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cell-cycle progression (2–4). The ubiquitination of the
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The periodic expression of cell cycle proteins is
mportant for the regulation of cell cycle progres-
ion. The amount of CDK inhibitor, p27kip1, one such
rotein, seems to be regulated by the ubiquitin-
roteasome system. The ubiquitin ligase (E3) toward
27kip1 is thought to be SCFskp2. The activity of SCFskp2

as increased by the addition of Roc1 protein to the
omplex. Furthermore, the ubiquitination of p27kip1

eemed to be dependent on the phosphorylation of
187 of p27kip1 because the mutant T187A was not
biquitinated at all in an in vitro ubiquitination
ystem. Cullin-1, a component of SCF, is modified by
biquitin-like protein Nedd8. The modification site
f cullin-1 was shown to be K696 because the K696R
utant was not modified. When the effect of the
edd8 modification on the SCFskp2 activity toward
27kip1 was investigated, the activity was markedly
ecreased by using the Nedd8-unmodified mutant
ullin-1 (K696R), indicating that the modification
ay play an important role on the SCFskp2 activity

oward p27kip1. © 2000 Academic Press

Key Words: p27kip1; SCFskp2; Nedd8; cullin-1; ubiquitin;
biquitination; CDK inhibitor; RUB1; CDC53.

In mammals, cell-cycle progression is thought to be
ainly regulated by the activity of CDK. When the

ells enter G0 phase, the amount of CDK inhibitor
27kip1 increases, which inhibits the activity of CDK4 or
DK6 (1). On the other hand, when the cells enter G1

hase the amount of p27kip1 decreases to activate CDK4
r CDK6. Since the p27kip1 is degraded by the ubiquitin-
roteasome system, the regulatory mechanism of its
biquitination is important to clarify the regulation of

1 Present address: Max-Planck Institute for Biochemistry, Mar-
insried, Germany.

2 To whom correspondence should be addressed. Fax: (81) (426)
6-7249. E-mail: yasuda@ls.toyaku.ac.jp..
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rotein is regulated by the phosphorylation of it. The
hosphorylation of T187 of p27 is thought to be a
rerequisite for the ubiquitination and is attributed to
yclinE/CDK2 complex (5–7). The SCFskp2, consisting
f cullin-1, skp1, and skp2, seems to function as a
biquitin ligase (E3) toward p27 (3, 4). The p27 binding
rotein Jab1/Mov34 may function to accelerate the
egradation of p27 by carrying p27 into cytoplasm (8).
Nedd8, a homologue of ubiquitin, is a modifier of

ullin family proteins, and this modification is cata-
yzed by APPBP1/Uba3 as E1 and Ubc12 as E2 (9, 10).
ecently, the cullin-1 in SCFskp2 was found to be mod-

fied by Nedd8 (11, 12). Furthermore, cullin-2 in VBC
11, 13), another E3 complex, is modified by it. More
ecently, cullin-1 to cullin-5 have also been found to be
odified by it (10).
The modified cullin-1 is found in centrosomes, and

he ratio of the modified cullin-1 to total cullin-1 in-
reases when the cullin-1 is expressed together with
oc1 in Sf-9 cells in the baculovirus protein expression
ystem (14). However, the role of this modification has
ot yet been clarified.
Here, we show that Nedd8 modification of cullin-1

nhances the ubiquitination of p27.

ATERIALS AND METHODS

Expression and mutation of the proteins. Cullin-1, skp1, skp2,
oc1, p27kip1, cyclinE, CDK2, APPBP1, and hUba3 were expressed

n a baculovirus expression system using Sf-9 cells according to
he manufacturer’s protocol (Clontech). In some experiments, the
f-9 cells were co-infected with baculoviruses with inserts of var-

ous cDNAs. UbcH5, Ubc12, and Nedd8 were expressed in E. coli
BL21, LysS) by using the pET vector. Point mutation of p27
DNA or Nedd8 cDNA was done by use of the PCR method as
escribed previously (15).

