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ABSTRACT
The selective degradation of many short-lived proteins in eukaryotic cells is
carried out by the ubiquitin system. In this pathway, proteins are targeted for
degradation by covalent ligation to ubiquitin, a highly conserved small protein.
Ubiquitin-mediated degradation of regulatory proteins plays important roles in
the control of numerous processes, including cell-cycle progression, signal trans-
duction, transcriptional regulation, receptor down-regulation, and endocytosis.
The ubiquitin system has been implicated in the immune response, development,
and programmed cell death. Abnormalities in ubiquitin-mediated processes have
been shown to cause pathological conditions, including malignant transforma-
tion. In this review we discuss recent information on functions and mechanisms
of the ubiquitin system. Since the selectivity of protein degradation is determined
mainly at the stage of ligation to ubiquitin, special attention is focused on what
we know, and would like to know, about the mode of action of ubiquitin-protein
ligation systems and about signals in proteins recognized by these systems.
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INTRODUCTION

The past few years have withessed a dramatic increase in our knowledge of
the important functions of ubiquitin-mediated protein degradation in basic bi-
ological processes. The selective and programmed degradation of cell-cycle
regulatory proteins, such as cyclins, inhibitors of cyclin-dependent kinases, and
anaphase inhibitors are essential events in cell-cycle progression. Cell growth
and proliferation are further controlled by ubiquitin-mediated degradation of
tumor suppressors, protooncogenes, and components of signal transduction
systems. The rapid degradation of numerous transcriptional regulators is in-
volved in a variety of signal transduction processes and responses to environ-
mental cues. The ubiquitin system is clearly involved in endocytosis and down-
regulation of receptors and transporters, as well as in the degradation of resident
or abnormal proteins in the endoplasmic reticulum. There are strong indications
for roles of the ubiquitin system in development and apoptosis, although the
target proteins involved in these cases have not been identified. Dysfunction in
several ubiquitin-mediated processes causes pathological conditions, including
malignant transformation.

The role of ubiquitin in protein degradation was discovered and the main
enzymatic reactions of this system elucidated in biochemical studies in a cell-
free system from reticulocytes (reviewed in 1). In this system, proteins are
targeted for degradation by covalent ligation to ubiquitin, a 76-amino-acid-
residue protein. The biochemical steps in the ubiquitin pathway have been
reviewed previously (2, 3) and are illustrated in Figufe Briefly, ubiquitin-
protein ligation requires the sequential action of three enzymes. The C-terminal
Gly residue of ubiquitin is activated in an ATP-requiring step by a specific
activating enzyme, E1 (Step 1). This step consists of an intermediate formation
of ubiquitin adenylate, with the release of ;P®llowed by the binding of
ubiquitin to a Cys residue of E1 in a thiolester linkage, with the release of
AMP. Activated ubiquitin is next transferred to an active site Cys residue of a
ubiquitin-carrier protein, E2 (Step 2). In the third step catalyzed by a ubiquitin-
protein ligase or E3 enzyme, ubiquitin is linked by its C-terminus in an amide
isopeptide linkage to asramino group of the substrate protein’s Lys residues
(Figure 1A, Step 3).

Usually there is a single E1, but there are many species of E2s and multi-
ple families of E3s or E3 multiprotein complexes (see below). Specific E3s
appear to be responsible mainly for the selectivity of ubiquitin-protein ligation
(and, thus, of protein degradation). They do so by binding specific protein sub-
strates that contain specific recognition signals. In some cases, binding of the
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Figure 1 Enzymatic reactions of the ubiquitin systef.Sequence of reactions in the proteolytic
pathway.B. Possible mechanisms of ubiquitin transfer by different types of E3 enzymes. See the
text. Ub, ubiquitin.

substrate protein to an E3 is indirect, via an adaptor protein. Different types
of E3s may carry out the transfer of ubiquitin to the substrate protein by two
different mechanisms. In some cases, such as withl#ztdomain family of

E3 enzymes (see below), ubiquitin is first transferred from an appropriate E2
to an active site Cys residue of the E3 enzyme. This E3-ubiquitin thiolester is
the donor for amide bond formation with the protein substrate (FigBr&)1

In other families of E3 enzymes, E3-ubiquitin thiolester formation cannot be
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demonstrated. Since E3 enzymes bind cognate E2s tightly (see below) and
they also bind their appropriate protein substrate, ubiquitin can be transferred
directly from E2 to the protein substrate (FiguB.2). After the linkage of
ubiquitin to the substrate protein, a polyubiquitin chain is usually formed, in
which the C-terminus of each ubiquitin unit is linked to a specific Lys residue
(most commonly Ly®) of the previous ubiquitin.

Proteins ligated to polyubiquitin chains are usually degraded by the 26S pro-
teasome complex (reviewed in 4) that requires ATP hydrolysis for its action.
The 26S proteasome is formed by an ATP-dependent assembly of a 20S pro-
teasome, a complex that contains the protease catalytic sites, with 19S “cap” or
regulatory complexes (5). The 19S complexes contain several ATPase subunits
and other subunits that are presumably involved in the specific action of the 26S
proteasome on ubiquitinylated proteins. The roles of ATP inthe assembly of the
26S proteasome complex and in its proteolytic action are not understood. The
action of the 26S proteasome presumably generates several types of products:
free peptides, short peptides still linked to ubiquitin via their Lys residues, and
polyubiquitin chains (FigureA, Step 4). The latter two products are converted
to free and reusable ubiquitin by the action of ubiquitin-C-terminal hydrolases
or isopeptidases (Steps 5 and 6). Some isopeptidases may also disassemble
certain ubiquitin-protein conjugates (Step 7) and thus prevent their proteoly-
sis by the 26S proteasome (see below). The latter type of isopeptidase action
may have a correction function to salvage incorrectly ubiquitinylated proteins
or may have a regulatory role. Short peptides formed by the above processes
can be further degraded to free amino acids by cytosolic peptidases (Fiyure 1
Step 8).

In the five years since our last review on the ubiquitin system in this se-
ries (2), there has been an exponential increase of information on the subject.
The reader is referred to reviews on the 20S and 26S proteasomes, including
their subunit composition and crystal structure of the 20S proteasome from
the Thermoplasmarchaebacterium (4,5). Ubiquitin-C-terminal hydrolases
and isopeptidases are described elsewhere (6, 7). Hochstrasser’s review (7)
also provides a catalog of the known components of the ubiquitin system in
the yeasSaccharomyces cerevisiathis review discusses these subjects only
briefly, focusing instead on selected examples that illustrate the mode of action
and basic functions of the ubiquitin system.

ENZYMES OF UBIQUITIN-PROTEIN LIGATION

Ubiquitin Carrier Proteins (E2s)

A large number of E2s (also called Ubiquitin-conjugating enzymes or Ubcs)
have been identified. In the relatively small genomé&o€erevisiad 3 genes
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encode E2-like proteins (7), so more are likely to be found in higher eukary-
otes. Some E2s have overlapping functions, whereas others have more specific
roles. For example, i5. cerevisiaecUbc2/Rad6 is required for DNA repair

and proteolysis of so-called N-end rule substrates, Ubc3/Cdc34 is required
for the G1 to S-phase transition in the cell cycle, and Ubc4 and Ubc5 are
needed for the degradation of many abnormal and short-lived normal proteins
(reviewed in 7,8). Specific functions of some E2s in higher organisms have
been reported. For exampRrosophilaUbcD1! is needed for proper detach-
ment of telomeres in mitosis and meiosis (9). Some mutant alleles of UbcD1
cause abnormal attachment between telomeres of sister chromatids or fusion
of chromosomes through their telomere ends. UbcD1-dependent degradation
of some telomere-associated proteins may be required for telomere detachment
(9). Another interesting example of a specific lesion caused by a mutation in an
E2 enzyme is that of thBrosophila bendlesgene, which is required for the
establishment of synaptic connectivity in development (10; see below). The in-
activation of HRB6B, one of the two mouse homologs of the yeast Ubc2/Rad6
E2 enzyme, causes male sterility due to decreased spermatogenesis (11; see
below). Disruption of the gene of UbcM4, a mouse E2 homologous to yeast
Ubc4/Ubc5, causes embryonic lethality possibly owing to impairment of the
placenta’s development (12).

Because of the specific effects of mutations in some E2 genes, it was pro-
posed that E2s may participate in the recognition of the protein substrate, either
directly or in combination with an E3 enzyme (7, 8). However, not much exper-
imental evidence exists for the direct binding of E2s to protein substrates, with
the notable exception of the interactions of E2-like Ubc9 with many proteins
(see below) and that of E2-25 kDa with Huntingtin, the product of the gene
affected in Huntington’s disease (13). Specific functions of some E2s may be
the result of their association with specific E3s, which in turn bind their specific
protein substrates. For example, E2-14 kDa and its yeast homolog Ubc2/Rad6
specifically bind to E@ (14) or to its yeast counterpart Ubrlp (15). Ubc2/Rad6
also binds strongly to Rad18, a yeast DNA-binding protein involved in DNA
repair (16). The biochemical function of Rad18 is not known, but it may be
part of an E3 complex that directs it to the site of DNA repair. The Ubc3/Cdc34
E2 protein in the budding yeast specifically associates with Cdc53p and Cdc4p,
which are involved in the degradation of cell-cycle regulators necessary for the
G1 to-S-phase transition (17, 18; see below).

Another specific E2 involved in cell-cycle regulation is E2-C, which was
first observed as a novel E2 required for the ubiquitinylation of cyclin B in a

1According to the currently used nomenclature, the different E2s/Ubcs are numbered according
to the chronological order of their discovery in each organism.
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reconstituted system from clam oocytes (19). E2-C acts in concert with the
cyclosome/APC, a large complex that has cell-cycle—regulated ubiquitin ligase
activity specific for mitotic cyclins and some other cell-cycle regulators that
contain the so-called destruction box degradation signal (20; see next section).
E2-C from clam has a 30-amino-acid N-terminal extension and several unique
internal sequences (21). Homologs of E2-C were fountimopug$22), human

(23), and fission yeast (24). Expression of a dominant-negative derivative of
human E2-C arrests cells in mitosis (23), as is the case with a temperature-
sensitive mutant of the fission yeast homolog (24), suggesting the conservation
of its cell-cycle function in evolution. However, there is no homolog of E2-C in
the budding yeast, even though the subunits of the cyclosome/APC are strongly
conserved in this organism (see below). The budding yeast cyclosome may act
with a nonspecific E2. In a cell-free system fratanopusggs (but not in that

from clam oocytes), E2-C can be replaced by the nonspecific E2 Ubc4 (25).
Though the interaction of the cyclosome with E2-C has not been defined, this
interaction may be less stringent in some species than in others.

Stringency of E2-E3 interactions depends not only on species but also, or
mainly, on the identity of the E2 and E3 enzymes. Some E2s (for example,
Ubc4) can act with more than one E3 enzyme, and some E3s can act with several
E2s. For example, the ubiquitinylation of proteins by the E6-AP E3 enzyme
(see next section) can be supported by UbcH5, a human homolog of yeast Ubc4
(26, 27), as well as by the closely related UbcH5B and UbcH5C (28) and the
less related UbcH7 (29) (previously described as E2-F1; see 30) or UbcH8 (31).
By using a yeast two-hybrid assay, researchers were able to detect interaction of
E6-AP with UbcH7 and UbcH8 but not with UbcH5 (31). In contrast, UbcH5B
interacts with E6-AP in an in vitro binding assay (32). These E2s may bind to
E6-AP with different affinities, in which case, the strength of the binding would
determine whether the association could be detected by a certain assay.

A mysterious case of an E2-like protein, Ubc9, has been solved recently.
Ubc9 was originally described as an essential yeast protein required for cell-
cycle progression at the G2- or early M-phase and for the degradation of B-
type cyclins (33). It was proposed that the proteolytic pathway that degrades
B-type cyclins involves Ubc9 (33); however, subsequent work showed that the
conjugation of cyclin B to ubiquitin in a cell-free system frofenopuseggs
could not be supported by Xenopushomolog of Ubc9 (25). Furthermore,
no formation of thiolester of ubiquitin with Ubc9 could be observed following
incubation with E1 and ATP (T Hada%: A Hershko, unpublished results), and
the crystal structure of mammalian Ubc9 showed significant differences in the
region of the active site as compared to other E2s (34).

Still, Ubc9 has important functions, as indicated by its strong conservation
in many eukaryotes (see 34 and references therein). Ubc9 was identified as an
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interacting proteinin yeasttwo-hybrid searches with a surprisingly large number
of proteins, including Rad51 (35) and Rad52 (36) human recombination pro-
teins, a negative regulatory domain of the Wilms’ tumor suppressor gene prod-
uct (37), subunits of the CBF-3 DNA-binding complex of the yeast centromere
(38), papillomavirus E1 replication protein (39), adenovirus-transforming E1A
protein (40), poly (ADP-ribose) polymerase (41), transcription regulatory E2A
proteins (42), the Fas (CD95) receptor of the tumor necrosis family (43, 44),
and the RanBP2/RanGAP1 complex of proteins required for the action of Ran
GTPase in nuclear transport (45). This last observation provided a clue to the
function of Ubc9, owing to the recent discovery of the covalent modification of
RanGAP1 with a small ubiquitin-like protein (46,47). This protein has been
termed UBLL1 (36), sentrin (48), and SUMO-1 (47). We use the term UBL1.

The covalent ligation of UBL1 to RanGAP1 is required for its association
with RanBP2, which appears to be important for the localization of the GTPase
activator at the nuclear pore complex (46, 47). It was observed that a thiolester
is formed between UBL1 and Ubc9, following incubation with a crude extract
and ATP (M Dasso, personal communication). The reaction is analogous to the
charging of E2s with activated ubiquitin and presumably involves an E1-like
UBL1-activating enzyme provided by the extract. It thus appears that Ubc9 is
an E2-like enzyme specific for the ligation of UBL1 to proteins. Since nuclear
transportis essential for cell-cycle progression and for the degradation of mitotic
cyclins (49), it was suggested that Ubc9 affects cyclin degradation indirectly,
by modifying the function of RanGAP1 by ligation to UBL1 (45).

The discovery of the function of Ubc9 illustrates the importance of combining
biochemical work with molecular genetic studies. It remains to be seen which
other proteins are modified by ligation to UBL1 and whether at least some
of the many proteins that interact with Ubc9 are also substrates for ligation
to UBLL. In this system, Ubc9 may bind directly to the proteins ligated to
UBL1; however, since most of the interactions of Ubc9 with various proteins
were not studied with purified preparations, some of these interactions may be
mediated by other proteins such as E3-like enzymes. Nonspecific interactions of
some proteins with a positively charged surface of Ubc9 (34) are also possible.
In vitro studies on the ligation of UBL1 to specific proteins, using purified
proteins and enzymes, should resolve these questions.

Ubiquitin-Protein Ligases (E3s)

Though ubiquitin-protein ligases have centrally important roles in determining
the selectivity of ubiquitin-mediated protein degradation, our knowledge of
these enzymes remains limited. The difficulty in identifying new E3 enzymes
is due, in part, to the lack of sequence homologies between different types of
E3s, except for sequence similarities between members of the same E3 family.
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In addition, some E3s are associated with large multisubunit complexes, and it
is unclear which subunits of these complexes are responsible for their ubiquitin-
protein ligase activities.

There is even some confusion in the literature about the properties that define
an E3 enzyme. This confusion has resulted from the variety of mechanisms by
which different types of E3s promote ubiquitin-protein ligation. In some cases,
the protein substrate is bound directly to an E3, while in others the substrate is
bound to the ligase via an adaptor molecule (see below). The mechanisms of the
transfer of activated ubiquitin from a thiolester intermediate to the amino group
of a protein appear to differ in various types of E3s. In some cases, E3 accepts
the activated ubiquitin from an E2 and binds it as a thiolester intermediate prior
to transfer to protein, while in others a ligase may help to transfer ubiquitin
directly from E2 to a protein, by tight binding of E2 and the protein substrate
(Figure B). The first E3 discovered, B3 was originally defined operationally
as a third enzyme component required, in addition to E1 and E2, for the ligation
of ubiquitin to some specific proteins (50). We can now replace this operational
definition by a more mechanistic but broad definition. We define E3 as an en-
zyme that binds, directly or indirectly, specific protein substrates and promotes
the transfer of ubiquitin, directly or indirectly, from a thiolester intermediate to
amide linkages with proteins or polyubiquitin chains.

According to this definition, four types of ubiquitin-protein ligases are known
(Figure 2). The main N-end rule E3, &3and its yeast counterpart, Ubrlp), is
still among the best-characterized ubiquitin ligases (reviewed in 2). Itis an ap-
proximately 200-kDa protein that binds N-end rule protein substrates that have
basic (Type I) or bulky-hydrophobic (Type 1) N-terminal amino acid residues
to separate binding sites specific for such residues (FighreSbme protein
substrates that do not have N-end rule N-terminal amino acid residues, such as
unfolded proteins and some &acetylated proteins (51), bind to this enzyme
at a putative “body” site that has not been well characterized. &30 binds a
specific E2 [E2-14 kDa (14) or its yeast homolog, Ubc2p/Rad6 (15)], thus facil-
itating the transfer of activated ubiquitin from E2 to the substrate protein. Thus
E3x is responsible for the recognition of some N-end rule protein substrates
for ubiquitin ligation and degradation. A related enzyme appears to se E3
which has been only partially purified and characterized, and which may be
specific for proteins with small and uncharged N-terminal amino acid residues
(52). Though the N-end rule recognition mechanism is strongly conserved in
eukaryotic evolution, its main physiological functions and substrates are still
not known (see below).

A second major family of E3 enzymes is thect(homologous to E6-AP
C-terminus) domain family. The first member of this family, E6-AP (E6-
associated protein), was discovered as a 100-kDa cellular protein that was
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required, together with papillomavirus E6 oncoprotein, for the ubiquitinylation
and degradation of p53 in reticulocyte lysates (53). In contrast &g EB-AP

does not bind directly to p53 but rather binds indirectly via E6, which binds to
both p53 and E6-AP. In other cases, however, E6-AP can promote the transfer
of ubiquitin to some cellular proteins in the absence of E6. The action of E6-AP
involves an intermediary ubiquitin transfer reaction, in which activated ubiqg-
uitin is transferred from an appropriate E2 to form a thiolester with a specific
Cys residue near its N-terminus (54). This thiolester is apparently the donor of
ubiquitin for amide linkage with the protein substrate, because mutation of this
Cys residue of E6-AP abolishes its activity in protein ubiquitinylation.

A large family of proteins that contain an approximately 350-amino-acid
C-terminal region homologous to that of E6-AP, tihectdomain family, has
been identified in many eukaryotic organisms (55; see FigB)e &Il hect
proteins contain a conserved active site Cys residue near the C-terminus. In
contrast to the conservation of the C-terminal domain, the N-terminal regions
of the differenthectproteins are highly variable. The N-terminal domains may
be involved in the recognition of specific protein substrates (55); this has been
proven in some cases (see below). Miesttdomain proteins are likely E3
enzymes or parts of multiprotein complexes that contain E3-like activities. At
present, only fragmentary information exists about possible functions of some
hectproteins. Some cases of Angelman syndrome, a human hereditary disease
characterized by mental retardation and seizures, are due to mutations in the
E6-AP gene (56,57). This observation suggests that E6-AP-mediated protein
ubiquitinylation is required for brain development (see below). More specific
functions were identified for Rsp5p, one of the fivectproteins of the yeast
S. cerevisiaeRsp5p specifically binds and ubiquitinylates in vitro several yeast
cellular proteins, including the large subunit of RNA polymerase Il (58). The
N-terminal domain of Rsp5p binds the polymerase subunit while the C-terminal
(hec) domain does not bind, suggesting the role of the N-terminal domain in
substrate binding. The relevance of these in vitro findings to similar processes
occurring in vivo was suggested by the finding that inhibition of the expres-
sion of Rsp5p caused a fivefold increase in the steady-state levels of the RNA
polymerase subunit (58). This subunit is usually a long-lived protein, so it is
possible thatitis degraded rapidly only under special conditions. In mammalian
cells, the large subunit of RNA polymerase is ubiquitinylated following DNA
damage induced by UV irradiation or cisplatin treatment (59) and is degraded
by a proteasome-mediated process (DB Bregman, personal communication).

