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Ubiquitin System: Selectivity and Timing of Protein Destruction
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A growing number of cellular functions have been shown to be regulated through protein
degradation. The selective degradation of many short-lived proteins in eukaryotic cells is
mediated by the ubiquitin system, by which proteins covalently ligated to ubiquitin are
targeted for degradation. The selectivity of the destruction is ensured by the substrate
specificity in the ubiquitination steps composed of a series of enzymatic reactions.
Ubiquitin-ligase (E3), in conjunction with ubiquitin-conjugating enzyme (E2), has been
implicated as playing an essential role in the substrate recognition. The substantial
character, however, of the ligase was not clear until several recent studies demonstrated
ligases that exert key roles in irreversible steps of the cell-cycle control. In this review,
attention is focused on the molecular basis of target recognition of ubiquitination, particu-
larly as exemplified in the ubiquitin-ligases in the cell-cycle control mechanisms.

Key words: cell cycle control, proteolysis, ubiquitin, ubiquitin-conjugating enzyme,
ubiquitin-ligase.

Selective protein degradation in eukaryotic cells is mainly
carried out by the ubiquitin system. Ubiquitin (Ub) is a
highly conserved 76-residue protein which is distributed
throughout all eukaryotic cells, and linked to a vast range of
proteins. The ubiquitin-tagged proteins are mainly target-
ed for proteolysis by proteasome, although Ub has also been
implicated in functions other than proteolysis. Thus, the
many short-lived proteins are subjected to be substrates of
ubiquitination. Ultimately causing the destruction of vari-
ous regulatory proteins, the ubiquitin system plays impor-
tant roles in many cellular functions, including cell-cycle
control, signal transduction, transcriptional regulation, the
nuclear transport process, receptor control by endocytosis,
the processing of antigens in the immune system, and so on.
Some pathological alterations are known to be linked to
abnormalities in the ubiquitin system. Programmed cell
death is also thought to be associated with ubiquitin-medi-
ated proteolysis (reviewed in Refs. 1 and 2).

Since a vast range of information has accumulated on this
subject, it would be impossible to provide a full survey of all
the advances. In this review, I summarize the ubiquitin
system and then focus on the ubiquitin pathways involved
in the cell cycle control, in which the molecular basis of
selective protein degradation is demonstrated as a molecu-
lar recognition among a variety of components of the
ubiquitin system and cell cycle regulators.

Ubiquitin pathway and enzymes
Conjugation of Ub to proteins is a multiple enzymatic

process. Ub, activated with ATP by ubiquitin-activating
enzyme (El), is attached to a specific Cys residue of the
same enzyme by a high-energy bond, and then transferred
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to a Cys residue of the second enzyme, ubiquitin-conjugat-
ing enzyme (E2 or Ubc). While, in many cases, Ub can be
directly transferred from the E2 and covalently attached to
a substrate protein, ubiquitination of some proteins re-
quires the additional activity of ubiquitin ligase (E3).
Finally, the Ub is covalently linked via an isopeptide bond
to Lys residues of the target protein. The Ub attached to the
protein is further ubiquitinated by another Ub molecule,
forming a branch of multiubiquitin chains, which is recog-
nized by 26S proteasome, a huge complex of proteases, and
leading to degradation. Thus, the selectivity of protein
degradation is assured by the substrate specificity of the
ubiquitination. These enzymatic reactions were summa-
rized in Fig. 1.

Usually the El enzyme exists as a single species, and the
loss of its function is lethal to the cells, indicating that many
cellular functions essential for viability are regulated by
ubiquitin-mediated proteolysis. In mammalian cell lines,
El mutants have been predominantly isolated, probably
because El is encoded on the X chromosome (3). These
mutants exhibited pleiotropic phenotype, since the ubi-
quitin pathway is responsible for a vast range of cellular
functions. One of the prominent phenotypes of El mutants
is cell-cycle arrest at the G2 phase, suggesting that the
ubiquitin system is tightly associated with cell-cycle con-
trol, although the molecular basis of the G2-arrest has not
yet been clarified (4). The primary structure of El is highly
conserved among eukaryotic species. Another intriguing
point is that sequences very similar to El have been
identified, but none that are relevant to Ub activation.
However, some of these were very recently shown to be
necessary for activation of Ub-like proteins (see later
section) (5, 6).

In contrast to El , E2, and E3 are known to comprise
many species (7). In Saccharomyces cerevisiae, 13 E2s
(Ubcl-Ubcl3) have been identified by virtue of a shared
structural feature called the UBC domain, the list of which
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Fig. 1. Ubiqultln and proteasome degradation pathway. Pro-
teins covalently tagged with poly-ubiquitin chains by enzymatic
reactions involving El, E2, and E3, are degraded by 26S proteasome.
See details in text.

is frequently referred to for purpose of clarifying E2
families. It is reasonable to suppose that there are still
more E2s in higher eukaryotic cells. Some E2s have distinct
sequences in addition to the core UBC domain, and others
do not. In spite of the structural similarity, the E2 species
seem to be functionally differentiated, as indicated by the
phenotypes of the mutants. Mutations in each E2 display
different phenotypes. Some E2s have redundant functions,
while others play very specific role. Simultaneously, some
E2s play roles that are non-essential for cell viability, while
the functions of others are essential. These facts suggest
that E2 is responsible, not fully but in part, for selecting the
target protein(s) to be ubiquitinated. Interestingly, some
E2s have been proved recently not to conjugate Ub, but to
conjugate Ub-like small proteins, SUMO-1 or Rubl, to
other proteins, although their structural feature is indistin-
guishable from E2s for Ub (see later section) (5, 8).

