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Summary

We have identified two highly conserved RING finger
proteins, ROC1 and ROC2, that are homologous to
APC11, a subunit of the anaphase-promoting complex.
ROC1 and ROC2 commonly interact with all cullins
while APC11 specifically interacts with APC2, a cullin-
related APC subunit. Yeast ROC1 encodes an essential
gene whose reduced expression resulted in multiple,
elongated buds and accumulation of Siclp and CIn2p.
ROC1 and APC11 immunocomplexes can catalyze iso-
peptide ligations to form polyubiquitin chains in an
E1l- and E2-dependent manner. ROC1 mutations com-
pletely abolished their ligase activity without notice-
able changes in associated proteins. Ubiquitination of
phosphorylated IkBa can be catalyzed by the ROC1
immunocomplex in vitro. Hence, combinations of
ROC/APC11 and cullin proteins potentially constitute
a wide variety of ubiquitin ligases.

Introduction

Many regulatory proteins such as cyclins, CDK inhibi-
tors, and transcription factors are regulated by the ubi-
quitin-dependent proteolytic pathway (Hochstrasser,
1996; King et al., 1996; Hershko, 1997). A cascade of
enzymes, E1, E2, and E3, catalyze the attachment of
ubiquitin (Ub) to substrates to form polyubiquitinated
conjugates that are rapidly detected and degraded by
the 26S proteasome. E1 and E2 both represent structur-
ally related and well characterized enzymes that do not
provide much substrate specificity. The E3 is ambigu-
ously defined as a function containing two separate
activities: an Ub ligase activity to catalyze isopeptide
bond formation and a specific targeting activity to physi-
cally bring the ligase and substrate together. Elucidating
the molecular nature and the regulation of E3s have
become critical issues central to our understanding of
regulated proteolysis.

Knowledge about E3 Ub ligases is very limited at pres-
ent. The best characterized E3 ligase is the APC (ana-
phase-promoting complex or cyclosome), which plays
a crucial role in regulating the passage of cells through
anaphase (reviewed in King et al., 1996). Most proteins
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known to be degraded by the APC contain a conserved
9-amino acid stretch, commonly known as the destruc-
tion box, that is necessary for their ubiquitination and
degradation (Glotzer et al., 1991). Proteins that are de-
graded during G1 do not contain the conserved destruc-
tion box. Instead, substrate phosphorylation appears to
play an important role in targeting their interaction with
an E3 for ubiquitination. Genetic and biochemical analy-
sis in yeast have identified an E3-like activity, the SCF,
that plays a key role in regulating G1 progression. The
SCF consists of at least three subunits, SKP1, CDC53/
cullin, and an F box-containing protein, in which SKP1
functions as an adapter to connect CDC53 to the F box
protein that binds directly to the substrate (reviewed in
Hoyt, 1997).

Despite extensive investigations into the APC and
SCF, the nature of E3 ligases still remains unclear. One
inconsistency is that all in vitro reconstituted SCF ubi-
quitination reactions reported thus far have required the
supplement of a cellular extract. This indicates that an
essential protein component(s) or a critical modification
was missing from the complexes assembled from iso-
lated proteins. We report here the identification of a
family of closely related RING finger proteins, ROC1,
ROC2, and APC11. We present evidence that ROC1/
APC11 are general cullin-binding proteins that have
an associated ligase activity. Hence, ROC-cullins and
APC11-APC2 may function as Ub ligases during inter-
phase and mitosis, respectively.

Results

ROCI1 Interacts Directly with All Cullins

In a yeast two-hybrid screen of a human HeLa pGAD-
cDNA library using mouse cullin 4A as bait, we identified
a gene encoding a RING finger protein, named ROC1
(regulator of cullins). ROC1 can also interact with cullins
1, 2,and 5 (Figure 1A). We then demonstrated that ROC1
interacts with the COOH-terminal 527 amino acid resi-
dues of CUL1, but not the NH,-terminal 249 residues
(Figure 1B). In contrast, SKP1 binds to the NH,-terminal
domain of CULL. These results indicate that CUL1 con-
tains at least two distinct domains, a NH,-terminal SKP1-
binding domain and a central/COOH-terminal ROC1-
binding domain. Such structural separation suggests
that it is unlikely that ROC1 competes with SKP1 for
CULL. Supporting this idea, we have detected ROCL1 in
the o-SKP1 immunocomplex, and SKP1 was recipro-
cally detected in the a-Rocl immunocomplex when cells
were cotransfected with ROC1, CUL1, and SKP1 (data
not shown). Hence, ROC1 and SKP1 may coexist in the
same protein complex with CUL1 to perform different
functions.

To confirm the interaction between ROC1 and cullin
proteins, Saos-2 cells were transfected with plasmids
directing the expression of HA-tagged human ROC1
(HA-ROC1) together with CUL1 or other myc-epitope
tagged cullins. Transfected cells were metabolically la-
beled with [*S]methionine, and cell lysates were recipro-
cally immunoprecipitated with either a-HA, «-CUL1, or
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a-myc antibody. All five cullins coprecipitated with
ROC1 by the «-HA antibody (Figure 1C; lanes 7-11).
Reciprocally, HA-ROC1 was detected in «-CUL1 and
a-myc-mCUL4A immunoprecipitations (lanes 1 and 4).
The association between ROC1 and cullin 1 was not
disrupted by buffer containing 0.1% SDS (data not
shown), indicating that the ROC1-cullins association is
very stable.

