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The fission yeastSchizosaccharomyces pombe ctit2
gene is essential for sister chromatid separation. Cut2
protein, which locates in the interphase nucleus and
along the metaphase spindle, disappears in anaphase
with the same timing as mitotic cyclin destruction. This
proteolysis depends on the APC (Anaphase-Promoting
Complex)—cyclosome which contains ubiquitin ligase
activity. The N-terminus of Cut2 contains two stretches
similar to the mitotic cyclin destruction box. We show
that both sequences (33RAPLGSTKQ and 52RTV-
LGGKST) serve as destruction boxes and are required
for in vitro polyubiquitination and proteolysis. Cut2
with doubly mutated destruction boxes inhibits ana-
phase, whereas Cut2 with singly mutated boxes can
suppress cut2 mutations. Strong expression of the
N-terminal 73 residues containing the destruction boxes
leads to the accumulation of endogenous cyclin and
Cut2, and arrests cells in metaphase, whereas the
same fragment with the mutated boxes does not.
Cut2 proteolysis occursin vitro using Xenopusmitotic
extracts in the presence of functional destruction boxes.
Furthermore, Cut2 is polyubiquitinated in an in vitro
system using HeLa extracts, and this polyubiquitination
requires the destruction boxes.

Keywords anaphase/APC—cyclosome/cyclin/destruction
box/mitosis

Introduction

Ubiquitin-mediated proteolysis is involved in several

1993; Gordoret al, 1993), consistent with the notion that
ubiquitin-mediated proteolysis is required for both sister
chromatid separation and inactivation of mitotic cyclin-
dependent kinases (CDKs) in order for cells to undergo
anaphase and to exit from the M phase (Hollovedyal.,
1993; Suranat al., 1993). Mitotic exit and sister chromatid
separation also fail to occur in mutants of the 20S
anaphase-promoting complex (APC)-cyclosome, which
contains the activity for ubiquitin ligase (Irnigest al,
1995; Kinget al,, 1995; Sudakiret al,, 1995; Tugendreich

et al, 1995).

The best studied substrates of ubiquitin- and APC-
cyclosome-mediated proteolysis are mitotic cyclins. The
N-terminal portion of mitotic cyclins is dispensable for
binding to and activation of p34°2 and is solely required
for mitotic destruction (Murrayet al,, 1989). When non-
degradable B-type cyclins carrying deletions in the destruc-
tion boxes were expressed, the cell cycle was blocked in
late anaphase with high H1 kinase activity (Muretyal.,
1989; Hollowayet al, 1993; Suranat al, 1993; Sigrist
et al, 1995; Rimmingtonet al, 1996; Yamanoet al,
1996). The onset of sister chromatid separation (anaphase)
can occur in the presence of non-degradable B-type cyclin.
Final exit from mitosis requires inactivation of the Cdc2
kinase—cyclin B complex.

To degrade mitotic cyclins, the 20S APC—cyclosome is
necessary as it has the E3 ubiquitin ligase activity for
cyclins (Kinget al, 1995; Sudakiret al, 1995). The APC—-
cyclosome in budding yeast contains several (perhaps eight
or more) subunits including Cdc16 and Cdc27 (Peters
et al, 1996; Zachariaet al, 1996), which are known to
be essential for mitotic progression. Similar proteins have
been found in fission yeast and mammals, and shown to
be required for the exit from mitosis and sister chromatid
separation (Hiranet al., 1988; O’'Donnellet al, 1991;
Samejima and Yanagida, 1994; Tugendredttal., 1995;
Yamashitaet al, 1996; Yamadeet al, 1997). The 20S
APC-cyclosome probably exists in all eukaryotes, and
was thought to be required for the destruction of mitotic
cyclins and other unidentified proteins (e.g. Holloway
et al, 1993).

The region in mitotic cyclins required for proteolysis
contains an amino acid motif called the destruction box
which is necessary for regulated proteolysis (Glo&teal.,
1991). The consensus for this motif is RXALGXIXN.
While R and L residues are conserved in all destruction

important biological events, such as cell cycle progression, boxes of A- and B-type cyclins, N residues are only
signal transduction and the stress response (e.g. Hershkogonserved in B-type cyclins (Glotzest al, 1991). The
1996). Ubiquitin is conjugated to lysine residues of a destruction box of fission yeast cyclin B Cdcl3 is
target protein by ubiquitinating machinery which consists RHALDDVSN (Yamanoet al, 1996). The destruction

of E1, E2 and E3. Polyubiquitinated proteins are then box sequences thus appear to be quite variable except for
degraded by the 26S proteasome in an ATP-dependenthe minimal RXXL. The exact role of the destruction box
manner. The budding and fission yeast mutants of the 26Sis unknown, although it is needed for ubiquitination of

proteasome are blocked at metaphase (Ghiséiral,

© Oxford University Press

B-type cyclinin vitro (Glotzeret al, 1991; Kinget al,
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1996). Frog B-type cyclins whose destruction boxes were sequences are only loosely conserved, can be recognized
substituted by A-type ones were ubiquitinated in frog egg by an in vitro proteolytic system of an evolutionarily
extract; however, they were not destroyed efficiently distant organism. We further show that Cut2 is poly-
(Klotzbicheret al, 1996). This suggests that ubiquitination ubiquitinated in a manner depending on the presence of
is a necessary step for programmed cyclin destruction, destruction boxesinnvdro system using HelLa cell
but is not by itself sufficient. Triggering proteolysis extracts prepared 1 h after the release from colcemid
probably involves a mechanism still to be identifed. block. In tiisvitro system, the N-terminal 73 amino

The budding yeast Pds1 and the fission yeast Cut2 showacid-containing fragment can also be polyubiquitinated.
cell cycle-regulated proteolysis, and are the targets of the These results indicate that the destruction boxes are

20S APC-cyclosome complex (Cohen-Feéx al, 1996; required for polyubiquitination of Cut2.

