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Abstract

Summary—In ubiquitin-like protein (UBL) cascades, a thioester-linked E2~UBL complex
typically interacts with an E3 enzyme for UBL transfer to the target. Here we demonstrate a
variant mechanism, whereby the E2 Ubc12 functions with two E3s, Hrtl and Dcnl, for ligation of
the UBL Rub1l to Cdc53’s WHB subdomain. Hrtl functions like a conventional RING E3, with its
N-terminus recruiting Cdc53 and C-terminal RING activating Ubc12~Rubl. Dcnl’s “potentiating
neddylation” domain (Dcn1P) acts as an additional E3, reducing nonspecific Hrt1-mediated
Ubc12~Rub1 discharge and directing Ubc12’s active site to Cdc53. Crystal structures of DcnlP-
Cdc53WHB and Ubc12 allow modeling of a catalytic complex, supported by mutational data. We
propose that Dcnl’s interactions with both Cdc53 and Ubc12 would restrict the otherwise flexible
Hrtl RING-bound Ubc12~Rubl to a catalytically competent orientation. Our data reveal
mechanisms by which two E3s function synergistically to promote UBL transfer from one E2 to a
target.
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Introduction

Ubiquitin-like proteins (UBLS) are directed to targets via activation by an E1 enzyme,
conjugation to an E2 enzyme, and E3-facilitated ligation to the target (Capili and Lima,
2007; Dye and Schulman, 2007; Kerscher et al., 2006; Knipscheer and Sixma, 2007; Nagy
and Dikic, 2010). Because E3s link a UBL with a specific target, a major question is how
E3s function. The largest E3 class comprises the RING/U-box/SPRING cohort (Deshaies
and Joazeiro, 2009). Here, (1) either a domain or associated adaptor recruits the target, (2)
the RING, U-box, or SPRING domain binds a specific E2~UBL (“~" refers to covalent
complex), and (3) the UBL is transferred from the E2 Cys to a nucleophile on the target,
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generally a Lys side-chain. Notably, RING domains can enhance the inherent susceptibility
of an associated E2~ubiquitin complex to nonspecific nucleophilic attack (Ozkan et al.,
2005; Petroski and Deshaies, 2005b).

Despite many advances in our knowledge of UBL ligation machineries, it remains unclear
how some UBLs are directed to targets. A particularly intriguing UBL is budding yeast
Rubl (NEDD8 in mammals) (Hochstrasser, 1998). Rub1’s best characterized target, Cdc53,
is a member of the cullin family (Lammer et al., 1998; Liakopoulos et al., 1998). Cdc53
nucleates prototypic SCF E3 ubiquitin ligases: Cdc53’s N-terminal region binds Skp1-F box
protein complexes, which recruit substrates for ubiquitination (Feldman et al., 1997;
Skowyra et al., 1997); Cdc53’s C-terminal region binds the RING protein Hrtl (Rbx1 in
mammals) (Kamura et al., 1999b; Ohta et al., 1999; Seol et al., 1999; Skowyra et al., 1999;
Tan et al., 1999). The Hrtl RING domain binds the core domain of the ubiquitin E2, Cdc34,
and activates Cdc34~ubiquitin for nucleophilic attack, even by a nonspecific nucleophile
such as hydroxylamine (Petroski and Deshaies, 2005b). When bound to Skpl-Fbox protein-
substrate complexes, Cdc53-Hrtl is the catalytic module for processive Cdc34-mediated
substrate polyubiquitination (Petroski and Deshaies, 2005b). Modification of Cdc53’s
Lys760 by Rub1l counteracts SCF inhibition by Lag2 (CAND1 in mammals) (Liu et al.,
2009; Siergiejuk et al., 2009).

How is Rubl ligated to Cdc53? Rubl is initially activated by its E1, Ulal-Uba3, and
transferred to the catalytic Cys of the E2, Ubc12 (Lammer et al., 1998; Liakopoulos et al.,
1998). However, a detailed mechanistic view is lacking, in part because two different
proteins have been reported as being the E3 for Rub1 ligation to Cdc53. One candidate E3 is
Hrt1, which binds Cdc53 and has a RING domain. Mutations in the zinc-binding ligands of
the RING domain from mammalian Rbx1 hinder Rubl ligation to Cdc53 in vitro, and fail to
complement Hrtl null yeast (Kamura et al., 1999a). In higher eukaryotes, the Rbx1 RING
domain was shown to bind weakly to Ubc12, and to be required for NEDD8 modification of
cullins (Gray et al., 2002; Morimoto et al., 2003). However, the question arises as to how
Hrt1 could be an optimal E3 for both Ubc12 and Cdc34, which have distinct features in their
catalytic domains.

