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Make it or break it:
the role of
ubiquitin-
dependent

proteolysis in
cellular regulation

Raymond J. Deshaies

Effective regulation of the concentration of a protein in the cell
requires rapid protein degradation. Until recently, it was widely
believed that intracellular proteolysis was largely confined to the
turnover of damaged, or otherwise abnormal, proteins. Recently,
however, the role of protein degradation in cellular regulation
has gained centre stage, and ubiquitin/proteasome-dependent
proteolysis has been shown to play a key role in processes as

diverse as embryonic development, transcription and the cell cycle.

The author is at
the Division of
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California Institute

Although several proteolytic pathways coexist in the
cytosol of eukaryotic cells, the majority of cytosolic
proteolysis is catalysed by the ubiquitin-dependent

of Technology, 26S proteasome pathway. The biochemistry and
Pasadena, CA  genetics of the ubiquitin-proteasome pathway have
91125, USA. . been well reviewed in recent years!. To briefly recap,
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the proteasome degrades proteins that contain
covalently linked multiubiquitin chains. Ubiquitin
is attached to proteins in a multistep process as
diagrammed below:

E1l + Ub + ATP - E1~Ub + AMP
E1~Ub + E2 — E1 + E2~Ub
E2~Ub + substrate (+ E3?) — E2 +substrate~Ub (+E3?)

First, ubiquitin is attached via its C-terminus to
the ubiquitin activating (E1) enzyme. Activated
ubiquitin is then attached covalently to ubiquitin-
conjugating (E2) enzymes. Most cells contain a single
El1, but there are at least 12 genes in yeast that encode
E2 enzymes. In many cases, ubiquitin can be trans-
ferred directly from a charged E2 to a substrate protein.
Nevertheless, many physiological ubiquitination
events may require the activity of a ubiquitin ligase,
referred to as E3. Two different classes of E3 enzyme
have been identified [hect-domain proteins (Ref. 2)
and Ubrlp (Ref. 3)] and, as they are not homologous
to one another, there may be other, unrecognized,
E3s in the cell. Most ubiquitin conjugates are rapidly
degraded to completion by the 26S proteasome.
However, some ubiquitin conjugates are sufficiently
stable to accumulate, suggesting that ubiquitination
may regulate protein function by multiple mechanisms.

Three important discoveries during the 1980s
indicated that protein ubiquitination plays a signifi-
cant role in cellular regulation. First, temperature-
sensitive mutant (ts) mammalian cell lines with defects
in progression through the cell cycle were shown to
have thermolabile E1 enzyme*. A specific role for pro-
tein ubiquitination in cell-cycle control was con-
firmed subsequently by the discovery that CDC34,
which is required for progression through the G1-S
transition in Saccharomyces cerevisiae, encodes an E2
enzyme®, The key event triggering the acknowledge-
ment of protein degradation as a vital regulatory
mechanism was the discovery that ubiquitin-
dependent destruction of cyclin B is essential for the
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TABLE 1 - A PARTIAL LIST OF SHORT-LIVED PROTEINS DEGRADED BY UBIQUITIN-DEPENDENT PATHWAYS
Protein PO ?* - Cis Ubiquitin?® Ubiquitin Physiological role of ubiquitin- Refs
signals pathway mediated degradation
Oncoproteins and tumour-suppressor proteins
¢-Mos Yes 2ndand 3rd  Yes nd¢ Prevent metaphase arrest in
codons post-fertilization cell cycles?
p53 Yes nd Yes E6-E6-AP, Eliminate G1--S arrest or apoptosis 7-11
hUBC4 in virally infected cells? L
c-jun ? 8 domain Yes nd Maintain growth control 12
Transcriptional proteins
NF-«B, ? nd Yes nd Produce active pS0 subunit 13
p105
IxB Yes nd nd nd Signal-dependent activation of NF-xB 15-19
Mata2p ? PESTY Yes UBC4-7 Aliow rapid change in cell
phenotype during mating-type switch?
YAN Yes PEST nd nd Allow cell to respond to inductive signals 23
during differentiation?
Cell-cycle proteins
Cin1,2,3p Yes PEST Yes CDC34 Regulate duration of G1 phase 28-31
cyclin A ? D-box Yes CDC16/23/27? Required for exit from ‘mitosis 39
cyclin B ? D-box Yes CDC16/23/27 Required for exit from mitosis 3342
ClbSp ? D-box® nd UBCY ? 41
NIMA ? D-box?e nd nd Required for exit from mitosis 45
PEST
p40sict Yes PEST? nd CDC34/4/53 Required for exit from G1 phase 24-26
Farlp Yes nd nd CDC34? Restrict pheromone-dependent 32
cell-cycle arrest to G1 phase
CENPE ? nd nd nd ? 46
*Yes’ indicates that phosphorylation has either been proposed, or shown, to regulate degradation. ®'Yes’ indicates that ubiquitinated forms of the
protein have been detected. “Not determined. 9Sequence rich in proline (P), glutamic and aspartic acid (E), serine (S) and threonine (T). *NIMA
and Clb5p have destruction-box (D-box)-like sequences, but the effects of mutations in these sequences have not been reported.

