UBC3) 22 both encode ~ubiquitin-conjugat- 
ing enzymes. Recently, the key components of ubiquitin- 
dependent proteolysis have been identified 27, 29. Below, 
we will discuss the experiments which led to the function- 
al characterization of these ubiquitin-conjugating en- 
zymes. 

Cloning and structure of UBC genes 

Several enzymes of the yeast ubiquitin-protein ligase sys- 
tem have been purified by ubiquitin-Sepharose affinity 
chromatography. This purification scheme is based on 
ATP-dependent thiolester formation of these enzymes 
with immobilized ubiquitin, thereby exploiting their en- 
zymatic activities. Using this method ubiquitin-activat- 
ing enzyme, El, and at least five distinct ubiquitin-conju- 
gating enzymes, E2s, have been isolated (fig. 2). To clone 
the genes encoding these enzymes, two different strate- 
gies were followed. One approach involved the determi- 
nation of partial amino acid sequences of the purified 
enzymes and synthesis of the corresponding oligonucle- 
otides for use in library screening. This technique was 
applied to isolate UBC4 and UBC5 genes encoding E216 K 
enzymes (fig. 2). The alternative cloning strategy con- 
sisted of raising antibodies against the mixture of puri- 
fied El and E2 enzymes and using this antiserum to 
screen a yeast expression library. Immunoreactive phage 
clones were identified which carried the gene UBC1 en- 
coding the E23o K ubiquitin-conjugating enzyme (fig. 2). 
In addition to structural criteria the identity of the isolat- 
ed genes was verified by assaying enzymatic activity of 
the cloned gene products. 
UBC4 and UBC5 genes encode E216K enzymes of almost 
identical amino acid sequence (137 identical residues out 
of a total of 148). Both genes contain a single intron 
located at identical positions in the amino-terminal part 
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Figure 2. Purified components o f  the ubiquitin-protein ligase sytem. 
Ubiquitin-activating enzyme (El) and a family of ubiquitin-conjugating 
enzymes (E2s) were affinity purified by covalent binding to immobilized 
ubiquitin (Coomassie stained polyacrylamide-SDS-gel). Yeast UBC1 
gene encodes E2ao k enzyme, UBC4 and UBC5 genes encode E2~6 k en- 
zymes. 
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of the coding regfon (fig. 3). Moreover, both genes are 
flanked by identical tRNA genes pointing to a gene du- 
plication event which gave rise to UBC4 and UBC5 
genes zs. 
The predicted amino acid sequence of UBCI shows that 
this enzyme is similar in sequence to all other character- 
ized members of the ubiquitin-conjugating enzyme fami- 
ly. In particular, sequences surrounding the single active 
site cysteine residue required for ubiquitin-enzyme 
thiolester formation are highly conserved.Within a con- 
served domain common to all ubiquitin-conjugating en- 
zymes about 45 % of the amino acids are identical in 
UBC1 and UBC4/UBC5 proteins (fig. 3). UBC1 protein 
differs in its structure from UBC4/UBC5 in possessing a 
carboxyl-terminal extension. UBC4 and UBC5 have 
been defined as class I ubiquitin-conjugating enzymes 
which consist almost exclusively of the conserved "E2 
domain". In comparison, UBC1 belongs to the class H 
E2 enzymes which bear carboxyl-terminal extensions. 
Both previously characterized class II enzymes, UBC2/ 
RAD6 and UBC3/CDC34, have extensions which are 
known to be necessary for substrate interaction. Follow- 
ing this line, the carboxyl-terminal domain of the UBC1 
protein, which is highly charged, may also be involved in 
substrate interaction. The class I enzymes UBC4 and 
UBC5 most likely require supplementing E3 factors for 
conjugation activity. 