Funabikiet al, 1996b). Their destruction is required for

the progression of anaphase, and is dependent upon th(hesults

presence of functional APC—cyclosome complex. In the

mutants pds1 and cut2 cyclin destruction takes place, Failure of sister chromatid separation by a Cut2

while sister chromatid separation fails to occur. It is of destruction box mutant

considerable interest how simultaneous proteolysis of The amino acid sequence of Cut2 @zwa990;
cyclins and Pds1 or Cut2 can occur, as their proteolysis Funabiki et al, 1996b) reveals two stretches in the
seems to be a key regulatory aspect for coordinated N-terminal region (33RAPLGSTKQ and 52RTVLGG-
progression of anaphase (sister chromatid separation) andKST) that are similar to the consensus for the destruction

mitotic exit (cyclin destruction). box of mitotic cyclins (Glotzetal, 1991; Yamanet al,,

The fission yeastcut2® gene is required for sister 1996; Figure 1A). To examine whether these sequences
chromatid separation in anaphase (Hiragtoal., 1986; are required for regulated instability of Cut2, two arginine
Uzawaet al, 1990). In temperature-sensitive (tshit2- (33R and 52R) and two leucine (36L and 55L) residues
364, sister chromatids are only partly separated (Funabiki conserved in all the destruction boxes of mitotic cyclins
et al, 1996a). Most cell cycle events, except for sister were mutated to alanine (A). The resulting mutant genes
chromatid separation, can occur, as evidenced tutg- having substitutions in the first destruction box

cdclldouble mutant cells where cytokinesis is blocked (33AAPAGSTKQ), in the second box (52ATVAGGKST)
by cdc1] leading to a huge polyploid nucleus. Theat2" or in both boxes are designatedt2dml cut2dm2and
gene is essential for viability and encodes a protein of cut2ddm respectively. Thecut2 mutant genecut2A80,

301 amino acids which interacts with Cutl to form the with deletions of the first 80 residues, was described
large complex (Uzawat al., 1990; Funabiket al., 1996a). previously by Funabiket al. (1996b).
Cut2 is degraded in anaphase and becomes highly unstable The wild-type and mutant genes were placed down-
in Gq-arrested cells (Funabiket al, 1996b). Its level stream of the weak induciblemtlpromoter (REP81) and
recovers rapidly in S phase. overexpressed in wild-tgphizosaccharomyces pombe

The degradation of Cut2 is dependent on the presencecells in the absence of thiamine (Ba&sial, 1993). While
of the cut9" gene required for the formation of the the wild-type Cut2 protein overproduced under the control
20S APC-cyclosome complex (Yamadd al, 1997). of the promoter REP81 in wild-type cells did not inhibit
Furthermore, Cut2 appears to contain the sequences essen- colony formation at all, overproduced mutant proteins did

tial for proteolysis in the first 80 amino acids, since so strongly (Figure 1B). The degree of inhibition by
truncation of this region leads to stabilization of Cut2 in cut2dmlwas the lowest among the mutants examined,
Gs-arrested cells (Funabilat al, 1996b). Expression of  whereas botltut2A80 and cut2ddmshowed a very strong

the non-degradable truncated mutant (@Q&@2) blocks inhibitory effect.
sister chromatid separation but not other cell cycle events. Fluorescence microscopic observation of liquid cultures
Furthermore, grafting the N-terminal region of the fission of wild-type cells carrying plasmids with the REP81-

yeast cyclin Cdcl3 gene to that of N-truncated Cut2 cut2A80, -cut2dml -cut2dm2or -cut2ddmgene in the
allows suppression of the ts phenotype aifit2-364 absence of thiamine indicated that sister chromatid separ-
(Funabikiet al., 1996b). Cut2 proteolysis is hence essential ation failed to occur, followed by the cut phenotype where
for the onset of anaphase. Cut2 may not be a glue-like cytokinesis took place in the absence of nuclear division
protein postulated to link sister chromatids until anaphase (Figure 1C, micrograph taken froeut2ddm. This cyto-
(Holloway et al, 1993; Irnigeret al, 1995). Deletion of logical phenotype greatly resembled thatcof2A80
the glue protein would result in premature sister chromatid (Funabikiet al,, 1996b).
separation. Howevercut2 null mutant cells failed to
separate sister chromatids (Funalgkial,, 1996a,b). Cut2  Inability of the double destruction box mutant to
is thought to have a positive role in bringing cells to suppress cut2 null and ts mutant cells
normal metaphase, but it must be degraded to enter To test whether Cut2 with the destruction box mutations
anaphase. was functional, a tscut2 mutant was transformed by

In the present study, we provide evidence that Cut2 plasmids carrying the wild-type @egg),(cut2dm1,
contains two destruction boxes in its N-terminal region. cut2dm2, cut2ddnor cut2A80 under the control of the
Construction of Cut2 with mutagenized boxes clearly REP81 promoter. Colonies were produced at 26°C by all
indicated that both boxes were implicated in proteolysis transformants in the repressed conditienthiamine, data
of Cut2. They also served as the essential destruction not shown). Transformants were then plated at 36°C in the
boxesin vitro for the Xenopusnitotic extracts. Therefore, presence or absence of thiamine (Figure 2). Temperature-
the two destruction boxes, though their consensus sensitive mutant cells carrying a plasmid with the wild-
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Fig. 1. Induced overexpression of wild-type and mutant Cut2.

(A) This diagram indicates genes encoding the full-length Cut2
(cut2"), N-terminal 80 amino acid deletior{t2A80), substitution
mutations in the first destruction bogut2dm3, the second destruction
box (cut2dm2 or both destruction boxeg{t2ddn). In the substituted
destruction box mutants, 33R, 52R, 36L and 55L are replaced by A as
indicated in the figure. These genes were placed downstream of the
weak inducible promoter REP81B) The wild-type strain carrying

one of the above plasmids was plated in the absence or presence
(2 uM) of thiamine at 33°C. Overexpression took place in the absence
of thiamine. Colonies were made in cells carrying a plasmid with the
wild-type cut2" gene or a vector plasmid, but colony formation was
inhibited in cells carrying the mutarut2 genes. The growth

inhibition effects ofcut2A80 and cut2ddmwere the strongest, whereas
cut2dmlshowed the least effectC§ Wild-type cells carrying plasmid
with the cut2ddmmutant gene were cultured in liqguid EMM2 medium
at 33°C for 12 h in the absence of thiamine and stained by DAPI.
Cells displayed a failure of sister chromatid separation. The frequent
cut phenotype was observed. This phenotype was identical to that
obtained by overproducing the deletiont2A80 (Funabikiet al,,

1996b). Bar, 1Qum.

type cut2" or the single destruction box mutant genes
(cutzdmland cut2dm2 placed downstream of REP81
were found to be viable in the repressed condition,
indicating that reduced production of single mutants
cut2dmlandcut2dm?2could suppress the ts phenotype of
cut2-364 However, the double destruction box mutant
cut2zddmand the N-terminal deletiorcut2A80 did not
suppress this phenotype. Although single destruction box
mutant proteins (Cut2dml and Cut2dm2) might be
destroyed less efficiently than the wild-type Cut2, they
could support colony formation if expressed at a very low
level in the cut2 mutant. However, Cut2ddm was found
to be no longer functional, and inhibited colony formation
as did Cuta80. An unexpected finding was that, in the
derepressed condition (—thiamine), Cut2dm1 did not block
colony formation and could suppress the ts phenotype

