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The RING-H2 finger protein Rbx1 is a subunit of the
related SCF (Skp1-Cdc53/Cull-F-box protein) and von
Hippel-Lindau (VHL) tumor suppressor (elongin BC-
Cul2-VHL) E3 ubiquitin ligase complexes, where it
functions as a component of Cdc53/Rbx1 and Cul2/
Rbx1 modules that activate ubiquitination of target pro-
teins by the E2 ubiquitin-conjugating enzymes Cdc34
and Ubc5. Here we demonstrate that the Cde53/Rbx1
and Cul2/Rbx1 modules also activate conjugation of the
ubiquitin-like protein Rubl to Cdc53 and Cul2 by the
dedicated E2 Rub1 conjugating enzyme Ubc12. Our find-
ings identify Rbx1 as a common component of enzyme
systems responsible for ubiquitin and Rub1 modification
of target proteins.
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The RING-H2 finger protein Rbx1 (also known as ROC1
and Hrtl) (Kamura et al. 1999; Ohta et al. 1999; Seol et al.
1999; Skowyra et al. 1999; Tan et al. 1999) is a subunit of
the multiprotein SCF (Skp1-Cdc53/Cull-E-box protein)
(Bai et al. 1996; Feldman et al. 1997; Skowyra et al. 1997;
Lyapina et al. 1998; Patton et al. 1998a,b) and von Hip-
pel-Lindau (VHL) tumor suppressor (elongin BC-Cul2-
VHL) (Lisztwan et al. 1999) ubiquitin ligase complexes
(Iwai et al. 1999). Studies on the mechanism of action of
Rbx1 suggest that it functions as a component of
Cdc53(Cull)/Rbx1 and Cul2/Rbx1 modules that recruit
and activate the E2 ubiquitin-conjugating enzymes
Cdc34 and Ubc5 to ubiquitinate target proteins (Seol et
al. 1999; Skowyra et al. 1999).

Cullin proteins, including the Cdc53(Cull) and Cul2
subunits of SCF and VHL ubiquitin ligases, are targets
for modification by the ubiquitin-like protein Rubl1 (also
known as NEDDS8) (Hochstrasser 1998; Lammer et al.
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1998; Liakopoulos et al. 1998, 1999; Wada et al. 1999).
Rubl is conjugated to a single site in the carboxyl ter-
mini of cullins by the concerted action of the dedicated
Rubl El-activating and E2-conjugating enzymes Uba3/
Ulal and Ubc12 (Hochstrasser 1995; Lammer et al. 1998;
Liakopoulos et al. 1998; Gong and Yeh 1999). Although
the role of Rubl in regulation of SCF and VHL ubiquitin
ligase activities is not yet clear, a variety of evidence
suggests that Rubl modification of Cdc53 and Cul2 may
be needed for optimal assembly or function of the E3
complex SCFC9* in yeast (Lammer et al. 1998), for regu-
lation of auxin signalling in plants (del Pozo et al. 1998),
and for VHL tumor suppressor activity (Liakopoulos et
al. 1999).

In the course of experiments investigating the role of
Rbx1 in SCF and VHL ubiquitin ligase activity, we dis-
covered that Rbx1 is needed not only for efficient ubig-
uitination of multiple substrates by the E2 ubiquitin-
conjugating enzymes Cdc34 and Ubc5, but also for Rubl
modification of the cullins Cdc53 and Cul2 by the ded-
icated E2 Rubl-conjugating enzyme Ubcl2. Below we
present these findings, which bring to light an expanded
role for Rbx1 in cellular regulation.