Two interesting problems ar@)How does DNA damage expose the RNA
polymerase subunit to the action of the ubiquitin ligase? dmdpes this
process plays a role in DNA repair? Publ, a close homolog of Rsp5p found
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in fission yeast, is involved in the degradation of a different protein, the Cdc25
phosphatase (60). This phosphatase activates protein kinase Cdk1 by the re-
moval of an inhibitory phosphate group from a tyrosine residue and thus plays
an essential role in the entry of cells into mitosis. The levels of Cdc25 oscil-
late in the cell cycle (20). The degradation of Cdc25 is apparently mediated
by the Publ ubiquitin ligase, as indicated by observations that disruption of
publmarkedly increases Cdc25 levels, gniblinteracts with genes that con-

trol Cdc25 function. In addition, by using a mutant defective in a subunit of
the 26S proteasome, researchers showed that ubiquitin conjugates of Cdc25
accumulate in pul but not inpubl-deleted cells (60).

Although in the above cases ubiquitin ligation by Rsp5p/Publ is apparently
followed by proteasome-mediated degradation, in other instances ubiquitin lig-
ation by the same E3 protein is involved in endocytosis (see below). Thus the
general amino acid permease of the budding yeast, GAP1p, is rapidly inac-
tivated and degraded by the additionM¥fl; ions. TheNPI1 gene, which is
required for this process, is similar to that of the Rsp5 ubiquitin ligase (61).
Rsp5p is also required for the degradation (61) and ubiquitinylation (62) of
the Fur4p uracil permease. The degradation of these permeases is the result of
endocytosis into the vacuole, as indicated by the finding that their degradation
was inhibited in mutants of vacuolar proteases but not in mutants of proteasome
subunits (see below). The action of Rsp5p on these membrane proteins may
be mediated by a calcium-lipid-binding domain (CaLB/C2), which is located
near the N-terminus of Rsp5p and of its homologs from other organisms (see
61 and references therein).

Another motif found in the N-terminal region of Rsp5p and of its homologs is
the WW domain, an approximately 30-amino-acid region thought to be involved
in interactions with proline-rich sequences containing an XPPXY (or PY) motif
(see 63 and references therein). Several WW domains exist in yeast Rsp5p (see
Figure B) and in Nedd4, its mammalian homolog. The rat Nedd4 was isolated
as a protein that interacts with subunits of an epithelial sodium channel (63).
The C-terminal tails of these channel subunits contain PY motifs. Deletion of
these C-terminal tails in a human hereditary disease called Liddle’s syndrome
causes hypertension owing to hyperactivation of the sodium channel. Using
yeast two-hybrid and in vitro binding assays, researchers showed that Nedd4
binds through its WW domains to the PY motifs of the sodium channel’s sub-
units. It was suggested (63) and subsequently demonstrated (64) that Nedd4
suppresses the epithelial sodium channel by its ubiquitin-mediated degradation.
Though Rsp5p and its homologs can directly bind at least some protein sub-
strates, it is unknown whether they act in a monomeric form or in multiprotein
complexes. Inyeast, Rsp5p is associated with a protein designated Bull, which
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is not a substrate for degradation (65). A part of Rsp5p molecules is associated
with Bull in a high-molecular-weight complex, and Bull may be a modulator
of the Rsp5p ubiquitin ligase (65).

A high-molecular-weight complex, called the cyclosome (66) or anaphase
promoting complex (APC) (25), has a ubiquitin ligase activity specific for
cell-cycle regulatory proteins that contain a nine-amino-acid degenerate motif
called the destruction box (Figur&€2see also below). Its substrates are mi-
totic cyclins, some anaphase inhibitors, and spindle-associated proteins, all of
which are degraded at the end of mitosis (see below). The cyclosome/APC was
discovered by biochemical studies in early embryonic cell-free systems that re-
produce cell-cycle-related processes. Fractionation of extracts of clam oocytes
firstshowed that the system that ligates cyclin B to ubiquitin contained a particle-
associated E3-like activity that was cell-cycle regulated. This complex was in-
active in the interphase but became active at the end of mitosis, when cyclin B
was degraded (19). It was dissociated from particles by extraction with high salt
and was found to be an approximately 1,500-kDa complex containing destruc-
tion box—specific cyclin-ubiquitin ligase activity. The complex was named the
cyclosome, to denote its large size and important roles in cell-cycle regulation
(66). Inthe early embryonic cell cycles, the cyclosome is converted to the active
form by phosphorylation (66, 67; see also below). A similar complex, called
the APC, was purified fronXenopuseggs by immunoprecipitation (25, 68).
The Xenopuscomplex has eight subunits, three of which are homologous to
S. cerevisia€cdc16, Cdc23, and Cdc27 proteins, which are required for exit
from mitosis and for the degradation of B-type cyclins in yeasts (69). These
three cyclosome subunits contain tetratrico-peptide motifs, proposed to be in-
volved in protein-protein interactions (70). A fourth subunit is homologous
to Aspergillus nidulan®BimE protein, essential for the completion of mitosis
(68, 71). These four cyclosome subunits are strongly conserved in evolution,
from yeast to humans (reviewed in 72). Partial sequences obtained from four
other subunits of th&enopusyclosome/APC are not homologous to proteins
with known functions (68). The subunits of the cyclosome involved in its
ubiquitin ligase functions, such as those responsible for specific binding to de-
struction box—containing substrates, and of its E2 partner, E2-C (21), have yet
to be identified. Other aspects of cyclosome/APC involvement in the degrada-
tion of different cell-cycle regulators, and of the control of its activity in the
cell cycle, are described in a subsequent section.

A differenttype of multisubunit ubiquitin ligase is involved in the degradation
of some other cell-cycle regulators, such as the Siclp Cdk inhibitor or the G1 cy-
clin CIln2p. Inthese cases, phosphorylation of the substrate converts it to a form
susceptible to the action of the ubiquitin ligase complex. We designate these
complexes phosphoprotein-ubiquitin ligase complexes (PULCs) (Fiddire 2
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It appears that different PULCs exist, although present information is incom-
plete. These PULCs share some common components but may also have other
components specific for certain protein substrates. Thus the degradation of the
Cdk inhibitor Siclp, a process essential for thesGS transition in the budding
yeast, requires its phosphorylation by a G1 cyclin—activated protein kinase (73)
as well as the products @D C34, CDC53, CDC474), andSKP1(75). Cdc34p

is an E2 protein (8), but the other gene products do not resemble proteins with
known functions. Some of these components are required for the ligation of
ubiquitin to Siclp in vitro (76). Cdc34p, Cdc53p, and Cdc4p are physically
associated, as indicated by their co-purification from yeast lysates (17, 18). It
thus appears that a complex containing the above-mentioned components may
be responsible for the ubiquitinylation of phosphorylated Sicl.

The ubiquitinylation and degradation of the yeast G1 cyclin CIn2 also requires
its phosphorylation and the actions of Cdc34p, Cdc53p (17), and Skplp (75).
However, Cdc4p is not required for the degradation of G1 cyclins (S Sadis &
D Finley, personal communication). Instead, the product of3R&R1gene is
required for the degradation of the yeast G1 cyclins Clnlp and CIn2p (77). Both
Cdc4p and Grrlp contain a motif called the F-box, which is present in a variety
of proteins that bind to Skp1p (75). It was proposed that Skplp is a component
of ubiquitin-protein ligase complexes that connect them to specific “adaptor”
proteins, such as Cdc4p and Grrlp, which would in turn bind their specific
protein substrates, such as phosphorylated Siclp and CIn2p, respectively (75).
Figure D shows this model for the mode of action of different PULCs, which
still has to be examined. It also remains to be seen what other specific features
in protein substrates (in addition to the phosphorylated residues) are recognized
by the different PULC complexes.

While the above-described information on phosphoprotein-ubiquitin ligase
complexes is based on studies in yeast, it seems that at least some components
of these machineries are conserved in evolution. Numerous homologs of yeast
Cdc53, called cullins, were found in many eukaryotes. One of these, Cul-1, isa
negative regulator of cell proliferation@aenorhabditis elegar{8). Ahuman
Cdc53 homolog, Cul-2, binds to the von Hippel-Lindau tumor suppressor (79).
Skp1l is also strongly conserved, and close homologs were found in many
eukaryotic organisms (75). These findings suggest that similar ubiquitin ligase
complexes may be involved in the degradation of a variety of regulators in
higher organisms.

In addition to the four types of ubiquitin-protein ligases described above,
several other E3s have been partially characterized. An approximately 550-
kDa E3, designated E3L, was patrtially purified from rabbit reticulocytes (80).

It acts on some non-N-end rule substrates, such as actin, troponin T, and MyoD.
The physiological substrates of this enzyme and the signals it recognizes are
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unknown. A 280-kDa E3, which ligates ubiquitin to c-fos, was purified ap-
proximately 350-fold from Fraction 2 of reticulocytes (81). An approximately
140-kDa protein was tentatively identified as a subunit of this enzyme, but the
preparation was not homogenous. The formation of a thiolester between ubi-
quitin and the putative E3 subunit was demonstrated (81). The cloning of this
E3 is necessary to examine whether it is a novel member dféhtfamily of

E3 enzymes. An approximately 320-kDa E3 from reticulocytes promotes the
ligation of ubiquitin to the p105 precursor of NéB (82).

Much remains to be learned about the identity, specificity, and regulation
of E3 enzymes or E3 complexes. The lack of sequence similarity between the
different types of E3 enzymes necessitates the identification of new types of E3s
by biochemical methods. Because of the variety of mechanisms by which E3
enzymes carry out their two basic functions of protein substrate recognition and
ubiquitin transfer, these mechanisms have to be characterized for each type of
E3 enzyme. Because of these variable mechanisms, different families of E3s,
specific for the recognition of different classes of protein substrates, may have
evolved that do not have many features in common. The only similarity between
various E3s may be the binding of E2s, but since different E3s bind different
E2s, it may not be easy to recognize similarities in the various E2-binding
sites. One of the major challenges in the ubiquitin field is the identification
and elucidation of the mode of action of different E3s that recognize specific
signals in cellular proteins.

SIGNALS IN PROTEINS FOR UBIQUITINYLATION
AND DEGRADATION

Our knowledge of different signals in proteins that mark them for ubiquitinyla-
tion is also limited. Recent results indicate that many proteins are targeted for
degradation by phosphorylation. It was observed previously that many rapidly
degraded proteins contain PEST elements, regions enriched in Pro, Glu, Ser, and
Thr residues (83, 84). More recently, it was pointed out that PEST elements are
rich in S/ITP sequences, which are minimum consensus phosphorylation sites
for Cdks and some other protein kinases (85). Indeed, it now appears that in
several (though certainly not all) instances, PEST elements contain phosphory-
lation sites necessary for degradation. Thus multiple phosphorylations within
PEST elements are required for the ubiquitinylation and degradation of the
yeast G1 cyclins CIn3 (85) and CIn2 (86), as well as the Gcn4 transcriptional
activator (87). Other proteins, such as the mammalian G1 regulators cyclin E
(88) and cyclin D1 (89), are targeted for ubiquitinylation by phosphorylation
at specific, single sites. In the case of th@®& inhibitor of the NF«B tran-
scriptional regulator, phosphorylation at two specific sites, Ser32 and Ser36,
is required for ubiquitin ligation (see below)3-Catenin, which is targeted
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for ubiquitin-mediated degradation by phosphorylation (see below), has a se-
guence motif similar to that okB« around these phosphorylation sites (90).
However, the homology in phosphorylation patterns of these two proteins is not
complete, because phosphorylation of other sitg$-oétenin is also required

for its degradation (90; see below).

Other proteins targeted for degradation by phosphorylation include the Cdk
inhibitor Siclp (73) and the STAT1 transcription factor (91). Though different
patterns of phosphorylation target different proteins for degradation, a common
feature appears to be that the initial regulatory event is carried out by a protein
kinase, while the role of a ubiquitin ligase would be to recognize the phospho-
rylated form of the protein substrate. It further appears that different ubiquitin
ligases recognize different phosphorylation patterns as well as additional motifs
in the various protein substrates. However, the identity of such E3s is unknown,
except for some PULC-type ubiquitin ligases that act on some phosphorylated
cell-cycle regulators in the budding yeast (see previous section). The multi-
plicity of signals that target proteins for ubiquitin-mediated degradation (and of
ligases that have to recognize such signals) is underscored by observations that
the phosphorylation of some proteins actually prevents their degradation. Thus
the phosphorylation of the c-Mos protooncogene on Ser3 (92) and the multi-
ple phosphorylations of c-Fos (93) and c-Jun (94) protooncogenes at multiple
sites by MAP kinases suppress their ubiquitinylation and degradation (see also
below).

Among degradation signals inherent in primary protein structure, the best
characterized is still the N-end rule system, in which the ubiquitinylation and
degradation of a protein is determined by the nature of its N-terminal amino acid
residue (reviewed in 95). However, there are few known physiological protein
substrates of this system, presumably because of the specificity of methionine
aminopeptidases that do not remove initiating Met residues from nascent pro-
teins when the second amino acid residue is an N-end rule destabilizing residue
(96). Animportant function of this pathway may be to remove from the cytosol
erroneously transported or compartmentalized proteins, in which a destabi-
lizing N-terminal residue is produced in cleavage by a signal peptidase. Be-
cause the few known physiological substrates of the N-end rule system, such as
the Gy subunit of G-protein (97) or the CUP9 transcriptional repressor of pep-
tide importin yeast (95), do not have destabilizing N-terminal residues, they are
presumably recognized by some other internal signal.

A signal important for the degradation of mitotic cyclins and certain other
cell-cycle regulators is the destruction box. It was first discovered as a partially
conserved, 9-amino-acid sequence motif usually located approximately 40-50
amino acid residues from the N-terminus of mitotic cyclins and is necessary
for their ubiquitinylation and degradation in extracts X#nopuseggs (98).
Compilation of destruction box sequences from nearly 40 B-type and A-type
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cyclins from various organisms (99) showed that they have the following general
structure:

R AT A L G x /Ny (G/T) (N)
1 2 3 4 5 6 7 8 9

Amino acid residues, or combinations of two residues, that appear in paren-
theses in the above structure occur in more than 50% of known destruction
sequences. Thus the only invariable residues are R and L in positions 1 and 4,
respectively; the rest of the destruction box sequence is quite degenerate.

Still, the destruction box signal is absolutely necessary for the ubiquitiny-
lation and degradation of mitotic cyclins in vitro (66, 100) and in vivo (see
99 and references therein), as shown by the prevention of these processes by
deletion of the destruction box region or by point mutations in its conserved
residues. Moreover, the destruction box—containing N-terminal fragments of
mitotic cyclins act as transferable signals in vitro and in vivo, as indicated by
the cell-cycle-stage-specific degradation of reporter proteins fused to such frag-
ments (98, 100, 101). Similar destruction box motifs are required for the degra-
dation of certain non-cyclin cell-cycle regulators that are degraded at late mito-
sis, such as anaphase inhibitors and the spindle-associated protein Aselp (see
below).

All presently known destruction box—containing cell-cycle regulators are lig-
ated to ubiquitin by the cyclosome/APC and are degraded after the conversion
of the cyclosome to the active form at late mitosis. However, some destruc-
tion box—containing proteins are degraded at slightly different times during
the cell cycle, indicating additional levels of regulation (see below). Thus the
cyclosome-mediated ubiquitinylation of destruction box—containing proteins
may be an example (thus far, unique) of a strategy by which a limited set of
proteins that perform related functions and share a common degradation sig-
nal are substrates for a common ubiquitin ligase. Some proteins that are not
related to cell-cycle regulation, such as the budding yeast Ras exchange factor
Cdc25p (102) and uracil permease (61), have been reported to be degraded in
a destruction box-related manner, but it is unknown whether cyclosome action
is involved in these cases.

Much less is known about signals or domains recognized for degradation in
other cellular proteins. Truncations or deletions of several rapidly degraded pro-
teins cause their stabilization (e.g., see 103, 104), but since it has not been shown
that these regions contain transferable degradation signals, stabilization may be
the result of secondary effects on protein structure. An exception is the case of
c-Jun, in which thé-domain of a sequence of 27 amino acid residues near the
N-terminus is a transferable ubiquitinylation signal (105; see also below).
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DEGRADATION OF UBIQUITIN-PROTEIN
CONJUGATES

The 20S and 26S Proteasome Complexes

The structure and function of the 20S and 26S proteasome complexes have been
reviewed elsewhere (see 4, 6,7, 106—109). In this section, we update the reader
on some important recent developments.

Important progress has been made in the resolution ah 2fithe crystal
structure of the eukaryotic (yeast) 20S proteasome (110). This study corrobo-
rated previous observations on the structure of the complex from the archeabac-
teriumThermoplasma acidophilubut also revealed some unexpected features.
Like the T. acidophilumproteasome, the yeast complex is also arranged as a
stack of four rings, each containing seven subunrit$;8,«;. The catalytic
sites reside in some of thierings. However, the composition of the eukaryotic
20S proteasome is more complicated than that of the archaeal complex. While
each of thel. acidophilunproteasome rings is composed of identical subunits,
seven identicak subunits for each of the twerings and seven identicglsub-
units for each of the twg rings, the rings of the yeast enzyme are composed
of seven distinct subunits. Thus, the 20S proteasome of yeast is composed of
14 pairs of protein subunits, 7 differemtand 7 different8 subunits organized
asay 7817817017

Resolution of the crystal structure enabled better understanding of the bio-
genesis of the different chains. Figetype subunits are synthesized as pro-
proteins with N-terminal extensions of up to 75 residues and are cleaved during
proteasome maturation (reviewed in 4,110). Three of the subitPRE3,
B2/PUP1, angg5/PRE?2) undergo cleavage between the last Gly residue of the
pro-peptide and THAiof the mature subunit that also constitutes the catalytic site.
The enzymes use the side chain of the Thr residue as a nucleophile in a catalytic
attack at the carbonyl carbon. Activation of the side chain occurs by transfer
of its proton to the free N-terminus. The Thr residue occupies an unusual fold
(common also to other aminohydrolases such as glutamine PRPP amidotrans-
ferase, the penicillin acylase, and the aspartylglucosaminidase), which provides
the capacity for both the nucleophilic attack and autocatalytic processing.

Several other adjacent preserved residugd-iype subunits (Gly?, Asp*’,

Lys®, Sef??, Asp'®6, and Sel®®) are also important for the structural in-
tegrity of the catalytic site (111-113). Topological analysis of the location
of the different subunits has revealed that for the three distinct proteolytic
activities—the trypsin-like, the chymotrypsin-like, and the post-glutamyl pep-
tidyl hydrolytic (PGPH) activities—the active sites are generated by adjacent
pairs of identicals-type subunits residing in differegt rings. These findings

have been corroborated independently by genetic analysis (114), as well as by



442 HERSHKO & CIECHANOVER

immunoelectronmicroscopy and chemical cross-linking of neighboring sub-
units (115). The crystal structure has also shown thatrtbbains, although
catalytically inactive, play an essential role in stabilizing the two-ring structure
of the 8 chains. They must also play a role in the binding of the 19S cap or
regulatory complexes, but the structure of the contacts and mechanisms of bind-
ing will be elucidated only when the structure of the 26S complex is resolved.
The crystal structure has revealed a distance ok 2&tween the THractive

sites of adjacent activg subunits. This distance may determine the length of
the peptides generated during the proteolytic proceS8safmino acid residues)

and may explain the role of the proteasome in generation of antigenic peptides
presented on class | MHC molecules (109, 116, 117; see also below).