Two destruction boxes in Cut2

- thiamine

+ thiamine

Fig. 2. The substitution mutargdut2ddmfails to rescuecut2-364

Mutant cut2-364was transformed with plasmid REP81 carrying the
wild-type cut2" or cut2 mutant genes. Transformants obtained at 26°C
in the presence of thiamine were plated at 36°C in the presence or
absence of thiamine. Plasmids carrying the wild-tgpé2", mutant
cut2dmlor mutantcut2dm2gene suppressed the ts phenotype of
cut2-364in the presence of thiamine. However, plasmids carrying
cut2A80 or cut2ddmfailed to suppress the ts phenotypecot2-364in

the presence or absence of thiamine.

(Figure 2, —thiamine). A possible explanation for the
phenotypic difference between wild-type and ¢at2
mutant is that, while Cut2dm1 would become toxic in the
wild-type, because cells containing the wild-type Cut2
should move through anaphase rapidly, it would not
become toxic in the absence of wild-type Cut2, because
anaphase might be slowed down by or ‘adapted’ to the
mutant Cut2dm1.

A similar test was carried out for the gene-disrupted
strain Eut2d), which carried these plasmids. To this
end, heterozygous diploid cells in which one of the
chromosomalcut2™ genes was disrupted b$.pombe
urad® (Grimmet al., 1988) were transformed by plasmids.
When haploid segregants obtained by sporulation of these
transformed diploid cells were tested for their viability in
the medium lacking uracil at 33°C, only suppressatPA
spores could grow. Results of colony formation were
basically identical to those for tsut2 mutants (data not
shown), indicating that Cut2 protein with one destruction
box was capable of supporting colony formation.

Metaphase block by overproduction of the
N-terminal fragment
In Xenopusextracts, the N-terminal fragment of cyclin B
acts as a competitive substrate for degradation of the
endogenous full-length cyclin B (Hollowagt al., 1993).
Yamanoet al. (1996) recently showed that overproducing
the N-terminal fragment of Cdc1%(pombeyclin B) led
to inhibition of the metaphase—anaphase transition and
also to the degradation of endogenous Cdcl13. If Cut2 is
a substrate for the same proteolytic machinery employed
for destroying mitotic cyclins, massive overproduction of
the N-terminal fragment of Cut2 might also prevent
the destruction of endogenous Cut2 and cyclin B, thus
preventing both sister chromatid separation and the inactiv-
ation of°g%4
We examined the phenotype of wild-type cells carrying

a plasmid with the N-terminal 73 residues of Cut2 (the

gene designatedut2N73 Figure 3A) placed under the
strong REP1 promoter in the absence of thiamine
(Maundrell, 1990). Overproduction of Cut2N73 and
Cut2N73dm1 fragments blocked colony formation in the
absence of thiamine (Figure 3B). In contrast, overproduc-
tion of Cut2N73dm2 and Cut2N73ddm allowed the form-
ation of colonies in the absence of thiamine (Figure
3B). Thus the growth-inhibitory effect of the N-terminal
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i 55 Gene Plasmid

cur2N73 PRCUT2-19

cur2N73dm] ~ pRCUT2-33

cut2N73dm2?  pRCUT2-34

cut2N73ddm  pRCUT2.35

+ thiamine - thiamine
Vector
(PREPT)

Fig. 3. Overproduction of the N-terminal fragment#\)(Construction

of clones coding for the N-terminal 73 amino acid fragment of Cut2
(cut2N73, with mutations in the first destruction bogut2N73dm},

in the second destruction bogut2N73dmpand in both destruction
boxes €ut2N73ddm These fragments were placed under the control
of the strongnmt promoter REP1 (Maundrell, 1990). The names of the
resulting plasmids are indicated)(Wild-type strains carrying the
plasmids described above were plated in the presence or absence of
thiamine (2uM) at 33°C. No colony was produced by a plasmid
carrying the N73 fragment without a mutation in the absence of
thiamine, but colonies were made by cells overproducing double
destruction box mutant fragments.

fragment requires the presence of the second destructior
box sequence. We interpret these results as showing tha

the two destruction boxes are not equal, and that the
second box is more important than the first one.

Cell cycle phenotypes of cells overproducing the wild-
type (Cut2N73) and mutant (Cut2N73ddm) N-terminal
fragments were then examined (Figure 4). At 14 h after
the removal of thiamine, the level of the N73 fragments
(p11) increased sharply (Figure 4A). The level of Cdcl3

(p63) also increased when Cut2N73 was overproduced.

A REP!-cut2N73 REPI-cut2N73ddm
Ti fier thigmine
"0 10 12 14 16" 0 10 12 14 16 Mo
o-Cut2 — . e | p42
o-Cut2 ‘ — M‘q pll
a-Cdel3 [ — . |ap63
OPSTARE[ — — — = = = = —— — |ap3
B REP1-cut2N73 REP1-cut2N73ddm
o -
s - -
" - -
C D
50 6
£ N73 J N73
40- £
E i
30
£ I
-
3 20 § o
- N73ddm
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T T T
0 10 12 14 16
Time after thiamine removal {h)

0 TIO 1'2 1'4 I.E
Time after thiamine removal (h)
Fig. 4. Metaphase arrest by overproducing the Cut2N73 fragment.
Wild-type cells carrying a plasmid with the wild-type N-terminal
fragment Cut2N73 or the mutant fragment Cut2N73ddm under the
control of the strong promoter REP1 were cultured at 33°C for 16 h in
the absence of thiamineA] Overexpression of the N-terminal
fragment (p11) was detected by anti-cut2@ut2) antibodies. The
levels of full-length Cut2, Cdc13 and Cdc2 were determined by
anti-cut2 (-Cut2), anti-cdc13d-Cdc13) and anti-PSTAIRE
(a-PSTAIRE) antibodies, respectivel\BY Cells overproducing