The E3s play the most crucial role in determining the
specificity of the ubiquitination, but the least well under-
stood. It is only very recently that a few classes of E3 have
been uncovered. This is because, in contrast to E2s,
different E3 families share little or no homology, and also
because E3s are in low abundance in the cells. Some E3s are
composed of large numbers of subunits, but in many cases
the basic function of each component is largely unknown.
The major types of E3 will be described in the next section
in connection with their selective recognition of substrates.
• Last enzyme associated with the ubiquitin system is
ubiquitin peptidase (Ubp) which degrades poly-ubiquitin,
or releases Ub from Ub-fused or conjugated oligopeptides.
In S. cerevisiae, 15 Ubps have been identified and classified

into two types of families (2). Since most of the Ubps are
non-essential for cell viability and their mutants do not
exhibit specific phenotypes, their biological functions are
not clear. I will not describe in greater detail on this
enzyme.

Signals and a class of E3s for the selective proteolysis
1) Signals for ubiquitination. The N-end rule system,

in which the rate of ubiquitination and therefore degrada-
tion of proteins is determined by the N-terminal amino acid
residue, was initially demonstrated by a clear observation
of the stability of the artificially modified substrates in the
cells (9). However, few of the natural substrates of this
system are known. This pathway in S. cerevisiae requires
Rad6 (Ubc2) as E2 and Ubrl as E3. Rad6 is one of the
predominant E2s conferring multiple functions, including
DNA repair, the process of sporulation and germination,
and the N-end rule pathway. UBR1 has been genetically
identified as N-end rule E3, and presumably corresponds to
E3a that was enzymatically identified in reticulocyte
lysate. Neither RAD6 nor UBR1 is an essential gene, and
the biological meaning of this pathway is not clear. It may
be possible that this pathway is involved in degradation of
mis-processed peptides or intermediates of degradation.

Many short-lived proteins have been shown to contain a
PEST sequence that, while not a unique sequence, is rich in
Pro, Glu, Ser, and Thr residues (10). Consequently, the
PEST region is expected to be enriched in S/TP sequences,
which are minimum consensus signals of phosphorylation
by protein kinases, including CDKs. It has been pointed out
that phosphorylation and degradation of proteins are tight-
ly associated in many cases. The yeast Gl cyclins, Cln2 and
Cln3, are phosphorylated at multiple sites in the PEST
region prior to its degradation. Phosphorylation of Sicl, a
CDK inhibitor in yeast, is a trigger of ubiquitination and
degradation. Mammalian Gl cyclin, cyclin E and Dl, are
also phosphorylated and degraded.

The search for degradation signals in mitotic cyclins has
resulted in the identification of a partially conserved motif.
Comparison of A- and B-type mitotic cyclins from various
sources has resulted in generalization of 9 amino acid
sequence, R(A/T)(A)L(G)X(I/V)(G/T)(N), which is called
the "destruction box" (D-box) and is located near the
N-terminus of cyclins. The bracketed amino acids are the
preferential ones at the sites. Cyclins deleted or mutated in
this region are stabilized in vitro and in vivo (3, 11).
Reporter proteins fused to this signal are degraded at the
cell cycle stages when the cyclin is destructed. Similar
destruction box motifs are found in cell-cycle regulator
proteins other than cyclin, and the proteins with these
motifs are also degraded during mitosis. APC/cyclosome, a
cyclin-specific E3 complex (see later section), recognizes
these destruction box.

2) hect-E3. The oncogenic human papillomavirus (HPV)
types 16 and 18 encode two oncoproteins, E6 and E7. Both
E6 and E7 bind to cellular regulatory proteins, E6 to tumor
suppressor protein p53, and E7 to RB protein. Mutations in
p53 are among the most prominent genetic alterations
found in a variety of human cancers. Such mutations may
lead to loss of the tumor-suppressor activity. In cell lines
transformed with HPVs, the E6 binds to normal p53 with
the assistance of another cellular protein termed E6-AP
(E6 associated grotein), which target p53 to rapid ubi-
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quitination and degradation (12). The human E2 enzyme
involved in this ubiquitination has been identified as UbcH5
belonging to subfamily that includes yeast Ubc4 and Ubc5
species (13). The E6/E6-AP complex exerts E3 activity in
the p53 ubiquitination, in which a novel mode of reaction
has been revealed. In this reaction, activated Ub is trans-
ferred from the E2 to form a thiolester with a specific Cys
residue near the C-terminus of E6-AP protein (14). This
thiolester is known to function as the donor of Ub, based on
the fact that substitution of this Cys residue abolishes its
activity of p53 ubiquitination.

