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Ubiquitination, the crucial posttranslational modification that regu-
lates the eukaryotic proteome, is carried out by a trio of enzymes,
known as E1 [ubiquitin (Ub)-activating enzyme], E2 (Ub-conjugating
enzyme), and E3 (Ub ligase). Although most E2s can work with any of
the three mechanistically distinct classes of E3s, the E2 UBCH7 is
unable to function with really interesting new gene (RING)-type E3s,
thereby restricting it to homologous to E6AP C-terminus (HECT) and
RING-in-between-RING (RBR) E3s. The Caenorhabditis elegans UBCH7
homolog, UBC-18, plays a critical role in developmental processes
through its cooperation with the RBR E3 ARI-1 (HHARI in humans).
We discovered that another E2, ubc-3, interacts genetically with ubc-
18 in an unbiased genome-wide RNAi screen in C. elegans. These two
E2s have nonoverlapping biochemical activities, and each is dedicated
to distinct classes of E3s. UBC-3 is the ortholog of CDC34 that functions
specifically with Cullin-RING E3 ligases, such as SCF (Skp1-Cullin-F-box).
Our genetic and biochemical studies show that UBCH7 (UBC-18) and
the RBR E3 HHARI (ARI-1) coordinate with CDC34 (UBC-3) and an SCF
E3 complex to ubiquitinate a common substrate, a SKP1-related pro-
tein. We show that UBCH7/HHARI primes the substrate with a single
Ub in the presence of CUL-1, and that CDC34 is required to build chains
onto the Ub-primed substrate. Our study reveals that the association
and coordination of two distinct E2/E3 pairs play essential roles in a
developmental pathway and suggests that cooperative action among
E3s is a conserved feature from worms to humans.
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Protein ubiquitination is a posttranslational modification that reg-
ulates virtually every aspect of cellular function in eukaryotes.

Covalent attachment of the small protein ubiquitin (Ub) to other
cellular proteins can lead to a variety of outcomes, including pro-
teasomal degradation of the substrate, changes in cellular localiza-
tion, and altered enzymatic activity and protein–protein interactions
(1). Protein ubiquitination is accomplished via a trio of enzymes: a
Ub-activating enzyme (E1), a Ub-conjugating enzyme (E2), and a
Ub ligase (E3). The E1 activates the C terminus of Ub and transfers
activated Ub onto an E2 active-site cysteine (Cys) to generate an
E2∼Ub (here “∼” denotes a thioester bond) that interacts with an
E3 Ub ligase to coordinate substrate ubiquitination. A given or-
ganism has dozens of E2s and hundreds of E3s, providing an ex-
tensive foundation for diverse E2/E3 combinations to tightly regulate
different substrates and their type of Ub modification. The identi-
fication of functional E2/E3/substrate relationships and their roles in
vivo remains an important but underdeveloped area of investigation.
Three classes of eukaryotic E3 ligases use distinct Ub-transfer

mechanisms. Members of the largest class, the RING (really in-
teresting new gene) E3s, do not contain an active site. They bind
an E2∼Ub to activate Ub transfer directly to a substrate, most often
a lysine (Lys) residue. RBR (RING-in-between-RING) and HECT
(homologous to E6AP C-terminus) E3s contain an active-site Cys
residue to which Ub is transferred from the E2∼Ub to generate a
covalent E3∼Ub thioester before transfer of Ub to a substrate.
Most E2s can transfer Ub onto Cys residues (transthiolation) when

bound to RBR- or HECT-type E3 or onto Lys residues (ami-
nolysis) when bound to RING-type E3s. The E2 UBCH7 is unique
in that it can perform only transthiolation reactions and thus is a
dedicated E2 for RBR and HECT E3s (2).
Relatively little is known about the biological role of UBCH7.

Although lacking a homolog in yeast, UBCH7 is highly conserved in
worms and flies. The Caenorhabditis elegans homolog, UBC-18, is
implicated in developmental processes through its cooperation with
the RBR E3 ARI-1 (3). UBCH7 has been shown to regulate
S-phase transition of the cell cycle in human cell culture (4); how-
ever, to date, it is mainly the multisubunit RING-type E3s known as
Cullin-RING ligases (CRLs) associated with substrate ubiquitina-
tion that control cell cycle progression (5–7). Because UBCH7 is
unable to work directly with RING E3s, including the CRLs, how it
performs its role during regulation of the cell cycle is unclear.
C. elegans UBC-18 displays the same biochemical properties as its

human counterpart and is able to work only with RBR and HECT
E3s (2). Although a ubc-18 loss-of-function allele is viable, worms
carrying this allele show a reduced growth rate and reduction in brood
size (8). Furthermore, when ubc-18 is disrupted in combination with
loss of function in lin-35, a retinoblastoma ortholog, animals arrest
as first-stage larvae (L1) with a lethal defect in formation of the
pharynx, the anterior portion of the worm gastrointestinal tract (8).
To define the biological roles of UBCH7, we conducted an

RNAi screen to identify genes that interact genetically with ubc-18
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in C. elegans. Our screen revealed that the C. elegans ortholog of
the conserved E2 CDC34, ubc-3, acts with ubc-18 in pharyngeal
development. CDC34 is considered a dedicated E2 for Skp1/
Cullin/F-box (SCF)-type E3s, a subclass of CRLs. We further un-
covered synthetic genetic relationships between ubc-18 and other
components of SCF-type RING E3s. Given that UBC-18 is in-
capable of working with RING E3s and UBC-3 is a dedicated
E2 for CRL E3s, these two E2s cannot substitute directly for
each other. Instead, our data support a model in which UBC-
18 and UBC-3 work either coordinately or in parallel pathways. In
vitro, the RBR E2/E3 pair UBC-18/ARI-1 (UBCH7/HHARI)
monoubiquitinates SUP-36, “priming” it as a substrate for poly-
ubiquitination by CDC34/UBC-3. Consistent with this observation,
both ubc-18 and ubc-3 regulate in vivo steady-state levels of SUP-
36 protein; however, the “Ub priming” function of ARI-1 is not
required for other Cullin E3s in C. elegans. Our findings comple-
ment a recent study in mammalian cell culture suggesting that
RBR and CRL E3 complexes can work together (9). Furthermore,
our work provides biological evidence for the existence of cross-
talk between two different types of E3s, RING-and RBR-type E3s,
and their respective, dedicated E2s in an organism.