The upper band of endogenous Cut2, which appeared onlyCut2N73 or Cut2N73ddm at 14 h after the removal of thiamine were

in mitosis (Funabikiet al, 1996b), was seen. When

stained by DAPI, anti-tubulin (TUB) and anti-sad1 (which stains
spindle pole bodies) antibodies. Cells overproducing Cut2N73 were

the mutant Cut2N73ddm fragment 'was Qverproduced, blocked at metaphase, whereas cells overexpressing Cut2N73ddm
however, the level of Cdcl3 (p63) did not increase. FOr grew normally, showing interphase and mitotic cells. The bar indicates
the endogenous Cut2 (p42), the mitotic upper band did 10 um. (C) The frequency of cells containing condensed chromosomes
not appear, but the level of endogenous p42 slightly in the cultures expressing Cut2N73 (N73) or Cut2N73ddm (N73ddm)
increased. was determined by DAPI stainingD] The H1 kinase activities

. . . dependent upon Cdc13 in the cultures overproducing Cut2N73 or
Cytological phenotypes were then e).(ammed (Figure cyian73ddm were measured using immunoprecipitation by anti-cdc13
4B-D). About 45% of the cells overproducing the Cut2N73 antibodies.
fragment (left panel in B) displayed condensed chromo-
somes and a short spindle (TUB, anti-tubulin antibody
stain; SPB, anti-sadl stain). Cdc13-dependent histone H1to the metaphase arrest and that this arrest required the
kinase activity was elevated 5-fold in cells overproducing presence of functional destruction boxes.

Cut2N73 (Figure 4D), suggesting that overproduction of

the N-terminal fragment arrested cells at metaphase. In Stability of Cut2ddm in G;-arrested cells

sharp contrast, neither the frequencies of cells revealing Cut2 was shown previously to be highly unstable ip G
condensed chromosome (and a short metaphase spindlearrestedcdcl0 cells, whereas the N-terminal deletion
nor the level of histone H1 kinase activity increased in Cut2A80 was stable (Funabilgt al,, 1996b). To examine
cells overproducing the same fragment with mutated the stability of the mutant Cut2 proteins under these
destruction boxes (N73ddm). These results clearly demon-conditions, wild-type Cut2, mutant Cut2ddm and mutant
strated that overproduction of the Cut2N73 fragment led Cut2A80 were expressed in&rresteccdc10cells under
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Fig. 5. Accumulation of Cut2ddm protein indc10mutant cells.

(A) Wild-type cut2", mutantcut2ddmand mutantut2A80 placed

under the control of the weak promoter REP81 were overexpressed in
Gs-arrestedcdc10mutant cells in which mitotic cyclin Cdc13 and

Cut2 were unstable (Funabikt al., 1996b; Yamanet al, 1996). The
cultures of thecdcl0mutant carrying a plasmid with the wild-type

cut2” or mutantcut2 genes were shifted to 36°C at the time (11 h)
that overproduction began. Cells were collected at 0 (11) and 4 (15) h
after the shift to 36°C (hours after the removal of thiamine), and
assayed for the levels of Cut2, Cdc13 and Cdc2 proteins using
antibodiesa-Cut2, a-Cdc13 anddPSTAIRE. The levels of wild-type
Cdc13 and Cut2 were negligible inj@rrested cell extracts (after

4 h), but the level of mutant CutB0 was high. The level ofut2ddm
was higher than that of wild-type but significantly lower than that of
cut2A80. (B) Cut2ddm seemed to be cleaved to produce the 38 kDa
band. The intensities of these bands were summed and are shown.

the control of the weak promoter REP81 and their abund-
ance measured at the indicated times (see Figure 5A).
Overproduction started after 11 h in the absence of
thiamine, and thercdclO cells were shifted to 36°C.
Cut2ddm did not accumulate as CA8D. The level of
Cut2ddm (the total of native p42 and cleaved p38) was
twice that of wild-type Cut2 and one-quarter that of p37
Cut2A80 (Figure 5B). Thus Cut2ddm mutant protein was
not as stable as CukB0, and was only slightly more
stable than the wild-type in {zarrested cells (Figure 5A
and B). The single destruction box mutants proteins
(Cut2dml and Cut2dm?2) did not accumulate at all in G
arresteccdc10cells (data not shown). The level of Cdc13
shown as control was greatly reduced in&rested cells

Two destruction boxes in Cut2

A
cdcl0 cdel0 cdcl0
REP1 REP1-cu2N73  REP1-cu2N73ddm
T2 15 16712 15 16 12 15 16 TmeAneritamine
0 3 4 0 3 4 0 3 4 Tmealwcm
o-Cut2 | . — e — S — |‘ p42
o-Cut2 | - - - -|4l pll

a—CdclSlE-_. RIS i i _|4p63

u-PSTAIREl —_—— - —u|4p34

B
REPI REP1-cu2N73 REP1-cut2N73ddm
JUA J\A AT
i/} | |\\ = ‘|/| 0

Fig. 6. Overproduction of Cut2N73 and Cut2N73ddm ip-&rested
cdclOmutant cells.cdc10-129strains carrying the vector plasmid

pREP1 or plasmid with theut2N73or the cut2N73ddmsequence

under the control of the REP1 promoter were cultured in the absence
of thiamine for 12 h at 26°C, and then transferred to 36°C. Cultures
were taken at 0, 3 and 4 h, and extracts were subjected to SDS-PAGE
for immunoblotting. A) Immunoblot using anti-cut2, anti-cdc13 and
anti-PSTAIRE. The p11 band represents the polypeptide produced by a
plasmid carrying theut2N73or cut2N73ddngene. After 4 h, p42
(full-length Cut2) and p63 (Cdc13) were degradectdtlOcarrying

the vector plasmid, and considerably degradeddol10producing the
mutant p11 fragment Cut2N73ddm, but a significant fraction of p42
and p63 remained indc10producing the wild-type p11 fragment
Cut2N73. B) The DNA contents of the above cells were examined by
FACScan. Mostdc10cells contained 1C DNA afte4 h at36°C.

REP1 in cdclGarrested cells (Figure 6A). When the
mutant fragment Cut2N73ddm (pl11l) was overproduced,
the levels of both p42 (Cut2) and p63 (Cdcl3) were
lowered in G-arrestedcdc10 mutant cells. In contrast,
the degradation of p42 (Cut2) and p63 (Cdcl3) was
suppressed significantly icdclGarrested cells which

overproduced the wild-type N-terminal fragment Cut2N73

(p11). cdclOcells were verified to be in the {Gtate by
fluorescence-activated cell sorting (FACS) analysis (4 h
at 36°C after overproduction; Figure 6B). These results

demonstrated that excess N-terminal fragment with the

destruction boxes was capable of inhibiting proteolysis of
endogenous cyclin and Cutzandsted cells.