To obtain evidence for in vivo ROC1-cullins associa-
tion under physiological conditions, we raised rabbit
polyclonal antibodies specific to ROC1. This antibody
is capable of precipitating both ROC1 and the ROC1-
CUL1 complex as determined by the use of in vitro
translated proteins (Figure 1D; lanes 1 and 2). From
metabolically labeled HeLa and Saos-2 cells, the a-Rocl
antibody precipitated a protein of approximately 14 kDa
(lanes 3 and 5). This protein corresponds to ROC1 as
judged by its comigration with in vitro produced ROC1
and by competition using the antigen peptide (lanes 4
and 6). Several proteins that migrated in the 90 kDa
range (indicated as “cullins” in Figure 1D) were also
specifically competed by the antigen peptide. We im-
munopurified these proteins and determined their se-
quences by protein microsequencing. At least four cullin
proteins (CUL1, CUL2, CUL3, and CUL4A or 4B) have
been identified from this analysis thus far. HelLa cell
lysate was then immunoprecipitated with antibodies to
ROC1, CUL1, and CUL2, and precipitates were analyzed
by Western blotting. As shown in Figure 1E, both CUL1
(lane 3) and CUL2 (lane 7) were readily detected in the
ROC1 immunocomplexes and were specifically com-
peted by ROC1 antigen peptide. Reciprocally, ROC1
was detected in both CUL1 (lane 1) and CUL2 (lane 5)
complexes (lower panel, Figure 1E). Thus, ROCL1 is a
general cullin-interacting protein.
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Figure 1. ROC1 Interacts with Members of
the Cullin Family

(A) Yeast HF7c cells were cotransformed with
plasmids expressing indicated proteins (key)
and plated onto media lacking leucine and
tryptophan (—LW) to verify the presence of
both bait (Leu™) and prey (Trp*) plasmids; or
onto media lacking leucine, tryptophan, and
histidine (—LWH) to assay for interactions be-
tween bait and prey proteins.

(B) ROCL1 interacts with the C-terminal portion
of CUL1. HF7c yeast cells were cotrans-
formed with plasmids expressing indicated
proteins. Protein—protein interaction was as-
. v . sayed as described in (A).

el (C-E) Invivo association of ROC1 with cullins.
(C) *S-methionine-labeled lysates prepared
from Hela cells transfected with indicated
plasmids.

(D) *S-methionine-labeled, in vitro translated
ROC1 and CUL1, or cell lysates from HelLa
and Saos-2 cells were immunoprecipitated
with indicated antibodies and resolved by
SDS-PAGE.

(E) Lysates prepared from HelLa cells were
immunoprecipitated with indicated antibod-
ies with (+) or without (—) competing antigen
peptide. Proteins were resolved by SDS-
PAGE and analyzed by Western analysis us-
ing indicated antibodies.

— IgG
—CcuLz

ROC1 Represents a Family of RING Finger
Proteins Related to APC11
ROC1 encodes a 108-amino acid residue protein with
a predicted molecular weight of 12265 D (Figure 2A).
Database searches identified ROC1 as a highly evolu-
tionarily conserved gene whose S. cerevisiae (ROC1-
Sc), S. pombe (ROC1-Sp), and plant (ROC1-At) homo-
logs share 67%, 88%, and remarkably 98% protein
sequence identity with human ROC1, respectively, over
the 82—amino acid region compared (Figure 2C). Data-
base searches have also identified two additional genes,
ROC2 in higher eukaryotes and APCL11 in all eukaryotic
species (Figures 2B and 2C), that are closely related to
ROC1. ROC1 and ROC2 share an overall protein se-
quence identity of 51% with each other and 38% and
35% identity with APC11, respectively. Both ROC2 and
APC11 are also highly evolutionarily conserved. There-
fore, ROC1/ROC2/APC11 define a new family of proteins
that are likely to carry out important cellular functions.
ROC/APC11 proteins contain two characteristic fea-
tures: a RING finger and richness in tryptophan residues.
The RING finger domain has been found in many eukary-
otic proteins with diverse functions and is thought to
mediate protein—protein interactions (Borden and Free-
mont, 1996). Three of the six highly conserved trypto-
phan residues in ROC1 are followed by an acidic amino
acid residue (Asn, Glu, or Asp) that resembles the WD
repeat indicating that they may be involved in mediating
protein—protein interactions.

Selective Interaction between ROC2, APC11,

and Cullin Family Proteins

We next determined whether ROC2 and APC11 also
interact with cullins. Almost identical to ROC1, ROC2
interacted strongly with cullins 1, 2, 4A, and 5 (Figure
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Figure 2. ROC1 Represents a Family of RING Finger Proteins In-
cluding APC11

(A) Nucleotide and amino acid sequences of human ROC1.

(B) Nucleotide and amino acid sequences of human ROC2.