Results and Discussion

Conjugation of Rub1 to Cdc53 depends on Rbx1

In experiments investigating functional interactions be-
tween Rbxl and Cdc53, we noticed that expression of
Cdc53 in Sf21 insect cells resulted in appearance in im-
munoblots of an [P0 kD Cdc53 species, whereas coex-
pression of Cdc53 and mammalian Rbxl (mRbx1) re-
sulted in appearance of an additional, higher molecular
mass species resembling Rubl-modified Cde53 (Lammer
et al. 1998; Liakopoulos et al. 1998) (Fig. 1A). The ubiq-
uitin-like Rub1 proteins and the enzymes responsible for
their conjugation to target proteins are very highly con-
served across species. Notably, human Rubl is conju-
gated to Saccharomyces cerevisiae Cdc53 in yeast and
will satisfy the requirement for functional Rubl in a
cdc34-1 mutant yeast strain (Liakopoulos et al. 1999).
Taken together, these observations raised the possibility
that Rbx1 might promote conjugation of endogenous in-
sect cell Rubl to Cdc53 when Rbx1 and Cdc53 are co-
expressed in insect cells. We therefore investigated the
possibility that Rbx1 might be required for efficient con-
jugation of Rubl to cullins.

To accomplish this, we assembled an in vitro Rubl
modification system composed of purified recombinant
S. cerevisiae Rubl-activating enzyme Uba3/Ulal and S.
cerevisiae Rubl-conjugating enzyme Ubcl2. Myc—
mRbx1 and Cdc53 were coexpressed in Sf21 cells. Myc—
mRbx1/Cdc53 complexes were purified by immunopre-
cipitation with anti-myc antibodies (Fig. 1B) and added
to reaction mixtures containing Uba3/Ulal, Ubcl2,
GST-Rubl, and ATP. The products of reactions were
analyzed for the presence of GST-Rubl1-Cdc53 conju-
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Figure 1. Conjugation of Rub1 to Cdc53 in vitro. (A) Total cell
lysate (20 ng) from Sf21 cells infected with the indicated bacu-
loviruses was immunoblotted with anti-Cdc53(yC-17) or anti-
myc antibodies. (B) Total cell lysate (200 pg) from baculovirus-
infected Sf21 cells was immunoprecipitated with 2 ng of anti-
myc antibody and then immunoblotted with anti-Cdc53(yC-17)
or anti-myc antibodies. (C) Total cell lysate (800 ng) from bacu-
lovirus-infected Sf21 cells was immunoprecipitated with 8 pg of
anti-myc antibody. After immunoprecipitation, protein A Seph-
arose beads were divided into four tubes and and assayed for
Rubl conjugation activity at 25°C for the indicated times. Re-
action products were immunoblotted with anti-Cdc53(yC-17)
or anti-GST antibodies. (D) Total baculovirus-infected total cell
lysate (1200 pg) was immunoprecipitated with 12 pg of anti-
myc antibody. After immunoprecipitation, protein A Sepharose
beads were divided into six tubes and assayed for Rubl conju-
gation activity incubated at 25°C for 30 min in the presence or
absence of Uba3/Ulal, Ubcl2, GST-Rubl, and ATP as indi-
cated and immunoblotted with anti-Cdc53(yC-17) or anti-GST
antibodies. The asterisks (*) indicate a higher molecular mass
Cdc53 species that is most likely conjugated to endogenous
Rubl.

gates by immunoblotting with anti-Cdc53 or anti-GST
antibodies. As shown in Figure 1C, we observed time-
dependent conversion of the input Cdc53 into a more

Rbx1 activates Rubl conjugation

slowly migrating species. This species was recognized by
both anti-Cdc53 (top) and anti-GST antibodies (bottom),
indicating that it corresponds to Cdc53 conjugated to
GST-Rubl. Formation of GST-Rub1-Cdc53 conjugates
was strongly dependent on Uba3/Ulal, Ubcl2, and ATP
(Fig. 1D).

To determine whether formation of the GST-Rubl-
Cdc53 conjugate depends on Rbx1, Cdc53 was expressed
in Sf21 cells with or without coexpressed myc-mRbx1.
Cdc53 or Cdc53/myc-mRbx1 complexes were purified
by immunoprecipitation with anti-Cdc53 antibodies and
added to reaction mixtures containing Uba3/Ulal,
Ubcl2, GST-Rubl, and ATP. As shown in Figure 2, for-
mation of GST-Rub1-Cdc53 conjugates was strongly de-
pendent on Rbx1; no detectable GST-Rub1-Cdc53 con-
jugates were formed in the absence of Rbxl, whereas
(0% of the input Cdc53 was converted to GST-Rubl-
Cdc53 conjugates in the presence of Rbx1 during the
course of the reaction.