A variety of proteins which contain a C-terminal region
homologous to that of E6-AP have been identified in many
eukaryotic cells. Proteins in the so-called hect-domain
family (homologous to E6-AP carboxy terminus) contain a
conserved Cys residue as the active site in approximately
the 300 amino acid hect region (15). In contrast to the
conserved homologies in the hect-domain, the N-terminal
region of different hect-proteins are highly variable, sug-
gesting that the N-terminal region confers specific sub-
strate recognition. Thus, the hect-domain was expected to
be a common feature in at least some subfamilies of the
ubiquitin ligase, and it was assumed that most of the
hect-proteins might have an activity of E3 or a component
of E3 complex. Though not yet proved in all cases, this is
the case in some hect-proteins.

Five hect-proteins have been identified in budding yeast.
Rsp5 was found to bind the largest subunit of RNA
polymerase II (16). The N-terminal domain confers the
binding activity to the polymerase, but the C-terminal
hect-domain does not. When expression of Rsp5 is inhibited
in vivo, the level of the RNA polymerase subunit increases.
The RNA polymerase is a long-lived protein and the
biological importance of its ubiquitination for rapid
destruction is not clear. Under the restricted condition like
various stress, the RNA polymerases might be targeted to
degradation. In fact, it has been reported that the large

subunit of RNA polymerase is ubiquitinated in response to
DNA damage by UV irradiation. In fission yeast, a hect-
protein Publ has been shown to be involved in the degrada-
tion of a key cell-cycle protein, the Cdc25 phosphatase
(17). The Cdc25 phosphatase activates Cdc2 kinase by
removing a inhibitory phosphate group from a tyrosine
residue in Cdc2, resulting in the activation of Cdc2/Cdcl3
as a mitosis promoting factor. The levels of Cdc25 oscillate
during the cell cycle. In the cells disrupted in publ, the level
of Cdc25 is increased, publ shows genetic interaction with
genes that control Cdc25 phosphatase activity. Finally, it
has been observed that polyubiquitinated Cdc25 accumu-
lates in publ+ but not in publ~ cells.

3) Cyclosome/APC. Progression of the eukaryotic cell
cycle is driven mainly by repeated activation and inactiva-
tion of cyclin- dependent kinases (Cdks). Different Cdks
function at various stages of cell cycle to promote different
cell-cycle transitions. Although Cdk activity is regulated
through the level of phosphorylation or dephosphorylation
of the catalytic subunit, or inactivation of Cdk inhibitors
(Ckis), it is controDed at the most basic level by periodic
synthesis and degradation of the regulatory subunits,
cyclins. The most prominent CDK complex, cyclin B/Cdc2,
plays a major role in progression through mitosis and is
designated as MPF (mitosis promoting factor). The accu-
mulation of the mitotic cyclin activates MPF, triggering the
transition from G2 through mitosis. In late mitosis, MPF
activates degradation pathway for anaphase inhibitors
through their ubiquitination and 26S proteasome-mediated
destruction, resulting in the timely onset of anaphase. At
the exit from mitosis, the same ubiquitination machinery
targets the mitotic cyclin itself to degradation, leading to
the irreversible inactivation of the MPF activity (Fig. 2).

In the past few years the E2 and E3 components required
for ubiquitination of the mitotic cyclins have been identified
genetically in yeast and biochemically in cell-free systems
of clam and Xenopus egg extract. The cyclin-specific E2 was
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Fig. 2. APC circuit in budding yeast. In mitotic
phase, Cdc20 activates APC to ubiquitinate Pdsl, the
destruction of which triggers anaphase by initiating
separation of chromatids. Spindle checkpoint works
through Cdc20 by inhibiting this initiation step.
After initiation of anaphase, APC forms complex
with another Cdc20 family, Hctl. Polo-like kinase,
Cdc5, which is activated by MPF, phosphorylates
this 2nd complex to be active to direct destruction of
spindle protein, Asel, and mitotic cyclin, Clb2. Cdc5
and Cdc20 are destructed through ubiquitination
mediated by APC. This mechanism is basically
conserved in higher eukaryotic cells as indicated in
text.
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first identified as E2-c in clam extract (18, 19), and then
UBCx (Xenopus) (20), UbcHIO (humans) and UbcP4 (S.
ponibe) (21) were found to be homologous. A distinct 30
amino acid sequences in N-terminus has been found in all
these E2-c homologues. In Xenopus extract, Ubc4 homol-
ogue could also support in vitro ubiquitination of cyclin B,
suggesting that it might function in a manner redundant to
the function of UBCx. Curiously, mitotic cyclin-specific E2
has not yet been identified in S. cerevisiae. Ubc9 has been
implicated as responsible for the cyclin ubiquitination,
based on the observation that ubc9 mutant cells arrest in
late G2/early mitosis with accumulation of mitotic cyclins.
The direct evidences, however, has not been found; rather,
Ubc9 was shown to be involved in conjugation of small
Ub-like modifier, SUMO-1, and to be not relevant to Ub.
Ubcll is structurally most homologous to E2-c, although it
lacks the N-terminal extension sequence characteristic to
E2-c. Ubcll is not essential for cell viability, and disrup-
tion of ubcll alone or in combination with ubc4 and ubc5
does not affect mitosis.