UBC gene structure 
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Figure 3. Schematic representation of the structure of  yeast UBC gene 
products. Some ubiquitin-conjugating enzymes carry carboxyl-terminal 
extensions in addition to a conserved E2-domain (shaded region). The 

cysteine residues are indicated by asterisks. Intron positions in UBC4 and 
UBC5 genes are marked by arrows. 
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UBC! functions during growth after a resting state 

To assess the in vivo function of UBCI, UBC4 and 
UBC5 enzymes the corresponding genes were inactivated 
in yeast cells and the phenotypes of the resulting mutants 
were analyzed, ubcl disruption mutants displayed only a 
moderate slow growth phenotype. However, ubcl mu- 
tants were markedly impaired in growth after germina- 
tion of spores. Tetrad analysis following sporulation of 
ubcl/UBC1 heterozygotes showed that unlike wild-type 
spores, ubcl mutant spores gave rise to tiny, amorphous- 
ly shaped colonies indicative of slow growth and poor 
cell viability at this stage of the yeast life cycle. This was 
in striking contrast to colonies formed by exponentially- 
growing haploid ubcl mutant cells, which had a normal 
appearance and were only slightly smaller than wild-type 
colonies. Interestingly, mating, sporulation, and germi- 
nation of ubcl mutants appeared to be essentially unaf- 
fected. The specific requirement for UBC1 protein func- 
tion upon resumption of growth following a resting state 
also manifested itself after prolonged nutrient depriva- 
tion or extended storage on plates. These data suggest 
that in addition to a role for exponentially growing cells, 
UBCl-mediated functions are critical for growth and 
viability at a specific point in the yeast life cycle: during 
the transition period after a state of quiescence. 

Wild-type cells, as well as ubc5 mutants, efficiently 
formed colonies on plates containing canavanine, ubc4 
mutants were moderately sensitive, ubc4ubc5 double mu- 
tants, however, were unable to form colonies under these 
conditions. The extreme sensitivity of UBC4/UBC5 defi- 
cient cells to an amino acid analog is consistent with a 
function of these enzymes in the elimination of abnormal 
proteins. 
The turnover of naturally short-lived proteins or cana- 
vanyl-proteins in wild-type and mutant cells was directly 
analyzed. Following pulse-labeling of proteins the release 
of radioactivity from cells during the chase period was 
measured. Pulse-labeled proteins were degraded effi- 
ciently in wild-type cells. Protein degradation in ubc4 and 
ubc5 mutants was barely affected. In ubc4ubc5 double 
mutants, however, turnover of short-lived proteins was 
significantly reduced to about half the wild-type value. 
Moreover, UBC4 and UBC5 enzymes mediated proteol- 
ysis of abnormal proteins: in ube4ubc5 double mutants, 
proteolysis of canavanyl-proteins was severely restricted. 
Even ubc4 and ubc5 single mutants exhibited significant 
defects. The function of UBC4 and UBC5 enzymes in 
protein degradation was specific for short-lived and ab- 
normal proteins: neither the turnover of long-lived 
proteins, nor the rate of labelled amino acid uptake or 
protein synthesis, was affected. 

UBC4 and UBC5 mediate the degradation of  short-lived 
and abnormal proteins 

Disruption of either one of the genes, UBC4 or UBC5, 
caused only moderate defects. Disruption of both genes, 
however, resulted in severe phenotypes. This indicates 
that UBC4 and UBC5 genes have complementing cellular 
functions, as already suggested by the closely related 
amino acid sequences of the proteins. Growth of 
ubc4ubc5 mutants was drastically impaired, double mu- 
tants formed cell aggregates, and individual cells were 
significantly larger than wild-type cells. This suggests 
that UBC4 and UBC5 enzymes mediate important cellu- 
lar functions during vegetative growth. 
By Western analysis using anti-ubiquitin antibodies it has 
been shown that UBC4 and UBC5 enzymes generate 
high molecular weight ubiquitin-protein conjugates in 
vivo. Moreover, the experimental data indicate that 
UBC4 and UBC5 enzymes comprise a major ubiquitin- 
conjugation activity in yeast cells. 
Previous studies suggested that for certain proteins the 
attachment of a multiubiquitin chain to the proteolytic 
substrate might be required for protein degradation 5. 
Synthesis of high molecular weight ubiquitin-protein 
conjugates by U B C 4  and UBC5 enzymes indicated a 
function of these enzymes in selective protein degrada- 
tion. To evaluate this possibility the sensitivity of mu- 
tants to canavanine was analyzed. Cells incubated with 
canavanine, an amino acid analog, generate abnormal 
proteins in vivo which are usually degraded rapidly. 