Rbx1 activities depend most strongly
on predicted zinc binding residues
in the conserved RING-H2 domain

The RBX1 gene is highly conserved from yeast to mam-
mals (Fig. 3A) and is essential for viability of yeast. Rbx1
deletion strains can be rescued by expression of either
yeast or mammalian Rbx1. To investigate the relation-
ship between mRbx1 activities in Rubl modification of
Cdc53 and in SCF-dependent ubiquitination, we con-
structed a series of mRbxl mutants containing point
mutations of conserved cysteine and/or histidine RING-
H2 finger residues (Fig. 3A). Each mRbx1 mutant was
then assayed for its ability (1) to rescue the rbx1 deletion
strain, (2) to activate Rubl modification of Cdc53, and (3)
to support ubiquitination of the G, cyclin CIln2 by the
SCFS™! ybiquitin ligase complex.

The rbx1 deletion strain was rescued by expression of

Uba3/Ula1, Ubc12,
GST-Rub1, ATP

IP: Cdc53
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WE: Cdcs3 -
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Figure 2. Conjugation of Rubl to Cdc53 in vitro depends on
Rbx1. Total cell lyaste (200 ng) from Sf21 cells infected with the
indicated baculoviruses was immunoprecipitated with 2 ng of
anti-Cdc53(yN-18) antibody. Immunoprecipitates were assayed
for Rubl conjugation activity at 25°C for 30 min, and reaction
products were analyzed by immunoblotting with anti-
Cdc53(yC-17), anti-GST, or anti-myc antibodies.
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Figure 3. Mutation of predicted zinc-binding residues of Rbx1 is lethal in S. cerevisiae and interferes with Rbx1 activity in Rubl
conjugation and in ubiqutination of Cln2 by SCF<™!. (A) Alignment of Rbx1 from human, Drosophila melanogaster (Dros), C. elegans
(Elegans), or S. cerevisiae (Yeast) with APC11 from S. cerevisiae. (B) Effects of Rbx1 mutations on S. cerevisiae viability. (C) Cell lysate
(200 ng) from Sf21 cells infected with the indicated baculoviruses was immunoprecipitated with 2 pg of anti-myc antibodies. The
immunoprecipitates were assayed at 25°C for 50 min for Rubl conjugation activity and reaction products were immunoblotted with
anti-Cdc53(yC-17) or anti-myc antibodies (top panels). Cell lysate protein (20 pg) from the same cells was immunoblotted with
anti-Cdc53(yC-17) or anti-GST antibodies (bottom panels). (D) Total cell lyaste (400 pg) from Sf21 cells infected with the indicated
baculoviruses was immunoprecipitated with 4 pg of anti-myc antibody. One-half of the immunoprecipitate was immunoblotted with
anti-HSV, anti-Cdc53(yC-17), anti-FLAG, or anti-myc antibodies (middle panels). The remaining immunoprecipitate was assayed for
SCFS™! activity at 25°C for 60 min as described in Materials and Methods. Reaction products were immunoblotted with anti-HA
antibody (top panel). The same cell lysates (20 pg) were immunoblotted with anti-HSV, anti-Cdc53(yC-17), anti-FLAG, or anti-myc
antibodies (bottom panels).

wild type mRbxl and mRbxl mutants mRbx1(C53S
C56S) or mRbx1(C68S), but not by expression of mRbx1
mutants mRbx1(C42S C45S), mRbx1(C75S), mRbx1(H82A
C83A), or mRbx1(C94S). Notably, all mRbxl mutants
that failed to rescue the rbx1 deletion strain contained
mutations of cysteine or histidine residues that are pre-
dicted to be directly involved in zinc binding (Seol et al.
1999) and that are conserved between Rbxl and the
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RING-H2 finger proteins Hrd1l, Rad18, and Ubrl (Skow-
yra et al. 1999), which interact with E2 ubiquitin-conju-
gating enzymes and function in ubiquitination of 3-hy-
droxy-3-methyl-glutaryl-coenzyme A reductase, in DNA
repair, and in amino-end rule protein degradation, re-
spectively. In contrast, the two mRbx1 mutants that res-
cued the rbx1 deletion strain contained mutations of
cysteine residues that are not predicted to be involved in



zinc binding (Seol et al. 1999) and that are not conserved
in Hrdl, Radl8, and Ubrl (Skowyra et al. 1999).