The E3 activity for cyclin B ubiquitination was found in
a huge complex in clam (19) and Xenopus egg extracts (22),
and also in yeasts (23). This complex is required for
metaphase/anaphase transition in mitosis as well as cyclin
destruction at the end of mitosis, and hence has been
termed as Anaphase Promoting Complex (APC), or cyclo-
some (Fig. 2). While E2-c is constitutively expressed, the
activity of APC is cell-cycle regulated. It is inactive in the
interphase, and activated by phosphorylation during
mitosis. Thus, the mitotic cyclin destruction seems to be
mainly regulated by modulating the APC ubiquitin-ligase
activity. Genetic studies in yeast, comparable with bio-
chemical analysis in embryonic cell extracts, have shown
that the APC is composed of 8-12 subunits, including
homologues of S. cerevisiae Cdcl6, Cdc23, and Cdc27 (24),
and A. nidulans BIME (25). All subunits of human and
yeast APC were recently determined (26, 27). The APC2
subunit is a novel protein that has a homologous region to a
motif of the cullin protein family. One member of the cullin
family is Cdc53, which is a component of the SCF complex,
another E3 complex required for Gl/S transition in yeast
(see next section). There is no evidence that any subunit of
APC forms high-energy bonds with Ub, like hect-proteins.
Thus, it is unlikely that APC is a composition of the
thioester cascade. Instead, APC presumably bridges E2 and
substrates to transfer Ub between them.

Mutations in subunits of APC arrest cells at metaphase.
Expression of the dominant negative mutant of E2-c in
human cells (28), or UbcP4 mutant of S. pombe causes
metaphase arrest (21). These findings indicate that the
APC pathway is necessary for the segregation of sister
chromatids during anaphase (Fig. 2). The metaphase arrest
is not a consequence of a defect of the mitotic cyclin
degradation, since nondegradable cyclin B lacking a D-box
prevents the completion of mitosis, but sustains anaphase
progression (29-31). Furthermore, expression of the cyclin
B fragment containing the D-box delays onset of anaphase
as well as cyclin degradation, suggesting that proteins other
than cyclin B are required to be degraded for chromosome
segregation. Candidates for these targets have been iden-
tified in yeast. Cut2 in S. pombe is essential for sister
chromatid segregation, and degraded at the onset of ana-
phase via the APC pathway (32). This destruction requires

two D-boxes located in the N-terminal region of Cut2.
Overexpression of the two D-boxes prevents anaphase and
Cdcl3 (mitotic cyclin) destruction (33). In S. cerevisiae,
Pdsl is necessary to maintain sister chromatid cohesion
under anaphase inhibition (Fig. 2). Pdsl also contains the
D-box sequence, which is essential for its APC-mediated
degradation (34). No significant sequence homologies have
been found between Pdsl and Cut2, and cut2 is essential for
viability, while PDSl is not. Thus, it is not clear whether
Pdsl and Cut2 are functionally homologous, but it is clear
that their destruction is essential for anaphase onset.

APC is inactive during interphase and activated by
phosphorylation during mitosis, the mechanisms of which
are not well understood. In extracts of clam and Xenopus
egg, addition of Cdc2/cyclin B complex promotes activation
of APC, resulting in phosphorylation of a number of the
subunits (19). However, there is a lag between the addition
of the kinase and the APC activation, suggesting that Cdc2/
cyclin B activates APC indirectly. Polo-like kinases that
were originally identified as Cdc25-regulatory kinases
functioning in an MPF amplification loop are known to be
conserved among eukaryotes, such as Plkl (human), Plx
(Xenopus), and Plol (S. pombe). They are required in both
entry to and exit from mitosis, except in the case of S.
cerevisiae (Cdc5), in which Cdc5 affects only the exit from
mitosis (Fig. 2). Recently, Cdc2/cyclin B-activated polo-
like kinase in human cells was shown to phosphorylate APC
subunits, activating APC to ubiquitinate cyclin B (34).
Interestingly, polo-like kinases are targeted for degrada-
tion via the APC-mediated pathway, providing a feedback
mechanism by which the APC destroys its activator at the
onset of the next cell cycle (Fig. 2). In S. pombe, genetic
evidence suggests the involvement of cAMP-dependent
protein kinase A in the negative regulation of APC (35).
Actually, human PKA was shown to phosphorylate APC
subunits, thereby suppressing the E3 activity (34).