An unresolved problem involves the entry of protein substrates into, and
exit of proteolysis products from, the proteasome. InThacidophilumpro-
teasome, there are two putative entry pores of approximately a3the two
ends of the cylinder surrounded by defined segments of the sesabunits
(118). In striking and rather surprising contrast, these pores do not exist in
the yeast 20S proteasome, and entry to the igtengs catalytic chamber is
not possible from the ends of the complex. The N-terminal domaind 427,
a2/Y7,a3/Y13,«6/PRES5, and7/C1 protrude toward each other and fill the
space in several layers of tightly interacting side chains (110). Thus, entry
from the ends may be possible only after substantial rearrangement that can
occur after association with the 19S regulatory complex. Such a rearrange-
ment may also require energy that can be provided by the ATPase activity of
the 19S regulatory complex. Also, unlike tfeacidophilumproteasome, the
yeast complex displays some narrow side orifices, particularly at the interface
between thex and 8 rings. These openings lead directly to the Thctive
sites. They are coated with polar residues that can potentially rearrange to gen-
erate~10-A apertures through which unfolded and extended protein substrates
may enter.

Substrate recognition by the 26S proteasome is probably mediated by the
interaction of specific subunits of the 19S regulatory complex with polyubig-
uitin chains. Indeed, such subunits have been described both in humans (S5a;
see 119 ) and in plants (MBP1; see 120). These subunits bind at high-affinity
polyubiquitin chains, in particular those that contain more than four moieties,
but they also bind ubiquitin markers. The association of these subunits with
the 19S complex and their preference for polyubiquitinylated tagged substrates
suggests a crucial role for these subunits in ubiquitin-mediated protein degra-
dation. Mchb1, the yeast gene encoding the homologous subunit was cloned
recently. SurprisinglyAmcbldeletion mutants do not display any growth de-
fect and degrade normally ubiquitinylated proteins, except for the fusion model
protein ubiquitin-Prg8-Gal. These mutants do display a slight sensitivity to
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stress, such as exposure to amino acid analogs (121). A possible explanation
for these results is that ubiquitinylated proteins are recognized by additional,
as-yet-undefined proteasomal subunits.

Specific inhibitors of the proteasome have proved to be important research
tools, probing the structure and function of the proteasome and establishing the
involvement of the ubiquitin-proteasome pathway in the degradation of specific
proteins. The initial inhibitors were derivatives of the calpain inhibitors | [N-
acetyl-Leu-Leu-norleucinal (ALLN)] and Il [N-acetyl-Leu-Leu-methioninal
(ALLM)]. These inhibitors block degradation of most cellular proteins, both
short and long lived (122). They modify covalently and irreversibly thet Thr
in the catalytically activegs subunits. While they are quite specific toward the
proteasome, at higher concentrations, they also inhibit calpains. By contrast,
the Streptomycesnetabolite lactacystin appears to be a specific inhibitor of
the proteasome (123). It modifies covalently the active sité fi@sidues and
strongly inhibits the trypsin- and chymotrypsin-like activities of the complex
and, less efficiently, the PGPH activity. A recently developed derivative of
the calpain inhibitors, carboxybenzyl-Leu-Leu-Leu-vinyl sulfone @Z£8) in-
hibits efficiently and specifically all three activities of the proteasome (124). It
is cell permeable and inhibits the activity of the complex in vivo as well. Al-
though vinyl sulfone derivatives were described originally as cysteine protease
inhibitors, like all other known inhibitors of the proteasome, these derivatives
covalently modify the Thrresidues in activg subunits.

Ubiquitin-C-Terminal Hydrolases and Isopeptidases

The subject of ubiquitin-C-terminal hydrolases (UCHSs) and ubiquitin-specific
proteases (UBPs) (also called isopeptidases and de-ubiquitinating enzymes)
is reviewed elsewhere (6, 7,125), and we discuss here only some recent de-
velopments. Genes of 16 different UBPs are found in the yeast genome (7).
The large number of hydrolases suggests that some of them may have specific
functions, such as the recognition of different types of ubiquitin conjugates.
Thus a family of low-molecular-mass (25- to 28-kDa) UCHs specifically act
on adducts of ubiquitin with small molecules or peptides (126). The crystal
structure of one of these, UCH-L3, has been solved aAIr@solution (127).

The enzyme comprises a central antiparaledheet flanked on both sides by

« helices. Thes-sheet and one of the helices are similar to those observed
in the thiol protease cathepsin B. The similarity includes the three amino acid
residues that comprise the active site, €ydis'®, and Asp®*. The active site
appears to fit the binding of ubiquitin that may anchor also at an additional site.
The catalytic site in the free enzyme is masked by two different segments of the
molecule that limit nonspecific hydrolysis and must undergo conformational
rearrangement after substrate binding.
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Another hydrolase, isopeptidase T (IsoT), acts preferentially on free, unan-
chored polyubiquitin chains and stimulates protein breakdown by the disassem-
bly of such chains that inhibit the action of the 26S proteasome (128). IsoT
acts by a sequentiakomechanism, starting from the end of the polyubiquitin
chain that contains a free C-terminus of ubiquitin (125). This free C-terminus
can be exposed following the action of the 26S proteasome on the protein moi-
ety of polyubiquitin-protein conjugates. A recent report (129) describes the
characterization of Ubp14, the yeast homolog of IsoT. Like IsoT, Ubp14 is
involved in disassembly of free, unanchored polyubiquitin chain&Ubp14
mutant, as well as a yeast expressing a dominant-negative mutant form of the
enzyme, display a lowered rate of general protein degradation accompanied
by accumulation of free ubiquitin chains, probably bound to the proteasome.
Unexpectedly, overexpression of the wild-type protein also results in inhibition
of proteolysis of certain proteins. Itis possible that certain substrates are tagged
by direct transfer of polyubiquitin chains, and the low level of such chains re-
sulting from overexpression of the wild-type enzyme leads to inhibition of their
degradation. Complementation experiments have revealed that Ubp14 and IsoT
are functional homologs, confirming in vivo the initial characterization of the
enzyme carried out in a cell-free system using a model substrate.

The action of the UCHSs and IsoT stimulates protein breakdown by the re-
moval of inhibitory polyubiquitin chains and by the regeneration of free and
reusable ubiquitin. In other cases, the action of an isopeptidase may inhibit
protein breakdown. For example, a mutation inEresophila faf facetg faf)
gene, which encodes an isopeptidase affecting eye development (see below)
is suppressed by another mutation in a proteasome subunit (130). These re-
sults indicate that théaf isopeptidase stabilizes some unidentified proteins,
which are also stabilized by the proteasome mutation. Itis possible that certain
isopeptidases can stabilize particular proteins by the removal of ubiquitin from
conjugates that would be otherwise targeted for degradation by the 26S protea-
some. An editing function for some isopeptidases was proposed a long time ago
(131). Recently, Lam et al (132) reported that the 19S regulatory complex of
the 26S proteasome contains a 37-kDa ubiquitin-aldehyde-sensitive but ATP-
independent isopeptidase that removes single ubiquitin moieties from the distal
end of short polyubiquitin chains. The authors proposed that this isopeptidase
is involved in editing and in rescue of poorly ubiquitinated or slowly degraded
proteins from degradation, which differs from the function of isopeptidase Doa4
(135) and the ATP-dependent but Ubal-insensitive isopeptidase (136) involved
mostly in recycling of ubiquitin and maintenance of free ubiquitin levels in the
cell.

Low concentrations of ubiquitin aldehyde, an inhibitor of some isopeptidases
(133) stimulates the degradation of excess glabirhains in reticulocytes of
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thalassemic patients (134). This observation suggests that ubiquitin conjugates
of w-globin are disassembled by an isopeptidase that prevents its degradation
by the 26S proteasome.

Different ubiquitin-C-terminal isopeptidases affect a variety of other basic
processes, including development (see below), gene silencing (137), and long-
term memory (138). In none of these cases were the target proteins identified,
nor was the mode of action of the isopeptidase characterized in the degrada-
tion or stabilization of target proteins. Another interesting function of specific
isopeptidases is the regulation of cell proliferation. It was observed that cy-
tokines induced in T-cells specific de-ubiquitinating enzymes (DUBS), termed
DUB-1 (139) and DUB-2 (140). DUB-1 is induced by stimulation of the cy-
tokine receptors for IL-3, IL-5, and GM-CSF, suggesting a role in its induction
for the B-common (betac) subunit of the interleukin receptors. Overexpression
of a dominant negative mutant of JAK2 inhibits cytokine induction of DUB-1
(141), suggesting that the regulation of the enzyme is part of the cell response to
the JAK/STAT signal transduction pathway. Continued expression of DUB-1
arrests cells at & therefore, the enzyme appears to regulate cellular growth
via control of the G-G; transition. The catalytic conserved Cys residue of the
enzyme is required for its activity. DUB-2 is induced by IL-2 as an immediate
early (IE) gene that is down-regulated shortly after the initiation of stimulation.
The function of this enzyme is also obscure. It may stimulate or inhibit the
degradation of a critical cell-cycle regulator (see below).

CELLULAR PROTEINS DEGRADED BY
THE UBIQUITIN SYSTEM

Cell-Cycle Regulators

Progress in the eukaryotic cell-cycle is driven by oscillations in the activities
of cyclin-dependent kinases (Cdks). Cdk activity is controlled by periodic
synthesis and degradation of positive regulatory subunits, cyclins, as well as by
fluctuations in levels of negative regulators, by Cdk inhibitors (Ckis), and by
reversible phosphorylation (reviewed in 142). The different cyclins, specific for
the G1, S-, or M-phases of the cell cycle, accumulate and activate Cdks at the
appropriate times during the cell cycle and then are degraded, causing kinase
inactivation. Levels of some Ckis, which specifically inhibit certain cyclin/Cdk
complexes, also rise and fall at specific times during the cell cycle. Selective,
ubiquitin-mediated degradation of cyclins, Ckis, and other cell-cycle regulators
appear to play centrally important roles in cell-cycle control, as described below.

MITOTIC CYCLINS Though all cyclins are degraded by ubiquitin-mediated
processes, the systems that carry out their ligation to ubiquitin, and the mode by
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which these systems are connected to the cell-cycle regulatory phosphorylation
network, are different for mitotic and G1 cyclins. Mitotic B-type cyclins and
some S-phase cyclins such as cyclin A (66) are ligated to ubiquitin by the
cyclosome, while G1 cyclins are ubiquitinylated by PULC-type E3 enzymes
(see previous section). In the former case, the activity of the ligase is regulated
in the cell cycle, whereas the latter process is triggered by the phosphorylation
of the G1 cyclin substrate. The mitotic cyclin B was the first cyclin discovered,
by its striking degradation at the end of each mitosis in early sea urchin embryos
(143). Cyclin B combines with Cdk1 (also called Cdc2 or Cdc28 in the fission
or budding yeasts, respectively) to form the major mitotic kinase MPF (M-
phase promoting factor). MPF causes entry of cells into mitosis and, after a
lag, activates the system that degrades its cyclin subunit (reviewed in 20). MPF
inactivation, caused by the degradation of cyclin B, is required for exit from
mitosis, as shown by observations that cells expressing nondegradable forms
of cyclin B arrest in late anaphase (144).

Initial evidence indicating that the degradation of cyclin B is carried out by the
ubiquitin system was based on correlations between the degradation of cyclin B
and its ubiquitinylation in extracts &fenopugggs (98), and on the inhibition of
cyclin degradation by methylated ubiquitin (an inhibitor of polyubiquitin chain
formation; see 145) in extracts of clam oocytes (146). Fractionation of these
extracts (19) led to the identification of the specific components of this system,
the novel ubiquitin-carrier protein E2-C (21), and the cyclosome complex that
has cyclin-ubiquitin ligase activity (66; see also previous section). E2-C is
constitutively active, but the activity of the cyclosome is cell-cycle regulated:
It is inactive in the interphase of the embryonic cell cycle and is converted to
the active form at the end of mitosis by phosphorylation (19, 25, 66; see also
below). Thus the regulation of the degradation of mitotic cyclins in the cell
cycle is carried out mainly by the modulation of the cyclin-ubiquitin ligase (E3)
activity of the cyclosome (67).

Molecular genetic studies in intact cells, mainly in yeasts, corroborated the
results of biochemical studies on the mode of ubiquitin-mediated degradation of
mitotic cyclins. The degradation of B-type cyclins in yeasts requires functional
subunits of the 26S proteasome (147, 148). Most significantly, the discovery
that products of the budding yeast genes CDC16 and CDC23 are required for
cyclin B proteolysis in vivo (69) led to the identification of their homologs
as subunits of the cyclosome/APC (68). Other cyclosome subunits, such as
homologs of BimE ofA. nidulans are also required for the degradation of
B-type cyclins in both the budding (71) and fission (149) yeasts.

The molecular mechanisms regulating the machinery that degrades cyclin B
are not well understood. In the relatively simple early embryonic cell cycles,
it seems that the activity of the cyclosome is mainly regulated by its reversible
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phosphorylation, as indicated by the observations that the inactive, interphase
form of the cyclosome can be converted in vitro to the active form by incuba-
tion with MPF (19, 66) and that the active, mitotic form of the cyclosome can
be converted to the inactive form by treatment with an okadaic acid—sensitive
phosphatase (67). Conversion of the cyclosome to the active form by MPF, pre-
viously observed with partially purified preparations, has been confirmed using
highly purified preparations of cyclosome from clam oocytes (M Shteinberg
& A Hershko, unpublished results), indicating that activation is due to direct
phosphorylation of the cyclosome by MPF.

Cyclosome activation by MPF-dependent phosphorylation may involve the
action of the sucl/cks family of proteins. These proteins were discovered in
yeasts as gene products that interact with Cdk1 and were subsequently found in
higher organisms (reviewed in 150). In yeasts, sucl/cks proteins are required at
several stages of the cell cycle, including entry into mitosis, exit from mitosis,
and the degradation of B-type cyclins. Immunodepletion experiments in ex-
tracts ofXenopugggs also indicated that sucl/cks has multiple roles in the cell
cycle, including the degradation of cyclin B (151). The requirement of cyclin
degradation for suc1/cks may be explained by the recent finding that the active,
phosphorylated form of the cyclosome binds to P#3eads (152). Several
lines of evidence indicated that the cyclosome does not bind to the Cdk-binding
site but rather to a phosphate-binding site of sucl. Thus the cyclosome could
be eluted from sucl-Sepharose beads by phosphate-containing compounds, an
observation used to develop a procedure for the affinity purification of the
cyclosome (152).

A conserved phosphate-binding site was found by x-ray crystallography (in
addition to the Cdk-binding site) in all suc1/cks proteins, and researchers sug-
gested that this site directs Cdks to some phosphorylated proteins (150). If mul-
tiple phosphorylations are required for cyclosome activation, initial slow phos-
phorylations may cause tighter binding of MPF to the cyclosome via sucl/cks,
thus accelerating additional phosphorylations. Such a model may explain, at
least in part, the lag kinetics of interphase cyclosome activation by MPF. This
lag, which can be reproduced in vitro, presumably plays an important role in
preventing premature self-inactivation of MPF prior to the end of mitosis. This
model of the possible role of sucl/cks proteins in the kinetics of cyclosome
activation remains to be investigated.

Information on the regulation of cyclin B degradation is based on studies in
relatively simple early embryonic cell-cycle systems, which consist of rapidly
alternating S- and M-phases, without any intervening G1 and G2 phases. The
regulation of mitotic cyclin degradation is more complicated in the more com-
plex cell cycles of somatic cells and unicellular eukaryotes, which contain many
additional events in the G1 and G2 phases and have to respond to a variety of
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extracellular stimuli. Thus the activation of the B-type cyclin proteolysis ma-
chinery in yeasts also occurs at the end of mitosis but requires several gene
products (reviewed in 153), including a protein phosphatase (154). This pro-
cess is very different from the regulation of the early embryonic cyclosome,
which isinactivated by phosphatase action (67). Itis unknown whether the phos-
phatase acts on the cyclosome directly, removing an inhibitory phosphate group,
or whether itis a part of a signal transduction system that affects the cyclosome
indirectly.

The inactivation of the cyclin-degrading machinery in yeast or somatic cells
is also very different from that of early embryos. In early embryos the cyclin-
degrading system is active for only a few minutes at the end of mitosis (155),
whereas in yeast it remains active until the end of the G1 phase of the next cell
cycle, when it is turned off by the action of G1 cyclins (156). It is unknown
how the B-type cyclin proteolytic machinery is turned off by G1 cyclins, but
some phosphorylation event by G1 cyclin/Cdk complexes likely inhibits cy-
closome activity directly or indirectly. Similarly, in cultured mammalian cells
the proteolysis of mitotic cyclins is activated shortly before anaphase and is
turned off only at the end of the G1 phase of the next cell cycle (101). The
continued activity of this degradation machinery during the G1 phase of the cell
cycle may be needed to prevent the premature accumulation of S-phase cyclin
substrates of the cyclosome. More research is needed on the mechanisms by
which cyclosome activity is regulated in the somatic type of cell cycles.

G1CYCLINS Cyclins specific for the G1 phase of the cell cycle are also highly
unstable proteins. G1 cyclins do not contain a destruction box motif but are
targeted for degradation by phosphorylation. The phosphorylation of yeast G1
cyclins CIn2p (86) and CIn3p (85) is required for their degradation. Available
information indicates that phosphorylated G1 cyclins may be ligated to ubiquitin
by PULC-type complexes. Thus the degradation of both CIn2p (17) and CIn3p
(85) requires the Cdc34p E2 enzyme. Ligation of CIn2 to ubiquitin and its
degradation both require Cdc53p, and the phosphorylated form of CIn2p co-
purifies with Cdc53p (17). The degradation of CIn2p requires the actiBKBfl
(75), and the degradation of CIinlp and CIn2p req@RR1(77). Although
evidence for the involvement of PULCs in the degradation of yeast G1 cyclins is
much less complete than that available for the Siclp Cdk inhibitor (see below),
similar complexes likely carry out the ubiquitinylation of yeast G1 cyclins.
Available information on the mode of degradation of mammalian G1 cyclins
is much more limited, but it appears that in this case, too, phosphorylation of the
cyclin substrate is required for its ubiquitin-mediated degradation. However, in
contrast to the multiple phosphorylations required for the degradation of yeast
Cln2p (86), phosphorylation of specific, single sites has a strong influence on
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the degradation of mammalian G1 cyclins. Thus the rapid degradation of hu-
man cyclin E is markedly slowed by mutation of a specific Cdk phosphorylation
site at T380 (88, 157). Residue T380 of cyclin E is phosphorylated in vivo and
autophosphorylated in vitro (88). When cells were treated with proteasome
inhibitors, the accumulation of ubiquitinylated derivatives of wild-type cyclin

E (88,157), but not of the T480A mutant of cyclin E, was observed. It was
suggested that autophosphorylation of cyclin E initiates its ubiquitinylation and
degradation (88). The degradation of another mammalian G1 cyclin, cyclin D1,
also requires its specific phosphorylation at T286 (89). In this case, too, pro-
teasome inhibitors caused the accumulation of ubiquitinylated derivatives of
wild-type cyclin D1, but not of the T286A mutant of cyclin D1, indicating that
phosphorylation is required for ubiquitinylation (89). The ubiquitinylation sys-
tems that act on phosphorylated mammalian G1 cyclins remain to be identified.