To compare the activities of wild-type mRbx1 and
Rbx1 mutants in Rubl modification of Cdc53 in vitro,
wild-type myc-mRbx1 and myc-mRbx1 mutants were
coexpressed in Sf21 cells with Cdec53. Myc-mRbx1/
Cdc53 complexes were purified by immunoprecipitation
with anti-myc antibodies and added to reaction mixtures
containing Uba3/Ulal, Ubcl2, GST-Rubl, and ATP. As
shown in Figure 3C, the abilities of mRbxl RING-H2
finger mutants to support Rubl modification of Cdc53
and ubiquitination of CIn2 by the SCF*™! ubiquitin li-
gase complex correlated with their abilities to rescue the
rbx1 deletion strain. mRbxl mutants mRbx1(C53S
C56S) and mRbx1(C68S), which were the only mRbx1
mutants that rescued the rbx1 deletion strain, were also
the only mutants capable of promoting formation of de-
tectable GST-Rub1-Cdc53 conjugates in vitro, although
they supported formation of significantly reduced levels
of GST-Rub1-Cdc53 conjugates than wild type mRbxl1.
Interestingly, these two mRbx1 mutants were the only
mutants that supported formation in Sf21 cells of the
presumptive Rub1-Cdc53 conjugate indicated by the as-
terisks in Figure 3, C and D. mRbxl mutants
mRbx1(C428 C458), mRbx1(C75S), mRbx1(H82A
C83A), and mRbx1(C94S), which could not rescue the
rbx1 deletion strain, did not support detectable Rubl
modification of Cdc53. As shown in Figure 3C, wild-type
mRbx1 and mRbx1 mutants were expressed to similar
levels in Sf21 cells and immunoprecipitated similar
amounts of Cdc53, indicating that they were all capable
of interacting with Cdc53 under the conditions of our
assays.

To compare the activities of wild-type mRbx1 and
mRbx1 mutants in ubiquitination of Cln2 by the SCF<™!
ubiquitin ligase complex, wild-type myc-mRbx1 and
myc-mRbx] mutants were coexpressed in Sf21 cells
with Cdc53, Skpl, and Grrl. SCFS™! complexes were
purified by immunoprecipitation with anti-myc antibod-
ies and added to reaction mixtures containing purified,
recombinant S. cerevisiae E1 ubiquitin activating en-
zyme Ubal, S. cerevisiae E2 ubiquitin-conjugating en-
zyme Cdc34, GST-ubiquitin®™*®® (GST-UbX*8R) ATP,
and phosphorylated CIn2. As shown in Figure 3D (top),
the relative activities of mRbx1 mutants in ubiquitina-
tion of Cln2 paralleled their activities in Rubl modifi-
cation of Cdc53. mRbxl mutants mRbx1(C53S C56S)
and mRbx1(C68S), which were the only mRbx1 mutants
that rescued the rbx1 deletion strain and supported for-
mation of detectable GST-Rub1-Cdc53 conjugates, were
most active in ubiquitination of Cln2, although they
were much less active than wild-type mRbx1. mRbx1
mutants mRbx1(C42S C45S), mRbx1(C75S), mRbx1(H82A
C83A), and mRbx1(C94S), which neither rescued the
rbx1 deletion strain nor supported detectable Rubl
modification of Cdc53, were less active than mRbx1
mutants mRbx1(C53S C68S) and mRbx1(C68S) in ubiq-
uitination of CIn2. As shown in Figure 3D (middle and
bottom), wild-type mRbx1 and mRbx1 mutants were ex-
pressed to similar levels in Sf21 cells and immunopre-

Rbx1 activates Rubl conjugation

cipitated similar amounts of SCF subunits, indicating
that they were all capable of interacting with the SCF™!
complex under the conditions of our assays. These ob-
servations are consistent with the findings of Ohta
et al. (1999), who reported that Rbx1(C53A, 56A) and
Rbx1(C75A, H77A) exhibit substantially reduced ability
to support formation of polyubiquitin in vitro.

