The Ubiquitin System and Some of 1ts Roles
in Cell Cycle Controal

Avram Hershko

Unit of Biochemistry, the B. Rappaport Faculty of Medicine and the
Rappaport Institute for Research in the Medical Sciences, Technion-lsrael
Institute for Technology, Haifa 31096, Isra€l.

E-mail: her shko@techunix.technion.ac.il

The selective degradation of many short—Ilived proteins in eukaryotic cells
is carried out by the ubiquitin-mediated proteolytic system. In this pathway,
proteins are targeted for degradation by covalent ligation to ubiquitin, a
highly conserved small protein. The ligation of ubiquitin to protein involves
the successive action of three types of enzymes: the ubiquitin-activating
enzyme E1, a ubiquitin-carrier protein E2 and a ubiquitin-protein ligase, E3.
The sdlectivity and the regulation of the degradation of a specific protein are
usually determined by the properties of its specific ubiquitin ligase (E3)
enzyme. Recently we have been studying two ubiquitin ligase complexes
that have important roles in different aspects of cell cycle regulation. Oneis
the cyclosome, or Anaphase-Promoting Complex (APC), which acts on
mitotic cyclins and some other regulators in exit from mitosis. The
cyclosome is activated at the end of mitosis by phosphorylation, a process
that allows its further activation by the ancillary protein Cdc20. A different
complex, which belongs to the SCF (Skpl-Cullin-F-box protein) family of
ubiquitin ligases, is involved in the degradation of p27, a mammalian G1
cyclin-dependent kinase (Cdk) inhibitor, following mitogenic stimulation.
Its action is triggered by Cdk2-dependent phosphorylation of p27, as well as
by the increase in levels of a specific F-box protein Skp2 and of the cell
cycle regulatory protein Cksl, that al take place in the G1 to S-phase
transition.
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For many years, | have been interested in the problem of how proteins
are degraded in cells. The dynamic state of cellular proteins (Schoenheimer,
1942) and the important roles of protein degradation in the control of
cellular enzyme levels (Schimke & Doyle, 1970) have been recognized for a
long time, but the underlying molecular mechanisms remained unknown. A
clue to an unusual mechanism was provided by observations indicating that
the degradation of cellular proteins requires metabolic energy (Simpson,
1953; Hershko & Tomkins, 1971). In 1978, biochemical fractionation in my
laboratory of an ATP-dependent cell-free proteolytic system from
reticulocytes showed that a small, heat-stable protein was required for its
activity (Ciechanover et al., 1978). In 1980, we have found that this protein
(subsequently identified as ubiquitin) is covalently ligated to protein
substrates, and proposed that ubiquitin ligation targets proteins for
degradation (Hershko et al., 1980). Our further fractionation-reconstitution
work has shown (Hershko et al., 1983) that ubiquitin-protein ligation
involves the sequential action of three enzymes. First, a ubiquitin-activating
enzyme, E1, uses the energy of ATP hydrolysis to form a thiolester bond
with ubiquitin. Next, activated ubiquitin is transferred to a ubiquitin-carrier
protein, E2. Finally, ubiquitin is transferred to the protein substrate by the
action of a ubiquitin-protein ligase, E3 (Hershko et al., 1983). Further work
by several laboratories has shown that there is a single E1, but there are
multiple species of E2s and E3s, involved in the ligation to ubiquitin of
different proteins. The selectivity of protein degradation is mainly
determined by the specificity of the binding of a certain class of cdlular
proteins to a specific E3 enzyme. Proteins ligated to polyubiquitin chains are
degraded by the 26S proteasome complex and free ubiquitin is released by
the action of ubiquitin-C-terminal hydrolases or isopeptidases (reviewed in
Hershko & Ciechanover, 1998).

These studies on the basic biochemistry of the ubiquitin pathway were
al carried out in the reticulocyte sytem, using artificial protein substrates,
such as extracellular proteins or denatured proteins. Though many gaps
remained in our understanding of the basic biochemistry of the ubiquitin
system, about ten years ago | thought that it was important at this stage to
turn to the question of how the degradation of some specific celular
proteins is carried out by the ubiquitin system in a selective and regulated
fashion. Thisis how | became interested in the roles of the ubiquitin system
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in the cell divison cycle, because the levels of many important cell cycle
regulatory proteins rise and then fall in the cell cycle (reviewed in Hershko,
1977). Here | describe briefly our more recent work on the mode of the
degradation of two different cell cycle regulators: cyclin B, the maor
mitotic cyclin, and p27, an inhibitor of cyclin-dependent kinases in animal
cells.