(C) Sequence comparison of the ROC/APC11 family of proteins from
representative organisms: human (Hs), fruit fly (Dm), nematodes
(Ce), mouse ear cress (At), fission yeast (Sp), and budding yeast
(Sc). Only residues that are identical to all sequences are in bold.
The number in the bracket of certain sequences indicates the length
of insertion omitted. The number preceding and following each se-
quence indicates the position of the first amino acid residue in each
gene and the total length of each protein, respectively.

3A). In contrast, APC11 only interacted with cullin 5, but
not other cullins (Figure 3B). Saos-2 cells were then
transfected with HA-ROC2 and untagged CUL1 or myc-
tagged cullins followed by [®*S]IP. All five cullins were
coprecipitated with ROC2 by the HA antibody (Figure
3C; lanes 6-10). Reciprocally, ROC2 (preferentially the
faster migrating form) was detected in cullin 2, 3, and 4
immunocomplexes (lanes 2-4). In contrast and with the
exception of cullin 5, APC11 and cullins were not de-
tected to interact with each other (Figure 3D; lanes 1-10).
Cullin 5 was weakly but reproducibly detected in the
APC11 immunocomplex (lane 10). Of all six mammalian
cullins, CUL5 is the most divergent member of the cullin
family and contains the highest sequence similarity to
APC2. When tested by the two-hybrid assay, APC11,
but not ROC1 or ROC2, interacted with mouse APC2
(Figure 3E). Consistent with this data, APC2 and APC11
were reciprocally detected in APC11 and APC2 immuno-
complexes, respectively, in Saos-2 cells detected by
[**S]IP following transfection (data not shown, and see
below; Figure 5B).

Yeast Roclp Interacts with the Yeast

CDC53/Cullin Family

The yeast genome contains a single ROC gene, Sc-
ROC1 (ORF YOL133w), providing a simpler system to
determine the in vivo function of ROC family proteins.
We determined whether the yeast ROC/APC11 family
also could directly interact with the yeast cullin/CDC53
family proteins by the yeast two-hybrid assay. The yeast
genome contains four cullin members, CDC53, CUL-B
(ORF YGRO003w), CUL-C (ORF YJL047c), and APC2.
ScROC1 interacted with all four yeast cullin genes in-
cluding the most distantly related APC2. In contrast,
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Figure 3. ROC2 and APC11 Selectively Interact with Cullins and
APC2

(A and B) HF7c yeast cells were cotransformed with plasmids ex-
pressing human ROC2 or human APC11 and various cullins. pGBT8-
PCNA and pGAD vector plasmid were included as negative controls.
Protein—protein interactions were determined by the yeast two-
hybrid assay as described in Figure 1A.

(C and D) Interaction between ROC2, APC11, and cullin family pro-
teins in mammalian cells. Transfection followed by [**S]IP was per-
formed as described in Figure 1C.

(E) Selective interaction between APC2 and ROC or APC11. HF7c
yeast cells were cotransformed with plasmids expressing indicated
proteins (key). Protein—protein interaction was determined by the
yeast two-hybrid assay using selective medium lacking histidine
(—LWH) supplemented with 5 mM 3-AT to suppress the low trans-
activating activity of GAL4®-APC2 fusion protein.

ScAPC11 only interacted weakly with CUL-C, but not
CDC53 or CUL-B (Figure 4A). Interaction of SCAPC11
with SCAPC2 could not be tested because both are self-
activating as baits. Hence, like human ROC proteins,
yeast ROC1 also commonly interacts with all cullins.

Decrease of Rocl Protein Causes a cdc53-,
cdc34-, and cdc4-like Phenotype
We determined the consequence of deleting the
ScROC1 gene by replacing it with a kanamycin resis-
tance module by PCR homologous recombination. A 2:2
segregation was observed in 19/20 tetrads dissected
on complete medium, and all of the viable colonies were
kanamycin sensitive when replica plated onto selective
medium. Upon microscopic inspection of the inviable
spores, germination and a limited number of cell divi-
sions to form microcolonies were observed reflecting a
“maternal” supply of Roclp (data not shown). Hence,
ScROC1 is an essential gene for yeast viability.

We next created a conditional yeast strain in which
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Figure 4. Function of ROCL1 in Yeast

(A) ScRoc1p interacts with all yeast cullins. HF7c cells were cotrans-
formed with plasmids expressing indicated proteins (Key). Protein-
protein interactions were determined by the yeast two-hybrid assay
as described in Figure 1(A).

(B) Human ROC1 and ROC2 can rescue the multibudded phenotype
resulting from ScRoclp depletion. His3MX6:P-¢, -HA3-ROC1 hap-
loids were transformed with pADH-414 vector, pADH-ScROC1,
PADH-ScAPC11, pADH-hROC1, or pADH-hROC2. Transformants
were streaked onto selective plates containing 2% glucose and
grown for 24 hr. Yeasts were formaldehyde fixed and sonicated
before photography.