Results
ubc-18 and ubc-3 Cooperate in Pharyngeal Development. To identify
genes that function with ubc-18, we performed an RNAi screen
using ubc-18(ku354) mutant worms. The ku354 allele contains a
substitution that changes a Glu at the E1-binding interface of UBC-
18 to Lys, resulting in loss of function, likely owing to reduced
charging of UBC-18 with Ub (8). Despite a smaller brood size and a
slower growth rate, ubc-18(ku354) mutant worms are viable (8). In
our primary screen, first larval stage (L1) worms were grown to
adulthood (P0) on bacteria expressing gene-specific dsRNA clones
from the genome-wide Ahringer library (10), and progeny (F1) were
scored for penetrant phenotypes. We screened only clones from
autosomes (a total of 14,400 library clones), a fraction of which
(9.8%) failed to grow, yielding 12,982 clones that were screened,
representing 67% of the total predicted genes in the C. elegans
genome (10). Our primary screen identified 213 genes that caused a
stronger phenotype when depleted in ubc-18(ku354) mutant ani-
mals compared with N2 wild-type (WT) controls. We retested these
clones, resulting in the identification of 16 RNAi clones that ro-
bustly and reproducibly exhibited synthetic phenotypes with ubc-18
on rescreening (Table 1). Among these candidates was lin-35, which

was previously shown to be synthetically lethal with ubc-18 (8),
validating our screening method (Fig. 1A).
We found that among the confirmed hits, depletion of ubc-3, an

E2 Ub-conjugating enzyme homologous to mammalian CDC34,
was lethal in the ubc-18 mutant animals (Fig. 1A). To validate the
synthetic interaction observed between ubc-18 and ubc-3, we tested
another allele of ubc-18, tm5426. The tm5426 allele is a 308-bp de-
letion beginning in the second exon and extending into the third in-
tron, and is a predicted molecular null. We found that ubc-18(tm5426)
animals arrested as L1 larvae when grown on ubc-3(RNAi),
similar to ubc-18(ku354) mutant animals (Fig. 1A and Fig. S1).
We conclude that the synthetic lethal interaction between ubc-18
and ubc-3 is robust and statistically significant.
Of the remaining 15 genes identified, 12 are synthetically lethal

and 3 are synthetically sterile with ubc-18 (Table 1). The products
of those genes include components of the ubiquitination machinery,
metabolic enzymes, and nuclear proteins involved in transcription
or splicing. We were especially interested in the interaction of ubc-
18 with ubc-3. Based on known properties of the mammalian ho-
mologs, it is highly unlikely that ubc-3 and ubc-18 act redundantly
with the same E3. The UBC-3 homolog in humans, CDC34, is a
dedicated E2 for CRLs, multisubunit RING-type E3s that target
cellular substrates for proteasomal degradation (7, 11). The mam-
malian homolog of UBC-18, UBCH7, is biochemically restricted to
function only with RBR and HECT E3s and cannot function with
CRLs (2). Thus, a synthetic interaction between these two E2s
suggests either the presence of parallel pathways or coordination
between an RBR/HECT E3 and a RING-type CRL—a relation-
ship between two different classes of E3s that has not been
reported in a biological system.
We noted that ubc-18 mutant animals grown on ubc-3(RNAi)

arrest as L1, reminiscent of the reported synthetic phenotype be-
tween ubc-18 and lin-35, in which simultaneous inactivation of ubc-
18 and lin-35 results in the Pharynx unattached (Pun) phenotype
(8). Pun animals have a defect in pharyngeal morphogenesis in
which the anterior end of the pharynx does not attach properly to
the buccal cavity. As a result, Pun animals are unable to feed, arrest
as L1, and consequently die (8). We considered the possibility
that the synthetic interaction between ubc-18 and ubc-3 also results
in a Pun phenotype. Indeed, examination of ubc-18; ubc-3(RNAi)
animals revealed a significant fraction of Pun L1s (Fig. 1 B and C
and Fig. S2). Although we noted variability in the penetrance
of this phenotype among experiments, we never observed the Pun
phenotype in WT animals, consistent with previous reports (8, 12)

Table 1. Novel genetic interactions with ubc-18 identified from the RNAi screen

Gene Synthetic phenotype Process Function/homology

ubc-3 Lethal Ubiquitination E2 specific to SCF type E3; regulates G1 and G2 in cell cycle
skr-2 Lethal Ubiquitination Skp1-related component of SCF type E3 ubiquitin ligase complex
skr-1 Lethal Ubiquitination Skp1-related component of SCF type E3 ubiquitin ligase complex
egl-27 Lethal Chromatin regulation MTA (human metastasis) homolog, nucleosome remodeling
lin-54 Lethal Nucleic acid regulation DNA binding
Y65B4A.1 Lethal Nucleic acid regulation Nucleotide binding
smu-2 Lethal Nucleic acid regulation RNA splicing
emb-4 Lethal Nucleic acid regulation Ortholog to human spliceosome
dpy-10 Lethal Body morphology and movement Cuticle collagen protein
prx-13 Lethal Proteolysis Human PEX13 homolog (endopeptidase); human Zellweger syndrome
ptc-1 Lethal Cytokinesis Sugar modification; eggshell development
B0035.1 Lethal Unknown ZNF207/BUGZ ortholog
T09A5.9 Lethal Unknown PPP1R7 homolog (protein phosphatase)
fbf-2 Sterile Nucleic acid regulation RNA binding
mrpl-10 Sterile Mitochondrial translation Mitochondrial ribosomal protein, large subunit
trr-1 Sterile Chromatin regulation Homolog of protein kinase in chromatin remodeling complex; synMuv

Validated novel hits from RNAi screen using two ubc-18 loss-of-function alleles: ubc-18(ku354) and ubc-18(tm5426). Our screen also identified lin-35,
previously shown to be synthetically lethal with ubc-18 (8). Process and function/homology are from Wormbase build WS254 (www.wormbase.org).
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(Fig. 1C and Fig. S2). Although we did find a low frequency of Pun
larvae (1–2%) for ubc-18(ku354) mutant animals grown on the
control RNAi food, the penetrance was much greater in the ubc-3
(RNAi) animals (Fig. 1C). These data suggest that ubc-3 also acts
in the genetic network controlling pharyngeal morphogenesis.
We used additional genetic tools to test the hypothesis that ubc-3

acts with ubc-18 in pharyngeal morphogenesis. We first asked
whether ubc-3 is synthetically lethal with pha-1, a gene that acts
redundantly with class B synthetic multivulva (synMuv) genes to
regulate pharyngeal development (12). We found a high penetrance
of the Pun phenotype in pha-1(e2123ts) mutant animals grown on
ubc-3(RNAi) plates at the permissive temperature of 15 °C (Fig. 1C
and Fig. S2), similar to the findings in ubc-18(RNAi); pha-1(e2123ts)
animals (12). We also found that disruption of sup-35, sup-36, or
sup-37, which are known to suppress the synthetic genetic in-
teraction between ubc-18 and lin-35 (3, 8), also suppressed the ubc-
18/ubc-3 synthetic interaction (Table 2). Taken together, our data
show that ubc-3 acts with ubc-18, lin-35, and pha-1 in the previously
described genetic network that regulates pharyngeal development.