Cyclin B is the positive regulatory subunit of protein kinase Cdk1. It
was the first cyclin discovered, as a protein that is destroyed at the end of
each cell cyclein early embryos of marine invertebrates, such as sea urchins
and clams (Evans et al., 1983 ). In 1991, independent work by Glotzer et al.
(1991) and from our laboratory (Hershko et al., 1991) has indicated that
cyclin B is degraded by the ubiquitin system. Both laboratories have
employed biochemical approaches, using cell-free systems from early
embryonic cells that faithfully reproduce the selectivity and regulation of
cyclin B degradation in vitro. With a cell-free system from Xenopus eggs,
Glotzer et al. (1991) have shown that cyclin B is degraded and is
ubiquitinylated only in mitosis, but not in the interphase. We found that in
extracts of fertilized clam oocytes, the degradation of both cyclin A and
cyclin B wasinhibited by methylated ubiquitin, a derivative of ubiquitin that
blocks the formation of polyubiquitin chains (Hershko et al., 1991).

The above-described studies have suggested that the degradation of
mitotic cyclins is carried out by the ubiquitin pathway, but they have not
identified the components responsible for the specificity and regulation of
cyclin degradation. For this purpose, the fractionation of extracts and the
isolation of the active components was required. Initial fractionation was
achieved by our laboratory (Hershko et al., 1994). Fractionation of extracts
of clam oocytes showed that in addition to E1, two novel components were
required to reconstitute cyclin-ubiquitin ligation in vitro. These were a
specific E2, called E2-C, and an activity associated with particulate material.
Though E2-C specifically acts on this system, and homologues of E2-C are
present in many (though not al) eukaryotic organisms (reviewed in
Hershko, 1997; Towndey & Ruderman, 1998), its activity is not regulated
in the cell cycle. By contrast, the activity of the component associated with
particulate material was cell cycle regulated: it was inactive in the
interphase, and became active in mitosis (Hershko et al., 1994).
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This dow start has paved the way to rapid progress in our knowledge of
this system that took place in 1995. This progress was due to convergence of
information from biochemical work with genetic analysis in yeasts. In a
work done in collaboration with Joan Ruderman, we have dissociated the
cell cycleregulated component from the particulate fraction oocytes and
have partidly purified and characterized it (Sudakin et al., 1995). It was
found to be a large (~1,500 -kDa) complex that has cyclin-ubiquitin ligase
activity. The activity of the isolated complex remained cell cycle regulated.
Furthermore, the inactive complex from interphase cells could be converted
in vitro to the active form by incubation with protein kinase Cdk1/cyclin B.
We have called this complex the cyclosome, to denote its large size and
important roles in cell cycle regulation (Sudakin et al., 1995). A similar
biochemical approach of fractionation of Xenopus egg extracts by King et
al. (1995) has identified a similar complex that was termed Anaphase-
Promoting Complex, or APC. The identification of the subunits of the
cyclosome/APC was made possible by the work of Irniger et al. (1995), who
have used an elegant screen to isolate yeast mutants defective in cyclin B
proteolysis. Vertebrate homologues of the products of some of these genes
were shown to be subunits of the Xenopus cyclosome/APC (King et al.,
1995). Futher work has identified 10-12 subunits of the cyclosome/APC in
yeast and in higher eukaryotes (reviewed in Zachariae & Nasmyth, 1999). It
thus seems that the cyclosome/APC is highly conserved in evolution, from
from yeast to clams to humans.

The activity of the cyclosome/APC is tightly regulated in the cell cycle.
In early embryonic cells, a basal regulatory mechanism is the reversible
phosphorylation of the cyclosome/APC. We found that the active, mitotic
form of the clam cyclosome is inactivated by incubation with an okadaic
acid-sensitive phosphatase. Addition of protein kinase Cdkl/cyclin B to
phosphatase-treated cyclosome preparation restored activity (Lahav-Baratz
et al.,, 1995). More recent genetic and biochemical work in other
laboratories has identified two WD-40 repeat containing proteins, called
Cdc20 and Cdh1, that are required for the activity of the cyclosome/APC in
the M and G1 phases of the cell cycle, respectively (reviewed in Zachariae
and Nasmyth, 1999). We found that the phosphorylation of the cyclosomeis
required for its activation in vitro by Cdc20 (Shteinberg et al., 1999), thus
explaining the M-phase specific action of this ancillary factor. Similar
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results were abtained in a recent genetic study in yeast (Rudner & Murray,
2000). Thus, both in vitro and in vivo evidence indicate an inter-relationship
between protein phosphorylation and protein degradation in the control of
exit from mitosis: the protein kinase Cdkl/cyclin B activates the ubiquitin
ligase cyclosome/APC by its phosphorylation, and the cyclosome/APC
subsequently inactivates the protein kinase by the degradation of its cyclin B
subunit. Other substrates, functions and regulatory mechanisms of the
cyclosome/APC are discussed in an excellent review of Zachariae and
Nasmyth (1999).