(C) Siclp and CIn2p accumulate in yeast depleted of ScRoclp.
Haploid His3MX6:P-, -HA3-ROC1 SIC1-HA3:TRP1 and His3MX6:
P-ca-HA3-ROC1 CLN2-HA3:TRP1 yeast were grown in either 2%
or 0.05% galactose plus 2% raffinose, or 2% glucose for 10 hr. Cell
lysates were resolved on an SDS-PAGE gel, transferred to nitrocellu-
lose, and blotted with anti-HA antibody to detect Sic1p-HA3, CIn2p-
HA3, and HA3-Roclp and with anti-actin antibody to verify equal
protein loading.

ScROC1 was under the control of the galactose-induc-
ible, glucose-repressible GAL1 promoter. Repression of
ScROC1 by exposure to glucose caused the yeast to
begin exhibiting a mutant phenotype at 9 hr and resulted
in the accumulation of a multiply elongated budded
yeast population with a single nucleus by 24 hr (Figure
4B and data not shown). This Roclp depletion-induced
phenotype is indistinguishable from those caused by
temperature-sensitive mutations in the CDC53, CDC4,
and CDC34 genes (Mathias et al., 1996). Taking ad-
vantage of this conditional phenotype, we determined
the functional conservation and specificity of ROC fam-
ily proteins. The multibudded phenotype incurred by
Roclp depletion can be completely rescued by the ex-
pression of yeast ROC1, but not vector control (Figure
4B), confirming that the level of Roclp was the rate-
limiting factor causing the multibudded phenotype. Ec-
topic expression of both human ROC1 and ROC2 also
rescued the phenotype of ScRoc1p depletion. This indi-
cates a functional conservation of the ROC gene family.
Ectopic expression of yeast APC11, however, did not
rescue the phenotype (Figure 4B) demonstrating a func-
tional specificity between members of the ROC/APC11
family.

Roclp Is Required for Siclp and Cln2p Degradation

Phenotypic similarity between Roclp depleted and
cdc53 mutant cells and the interaction of SCROC1 with
CDC53 prompted us to determine whether ScCROC1
played a role in regulating protein degradation. Two
critical substrates of the CDC53/SCF pathway are the
G1 CDK inhibitor p40S¢ and the G1 cyclin CIn2p (Feld-
man et al., 1997; Skowyra et al., 1997). As such, we
asked whether Siclp and CIn2p were stabilized in yeast
depleted of ScRoclp as determined by Western blot
analysis. We created two yeast strains in which either
the SIC1 gene or the CLN2 gene was HA3 epitope tagged
in a GAL-HA3-ScROC1 background. Yeast cells grown
in a low concentration of galactose (0.05% plus 2%
raffinose) expressed a reduced level of Roclp but still
exhibited a wild-type phenotype. After 10 hr of culturing
in the presence of 2% glucose to deplete ScRoclp,
Siclp and CIn2p accumulated (Figure 4C). Protein accu-
mulation closely correlated with the appearance of mul-
tiple elongated buds. These results provide in vivo evi-
dence that ROC1 functions in Ub-mediated proteolysis.

ROC1 and APC11 Complexes Contain

Ub Ligase Activity

To test whether ROC1 immunocomplexes can function
as Ub ligases, we immunoprecipitated ROC1 and CUL1
complexes from either 293T or Hela cells and assayed
for their ability to catalyze substrate independent Ub-
Ub ligations (described in detail in Tan et al., 1999 [this
issue of Molecular Cell]; Figure 5A). The ROC1 immuno-
complex derived from both HeLa (lane 3) and 293T cells
(lane 7) catalyzed the incorporation of **P-labeled Ub
into a high molecular weight smear characteristic of an
incremental Ub ladder in an E1- (lane 1) and E2- (lane
2) dependent manner. Inclusion of ROC1 antigen peptide
in the ROC1 immunoprecipitation effectively blocked the
ligase activity (lane 4), indicating that the polyubiquitina-
tion is catalyzed by the ROC1 immunocomplex. Simi-
larly, the CUL1 complex also exhibited the Ub ligase
activity (lane 6). Substitution of E2/CDC34 with E2/
UbcH5c also supported ROC1-catalyzed Ub-Ub ligation
(data not shown) and Ub-substrate ligation (see below),
indicating that the ROC1 complex is capable of utilizing
more than one E2 enzyme.

In contrast to ROC1, the anti-APC11 complex exhib-
ited only background levels of ligase activity when simi-
larly incubated with E1 and E2/CDC34 (Figure 5A, lane
5). A possible explanation is that ROC1 and APC11 se-
lectively utilizes different E2s. To test this possibility,
we substituted E2/CDC34 with UbcH5c, an isoform of
E2/Ubc4 (97% identity), which was previously shown to
be involved in ubiquitination of mitotic cyclin B by the
APC (King et al., 1995). E2-UbcH5C supported Ub ligase
activity of the a-APC11 immunocomplex (Figure 5B, lane
3). a-HA immunocomplexes derived from cells trans-
fected with HA-APC11 and myc-APC2 (lane 6), but not
with empty vector and myc-APC2 (lane 5), also exhibited
high levels of Ub ligase activity. The immunocomplexes
associated with the ligase activity predominantly con-
tain HA-APC11 and myc-APC2 (compare lanes 7 and 8).
These results demonstrate that ROC1/APC11 proteins
play a role in the activity capable of linking together two
Ub molecules by an isopeptide bond to form polyubiqui-
tin chains.
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Figure 5. ROC1 and APC11 Constitute Ub Li-
gases with Cullin 1 and APC2