CDK INHIBITORS The activities of some Cdks are controlled tightly by fluctua-
tions in the levels of their negative regulatory proteins, Ckis. Thus a cyclin/Cdk
complex cannot act until the inhibitor is removed by selective proteolysis. A
well-studied case is that of the Sic1p Cdk inhibitor of the budding y&asgre-
visiae Siclp inhibits the activity of complexes of Cdk1 with B-type cyclins
but does not inhibit the activity of G1 cyclin/Cdk1l complexes (74). Levels of
Siclp are high in the G1 phase of the cell cycle, but the inhibitor is degraded
rapidly at the G1 to S-phase transition. The degradation of Siclp is a centrally
important event in the transition from G1 to the S-phase, because it permits the
action of S-phase-promoting B-type cyclins to initiate DNA replication (74).
The degradation of Siclp requires its prior phosphorylation by G1 cyclin/Cdk1
complexes, as indicated by the findings that Siclp is phosphorylated at multiple
sites at the end of G1, and this phosphorylation depends on the activities of G1
cyclins (73).

Siclp degradation also requires the action of the Cdc34p E2 enzyme, as
well as that of the products of tt@DC4, CDC53(74), andSKP1(75) genes.
Biochemical experiments in which the ligation of Sic1p to ubiquitin was recon-
stituted in vitro indicated that the products of most of these genes are directly
required for this process (76). Most of the components required for Sic1p ubig-
uitinylation have been shown to be assembled in a multiprotein complex (18).
Thus phosphorylated Siclp is likely targeted for degradation by a PULC-type
complex (Figure B); however, the action of PULCs may not be specific for
cell-cycle regulators. For example, the degradation of the Gecn4 transcriptional
activator of amino acid biosynthesis in yeast, which takes place throughout the
cell cycle, requires its phosphorylation and the actio€DbfC34(87) as well as
CDC53 CDC4, andSKP1genes (D Kornitzer, personal communication). In
contrast to the regulation of the cyclosome, the activity of which is turned on
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and off at specific points of the cell cycle, PULCs may be constitutively active.
The precise timing of the degradation of Siclp is apparently determined by the
accumulation of G1 cyclin/Cdk1 complexes in late G1, which phosphorylate
Siclp and thus trigger its degradation.

In the fission yeas$chizosaccharomyces pombasaimilar function is carried
out by the rum1 protein, a specific inhibitor of cyclin B/Cdk1l complexes (158).
In this case, too, levels of ruml are high in G1, but the inhibitor is degraded
upon transition to the S-phase. The mode of the degradation of rum1 is not
known, except that it requires popl, the fission yeast homolog of Cdc4p (159).
A different function is carried out by another budding yeast Cdk inhibitor,
Farlp: It accumulates in response to mating pheromone and arrests cells in
early G1 owing to the inhibition of G1 cyclin/Cdkl complexes (160). Thus
Farlp action mediates response to extracellular signals, as is the case with
some vertebrate Cdk inhibitors (see below). Upon release of yeasts from arrest
in early G1, Farlp is degraded rapidly (161). The degradation of Farlp is
preceded by its phosphorylation (161) and requires the function of Cdk1 (162).
As a result, the phosphorylation of Farlp is likely required for its degradation.
The machinery that carries out the degradation of Farlp is not known, except
that Farlp accumulates tdc34or cdc4 mutants (161), and it is markedly
stabilized by the deletion of its 50 N-terminal amino acids (162).

Many Ckis have been identified in mammalian cells, and these can be di-
vided into two families based on sequence similarities: The KIP/CIP family
contains p21, p27, and p57, and the INK family includes p15, p16, p18, and
p19 (163). Allmammalian Ckis inhibit G1 cyclin/Cdk complexes (though with
different specificities) and thus mediate cell-cycle arrest in response to a va-
riety of growth-inhibiting conditions. For example, p21 is induced by DNA
damage in a process mediated by p53 (163), p27 levels are increased greatly in
cells arrested by deprivation of growth factors or contact inhibition (164), and
p18 levels are elevated in terminal differentiation associated with permanent
cell-cycle arrest (165).

Several mammalian Ckis are unstable proteins, the levels of which may be
modulated by alterations in the rates of their degradation. Thus the high levels
of p27 in quiescent cells result, at least in part, from decreased degradation
(166,167). After growth stimulation, p27 levels decrease rapidly owing to
degradation by the ubiquitin system, as indicated by the accumulation of its
ubiquitinylated derivatives following treatment of cells with proteasome in-
hibitor (166). Furthermore, rates of ubiquitinylation of p27 in vitro are higher
in extracts of proliferating cells than in those of quiescent cells (166). Co-
overexpression of different derivatives of p27 with Cdk2/cyclin E led to the
suggestion that phosphorylation of p27 by cdk2/cyclin E on T187 causes its
degradation (168). Since p27 inhibits the action of cdk2/cyclin E, it was further
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proposed that the phosphorylation of p27 by the kinase is faster than the for-
mation of the inhibited complex (168). It is unclear whether the ratio of p27 to
Cdk2/cyclin E in these overexpression experiments is comparable to the physi-
ological situation. Thus, the identity of the system that ligates p27 to ubiquitin
and the mode of the regulation of this process remain to be identified.

The p21 Cki is also a rapidly degraded protein that is ubiquitinylated in vivo
(169). Another interesting case is that of a p15 Cki, the degradation of which is
inhibited by transforming factgs, thus causing its accumulation (170). Based
on these findings, the regulation of Cdk inhibitor—degradation in animal cells
may be involved in connecting to the basic cell-cycle machinery a variety of
signals that affect cell proliferation.

ANAPHASE INHIBITORS AND OTHER CELL-CYCLE REGULATORS In addition to
cyclins and Ckis, the levels of numerous other cell-cycle regulators oscillate
during the cell cycle. Some of these regulators are targeted for degradation
by cyclosome-mediated ubiquitin ligation, some by PULC-type mechanisms,
and for others, the mechanisms are unknown. In extrack¥eabpuseggs,

the addition of an N-terminally truncated, nondegradable derivative of cyclin
B caused arrest at late anaphase, while the addition of the N-terminal fragment
of cyclin B caused an earlier arrest at the metaphase (171). This observation
indicates that the machinery that degrades mitotic cyclins is also involved in
the degradation of other cell-cycle regulators. Since the N-terminal fragment
of cyclin B contains the destruction box region, it was suggested that the degra-
dation of some other destruction box—containing protein (which is competed
by the N-terminal fragment of cyclin B) is required for the separation of sister
chromatids that takes place in the metaphase-anaphase transition (171).

These invitro observations were confirmed in vivo (99); however, the identity
of the putative anaphase inhibitors remained unknown until recently. One of
these inhibitors is the Cut2 protein & pombewhich is localized on the
mitotic spindle and is degraded rapidly at the end of the anaphase (172). The
degradation of Cut2 requires the presence of two destruction box regions at
its N-terminal domain (173) and the activity of the cyclosome (172). Most
significantly, the expression of nondegradable derivatives of Cut2 prevented
the separation of sister chromatids. As a result, destruction box—dependent,
cyclosome-mediated degradation of Cut2 may be required for the onset of the
anaphase (172). Essentially similar results were observed on Pdsplp, another
anaphase inhibitor i. cerevisia¢174).

The mode of action of anaphase inhibitors is unknown. They may act as
“molecular glues” that hold sister chromatids together until they are degraded,
or they may act by much more indirect mechanisms. Another destruction box—
containing protein in the budding yeast, Aselp, is bound to the midzone of
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the mitotic spindle and is degraded at the end of mitosis by a mechanism that
requires the activity of the cyclosome (175). This process may be involved in
the disassembly of the mitotic spindle, since the expression of a nondegradable
derivative of Asel caused a delay in spindle disassembly (175). It seems that
the cyclosome is responsible for the degradation of various cell-cycle regula-
tors at the end of mitosis, all of which share the destruction box—recognition
determinant.

Another important unstable cell-cycle regulator is the Cdc6 protein of the
budding yeast, which is required for the initiation of DNA replication (reviewed
in 153, 176). Cdc6p is synthesized in G1, associates with the origin replication
complex, and promotes its conversion to a form competent for replication.
After the initiation of DNA replication, Cdc6p is degraded rapidly (177). A
similar function is carried out in the fission yeast by a homologous protein,
Cdc18 (178). In the fission yeast, the elimination of Cdc18 after the initiation
of DNA replication may prevent replication of DNA more than once in a cell
cycle, since massive overexpression of Cdc18 caused repeated rounds of DNA
synthesis, without mitosis (178). In contrast, ectopic expression of Cdc6p in
the budding yeast after G1 does not cause re-replication (177). In the latter
case, the prevention of re-replication appears to be tightly controlled by other
mechanisms; thus the degradation of Cdc6p may be an additional safeguard
to ensure that DNA is replicated only once in a cell cycle. The mechanisms
of Cdc6p degradation are unknown, although the actioB@€4 is required
(177), suggesting the possible involvement of a PULC-type complex. Likewise,
the ubiquitinylation and degradation of Cdc18 in the fission yeast requires the
action ofpopH-, a homolog ofCDC4(159).

Transcription Factors, Tumor Suppressors,
and Oncoproteins

The activity of many short-lived regulatory proteins of the transcription factor,
tumor suppressor, and oncoprotein classes is controlled by proteolysis via the
ubiquitin pathway. This section discusses some selected cases.

NF-«B AND I«Bae NF-«B (nuclear factoncB) is a ubiquitous inducible tran-
scription factor involved in central immune, inflammatory, stress, and develop-
mental processes (reviewed in 179, 180). The best-studied transcription factor
is a heterodimer, NkB1, that is composed of p50 and p65 (RelA). Similar
complexes containing other subunits such as p52 (p52-p65 complex is NF-
«¥B2) and RelB also exist. p50 and p52 are the processing products of larger
precursor molecules, p105 and pl100, respectively, and are derived from the
N-terminal domain of the precursor molecules: The C-terminal domain is de-
graded. The processed transcription factor is retained in a latent form in the
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cytoplasm of nonstimulated cells via association with inhibitory molecules col-
lectively termed #Bs (inhibitors of«B). Following exposure of the cell to a
variety of extracellular stimuli such as cytokines, viral and bacterial products,
and stressBs are degraded rapidly and the active heterodimer is translocated
into the nucleus where it exerts its transcriptional activity. The inhibitors ful-
fill their task via a dual action: They sterically hinder the nuclear localization
signal of the NF«B proteins, thus retaining them in the cytosol, and they also
inhibit their DNA binding and transactivation capacity. Recent evidence impli-
cates the ubiquitin system both in the processing of p105 (and probably p100)
and in the signal-induced degradation ©Blx (and probably4Bg).

Fan & Maniatis (181) showed that p50 is generated in vivo by processing of
the precursor protein p105. Reconstitution of a cell-free system using a trun-
cated form of the precursor protein, p60, has revealed that the process requires
ATP and is sensitive to N-ethylmaleimide, which inactivates E1, E2, and cer-
tain E3 enzymes. These findings suggest that the process may be mediated by
the ubiquitin system. Palombella & colleagues (182) showed that COS cells
transfected with p105 process the precursor protein to p50 and that processing
can be inhibited by proteasome inhibitors. Experiments with yeast mutant cells
defective in Prel, one of the proteasomal subunits, provided direct evidence
that processing is mediated by the proteasome. Reconstitution of a cell-free
system has demonstrated that the processing requires ubiquitin (182), E2-F1
(or UbcH5 or UbcH7), and a novel species of E3 (82; see also above).

These findings establish a role for the ubiquitin system in the processing of
pl105. Since p105 is the only molecule known to be processed by the ubiquitin
system rather than being completely destroyed, an obvious problem concerns
the underlying mechanism(s) involved. Lin & Ghosh (183) have reported that
a Gly-rich region (GRR) that spans amino acid residues 376—404, and that
contains 19 (out of 29) Gly residues, constitutes an independent stop-transfer
signal that prevents processing of p105. Removal of GRR inhibits processing.
A chimera protein constituted of p50, GRR, ardB&x was processed to yield
p50 and kBe, suggesting that generation of p50 from p105 proceeds in a two-
step mechanism, a single endoproteolytic cleavage of p105 to generate p50
and the C-terminal domain, followed by degradation of the C-terminal part by
an as-yet-unknown mechanism. Insertion of the motif between two unrelated
proteins, gp10 and GST, yielded two authentic processing products, suggesting
that the GRR can serve as a transferable stop processing signal.

Other experiments (A Oria& A Ciechanover, unpublished results), however,
could not substantiate all of these conclusions. For example, insertion of GRR
into Dorsal, the noncleavablgrosophila melanogastgr105 homolog, did not
lead to processing of the protein. Insertion of GRR between p50 and ornithine
decarboxylase (ODC) results in processing, but the ODC moiety is completely
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degraded even in the absence of antizyme. Thus it appears that certain steric
constraints determine recognition for processing and its mechanism, and that
GRR clearly is not a universal transferable processing element. As for the
mechanism of action of GRR, it may generate a structure that cannot enter the
26S proteasome. For example, insertion of a similar repeat at the C-terminal
domain of Epstein-Barr nuclear antigen 4 (EBNA4) prevented its degradation
but not its conjugation (184; see also below).

The kB family of proteins contains, among other proteins, four inhibitors:
IxBe, kBB, 1xBe, and Cactus (179, 185). Most stimuli that induce MNB-ac-
tivation target the inhibitors for degradation. Signal-induced phosphorylation
at specific sites directx B proteins for degradation via the ubiquitin system.
When either SéF or Sef® of IxBa were mutated, the inhibitor did not undergo
stimulation-induced phosphorylation, was not degraded, anéBIEeuld not
be activated in response to a broad array of stimuli (186, 187). The S32E/S36E
double mutant was constitutively unstable and NB-was constitutively hy-
peractive, suggesting a role for the negatively charged phosphate groups in the
recognition process.

Additional studies have further indicated that phosphorylation targets the
protein for degradation by the ubiquitin system. Incubation of TiNé-phor-
bol ester/ionomycin-stimulated Jurkat T-cells in the presence of proteasome
inhibitors results in stabilization of the otherwise rapidly degraded phosphory-
lated kBa and in accumulation of high-molecular-mass ubiquitin conjugates
of the protein (188-190). Reconstitution of a cell-free system revealed an ex-
cellent correlation with the in vivo findings. Only the doubly phosphorylated
form, but not the S32A/S36A double mutant or singly mutated S32A or S36A
species, could be ubiquitinylated in vitro. Similarly, the S32E/S36E double
mutant could be ubiquitinylated in vitro (188). Reconstitution of degradation
revealed that the process requires ATP, ubiquitin, and the E2 enzymes E2-F1,
which is the rabbit homolog of human UbcH7 (see above) or Ubc5.

In ts20 cells that harbor a thermolabile E1, phosphorylat®dIwas stable
atthe nonpermissive temperature (189). Addition of purified 26S proteasome to
immunopurified kB« ubiquitin conjugates led to their degradation (188). The
ubiquitinylation sites have been localized to Lysresidues 21 and 22 (191). These
findings strongly link stimulation-induced phosphorylation at Ser residues 32
and 36 to recognition by the ubiquitin-conjugating machinery and to subsequent
degradation by the proteasome. Itis important to note that phosphorylation does
not releasedBa from the NFxB complex: it is degraded while still bound to
the complex (188, 192).

An interesting problem involves the mechanism of phosphorylation-depen-
dent targeting of#Ba. Is the phosphorylated domain [32-S(P)GLDS(P)-36]
recognized directly by thedBa-ubiquitin ligase, or does phosphorylation affect
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the 3-D structure of the inhibitor indirectly in a manner that exposes a remote
E3-binding site? Yaron et al (193) have shown that phosphorylated peptides
that span the phosphorylation domain, but not their unmodified or mutated
counterparts, specifically inhibit conjugation and degradationBdlin a cell-

free reconstituted system. A seven-residue peptide [31-DS(P)GLDS(P)M-37]
is sufficient to exert the inhibitory effect. Notably, Lys residues 21 and 22 are
dispensable and do not constitute a part of the recognition signal. Incubation ofa
crude extractwithimmobilized peptide leads to specific binding of a conjugating
activity that can be complemented only by the addition of an E3-rich fraction,
but not by E1 and E2. Microinjection of these phosphopeptides into cells leads
to inhibition of translocation of NkB to the nucleus and, consequently, to
inhibition of expression ofthe NkB-dependent gen&;selectin These results
suggest that the phosphorylated domain serves as recognition motif for an E3
that acts on#Ba and that inhibition of this E3 by the mimetic peptides can
inhibit the biological functions of NkB.

Two kinases that phosphorylateBa have been cloned recently and were
identified as the previously known Ser-Thr kinase of unknown function, CHUK,
and a close homolog of this protein (194, 195, 195a). CHUK associates directly
with 1kBa and phosphorylates it on Ser residues 32 and 36. The direct or
indirect role(s) of other kinases that have been reported to be involved iBNF-
activation via phosphorylation okBa, such as the mitogen-activated protein
kinase/ERK kinase kinase 1 (MEKK1; 196), the protein kinase A catalytic
(PKAC) subunit (197), and an unidentified novel kinase that appears to be
activated by ubiquitinylation (198) are not clear. At least for CHUK, there is
no evidence that it is activated by ubiquitinylation.

P53 The tumor suppressor protein p53 is degraded by the ubiquitin system
both in vitro (199) and in vivo (200). Its degradation in vitro requires E1 and

is blocked in intact cells by inhibitors of the proteasome with the concomitant
accumulation of high-molecular-mass p53-ubiquitin adducts. Degradation is
accelerated dramatically by the high-risk human papilloma virus (HPV) onco-
protein E6 (53). The E6-dependent degradation is mediated by the E3 enzyme
E6-AP and by one of several E2 enzymes (see previous section).

Since wild-type p53 is shortlived in all cells examined, and since itis targeted
for degradation by the ubiquitin system, an important problem involves the
identity of the ubiquitin pathway enzymes (E2 and E3), which conjugate p53
in cells that do not express E6. Antisense targeting of E6-AP results in elevated
p53 levels in HPV-infected cells but not in normal cells (201), suggesting that
E6-AP plays a role in targeting of p53 only in the presence of E6. In most
cells that are not transformed by HPV, ubiquitinylation of p53 is mediated by
an unidentified species of E3.
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Haupt et al (202) and Kubbutat et al (203) have reported that Mdm2 pro-
motes rapid, ubiquitin-dependent degradation of p53. The oncoprotein Mdm2
is a potent inhibitor of p53. It binds to the transcriptional activation domain of
p53 and inhibits its ability to activate target genes, to exert its antiproliferative
effects, to mediate cell-cycle arrest following exposure to DNA damage, and
to fulfill its apoptotic functions. p53 regulates the transcription of Mdm2 in
an autoregulatory feedback loop (202 and references therein). The transient
stabilization of p53 that occurs following UV irradiation and DNA damage, for
example, leads to an increase in its level, which enables the tumor suppressor
protein to curb the damage. Concomitantly, increased, p53-dependent tran-
scription of Mdm2 ensures, by targeting p53 for degradation, release from the
cell-cycle arrest and other untoward effects caused by elevated p53 level. Thus
the targeting of p53 for degradation by Mdm2 provides another way to remove
p53 after its repair functions have been fulfilled.

The interval between p53 stabilization and activation and its inactivation and
targeting by induced Mdm2 defines a time window for its activities. Induction
of degradation is accompanied by accumulation of high-molecular-mass p53-
ubiquitin adducts and can be inhibited by lactacystin. The destabilizing effect of
Mdm2 requires physical interaction between the two proteins. This interaction
is mediated by a small region in the N-terminal domain of p53. Fusion of
amino acid residues 1-42 of p53 to Gal4, an otherwise stable protein, renders
the chimeric protein susceptible to Mdm2-mediated degradation (202). Thus
the N-terminal domain of p53 involved in Mdm2 binding is necessary and
sufficient to confer upon the tumor suppressor Mdm2-dependent proteolytic
sensitivity. It remains to be seen whether, like E6, Mdm2 is part of an E3
complex that targets p53 for degradation.