exit from mitosis in frog egg extracts®, Here, I review
recent developments that illustrate the prominent
role of ubiquitin-mediated protein degradation in the
control of cell growth, gene expression and cell-cycle
progression. Important principles have emerged
from the recent studies, but there are still numerous
gaps in our knowledge.

Ubiquitin-mediated proteolysis and cancer
Several oncoproteins and tumour suppressor
proteins are rapidly degraded by ubiquitin-
dependent pathways in animal cells (a partial list of
ubiquitin-pathway substrates is presented in Table 1).
Alterations in the rates of ubiquitin-dependent degra-
dation may play important roles in the genesis of cer-
tain tumours. For example, the concentration of the
pS53 tumour suppressor protein is reduced dramati-
cally in cells infected with oncogenic strains of
human papillomaviruses (HPVs), even though the
infected cells synthesize normal levels of p53 mRNA
and protein’. The precipitous decline in p53 levels is

triggered by physical association between p53 and-

the HPV-encoded E6 protein, which accelerates the
turnover of p53. Reduced levels of p5S3 may deregu-
late both growth control and apoptosis in the
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infected cells, ultimately culmﬁiating inmalignancy.
E6-dependent ubiquitination and degradation of p53
have been reconstituted in vitro with recombinant
proteins”™®, As well as E6, efficient ubiquitination
in vitro requires ubiquitin, E1 enzyme, either of two
homologous E2 enzymes known as hUBC4 (Ref. 8)
and UbcHS (Ref. 10) and a celiular E6-binding pro-
tein known as E6-associated protein (E6-AP; see
Fig. 1). E6-AP probably participates in a normal
cellular ubiquitination pathway since E6-AP stimulates
E6-independent ubiquitination of unidentified proteins
in insect-cell lysates’. Thus, the role of E6 may be to
help target E6-AP to p53. Since p53 is moderately
unstable (half-life of ~25 min) even in cells that lack
E6, it will be interesting to see whether there are
cellular E6-like proteins that target E6-AP to pS3
in uninfected cells.

In a striking departure from the model that has
emerged from the study of artificial ubiquitination
substrates, hUBC4 and UbcHS do not transfer ubiqui-
tin directly to p53. Rather, ubiquitin is successively
transferred from hUBC4 or UbcHS to E6-AP and then
to p53 (Refs 8, 11). Although it is unclear whether
this ‘bucket brigade’ mechanism will be a conserved
feature of ubiquitination pathways, E6-AP is the
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The fate of p53 in cells infected with oncogenic human
papillomaviruses. Human papiflomavirus (HPV) E6 protein
assembles with the cellular protein E6-AP in-HPV-infected
cells. Whereas neither E6 nor E6-AP stably binds p53, the
E6-E6-AP heterodimer forms a complex with p53 (Ref. 7). In
the presence of ubiquitin-charged hUBC4 or UbcH5 E2
enzyme, ubiquitin is transferred sequentially from the E2
enzyme, to E6-AP and on to p53. Following several cycles

of ubiquitin addition, multiubiquitinated p53 is degraded by
the 26S proteasome. it remains to be determined whether
E6-AP participates in p53 metabolism in uninfected cells.

FIGURE 1
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charter member of a family of proteins that share a
domain (‘hect domain’) that can form a thioester
linkage with ubiquitin2. The p53 protein is the first
physiological substrate of the ubiquitin pathway
whose ubiquitination has been studied with a well-
defined set of components. Perhaps more surprises
will emerge from the biochemical dissection of other
ubiquitination pathways.