(A) Ub ligase activity of ROC1. Lysates (2 mg)
from HeLa or 293T cells were immunoprecipi-
tated with 2 pg of antibodies to either ROC1,
APC11, or CUL1 as indicated. Immunocom-
plexes immobilized on the beads were
washed and then mixed with purified E1, E2/
CDC34 (unless otherwise indicated), *?P-labeled
Ub, and ATP. After incubation, the reactions
were terminated by boiling the sample in
Laemmli loading buffer and resolved by
SDS-PAGE.

(B) Ub ligase activity of APC11. Lysates from
untransfected Hela or transfected 293T cells
were immunoprecipitated with indicated anti-
bodies. Ub ligase activity was assayed with

HA-APC11

—18
-1
“~HA-APC11

HA either E2/CDC34 or E2/UbcH5C as described
in (A). In vivo association of transfected
APC11 and APC2 was confirmed by [*S]IP

(lanes 7 and 8).

(C) In vitro ubiquitination of IkBa by ROC1
ligase. Purified IkBa was phosphorylated with
IKKB and incubated with ROC1 immunocom-

plexes derived from untransfected or trans-
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fected 293T cells as indicated. Lane 8 repre-
sents a total input of the phosphorylated
substrate IkBa used in each reaction. The
faint band (denoted by an asterisk) may cor-
respond to the autophosphorylated form of
IKKB. After autoradiography, the gel was
stained with Coomassie blue to visualize IkBa
(bottom panel).

(D) Protein complex formation and ligase ac-
tivity of mutant ROC1. Two sets of 293T cells
were cotransfected in parallel with a CUL1
expressing plasmid with either vector control
or a plasmid expressing wild-type or mutant
ROC1 as indicated. Thirty-six hours after

transfection, one set of cells was pulse labeled with [**S]Met for 2 hr, lysed, and immunoprecipitated with HA antibody, and resolved by SDS-
PAGE. The second set of transfected cells were lysed and immunoprecipitated with HA antibody under the same lysis and wash conditions

and subjected to the Ub ligase activity assay.

Discovery of the Ub-Ub ligation catalyzed by «-Rocl
and a-APC11 immunocomplexes prompted us to deter-
mine whether they can also catalyze Ub-substrate li-
gations. We chose IkBa, an inhibitor of the NF-«kB tran-
scription factor, for this study, as it was recently reported
that signal-induced phosphorylation of IkBa targets it for
ubiquitination by cullin 1, SKP1, and the F box protein,
B-TrCP (Yaron et al., 1998; Spencer et al., 1999; Winston
et al., 1999). Incubation of the ROC1 complex immuno-
precipitated from 293T cells with IKKB-phosphorylated,
32P-labeled IkBa resulted in an evident accumulation of
a high molecular weight species (Figure 5C). Addition
of a competing ROC1 antigen peptide reduced the IkBa
ubiquitination to background levels (lane 4), confirming
that IkBa ubiquitination is ROC1 dependent. Ubiquitina-
tion of IkBa by ROC1 is dependent on E1 (lane 1) and
E2/UbcH5C (lane 2), and substitution of UbcH5C with
CDC34 failed to catalyze IkBa ubiquitination (lane 5).
Compared with ROC1 complexes derived from untrans-
fected cells (lane 3), a much higher level of ligase activity
toward IkBa was obtained with HA immunocomplexes
derived from HA-ROC1/CUL1/SKP1/B-TrCP transfected
cells (lane 7). Note that all of the phosphorylated IkBa
was converted into a high molecular weight ubiquiti-
nated form. Coomassie blue staining of the gel after

autoradiography showed that equal amounts of IkBa
protein remained unubiquitinated after incubation with
the ROC1 complex (Figure 5C, lane 7, bottom). This
indicates that only the phosphorylated form of IkBa was
ubiquitinated by the ROC1 complex.

ROC1 Is an Essential Subunit for Ligase Activity

Demonstration of ROC1-, CUL1-, and APC1l1-associ-
ated Ub ligase activities led us to seek direct evidence
that ROC1 is an essential subunit for ligation. We mu-
tated several amino acid residues that are highly con-
served between members of the ROC family from differ-
ent species (Figure 2C). HA-tagged wild-type or mutant
ROC1 was cotransfected with CUL1 into two sets of
293T cells. While one set was employed for [*S]IP analy-
sis, the other set was analyzed for Ub ligase activity
(Figure 5D). There is no detectable difference in the
ROC1-CUL1 associated proteins between wild-type and
the four mutant ROC1 complexes (Figure 5D, left panel).
While double mutations of T9A/P10A (Figure 5D, right
panel, lane 3) and W35A/D36A (lane 6) had no detectable
effect on the ligase activity of ROC1, mutation of C53A/
C56A dramatically reduced ROC1-associated ligase ac-
tivity (lane 5), and mutation of C75A/H77A reduced the
associated ligase activity to background levels (lane 4).
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These results demonstrate that ROC1 is an essential
subunit for the observed ligase activity.