The second project on which | have been working recently, in
collaboration with Michele Pagano, is the mode of the degradation of
p27¢"P!, p27 is an inhibitor of mammalian G1 cyclin-dependent kinases such
as Cdk2/cyclin E, which is responsible for driving cells from G1 to the S
phase of the cell cycle (reviewed in Sherr & Roberts, 1999). Levels of p27
are high in quiescent cells, thus inhibiting the action of Cdk2. Following
stimulation of cells to grow p27 is rapidly degraded, coincident with a rise
in levels of cyclin E. The degradation of p27 is thus essentia to allow the
action of Cdk2/cyclin E to drive cdlls into the S-phase. It has been
previoudy shown that p27 is degraded by the ubiquitin system (Pagano et
al., 1995). We asked the question which ubiquitin ligase targets p27 for
degradation and how is its action regulated in the G1 to S-phase transition.
Here again, | have used a cell-free system that faithfully reproduces cell
cycle stage-specific ubiquitinylation of p27 in the test tube, this time a cell-
free system from cultured Hela cells (Montagnoli et al., 1999). Again we
have used bichemical fractionation, except that in this case we could try to
guess the nature of the ubiquitin ligase involved, based on some previous
bits of information. It was known that the phosphorylation of p27 on Thr187
by Cdk2 is required for its degradation in vivo (Sheaff et al., 1997; Vlach et
al., 1997), and for its ubiquitinylation in vitro (Montagnoli et al., 1999). In
many cases, substrate phosphorylation is required for its recognition by an
SCF (Skpl-Cullin-F-box protein) type of ubiquitin ligase (reviewed in
Deshaies, 1999). These ubiquitin ligase complexes contain severa constant
components and a variable subunit, called an F-box protein, that recruits
specific protein substrates for ubiquitinylation. Because of the requirement
of p27 ubiquitinylation on its phosphorylation, we suspected that an SCF-
type ubiquitin ligase may be involved. We have therefore subjected extracts
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of HelLa cells to immunodepletion with antibodies directed against
mammalian F-box proteins and found that immunodepletion of the F-box
protein Skp2 (S-phase kinase-associated protein 2) completely abolished
p27-ubiquitin ligation activity. Activity could be completely restored by the
supplementation of purified recombinant Skp2. These in vitro findings,
together with in vivo results of the Pagano laboratory, established that p27 is
targeted for degradation by an SCF complex which contains Skp2 as its
specific F-box protein (Carrano et al., 1999). Similar conclusions were
reported by other investigators (Sutterluty et al., 1999; Tsvetkov et al.,
1999). However, an important piece of the puzzle was missing, since we
could not recongitute p27-ubiquitin ligation with known purified
components of the SCF** complex. Using biochemical fractionation and
purification, we have recently identified the missing component as Cksl
(cyclin kinase subunit 1), a protein which belongs to the Sucl/Cks family of
cell cycle regulatory proteins (reviewed in Pines, 1996). Cksl recongtitutes
p27-ubiquitin ligation in a completely purified system, binds to Skp2 and
greatly increases the binding of T187-phosphorylated p27 to Skp2 (Ganoth
et al., 2001). Similar conclusions were reached in an independent study of
Spruck et al. (2001), using Cksl knockout mice. These findings indicate that
an accessory protein is required for the activity of an SCF complex and for
its binding to a phosphorylated substrate. The results also show that the
degradation of p27 in the G1 to S transition is subject to severa levels of
regulation. It has been shown that levels of Skp2 are very low in GO/G1, and
increase greatly before entry into the S-phase and the expression of Cksl is
similarly regulated in the cell cycle (see Ganaoth et al., 2001 and references
therein). Thus, in the G1 to S-phase transition, p27 is first phosphorylated by
the increase of Cdk2/cyclin E levels, and is then targeted for degradation by
a ubiquitin ligase complex that assembles at this stage from newly
synthesized Skp2 and Cksl components. Such multiple levels of regulation
alow a tight control of this important cell cycle transition. For further
information on the mechanisms and regulation of p27 degradation, the
reader is referred to the chapter by Bloom and Pagano.

As | have pointed out previoudly (Hershko, 1996; Hershko et al., 2000),
the main lesson from my story is the continued importance of biochemistry
in current biomedical research. The biochemical fractionation of the cell-
free ATP-dependent proteolytic system from reticulocytes alowed the
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discovery of the role of ubiquitin ligation in protein degradation and the
identification of the main enzymatic components of this pathway. More
recently, extracts from clam oocytes and from Xenopus eggs, that faithfully
recapitulate cell cycle-related events in the test tube, were instrumental in
the identification of the cyclosome/APC, an important player in cell cycle
control. Most recently, extracts of HelLa cells were used to define the
components of the SCF/Skp2/Cksl system that targets p27 for degradation,
an event necessary for entry of mammalian cells into the S phase. | would
also like to point out that biochemistry is most useful when combined with
molecular genetics. In the ubiquitin story, the use of molecular genetics was
essential in uncovering the widespread roles of this system in basic cellular
processes such as cell cycle contral, signal transduction, development and
the immune and inflammatory responses.
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