Wherteas less is too little when it comes to pS3,
more may be too much when the target is the onco-
gene product c-Jun. Regulation of c-Jun activity is
important for normal growth control, and over-
expression of c-Jun can lead to cellular transfor-
mation (Ref. 12 and citations therein). The c-jun
protein is maintained at a low level in normal cells
by ubiquitin-dependent degradation. Deletion-
mapping experiments indicate that a 27 amino acid
segment of c-Jun, known as the 3 domain, is
required for c-Jun destruction and is sufficient to
specify ubiquitination when fused to B-galacto-
sidase. Intriguingly, the 3 domain is missing from
v-Jun, and deletion of the 8 domain from c-Jun
increases its transforming potential to equal that of
v-Jun. Thus, efficient ubiquitin-dependent prote-
olysis may be required to restrain the oncogenic
potential of c-Jun. A more sophisticated under-
standing of c-Jun regulation awaits the identifi-
cation of the ubiquitin-pathway components that
promote its degradation.

Regulation of transcription by protein degradation

Nuclear factor kB (NF-«B) is a transcription factor that
regulates the expression of a wide variety of genes
involved in immune and inflammatory responses.
NF-«B is a heterodimer of 50-kDa and 65-kDa
subunits that appears to be regulated by ubiquitin-
dependent proteolysis in. at least two distinct
ways (Fig. 2). The S0-kDa subunit is produced by
cleavage of a 105-kDa precursor (p105). When trans-
lated in a wheat-gefm extract, p105 is stable, but it is
processed rapidly to pS0 upon addition of a HeLa cell
cytoplasmic extract!3, Conversion in vitro of p105 to
p50 is inhibited reversibly by depletion of either
ubiquitin or proteasomes. Furthermore, cleavage of
p105 both in vitro and in intact cells!3 is inhibited by
a panel of peptide aldehyde compounds that inhibit
specifically the proteolytic activity of the protea-
some'4, Ubiquitin-dependent proteolysis of a sub-
strate protein typically proceeds to completion, even
in cases where the substrate is a tightly folded pro-
tein that is normally resistant to proteolytic attack®.
How, then, is the 50-kDa N-terminal domain of p105
spared? Perhaps pl0S ‘possesses a sequence that
derails the proteasome, in a similar manner to the
way stop-transfer sequences terminate the ongoing
translocation of integral membrane proteins. Does
proteasome-dependent proteolytic processing regu-
late the activities of other transcription factors?
General transcription factor TFIIA is synthesized as a
precursor that is cleaved shortly after synthesis, and
the sterol-regulated transcription factor SREB-P is
synthesized as an ER-membrane-bound zymogen. .
that is activated by cleavage in sterol-depleted cells
(Ref. 13 and citations therein). Recent identification
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of specific proteasome inhibitors
now makes it feasible to test the
role of the proteasome in these,
and other, processing reactions!4.

Upon cleavage of pl0S5, the
p50 product assembles with p65
to' produce the NF-«kB hetero-
dimer (Fig. 2). NF-xB activity
is muted, however, by the
inhibitor protein IkB, which
binds to NF-«xB and retains it in
the cytoplasm in an inactive
form. A variety of signalling
molecules, including TNF-o,
inactivate IkB and trigger the
translocation of active NF-«B
into the nucleus. Signal-depen-
dent inactivation of IkB is
achieved by its sequential
phosphorylation and degra-
dation. Phosphorylation of IkB
is essential for its inactivation;
mutations in IkB that eliminate
target phosphorylation sites
inhibit both TNF-a-stimulated
degradation of IxB and activation
of NF-«B!516, Phosphorylation
does not suffice to inactivate IxB,
however. In the presence of either
calpain!’1® or proteasome!®!?
inhibitors, TNF-a stimulates IxkB
phosphorylation, but active
NF-kB is not produced. Thus,
phosphorylation of IB by a TNF-
a-inducible pathway tags IkB for
rapid (proteasomal?) degra-
dation, thereby releasing NF-«B

o (7))
26S

proteasome

Inactive NF-xB

= P

2 o
4 proteasome @f’@o
Inactive NF-xB Active NF-xB

FIGURE 2

The role of protein degradation in the regulation of NF-«B, Active NF-kB is a heterodimer of p50 and p65
subunits. The p50 subunit is derived from p105 by a ubiquitin- and proteasome-dependent processing
reaction [reaction (a)]. The E2 (and E3?) enzymes involved in p105 processing have not been identified.
Processed p50 assembles with p65 to form NF-kB, which is maintained in a quiescent state by binding to
ikB [reaction (b)]. A variety of stimuli and signalling molecules, including TNF-o, induce NF-kB activity by
triggering the destruction of Ix8 [reaction (c)}. Binding of TNF-c to its cefl-surface receptor alters the
activity of an unidentified kinase/phosphatase pathway, leading to the phosphorylation of IxB. Whereas
unmodified IkB is stable, phosphorylated IxB is degraded rapidly, presumably by the ubiquitin pathway.-
The ubiquitin-pathway components involved in the regulated turnover of 1xB have not been identified.-
P, phosphate; U, ubiquitin.

from inhibition. Once the trans-
acting factors involved in IxB
destruction are identified, it may be possible to
enhance or suppress the immune response by modu-
lating IxB stability.