Dcnl was also identified as a Rubl E3 (Kurz et al., 2005). The Dcnl crystal structure
revealed two domains, a UBA domain, and a “potentiating neddylation” (PONY) domain
(Kurz et al., 2008). The PONY domain alone (termed DcniP here) was reported to bind
Ubc12 and Cdc53, and is sufficient to enhance Cdc53~Rubl levels in vivo and in lysates.
Upon this discovery, it was suggested that Hrt1/Rbx1 may play a passive structural role in
cullin modification by Rub1 (Kurz et al., 2008). However, Cdc53 can be modified in vitro
without Dcn1, raising questions as to Dcnl’s function as an E3.

Here we dissect the roles of Hrtl and Dcnl in Rubl ligation to Cdc53: each E3 has its own
activities, and the two E3s function synergistically. We find that Hrt1 functions as a
conventional RING E3, by recruiting Cdc53 and promoting Rubl transfer from Ubc12’s
catalytic Cys. Only in the presence of Hrtl, Dcnl has unique functions to bring Ubc12’s
catalytic Cys into close proximity with the Cdc53 target. Through structure/function
analyses, we identify mechanisms by which two E3s can function with a single E2 to
promote optimal UBL modification of a target.

Hrtl functions as a RING-type E3 toward Ubc12~Rub1

Properties of RING E3s include: 1) RING domains activate inherent, substrate-independent
E2~UBL “discharge”, which is transfer of a UBL from an E2 catalytic cysteine to a
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nucleophile such as a primary amine; and 2) RING E3s also have separate domains that bind
substrates, thus linking RING-catalyzed transfer of a UBL from the E2 to the substrate
(Deshaies and Joazeiro, 2009). In principle, Hrt1 could fulfill both functions, with a C-
terminal RING domain and an N-terminal strand binding Cdc53. Thus, we wondered
whether Hrtl is a RING-type E3 for Rub1 ligation to Cdc53.

To test whether Hrtl accelerated substrate-independent catalysis of Rub1 transfer, we
adapted an assay for ubiquitin discharge from an E2 Cys to the nucleophile hydroxylamine
(Fig. S1A) (Petroski and Deshaies, 2005b). Hydroxylamine serves as a nonspecific amine
that can collide with and discharge the thioester-linked E2~UBL conjugate, producing free
E2 and isopeptide-linked UBL~NHOH. Briefly, we loaded Ubc12 with [32P]-Rub1 using
Ulal-Uba3 and MgATP, and quenched generation of thioester-linked Ubc12~Rubl with
EDTA. Upon addition of hydroxylamine, Ubc12~Rub1 discharge was examined. In the
absence of any added factors, Ubc12~Rubl was relatively stable to attack by
hydroxylamine. However, the isolated Hrtl RING domain enhanced discharge of
Ubcl12~Rubl (Fig. 1A, 1G red line).

We next assayed Hrt1 activity in the presence of a Cdc53 fragment referred to as Cdc53¢™,
which encompasses the entire cullin C-terminal domain that mediates interactions with Hrtl
and contains the Rub1 modification site (Lys760), plus 2 1/2 N-terminal cullin repeats. In
order to test potential Rub1 E3 activity of Hrtl, we made several variant complexes,
including Cdc53¢*/K760R 'in which the Lys760Arg substitution prevents Rubl modification
of Cdc53. Also, Hrt14R binds Cdc53 but lacks the RING domain. In complex with
Cdc53C+/KT60R or Cdc53C+ respectively, Hrtl, but not Hrt14R, accelerated Ubc12~Rubl
discharge to hydroxylamine (Fig. S1A, Fig. 1B, 1E red line).