JUN Treier et al (105) reported that c-Jun, but not its transforming counter-
part v-Jun, is multiply ubiquitinylated and rapidly degraded in cells. Detailed
analysis of the differential sensitivity to the ubiquitin system revealed that the
8 domain of c-Jun, an amino acid sequence that spans residues 31-57 and that
is missing in the retrovirus-derived molecule, confers instability on the normal,
cellular protein. Deletion of the domain stabilizes c-Jun. This requirement for
the§ domain raised the question of whether it contains either the ubiquitinyla-
tion site or a recognition signal for the conjugation machinery. Alteration of all
the Lys residues in the domain did not alter the protein’s sensitivity to degra-
dation, and no single Lys residue in the remaining parts of the molecule was
essential for ubiquitinylation. Thus, tli@lomain is ecis-acting signal required

for ubiquitinylation and subsequent degradation of c-Jun. Transfer of this ele-
ment tos-Gal, an otherwise stable protein, rendered the protein susceptible to
multiple ubiquitinylation and degradation.
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The lack of thes domain from v-Jun, a protein that is otherwise highly ho-
mologous to c-Jun, provides a mechanistic explanation for the stability and the
possible resulting transforming activity of v-Jun. The loss oftdemain dur-
ing the retroviral transduction is another example of the sophisticated diverse
mechanisms developed by viruses to ensure replication and continuity of infec-
tion (see above for the effect of E6 on targeting p53 and below for the effect of
the cytomegalovirus proteins US2 and US11 on targeting MHC class | heavy
chains). Musti et al (94) showed that phosphorylation by mitogen-activated
protein kinases (MAPKS), such a Jun kinase 1 (JNK1), reduces c-Jun ubiqui-
tinylation and increases its stability. c-J&% in which one of the Ser targets
of INK1 was substituted by the phosphate-mimetic residue, Asp, acts as a gain
of function form of c-Jun. It is not ubiquitinylated and, consequently, remains
stable. In contrast, c-JOAis as efficiently ubiquitinylated as the wild-type pro-
tein. Thus, it appears that phosphorylation-dependent stabilization contributes
to the efficient activation of target genes following exposure to growth factors,
stress, or other stimulators of c-Jun activity. In another study, Fuchs et al (204)
showed that JNK2 can, in addition, stimulate ubiquitinylation of c-Jun, under-
scoring the complexity of the signals and extracellular events that govern c-Jun
stability.

B-CATENIN  B-Catenin and it®. melanogastehomolog, Armadillo, are mul-
tifunctional proteins involved in cell-cell adhesion complexes, signal transduc-
tion along the winglessl{. MelanogastefWnt-1 (mammals) pathway, and
regulation of transcription (reviewed in 205). Accordingly, the protein is found

in the plasma membrane, cytoplasm, and nucleus. The wingless/Wnt-1 path-
way is involved in several key developmental processes, such as in determin-
ing anterior-posterior patterning Drosophilasegments and axis formation in
Xenopus Its specific expression in early mouse embryos implicates the protein
in the development of mammals as well. Genetic and biochemical analyses
showed thag-catenin plays a major role in signal transduction and differentia-
tion in the mammalian colorectal epithelium, and that aberrations in the process
are important in the multistep development of colorectal tumors.

In the absence of signaling by wingless/Wnt-1 ligands, the downstream
Drosophila Ser/Thr kinase zeste white 3 (zw3), or its mammalian homolog
glycogen synthase kinase-3 (GSK-3), is active and promotes degradation of
B-catenin, most probably by ubiquitinylation (90). The cadherin-assoctated
catenin in the cell-cell junctions remains stable. Stimulation by wingless/Wnt-1
promotes activation of the cytosolic protein disheveled (dsh), which antago-
nizes the function of zw3/GSK-3, leading to stabilization and accumulation of
B-catenin. Fregg-catenin binds and activates transcription factors Tcf (T-cell
transcription factor) and Lef (lymphoid enhancer factor). The translocation of
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the active complexes to the nucleus initiates transcription of specific, yet-to-be-
identified target genes.

B-Catenin interacts with both GSK-3 and an additional protein,~B60-
kDa tumor suppressor APC (adenomatous polyposis coli), which appears to
regulateg-catenin intracellular level (206). GSK-3 phosphorylatesatenin
in three conserved Ser residues and one Thr residue in the N-terminal domain
(33-SGIHSGATTTAPS-45). Mutations of these residues (S33Y, S37F, S45Y),
or deletions of the N-terminal domain containing these residues in different
malignant melanoma cell lines, result in increased stability and consequent
increased activity of the protein (207,208). The constitutive high levels of
B-catenin-Tcf angs-catenin-Lef complexes in these conditions may result in
persistentrans-activation of the target gene(s) and may play a crucial role in
malignant transformation of these cells.

Phosphorylation-dependent degradatiogafatenin is another example in
which this posttranslational modification destabilizes a protein (see above for
other examples). It is unknown how APC regulates the stabilit§-oatenin;
however, APC interacts witfi-catenin via two distinct sets of binding sites.
B-catenin accumulates in colon cancer cells that do not express the protein
(APC") or that harbor APC proteins that lack one of the binding clusters. The
accumulategB-catenin associates with Tcf or Lef and leads, most probably, to
overexpression of their dependent genes (209). Expression of full-length APC
in these cells leads to degradation of exggssmtenin and to abrogation of the
trans-activation effect. Although the mechanism(s) that underlie the function
of APC in regulating3-catenin stability have not been elucidated, it may serve
as a ubiquitin ligase or as part of alarger complex that serves as aligase. Indeed,
wild-type but notAN1-89 g-catenin is part of a large complex that contains,
among other proteins, APC (210).

E2F-1 The E2F family of transcription factors plays an important role in reg-
ulating cell-cycle progression at the-S transition. One of the best studied
members of this family is E2F-1, a 437-amino-acid residue protein that has a
half life of approximately 2—3 h. E2F-1 can act under different circumstances
as an oncogene or as an inducer of apoptosis and is controlled by multiple
mechanisms, among which are binding to the retinoblastoma tumor suppressor
(Rb) protein, activation by Cdk3, and S-phase-dependent down-regulation of
its DNA-binding capacity by cyclin A—dependent kinase. E2F-1 is degraded
in a regulated manner by the ubiquitin system (211, 212). In the presence of
proteasome inhibitors, the protein was stabilized with the concomitant accu-
mulation of high-molecular-mass E2F-1-ubiquitin adducts. Co-expression of
Rb with E2F-1 results in a marked stabilization of E2F-1. The stabilization is
the result of direct binding of Rb to the transcription factor, as deletion of either
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the E2F-1-Rb- or the Rb-E2F-1-binding sites abrogated the stabilizing effect
of Rb.

Mechanistically, binding of Rb prevents ubiquitinylation of E2F-1. The de-
phosphorylated form of Rb binds E2F-1, as a mutant form of Rb that could not
undergo phosphorylation was much more efficient in stabilizing E2F-1 than
its wild-type counterpart. An interesting problem involves the cell-cycle reg-
ulation of E2F-1 and its linkage to Rb binding. Hofmann et al (211) noted
a cell-cycle oscillation in the level of E2F-1. In particular, there appeared to
be a sharp decrease during S-phase. Whether the changes reflect cell-cycle-
dependent dissociation from Rb and degradation of free E2F-1 remains to be
examined.

Membrane Proteins

It has been generally accepted that the ubiquitin system is involved in selective
degradation of cytosolic and nuclear proteins. However, it is clear now that the
system is also involved in two distinct pathways of degradation of membrane
proteins. A new and rather unexpected function of ubiquitin tagging was found
in targeting some membrane receptors and transporters for endocytosis and
degradation in the lysosome (or the vacuole in yeast). In a distinct pathway,
native or misfolded proteins in the endoplasmic reticulum (ER) are targeted to
the proteasome and degraded in the cytosol (or on the cytosolic surface of the
membrane), either with or without prior ubiquitinylation. These novel findings
raise important, yet unresolved, mechanistic issues. For membrane proteins an
obvious problem relates to the role of ubiquitin modification: Is it required for
endocytosis of the tagged protein or in a later stage, for its specific targeting and
uptake by the lysosome? For membrane ER proteins degraded by the cytosolic
proteasome, important questions involve the mechanisms that underlie retrieval
of these proteins across the membrane back into the cytosol.

Analysis of the fate of th&. cerevisia&te2p, the G-protein-coupled plasma
membrane receptor of thefactor involved in the mating response pathway,
has shown that binding of the ligand leads to ubiquitinylation of the receptor
that is essential for endocytosis of the receptor-ligand complex (213, 214). The
complex is targeted for degradation in the vacuole: In mutant yeast species
lacking vacuolar proteolytic enzymes, the receptor is stable. These results sug-
gest that both the ectoplasmic and cytoplasmic portions of the molecule are
degraded within the vacuole. Binding of thdactor leads to phosphorylation
of the receptor on Ser residues that reside on a well-defined internalization
signal, SINNDAKSS, that is both necessary and sulfficient for receptor endo-
cytosis (215, 216). The Lys residue in this sequence is ubiquitinylated, though
it is dispensable: Other adjacent Lys residues can also bind ubiquitin. De-
tailed structural analysis of the SINNDAKSS sequence showed that receptor
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ubiquitinylation is necessary for internalization of the ligand-receptor complex:
Inhibition of ubiquitinylation results in stabilization of the receptor on the cell
surface as shown by radiolabeled ligand binding assays. Interestingly, endocy-
tosis of the Ste6 ABC transporter also requires ubiquitinylation and a DAKTI
motif (217) that is similar to the essential SINNDAKSS sequence in the Ste2p
receptor. In addition, Pdr5, the yeast multidrug transporter, is also targeted to
the vacuole by ubiquitinylation (218).

Using a Chinese hamster cell-cycle mutant cell that harbors a thermola-
bile E1, Strous et al (219) showed that following binding of growth hormone
(GH) at the permissive temperature, the receptor of GH undergoes rapid ubi-
quitinylation and subsequent degradation in the lysosome: Inhibitors of endo-
somal/lysosomal function, such as MH and bafilomycin Al, significantly
inhibited ligand-induced degradation of the receptor. In contrast, at the non-
permissive temperature, the receptor was not ubiquitinylated and remained sta-
ble. Similar to the case of the Ste2p receptor, these findings establish a direct
linkage between ubiquitinylation and early events in endocytosis of ligand-
receptor complexes in mammalian cells. The exact role of ubiquitinylation in
the endocytic process is unclear. It may serve, for example, as an anchoring
site for adaptor molecules or cytoskeletal elements involved in vesicle bud-
ding and movement. It can also signal limited proteolysis of the cytosolic tail
by the proteosome that is necessary for initiation of the endocytic process to
occur.

The yeast Gaplp amino acid permease and the Fur4 uracil permease are
also targeted for degradation in the vacuole following ubiquitinylation that is
mediated by the E3 enzyme Npilp/Rsp5 (61, 62; see also previous section).
Ubiquitinylation of the two proteins is triggered by NHor stress conditions
(such as approach to the stationary growth phase or inhibition of protein syn-
thesis), respectively. Recent findings demonstrate that ubiquitinylation of the
Fur4 protein, and probably of other membrane proteins, is mediated by a mech-
anismthatis distinct from that of tagging soluble proteins. Polyubiquitinylation
and endocytosis of the protein were inhibited in a yeast mutant lacking the de-
ubiquitinylating enzyme Doa4 that prevents the regeneration of free ubiquitin.
Interestingly, both processes could be rescued by overexpression of ubiquitin
mutants carrying Lys> Arg mutations at Ly’ and Ly€®. By contrast, a ubi-
quitin mutated at Ly% did not restore Fur4 polyubiquitinylation but interfered
only slightly with endocytosis (220).

Similar findings were reported for the endocytosis of éhfactor receptor
(220a). It appears, therefore, that ubiquitin-Fur4 and ubiquitin-Ste2p conju-
gates are extended via [8sbut this process is not essential for endocytosis:
Monoubiquitinylation is sufficient to drive the receptors into the vacuolar sys-
tem of the cell. Another yeast membrane protein, the galactose transporter
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Gal2p, is ubiquitinylated, endocytosed, and targeted to the vacuole follow-
ing transfer of cells from a galactose- to a glucose-containing medium (221).
Down-regulation of the Kit receptor by its ligand, the soluble steel factor (SSF),
is also mediated by ubiquitinylation that targets the endocytosed receptor to the
lysosome (222). Down-regulation of this receptor, involved in hematopoiesis,
melanogenesis, and gametogenesis, requires the kinase activity of the molecule,
although surprisingly, substitution of B#, which undergoes autophosphory-
lation, does not affect the process (223). Thus the role of the receptor kinase
in the endocytic process is still obscure. It was reported that angiotensin I
down-regulates the inositol triphosphate receptors via the proteasome, but it is
unclear whether ubiquitinylation is required in this process (224).

The involvement of the ubiquitin-proteasome pathway in different aspects of
membrane protein degradation has highlighted the role the system plays in a
variety of pathophysiological processes in the immune system¢ $tibunit of
the T-cell receptor (TCR), a disulfide-linked homodimer that plays an important
role in TCR-mediated signal transduction, also undergoes polyubiquitinylation
in response to receptor engagement (225). This modification can occur on
multiple Lys residues (226) and requires phosphorylation of the cytosolic tail
of the chain by the tyrosine kinase f%§226). A tyrosine phosphatase that
regulates the activity of the kinase is also required in the process (227). The
TCR is a long-lived protein, and it is unclear whether ubiquitinylation plays a
role in modulating TCR activity via degradation of a single subunit, or whether
it is required for the function of the receptor in signal transduction.

While most cell surface receptors appear to be targeted to the lysosome/vacu-
ole, several exceptional cases were reported in which ubiquitinylation targets
membrane proteins to the proteasome. For example, the platelet-derived growth
factor receptor is ubiquitinylated following ligand binding and is degraded by
a process patrtially inhibited by proteasome inhibitors (228). In addition, the
Met tyrosine kinase receptor involved in pleiotropic cellular response following
activation by its ligand, the hepatocyte growth factor/scatter factor (HGF/SF;
see 229), and the gap junction protein connexin43 (230) are ubiquitinylated and
degraded in a similar fashion. Ubiquitinylation of other cell surface receptors
such as the high-affinity IgE receptor (231), the prolactin receptor (232), and
the EGF receptor (233), has been reported; however, the function of the modifi-
cation in regulating the level and activity of these molecules and the underlying
mechanisms involved are still obscure.

Thus, an emerging view is that rapid ligand-induced endocytosis of certain
cell surface receptors requires ubiquitinylation of their cytosolic tails. The role
of ubiquitinylation in the endocytic process is not known and may involve
proteolysis of the tail: Formation of multivesicular, multilayered bodies as
transport intermediates en route to the lysosome appears to be essential for
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degradation of both the ectoplasmic and the cytosolic domains of these proteins
inthe vacuole/lysosome system. Unlike the degradation of lumenal ER proteins,
proteolysis of membrane-anchored proteins in the lysosome does not require
their transport across the membrane into the cytosol.

The ER is the port of entry of most compartmentalized, membrane-anchored,
and secretory proteins. Itis also the site of folding and modification of nascent
chains and of assembly of multisubunit complexes. Therefore, it must be en-
dowed with a “quality control,” editing machinery to remove proteins that fail
to fold properly or to oligomerize. Such proteins can include aberrant, mutated
proteins or excess subunits of large complexes. Some resident ER proteins
are under tight physiological control, and their degradation must also be regu-
lated by a highly specific machinery, distinct from the lysosome. Until recently,
degradation of ER proteins was thought to involve an unidentified ER-localized
protease(s)/proteolytic system (234). It has become clear, however, that this
is not the case, and that ER degradation represents a novel type of ubiquitin-
mediated degradation of membrane proteins, distinct from that of mature cell
surface proteins. Degradation of these proteins occurs in the cytosol and is
mediated by the 26S proteasome, with or without prior ubiquitinylation (for re-
cent reviews, see 235, 236). Unlike ubiquitin-induced targeting of cell surface
proteins to lysosomes, degradation of ER proteins requires retrograde transport
of these proteins back into the cytosol. Here the function of ubiquitinylation,
when modification occurs, is known, and it most likely serves in targeting to
the proteasome.

An important ER membrane protein is 3-hydroxy-3-methylglutaryl-coA re-
ductase (HMG-R), akey regulatory enzyme in sterol synthesis. The mammalian
enzyme has several transmembrane domains and is tightly regulated by the fi-
nal product of the biosynthetic pathway, cholesterol. Regulation is mediated
by both feedback inhibition and rapid targeting for degradation. Yeast has two
isozymes, Hmglp and Hmg2p. The regulation of the first enzyme occurs mostly
atthe translational level, whereas that of Hmg2p is mediated in an manner iden-
tical to the regulation of the mammalian enzyme, via end-product inhibition
and induced degradation. Recent evidence implicates the ubiquitin-proteasome
pathway in the degradation of Hmg2p in yeast. Degradation proceeds indepen-
dently of vacuolar proteases (237). Genetic analysis has revealed that the pro-
teolytic process requires the productHiRD2 (HMG-R degradation), which is
a subunit of the 19S regulatory complex of the proteasome and is homologous
to the p97/TRAP2 19S subunit in the mammalian proteasome (238).

A recent study showed that the enzyme undergoes Ubc7-mediated poly-
ubiquitinylation prior to its degradation (239). In contrast, while the mam-
malian enzyme is also degraded by the proteasome as shown by inhibition of
sterol-induced degradation by lactacystin, it does not appear to require prior



UBIQUITIN SYSTEM 463

ubiquitinylation (240). However, genetic analysis in mammalian cells is more
difficult than in yeast, and the conclusion that ubiquitinylation is not involved
in the degradation of a certain protein is based solely on experiments with a
temperature-sensitive mutant of E1, which is difficult to inactivate completely
(241).

The cystic fibrosis transmembrane conductance regulator (CFTR) is synthe-
sized as an approximately 140-kDa core glycosylated protein that is associated
initially with the cytosolic chaperone Hsc70 and then with the ER chaperone
calnexin. Only 25-50% of the wild-type protein matures to the cell surface,
whereas most of the protein molecules do not fold properly and are degraded
in the ER (242, 243). A single mutation in the protein, deletion oPhis the
underlying cause of most cases of cystic fibrosis. The mutated protein is never
released from its complex with the chaperone, fails to acquire carbohydrate moi-
eties (a hallmark of transit through the Golgi apparatus), and is degraded. Re-
cent evidence suggests that the process is mediated by the ubiquitin-proteasome
pathway. Lactacystin inhibits degradation of both the wild-type and the mutant
forms of CFTR. Degradation is also inhibited in a mutant cell line harboring
a thermolabile mutation in E1 and in cells that express a dominant negative
form of ubiquitin (244, 245). These data suggest that ubiquitinylation precedes
recognition and degradation of the wild-type and mutant CFTR proteins by the
proteasome.

Degradation of TCR subunits in the ER constitutes an important mechanism
that ensures that only correctly assembled receptor complexes will reach the
cell surface. The CD3-subunit of the TCR is degraded in the ER following
ubiquitinylation (246). Inhibition of the proteasome by lactacystin leads to ac-
cumulation of an insoluble, membrane-bound form of CI3uggesting that
the ubiquitin system selectively degrades a misfolded denatured form of the pro-
tein. The misfolded form is generated, most probably, because of the inability
of the excess unassembled chains to incorporate into the mature TCR complex.
A more detailed study of the mechanism revealed that the process initiates with
the trimming of mannose residues from an N-linked oligosaccharide, genera-
tion of membrane-bound ubiquitin conjugates, and removal of these conjugates
by the proteasome. The chain of the TCR is degraded via a similar mech-
anism, except that ubiquitinylation does not appear to mediate recognition by
the proteasome (247, 248). Again, similar to the case of mammalian HMG-R,
the lack of requirement for ubiquitinylation is not firmly substantiated.