Discussion

We have described an E3 ligase activity associated with
a novel family of RING finger proteins, ROC/APC11,
which complex with cullins to potentially constitute a
large number of E3 Ub ligases. The detailed biochemical
role the ROC/APC11 family plays in ubiquitination re-
mains to be determined. Nonetheless, the presented
experimental evidence supports the notion that ROC
family proteins function as essential subunits of the Ii-
gase by forming heterodimers with cullins. ROC1 was
shown to be an essential gene in yeast whose protein
depletion caused an elongated, multibudded phenotype
and concomitant accumulation of Siclp and CIn2p (Fig-
ure 4). More convincingly, mutations in ROC1 com-
pletely abolished the associated ligase activity without a
detectable alteration in the composition of ROC1-CUL1-
associated proteins (Figure 5). Thus, strong evidence
demonstrates that ROC1 is an essential subunit of the
ligase. Though we have not definitively proven a cullin
dependency for ROC1 associated ligase activity, it is
likely that the cullin subunit is an obligate partner. We
have demonstrated that ROC1 and ROC2 interact di-
rectly with cullins with a very high affinity, for both mam-
malian and yeast counterparts (Figures 1 and 4). Rein-
forcing this direct interaction is the in vivo association
of a cullin-related protein, APC2, and a ROC protein,
APC11 (Zachariae et al., 1998; Yu et al., 1998) (Figures
1 and 5B). Furthermore, in coupled transfection/ligase
assays, CUL1 and ROC1 are the two predominant poly-
peptides in the ROC1 ligase complex. A critical issue
that remains to be determined is whether the hetero-
dimeric ROC/APC11-cullin complexes themselves con-
tain intrinsic ubiquitin ligase activity or whether ROC/
APC11 proteins act to bring the E2 and the cullins into
close proximity for E2-mediated Ub-substrates ligations.

Discovery of ROC1 and APCL11 as essential subunits
for Ub ligation provides a clearer view of the ubiquitina-
tion pathway. In the case of the APC, identification of
APC11 as a potential ligase subunit should help to deter-
mine how it is activated, inhibited, and targeted by other
APC subunits. For the SCF complex, which consists of
SKP1, CDC53/cullin 1, and an F box protein, it is now
clear that SKP1 and the F box proteins are involved
in substrate targeting. It should be pointed out that
whether the SCF model can be generally applied to other
cullins remains to be determined. Only cullin 1 interacts
with SKP1 to be targeted by an F box protein to the
substrate (Michel and Xiong, 1998), and whether higher
eukaryotes contain additional SKP1-like cullin-inter-
acting molecules is not clear. Conversely, cullin 1 and
ROC1 are most likely required for ligase activity. Unlike
SKP1, ROC1 and ROC2 interact commonly with all cul-
lins that we have examined in both mammalian and
yeast cells (Figures 1, 3, and 4). Hence, ROC1 and ROC2
are not just components of the SCF but essential sub-
units of all cullin-associated ubiquitination activities.
Finally, both ROC/APC11 and cullin/APC2 represent
multigene families. Among more than a dozen subunits
identified, ROC/APC11 and cullin/APC2 are the only two

proteins common to both the APC and the SCF com-
plexes. The variety of combinations that the ROC/APC11
family can form with different cullins point to a potentially
large number of Ub ligases, and each may be involved
in a specific cellular pathway as exemplified by the func-
tion of APC11-APC2 in mitosis, ROC1-CDC53 in yeast
G1 control and ROC1-cullin 1 in NF-kB/IkBa-mediated
transcriptional regulation.

Experimental Procedures

Plasmids Constructs

Mouse cullin 4A cDNA was described (Michel and Xiong, 1998).
Human ROC2 and APC11 cDNAs were isolated by PCR amplification
from a HeLa cDNA library and confirmed by DNA sequencing. The
mouse APC2 EST cDNA clone (W13204) was used. ROC1 mutations
were introduced by site-directed mutagenesis using Quick-Change
kit (Stratagene) and verified by DNA sequencing.

Yeast cDNA sequences were amplified by PCR using lyticase-
treated YEF473 genomic DNA and verified by DNA sequencing. CUL
B, CUL C, and ScAPC2 were PCR amplified using the long template
Expand kit (Boehringer Mannheim) following manufacturer’s instruc-
tions. p414-ADH vector (CEN) was used for yeast rescue experi-
ments. pcDNAS (Invitrogen) was used for expression in mammalian
cells. pGBT8, pGAD-GH, and pACT2 vectors were used for the yeast
two-hybrid experiments.

Cell Culture

HelLa, Saos-2, and 293T were cultured in DMEM (10% FBS) in a
37°C incubator with 5% CO,. Cell transfections were carried out
using the LipofectAMINE reagent according to the manufacturer’s
instructions (GIBCO-BRL) or calcium-phosphate buffer (for 293T
cells). For each transfection, 5 or 15 pg of total plasmid DNA were
used for each 60 mm or 100 mm dish.