Proteolysis of Cut2 in vitro using Xenopus egg

extracts

The S.pombeB-type cyclin, Cdcl13, was degraded in

Xenopusegg extract with kinetics similar to endogenous
frog B-type cyclins, and the proteolysis was destruction

(4 h at 36°C). These results suggested that sequencedox-dependent (Yamanet al, 1996). Using the same

other than the two destruction boxes might cause the
instability in G,-arrested cells.

Overproduction of the N-terminal fragment in

G -arrested cells blocks proteolysis of mitotic

cyclin

The wild-type and mutant N-terminal fragments were
overproduced under the control of the strong promoter

Xenopusgell-free system, we tested whether Cut2 destruc-
tion box mutant proteins were degraded (Figure373-
labelled substrates for destruction assays were prepared
by translation in a reticulocyte lysate (indicated by ‘TL’
in Figure 7A-F). As shown in a control experiment (Figure
7F), Cdcl3 was degraded in the CSF extracts in the
presence &f ,@ait not in the absence of €a(cyclin
destruction is triggered in meiosis |l metaphase-arrested
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A Cut2 B Cut2dm1 G
CsFumct  'Memhase CSFexract Imerphase
TLO lsaouolu |53060|0 1530601TL O 153000'0 153000'0 15 30 80 Min
p3— -3
0= oz —e— Cdc13
58 — — e — o —— = »
e s, S —— " e 4 —O0— Cut2
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Lo |SSDGDID lSGOODItI 1530680ITL 0 ISSOOOIO lssoealo 1530 60 Min
. —93 Fig. 7. Proteolysis of Cutan vitro using Xenopusextracts. Wild-type
A —68 and mutant Cut2 proteins weféS-translabelled in reticulocyte lysates
58— - —— - —— =58 and assayed for destruction XenopusCSF extracts (in the presence
- e e e — or the absence of G4) or interphase extracts. Tlin vitro translated
45— 4 products as substratéA) Cut2; B8) Cut2dml; C) Cut2dm2;
(D) Cut2ddm; E) Cut2A80; (F) Cdcl13. Cdc13 was employed as the
20— JCatr  Ca? —Ca? WCatr  CaP —Cate =8 control substrate for proteolysis in t@nopusextracts, and was
completely degraded in CSF extracts in the presence &f Ca
E F Proteolysis did not take place if €awas not added or if the
Cut2A80 Cdc13 interphase extract was used. The destructability of wild-type Cut2 and
CSF watract Interphase CSFwxmct  Iorphass _m_u_tant Cut_2 proteins was examined_ in the same extracts‘ (_A—E). The
p——) ‘swmla':';w _— | | eutract |n|_t|al protein bands were greatly shlfteq to thg upper positions when
sa— L0135 300010, 16 30 80101500 00 M - o5 mixed with the CSF extracts, but not with the interphase extracts. The
66— — 88 upper bands were shown to be due to phosphorylation (see Figure 8).
58— —58 (G) Quantitative estimation of the band intensities for wild-type and
o ___f == v mutant Cut2 proteins after the addition of&ao the CSF extracts by
e —— — scanning densitometry; normalized with reference to the intensities
found in the absence of €a at each time point. Approximately 60%
28— —29 of the wild-type Cut2 was degraded after 60 min, whereas all mutant
toaksi ot oy stat gat C# Cut2 proteins were stable.

CSF extract by the addition of €3). No proteolysis anti-cut2 antibodies (see Figure 7A). The immunoprecipit-
occurred in the interphase extracts. ates (Figure 8, lane 1) showed diffuse upper bands and

Cut2 showed multiple upper bands (due to protein were treated with alkaline phosphatase. After phosphatase
phosphorylation; see following section) immediately after treatment, all the upper bands disappeared and concen-
being mixed with CSF extract, and ~60% of Cut2 was trated in a single band with faster mobility (AP, lane 3),
clearly degraded in the presence of?’Caafter 60 min whereas no change was seen if alkaline phosphatase was
(while >90% of Cdc13 was lost). In the absence ofGa  omitted (mock, lane 2) or phosphatase inhibitors were
the upper bands were maintained and not degraded at allincluded in the incubation (AR- inhibitor, lane 4). These
If incubated with interphase extract, no upper bands were results demonstrated unambiguously that the upper bands
obtained and Cut2 was not degraded. The total intensitieswere due to phosphorylation.
of the bands were quantified by scanning densitometry, To test if the phosphorylation was due to protein kinases
and are plotted in Figure 7G. Consistently, ~50% of Cut2 in the mitotic extract, we tried to re-phosphorylate the
was degraded during anaphaseSrpombesynchronous dephosphorylated Cut2 protein (lane 3) by incubation with
culture (Funabikiet al., 1996b). CSF extract, interphase extract or reticulocyte lysate. The

We next tested the mutant Cut2 proteins in Xenopus multiple upper bands of Cut2 reappeared after incubation
system. As expected, C{80 and Cut2ddm were stable with CSF extract, whereas no such bands were produced
and they showed no proteolysis. Surprisingly, neither by interphase extracts or reticulocyte lysate (lanes 6-8).
single destruction box mutant protein (Cut2dm1, Cut2dm?2) Cut2 in S.pombecells was also phosphorylated at mitosis
was degraded (Figure 7B-E and G), even though the prior to proteolysis (Fuetbiki1996b). The identity
upper phosphorylation bands were shifted downwards in of the kinase(s) remains to be established.
the presence of Ga. There was also a transient rise of
the upper bands. Thus the destruction box in Cut2 seemsPolyubiquitination of Cut2 in vitro
to be functional in theXenopuscell-free system, and To determine whether polyubiquitination of Cut2 was

both boxes have to be intact for proteolysis in this dependent upon the presence of destruction box sequences,
in vitro system. we attempted to immunoprecipitate wild-type and mutant
Cut2 proteins inS.pombanitotic extracts of mutant cells
Protein phosphorylation causes the appearance of lacking a functional proteasome (Gordatral., 1993). Prob-
upper bands ably due to the inefficiency of immunoprecipitation and the
To examine the nature of the upper bands of Cut2, limited sensitivity of the anti-polyubiquitin antibodies used,
we immunoprecipitated®S-labelled Cut2 after 30 min polyubiquitinated bands of Cut2 have not been demon-

incubation with CSF extract in the absence ofCasing strated convincingly its.pombextracts thus far. However,
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Fig. 8. Phosphorylation of Cut2. The upper bands observed after
incubation with the CSF extract were due to phosphorylation.
35s-translabeled Cut2 was incubated with CSF in the absence?f Ca
and immunoprecipitated with anti-cut2 antibodies. The
immunoprecipitates were used as the substrate for phosphatase
treatment at 37°C for 30 min. The substrate immunoprecipitated
without incubation (lane 1); mock, incubated without alkaline
phosphatase (lane 2); treated with alkaline phsophatase (lane 3);
phosphatase inhibitor and alkaline phosphatase (lane 4). Lanes 5-8,
Cut2 immunoprecipitates after phosphatase treatment were incubated
in either mock (lane 5), CSF (lane 6), interphase (lane 7) or
reticulocyte lysate (lane 8). Only the CSF extract produced the upper
bands.