The control of gene expression by proteolysis is not
restricted to lymphoid cells. During development of
the fruit-fly embryo, specification of the dorsal-
ventral axis requires the action of the DORSAL tran-
scription factor, which is homologous to NF-xB.
DORSAL is maintained normally in an inactive state
by the IkB homologue CACTUS, until the action of
the TOLL signalling-pathway triggers the degradation
of CACTUS (Ref. 20). Furthermore, other transcrip-
tion factors, including c-Fos (Ref. 21), Gendp (Ref. 22)
and YAN (Ref. 23), may be regulated by phosphoryl-
ation-dependent ubiquitin-mediated proteolysis. It
will be interesting to see whether phosphorylation-
stimulated destruction is a prevalent mechanism for
regulating the activity of transcription factors.

The role of proteolysis in the transition from G1
phase to S phase

Exit from G1 phase and initiation of DNA
replication in budding yeast requires CDC34, CDC4
and CDC53, as well as any one of a set of six
cyclin-B genes (CLBI-CLB6)*. The discovery that
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CDC34 encodes an E2 enﬁ)?me suggested that
ubiquitin-mediated protein degradation might play
a crucial role in the transition from G1 to S phase®.
Recently, six years of speculation about the crucial
cell-cycle target of Cdc34p came to an end with the
demonstration that the cyclin B-Cdc28p (Cdc28p is
the S. cerevisiae version of p34°?) inhibitor p40%c!
accumulates in cdc34% cells and blocks the initiation
of DNA replication?4. In wild-type cells, synthesis of the
Clb5p cyclin commences after cells traverse cell-cycle
START during G1 phase. During late G1 phase,
newly-synthesized CIb5p assembles with Cdc28p,
but the complexes are maintained in an inactive con-
figuration by association with p40C! (Fig. 3). At
the G1-S transition, the CDC4, CDC34 and CDC53
gene products collaborate to destroy p40°<!, thereby
unleashing the S-phase-promoting activity of ClbSp-
Cdc28p complexes. In cdc4, cdc34 and cdc53 tempera-
ture-sensitive mutants, p40%c! activity persists and
DNA replication is inhibited. Why is p405C! stable in
early G1, only to be rendered labile at the G1-S tran-
sition? The molecular trigger for p40¥°! destruction
remains unknown, but circumstantial evidence sug-
gests that phosphorylation of p405! may be a pre-
lude to its degradation?!. Whereas genetic studies
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accumulate in cdc34% cells as
hyperphosphorylated species and
(except for Gendp) accumulate in
¢dc285 mutants in an unmodified
form. Thus, phosphorylation may
be a prerequisite for recognition
by the Cdc34p-dependent ubiq-
uitination pathway, as is seen in

Kinase on the destruction of I«B. All known

S phase Cdc34p substrates contain seg-
ments rich in proline, glutamic
FIGURE 3 acid, serine and threonine (PEST

A bird's-eye view of the G1-S§ transition in budding yeast. Upon completion of START, Cib5p begins to
accumulate and assembles into a complex with Cdc28p. During G1 phase, ClbSp-Cdc28p complexes
are inhibited by p40%i’, At the G1-S transition, p40%/" is abruptly degraded, thereby releasing active
ClbSp-Cdc28p complexes, which then go on to promote the initiation of DNA synthesis. The
disappearance in vivo of p40%C! requires the action of the CDC4, CDC34 and CDC53 genes. The Cdc34p
E2 enzyme may attach ubiquitin directly to p40%!, thereby triggering its destruction. The functions of
Cdc4p and Cdc53p are unknown. Cin2p-Cdc28p protein kinase phosphorylates p405< in vitro, and
hyperphosphorylated p405<! accumulates in cdc34 mutants. Since it is not clear, however, whether
Cdc28p-dependent phosphorylation of p405C! is a prerequisite for ubiquitination, this step has been
illustrated in grey. P, phosphate; U, ubiquitin.
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imply a functional link between CDC4, CDC34 and
CDCS53, the biochemical functions of the products of
the CDC4 and CDCS53 genes remain a mystery.