Antibodies

Procedures for [*S]methionine metabolic labeling, immunoprecipi-
tation, and immunoblotting have been described previously (Jenkins
and Xiong, 1995). The sequence of synthetic peptides used in gener-
ating rabbit polyclonal antibodies are as follows: anti-human ROC1N
(CMAAAMDVDTPSGTN, residues 1-14), anti-human ROC1C (CDNR
EWEFQKYGH, residues 97-108), anti-human APC11 (CRQEWKFKE,
residues 76-84), anti-human CUL2 (CRSQASADEYSYVA, residues
733-745). Antibodies to human CUL1 and SKP1 were previously
described (Michel and Xiong, 1998). Monoclonal a-HA (12CA5,
Boehringer-Mannheim) and a-myc (9E10, NeoMarker) antibodies
were purchased commercially. Antibody to yeast actin was provided
by Dr. J. Pringle. Coupled in vitro transcription and translation reac-
tions were performed using the TNT kit following the manufacturer’s
instructions (Promega).

Yeast

All' S. cerevisiae strains were derived from YEF473 (a/a ura3-52/
ura3-52 his3A-200/his3A-200 trplA-63/trplA-63 leu2A-1/leu2A-1
lys2-801/lys2-801). Yeast were cultured per standard protocol
(Guthrie and Fink, 1991). The procedure followed for lysing and
immunoblotting has been described previously (Lamb et al., 1994).
Yeast were fixed in 3.7% formaldehyde for 1 hr at 30°C, sonicated,
and washed in 1X PBS.

Yeast strains were constructed using PCR-based gene deletion
and modification by homologous recombination (Longtine et al.,
1998). Primers for PCR products contained 40 bp of sequence ho-
mologous to the gene-specific sequence and 20 bp homologous to
the vector template. PCR was performed using the Expand Long
Template PCR System (Boehringer Mannheim) as described (Long-
tine et al,, 1998). PCR products were transformed into diploid
YEF473 yeast (to construct strains JM1 and JM5, see below) or into
the haploid strain JM5 (to construct strain JIM7 and JM8, see below)
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using a standard protocol. To identify transformants that had inte-
grated by homologous recombination, PCR was performed on geno-
mic DNA. JM1: ROC1/rocl:kanMX6; IJM5: ROC1/His3MX6:P-g -
HA3-ROC1; IM7: MATa His3MX6:P-gs -HA3-ROC1 SIC1-HA3:TRP1;
JM8: MATa His3MX6:P-gs -HA3-ROC1 CLN2-HA3:TRP1.

Ub Ligase Activity Assay

Human E1 was purified from HelLa cells as described (Hershko et
al., 1983). Mouse E2/CDC34 was purified from insect cells infected
with a mouse CDC34 expressing baculovirus, and human E2/
UbcH5C were expressed in bacteria and purified using nickel beads
(QIAGEN). Ub was prepared by subcloning full-length Ub as a fusion
protein with a protein kinase C recognition site (LRRASV) and puri-
fied with nickel beads. Purified Ub was labeled with [*?P] by incubat-
ing with [y-?P]JATP and cAMP kinase (Sigma) at 37°C for 30 min. For
ubiquitination assays, immunocomplexes immobilized on protein A
agarose beads were washed and added to an Ub ligation reaction
mixture (30 pl) that contained 50 mM Tris-HCI (pH 7.4), 5 mM MgCl,,
2 mM NaF, 10 nM Okadaic Acid, 2 mM ATP, 0.6 mM DTT, 0.75 ng
[*?P]Ub, 60 ng E1, and 300 ng E2 protein. Reactions were incubated
at 37°C for 60 min. For the IkBa ubiquitination assay, 8 g of purified
GST-IkBa (residues 1-54) were phosphorylated with 0.05 g of IKKB
in the presence of 4 pCi of [y-*P]JATP by incubating the reaction at
30°C for 30 min in a total volume of 40 pl of kinase buffer (20 mM
HEPES [pH 7.7], 2 mM MgCl,, 2 mM MnCl,, 10 pM ATP, 10 mM
B-glycerophosphate, 10 mM NaF, 10 mM PNPP, 300 wM NasVo,,
and 1 mM DTT). Ubiquitination of **P-labeled GST-IkBa was per-
formed as described above, except that 1 pg of ?P-labeled GST-
IkBa and 12 p.g of unlabeled purified bovine Ub (Sigma) were used
in place of [*P]Ub.

Acknowledgments

We are grateful to John Pringle and Mark Longtine for help with the
yeast studies, Yinon Ben-Neriah for providing the mouse B-TrCP
cDNA, Bob Duronio for critical reading of the manuscript, Mike Tyers
and Wade Harper for providing reagents, and Zhen-Qiang Pan for
advice on the ubiquitination assay and discussion throughout this
study. T. O. is supported in part by the First Department of Surgery,
St. Marianna University School of Medicine. J. J. M. is supported
by a United States Department of Defense predoctoral fellowship.
A.J. S.is arecipient of a Research Fellowship Award of the Crohn’s
and Colitis Foundation of America. Y. X. is a recipient of American
Cancer Society Junior Faculty Award and a Pew Scholar in Biomedi-
cal Science. This study was supported by Public Health Service
grants CA65572 and CA68377 to Y. X.