we were able to detect polyubiquitinated Cut2 protein in
anin vitro system developed for HelLa cell extracts (see
Materials and methods). In this system, cyclin B is
polyubiquitinated highly efficiently using human
hE2-C ubiquitin-conjugating enzyme added exogenously
(H.Tanaka and H.Yasuda, in preparation). hE2-C is similar
to those enzymes previously identified in clam and frog
(E2-C, Aristarkhovet al., 1996; UBCX, Yuet al, 1996).
Ubiquitin is biotinylated and detected by the ECL avidin—
peroxidase method. Various GST—Cut2 proteins were pre-
pared by overproduction in bacterial cells and were purified.

Polyubiquitination of wild-type GST—Cut2 occurred
efficiently in HeLa cell extracts prepared 1 h after release
from a colcemid block (Figure 9A, lane 4), but was scarce
in extracts prepared from asynchronous cells (lane 3).
Polyubiquitinated bands (Ub) appeared at the positions
expected from those of non-ubiquitinated bands stained
by Coomasie brilliant blue (CBB, lanes 1 and 2). Mono-
ubiquitination of Cut2 could take place in asynchronous
extracts. In contrast, polyubiquitination of GST—CAT3
(lacking the N-terminal 73 amino acids) was scarcely
detected (lane 8), in spite of using an amount of GST—
Cut2A73 which was much higher than that of GST-Cut2
(compare lanes 5 and 6 with lanes 1 and 2). GST-&182
was, however, mono-ubiquitinated significantly.

We then examined whether mutant GST-Cut2ddm could

be polyubiquitinated using the same colcemid block release

extracts (Figure 9B). Wild-type GST—-Cut2 (lanes 1 and

Two destruction boxes in Cut2

A GST-Cut2 GST-Cut2A73
=175
=33
-a .
— -
-
1 2 3 4 5 6 7 8
CBB Ub CBB Ub
Cu2 —=Cu2ddm™ ] A73  Cut2 —=Cut2ddm™ ] A73
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=33
- -,
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Fig. 9. Polyubiquitination of GST-Cut2A) GST-Cut2 and
GST—Cut273 bound to beads were added to HelLa cell extracts and
incubated in the presence of biotinylated ubiquitin and human hE2-C
ubiquitin-conjugating enzyme (Materials and methods). Proteins bound
to beads were stained with Coomassie brilliant blue (CBB), and
ubiquitinated proteins were detected by the ECL avidin—peroxidase
method. Lanes 1, 3, 5 and 7, asynchronous Hela cell extracts; lanes 2,
4, 6 and 8, HelLa extracts prepdr# h after the release from colcemid
block. Lanes 1, 2, 5 and 6, CBB stain; lanes 3, 4, 7 and 8, Cut2
containing biotinylated ubiquitin. Molecular weight markers are
indicated. B) Ubiquitination of wild-type GST—Cut2 (lanes 1 and 7),
mutant GST-Cut2ddm (lanes 2-5 and lanes 8-11) and GSTATait2
(lanes 6 and 12) was examined using the HelLa cell extracts described
in (A). CBB staining (lanes 1-6) and Cut2 containing biotinylated
ubiquitin (lanes 7-12) are shown. Increasing concentrations of
Cut2ddm were used; the relative ratios are 1 (lanes 2 and 8), 2 (lanes
3 and 9), 3 (lanes 4 and 10) and 4 (lanes 5 and 10)).The in vitro

7), mutant GST-Cut2ddm (lanes 2-5 and lanes 8—11) andubiquitination reaction was applied to the GST-N73 fragments

mutant GST-Cut&73 (lanes 6 and 12) were used (lanes
1-6, Cut2 stained by CBB; lanes 7-12, Cut2 containing
biotinylated ubiquitin). A series of increasing concentra-

containing the wild-type destruction boxes (N73) or the double mutant
boxes (N73ddm). These fragments bound to beads were stained by
CBB, and those containing biotinylated ubiquitin were detected (the
short and long exposures). The mutant fragment GST-N73ddm was

tions of GST-Cut2ddm were employed (see the legend to barely polyubiquitinated.

Figure 9). Cut2ddm was partly proteolysed during the
preparation, resulting in production of two CBB-staining

Cut2ddm and GST-AZGt2vere only mono-ubiquitin-

bands (and corresponding mono-ubiquitinated bands). ated. These results demonstrated that polyubiquitination of
GST-Cut2 was highly polyubiquitinated but GST- Cut2 needed the presence of functional destruction boxes.
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We then prepared the GST-N73 fragments with the mutations for the destruction boxes may not fully abolish
wild-type (indicated as N73 in Figure 9C) and the mutant their ability to be destruction signals in ;@rrested
destruction boxes (N73ddm). Polyubiquitinatin of the S.pombecells.

GST-N73 fragment was found to occur in a destruction  The Xenopusanmitotic extracts were used for destruction
box-dependent manner (Ub, Figure 9C). Polyubiquination of @uttro. Using the same extracts, the fission yeast

was hardly detected in GST-N73ddm; however, slight cyclin Cdcl13 was degraded by an expected mechanism
mono-ubiquitination occurred even in GST-N73ddm. dependent upon the destruction box (dragri®96).

These results indicated that the N-terminal N73 fragment The level of Cut280 protein was not affected, whereas
contained a lysine residue(s) which could be polyubiquitin- approximately half of the wild-type Cut2 protein was
ated depending upon the presence of destruction boxes. degraded. The same level of wild-type Cut2 protein
persisted even after a prolonged incubation, suggesting
that some populations of Cut2 are resistant to proteolysis.