UBC4 and UBC5 are involved in the cellular stress re- 
sponse 

The expression of genes encoding components of the 
ubiquitin system appears to be highly regulated. There- 
fore the expression of UBC genes was examined under 
different growth conditions and in response to environ- 
mental stress. On Northern blots with total yeast RNA, 
UBCI transcripts were detected in exponentially growing 
cells. UBC1 transcription increased substantially when 
the cells entered the stationary phase. UBC1 expression 
was unaffected by a heat-shock treatment. UBC4 expres- 
sion was high in growing cells but hardly detectable 
during transit to the stationary phase. In contrast, UBC5 
was only weakly expressed during exponential growth 
but was highly induced upon entry into the stationary 
phase. Interestingly, expression of UBC4 and UBC5 in- 
creased substantially in response to heat shock. 
Given the heat-inducible expression of UBC4 and UBC5 
genes, the resistance of mutants to chronic heat stress was 
investigated, ubc4ubc5 mutants were non-viable at ele- 
vated temperature. The thermosensitivity of the growth 
of ubc4ubc5 mutants was not merely due to growth arrest 
but was caused by cell death. UBC4 and UBC5 proteins 
apparently fulfil essential functions under stress condi- 
tions which are thought to generate abnormal proteins, 
such as elevated temperatures or the presence of an 
amino acid analog. 
Wild-type yeast cells are sensitive to an acute heat shock, 
and several stress conditions are known to induce re- 
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sistance to an acute heat shock. In contrast to single 
mutants and wild-type cells, ubc4ubc5 double mutants 
exhibited a striking level of constitutive thermotolerance 
which suggest that the stress response is turned on in 
ubc4ubc5 mutants at normal temperatures. Further sup- 
port for this suggestion came from the analysis of heat- 
shock protein expression in ubc4ubc5 mutant cells. In 
these mutants cells, hsp70 stress proteins, which ap- 
peared in wild-type cells only upon heat shock, were 
synthesized already at normal growth temperatures. This 
indicates that the loss of UBC4/UBC5 function which 
causes pronounced deficiencies in selective protein degra- 
dation induces constitutive expression of heat-shock 
proteins. These results are consistent with previous ob- 
servations in other systems that abnormal proteins act as 
inducers of a heat shock-like response. Since abnormal 
proteins are eliminated by a stress-inducible proteolytic 
pathway, a feed-back control of the stress response has 
been suggested. 
In E. coli the activity of a single enzyme, the Ion gene 
product, functionally resembles the much more complex 
ubiquitin-dependent proteolytic system of eukaryotes. 
The Ion gene encodes an ATP-dependent protease 
specific for abnormal and short-lived proteins, and its 
expression is induced by heat shock and other stresses 13. 

UBC1, UBC4 and UBC5 constitute a UBC-subfamily es- 
sential for cell viability 

To evaluate a possible involvement of UBC1 in ubiquit- 
in-mediated protein turnover, the sensitivity of ubc! mu- 
tants to the amino acid analog canavanine was examined. 
When compared to congenic wild-type cells, ubcl mu- 
tants were more sensitive to canavanine, which suggests 
that UBC1 might function as an enzymatic component of 
the ubiquitin-mediated pathway for selective protein 
degradation. This conclusion was further supported by 
direct measurements of the turnover of canavanyl- 
proteins, which showed a slight but significant reduction 
of selective protein degradation in ubcl mutants. 
The moderate defects in protein degradation observed 
in ubcl mutants might indicate a functional overlap of 
UBC1 with the UBC4 and UBC5 enzymes which mediate 
most of the ubiquitin-dependent protein degradation in 
yeast. To address this possibility, double and triple mu- 
tants in these UBC genes were constructed. Disruption of 
UBC1 in a ubc4 mutant background resulted in double 
mutants exhibiting more severe phenotypes than that of 
the single mutants combined. In particular, ubclubc4 
double mutants showed significantly prolonged doubling 
times, suggesting important overlapping functions for 
these two genes during exponential growth. Moreover, 
these studies confirmed the critical role of UBCI after 
sporulation and germination: ubclubc4 mutants spores 
failed to resume growth after germination. One explana- 
tion for this phenotype is that certain proteins have to be 
degraded by a UBCl-mediated pathway before cells re- 