Genetic Interactions Between ubc-18 and Genes of the SCF E3
Ubiquitination Machinery. The observed genetic interaction be-
tween ubc-18 and ubc-3 suggests that both a CRL E3 complex and
an RBR/HECT E3 are involved in pharyngeal development.
Consistent with this idea, our genome-wide RNAi screen also
identified the SKP1-like CRL components skr-1 and skr-2 as syn-
thetically lethal with ubc-18 (Table 1 and Fig. S3). SKP1 proteins
are adaptors that connect F-box proteins to the CUL-1 scaffold in

the SCF subclass of CRLs E3 complexes (13). Our screen did not
recover genes coding for Cullin or F-box proteins, however. To
assess the roles of other SCF components or other Cullins, we
tested an additional set of CRL components for genetic interac-
tions with ubc-18 by RNAi.
The C. elegans genome includes more than 20 SKP1-related

genes, 6 Cullin-RING E3s, and more than 300 F-box genes (14–
17). The candidate genes that we tested included five Cullins (cul-1,
-2, -4, -5, -6) and SKP1-related (skr) and F-box genes chosen based
on published genetic and physical interactions with members of the
pharyngeal attachment pathway (18–21). Consistent with previous
reports (22), we found that only 25% of WT animals grown on
cul-1(RNAi) survived to adulthood, which excluded cul-1(RNAi)
from our primary screen. However, we found that lethality was
more penetrant for ubc-18 mutant animals grown on cul-1(RNAi)
(Fig. 2A). We did not observe genetic interactions between ubc-18
and cul-4, -5, or -6(RNAi) (Fig. 2A).
To test for genetic interactions with cul-2, we used the

temperature-sensitive cul-2(or209) allele (23). Although ubc-3(RNAi)
was synthetically lethal with cul-2(or209), even at the permissive
temperature, we did not observe a synthetic phenotype with either
lin-35 or ubc-18 (Fig. 2B). This result suggests that although UBC-
3 can function as an E2 for CUL-2 ligases in worms, this function is
unrelated to the function of UBC-3 with UBC-18. Of the six SKP1-
related genes tested, only skr-1/2 was synthetically lethal with ubc-18
(Fig. 2A and Fig. S3). Depletion of skr-10 or skr-17 did not lead to
lethality in ubc-18 mutant animals, although these genes have been
reported to have synthetic genetic interactions with lin-35 that result
in larval lethality (21). We also did not observe genetic interactions
with skr-8 or skr-9, which suppress the synthetic lethality of ubc-18;
lin-35 animals (19). Based on these findings, we conclude that ubc-
18 works with ubc-3, cul-1, and skr-1/2 in pharyngeal development.
Owing to the large number of F-box proteins in worms, we

considered it unlikely that RNAi of a single F-box would re-
capitulate the loss of function of UBC-3, which works with many
different SKR/CUL-1/F-box combinations. Thus, we used RNAi
against Cullin-associated NEDD8-dissociated protein 1 (cand-1) to
perturb F-box function on a wider scale. CAND-1 is required for
the exchange of SKP1/F-box modules (and their substrates) on and
off a SCF complex (24–26), and its depletion impacts known
downstream outputs of SCF E3s in worms (27). We found that
RNAi depletion of cand-1 in WT animals had no phenotype, but
significantly reduced survival in ubc-18 mutant animals (Fig. 2A).
Moreover, although cand-1 deletion mutants are viable, the addi-
tional knockdown of lin-35 or skr-1/2 is lethal (Fig. 2C). Overall,
our data are consistent with a model in which both the RBR/
HECT-specific E2 ubc-18 and the SCF-associated E2 ubc-3 play
critical roles in pharyngeal development in worms.

A B

C

Fig. 1. RNAi screen identified a synthetic genetic interaction between ubc-18
and ubc-3. (A) Quantitation of synthetic interaction between ubc-3 and ubc-18,
measured as percent survival to adulthood. The pL4440 empty vector was in-
cluded as the negative control, and lin-35 served as a positive control (8). Table
1 contains a list of other synthetic interactions identified in the RNAi screen.
Error bars indicate the SD of at least three independent experiments. (B) Syn-
thetic lethality between ubc-18(ku354) and ubc-3(RNAi) is associated with a
Pharynx unattached (Pun) phenotype. In each image, the pharynx basement
membrane is traced with the yellow dashed line. (Top) Wild-type L1 grown on
ubc-3(RNAi). (Bottom) ubc-18(tm5426); ubc-3(RNAi) L1. (C) Quantification of the
synthetic Pun phenotype. The percentage of Pun L1 observed in animals grown
on the indicated RNAi for ubc-18(ku354) (checkered bars) and pha-1(e2123)
mutant L1s (striped bars) is shown. The N2 WT control (wt, black bars) did not
produce Pun progeny under any of the experimental conditions. Error bars
indicate the SD of at least three independent experiments. *P < 0.05, **P <
0.01, ***P < 0.001 relative to L4440 controls. The absence of asterisks implies no
significant difference relative to L4440 controls.

Table 2. Viability of animals to adulthood for each genotype

Genotype % viable (n)

ubc-18(tm5426) 92 (470)
ubc-18(tm5426); lin-35(RNAi) 5 (603)
ubc-18(tm5426); ubc-3(RNAi) 6 (853)
ubc-18(tm5426); sup-35(RNAi); ubc-3(RNAi) 96 (161)
ubc-18(tm5426); sup-36(e2217); ubc-3(RNAi) 100 (171)
ubc-18(tm5426); sup-37(e2215); ubc-3(RNAi) 100 (263)
pha-1(e2123ts) 75 (135)
pha-1(e2123ts); lin-35(RNAi) 0.8 (69)
pha-1(e2123ts); ubc-3(RNAi) 0 (69)
pha-1(e2123ts); sup-35(e2223); ubc-3(RNAi) 99.7 (696)
pha-1(e2123ts); sup-36(e2217); ubc-3(RNAi) 87.9 (555)
pha-1(e2123ts); sup-37(e2215); ubc-3(RNAi) 97.3 (802)