Antigenic peptides that are processed in the cytosol are presented to cytotoxic
T-cells on MHC class | complexes. These complexes are heterodimers con-
stituted of transmembrane heavy chains (HCs) associated noncovalently with
Bo-microglobulin (8,-m). The proper folding of the complex is aided by the
ER chaperones calnexin and calreticulin 8}tm is absent, the complex will
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not be assembled and antigenic peptides will not be transported and presented
on the cell surface. Inhibition of the proteasomesiym-deficient cells leads

to accumulation of de-glycosylated HCs in the cytosol (249). These molecules
that were transported into the ER membrane and glycosylated cannot fold prop-
erly and are transported back to the cytosol, de-glycosylated, and degraded by
the proteasome.

An interesting observation involving the stability of MHC class | complexes
relates to the multiple mechanisms by which viruses evade the immune surveil-
lance machinery. One such mechanism involves a viral matrix protein—directed
phosphorylation of the immediate early (IE) protein of the cytomegalovirus
(CMV) that prevents its processing to peptide antigens and, consequently, their
presentation to cytotoxic T-cells (CTLs; see 250). Since the proteasome is
involved in processing of antigens presented via class | MHC molecules (see
below), it is assumed that inhibition of processing involves interference with
recognition by the proteasome.

In a different mechanism, researchers noted that the human CMV encodes
two ER resident proteins, US2 and US11, that down-regulate the expression of
MHC class | HC molecules. The MHC molecules are synthesized on membrane-
bound ribosomes, transported to the ER where they are glycosylated, but shortly
thereafter, in cells expressing US2 or US11, are transported back to the cytosol,
de-glycosylated by N-glycanase, and degraded by the proteasome (251, 252). It
appears that the viral products bind to the MHC molecules and escort/dislocate
them to the translocation machinery where they are translocated back into the
cytosol in an ATP-dependent process. The mechanism of action of the viral
proteins is notknown. They may diffuse laterally in the membrane, interact with
the emerging nascent MHC chain, and not allow insertion of the stop-transfer
signal and proper anchoring of the molecule in the membrane. Alternatively,
they may compete with the binding of the ER chaperone Bip/kar2, which may
be necessary for proper folding of the HC molecule. In adifferent case, ICP467,
an IE cytosolic protein encoded by the herpes simplex virus, prevents transport
of cytosolic peptides into the ER lumen. Expression of this viral protein also
leads to rapid degradation of MHC HCs (249). The lack of peptides can lead
to changes in the conformation of otherwise intact and properly folded MHC
complexes. Consequently, they are retrieved from the ER and degraded in the
cytosol by the proteasome.

Carboxypeptidase Y (CPY) is a yeast vacuolar enzyme that, like all other
vacuolar enzymes, traverses the ER lumen en route to the vacuole. Mutated
CPY is degraded rapidly and never matures to the vacuole (253). Recent evi-
dence suggests that it is ubiquitinylated and degraded by the proteasome in the
cytosol (254). In clear distinction from the MHC molecules that are membrane-
anchored proteins, CPY is a soluble lumenal ER protein. Thus, following
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synthesis, glycosylation, ancbmpletetransport to the ER lumen, it has to
bind to the lumenal face of the ER membrane and be translocated into the
cytosol for ubiquitinylation and degradation.

The notion that ER proteins are translocated in a retrograde manner raises
several important mechanistic problems. One problem involves the specificity
of recognition and the ability of the dislocation machinery to distinguish be-
tween properly folded and misfolded substrates. It is assumed that the proper
folding of a protein requires a chaperone, and if the chaperone “fails” to fold a
protein in repeated ATP-dependent association-dissociation cycles, it presents
it to the ubiquitin proteolytic machinery (the “refold or degrade” function of
chaperones; see 255). Such a mechanism has been described for soluble pro-
teins (256, 257). The process in the ER probably involves chaperones as well.
Indeed, the dislocation of CPY requires the Bip/Kar2 chaperone (258). The
chaperones involved in folding of normal proteins must distinguish between
normal proteins in the process of folding and misfolded proteins destined for
degradation. The underlying mechanisms involved in signaling one population
from the other are not known. The viral proteins US2 and US11 probably act as
chaperones as well; however, they are different from the cellular native chap-
erones in the sense that they target a normal, properly folded (or in the process
of folding) protein for degradation.

Another problem involves the machinery through which transport occurs.
It appears that the retrograde transport is mediated by the Sec61 complex,
which is also involved in anterograde insertion and transport of proteins into
the ER membrane and lumen. In US2-expressing cells, de-glycosylated MHC
molecules were immunoprecipitated along with components of Sec61 (252).
Similarly, retrograde transport of mutated CPY and other misfolded secretory
soluble proteins also require the yeast Sec61 translocation complex (258, 259).
Interestingly, degradation of misfolded mutant components of the Sec61 com-
plex requires the E2 enzymes Ubc6 and Ubc7 and is mediated by the proteasome
(260). Since Ubc7 is a soluble cytosolic protein, it has to be recruited to the
membrane, a process mediated by a novel protein, Cuelp (260a). Finally, dislo-
cation requires energy. Indeed, US2-mediated targeting of the HCs of the MHC
complex is ATP dependent. The cytosolic face of the ER membrane contains
several candidate ATPases that could provide the energy necessary for dislo-
cation. These include the cytosolic chaperone Hsc70 and the 19S regulatory
complex of the 26S proteasome.

DIVERSE FUNCTIONS OF THE UBIQUITIN SYSTEM

Recent evidence implicates the involvement of the ubiquitin pathway in a variety
of basic cellular processes. In many cases evidence is still circumstantial, and
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neither the cellular targeted substrates nor the underlying mechanisms involved
have been elucidated. Yet, the processes appear to be important and therefore
deserve special attention.

DEVELOPMENT The involvement of the ubiquitin system in human brain de-
velopment is indicated by a defect in a gene coding for the E3 enzyme E6-AP,
which has been implicated as the cause of Angelman syndrome, a disorder
characterized by mental retardation, seizures, and abnormal gait (56, 57; see
also above). Other evidence links the ubiquitin system to developmental pro-
cesses in the central nervous system (CNS). Dresophila bendlesgben
gene encodes an E2 that appears to be restricted to the CNS during develop-
ment. Mutations in this gene lead to morphological abnormalities within the
visual system that involve, for example, impairment of synaptogenesis between
photoreceptor cells and other elements of the system (10, 261). The mutation
was described initially as a behavioral defect affecting the escape jump re-
sponse and was ascribed to a lesion affecting the connectivity of the giant fiber
to the motor neuron innervating the tergotrochanter muscle. It appears that the
function of the gene product is broader and is involved in other developmental
processes of the neuromuscular system as well.

Another gene that encodes a developmentally regulated de-ubiquitinating
enzyme from the UBP (see above) family is i@sophila faf facetgfaf; see
130, 262). Thefaf gene is specifically required for eye development, and mu-
tant faf flies have more than eight photoreceptors in each of the compound eye
units, the facets. Théaf facetsprotein is probably involved in generating the
inhibitory signal sent by the photoreceptor cells to undifferentiated surround-
ing cells to stop differentiation and migration to the facet unit. The only other
defect found infaf mutants affects the eggs that do not reach cellularization
during early embryogenesis. The target protein(sfabffacetshave not been
identified so far (however, see below).

Another recently described link between the ubiquitin systenibandophila
eye development is related to the functionTodmtrak (TTK88), Phyllopod
(PHYL), and Seven in AbsentiéSINA). TTK88 is a zinc-finger embryonic
transcription factor whose expression represses neuronal cell fate determina-
tion in the developing eye. PHYL, in a mechanism that also requires SINA,
antagonizes the activity of TTK88. Activation of the Sevenless Ras/MAPK
signaling cascade by the Sevenless receptor tyrosine kinase, known to be in-
volved in cell differentiation, leads to transcriptional induction of PHYL. The
induced PHYL, TTK88, and SINA generate a heterotrimeric complex that tar-
gets TTK88 for degradation (263). SINA was found to interact with UbcD1,
a D. melanogasteE2 enzyme, and a mutation lbbcD1 serves as a domi-
nant suppressor of the effects caused by overexpression of the SINA protein. A
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mutation infaf facetsserves as a dominant enhancer for redwgiedactivity
(263). The role of SINA may be as an adaptor protein that provides the link
between the TTK88/PHYL/SINA heterotrimer and the ubiquitin system (see
above), whereas TTK88 may well be one substrate that is targetied fgcets

faf may be an editing isopeptidase, protecting TTK88 from untimed degrada-
tion (see above). In another study, Li et al (264) showed that SINA and PHYL
promote ubiquitinylation of TTK88, which is then degraded rapidly by the
proteasome.

Roest et al (11) demonstrated that inactivation of HR6B, a human homolog
of the yeast E2 RAD6/Ubc2 involved in DNA repair and targeting of N-end
rule substrates (see above), leads to a single defect, male sterility: Knockout
females are completely normal. The defect is specific to the development of
sperm and does not involve the general process of meiosis. The lack of more
severe effects may be due to the presence of a highly homologous enzyme,
HRG6A. The protein target of HR6B in the spermatids has not been identi-
fied. The authors hypothesized that HR6B is involved in polyubiquitinylation
and degradation of histones. This process is critical for chromatin remodeling,
which involves replacement of histones with transition protamines and, sub-
sequently, with protamines. Histones arexMcetylated proteins, and HR6B
may act on these proteins either via the non-N-end rule recognition site of E3
(see above) or via a novel, yet-to-be-identified species of E3. Another ubiquitin
system-related gene involved in sex differentiation, oogenesis, or spermatoge-
nesis is thehyperplastic dis¢hyd) gene, which appears to play a major role
in D. melanogastedevelopment. The null phenotype appears to be lethality at
an early embryonic stage; however, adults obtained by crosses of temperature-
sensitive alleles and maintained at the permissive temperature are sterile and
display, in addition to imaginal disc overgrowth, morphological abnormalities
in the germ tissue (265). The gene encodes an approximately 280-kDa protein
that belongs to the HECT family of E3 enzymes (see above). The target proteins
of this E3 enzyme have not been identified.

APOPTOSIS During development, alarge number of cells die in a predicted spa-
tial and temporal pattern known as programmed cell death (PCD), or apoptosis.
This process is crucial for differentiation and involves programmed regulation
of gene expression. One of the first genes shown to be involved in PCD is the
polyubiquitin gene that is up-regulated during the metamorphosis of the hawk-
moth Manduca sextg266). During the 30-h period that precedes the adult
moth’s emergence from the pupal cuticle, there is a rapid degradation of the
large mass of intersegmental muscles that served the pupa. The resulting amino
acids are probably used in building the wing muscles and also as a source of
energy for the butterfly’s short life span. The strong induction of transcription
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of the polyubiquitin gene during the metamorphotic process is accompanied by
a parallel increase in the level of ubiquitin. Qualitative and quantitative changes
occur concurrently in the 26S proteasome (267, 268). Pools of ubiquitin con-
jugates increase 10-fold during this period, accompanied by an increase in the
activity of E1, several E2 enzymes, and E3 enzyme(s) of unknown specificity
(269). This coordinated induction of ubiquitin conjugation and degradation
pathways is stimulated by the programmed decline in the steroid-like molting
hormone, 20-hydroxyecdisone. All the changes can be blocked by administra-
tion of the hormone.

Several other studies have linked the ubiquitin system to apoptosis in differ-
ent systems; however, because of the complexity and variety of the apoptotic
pathways, it is unclear whether the system plays a primary causative or only a
secondary role in the process. Also, the system'’s protein targets in these pro-
cesses remain unidentified. The complexity of the processes is also reflected in
the apparently conflicting reports as to the system’s role in apoptosis in different
experimental systems. In some model systems, PCD requires the activity of
the ubiquitin pathway, whereas in others PCD is invoked following inhibition
of the ubiquitin system.

y-irradiation-induced apoptosis in human lymphocytes is accompanied by
increased ubiquitin mRNA and ubiquitinylated nuclear proteins. Expression
of ubiquitin sequence-specific antisense oligonucleotides leads to a significant
decrease in the proportion of cells displaying the apoptotic phenotype (270).
Similarly, lactacystin prevents ionizing irradiation-induced cell death of thymo-
cytes (271). Inhibition of the ubiquitin system leads to prevention of apoptosis
induced by NGF deprivation in sympathetic neurons (272). These findings sug-
gest an active role for the ubiquitin system in PCD. However, in leukemic cells
(273), activated T-cells (274), and some neuronal cells (275), inhibition of the
ubiquitin system stimulates apoptosis. Thus, the involvement of the system
appears to be cell- and environment-specific. In some cases inhibition of the
system may lead to the accumulation of abnormal proteins with the possible
consequent induction of apoptosis, whereas in others the system may play a
direct role in the destructive process and its inhibition leads to an inhibition or
a delay in the onset of the apoptotic chain of events.

ANTIGEN PROCESSING Peptide epitopes presented to cytotoxic lymphocytes
(CTLs) on class | MHC molecules are generated in the cytosol by limited
processing of antigenic proteins. Although it was reported that the process can
be mediated by ubiquitinylation- (276, 277) or proteasome-independent (278)
mechanisms, it appears that many MHC class | antigens are processed by the
ubiquitin-proteasome pathway (for review, see 4, 279).
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Rock et al showed that both the less specific peptide aldehyde inhibitors (122)
and the more specific proteasome inhibitor, lactacystin (280), inhibit processing
and presentation of class | MHC antigens. The cytokiraterferon ¢-1FN)
that stimulates antigen presentation leads also to induction and exchange of
three proteasomal subunits in human cells: LMP2 for X (MB1LMP7 for
Y (8), and MECLA1 for Z (281, 282). These exchanges lead to alteration in the
cleavage site preferences of the proteasome: The tryptic- and chymotryptic-like
activities are stimulated, whereas the PGPH activity is decreased. The changes
in activities, which are mostly the result of the newly incorporated subunits
LMP2 and LMP7, result in peptides that terminate mostly with basic and hy-
drophobic residues, similar to the vast majority of known peptides presented on
MHC class | molecules. These C-termini may be required for selective uptake
by the ER TAP transporter (283) and for better binding to the MHC molecule
(284).

Initial reports showed that LMP2 and LMP7 are not essential for antigen
presentation (285, 286). However, more detailed quantitative analyses showed
that cells lacking these subunits have a decreased efficiency rather than an ab-
solute inability to present antigens (287, 288). Macrophages and spleen cells
derived from knockout mice lacking LMP2 exhibit a reduced capacity to stim-
ulate a T-cell specific for a nucleoprotein epitope ofltemophilus influenza
Avirus (288). The mutant mice themselves have significantly reduced levels of
CD8+ T lymphocytes and also generate five- to six-fold fewer CTLs to the viral
antigen. Similarly, mice lacking LMP7 demonstrate reduced cell surface levels
of MHC class molecules (empty MHC molecules that do not carry antigenic
peptides are unstable) and also demonstrate reduced T-cell response to the viral
antigen HY (287). Thus the-IFN-induced alterations in the composition of
the proteasomal subunits may increase the efficiency of antigen presentation
and, consequently, of the immune surveillance.

Although the proteasome clearly is involved in cleavage at the C-terminal
residue of antigenic peptides, the mechanism involved in specific cleavage at
the N-terminal residue has yet to be identified. Recent evidence implicates the
PA28 regulator of the proteasome in coordinated dual cleavages that lead to gen-
eration of the final antigenic peptides (289). The PA28 (designated also as the
11S regulator) strongly activates hydrolysis of peptides by the 20S proteasome
in an ATP-independent manner, but it does not appear to be involved in degra-
dation of intact proteins (290, 291). It is composed of twdFN-inducible,
approximately 27.5-kDa subunitg,and 8. The chains form hexameric rings
of approximately 200 kDa, composed of alternating subunits that associate
loosely with thex endplates of the 20S proteasome and dissociate from itin low
salt.
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Overexpression of the PA2gwhich is sufficient to stimulate the peptide-
hydrolyzing activity) in mouse or human fibroblasts, along with the murine
CMV pp89 protein, results in enhanced presentation to the appropriate CTL of
an antigen derived from the viral protein. Enhanced presentation was observed
also when an influenza nucleoprotein was expressed along withghbunit.

When purified PA28 was incubated along with purified 20S proteasome and

a long peptide that contains the sequence of two antigens, one derived from the
JAK1 protein of a mastocytoma cell line and the other derived from pp89, the
protease trimmed the peptides on both sides to generate the authentic antigenic
epitopes (289). However, because of the rarity of free peptides in the cytosol,
the physiological role of PA28 is not clear.

Interestingly, it was reported that vaccination against Hsp70 derived from a
sarcoma cell line (292) or from several autologous carcinomas, such as lung
carcinoma, melanoma, and colon carcinoma, (292a) can render mice immune
against the tumors. The Hsp associates with the antigenic peptide, and the
function of the complex may be to carry the peptide from the site of its generation
at the proteasome to the ER transport machinery. An Hsp-chaperoned peptide
was shown to be channeled from the exogenous, MHC class Il pathway to the
endogenous, MHC class | pathway (293). A fraction of the proteasomes in the
cell may exist as PA28/20S/19S heterotrimers. In this case, the proteasome will
degrade intact proteins into large peptides, and the PA28 complex will trim the
peptides to generate the antigenic epitopes.

Michalek et al (294) were the first to report that ubiquitinylation must precede
processing of ovalbumin for presentation of the antigenic peptide SIINFEKL
(amino acid residues 257-264) to the appropriate CTL. Using a mutant cell that
harbors a thermolabile E1, the researchers showed that at the nonpermissive
temperature, the peptide is not presented. Incubation at the high temperature,
however, did not affect presentation of a peptide expressed in these cells from
a minigene. This control experiment ruled out any defect in the transport or
presentation machineries of the cell. Manipulation of genes that encode for
antigenic proteins in a manner that renders the proteins more susceptible to
ubiquitin-mediated degradation (such as conversion of the N-terminal amino
acid residue into a “destabilizing” moiety) demonstrated that ubiquitin conjuga-
tion is a rate-limiting step in antigen presentation (295). Ben-Shahar et al (296)
showed that production of SIINFEKL in a cell-free system from lymphocytes
is mediated by the ubiquitin system: The process required ATP and ubiquitin,
and could be reversibly inhibited by methylated ubiquitin. The in vitro experi-
mental system may allow analysis of other components that may be involved in
the process, such as molecular chaperones, which may be required to escort the
generated peptides to the ER transport machinery, thus protecting them from
cellular peptidases.



UBIQUITIN SYSTEM 471

An interesting question involves recognition of protein antigens by the ubi-
quitin system. The Epstein-Barr virus (EBV) nuclear antigen 1 (EBNA1) per-
sists in healthy virus carriers for life and is the only viral protein regularly
detected in all EBV-associated malignancies. Unlike EBNAs 2—4, which are
strong immunogens, EBNAL is not processed and cannot elicita CTL response.
The persistence of EBNAL contributes, most probably, to some of the patholo-
gies caused by the virus. Aninteresting structural feature commontoall EBNA1
proteins derived from different EBV strains is a relatively long Gly-Ala repeat
of a variable length at the C-terminus domain of the molecule. Transfer of a
strong antigenic epitope from EBNA4 (residues 416-424) to EBNAL prevented
its presentation, while its insertion in an EBNA1 deletion mutant that lacks the
Gly-Ala repeat resulted in its presentation to the appropriate CTL. Similarly,
insertion of the Gly-Ala repeat downstream to the 416-424 epitope in EBNA4
inhibited CTL recognition of the EBNA4 chimeric protein (297). Thus, the
Gly-Ala repeat constitutes@s-acting element that inhibits antigen processing
and subsequent presentation of the resulting antigenic epitopes.

A more recent study carried out in a cell-free system showed that EBNA4 is
degraded in an ATP-, ubiquitin-, and proteasome-dependent manner, whereas
EBNAL1 is resistant to proteolysis. However, EBNA1 is degraded by the ubig-
uitin cell-free system following deletion of the Gly-Ala repeat. Transfer of
the signal to EBNA4 prevented, as expected, its degradation by the ubiqui-
tin system (184). A short Gly-Ala repeat (38 amino acid residues) as well as
a short Pro-Ala repeat have similar effects. Interestingly, the presence of the
Gly-Ala repeat does not prevent ubiquitin conjugation to Gly-Ala-containing
EBNAAJ. This finding suggests that the Gly-Ala repeat, like the Gly-rich region
in p105 (see above), interferes with processing of the protein by the 26S protea-
some. Since a Gly-rich region as well as Gly-Ala or Gly-Pro repeats of various
lengths have similar inhibitory effects on processing, it appears that a formation
of domains composed of small uncharged/hydrophobic residues prevent entry
into the proteasome, thus inhibiting degradation of an already ubiquitin-tagged
protein.