sume growth, ubclubc5 double mutants showed no ap- 
parent phenotypic difference from ubcl single mutants. 
This is consistent with the previous observation that 
UBC5 is dispensable as long as UBC4 is present. By 
several genetic criteria it was demonstrated that the com- 
bined loss-of-function of these three UBC genes resulted 
in inviable cells, indicating that UBC1, UBC4 and UBC5 
genes constitute a subfamily of UBC genes essential for 
cell viability. 
In ubc4ubc5 mutants, the overexpression of UBC1 im- 
proved growth. In particular, high level expression of 
UBC1 restored growth of ubc4ubc5 mutants at elevated 
temperatures and increased resistance of these mutants 
to canavanine. Apparently, the defects of ubc4ubc5 mu- 
tants in the ubiquitin-mediated proteolysis pathway can 
be complemented by overexpression of UBCI. 
In conclusion, ubiquitin-conjugating enzymes UBC1, 
UBC4 and UBC5 from the yeast Saccharomyces cere- 
visiae have been characterized. These proteins were 
found to be key enzymes of the ubiquitin-mediated pro- 
teolytic system, which apparently catalyze the attach- 
ment of ubiquitin to proteolytic substrates. Genetic anal- 
ysis has shown that UBC1, UBC4, and UBC5 enzymes 
have overlapping functions and constitute a UBC sub- 
family essential for cell viability: single genes are dispens- 
able but deletion of all three genes renders cells inviable. 
These data suggest that ubiquitin-mediated protein 
degradation is a vital function of eukaryotic cells. De- 
spite structural and functional similarities, these enzymes 
are involved in distinct cellular processes. UBCI is specif- 
ically required for resuming growth after a resting state. 
The closely related enzymes UBC4 and UBC5 perform 
important functions during mitotic growth and become 
essential for cell viability under stress conditions. 
One striking feature of intracellular protein degradation 
is its exceptional selectivity. The observed enzymatic di- 
versity at the level of ubiquitin-conjugation may con- 
tribute to the precise regulation and specificity of this 
process. 
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Proteases and protein degradation in Escherichia coli 

M. R. Maur iz i  

Laboratory o f  Cell Biology, National  Cancer Institute, Bethesda (Mary land  20892, U S A )  

Abstract .  In  E. coli, pro te in  deg rada t ion  plays i m p o r t a n t  roles in regula t ing  the levels o f  specific prote ins  and  in 

e l imina t ing  d a m a g e d  or  a b n o r m a l  proteins .  E. coli possess a very large n u m b e r  o f  p ro teo ly t ic  enzymes  d is t r ibuted  in 

the cy toplasm,  the  inner  m e m b r a n e ,  and  the per ip lasm,  but,  wi th  few exceptions,  the phys io logica l  func t ions  o f  these 

pro teases  are no t  known.  M o r e  than  90 % of  the p ro te in  deg rada t ion  occur r ing  in the cy top l a sm is energy-dependent ,  

bu t  the activit ies o f  m o s t  E. coli proteases  in v i t ro  are  no t  energy-dependent .  Two A T P - d e p e n d e n t  proteases ,  L o n  and 

Clp,  are responsible  for  7 0 - 8 0  % o f  the energy-dependen t  degrada t ion  o f  prote ins  in vivo.  In  v i t ro  studies wi th  L o n  

and Clp  indicate  tha t  bo th  pro teases  direct ly  in teract  wi th  substrates  for  degrada t ion .  A T P  funct ions  as an  al losteric 

ef fec tor  p r o m o t i n g  an  active c o n f o r m a t i o n  o f  the proteases ,  and  A T P  hydrolys is  is r equ i red  for  rap id  cata lyt ic  

t u rnove r  o f  pept ide  b o n d  c leavage  in proteins.  L o n  and  Clp show vi r tua l ly  no h o m o l o g y  at the a m i n o  acid level, and  

thus it appears  that  at least two  famil ies  o f  A T P - d e p e n d e n t  pro teases  have  evo lved  independent ly .  

Key  words. A T P - d e p e n d e n t ;  deg rada t ion ;  p ro tease ;  L o n ;  Clp.  