In vitro ubiquitination assay. The Sf-9 cells expressing cullin-1,
kp1, and skp2 were lysed in 50 mM Tris–HCl (pH 7.4), 3 mM MgCl2,
mM phenylmethyl sulfonyl fluoride (PMSF), 0.1 M NaCl, and 0.1%
P-40, and the SCF complex (composed of these expressed proteins)
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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as bound to a TALON metal affinity resin (Clontech), which binds
xHis-tagged cullin-1, and eluted from the resin by use of 2 mM
midazole. The Sf-9 cells expressing GST-p27 and CyclinE/CDK2
ere lysed in 50 mM Tris–HCl (pH 7.4), 3 mM MgCl2, 1 mM PMSF,
.1 M NaCl, and 0.1% NP-40, and GST-p27 was purified by
lutathione-Sepharose 4B affinity resin. When 6xHis-tagged Roc1
as used, the protein was purified by use of the TALON resin as
escribed above. The in vitro ubiquitination was carried out essen-
ially as described previously, using biotin-labeled ubiquitin (15, 16).
riefly, the reaction mixture containing 40 mM Tris–HCl, 2 mM
TP, 1 mM dithiothreitol, mouse E1 (1 mg), E2 (UbcH5, 3 mg),
CFskp2 (2 mg), GST-tagged p27kip1 (150 ng), and biotinylated ubiq-
itin was incubated for 30 min at 25°C. After incubation, the GST-
agged p27kip1 was pelleted after having been bound by glutathione-
epharose 4B, and the resin was applied to SDS-polyacrylamide gel
lectrophoresis (SDS–PAGE). The ubiquitinated p27kip1 was detected
y Western blotting using avidin-peroxidase and the ECL method
Amersham Pharmacia).

Nedd8 modification system. The Sf-9 cells expressing APPBP1
nd hUba3 were lysed; and the mixture containing APPBP1 (500 ng),
Uba3 (50 ng), hUbc12 (3 mg), SCFskp2 (2 mg), and Nedd8 or GST-
edd8 (1 mg) was incubated at 25°C for 30 min. After incubation, the
CFskp2 containing 6xHis-tagged cullin-1 were purified by use of
ALON beads. When the Nedd8-modified SCFskp2 was used for the in
itro ubiquitination assay, HeLa cell lysate (1 3 106 cells) was added
o the Nedd8 modification system. The in vitro ubiquitination assay
as performed as described above. The Western blotting of Nedd8 or
xHis-tagged protein was done by use of anti-Nedd8 antibody
Alexis) or anti-6xHis antibody (Qiagen), respectively, and
eroxidase- conjugated anti-mouse rabbit antibody (Dako).

ESULTS AND DISCUSSION

Ubiquitination of p27 by SCFskp2 in the presence of
oc1 and Nedd8 modification. The Roc1 protein was

ound to be a binding protein of cullin family proteins
nd to activate the ubiquitination of IkBa by SCFb-TrCP

17, 18). To know whether the Roc1 protein is also
mportant in the activity of SCFskp2 toward p27, we

FIG. 1. Roc 1 enhances ubiquitination of p27kip1 in vitro. SCFskp2,
onsisting of cullin-1, skp1, and skp2, was mixed with Roc1, and the
biquitination reaction toward p27 was carried out as described
nder Materials and Methods except that the reaction mixture also
ontained HeLa cell lysate (4 3 105 cells/ml). Lane 1, the reaction
ixture without Roc1 and with SCFskp2; lane 2, with Roc1 and with-

ut SCFskp2; lane 3, with Roc1 and SCFskp2.
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bsence of Roc1 protein. As shown in Fig. 1, the
biqutination of p27 increased markedly in the pres-
nce of Roc1. Cullin-1, a component of SCFskp2, has
een shown to be modified by Nedd8, a ubiquitin-like
rotein. So to determine whether the Nedd8 modifica-
ion is important for the activity of SCF, we carried out
he ubiquitination of p27 with or without the Nedd8
odification system, i.e., APPBP1/hUba3, hUba12,

nd Nedd8. The ubiquitination of p27 was markedly
ncreased in the presence of this modification system.
n contrast, the p27 (T187A) was not ubiquitinated at
ll with or without the Nedd8 modification system (Fig.
). However, even without the Nedd8 modification sys-
em, some ubiquitination of p27 was apparent, perhaps
ue to modification of cullin-1 by Nedd8 in Sf-9 cells
uring its expression. To confirm the effect of Nedd8
odification of cullin-1 on ubiquitination of p27, we

xamined the effect of Nedd8 un-modified form of
ullin-1 on the ubiquitination.