Conjugation of Rubl to Cul2 depends on Rbx1

To determine whether Rubl modification of Cul2 de-
pends on Rbx1, wild-type myc-mRbx1 and myc-mRbx1
mutants were coexpressed in Sf21 cells with Cul2. Myc-
mRbx1/Cul2 complexes were purified by immunopre-
cipitation with anti-myc antibodies and added to reac-
tion mixtures containing Uba3/Ulal, Ubcl2, GST-
Rubl, and ATP. As shown in Figure 4A (lane 2), >70% of
the input Cul2 was converted to GST-Rub1-Cul2 con-
jugates in the presence of wild type Rbx1. Formation of
GST-Rub1-Cul2 conjugates was strongly dependent on
Uba3/Ulal, Ubcl2, and ATP (Fig. 4B). In addition, for-
mation of GST-Rub1-Cul2 conjugates was strongly de-
pendent on mRbx1, as the efficiency of Rub1 conjugation
was substantially reduced with mRbx1(C53S C56S) and
undetectable with the other mutants, even though wild-
type Rbx1 and Rbx1 mutants were expressed to similar
levels in Sf21 cells and immunoprecipitated similar
amounts of Cul2 (Fig. 4A).

Rbx1, an activator of ubiquitination by SCF and VHL
ubiquitin ligases and Rubl modification of cullins

In summary, in this report we present evidence that the
evolutionarily conserved RING-H2 finger protein Rbx1
activates Rubl modification of the cullins Cdc53 and
Cul2 by the dedicated E1 Rubl-activating and E2 Rubl-
conjugating enzymes Uba3/Ulal and Ubcl2. Rbx1 (also
known as ROC1 and Hrtl) was initially identified as a
subunit of the multiprotein SCF (Kamura et al. 1999;
Ohta et al. 1999; Seol et al. 1999; Skowyra et al. 1999;
Tan et al. 1999) and VHL tumor suppressor (elongin BC~
Cul2-VHL) ubiquitin ligase complexes (Kamura et al.
1999), where it functions as a component of Cdc53(Cull)/
Rbx1 and Cul2/Rbx1 modules that recruit and activate
the E2 ubiquitin conjugating enzymes Cdc34 and Ubc5
to ubiquitinate target proteins (Iwai et al. 1999; Seol et
al. 1999; Skowyra et al. 1999).

The mechanism by which Rbx1 activates Rubl modi-
fication of cullins remains unclear. Notably, we
observed that Rbx1 RING-H2 finger mutations have
similar effects on Cln2 ubiquitination by the SCF&™!
complex and Rubl conjugation of Cdc53 and Cul2, con-
sistent with the model that Rbx1, as a component of
Cdc53/Rbx1 modules or Cul2/Rbx1 modules, recruits
and activates not only the E2 ubiquitin-conjugating en-
zymes Cdc34 and Ubc5, but also the E2 Rubl-conjugat-
ing enzyme Ubcl2. Alternatively, the interaction of
Rbx1 with Cdc53(Cull) or Cul2 may induce a conforma-
tional change that allows access of the charged E2 Ubc12
to the site of Rubl modification in the cullin. Regardless
of the exact mechanism of Rbxl action in these pro-
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Figure 4. Conjugation of Rubl to Cul2 depends on Rbxl. (A)
Cell lysate (20 pg) from the indicated baculovirus-infected Sf21
cells was immunoblotted with anti-HA or anti-myc antibodies.
Total cell lyaste protein (200 pg) from baculovirus-infected Sf21
cells was immunoprecipitated with 2 pug of anti-myc antibody.
The beads were incubated with 30 ng of Ulal, 20 ng of Uba3,
100 ng of Ubc12, 1 pg of GST-Rubl, and 1.5 mm ATP at 25°C for
50 min and immunoblotted with ant-HA or anti-GST antibod-
ies. (B) After immunoprecipitation with 12 ug of anti-myc an-
tibody from 1.2 mg of baculovirus infected Sf21 cell lysate, the
beads were divided into six tubes and incubated at 25°C for 30
min in the presence or absence of Uba3/Ubc12, GST-Rubl, and
ATP as indicated and immunoblotted with anti-HA or anti-GST
antibodies.

cesses, our findings bring to light an expanded role for
Rbx1 in regulation of SCF and VHL ubiquitin ligases and
identify Rbx1 as a common component of enzyme sys-
tems responsible for ubiquitin and Rubl modification of
target proteins.