Surprisingly, p405c! is not essential for cell
growth?2, Why, then, has evolution sculpted such
a complex pathway to ensure its timely demise? One
possibility is that the requirement to degrade p40%c!
provides an opportunity for the cell to. monitor the
integrity of its genome before committing itself to
S phase. Haploid yeast cells can differentiate in late
G1 phase by rearranging DNA segments that encode
proteins involved in mating-type determination. A
DNA-damage checkpoint at the G1-S transition
could delay DNA synthesis until interconversion of
the mating-type loci is completed. This idea is sup-
ported by the observation that yeast cells irradiated
with UV or y-rays exhibit a RAD9-dependent pause
in G1 phase both at START and at, or immediately
after, the CDC4-dependent step?’.

It appears that p40C! is the only crucial target
of the CDC4-CDC34-CDC53 pathway at the G1-§
transition since deletion of the SIC1 gene suppresses
the G1-S-arrest phenotype of cdc4, cdc34 and
cdc53 temperature-sensitive mutants?4. Nevertheless,
¢dc34 siclA double mutants remain temperature-
sensitive for growth, indicating that the accumu-
lation of other Cdc34p substrates besides p40Sic!
can block cell growth. Four additional candidate sub-
strates of Cdc34p have been reported recently. The
G1-cyclins Cin2p (Ref. 28) and CIn3p (Ref. 29), and
the transcription factor Gendp (Ref. 22), accumulate
and are stabilized severalfold in cdc34% mutants.
Gl-cyclin stability in cdc34® mutants may be
modulated by strain background because other
reports claim that CIn2p (Ref. 30) and Cin3p (Ref. 31)
are not stabilized in cdc34" cells. The cyclin-depend-
ent kinase inhibitor Farlp also accumulates in
cdc34 mutants, but its degradation has not been
examined directly in pulse-chase experimentsZ,
Intriguingly, all putative Cdc34p substrates

sequences), which are commonly
found in unstable proteins.
Mutational analyses of degrada-
tion signals in Cln2p (Ref. 30),
Cin3p (Ref. 29) and Gcndp (Ref.
22) imply that individual PEST
elements contribute to, but are
neither essential nor sufficient
for, rapid degradation. Cdc34p-
dependent ubiquitination of
Cln2p has been reconstituted in
yeast extracts®®, In addition to
Cdc34p, ubiquitination of Cln2p directly requires
Cdc28p, and other unidentified proteins present in
yeast, but not reticulocyte, extracts.

Destruction-box-dependent proteolysis
and mitosis

In most eukaryotic cells examined to date, cyclins
A and B accumulate stably throughout G2 phase and
are degraded abruptly during mitosis. Cyclin-B-
p34<42 kinase is required to activate cyclin destruc-
tion in mitosis, but is not required to sustain cyclin
proteolysis; in yeast, the cyclin-destruction machin-
ery remains active in G1 cells long after cyclin-B-
p34°2 kinase activity has been destroyed®. Inac-
tivation of cyclin proteolysis in yeast requires the
activity of the START-promoting G1 cyclin-Cdc28p
complex, thereby ensuring that mitotic cyclins do not
accumulate until the cell is committed to undergoing
a round of cell division.

Cyclins A and B are targeted for ubiquitination
during anaphase by a nine amino acid segment
commonly referred to as the ‘destruction box’.
Cyclin mutants lacking the destruction box are neither
ubiquitinated nor degraded, and arrest the cell cycle
in late anaphase3*33, In most cases, the destruction
box is not a sufficient signal to direct ubiquitination
and the cyclin is stabilized by point mutations that
diminish its association with p34<%2 (Refs 36, 37).
Activities that promote the ubiquitination of destruc-
tion-box—protein-A chimeras have been fractionated
from both clam383? and Xenopus*® mitotic extracts.
In both systems, ubiquitination requires an E2
enzyme that is constitutively active throughout the
cell cycle and a 1000-1500-kDa complex (E3?)
referred to as either the ‘cyclosome’ or ‘anaphase-
promoting complex (APC)’ that is active in mitotic,
but not interphase, extracts. In Xenopus, there are two
different E2 enzymes that can promote destruction-
box-dependent ubiquitination, one of which appears
to be a homologue of the hUBC4 enzyme implicated
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