CONCLUDING REMARKS

Spectacular progress has been achieved in the past few years in our under-
standing of the important functions of selective, ubiquitin-mediated protein
degradation in a variety of cellular processes. Ubiquitin-mediated protein
degradation may be comparable to protein phosphorylation in the variety of
its regulatory functions. This seemingly wasteful mechanism of using dispos-
able protein regulators may be essential to ensure irreversibility of temporally
controlled processes, such as cell cycle or development. The rapid degradation
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of protein regulators is especially important when the regulator should act for a
short period of time (e.qg., cyclins or some transcriptional regulators) or when a
processisinitiated by the degradation of an inhibitor (e.g. degradation of Ckis or
I« Bs). Further examples of ubiquitin-mediated regulatory processes will likely
be discovered in the near future. For instance, it remains to be seen whether the
rapid degradation of components of the circadian clock (298) is carried out by
the ubiquitin system, and what controls the precise timing of its degradation.

We still know very little about the ubiquitin ligases (E3 enzymes), which are
responsible mainly for the selectivity and regulation of ubiquitin-mediated pro-
tein degradation. As discussed above, this is partly because of the divergence
of different families of E3 enzymes and should be tackled by a combination of
biochemical and molecular genetic approaches. For example, work with cell-
free systems is needed to determine whether Mdmz2, which is required for the
degradation of p53 (202, 203), or the APC protein required for the degradation
of g-catenin (206, 208) are parts of E3 enzyme complexes that act in the ubiqui-
tinylation of the respective proteins. Of equal importance is the identification of
signals in proteins that are recognized by the different E3 enzymes. Significant
progress has been made in this respect, such as the identification of the role of
phosphorylation in the degradation of many proteins, but this is just the tip of
the iceberg. Different phosphorylated degradation signals are likely recognized
by different E3 enzymes, and many other degradation signals probably exist.
The elucidation of other types of interplay between protein phosphorylation
and protein degradation, as illustrated by the regulation of cyclosome activity
in the cell cycle, are major challenges for the future.

ACKNOWLEDGMENTS

We thank many colleagues for communicating results prior to publication. The
skillful and devoted secretarial assistance of Mary Williamson is gratefully
acknowledged. Research in the laboratories of AH and AC is supported by
grants from the Israel Science Foundation founded by the Israeli Academy of
Sciences and Humanities, US-Israel Binational Science Foundation, and the
Israeli Ministry of Sciences and the Arts. AC is also supported by the Coun-
cil for Tobacco Research, Inc.; the German-Israeli Foundation for Scientific
Research and Development; the Israel Cancer Research Fund; a TMR grant
from the European Community and the UK-Israel Foundation for Scientific
Research and Biotechnology. This article was written during the stay of AH
(on sabbatical leave) at the Institute for Cancer Research, Fox Chase Cancer
Center, Philadelphia, PA.

Visit the Annual Reviews home pagat
http://www.AnnualReviews.org.




Literature Cited

10.
11.

12.

13.

14.
15.

16.
17.

18.

19.

20.

21.

22.
23.

g AW N e

. Hershko A. 1996Trends Biochem. Sci.

21:445-49

. Hershko A, Ciechanover A. 1992nnu.

Rev. Biochen61:761-807

. Ciechanover A. 1994€ell 79:13-21

Coux O, Tanaka K, Goldberg AL. 1996.
Annu. Rev. Biochen5:801-47
Rechsteiner M. 1997. Iobiquitin and
the Biology of the Celled. D Finley, J-
M Peters. New York/London: Plenum.
In press

. Wilkinson KD. 1995.Annu. Rev. Nutr.

15:161-89
Hochstrasser M. 1996Annu. Rev.
Genet.30:405-39

. Jentsch S. 1992Znnu. Rev. Geneg6:

179-207

. Cenci G, Rawson RB, Belloni G, Cas-

trillon DH, Tudor M, et al. 1997Genes
Dev.11:863-75

Muralidhar MG, Thomas JB. 1998eu-
ron 11:253-66

Roest HP, van Klaveren J, de Wit J, van
Gurp CG, Koken MHM, et al. 199€ell
86:799-810

Harbers K, Muller U, Grams A, Li E,
Jaenisch R, Franz T. 199Broc. Natl.
Acad. Sci. USA®3:12412-17

Kalchman MA, Graham RK, Xia G,
Koide HB, Hodgson JG, et al. 1998.
Biol. Chem271:19385-94

Reiss Y, Heller H, Hershko A. 1989.
Biol. Chem264:10378-83

Dohmen RJ, Madura K, Bartel B, Var-
shavsky A. 1991Proc. Natl. Acad. Sci.
USA88:7351-55

Bailly V, Prakash S, Prakash L. 1997.
Mol. Cell. Biol. 17:4536-43

Willems AR, Lanker S, Patton EE, Craig
KL, Nason TF, et al. 1996Cell 86:453—
63

Mathias N, Johnson SL, Winey M,
Adams AEM, Goetsch L, et al. 1996.
Mol. Cell. Biol. 16:6634—-43

Hershko A, Ganoth D, Sudakin V, Da-
han A, Cohen LH, et al. 1994. Biol.
Chem.269:4940-46

Hershko A. 1997Curr. Opin. Cell Biol.
9:788-99

Aristarkhov A, Eytan E, Moghe A, Ad-
mon A, Hershko A, Ruderman JV. 1996.
Proc. Natl. Acad. Sci. USA3:4294—
99

Yu H, King RW, Peters J-M, Kirschner
MW. 1996.Curr. Biol. 6:455—-66
Townsley FM, Aristarkhov A, Beck S,
Hershko A, Ruderman JV. 199Proc.
Natl. Acad. Sci. USR4:2362—-67

24.
25.

26.

27.

28.

29.

30.

31.
32.

33.
34.

35.

36.

37.

38.
39.
40.

41.

42.

43.
44,

45,

UBIQUITIN SYSTEM 473

Osaka F, Seino H, Seno T, Yamao F.
1997.Mol. Cell. Biol. 17:3388—-97

King RW, Peters J-M, Tugendreich S,
Rolfe M, Hieter P, et al. 199%Cell 81:
279-88

Scheffner M, Huibregtse JM, Howley
PM. 1994.Proc. Natl. Acad. Sci. USA
91:8797-801

Rolfe M, Beer-Romero P, Glass S, Eck-
stein J, Berdo |, et al. 199®roc. Natl.
Acad. Sci. USA®2:3264—68

Jensen JP, Bates PW, Yang M, Vierstra
RD, Weissman AM. 1995. Biol. Chem.
270:30408-14

Nuber U, Schwarz S, Kaiser P, Schnei-
der R, Scheffner M. 1998. Biol. Chem.
271:2795-800

Blumenfeld N, Gonen H, Mayer A,
Smith CE, Siegel NR, etal. 1994.Biol.
Chem269:9574-81

Kumar S, Kao WH, Howley PM. 1997.
J. Biol. Chem?272:13548-54
Hatakeyama S, Jensen JP, Weissman
AM. 1997.J. Biol. Chem.272:15085—
92

Seufert W, Futcher B, Jentsch S. 1995.
Nature373:78-81

Tong H, Hateboer G, Perrakis A, Ber-
nards R, Sixma TK. 1997. Biol. Chem.
272:21381-87

Kovalenko OV, Plug AW, Haaf T, Gonda
DK, Ashley T, et al. 1996Proc. Natl.
Acad. Sci. USA®3:2958-63

Shen 2ZY, Pardington-Purtymun PE,
Comeaux JC, Moyzis RK, Chen DJ.
1996.Genomics37:183-86

Wang Z-Y, Qiu Q-Q, Seufert W, Taguchi
T, Testa JR, et al. 1998. Biol. Chem.
271:24811-16

Jiang W, Koltin Y. 1996.Mol. Gen.
Genet.251:153-60

Yasugi T, Howley PM. 1996Nucleic
Acids Res24:2005-10

Hateboer G, Hijmans EM, Nooij JBD,
Schlenker S, Jentsch S, et al. 1996.
Biol. Chem271:25906-11

Masson M, deMurcia JM, Mattei M-G,
deMurcia G, Niedergang CP. 19%3ene
190:287-96

Kho C-J, Huggins GS, Endege WO,
Hsieh C-M, Lee M-E, etal. 19973. Biol.
Chem272:3845-51

Wright DA, Futcher B, Ghosh P, Geha
RS. 1996J. Biol. Chem271:31037-43
Becker K, Schneider P, Hofmann K,
Mattman C, Tschopp J. 1997EBS Lett.
412:102-6

Saito H, Pu R, Cavenagh M, Dasso M.



474

46.
47.
48.

49.

50.

51.
52.
53.
54.
55.

56.
57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

HERSHKO & CIECHANOVER

1997. Proc. Natl. Acad. Sci. USA4:
3736-41

Matunis MJ, Coutavas E, Blobel G.
1996.J. Cell Biol.135:1457-70
Mahajan R, Delphin C, Guan T, Gerace
L, Melchior F. 1997 Cell 88:97-107
Okura T, Gong L, Kamitani T, Wada T,
Okura |, Wei CF, etal. 1996. Immunol.
157:4277-81

Loeb JDJ, Schlenstedt G, Pellman D,
Kornitzer D, Silver PA, Fink GR. 1995.
Proc. Natl. Acad. Sci. USB2:7647-51
Hershko A, Heller H, Elias S, Ciech-
anover A. 1983.J. Biol. Chem.258:
8206-14

Gonen H, Schwartz AL, Ciechanover A.
1991.J. Biol. Chem266:19221-31
Heller H, Hershko A. 1990J. Biol.
Chem 265:6532-35

Scheffner M, Huibregtse JM, Vierstra
RD, Howley PM. 1993Cell 75:495-505
Scheffner M, Nuber U, Huibregtse JM.
1995.Nature373:81-83

Huibregtse JM, Scheffner M, Beaude-
non S, Howley PM. 1995Proc. Natl.
Acad. Sci. USA2:2563-67

Kishino T, Lalande M, Wagstaff J. 1997.
Nat. Genet15:70-73

Matsuura T, Sutcliffe JS, Fang P, Gal-
jaard R-J, Jiang Y-H, et al. 199RNat.
Genet.15:74-77

Huibregtse JM, Yang JC, Beaudenon
SL. 1997.Proc. Natl. Acad. Sci. USA
94:3656—-61

Bregman DB, Halaban R, van Gool AJ,
Henning KA, Friedberg EC, et al. 1996.
Proc. Natl. Acad. Sci. US$3:11586—90
Nefsky B, Beach D. 1996EMBO J.
15:1301-12

Hein C, Springael J-Y, \Volland C,
Haguenauer-Tsapis R, Andre B. 1995.
Mol. Microbiol. 18:77-87

Galan JM, Moreau V, Andre B, Volland
C, Haguenauer-Tsapis R. 1996.Biol.
Chem271:10946-52

Staub O, Dho S, Henry PC, Correa J,
Ishikawa T, et al. 1996EMBO J.15:
2371-80

Staub O, Gautschi |, Ishikawa T,
Breitschopf K, Ciechanover A, et al.
1977.EMBO J.16:6325-36

Yashiroda H, Oguchi T, Yasuda Y, Toh-e
A, Kikuchi Y. 1996.Mol. Cell. Biol. 16:
3255-63

Sudakin V, Ganoth D, Dahan A, Heller
H, Hershko J, et al. 199840l. Biol. Cell
6:185-98

Lahav-Baratz S, Sudakin V, Ruderman
JV, Hershko A. 1995Proc. Natl. Acad.
Sci. USA92:9303-7

Peters J-M, King RW, #bg C,

69.
70.

71.

72.

73.
74.
75.
76.
77.
78.

79.

80.

81.

82.

83.
84.
85.

86.
87.
88.
89.
90.

91.
92.

Kirschner MW. 1996. Science 274:
1199-201

Irniger S, Piatti S, Michaelis C, Nasmyth
K. 1995.Cell 81:269-77

Lamb JR, Michaud WA, Sikorski RS,
Hieter PA. 1994.EMBO J. 13:4321-
28

Zachariae W, Shin TH, Galova M, Ober-
meier B, Nasmyth K. 1996Science
274:1201-4

King RW, Deshaies RJ, Peters J-M,
Kirschner MW. 1996. Science 274:
1652-59

Schneider BL, Yang Q-H, Futcher AB.
1996.Science272:560-62

Schwob E, Bhm T, Mendenhall MD,
Nasmyth K. 1994Cell 79:233-44

Bai C, Sen P, Hofmann K, Ma L, Goebl
M, et al. 1996 Cell 86:263-74

Verma R, Feldman RMR, Deshaies RJ.
1997.Mol. Biol. Cell. 8:1427-37

Barral Y, Jentsch S, Mann C. 1995.
Genes Dew:399-409

Kipreos ET, Lander LE, Wing JP,
He WW, Hedgecock EM. 1996Cell
85:829-39

Pause A, Lee S, Worrell RA, Chen DYT,
Burghess WH, et al. 199'Rroc. Natl.
Acad. Sci. USA4:2156-61

Gonen H, Stancovski |, Shkedy D,
Hadari T, Bercovich B, et al. 1994.
Biol. Chem271:302-10

Stankovski |, Gonen H, Orian A,
Schwartz AL, Ciechanover A. 1995.
Mol. Cell. Biol. 15:7106-16

Orian A, Whiteside S, Iseh’A, Stan-
kovski |, Schwartz AL, et al. 1995].
Biol. Chem270:21707-14

Rogers S, Wells R, Rechsteiner M. 1986.
Science234:364-68

Rechsteiner M, Rogers SW. 1996.
Trends Biochem. S&1:267-71

Yaglom J, Linskens MHK, Sadis S, Ru-
bin DM, Futcher B, et al. 1995Mol.
Cell. Biol. 15:731-41

Lanker S, Valdivieso MH, Wittenberg C.
1996.Science271:1597-600

Kornitzer D, Raboy B, Kulka RG, Fink
GR. 1994 EMBO J.13:6021-30

Won K-A, Reed Sl. 1996EMBO J.
15:4182-93

Diehl JA, Zindy F, Sherr CJ. 199@enes
Dev.11:957-72

Aberle H, Bauer A, Stappert J, Kispert
A, Kemler R. 1997EMBO J.16:3797—
804

Kim TK, Maniatis T. 1996Science73:
1717-19

Nishizawa M, Okazaki K, Furuno N,
Watanabe N, Sagata N. 192MBO J.
11:2433-46



93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Okazaki K, Sagata N. 1995MBO J.

14:5048-59

Musti AM, Treier M, Bohmann D. 1997.
Science275:400-2

Varshavsky A. 199@2roc. Natl. Acad.

Sci. USA93:12142-49

Sherman F, Stewart JW, Tsunasawa S.121.

1985.BioEssays3:27-31
Madura K, Varshavsky A. 1998cience

265:1454-58 122.
Glotzer M, Murray AW, Kirschner MW.
1991.Nature349:132-38 123.

Yamano H, Gannon J, Hunt T. 1996.
EMBO J.15:5268-79

King RW, Glotzer M, Kirschner MW.
1996.Mol. Biol. Cell 7:1343-57
Brandeis M, Hunt T. 1996EMBO J.
15:5280-89

Kaplon T, Jacquet M. 1993l Biol. 125.
Chem.270:20742-47

Hochstrasser M, Varshavsky A. 1990.

Cell 61:697-708 126.

Bies J, Wolff L. 1997 Oncogenel4:
203-12

Treier M, Staszewski LM, Bohmann D.
1994.Cell 78:787-98

Baumeister W, Lupas A. 199Turr.
Opin. Struct. Biol7:273-78

Hilt W, Wolf DH. 1996 Trends Biochem.
Sci.21:96-102

Rubin DM, Finley D. 1995Curr. Biol.
5:854-58

Stock D, Nederlof PM, Seertér E,
Baumeister W, Huber R,dwe J. 1996.
Curr. Opin. Biotechnol7:376-85

Groll M, Ditzel L, Lowe J, Stock D,

Bochtler M, Bartunik HD, Huber R. 132
1997.Nature386:463-71
Brannigan JA, Dodson G, Duggleby HJ, 133.

Moody PCE, Smith JL, et al. 1996la-
ture 378:416-19

Schmidtke G, Kraft R, Kostka S, Hen-
klein P, Fommel K, et al. 1996EMBO
J. 15:6887-98

Chen P, Hochstrasser M. 199%ell
86:961-72

Arendt CS, Hochstrasser M. 199Toc.
Natl. Acad. Sci. USR4:7156-61

Kopp F, Hendil KB, Dahimann B, Kris-
tensen P, Sobek A, Uerkvitz W. 1997.
Proc. Natl. Acad. Sci. USA4:2939—
44

Cerundolo V, Kelly A, Elliott T, Trows-
dale J, Townsend A. 199%ur. J. Im-
munol.25:554-62

Dick LR, Moomaw CR, DeMartino
GN, Slaughter CA. 1991Biochemistry
30:2725-34

Lowe J, Stock D, Jap B, Zwickl P,
Baumeister W, Huber R. 1995cience
268:533-39

119.

120.

124.

127.

128.
129.

130.
131.

134.
135.
136.

137.
138.

139.

140.

141.

UBIQUITIN SYSTEM 475

Deveraux Q, Ustrell V, Pickart C,
Rechsteiner M. 1994. Biol. Chem269:
7059-61

van Nocker S, Deveraux Q, Rechsteiner
M, Vierstra RD. 1996Proc. Natl. Acad.
Sci. USA93:856-60

van Nocker S, Sadis S, Rubin DM,
Glickman M, Fu H, et al. 1996Mol.
Cell. Biol. 16:6020-28

Rock KL, Gramm C, Rothstein L, Clark
K, Stein R, et al. 1994Cell 78:761-71
Fenteany G, Standaert RF, Lane WS,
Choi S, Corey EJ, Schreiber SL. 1995.
Science268:726-31

Bogyo M, McMaster JS, Gaczynska M,
Tortorella D, Goldberg AL, Ploegh H.
1997. Proc. Natl. Acad. Sci. USA4:
6629-34

Wilkinson KD, Tashayev VL, O’'Connor
LB, Larsen CN, Kasperek E, etal. 1995.
Biochemistry34:14535-46

Pickart CM, Rose |A. 1986J. Biol.
Chem.261:10210-17

Johnston SC, Larsen CN, Cook WJ,
Wilkinson KD, Hill CP. 1997 EMBO J.
16:3787-96

Hadari T, Warms JVB, Rose |IA, Hershko
A. 1992.J. Biol. Chem267:719-27
Amerik AYu, Swaminathan S, Krantz
BA, Wilkinson KD, Hochstrasser M.
1997.EMBO J.16:4826-38

Huang Y, Baker RT, Fischer-Vize JA.
1995.Science270:1828-31

Hershko A, Ciechanover A, Heller H,
Haas AL, Rose IA. 1980Proc. Natl.
Acad. Sci. USA7:1783-86

Lam YA, Xu W, DeMartino GN, Cohen
RE. 1997 Nature385:737—-40

Hershko A, Rose IA. 198Proc. Natl.
Acad. Sci. USA84:1829-33

Shaeffer JR, Cohen RE. 199lood
90:1300-8

Papa FR, Hochstrasser M. 198iature
366:313-19

Eytan E, Armon T, Heller H, Beck S,
Hershko A. 1993.J. Biol. Chem.268:
4668-74

Moazed D, Johnson AD. 199€ell
86:667-77

Hegde AN, Inokuchi K, Pei W, Casadio
A, Ghirardi M, etal. 1997Cell 89:115—
26

Zhu, Carroll M, Papa FR, Hochstrasser
M, D’Andrea AD. 1996. Proc. Natl.
Acad. Sci. USA3:3255-79

Zhu Y, Lambert K, Corless C, Copeland
NG, Gilbert DJ, et al. 1997J. Biol.
Chem272:51-57

JasterR, ZhuY, Pless M, Bhattacharya S,
Mathey-Prevot B, D’Andrea AD. 1997.
Mol. Cell. Biol.17:3364-72



476

142.
143.