The APC seems to be activated grossly in M phase
through phosphorylation. Different substrates, however,
such as anaphase inhibitors and mitotic cyclins, appear to
be proteolyzed at different times during mitosis, suggesting
that a simple switching on and off of APC is not the sole
regulatory mechanism. Recent genetic analysis suggests
that targeting different substrates with different timing to
APC are controlled by Fizzy/Cdc20 family proteins, fizzy
mutants of Drosophila arrest in metaphase with defect of
cyclin A degradation. A homologue of fizzy has been iden-
tified in S. cerevisiae (CDC20), S. pombe (slpl), and human
(p55CDC). A fizzy-related gene, fzr, of Drosophila and its
S. cerevisiae homologue, HCT1, were also found. In S.
cerevisiae, Cdc20 is required to activate APC-mediated
Pdsl destruction in metaphase, while the related protein,
Hctl, is required for destruction of the mitotic cyclin, Clbs,
in Gl phase (Fig. 2). Simultaneously, it has been suggested
that Cdc20 or its homologues is a target of the spindle
checkpoint that delays the onset of anaphase until all
chromosomes are attached to the spindle (36, 37). Finally,
the cdc20 protein itself is degraded via the APC-mediated
ubiquitination. In Drosophila, Fizzy and Fzr seem to target
the same substrates, such as mitotic cyclins and anaphase
inhibitor for APC-dependent destruction, but at different
points, mitotic and Gl phase, respectively. It is still un-
certain how these accessory proteins are involved in the acti-
vation of APC and/or the recruiting of substrates to APC.
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4) SCF complex. Ubc3 in S. cerevisiae is a unique
ubiquitin-conjugating enzyme in that its gene has been
identified as a cell cycle mutant, cdc34, regulating Gl/S
transition. Analysis of several cdc mutants, the phenotypes
of which are linked with that of cdc34, revealed a subfamily
of ubiquitin-ligase complex. Loss of either Cdc34, Cdc4, or
Cdc53 leads to cell-cycle arrest at Gl phase, just before the
onset of DNA synthesis. This is attributed to a failure of the
degradation of Sicl, a potent inhibitor of the Clb/Cdc28
kinases required for activation of DNA synthesis {38).
Cdc34 was found to form a complex with Cdc53 and Cdc4,
in which the ubiquitin-ligase activity was implied (39).
This activity was demonstrated by the identification of
another component, called Skpl, for this pathway (40),
since the complex composed of the four proteins is sufficient
to support in vitro ubiquitination of Sicl under the presence
of El and Ub (41) (Fig. 3). The Gl cyclins, Clnl and Cln2,
are also degraded via the Cdc34-dependent ubiquitin
pathway, which requires Cdc53, Skpl but not Cdc4 (42).
Instead of Cdc4, another protein, Grrl, was found to be
involved in this process (43, 44). Grrl is involved pheno-
typically with glucose repression and Cm turnover, and
these, although not readily understood in early studies, was
eventually explicated in terms of the alignments of the
Skpl interacting proteins (see next section).

The yeast Skpl was isolated as a high copy suppressor of
the cdc4 mutant, and also as a part of the CBF kinetocore
complex, and was found to be homologous to human Skpl
that was found together with Skp2, as a part of the cyclin
A/CDK2 complex, and subsequently as a cyclin F interact-
ing protein. Skpl binds Cdc53 with its N-terminal domain.
In addition to Cdc53, Skpl was shown to bind a series of
proteins, including Cdc4, human Skp2, and cyclin F.

Fig. 3. P-box proteins as substrate adapters in SCF complex.
Cdc34(E2), Cdc53, and Skpl form E2-E3 complex together with one
of the F-box proteins, and ubiquitinates a variety of proteins.
Substrate recognition is accomplished via specific interaction between
an F-box protein and the target protein. Protein-protein interaction
motif like LRR or WD40 in F-box proteins serve for this interaction.
An F-box protein binds Skpl through another motif, F-box domain,
which is common to all F-box proteins. In most cases, the target
proteins are phosphorylated prior to the ubiquitination. See text for
details.

Alignments of these Skpl interacting proteins deduced an
amino acid sequence motif called F-box after cyclin F (40).
Further investigation of the F-box motif showed that it is
contained in a series of proteins, including Grrl. Conse-
quently, the F-box is shown to be required for the interac-
tion of the F-box proteins with Skpl. Disruption of the
F-box in Cdc4 and Grrl abolishes the interaction of Cdc4
and Grrl with Skpl. Every F-box proteins contains another
motif that is necessary for protein-protein interaction.
Cdc4 has WD-repeats and Grrl has leucine-rich region
(LRR), disruption of which impairs their interaction with
Sicl and Cln2, respectively. Thus, the Sicl and Cms
degradation pathways require the same core complex
composed of Cdc34, Cdc53, and Skpl, but different F-box
protein as a tethering molecule for substrates (Fig. 3). The
complex including, for example, Cdc4, is now designated as
SCFcdc4 ( g k p l ^ cdc53, and Cdc4 as F-box protein), in which
Cdc53 is a scaffold protein bridging Cdc34 and Skpl (45).
Skpl provides multiple ubiquitination pathways by assem-
bling with different F-box proteins which recruit specific
substrates to ubiquitination (Fig. 3). Now evidences have
accumulated to indicate that SCFcdc4 mediates ubiquitina-
tion of several other target proteins, such as another CDK
inhibitor, Farl, which inhibits Cln-Cdc28 kinases in arrest-
ed cells by mating pheromone, and the replication activator
Cdc6. The control of the DNA replication by SCF E3 seems
to be conserved in S. pombe. Two Cdc4-like proteins, Popl
and Pop2, regulate DNA repKcation through degradation of
Ruml and Cdcl8, which have functions analogous to those
of Sicl and Cdc6, respectively (46). Repression of this
degradation pathway, or overexpression of the target
substrates of this pathway, results in DNA re-replication
without mitosis. The S. pombe homolog of Skpl and Cdc53
is also present. This seems to also be the case in verte-
brates, since Cdc34 homolog regulates DNA synthesis in
Xenopus extracts.