Materials and methods

Antibodies

Anti-HSV antibody was from Novagen. Anti-Cdc53 (yN-18 and yC-17)
antibodies were from Santa Cruz Biotechnology, Inc. Anti-Flag antibody
was from Sigma. Anti-HA (12CA5) and anti-Myc (9E10) antibodies were
from Boehringer Mannheim. Anti-GST (4C10) antibody was from Co-
vance.

Expression of recombinant proteins in Escherichia coli

S. cerevisiae Ubal was subcloned into pET23 B (Novagen) with an
amino-terminal Myc tag and a carboxy-terminal 6-histidine tag. S. cere-
visiae Cdc34 was subcloned into pRSET B (Invitrogen) with an amino-
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terminal 6-histidine tag. S. cerevisiae Ubc12 was subcloned into pRSET
B with an amino-terminal 6-histidine tag and a carboxy-terminal Flag tag.
Mammalian ubiquitin (K48R) and S. cerevisiae Rubl lacking the car-
boxy-terminal asparagine residue were subcloned into pGEX4T-2 (Phar-
macia). Proteins were expressed in E. coli BL21 (DE3) and purified by
Ni?*-agarose or glutathione-Sepharose affinity chromatography. After di-
alysis against 40 mm HEPES-NaOH (pH 7.9), 60 mm potassium acetate, 2
mwm DTT, 1 mm MgCl,, 0.5 mm EDTA (pH 7.9), and 10% (vol/vol) glyc-
erol, proteins were stored at -80°C.

Expression of recombinant proteins in Sf21 insect cells

Mouse wild-type Rbx1l and Rbxl mutants containing amino-terminal
6-histidine and myc tags, S. cerevisiae Grrl containing amino-terminal
6-histidine and HSV tags, S. cerevisiae Cln2 containing amino-terminal
6-histidine and HA tags, S. cerevisiae Cdc28 containing amino-terminal
6-histidine and Myc tags, S. cerevisiae Cksl containing amino-terminal
6-histidine and T7 tags, S. cerevisiae Ulal containing amino-terminal
6-histidine and myc tags, and S. cerevisiae Uba3 containing amino-ter-
minal 6-histidine and Flag tags were subcloned into pBacPAKS, and re-
combinant baculoviruses were generated with the BacPAK baculovirus
expression system (Clontech). The baculovirus vectors encoding S. cere-
visiae Cdc53 (Willems et al. 1996), S. cerevisiae Skpl (Skowyra et al.
1997), human Cul2 (Kamura et al. 1999), and mouse Rbx1 (mRbx1) (Ka-
mura et al. 1999) have been described. Sf21 cells were cultured in Sf-900
I SFM with 5% fetal calf serum at 27°C and infected with the indicated
recombinant baculoviruses. Sixty hours after infection, cells were col-
lected and lysed as described previously (Kamura et al. 1998).

In vitro Rubl conjugation assay

Ulal and Uba3 were coexpressed in Sf21cells and purified by Ni**-aga-
rose affinity chromatography. Ubc12 and GST-Rub1 were expressed in E.
coli BL21 (DE3) and purified by Ni?*-agarose and glutathione-Sepharose
affinity chromatography, respectively. Sf21 cells (1 x 10°) infected with
the indicated baculoviruses were lysed with 1 ml of ice-cold buffer con-
taining 40 mm HEPES-NaOH (pH 7.9), 450 mm NaCl, 1 mm DTT, 0.5%
(vol/vol) Triton X-100, 10% (vol/vol) glycerol, 5 ng/ml leupeptin, 5 ng/
ml of antipain, 5 pg/ml pepstatin A, and 5 pg/ml aprotinin. After cen-
trifugation at 10,000g for 20 min at 4°C, the supernatants were immu-
noprecipitated with 2 pg of anti-myc or anti-Cdc53(yN-18) antibody and
10 pl of protein A-Sepharose beads. The beads were then mixed with 30
ng of Ulal, 20 ng of Uba3, 100 ng Ubc12, and 1 pg of GST-Rubl in a 15-pl
reaction containing 40 mm HEPES-NaOH (pH 7.9), 60 mm postassium
acetate, 2 mm DTT, 5 mm MgCl,, 0.5 mm EDTA (pH 7.9), 10% (vol/vol)
glycerol, and 1.5 mm ATP. Reaction mixtures were incubated at 25°C for
the times indicated in the figure legends.