In sharp contrast, Cdc13 was fully degraded by the same
The results of the present study indicated that two destruc- extracts (Yamanet al, 1996; also see Figure 7F). Single

tion box-like sequences present in the N-terminal region destruction box mutant proteins, Cut2dml1 and Cut2dm2,
of Cut2 are indeed the signals for polyubiquitination and were also stable in this cell-free destruction system.
proteolysis, and that the same proteolytic machinery is Mutation in one destruction box already reduced the
likely to be applied to the degradation of Cut2 and B-type efficiency for in vitro proteolysis. Thus theXenopus

cyclin Cdc13. The first five amino acids of the destruction anaphase proteolytic system requires Cut2 containing two
boxes are similar to the consensus given by a number ofintact destruction boxes. This differs from tle vivo

mitotic cyclins (Glotzeet al, 1991; Yamanet al., 1996). result inS.pombge which requires only one destruction

We providedin vivo and in vitro evidence that these box for viability.

N-terminal sequences are utilized as destruction signals. We demonstrated in a HelLa anaphase cell extract

Mild overexpression of full-length wild-type Cut2 using system, using biotinylated ubiquitin and human hE2-C
the REP81 promoter showed no inhibitory effect on colony ubiquitin-conjugating enzyme, that Cut2 was poly-
formation, but the Cut2 protein containing mutations in a ubiquitinated in a manner dependent on the presence of
single or both destruction boxes produced an inhibitory functional destruction box sequences. Polyubiquitination
effect; sister chromatid separation in the cells overproduc- was abolished completely if the double destruction boxes
ing Cut2dml, Cut2dm?2 or Cut2ddm failed. Both destruc- were mutated. Thus not only ubiquitin-dependent proteo-
tion boxes seem to be involved in programmed proteolysis lysis but also polyubiquitination can take place in extracts
of Cut2. However, single destruction box mutants Cut2dm1 of evolutionarily distant organisms, atinleaisto,
or Cut2adm?2 are functional since they could suppress ts strongly suggesting that the destruction boxes are function-
cut2andcut2null mutants, if present not greatly in excess. ally universal for anaphase proteolysis, though their con-
Neither Cut2ddm nor Cuff80 which lack both destruction  sensus sequences are quite variable. Mono-ubiquitination
boxes could rescue the ¢sit2 strain, probably due to the was apparently not relevant for anaphase proteolysis, as
lack of a functional destruction box. it occurred in Cut2 lacking a functional destruction box

Overproduction of the N-terminal fragment by the or in wild-type Cut2 incubated in extracts derived from
strong REP1 promoter blocked cell cycle progression at asynchronous culture. The destruction boxes of Cut2 are
metaphase, whereas overexpression of the mutant hence required for polyubiquitination, and identification
N-terminal fragment was not able to arrest cells. This of a destruction box-interacting protein(s) is of obvious
inhibitory effect presumably is due to the sequestration of interest. A specific question is whether such protein(s)
hypothetical destruction box-binding proteins or produc- also interact with the destruction boxes of mitotic cyclins.
tion of massive amounts of ubiquitinated substrates, It is noteworthy that the N-terminal fragment (N73) is an
resulting in the inhibition of the proteolytic machinery excellent model for polyubiquitination in a destruction
which is required for the progression from metaphase to box sequence-dependent manner. We are currently trying
anaphase. However, since mutation in the first destructionto identify which lysine residue(s) in the fragment is
box (Cut2N73dm1l) maintains the inhibitory effect, and polyubiquitinated.

Discussion

overproduction of Cut2dml could suppress cist? at We showed that Cut2 was highly phosphorylated prior
36°C, the two destruction boxes may not function equally. to proteolysis in XBropus mitotic extracts. The
The second destruction box may be more important than phosphorylation occurred specifically in CSF-arrested
the first one for programmed proteolysis in anaphase. mitotic extracts, but not in interphase extracts. No upper
Comparison of then vivo levels of Cut2A80 deletion band was produced for Cdc13 under the same conditions
and Cut2ddm substitution mutant proteins clearly demon- (Yamein@l, 1996). Phosphorylation of Cut2 also
strated that the substitution mutant protein was far more occurredin vivo, producing the upper band specifically
sensitive to proteolysis than the deletion mutant. The during an early mitotic stage (Fuetlaiki 1996Db).
levels of deletion Cut®80 and substitution Cut2ddm Phosphopeptide mapping of overproduced Cut2 showed
proteins measured in@rrestedcdc10were very differ- the presence of at least four phosphorylation sites
ent. The level of Cut2ddm protein was low and only twice (H.Funabiki and M.Yanagida, unpublished result). One of
more than that of wild-type Cut2. The N-terminal region them was the S109 residue in the consensus for Cdc2
of Cut2 possibly contains other signals for proteolysis. If kinase, the alanine mutant of which abolished a phospho-
this is the case, Cut2 could be destroyed ipa@ested peptide. Cut2S109A mutant protein, however, was com-

cells through another proteolytic pathway which would not pletely functional and able to suppress the deletion mutant
utilize the destruction boxes. Alternatively, the substitution ~ cw®" (our unpublished result). Since Cut2 was multiply
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phosphorylated, phosphorylation might be functionally
redundant. Identification of the phosphorylation sites and
construction of multiple substitution mutants at the

Two destruction boxes in Cut2

constructed by simultaneous ligation of Mdd—-Bsm fragment of
pRECUT2-30 and &8sm-BanHI fragment of pRECUT2-31 into the
Ndd—-BanH]I sites of plasmid containing the REP81 promoter. pPRCUT2-
19 (cut2N73 was constructed by ligation of pREP1 and a PCR fragment

phosphorylation sites are needed to examine the functionalamplified by oligonucleotides CUT210 (EGCATATGTTGCCCA-

significance of Cut2 phosphorylation for anaphase proteo-
lysis.

The variation in destruction box sequences may repre-
sent the difference in the nature of degradation. A-type

GAACCATG-3) and CUT211 (5CGGGATCCTATTTCTTTGTAC-
TGGGAGCAG-3), using pRECUT2-20 as a template. The same
oligonucleotides were used to make pRCUT2-38utZN73dm},
pRCUT2-34 ¢ut2N73dmP and pRCUT2-35 ¢ut2N73ddmy but the
templates employed were pRECUT2-30, pRECUT2-31 and pRECUT2-

cyclin is degraded during metaphase, whereas B-type 32, respectively.
cyclins are only degraded after metaphase—anaphase

transition (Huntet al, 1992). In addition, while mitotic
degradation of cyclin A1 and B2 requires binding of Cdc2,
that of cyclin B1 does not (Stewaet al, 1994; van der
Verden and Lohka, 1994). Kirgf al. (1996) demonstrated
that an asparagine residue (N) at position nine in the
destruction box of B-type cyclin is essential for its
ubiquitination and degradatioim vitro, while the same
position in A-type cyclins is only loosely conserved.
Unlike cyclins (Glotzeret al, 1991) and Pdsl whose