144.

145.
146.

147.
148.
149.
150.
151.
152.

153.
154.
155.
156.
157.

158.
159.
160.
161.
162.
163.
164.
165.
166.

167.
168.

169.

HERSHKO & CIECHANOVER

Nigg EA. 1995BioEssay4.7:471-80
Evans T, Rosenthal ET, Youngblom J,
Distel D, Hunt T. 1983Cell 33:389-96
Surana U, Amon A, Dowzer C, Mc-
Grew J, Byers B, et al. 199EMBO J.
12:1969-78

Hershko A, Heller H. 1983iochem.
Biophys. Res. Commui28:1079-86
Hershko A, Ganoth D, Pehrson J,
Palazzo RE, Cohen LH. 1991. Biol.
Chem.266:16376-79

Gordon C, McGurk G, Dillon P, Rosen
C, Hastle ND. 1993\ature366:355-57
Ghislain M, Udvardy A, Mann C. 1993.
Nature366:358—62

Yamashita YM, Nakaseko Y, Samejima
I, Kumada K, Yamada H, et al. 1996.
Nature384:276-79

Pines J. 199&urr. Biol. 6:1399—-402
Patra D, Dunphy WG. 1996enes Dev.
10:1503-15

Sudakin V, Shteinberg M, Ganoth D,
Hershko J, Hershko A. 1997. Biol.
Chem.272:18051-59

Nasmyth K. 1996Trends Genetl2:
405-12

Ishii K, KumadaK, Toda T, Yanagida M.
1996.EMBO J.15:6629-40

Hunt T, Luca FC, Ruderman JV. 1992.
J. Cell Biol.116:707-24

Amon A, Irniger S, Nasmyth K. 1994.
Cell 77:1037-50

Clurman BE, Sheaff RJ, Thress K, Grou-
dine M, Roberts JM. 19985enes Dev.
10:1979-90

Correa-Bordes J, Nurse P. 19%ell
83:1001-9

Kominami K-l, Toda T. 1997Genes
Dev.11:1548-60

Peter M, Herskowitz 1. 19945cience
265:1228-31

McKinney JD, Chang F, Heintz N, Cross
FR. 1993 .Genes Dev/:833-43
McKinney JD, Cross FR. 1995/0l.
Cell. Biol. 15:2509-16

Elledge SJ, Winston J, Harper JW. 1996.

Trends Cell Biol6:388-92

Sherr CJ, Roberts JM. 1995enes Dev.
9:1149-63

Franklin DS, Xiong Y. 1996Viol. Biol.
Cell 7:1587-99

Pagano M, Tam SW, Theodoras AM,
Beer-Romeno P, Del Sal G, et al. 1995.
Science269:682—-85

Hengst L, Reed Sl. 1996cience271:
1861-64

Sheaff RJ, Groudine M, Gordon M,
Roberts JM, Clurman BE. 199Genes
Dev.11:1464-78

Maki CG, Howley PM. 199 Mol. Cell.
Biol. 17:355-63

170.

171.
172.

173.

174.

175.

176.
177.

178.
179.
180.
181.
182.
183.
184.

185.

186.

187.

188.

189.

190.

191.

192.

Sandhu C, Garbe J, Bhattacharya N,
Daksis J, Pan C-H, etal. 199Vol. Cell.
Biol. 17:2458-67

Holloway SL, Glotzer M, King RW,
Murray AW. 1993 .Cell 73:1393-402
Funabiki H, Yamano H, Kumada K,
Nagao K, Hunt T, et al. 1996\ature
381:438-41

Funabiki H, Yamano H, Nagao K,
Tanaka H, Yasuda H, et al. 19%MBO

J. 16:5977-87

Cohen-Fix O, Peters J-M, Kirschner
MW, Koshland D. 1996.Genes Dev.
10:3081-93

Juang Y-L, Huang J, Peters J-M,
McLaughlin ME, Tai C-Y, et al. 1997.
Science75:1311-14

Stillman B. 1996Science274:1659—64
Piatti S, Bhm T, Cocker JH, Diffley
JFX, Nasmyth K. 1996.Genes Dev.
10:1516-31

Nishitani H, Nurse P. 1996¢l183:397—
405

Baeuerle PA, Baltimore D. 199€ell
87:13-20

Baldwin AS. 1996Annu. Rev. Immunol.
14:649-83

Fan C-M, Maniatis T. 1991Nature
354:395-98

PalombellaVVJ, Rando OJ, Goldberg AL,
Maniatis T. 1994Cell 78:773—-85

Lin L, Ghosh S. 1996Mol. Cell. Biol.
16:2248-54

Levitskaya J, Shapiro A, Leonchiks A,
Ciechanover A, Masucci MG. 1997.
Proc. Natl. Acad. Sci. USA4:12616—
21

Whiteside ST, Epinat J-C, Rice NR,
Israél A. 1997. EMBO J.16:1413-26
Brown K, Gerstberger S, Carlson L,
Franzoso G, Siebenlist U. 19%cience
267:1485-88

Brockman JA, Scherer DC, McKinsey
TA, Hall SM, Qi X, et al. 1995.Mol.
Cell. Biol. 15:2809-18

Chen 2J, Hagler J, Palombella VJ, Me-
landri F, Scherer D, et al. 199&enes
Dev.9:1586-97

Alkalay I, Yaron A, Hatzubai A, Orian
A, Ciechanover A, Ben Neriah Y. 1995.
Proc. Natl. Acad. Sci. USA2:10599—
603

Traenckner E B-M, Pahl HL, Henkel T,
SchmidtKN, Wilk S, Baeuerle PA. 1995.
EMBO J.14:2876-83

Scherer DC, Brockman JA, Chen Z, Ma-
niatis T, Ballard DW. 1995Proc. Natl.
Acad. Sci. USA2:11259-63

Alkalay |, Yaron A, Hatzubai A, Jung S,
Avraham A, et al. 1995Mol. Cell. Biol.
15:1294-301



193.

194.

195.

195a.

196.
197.

198.
199.

200.
201.
202.
203.
204.
205.
206.

207.

208.

209.

210.

211.

212.
213.
214.
215.

Yaron A, Gonen H, Alkalay |, Hatzubai
A, Jung S, et al. 1997EMBO J. 16:

6486-94 217.
Régnier CH, Song HY, Gao X, Goeddel
DV, Cao Z, Rothe M. 1997TCell90:373—  218.

83

DiDonato JA, Hayakawa M, Rothwarf 219.

DM, Zandi E, Karin M. 1997 Nature
388:548-54

Mercurio F, Zhu HY, Murray BW, 220.
Shevchenko A, Bennett BL, et al. 1997.
Science278:860—66 220a.
Lee FS, Hagler J, Chen ZJ, Maniatis T.
1997.Cell 88:213-22 221.
Zhong HH, SuYang H, Erdjument-
Bromage H, Tempst P, Ghosh S. 1997. 222.

Cell 89:413-24

Chen ZJ, Parent L, Maniatis T. 1996.
Cell 84:853-62

Ciechanover A, DiGiuseppe JA,
Bercovich B, Orian A, Richter JD, et al.
1991. Proc. Natl. Acad. Sci. USAS:
139-43

Maki CG, Huibregtse JM, Howley PM.
1996.Cancer Res56:2649-54
Beer-Romero P, Glass S, Rolfe M. 1997.
Oncogend 4:595-602

Haupt Y, Maya R, Kazaz A, Oren M.
1997.Nature387:296-99

Kubbutat MHG, Jones SN, Vousden KH.
1997.Nature387:299-303

Fuchs SY, Dolan L, Davis RJ, Ronai Z.

1996.0ncogend 3:1531-35 228.
Miller JR, Moon RT. 1996Genes Dev.
10:2527-39 229.

Yost C, Torres M, Miller JR, Huang E,
Kimelman D, Moon RT. 1996Genes
Dev.10:1443-54

Morin PJ, Sparks AB, Korinek V, Barker

N, Clevers H, et al. 1997cience275: 231.
1787-90
Rubinfeld B, Robbins P, EI-Gamil M, 232.

Albert |, Porfiri E, Polakis P. 1997%ci-
ence275:1790-92

Korinek V, Barker N, Morin PJ, van 233.
Wichen D, de Weger R, et al. 1993ci-
ence275:1784-87 234.

Munemitsu S, Albert |, Souza B, Rubin-
feld B, Polakis P. 199%roc. Natl. Acad.
Sci. USA92:3046-50

Hofmann F, Martelli F, Livingston DM,
Wang ZY. 1996.Genes Dev10:2949—
59

237.
Campanero MR, Flemington EK. 1997.
Proc. Natl. Acad. Sci. USB4:2221-26  238.
Hicke L, Riezman H. 199€¢ell84:277—
87 239.
Roth AF, Davis NG. 1994. Cell Biol.
134.661-74 240.
Rohrer J, Brédetti H, Zanolari B, Riez-

man H. 1993Mol. Biol. Cell 4:511-21

216.

223.

224.
225.

226.

227.

230.

235.
236.

UBIQUITIN SYSTEM 477

Hicke L, Zanolari B, Riezman H. 1998.
J. Cell Biol.In press

Kolling R, Losko S. 1997EMBO J.
16:2251-61

Egner R, Kuchler K. 1996:EBS Lett.
378:177-81

Strous GJ, van Kerkhof P, Govers R,
Ciechanover A, Schwartz AL. 1996.
EMBO J.15:3806-12

Galan J-M, Haguenauer-Tsapis R. 1997.
EMBO J.16:5847-54

Terrell J, Shih S, Dunn R, Hicke L. 1998.
Mol. Cell 1:193-202

Horak J, Wolf DH. 1997J. Bacteriol.
179:1541-49

Miyazawa K, Toyoma K, Gotoh A, Hen-
drie PC, Mantel C, Broxmeyer HE.
1994.Blood83:137-45

Yee NS, Hsiau CWM, Serve H, Vos-
seller K, Besmer P. 1994. Biol. Chem.
269:31991-98

Bokkala S, Joseph SK. 1997. Biol.
Chem272:12454-61

Cenciarelli C, Hou D, Hsu K-C, Rella-
han BL, Wiest DL, et al. 1992Science
257:795-97

Hou D, Cenciarelli C, Jensen JP, Nguyen
HB, Weissman AM. 1994l. Biol. Chem.
269:14244-47

Cenciarelli C, Wilhelm KG Jr, Guo A,
Weissman AM. 1996J. Biol. Chem.
271:8709-13

Mori S, Tanaka K, Omura S, Saito Y.
1995.J. Biol. Chem270:29447-52
Jeffers M, Taylor GA, Weidner KM,
Omura S, Vande Woude GF. 19%ol.
Cell. Biol. 17:799-808

Laing JG, Beyer EC. 1995l. Biol.
Chem270:26399-403

Paolini R, Kinet JP. 199EMBO J.
12:779-86

Cahoreau C, Garnier L, Djiane J, De-
vauchelle G, Cerutti M. 1994FEBS
Lett. 350:230-34

Galcheva-Gargova Z, Theroux SJ, Davis
RJ. 19950ncogend 1:2649-55
Bonifacino JS, Lippincott-Schwartz J.
1991. Curr. Opin. Cell Biol. 3:592—
600

Kopito RR. 1997Cell 88:427-30
Brodsky JL, McCracken AA. 1997.
Trends Cell Biol.7:151-56

Hampton RY, Rine J. 1994. Cell Biol.
125:299-312

Hampton RY, Gardner RG, Rine J. 1996.
Mol. Biol. Cell 7:2029-44

Hampton RY, Bhakta H. 199Proc.
Natl. Acad. Sci. USAR4:12944-48
McGee TP, Cheng HH, Kumagai H,
Omura S, Simoni RD. 1996J. Biol.
Chem271:25630-38



478

241.

242.

243.
244.
245,

246.

247.
248.
249.

250.

251.

252.

253.
254,
255.

256.
257.

258.

259.
260.
260a.
261.
262.

HERSHKO & CIECHANOVER

Mayer A, Gropper R, Schwartz AL,
Ciechanover A. 1989J. Biol. Chem.
264:2060-68

Lukacs GL, Mohamed A, Kertner N,
Chang X-B, Riordan JR, Grinstein S.
1994.EMBO J.13:6076-86

Ward CL, Kopito RR. 1994J. Biol.
Chem269:25710-18

Ward CL, Omura S, Kopito RR. 1995.
Cell 83:121-27

Jensen TJ, Loo MA, Pind S, Williams
DB, Goldberg AL, Riordan JR. 1995.
Cell 83:129-35

Yang M, Omura S, Bonifacino JS,
Weissman AM. 1998.J. Exp. Med.
187:835-46

Huppa JB, Ploegh HL. 199fmmunity
7:113-22

Yu H, Kaung G, Kobayashi S, Kopito
RR. 1997.J. Biol. Chem272:20800-4
Hughes EA, Hammond C, Cresswell
P. 1997.Proc. Natl. Acad. Sci. USA
94:1896-901

Gilbert MJ, Riddell SR, Plachter B,
Greenberg PD. 1996\ature 383:720—
22

Wiertz EJHJ, Jones TR, Sun L, Bogyo
M, Geuze HJ, Ploegh H. 199&Cell
84:769-79

Wiertz EJHJ, Tortorella D, Bogyo M,
Yu J, Mothes W, et al. 1996Nature
384:432-38

Knop M, Finger A, Braun T, Hellmuth
K, Wolf DH. 1996.EMBO J.15:753—-63
Hiller MM, Finger A, Schweiger M,
Wolf DH. 1996.Science273:1725-28
Craig EA, Baxter BK, Becker J, Halla-
day J, Ziegelhoffer D. 1994. [fhe Biol-
ogy of Heat Shock Proteins and Mole-
cular Chaperonesed. Rl Morimoto, A
Tissieres, C Georgopoulos, pp. 31-52.
New York: Cold Spring Harbor Lab.
Press

Lee DH, Sherman MY, Goldberg AL.
1996.Mol. Cell. Biol. 16:4773-81
Bercovich B, Stancovski I, Mayer A,
Blumenfeld N, Laszlo A, et al. 1997.
Biol. Chem272:9002-10

Plemper RK, Blimler S, Bordallo J,
Sommer T, Wolf DH. 1997Nature388:
891-95

Pilon M, Schekman R, Romisch K.
1997.EMBO J.16:4540-48

Biederer T, Volkwein C, Sommer T.
1996.EMBO J.15:2069-76

Biederer T, Volkwein C, Sommer T.
1997.Science278:1806-9

Oh CE, McMahon R, Benzer S, Tanouye

MA. 1994.J. Neuroscil4:3166—79
Huang Y, Fischer-Vize JA. 199Bevel-
opmentl22:3207-16

263.
264.
265.

266.

267.

268.

269.

270.
271.

272.

273.
274.

275.

276.
277.

278.

279.

280.

281.
282.
283.

284.
285.

Tang AH, Neufeld TP, Kwan E, Rubin
GM. 1997.Cell 90:459-67

Li S, Li Y, Carthew RW, Lai Z-C. 1997.
Cell 90:469-78

Mansfield E, Hersperger E, Biggs J,
Shearn A. 1994Dev. Biol. 165:507—

26

Schwartz LM, Myer A, Kosz L, Engel-
stein M, Maier C. 1990Neuron5:411—
19

Jones ME, Haire MF, Kloetzel PM,
Mykles DL, Schwartz LM. 1995Dev.
Biol. 169:436-47

Dawson SP, Arnold JE, Mayer NJ,
Reynolds SE, Billett MA, et al. 1995.
J. Biol. Chem270:1850-58

Haas AL, Baboshina O, Williams B,
Schwartz LM. 1995.J. Biol. Chem.
270:9407-12

Delic J, Morange M, Magdelenat H.
1993.Mol. Cell. Biol. 13:4875-83
Grimm LM, Goldberg AL, Poirier
GG, Schwartz LM, Osborne BA. 1996.
EMBO J.15:3835-44

Sadoul R, Fernandez PA, Quiquerez AL,
Martinou I, Maki M, et al. 1996EMBO

J. 15:3845-52

Drexler HCA. 1997Proc. Natl. Acad.
Sci. USA94:855-60

Cui H, Matsui K, Omura S, Schauer SL,
Matulka RA, et al. 1997 Proc. Natl.
Acad. Sci. USAR4:7515-20

Lopes UG, Erhardt P, Yao RJ, Cooper
GM. 1997.J. Biol. Chem.272:12893—
96

Cox JH, Galardy P, Bennink JR, Yewdell
JW. 1995J. Immunol154:511-19

Dick LR, Aldrich C, Jameson SC,
Moomaw CR, Pramanik BC, et al. 1994.
J. Immunol152:3884-94

Vinitsky A, Antn LC, Snyder HL, Or-
lowski M, Bennink JR, Yewdell JW.
1997.J. Immunol159:554-64
Groettrup M, Soza A, Kuckelkorn U,
Kloetzel PM. 1996.Immunol. Today
17:429-35

Craiu A, Gaczynska M, Akopian T,
Gramm CF, Fenteany G, et al. 1997.
Biol. Chem272:13437-45

Gaczynska M, Rock KL, Goldberg AL.
1993.Nature365:264—-67

Driscoll J, Brown MG, Finley D, Mon-
aco JJ. 199Nature365:262—64
Heemels MT, Schumacher TNM, Won-
igeit K, Ploegh HL. 1993Science262:
2059-63

Rammensee HG, Falk K, Rotzschke O.
1993.Annu. Rev. Immunol1:213-44
Arnold D, Driscoll J, Androlewicz M,
Hughes E, Cresswell P, Spies T. 1992.
Nature360:171-74



286.

287.

288.

289.

290.
291.

292.

Yewdell J, Lapham C, Bacik |, Spies T, 292a.

Bennink J. 1994J. Immunol152:1163—
70

Fehling HJ, Swat W, Laplace C, Kuhn 293.

R, Rajewsky K, et al. 1994&cience65:

1234-37 294.

van Kaer L, Ashton-Rickardt PG, Eich-
elberger M, Gaczynska M, Nagashima

K, et al. 1994Immunity1:533-41 295.

Dick TP, Ruppert T, Groettrup M, Kloet-
zel PM, Kuehn L, et al. 1996Cell

86:253-62 296.

Ma CP, Slaughter CA, DeMartino GN.
1992.J. Biol. Chem267:10515-23

Dubiel W, Pratt G, Ferell K, Rechsteiner 297.

M. 1992. J. Biol. Chem.267:22369—
77

Udono H, Srivastava PK. 199R8.Exp.  298.

Med.178:1391-96

UBIQUITIN SYSTEM 479

Tamura Y, Peng P, Liu K, Daou M,
Srivastava PK. 1997Science278:117—
20

Suto R, Srivastava PK. 199S5cience
269:1585-88

Michalek MT, Grant EP, Gramm C,
Goldberg AL, Rock KL. 1993Nature
363:552-54

Grant EP, Michalek MT, Goldberg AL,
Rock KL. 1995.J. Immunol.155:3750—
58

Ben-Shahar S, Cassuto B, Novak L, Por-
gador A, Reiss Y. 19971. Biol. Chem.
272:21060-66

Levitskaya J, Coram M, Levitsky V, Im-
reh S, Steigerwald-Mullen PM, et al.
1995.Nature375:685-888

Zeng H, Qian Z, Myers MP, Rosbash M.
1996.Nature380:129-35