SCF complex seems to be expressed continuously. In
contrast to APC, the distinctive mechanisms regulating the
activity of SCF complex are not known. SCFCdc4 does not
recognize non-phosphorylated but highly phosphorylated
forms of Sicl, and similarly SCFGrrl only phosphorylated
Cms. Thus, it seems that phosphorylation of the target
proteins triggers their recognition via cognate F-box pro-
teins. Very recently, Cdc53 was found to be conjugated with
Ub-like modifier, Rubl (5, 47, 48). Rubl is a small protein
partially homologous to Ub and distributed among eukaryo-
tic cells. Rubl is activated by its activating enzyme, the
sequence of which is similar to that of El but split into two
subunits, and then conjugated to Cdc53 using Ubcl3 as a
conjugating enzyme. The sequence of Ubcl3 is very similar
to that of other Ubc relevant to Ub and hence has been
designated as one of the Ubc. Ubcl3, however, reacts with
Rubl but not with Ub, just as Ubc9 reacts with SUMO-1
but not Ub (6). The biological significance or implication of
the Cdc53 modification by Rubl is not clear.

Concluding remarks
In the past few years, much headway has been made in

our understanding of the roles of selective ubiquitin-
mediated proteolysis in a vast range of biological functions,
and further progress can be expected in terms of elucidat-
ing the involvement of the ubiquitin system in the wider
field of biological processes. This is because rapid selective
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proteolysis ensures the irreversibility necessary for
numerous biological regulations. In spite of accumulated
information on the ubiquitin system, our knowledge on the
nature of ubiquitin-ligases (E3), which are the main
determinants of the timing and specificity of the ubiquitin -
mediated protein degradation, has remained obscure until
only quite recently. A limited case of ubiquitin-ligases
identified casually in the analysis of cell-cycle control
indicates that E3 ligases constitute a diverse range of
classes that seemingly do not share any common structural
features. This is in contrast to E2s which share a common
domain and grossly determine the target specificity. The
E3s, most strictly specifying the target proteins, function
as an interface between the ubiquitin system as a general
degradation mechanism and a control network for other
biological processes which include regulatory proteins to be
degraded via the ubiquitin system. Thus, E3 may be rather
relevant to its substrate in its function and structure, and it
is expected that an increasing number of E3 species will be
identified. The diversity of E3 structures suggests the
variety of signals to be recognized by the E3s. Our knowl-
edge of the destruction signals is also very limited, and it is
reasonable to assume more types of signals different from
those discussed above. More studies to identify additional
individual E3s and their recognition signals will therefore
be required.

REFERENCES

1. Hershko, A. and Ciechanover, A. (1998) The ubiquitin system.
Annu. Rev. Biochem. 67, 425-479

2. Hochstrasser, M. (1996) Ubiquitin-dependent protein degrada-
tion. Annu. Rev. Genet 30, 405-440

3. Yamao, F., Nagai, Y., Kaneda, S., Yoshida, S., and Seno, T.
(1993) Conditional resistance to thymineless death predominant-
ly selects DNA synthesis-deficient mutants of mammalian cells.
Mutat. Res. 289, 83-89

4. Finley, D., Ciechanover, A., and Varehavsky, A. (1984) Thermo-
lability of ubiquitin-activating enzyme from the mammalian cell
cycle mutant ts85. Cell 37, 43-55

5. Osaka, F., Kawasaki, H., Aida, N., Saeki, M., Chiba, T.,
Kawashima, S., Tanaka, K., and Kato, S. (1998) A new NEDD8-
ligating system for cullin-4A. Genes Dev. 12, 2263-2268

6. Saitoh, H., Pu, R.T., and Dasso, M. (1997) SUMO-1: wrestling
with a new ubiquitin-related modifier. Trends Biochem. Sci. 22,
374-376

7. Jentsch, S., Seufert, W., Sommer, T., and Reins, H.A. (1990)
Ubiquitin-conjugating enzymes: novel regulators of eukaryotic
cells. Trends Biochem. Sci. 15, 195-198

8. Schwarz, S.E., Matuschewski, K., Ldakopoulos, D., Scheffner,
M., and Jentsch, S. (1998) The ubiquitin-like proteins SMT3 and
SUMO-1 are conjugated by the UBC9 E2 enzyme. Proc. Natl.
Acad. Sci. USA 95, 560-564

9. Varshavsky, A. (1996) The N-end rule: functions, mysteries,
uses. Proc. NatL Acad. Sci. USA 93, 12142-12149

10. Rechsteiner, M. and Rogers, S.W. (1996) PEST sequences and
regulation by proteolysia. Trends Biochem. Sci. 21, 267-271

11. King, R.W., Glotzer, M., and Kirschner, M.W. (1996) Mutagenic
analysis of the destruction signal of mitotic cyclins and structural
characterization of ubiquitinated intermediates. Mol. Biol. Cell
7, 1343-1357