Indirect immunofluorescence microscopy

For indirect immunofluorescence, the procedures $goombeusing
glutaraldehyde and paraformaldehyde were followed. The spindle pole
bodies were stained by rabbit polyclonal anti-sad1l antibodies (Hagan
and Yanagida, 1995) and fluorescein isothiocyanate (FITC)-conjugated
sheep anti-rabbit 1IgG antibodies (Cappel, Durham, NC). Microtubules
were stained by mouse amtiubulin monoclonal antiserum TAT1; a
gift of Dr K.Gull) and CY3-conjugated affinity-purified goat anti-mouse
IgG (Chemicon International, Inc., Temecula, CA). Chromosomal DNA
was stained with 0.ig/ml 4',6'-diamino-2-phenylindole (DAPI).

degradation is necessary for sister chromatid separationPreparation of cell extracts

in budding yeast (Cohen-Fiet al, 1996), Cut2 has
two functional destruction boxes whose position nine is
glutamine or threonine, neither of which is often found in
the destruction boxes of cyclins. Th8accharomyces
cerevisiae Asel has a destruction box located in the

C-terminus and contains an unusual F rather than L in the

fourth position of the RXXL consensus (Juaeg al,
1997). The use of thim vitro method shown in the present

The procedures previously described were followed with modifications.
Schizosaccharomyces pombells were collected on filter paper and
suspended in STOP buffer (0.9% NaCl, 10 mM EDTA, 50 mM NaF,

1 mM NaN). After centrifugation, pelleted cells were frozen in liquid
nitrogen and kept at —80°C until use. For immunoblotting, frozen cells
(1x10%ml) were thawed in TEEG [50 mM Tris—HCl at pH 7.5 containing

10 mM EDTA, 1 mM EGTA, 10% glycerol, 10 mN\-ethylmaledimide
(NEM) and the protease inhibitors 1 mM phenylmethylsulfonyl fluoride
(PMSF); 2 mg/ml pepstatin A; 10 mM E-64]. Cells were broken with
glass beads (three times for 15 s). The supernatant after centrifugation

study may enable us to determine essential residues in thedt 5000 r.p.m. for 5 min using a TMA-S271l rotor (Tomy, Japan) was

destruction boxes of Cut2.

Since Cut2 forms a complex with Cutl (Funakekial.,
1996a), normally regulated proteolysis of Cut2 may require
the binding of Cutl. Note that the level of Cutl, like that
of Cdc2, does not fluctuate during the cell cycle; and that
Cutl and Cut2 proteins are in a large complex (30—40S).
Proteolysis of Cut2 might be regulated by interactions
with Cutl and other proteins. Our preliminary data showed
that the level of Cut2 decreased ircatl mutant whereas
it increased in the strain with overproduced Cutl, sug-
gesting that Cutl stabilized Cut2. Further studies on the
regulation of Cut2 degradation by Cutl may determine
the role of the bipartite destruction boxes present in Cut2.

Materials and methods

Strains and media

An S.pombehaploid wild-type strainh™ and its derivative strains,
h™ leul-32 cdcl10-129 leul-32, cut2-364 leul-2dd a heterozygous
cut2A diploid strain were used (Funabiét al, 1996a). Minimal EMM2
media were employed for liquid cultures and plates.

Plasmids

PRECUT2-20 contains the full-lengdut2" gene in which an authentic
Ndd site was mutagenized and a ndMdd site was created at the
position of the first methionine codon and placed under the control of
the REP81 promoter (Basit al, 1993). This was constructed by the
PCR method using oligonucleotides GGACATATGTTGCCCAGAA-
CCATGTTTTCTTATGGAAAAGAA-3’ and 8-GGAGGATCCTTATA-
ACAATCCTGTATCCAA-3'. Site-directed mutations in the destruction

used as the extract for SDS—-PAGE and immunoblotting. An enhanced
chemiluminescence detection system (ECL, Amersham) was used to
detect proteins on the cellulose nitrate membrane. Anti-PSTAIRE mouse
monoclonal antibody used to detect Cdc2 protein was a gift from Dr
Y.Nagahama (National Institute of Basic Biology). The procedures for
histone H1 kinase assay using anti-cdcl3 immunoprecipitates were
described by Stonet al. (1993).

FACScan analysis
A Becton-Dickinson FACScan was used, and the procedures described
in Saka and Yanagida (1993) were followed.

Destruction assay in Xenopus egg extract

Substrates for destruction assays were prepared by coupled transcription—
translation in the presence oB]methionine (Dupont, NEG-709A) in

a reticulocyte lysate. Destruction assays were carried out as previously
described (Stewagt al, 1994; Yamancet al, 1996).

Phosphatase treatment

Immunoprecipitates were treated with calf intestine alkaline phosphatase
(Boehringer Mannheim) at 37°C for 30 min. A cocktail of 10 mM
sodium pyrophosphate, 5 mM EDTA, 5 mM EGTA and 0.1 mM sodium
orthovanadate was used as phosphatase inhibitor (Latlar, 1996).

Ubiquitination using Hela cell extracts

Substrates for ubiquitination were produced with the GST sequences in
bacterial cells and bound to glutathione—Sepharose 4B beads (Pharmacia
Co.). Biotinylated ubiquitin was detected by the ECL avidin—peroxidase
method. Hela cell extracts were prepared by disrupting cells 1 h
after the release from colcemid block (Hondéa al, 1995). Protein
concentrations (final) of E1, hE2-C, biotinylated ubiquitin and HeLa cell
extracts used were 2Qg/ml, 60 pg/ml, 0.3 mg/ml and 0.2 mg/ml,
respectively. Detailed procedures for the assay method for ubiquitination
will be described elsewhere (H.Tanaka and H.Yasuda, in preparation).

boxes were made using pRECUT2-20 and the sequential PCR steps.

Oligonucleotides CUT212 (BAGACCCCGCGGGTGCTGCTTTGG-
AGCCC-3) and CUT213 (5GCTCCAAAGCAGCACCCGCGGGGT-
CTAC-3') were used to make pRECUT2-30 (encoditigg2dm); and
CUT2HY4 (5-AACGGTTCCTGCAACGGTAGCGGGAGGTAAG-3

and CUT2HY5 (5-CTTACCTCCCGCTACCGTTGCAGGAACCGTT-
3') used to make pRECUT2-3¢{t2dm32. pRECUT2-32 ¢ut2ddm was
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