We also examined the role of the Hrtl RING domain for Rub1l transfer from Ubc12 to
Cdc53C* Lys760, using a pulse-chase protocol (Fig. S1B). Briefly, after “pulse” generation
of the Ubc12~[32P]-Rub1 thioester conjugate, Cdc53%*-Hrtl was added, and Rub1 was
“chased” from Ubc12 to Cdc53%*. No Rub1 transfer was observed with the Hrt1 deletion
mutant lacking the RING (Fig. 1C). Addition of the isolated RING domain in trans was not
sufficient to overcome this defect (Fig. 1C). Thus, Hrtl must contain both the Cdc53-
binding region and the RING to stimulate Rubl transfer to Cdc53.

To obtain insights into how the Hrtl RING domain mediated E3 activity toward Ubc12, we
wished to model a Hrt1-Ubc12 complex. First, we determined the crystal structure of Ubc12
(Fig. S1). The asymmetric unit had two molecules, each with two domains (Fig. 1D). The C-
terminal “core” closely resembles that of human Ubc12 (0.97 A rmsd), containing a standard
E2 catalytic domain fold (Huang et al., 2005). Ubc12’s N-terminal 20 residues formed a
helix (Fig. 1D). To ascertain which region of Ubc12 functions with Hrtl, we performed
deletion analysis using both our assay for Ubc12~Rubl discharge and our pulse-chase
protocol to exclusively monitor effects of mutations on Rub1 transfer to Cdc53%+ (Fig. S1A,
B). These assays exclude any mutagenic effects on the earlier step of forming the
Ubc12~Rubl thioester intermediate. Our data suggested that the Ubc12 core domain alone
was largely responsible for Hrt1-mediated Rubl discharge and transfer to Cdc53 Lys760
(Fig. 1E, 1H).

A structural model for the Hrtl RING, based on 63% sequence identity to Rbx1, was
obtained from swissmodel.expasy.org. Given the similarity of RING domains and among
E2-RING complexes (Mace et al., 2008; Yin et al., 2009; Zheng et al., 2000), a model was
obtained by docking our Ubc12 and the prior UbcH7-cCbl structures, and the Hrtl RING
domain model onto the cCbl RING (Zheng et al., 2000). The model predicted that Hrt1
interacted with Ubc12 core domain’s 1st a-helix and a2/a3-loop (Fig. 1F). Thus, we tested
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the effects of 1le30Asp and Arg31Ala mutations from the 1st a-helix in Ubc12’s core
domain, and of Ser124Ala, Pro125Ala, and Alal26Asp mutations from the a2/a3-loop.
These Ubc12 mutations at the canonical RING-binding surface hinder both Hrt1-mediated
Rub1 discharge from Ubc12 (Fig. 1G), and Rub1 transfer to the substrate, Cdc53 Lys760
(Fig. 1H).

Taken together, our data indicate that Hrt1 functions as a RING-type E3 for Rubl transfer
from Ubc12 to Cdc53.

Dcnl activation of Rub1 transfer is Ubc12- and Cdc53-specific and Hrtl-dependent

Dcnl was reported to be an E3 for Rub1 with in vitro assays utilizing a 45-fold molar excess
of GST-Dcnl compared to Cdc53 (Kurz et al., 2008). In vivo, the PONY domain alone
(termed Dcn1P here) showed similar ability as full-length Denl to enhance Rubl
modification of Cdc53 (Kurz et al., 2008). Thus, we sought to map the regions of Dcnl
required for E3 activity using stoichiometric amounts of Dcnl and Cdc53. We observe the
same levels of Rubl modification for both full-length Cdc53-Hrt1 produced in insect cells
and Cdc53C*-Hrt1 produced in E. coli. In both cases, Rub1 modification was significantly
enhanced by a stoichiometric amount of Dcnl (Fig. S2A). We focus hereafter on Dcn1P
(residues 70 to the C-terminus at 269) as its effects were indistinguishable from full-length
Dcnl (Fig. S2A).

We first tested whether Dcn1P acted like Hrt1 and accelerated inherent Ubc12~Rubl
catalysis, independent of a protein substrate. Unlike Hrt1, Den1P did not accelerate
Ubc12~Rub1 discharge (Fig. 1A). We also tested whether DcnlP on its own could promote
Rub1 transfer to a Cdc53 substrate. Addition of DenP did not overcome the lack of
Cdc53¢* modification observed when the RING domain was deleted from Hrt1, including
when the isolated Hrtl RING domain was provided in trans (Fig. 2A). Thus, Dcnl itself
exhibited E3 activity only in the presence of Hrtl.