Temperature-sensitive pha-1 strains were assayed at the permissive temper-
ature (15 °C). Data are aggregated from three independent experiments.
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Similar to genetic interactions between ubc-18 and other com-
ponents of pharynx development, the synthetic interactions between
ubc-18 and SCF components ubc-3, skr-1/2, and cand-1 are each
suppressed by a sup-36 null allele (19) (Fig. 3A, Table 2, and Fig.
S3). Based on sequence similarity, sup-36 is predicted to encode a
SKP1-like protein (19). The single SKP1 gene product in humans
binds simultaneously to SCF subunits CUL-1 and F-box proteins.
SUP-36 was previously found to bind to several F-box proteins
(FBXC-20, FBXC-32, and FBXC-53) in yeast two-hybrid (Y2H)
experiments (18–20), supporting the notion that it has SKP1-like
properties. To further test the assignment of SUP-36 as a SKP1-
like protein, we tested for its ability to interact with Cullins in a Y2H
assay, and observed a physical interaction between SUP-36 and
CUL-1 (Fig. 3B). Thus, SUP-36 can bind to both CUL-1 and F-
box proteins, consistent with it being part of an SCF complex.
However, the fact that a sup-36 null allele suppresses the syn-
thetic phenotype of ubc-3 and ubc-18 indicates that these two
E2s act to oppose the function of SUP-36.

UBC-18/ARI-1 and UBC-3/CUL-1 Regulate SUP-36 Protein Levels. A
simple explanation for why loss of SUP-36 suppresses the synthetic
lethality between ubc-18 and ubc-3 is that SUP-36 is a ubiquitina-
tion target of UBC-18 and UBC-3 (Fig. 3A, Table 2, and Fig. S3).
Indeed, the E2/RBR E3 pair UBC-18/ARI-1 has been reported to
regulate protein levels of SUP-36 in worms (19), providing indirect
evidence that SUP-36 may be a substrate of UBC-18/ARI-1. This
observation is puzzling, however, because the human homolog of
ARI-1 (HHARI) cannot build poly-Ub chains that are normally
considered to target a substrate to the proteasome (9) (Fig. S4). On
the other hand, the human ortholog of UBC-3 (CDC34) together

with the E3 CUL-1 does generate poly-Ub chains on substrates that
lead to proteasomal degradation (28–30). These known biochemi-
cal activities, together with our genetic data, led us to hypothesize
that SUP-36 might be a common substrate of UBC-18/ARI-1 and
UBC-3/CUL-1. To test this possibility, we measured SUP-36 levels
in embryos using a SUP-36::GFP reporter. As reported previously,
SUP-36::GFP levels are increased in worms grown on ubc-18(RNAi)
and ari-1(RNAi), indicating that UBC-18/ARI-1 directly or in-
directly controls SUP-36 protein levels (19) (Fig. 4 A and B and Fig.
S5A). We found that depletion of ubc-3 by RNAi results in in-
creased SUP-36::GFP levels (Fig. 4 A and B and Fig. S5A), pro-
viding evidence that UBC-3 is also involved in the degradation of
SUP-36. Consistent with our hypothesis that SUP-36 might be a
common substrate for UBC-18/ARI-1 and UBC-3/CUL-1, SUP-
36::GFP levels were increased even further when worms were
grown on ubc-18(RNAi); ubc-3(RNAi) compared with on either
ubc-18(RNAi) or ubc-3(RNAi) alone (Fig. 4 A and B and Fig. S5A).
The foregoing observations suggest that the two E2s work in

parallel and/or coordinately to regulate protein levels of SUP-36
(Fig. 4 A and B and Fig. S5A). The distinctly different intrinsic
biochemical activities of UBC-18 and UBC-3 suggest a model in
which UBC-18 (with its E3 ARI-1) modifies SUP-36 with a single
Ub onto which UBC-3 (with its E3 CUL-1) can extend poly-Ub
chains (Table S1). To test this hypothesis, we performed bio-
chemical experiments to assess the activities of UBC-18 and
UBC-3 in SUP-36 ubiquitination. We used human homologs
for UBC-18 (UBCH7), UBC-3 (CDC34), ARI-1 (HHARI), and
neddylated CUL-1 (N8-CUL-1), because we have previously dem-
onstrated that combined recombinant worm/human enzymes ex-
hibit biochemical activity, consistent with their high sequence
similarity (2). We confirmed that human N8-CUL-1 binds to SUP-36
directly by in vitro pull-down experiments (Fig. 4C and Fig. S5B),
corroborating the interaction between SUP-36 and CUL-1 identi-
fied by the Y2H assay (Fig. 3B). Because SUP-36 is a predicted

Fig. 2. ubc-18 interacts synthetically with genes encoding SCF E3 ubiquitina-
tion machinery. (A) Quantification of synthetic lethal interactions with ubc-18.
The percentage of F1 progeny of RNAi-fed animals that survive to adulthood is
shown for WT (wt) and ubc-18(tm5426) strains (black and white bars, re-
spectively). The rrf-3(pk1426) mutant served as the wild-type control. This mu-
tant is wild type at the ubc-18 locus and reported to be RNAi-sensitive (49). Error
bars are the SD between technical replicates in one representative experiment.
The candidate screen was performed only once for genes that were not af-
fected. Synthetic interactions with skr-1/2, cul-1, and cand-1were observed in at
least three independent experiments. (B) ubc-18 does not genetically interact
with cul-2(or209ts). The percentage of F1 progeny of RNAi-fed animals that
survived to adulthood is shown for cul-2(or209ts). Error bars are the SD between
two independent experiments. (C) cand-1 genetically interacts with lin-35 and
skr-2/1. The percentage of F1 progeny viable to adulthood is shown for N2 WT
(wt, black bars) and cand-1(tm1683) mutant animals (gray bars) grown on each
RNAi. Error bars represent the SD of at least three independent experiments.

A

B

Fig. 3. SUP-36 has SKP1-like properties. (A) The sup-36(e2217) null allele sup-
presses the synthetic genetic interactions between ubc-18 and SCF components.
(B) Yeast two-hybrid experiments with either CUL-1 or CUL-6 fused to the Gal4
DNA-binding domain and SKR-1, SKR-2, or SUP-36 fused to the Gal4 DNA-
activating domain. (Left) Growth on selective media (−His, −Leu, −Trp) indi-
cates interactions of the two proteins tested. As shown previously, CUL-1 binds
to both SKR-1 and SKR-2. SUP-36 binds to CUL-1 (Top), but not to CUL-6 (Bot-
tom). (Right) Yeast were also spotted on nonselective media (−Leu, −Trp) to
control for growth.
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SKP1 family member, we examined whether mutations in
SUP-36 at the predicted SUP-36/CUL-1 interface (N109K/
F110K; Fig. S5C) disrupt binding to N8-CUL-1, as has been
observed for the analogous mutation in human SKP1 (13).
SUP-36N109K/F110K still bound to N8-CUL-1 in our assay (Fig.
S5B), suggesting that it binds differently from a canonical
SKP1, or that it binds more tightly and is not effectively dis-
rupted by the interface mutations.