12. Scheffner, M., Huibregtse, J.M., Vierstra, R.D., and Howley,
P.M. (1993) The HPV-16 E6 and E6-AP complex functions as a
ubiquitin-protein ligase in the ubiquitination of p53. Cell 75,
495-505

13. Ciechanover, A., Shkedy, D., Oren, M., and Bercovich, B. (1994)
Degradation of the tumor suppressor protein p53 by the ubiq-
uitin-media ted proteolytic system requires a novel species of

ubiquitin-carrier protein, E2. J. Biol. Chan. 269, 9582-9589
14. Scheffner, M., Nuber, U., and Huibregtse, J.M. (1995) Protein

ubiquitination involving an E1-E2-E3 enzyme ubiquitin thioester
cascade. Nature 373, 81-83

15. Huibregtse, J.M., Scheffner, M., Beaudenon, S., and Howley,
P.M. (1995) A family of proteins structurally and functionally
related to the E6-AP ubiquitin-protein ligase. Proc. Natl. Acad.
Sci. USA 92, 2563-2567

16. Huibregtse, J.M., Yang, J.C., and Beaudenon, S.L. (1997) The
large subunit of RNA polymerase II is a substrate of the Rsp5
ubiquitin-protein ligase. Proc. Natl. Acad. Sci. USA 94, 3666-
3661

17. Nefsky, B. and Beach, D. (1996) Publ acts as an E6-AP-like
protein ubiquitin ligase in the degradation of cdc25. EMBO J. 15,
1301-1312

18. Aristarkhov, A., Eytan, E., Moghe, A., Admon, A., Hershko, A.,
and Ruderman, J.V. (1996) E2-C, a cyclin-selective ubiquitin
carrier protein required for the destruction of mitotic cyclins.
Proc. Natl. Acad. Sci. USA 93, 4294-4299

19. Hershko, A., Ganoth, D., Sudakin, V., Dahan, A., Cohen, L.H.,
Luca, F.C., Ruderman, J.V., and Eytan, E. (1994) Components of
a system that ligates cyclin to ubiquitin and their regulation by
the protein kinase cdc2. J. Biol. Chem. 289, 4940-4946

20. Yu, H., King, R.W., Peters, J.M., and Kirschner, M.W. (1996)
Identification of a novel ubiquitin-conjugating enzyme involved
in mitotic cyclin degradation. Curr. Biol. 6, 455-466

21. Osaka, F., Seino, H., Seno, T., and Yamao, F. (1997) A ubiquitin-
conjugating enzyme in fission yeast that is essential for the onset
of anaphase in mitosis. Mol. Cell Biol. 17, 3388-3397

22. King, R.W., Peters, J.M., Tugendreich, S., Rolfe, M., Hieter, P.,
and Kirschner, M.W. (1995) A 20S complex containing CDC27
and CDC16 catalyzes the mitosis-specific conjugation of ubiquitin
to cyclin B. CeU 81, 279-288

23. Irniger, S., Piatti, S., Michaelis, C, and Nasmyth, K. (1995)
Genes involved in sister chromatid separation are needed for
B-type cyclin proteolysis in budding yeast. Cell 81, 269-278

24. Zachariae, W., Shin, T.H., Galova, M., Obermaier, B., and
Nasmyth, K. (1996) Identification of subunits of the anaphase-
promoting complex of Saccharomyces cerevisiae. Science 274,
1201-1204

25. Peters, J.M., King, R.W., Hoog, C, and Kirschner, M.W. (1996)
Identification of BEME as a subunit of the anaphase-promoting
complex. Science 274, 1199-1201

26. Zachariae, W., Shevchenko, A., Andrews, P.D., Ciosk, R.,
Galova, M., Stark, M.J., Mann, M., and Nasmyth, K. (1998)
Mass spectrometric analysis of the anaphase-promoting complex
from yeast: identification of a subunit related to cullins. Science
279, 1216-1219

27. Yu, H., Peters, J.M., King, R.W., Page, A.M., Hieter, P., and
Kirschner, M.W. (1998) Identification of a cullin homology
region in a subunit of the anaphase-promoting complex. Science
279, 1219-1222

28. Townsley, F.M., Aristarkhov, A., Beck, S., Hershko, A., and
Ruderman, J.V. (1997) Dominant-negative cyclin-selective
ubiquitin carrier protein E2-C/UbcH10 blocks cells in meta-
phase. Proc. Nail Acad. Sci. USA 94, 2362-2367

29. Holloway, S.L., Glotzer, M., King, R.W., and Murray, A.W.
(1993) Anaphase is initiated by proteolysis rather than by the
inactivation of maturation-promoting factor. CeU73,1393-1402

30. Surana, U., Amon, A., Dowzer, C, McGrew, J., Byers, B., and
Nasmyth, K. (1993) Destruction of the CDC28/CLB mitotic
kinase is not required for the metaphase to anaphase transition in
budding yeast. EMBO J. 12, 1969-1978

31. Yamano, H., Gannon, J., and Hunt, T. (1996) The role of
proteolysis in cell cycle progression in Schizosaccharomyces
pombe. EMBO J. 15, 5268-5279