We wondered whether Dcn1P enhances Hrt1-dependent activities in general. Thus, we
considered that a widely-recognized function of Hrtl is serving as the catalytic component
of SCF ubiquitin E3s (Kamura et al., 1999b; Ohta et al., 1999; Seol et al., 1999; Skowyra et
al., 1999; Tan et al., 1999). We investigated potential effects of Dcn1P on Hrt1’s ubiquitin
E3 activity, using a modified assay for SCFC4¢4-mediated polyubiquitination of a high-
affinity peptide substrate (Orlicky et al., 2003; Pierce et al., 2009). Unlike effects on Rub1-
modification of Cdc53, we did not observe significantly enhanced polyubiquitination
activity in the presence of Dcn1P (Fig. S2B).

Two simple models could explain Dcnl function: Denl could function indirectly, by
enhancing Hrt1’s RING E3 activity toward Ubc12. Alternatively, Dcnl could have distinct
E3 activity in the presence of Hrtl. We performed several experiments to test both
hypotheses. We ruled out the first model because Dcn1P did not enhance Cdc53C+/K760R.
Hrtl-catalyzed Rubl transfer from Ubcl2 to a nonspecific nucleophile (Fig. 2B).

In the presence of Hrtl, Dcnl acted as a distinct Rub1 E3. First, Den1P reduced nonspecific
Ubc12~Rub1 discharge in the presence of Cdc53C+/K760R_Hrt1 (Fig. 2B). Second, DeniP
and Hrtl E3 activities depended on different regions of Ubc12. For example, DcniP had no
effect on Rub1l discharge from Ubc12’s isolated core domain; the reduction of nonspecific
Ubc12~Rub1l discharge requires Ubc12’s unique N-terminal helical extension (Fig. 2B). Ina
related vein, although Dcn1P enhances the rate of Rub1 transfer to Cdc53C* from full-length
Ubc12 by 14-fold, the effect of Dcn1P was reduced to only 2.6-fold for Ubc12’s isolated
core domain (Fig. 2C, S2C). Third, the extent to which Dcn1P enhanced Cdc53 Lys760
modification was similar for Ubc12-Hrt1 interface mutants and wild-type Ubc12 (Fig. 1H v.
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2D). Thus, unlike Hrt1, Dcnl activity requires Ubc12’s N-terminal helix and core domain,
and is specific for Rubl modification of Cdc53.

Mapping Dcn1-Cdc53-Hrtl interactions

To define the site of interaction between Dcnl and its substrate, Cdc53, isothermal titration
calorimetry (ITC) was used to quantify binding between structure-based deletion mutants. A
structural model (Swissmodel) of Cdc53¢+ closely resembled other cullins (Angers et al.,
2006; Duda et al., 2008; Zheng et al., 2002), with the C-terminal domain assembled from
several subdomains: a 4-helix bundle (4HB) that connects to the ntd; an a/pB-subdomain that
binds Rbx1’s N-terminal strand; and a C-terminal winged-helix subdomain (WHB) that
contains the Rub1 acceptor Lys760. Both full-length Dcnl and Den1P were examined for
binding to Cdc53C*-Hrt1 and the Hrtl RING deletion mutant. We also tested binding to an
isolated Cdc53 WHB subdomain (Cdc53WHB) because a prior study had identified cullin C-
terminal residues as important for Dcnl binding (Kurz et al., 2008). A range of affinities
was observed, potentially arising from structural effects of the deletions. Nonetheless, both
full-length Denl and DendP formed tight 1:1 complexes with all of the Cdc53 constructs
(Fig. 3A, 3B, S3A). This includes Dcn1P binding to the isolated WHB subdomain with
substantially high affinity (K4 value of 227 nM).

The Dcnl E3 binds a surface of its Cdc53 substrate distal from the Rub1 acceptor Lys

To understand how Dcnl binds Cdc53, we performed crystallographic and NMR studies of
Dcn1P in complex with Cdc53WHB, Den1P- Cde53WHB complexes from two crystal forms
superimposed, so only the structure refined to 2.23 A resolution is discussed further here
(Fig. 3C; Supplemental Information). Dcn1P from the complex with Cdc53WHB
superimposed with prior structures (Kurz et al., 2008;Yang et al., 2007) (0.73 and 0.66 A
rmsd, respectively), adopting an elongated domain composed of 2 EF-hand-like folds and 2
C-terminal helices. Likewise, Cdc53"WHB superimposed with the WHB subdomain of prior
structures of human Cull (Zheng et al., 2002) (residues 707-776, 0.84 A rmsd). The N-
terminal helix of Cdc53WHB corresponds to the long H29 helix in Cull, which protrudes
from the WHB and would connect to the cullin o/p subdomain.