We performed biochemical assays using purified recombinant
proteins, and product formation was evaluated by Western blot
analysis (Fig. 4D). By itself, neither of the two functional E2/
E3 pairs, UBCH7/HHARI or CDC34/N8-CUL-1, modified SUP-
36 to a detectable degree (Fig. 4D, lanes 2/3 and 4/5, respectively);
however, adding N8-CUL-1 to reactions with UBCH7/HHARI led
to the generation of SUP-36 modified by one or two Ubs (lanes 8/9).
In contrast, adding HHARI to reactions with CDC34/N8-CUL-1 did

A

B C

D E

Fig. 4. SUP-36 protein levels are regulated by UBCH7/HHARI (UBC-18/ARI-1) and CDC34/CUL-1 (UBC-3/CUL-1). (A) Representative images for SUP-36::GFP ex-
pression levels measured in comma to twofold embryos under indicated RNAi conditions. (B) Quantification of embryos in the comma to twofold stage
[L4440 vector, n = 27; ubc-18(RNAi), n = 45; ubc-3(RNAi), n = 67; ubc-18(RNAi);ubc-3(RNAi), n = 95]. Boxplots show quartiles, with mean indicated by the thick
black line, and whiskers show 95% confidence intervals. Statistical significance was determined viaWelch’s unequal variance t tests. Measurements for embryos in
early embryogenesis and twofold to threefold stage are provided in Fig. S5A. (C) In vitro immunoprecipitation (IP) using recombinant T7-SUP-36 (IP: T7) and
recombinant, untagged N8-CUL-1. Results were visualized by Western blot analysis with indicated antibodies. Replicates are shown in Fig. S5B. (D) In vitro
ubiquitination of SUP-36. Each reaction contained T7-SUP-36 and other reaction components as indicated. All time points are post-ATP addition, except lane 1
(0 min). Longer time courses are shown in Fig. S6A. (E) The T7-SUP-36 in vitro ubiquitination assay was performed using Lys-less Ub, which is unable to form chains.
Unmodified SUP-36 and single-ubiquitinated and double-ubiquitinated T7-SUP-36 are indicated by arrows. All time points are 10 min after ATP addition; longer
time courses are shown in Fig. S6 A and B.
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not produce any detectable modification of SUP-36 (lanes 10/11).
Only when all four enzymes were present did we observe poly-Ub
chain formation on SUP-36 (lanes 12/13). We suspected that the
products that we observed in the absence of CDC34 were mono-
ubiquitinated SUP-36. To test this possibility, we used Lys-less Ub,
which is unable to support the synthesis of poly-Ub chains (Fig. 4E).
Consistent with mono-Ub formation, reactions containing all four
components and Lys-less Ub gave rise to a similar modification
pattern as that seen in reactions usingWTUb that lack CDC34 (Fig.
4D, lanes 8/9 and Fig. S6A, lanes 5–7). Taken together, these data
indicate that CDC34 (UBC-3), but not UBCH7 (UBC-18), is ca-
pable of poly-Ub chain formation on SUP-36.
The biochemical results imply that polyubiquitination of SUP-

36 is a multistep process that requires two E2s. We propose that
UBCH7 (UBC-18) acts to attach the initial Ub to form mono-Ub-
SUP-36. Given that UBCH7 (UBC-18) alone is unable to modify
substrate Lys residues directly (2), UBCH7 (UBC-18) ubiquitinates
SUP-36 with its partner HHARI (ARI-1), an RBR E3 that spe-
cifically transfers mono-Ub moieties (9) (Fig. S4). A second E2 and
its associated E3 must then build a poly-Ub chain on mono-Ub-
SUP-36. In vitro, this second step can be carried out by CDC34
(UBC-3) and N8-CUL-1.
In principle, the two-step modification of SUP-36 could be ac-

complished either through the action of two distinct E2/E3 com-
plexes or coordinated through a larger multienzyme complex.
Evidence exists in support of a multienzyme complex; a physical
interaction between human HHARI and N8-CUL-1 has been
reported, and HHARI ligase activity is known to be activated by N8-
CUL-1 (9, 31). Our reconstituted assay system involving a bona fide
substrate whose ubiquitination depends on both E2s lends further
support to this model. First, recombinant UBCH7 (UBC-18)/
HHARI (ARI-1) did not modify SUP-36 unless N8-CUL-1 was
present as well (Fig. 4D, lanes 8/9 compared with lanes 2/3). This
observation can be explained by N8-CUL-1 binding and activating
autoinhibited HHARI, as reported recently (9, 31, 32). Second, N8-
CUL-1 bound directly to SUP-36 (Fig. 4C), providing a potential
substrate-binding site. Importantly, we did not observe the reverse
situation, in which HHARI activates N8-CUL-1 to modify SUP-36.
Thus, binding of both HHARI (ARI-1) and SUP-36 to N8-CUL-1 is
not sufficient for N8-CUL-1/CDC34 (UBC-3) to transfer Ub di-
rectly to SUP-36 without the function of UBCH7 (UBC-18).
Taken together, our genetic data and biochemical assay results

support the idea that UBCH7 (UBC-18)/HHARI (ARI-1) carries
out monoubiquitination of SUP-36 in a N8-CUL-1–dependent
manner, and that CDC34 (UBC-3)/CUL-1 polyubiquitinate SUP-
36 to negatively regulate SUP-36 protein levels, thereby opposing its
function. Substrate modification by a CUL-1 complex typically re-
quires a substrate to bind to an F-box protein that binds to the Cullin
scaffold through SKP1. In contrast, our data suggest that a SKP1-
like protein, SUP-36, behaves like a substrate of CUL-1 both in vitro
and in vivo. Notably, our biochemical reactions were carried out in
the absence of either (human) SKP1 or an F-box protein. To rule
out nonspecific modification of SUP-36 by UBCH7/CUL-1/N8-
CUL-1, we performed a biochemical assay analogous to those pre-
viously published for canonical Cullin substrate ubiquitination in the
presence of UBCH7/HHARI, in which precharged UBCH7∼Ub is
added to initiate reactions (9). In these reactions (Fig. S6C), we
observed monoubiquitination of SUP-36 in the presence of UBCH7/
CUL-1/N8-CUL-1 within seconds, implying that SUP-36 modifica-
tion is unlikely to result from random collisions. In agreement with
our finding that SUP-36N109K/F110K is still able to bind N8-CUL-1
(Fig. S5B), we also observed monoubiquitination of the mutant
SUP-36N109K/F110K (Fig. S6D), supporting the notion that the SUP-
36/CUL-1 interaction is at least partially noncanonical.