In vitro CIn2 ubiqitination assay

Phosphorylated Cln2 was prepared by coinfecting Sf21 cells with bacu-
loviruses encoding Cln2, Cdc28, and Cksl. After lysis of cells, Cln2/
Cdc28/Cksl complexes were purified by Ni%*-agarose affinity chroma-
tography and dialysed against 40 mm HEPEs-NaOH (pH 7.9), 60 mm po-
tassium acetate, 2 mm DTT, 5 mm MgCl,, 0.5 mm EDTA (pH 7.9), and
10% (vol/vol) glycerol. Cln2 was phosphorylated by incubating 50 pg of
Cln2/Cdc28/Cksl complexes in dialysis buffer containing 1.5 mm ATP
at 25°C for 1 hr.

Ubal, Cdc34, and GST-ubiquitin (K48R) were expressed in E. coli
BL21(DE3) cells and purified by Ni?>*-agarose or glutathione-Sepharose
affinity chromatography. Sf21 cells (1 x 10°) infected with the indicated
baculoviruses were lysed with 1 ml of ice-cold buffer containing 40 mm
HEPES-NaOH (pH 7.9), 150 mm NaCl, 1 mm DTT, 0.5% (vol/vol) Triton
X-100, 10% (vol/vol) glycerol, 5 pg/ml leupeptin, 5 pg/ml antipain, 5
pg/ml pepstatin A, and 5 pg/ml aprotinin. After centrifugation at
10,000g for 20 min at 4°C, the supernatants were immunoprecipitated
with 2 pg of anti-myc antibody and 10 pl of protein A-Sepharose. The
beads were mixed with 50 ng of Cln2 complex, 50 ng of Ubal, 100 ng of
Cdc34, and 1 pg of GST-ubiquitin®**® in a 15-ul reaction containing 40
mwm HEPES-NaOH (pH 7.9), 60 mm potassium acetate, 2 mm DTT, 5 mm
MgCl,, 0.5 mm EDTA (pH 7.9), 10% (vol/vol) glycerol, and 1.5 mm ATP.
Reaction mixtures were incubated for 60 min at 25°C.

Construction of yeast strains
The EcoRI-BamHI fragment containing the GAL1,10 promoter was ex-
cised from YEp352-GAL (Benton et al. 1990) and introduced into EcoRI-



BamHI-digested TRP1 plasmid YEplacl112 (Gietz and Sugino 1988) to
create pMCB340. PCR fragments encoding wild-type and mutant RBX1
were introduced between the BamHI and HindIIl sites of pMCB340
downstream of the GAL1,10 promoter. Yeast strain MCY571 (MATa
his3A200 ura3 leu?2 lys2 trpl canlR cyh2R rbx1::HIS3/YEp352-GAL-
RBX1) is a random spore derived from MCY557 (MATa/MATa« his3A200/
his3A200 ura3/ura3 leu2/leu? lys2/lys2 trp1/trpl can1R/canlR cyh2R/
cyh2R RBX1/rbx1:HIS3/YEp352-GAL-mRBX1) (Kamura et al. 1999).
MCY571 was transformed with wild-type or mutant versions of mRBX1
under control of the GAL1,10 promoter in the plasmid pMCB340. Trans-
formants were selected on trp~ uracil-plates containing 2% galactose.
Transformants were replica plated twice to uracil™ galactose plates to
allow time for loss of the URA3 plasmid and then tested for growth on
trp~ galactose medium containing 5-FOA.
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