Effect of Nedd8 unmodified mutant cullin-1 on
CFskp2 activity. Recently, the mammalian cullin-2
as found to be modified at K689 by Nedd8 (13). When
uman cullin-1 was aligned with cullin-2, the Nedd8
odification site of cullin-2 corresponded to K696 in

ullin-1, as shown in Fig. 3. Therefore, the K696 resi-
ue was modified to R696, and the Nedd8 modification
f this mutant cullin-1 was tested. After the wild-
ype or mutant cullin-1 had been subjected to the
edd8 modification system, the modification of it was

FIG. 2. Nedd8 modification of cullin-1 and the phosphorylation
f T187 of p27 enhance the ubiquitination of p27. The Sf-9 cells were
o-infected with GST-tagged p27 or GST-tagged p27 (T187A) and
yclin E/CDK2. Nedd8 modification and the in vitro ubiquitination
ssay were carried out by use of GST-tagged p27 or GST-tagged p27
T187A) as described under Materials and Methods. Lane 1, ubiq-
itination of GST-tagged p27 without Nedd8 modification; lane 2,
biquitination of GST-tagged p27 with Nedd8 modification; lane 3,
biquitination of GST-tagged p27 (187A) without Nedd8 modifica-
ion; lane 4, ubiquitination of GST-tagged p27 (187A) with Nedd8
odification.
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hecked. By Western blotting using anti-Nedd8 anti-
ody, the modification of wild-type cullin-1 was de-
ected, but that of the mutant cullin-1 was not (Fig.
A). Also, when the GST-tagged Nedd8 was used in the
odification system, the Nedd8 modified wild-type

ullin-1 was detected, but the modified mutant cullin
as not (Fig. 4B). The Nedd8-modified form of cullin-1
ad a much larger molecular weight than the un-
odified cullin-1 (lanes 2, 4, and 6 in Fig. 4B). After the
edd8 modification reaction had been carried out in

he presence of wild-type or mutant cullin-1, the ubiq-
itination of p27 under the two conditions was com-

FIG. 3. Alignment of Nedd8 modification site of cullin-2 with
ullin-1 sequence. The K696 of cullin-1 seems to be the putative
edd8 modification site.
1095
ed cullin-1 catalyzed the multi-ubiquitinated chain
ormation of p27 (lane 2 in Fig. 5), the SCFskp2 contain-
ng mutant cullin-1 did not catalyze the multi-
biquitinated chain formation of p27 (Fig. 5).
Here we showed that Nedd8 modification of cullin-1

nhanced the activity of SCFskp2 toward p27kip1. The
n vitro ubiquitination assay in mammalian system
howed that the modification is essential for the
CFskp2 activity, although the disruption of RUB1, the
east Saccharomyces cerevisiae homologue of Nedd8
ene, showed that the gene was not essential (19). In
he yeast system, the over-expression of Cdc53 or Hrt1,
he yeast homologue of Roc1, may compensate for the
efect of Rub1 modification.
Further, we showed that Roc1 also enhanced the

ctivity, indicating that SCFskp2 may also use the Roc1/
ullin-1 heterodimer as the catalytic site, as shown for
CFb-TrCP. The modification may be necessary for the
fficient assembly of SCF components, and/or be nec-
ssary for the catalytic activity of the Roc1/cullin-1
FIG. 4. K696 of cullin-1 is the Nedd8 modification site. (A) After the reactions indicated at the top of the figure had been carried out,
he GST-tagged cullin-1 was pelleted by glutathione-Sepharose 4B beads, and the Nedd8-modified cullin-1 was detected with
nti-Nedd8 antibody (Alexis). The cullin-1 proteins were detected by staining with coomassie brilliant blue R-250 (CBB). Nedd8-
odified cullin-1 was only detected in lane 2. (B) After reactions indicated, GST-tagged Nedd8 was pelleted by glutathione-Sepharose

B beads, and GST-Nedd8-modified 6xHis-tagged cullin-1 was detected with anti-6xHis antibody (Qiagen). The wild-type cullin-1 and
utant-type cullin-1 used in the reaction are shown in lanes 5 and 6 as a control of Western blotting. Nedd8- modified His-cullin-1 was

nly detected in lane 2.
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eterodimer. Thus, the Nedd8 modification of SCFskp2

s probably essential for its activity.
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FIG. 5. SCFskp2 containing the Nedd8 un-modified form of
ullin-1 did not have ubiquitin ligase activity toward p27. SCFskp2

ontaining wild-type cullin-1 (lanes 1 and 2), or K696R mutant
ullin-1 (lanes 3 and 4) was used in a ubiquitination assay toward
27kip1, with (lanes 2 and 4) or without (lanes 1 and 3) the Nedd8
odification reaction. The cullin-1 proteins were detected with anti-

xHis antibody (Qiagen). Multi-ubiquitinated forms of p27 were
pparent in lane 2, and some in lane 1, but none were found for the
utant cullin-1.
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