Received September 18, 1998; revised March 26, 1999.

References

Borden, K.L., and Freemont, P.S. (1996). The RING finger domain:
arecent example of a sequence-structure family. Curr. Opin. Struct.
Biol. 6, 395-401.

Feldman, R.M.R., Correll, C.C., Kaplan, K.B., and Deshaies, R.J.
(1997). A complex of Cdc4p, Skplp, and Cdc53p/cullin catalyzes
ubiquitination of the phosphorylated CDK inhibitor Siclp. Cell 91,
221-230.

Glotzer, M., Murray, AW., and Kirschner, M.W. (1991). Cyclin is
degraded by the ubiquitin pathway. Nature 349, 132-138.

Guthrie, C., and Fink, G.R., eds. (1991). Methods in Enzymology,
Volume 194 (San Diego, CA: Academic Press, Inc.), pp. 273-281.
Hershko, A. (1997). Role of ubiquitin-mediated proteolysis in cell
cycle control. Curr. Opin. Cell Biol. 9, 788-799.

Hershko, A., Heller, H., Elias, S., and Ciechanover, A. (1983). Compo-
nents of ubiquitin-protein ligase system. Resolution, affinity purifica-
tion, and role in protein breakdown. J. Biol. Chem. 258, 8206-8214.
Hochstrasser, M. (1996). Ubiquitin-dependent protein degradation.
Annu. Rev. Genet. 30, 405-439.

Hoyt, M.A. (1997). Eliminating all obstacles: regulated proteolysis in
the eukaryotic cell cycle. Cell 91, 149-151.

Jenkins, C.W., and Xiong, Y. (1995). Immunoprecipitation and immu-
noblotting in cell cycle studies. In Cell Cycle: Materials and Methods.
M. Pagano, ed. (New York: Springer-Verlag), pp. 250-263.

King, R., Peters, J., Tugendreich, S., Rolfe, M., Hieter, P., and
Kirschner, M. (1995). A 20S complex containing cdc27 and cdc16
catalyzes the mitosis-specific conjugation of ubiquitin to cyclin B.
Cell 81, 279-288.

King, R.W., Deshaies, R.J., Peters, J.-M., and Kirscher, M.W. (1996).
How proteolysis drives the cell cycle. Science 274, 1652-1659.
Lamb, J.R., Michaud, W.A., Sikorski, R.S., and Hieter, P.A. (1994).
Cdc16p, Cdc23p and Cdc27p form a complex essential for mitosis.
EMBO J. 13, 4321-4328.

Longtine, M.S., McKenzie, A., DeMarini, D.J., Shah, N.G., Wach,
A., Brachat, A., Philippsen, P., and Pringle, J.R. (1998). Additional
modules for versatile and economical PCR-based gene deletion and
modification in Saccharomyces cerevisiae. Yeast 14, 953-961.
Mathias, N., Johnson, S.J., Winey, M., Adams, A.E.M., Goetsch, L.,
Pringle, J.R., Byers, B., and Gobel, M.G. (1996). Cdc53p acts in
concert with cdc4p and cdc34p to control the G1-to-S phase transi-
tion and identifies a conserved family of proteins. Mol. Cell Biol. 16,
6634-6643.

Michel, J., and Xiong, Y. (1998). Human CUL-1, but not other cullin
family members, selectively interacts with SKP1 to form a complex
with SKP2 and cyclin A. Cell Growth Differ. 9, 439-445.

Skowyra, D., Craig, K., Tyers, M., Elledge, S.J., and Harper, J.W.
(1997). F box proteins are receptors that recruit phosphorylated
substrates to the SCF ubiquitin-ligase complex. Cell 91, 209-219.
Spencer, E., Jiang, J., and Chen, Z.J. (1999). Signal-induced ubiquiti-
nation of IkBa by the F box protein Slimb/B-TrCP. Genes Dev. 13,
284-294.

Tan, P., Fuchs, S.Y., Chen, A., Wu, K., Gomez, C., Ronai, Z., and
Pan, Z.-Q. (1999). Recruitment of a ROC1-CUL1 ubiquitin ligase by
Skpl and HOS to catalyze the ubiquitination of IkBa. Mol. Cell 3,
this issue, 527-533.

Winston, J.T., Strack, P., Beer-Romero, P., Chu, C.Y., Elledge, S.J.,
and Harper, J.W. (1999). The SCF*R-ubiquitin ligase complex as-
sociates specifically with phosphorylated destruction motifs in [kBa
and B-catenin and stimulates IkBa ubiquitination in vitro. Genes
Dev. 13, 270-283.

Yaron, A., Hatzubai, A., Davis, M., Lavon, I., Amit, S., Manning, A.M.,
Andersen, J.S., Mann, M., Mercurio, F., and Bem-Neriah, Y. (1998).
Identification of the receptor component of the IkBa-ubiquitin ligase.
Nature 396, 590-594.

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

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

GenBank Accession Numbers

ROC1 (AF142059) and ROC2 (AF142060) sequences have been de-
posited into the GenBank database.