32. Funabiki, H., Yamano, H., Kumada, K., Nagao, K., Hunt, T., and
Yanagida, M. (1996) Cut2 proteolysis required for sister-chro-
matid separation in fission yeast. Nature 381, 438-441

33. Funabiki, H., Yamano, H., Nagao, K., Tanaka, H., Yasuda, H.,
Hunt, T., and Yanagida, M. (1997) Fission yeast Cut2 required
for anaphase has two destruction boxes. EMBO J. 16, 5977-5987

J. Biochem.

 at C
hanghua C

hristian H
ospital on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Ubiquitin System: Selectivity and Timing of Protein Destruction 229

34. Kotani, S., Tugendreich, S., Fujii, M., Jorgensen, P.M., Wata-
nabe, N., Hoog, C, Hieter, P., and Todokoro, K. (1998) PKAand
MPF-activated polo-like kinase regulate anaphase-promoting 42.
complex activity and mitosis progression. Mol. Cell 1, 371-380

35. Yamaahita, Y.M., Nakaseko, Y., Samejima, I., Kumada, K.,
Yamada, H., Michaelson, D., and Yanagida, M. (1996) 20S
cyclosome complex formation and proteolytic activity inhibited 43.
by the cAMP/PKA pathway. Nature 384, 276-279

36. Hwang, L.H., Lau, L.F., Smith, D.L., Miutrot, C.A., Hardwick,
K.G., Hwang, E.S., Amon, A., and Murray, A.W. (1998) Budding
yeast Cdc20: a target of the spindle checkpoint. Science 279, 44.
1041-1044

37. Kim, S.H., Lin, D.P., Matsumoto, S., Kitazono, A., and Mateu-
moto, T. (1998) Fission yeast Slpl: an effector of the Mad2-de- 45.
pendent spindle checkpoint. Science 279, 1045-1047

38. Schwob, E., Bohm, T., Mendenhall, M.D., and Nasmyth, K.
(1994) The B-type cyclin kinase inhibitor p40SICl controls the
Gl to S transition in S. cerevisiae. Cell 79, 233-244

39. Mathias, N., Johnson, S.L., Winey, M., Adams, A.E., Goetech, 46.
L., Pringle, J.R., Byers, B., and Goebl, M.G. (1996) Cdc53p acts
in concert with Cdc4p and Cdc34p to control the Gl-to-S-phase
transition and identifies a conserved family of proteins. Mol. Cell.
Biol. 16, 6634-6643 47.

40. Bai, C, Sen, P., Hofmann, K., Ma, L., Goebl, M., Harper, J.W.,
and Elledge, S.J. (1996) SKP1 connects cell cycle regulators to
the ubiquitin proteolysis machinery through a novel motif, the
F-box. Cell 86, 263-274 48.

41. Skowyra, D., Craig, K.L., Tyers, M., Elledge, S.J., and Harper,
J.W. (1997) F-box proteins are receptors that recruit phos-

phorylated substrates to the SCF ubiquitin-ligase complex. Cell
91, 209-219
Willems, A.R., Lanker, S., Patton, E.E., Craig, K.L., Nason,
T.F., Mathias, N., Kobayashi, R, Wittenberg, C, and Tyers, M.
(1996) Cdc53 targets phosphorylated Gl cyclins for degradation
by the ubiquitin proteolytic pathway. Cell 86, 453-463
Li, F.N. and Johnston, M. (1997) Grrl of Saccharomyces
cerevisiae is connected to the ubiquitin proteolysis machinery
through Skpl: coupling glucose sensing to gene expression and
the cell cycle. EMBO J. 16, 5629-5638
Kishi, T., Seno, T., and Yamao, F. (1998) Grrl functions in the
ubiquitin pathway in Saccharomyces cerevisiae through associa-
tion with Skpl. Mol. Gen. Genet 257, 143-148
Patton, E.E., Willems, A.R., Sa, D., Kuras, L., Thomas, D.,
Craig, K.L., and Tyers, M. (1998) Cdc53 is a scaffold protein for
multiple Cdc34/Skpl/F-box protein complexes that regulate cell
division and methionine biosynthesis in yeast. Genes Dev. 12,
692-705
Kominami, K. and Toda, T. (1997) Fission yeast WD-repeat
protein popl regulates genome ploidy through ubiquitin-pro-
teasome-mediated degradation of the CDK inhibitor Ruml and
the S-phase initiator Cdcl8. Genes Dev. 11, 1548-1560
Lammer, D., Mathias, N., Laplaza, J.M., Jiang, W., Liu, Y.,
Callis, J., Goebl, M., and Estelle, M. (1998) Modification of yeast
Cdc53p by the ubiquitin-related protein rublp affects function of
the SCFCdc4 complex. Genes Dev. 12, 914-926
Liakopoulos, D., Doenges, G., Matuschewski, K., and Jentsch, S.
(1998) A novel protein modification pathway related to the
ubiquitin system. EMBO J. 17, 2208-2214

Vol. 125, No. 2, 1999

 at C
hanghua C

hristian H
ospital on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