Discussion
Here we provide biological evidence of collaboration between two
different types of E3s, RING-and RBR-type E3s, and their re-

spective, dedicated E2s in an organism. Although our results are in
some ways reminiscent of those from a recent study in mammalian
cell culture suggesting that RBR and CRL E3 complexes can work
together (9), there are some notable distinctions. Our findings in-
dicate that the “Ub priming” function of ARI-1 is not required for
all CUL-1 substrates or for other Cullin E3s in C. elegans. This
conclusion is supported by the fact that a ubc-18 null allele is vi-
able, yet cul-1(RNAi) substantially reduces survival. In addition to
CUL-1, HHARI reportedly can form complexes with CUL-2, -3,
and -4A (9, 31); however, we did not observe synthetic interactions
between ubc-18 and cul-4 or cul-5 by RNAi (Fig. 2A) or between
ubc-18 and cul-2(or209). In contrast, ubc-3(RNAi) was synthetically
lethal with cul-2(or209) (Fig. 2B), corroborating that ubc-3 function
with Cullins extends beyond the involvement of ubc-18. We con-
clude that UBCH7 (UBC-18) and its E3 HHARI (ARI-1) function
coordinately with UBC-3 (CDC34)/CUL-1 to ubiquitinate some
common substrates, including SUP-36, whose protein levels must
be regulated to ensure proper pharyngeal development.
Taken alone, the genetics data would seem to imply that parallel

pathways, each involving one of the E2s, regulate SUP-36; how-
ever, in combination with the biochemical results, both parallel and
sequential pathways can be proposed that are consistent with the
data (Fig. S7). We favor a model in which UBC-18 (UBCH7) and
UBC-3 (CDC34), along with their dedicated E3s, the RBR E3
ARI-1 (HHARI) and the RING-type E3 CUL-1, work sequentially
to polyubiquitinate SUP-36 (Fig. 5A). The sequential model is
consistent with the known biochemical activities of the enzymes
involved (Table S1). Although the synthetic genetic interactions
that we observed could be interpreted as evidence for UBC-18 and
UBC-3 acting in parallel pathways, there is precedent for synthetic
genetic interactions between members of a complex, especially in
components of essential complexes or when hypomorphic alleles
are tested (33). In principle, stepwise modification of SUP-36 by
UBCH7/HHARI and CDC34/CUL-1 could be carried out by two
separate E2/E3 complexes; however, several lines of evidence in-
dicate that this is not the case. First, a direct interaction between
the two E3s is known to occur and to lead to activation of HHARI
(31, 32), indicating that a three-enzyme complex carries out the
first modification reaction. Second, SUP-36 binds directly to CUL-1
(Figs. 3B and 4C and Fig. S5B), suggesting that CUL-1 may serve
to recruit and bind a substrate for HHARI (ARI-1) as well as for
itself. Together with our experimental data, these observations
suggest that a large complex containing both UBC-18/ARI-1 and
UBC-3/CUL-1 may direct the sequential monoubiquitination and
polyubiquitination of SUP-36 in vivo.
Another possibility consistent with our genetic and biochemical

data is that other E2s can partially substitute for the functions of
UBC-18 and UBC-3 in vivo. One candidate for this action is ubc-2,
the worm ortholog of UBCH5, which is active with both HHARI
and CUL-1 and has been proposed to perform the priming step for
(human) SCF E3s (2, 34). We were not able to test this possibility,
because ubc-2(RNAi) is embryonic lethal (35), precluding its test-
ing with ubc-18 or ubc-3. Nevertheless, our data indicate that no
E2 can effectively compensate for the simultaneous knockdown of
both ubc-18 and ubc-3. Our original screen did not any identify any
E3s, suggesting UBCH7/HHARI as the primary machinery for
generating polyubiquitin chains on SUP-36. However, the limits of
RNAi preclude us from formally ruling out the possibility that
other factors are involved as well. Several potential parallel path-
ways are shown in Fig. S7.
Our findings also reveal some intriguing, possibly unconventional

properties of SCF E3 ligases. Although yeast and humans each
contain a single gene encoding for the substrate adaptor subunit
SKP1, there are more than 20 Skp1-related (skr) genes predicted in
C. elegans (15). Presumably, each of these may bind to a subset of
the F-box proteins in worms to provide a large diversity of
substrate-binding modules. Although not identified as a Skp1-like
protein based on sequence alone, SUP-36 has been suggested to
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have Skp1-like properties based on its predicted protein se-
quence and ability to bind F-box proteins (18–20). Our data
further support the identification of SUP-36 as Skp1-like by
demonstrating its direct binding to CUL-1 (Figs. 3B and 4C and
Fig. S5B). Paradoxically, whereas SUP-36 can bind to both
F-box proteins and CUL-1, we show that it also acts as a sub-
strate for a CUL-1 complex during pharyngeal morphogenesis.
To our knowledge, neither yeast nor human Skp1 has been
identified as a substrate for SCF-dependent ubiquitination. We
also found that ubc-18 and skr-1/2 exhibit a synthetic phenotype
that is rescued by a sup-36 null allele (Fig. 3A and Fig. S3),
indicating that a functional, canonical SKP-1/CUL-1 complex is
required for proper pharyngeal development and reduction of
its function can be counteracted by removing SUP-36. Thus, we
speculate that SUP-36 may act as an inhibitor of SCF com-
plexes in pharyngeal morphogenesis (Fig. 5 B and C). Whether
that role requires an F-box protein, and whether such an F-
box protein could stabilize an inhibitory SUP-36/CUL-1 com-
plex or signal for SUP-36 degradation, are open questions for
future studies.
Previously reported evidence indicates that SUP-36 inhibits

pharyngeal development with two other proteins, SUP-35 and
SUP-37, possibly through the function of a large macromolecular
complex (19). Consistent with that idea, both sup-35 and sup-37
mutant alleles also rescue the ubc-18; ubc-3(RNAi) synthetic lethal
phenotype (Table 2). Notably, SUP-36 has been shown to bind to a
microtubule-associated protein PTL-1, and SUP-35 has been
shown to bind directly to microtubules (19). Taken together, the
data suggest that SUP-35 and SUP-36 work together in pharyngeal
morphogenesis, and that SUP-36 may have roles independent of its
Skp1-like function. It is worth noting here that the single Skp1-like

gene in yeast, SKP-1, is known to perform both SCF-dependent
and SCF-independent functions, the latter as part of the kineto-
chore (36, 37). In contrast, the sole documented function of the
single human SKP1 gene product is to act as an adaptor connecting
F-box proteins to CUL-1. Whether human SKP1 has lost its non-
SCF functions, or whether there is a functional ortholog to SUP-
36, remains to be discovered.
Coordination among E3s is an emerging theme for tight reg-

ulation of protein ubiquitination. A study published while the
present paper was in preparation demonstrated that depletion of
HHARI in cell culture leads to accumulation of known CRL
substrates, and that some CRL substrates are primed with Ub
by HHARI/UBCH7 followed by poly-Ub chain formation by
CDC34/CRL in vitro (9). Although our genetic and biochemi-
cal evidence complements those findings by showing that the
orthologs of these enzymes regulate the levels of a common
substrate in worms and work together to ubiquitinate that
common substrate in vitro, our genetic data also imply that the
ability of the E2/E3 pairs to work coordinately is not critical for
all biological CUL-1–dependent processes. Which substrates are
common among the RBR E2/E3 and CRL E2/E3 pairs, how they
are selected, and the biological importance of the coordinated
modification are all key questions to be addressed in the future.

Materials and Methods
Strains and Maintenance.Worms were cultured according to standard methods
on nematode growthmediumplates seededwithOP50bacteria at 20 °C, except
for temperature-sensitive strains, which were maintained at 15 °C (38). The
strains used in this study are listed in Table S2. Double-mutant strains were
constructed by standard techniques, and alleles were genotyped by PCR using
primer sequences shown in Table S3.

A

B C

Fig. 5. Proposed model for UBC-18/UBC-3-dependent ubiquitination of SUP-36. (A) A sequential model in which UBC-18/ARI-1 acts coordinately with UBC-3/CUL-1 to
regulate the proteasomal degradation of SUP-36 is consistent with genetic and biochemical data (this work and others). In the model, CUL-1 binds SUP-36 and binds
and activates ARI-1, which, together with UBC-18, monoubiquitinates SUP-36. The E2 UBC-3, with its E3 CUL-1, then builds poly-Ub chains using mono-Ub-SUP-36 as its
substrate, thereby promoting the degradation of SUP-36. (B) SUP-36 protein levels increase when ubc-18, ari-1, or ubc-3 is depleted by RNAi (this work and ref. 19), and
SUP-36 levels are even higher when both ubc-18 and ubc-3 are depleted, leading to inhibition of pharyngeal morphogenesis (this work). (C) A model in which SUP-
36 inhibits formation of a canonical SKR-1/CUL-1 complex, and this inhibition is released when SUP-36 is ubiquitinated by UBC-18/ARI-1 and UBC-3/CUL-1, leading to its
degradation, is consistent with these observations: (i) a functional SKR-1/CUL-1 complex is required for pharyngeal morphogenesis; (ii) the synthetic phenotype of ubc-
18;skr-1/2(RNAi) can be rescued by a sup-36 null allele; and (iii) the SKP1-like SUP-36 can bind to CUL-1, and its degradation is dependent on UBC-18/ARI-1/UBC-3.
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RNAi Knockdown and Screening. RNAi knockdown of target genes was per-
formed as described previously (10). All RNAi clones were obtained in
HT115 bacteria from the Ahringer library. The empty vector pL4440 served as a
negative control in these experiments. lin-35(RNAi) served as a positive control
for synthetic lethality with ubc-18(ku354) mutant animals. The ku354 allele
encodes a nonconservative missense mutation (E10K) in the E1-binding surface
and acts as a strong loss-of-function allele (8). unc-45 and pos-1, which generate
strong uncoordinated (unc)/sterile (ste) and embryonic lethal (emb) phenotypes,
respectively, were used to gauge the strength of the RNAi effect in specific
experiments. For double-RNAi experiments, animals were fed a 1:1 mixture of
fresh, saturated overnight cultures of both RNAi strains.

For the primary screen, 10 P0 worms were grown on each indicated RNAi
clone from L1 in 24-well plates. In each well, 15 μL of saturated bacterial culture
was seeded onto solid agar. After 5 d, the F1 progeny were examined for ste,
emb, or larval arrest (lva) phenotypes. Bacterial clones that caused a phenotype
in the ubc-18(ku354) mutant strain but not in WT animals were retested three
times to detect those with robust synthetic interactions. If both WT and ubc-18
mutants showed identical phenotypes, these RNAi were excluded from further
analysis. Of the 12,982 clones from the Ahringer library that were screened,
213 were selected for secondary screening. To quantitate RNAi phenotypes and
for the secondary screen, timed egg-laying assays were performed using ubc-
18(tm5426) animals. Synchronized populations of L1 larvae were grown to
gravid adulthood on RNAi, then 10 RNAi-fed adults were transferred to fresh
RNAi plates and allowed to lay eggs for up to 4 h. The adults were removed,
and progeny were scored within the next 72 h.

To quantitate synthetic phenotypes, the fraction of embryos that developed
to fertile adults was calculated. Embryos were counted immediately after the
egg-laying period, and the number of adults were counted after 3 d or when
control animals on L4440 RNAi food had developed to gravid adults. To
quantitate the synthetic Pun phenotype, animals were rinsed off plates at 48 h
after the timed egg-laying assay, allowed to settle by gravity, and then
resuspended inM9with 25mM sodium azide. The fraction of Pun L1 larvae was
assessed using a Nikon 90i compound microscope with Nomarsky optics and a
40× oil-immersion objective.

The statistical significance in quantitative analyses of synthetic lethality
(Fig. 1A and Fig. S1) was assessed using two-way ANOVA with Bonferroni
posttest on data from three separate biological replicates, each consisting of
three technical replicates. The statistical significance of synthetic Pun pheno-
types (Fig. 1C) was assessed similarly by two-way ANOVA on data from at least
two separate biological replicates, each consisting of at least two technical
replicates. For all experiments, data were graphically plotted and statistical
analyses performed with GraphPad Prism 5.

SUP-36::GFP Measurements. The C. elegans strains used in this study were
maintained using standard procedures as described previously (39), using the
WY1001 strain [fdEx239(rol-6gf; SUP-36::GFP)]. RNAi used standard feeding
protocols (40) for the following targets: empty vector (pDF129.36), ubc-3
(Geneservice library), ubc-18 (pDF67), and ubc-3+ubc-18 (mixed 1:1). All RNAi
clones were confirmed via sequencing. SUP-36::GFP–positive L4 hermaphrodites
were plated on appropriate RNAi plates (empty vector, ubc-3, ubc-18, or ubc-3+
ubc-18). Embryos were collected the next day via gentle suction with a micro-
fluidic aspirator tube and placed on a 3% agar pad affixed to a glass slide.
Quantitative fluorescent imaging was performed as described previously (19)
with several modifications. In brief, embryos were imaged with a Nikon Eclipse
microscope using OpenLab version 5.0.2, with an identical exposure time and
microscope setup for all images. Differential interference contrast images were
obtained for each sample before fluorescent measurement to confirm the
embryonic stage and ensure adequate depth of focus. Embryos from each
strain were staged into three distinct age groups based on developmental
morphology: early morphogenesis, comma to twofold, and twofold to three-
fold. Fluorescence was quantified using Fiji ImageJ software (41, 42). The in-
tegrated fluorescence density was determined for each embryo by subtracting
the background fluorescence from the calculated integrated density. Mean
fluorescence was subsequently calculated for each worm strain and de-
velopmental group for comparison of SUP-36 expression levels. Statistical sig-
nificance was determined using Welch’s unequal variance t test using R version
3.3.2 (43), with the significance level set at P < 0.05.

Y2H Assays. To construct Y2H fusion constructs, the full coding sequence of each
gene was amplified by PCR from cDNA. Primer sequences are listed in Table S3.
To generate cDNA, mRNA was isolated from mixed-stage C. elegans using
TRIzol (Thermo Fisher Scientific) following the manufacturer’s recommended
protocol, and cDNA was synthesized from 5 μg total RNA using SuperScript III
Reverse Transcriptase (Invitrogen). The PCR primers were designed to in-
clude restriction enzyme sites, and the PCR products were digested with

the appropriate restriction enzyme (New England BioLabs) and ligated into
plasmids to generate protein fusions with the Gal4-activation domain (GAD) or
Gal4 DNA-binding domain (GBD). Plasmids pGAD-C1 (SKR-1 and SUP-36) and
pGBD-C1 (CUL-1 and CUL-6) (44) were used in this study. Final plasmids were
sequenced to verify that the fusion constructs were correct. Y2H assays were
performed as described previously (45). Serial dilutions of yeast cells expressing
fusions with GAD and GBD fusions were spotted onto selective media (-His,
-Leu, -Trp) to assess interactions and onto nonselective media (-Leu, -Trp) with
histidine to control for spotting efficiency.

Recombinant Proteins Used for in Vitro Ubiquitination Assays. The following
constructs, coded for full-length and human proteins unless indicated other-
wise, were used in this study: E1, wheat E1, HA-UB-WT, HA-UB-K0 (Lys-less),
UBCH7, CDC34, neddylated-(N8)-CUL-113-776/RBX-1116-108, T7-SUP-36, HHARI,
and GST-HHARI-RBR177-395.

Expression and Purification of Recombinant Proteins. Proteins were expressed
and purified as described previously (2, 13, 32, 46–48). Full-length SUP-36
was cloned into a pet28a expression vector in-frame with an N-terminal
His-T7 tag. Mutations were introduced using Quickchange. SUP-36 was
expressed in Escherichia coli (BL21 DE3 cells) grown in LB and induced with
200 μM isopropyl β-D-1-thiogalactopyranoside at 16 °C for 18–20 h. SUP-
36 was initially purified from cell lysate using Ni2+-affinity chromatography,
followed by cleavage of the His-tag with thrombin (Sigma-Aldrich). After
thrombin capture (p-aminobenzamidine-agarose; Sigma-Aldrich), further
Ni2+-affinity chromatography was performed to capture uncleaved product,
followed by size exclusion chromatography (SEC) in 25 mM NaPO4 and
150 mM NaCl, pH 7.0.

Immunoprecipitation Assays. Protein G Dynabeads (Novex) were incubated
with T7 antibody (Novagen; 69522) in 25 mM NaPO4, 150 mM NaCl pH 7.0,
and 0.1% Tween 20 for 30 min and then washed twice. Then 2 μM N8-CUL-1
was mixed with 2 μM T7-SUP-36 for 15 min, followed by incubation with the
Dynabead-antibody complex for 20 min. Samples were washed three times
with 25 mM NaPO4, 150 mM NaCl pH 7.0, and 0.1% Tween 20. Bound pro-
teins were eluted with SDS/PAGE reducing buffer. Samples were separated
by SDS/PAGE and analyzed by Western blot analysis for CUL-1 (MyBioSource;
MBS 821982) and T7 (EMD Millipore; AB3790). All binding was performed at
room temperature.

Ubiquitination Assays.
E3 autoubiquitination assays. Here 0.5 μM wheat E1, 20 μM Ub, 2 μM UBCH7,
and 2 μM GST-HHARIRBR were incubated at 37 °C in 25 mM NaPO4 and
150 mM NaCl, pH 7.0. Reactions were initiated by the addition of 10 mM ATP
and quenched with SDS/PAGE reducing buffer. Time points were run on SDS/
PAGE gel and visualized by Western blot analysis for GST (HHARI).
SUP-36 ubiquitination assays. Here 0.5 μM human E1, 20 μM Ub, 2 μM UBCH7,
2 μM CDC34, 1 μM HHARI, 1 μM N8-CUL-1/RBX-1, and 2 μM T7-SUP-36
were incubated as indicated in each assay at 37 °C in 25 mM NaPO4 and
150 mM NaCl, pH 7.0. Reactions were initiated by the addition of 10 mM
ATP and quenched with SDS/PAGE reducing buffer. Time points were
run on SDS/PAGE gel and visualized by Western blot analysis for T7
(Millipore; AB3790).

UBCH7∼UB Discharge Assays. UBCH7 was charged with HA-UB as described
previously (48), and UBCH7∼UB was purified by SEC at 4 °C. Then 2 μMN8-CUL-
1/RBX-1, 2 μM HHARI, and 3 μM T7-SUP-36 (WT or N109K/F110K) were pre-
mixed in 25mMNaPO4 and 150mMNaCl, pH 7.0. Reactions were performed at
37 °C and initiated on the addition of 5 μM purified UBCH7∼UB immediately
after taking a 0 s time point. Each time point was quenched with SDS/PAGE
reducing buffer and run on SDS/PAGE gel, followed by Western blot analysis
for T7 (EMD Millipore; AB3790).
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