Both Dcn1P- Cdc53WHB crystals utilize similar packing, with only one interface near the C-
termini of both proteins consistent with 1°N-1H chemical shift perturbations upon titrating
unlabeled Dcn1P into uniformly 1°N-labeled Cdc53WHB (Table S1, Fig. S3B, S3C).
Notably, the interaction occurred on the opposite side of the WHB from the Rub1 acceptor
Lys760 (Fig. 3C), and backbone amide chemical shifts for Cdc53 Lys760 and surrounding
residues were not significantly altered upon interaction. Thus, Dcn1P may not cause long-
range structural changes around Lys760 (Fig. S3B, S3C). Rather, Dcn1P extends away from
the WHB and Lys760 (Fig. 3C). One possibility based on the structure is that Dcn1P may
function by remotely presenting Cdc53’s Lys760 to Ubc12’s active site, from a distance.

In order to gain insights into which higher-order assemblies might coexist with Dcnl
binding to Cdc53, we superimposed Den1P-Cdc53WHB onto the WHB from prior full-length
Cul1-Rbx1 complexes with Skp1-F-box, and with CAND1 (Goldenberg et al., 2004; Wu et
al., 2003a; Zheng et al., 2002). Consistent with genetic and biochemical studies, Dcnl
binding appeared compatible with cullin complexes with substrate adaptors, and with
CAND1 (Fig. S3D, S3E). Indeed, our previous study indicated Dcnl might not directly
compete with the yeast ortholog of CANDL, Lag2, for binding to Cdc53 both in vivo and in
vitro (Siergiejuk et al., 2009). We also found that Lag?2 inhibits Rubl transfer to Cdc53 both
in the absence or presence of Dcn1P, and that Den1P and Lag2 could both exist within a
single stoichiometric complex with Cdc53¢*-Hrt1 (Fig. S3F-S3I).
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Details of Dcnl E3 recognition of the Cdc53 substrate

In total, the Dcn1-Cdc53 interactions bury ~985 A2 of surface. From Dcnl, the extreme C-
terminal helix, its preceding loop, and the C-terminal helix of the EF-hand-like-region pack
against a surface comprising Cdc53’s most C-terminal helix and the loop between the C-
terminal two B-strands. Key interactions are between: Dcnl Asp226, Met230, and the
backbone of Ala253 with Cdc53 Arg804; Dcnl Ala253 and the Thr251 backbone with
Cdc53 His767; Dcnl Trp254 backbone and Asp259 with Cdc53 Lys790; and Dcnl Phe256
with Cdc53 Arg791 (Fig. 4A).

The structure provides a rationale for previous findings of deleterious effects of mutating
Dcnl and Cdc53 residues identical across species. These include key contact residues in
Dcnl (Asp226, Ala253, Asp259) and Cdc53 (Arg804). Simultaneous mutations of contact
residues from Dcn1, or the Cdc53 Arg804Ala mutation, led to decreased Rub1 modification
of Cdc53 in vivo (Kurz et al., 2008). Indeed, using ITC, we found the interaction
significantly impaired upon mutating Dcnl’s Asp226 and Asp259 (Fig. 4B). Also,
substitutions of these and other Dcn1P residues at the structurally-observed interface, but not
on other surfaces, impaired stimulation of Rub1 transfer to Cdc53¢* (Fig. 4C).

Structural model of dual Rub1 E3 ligase for Cdc53

To gain insights into how Hrtl and Dcnl function together as E3s for Cdc53, we built a
structural model of a Dcn1-Cde53C+-Hrt1-Ubc12 complex in a catalytic conformation (Fig.
4D, S4). The model suggests a dual E3 ligase mechanism, as follows. Hrt1’s RING would
bind Ubc12 as in other RING E3-E2 complexes. As with other CRLs, flexible tethering of
the Hrtl RING to its N-terminal strand allows rotation of the RING and thus the associated
Ubc12~Rubl to adopt a range of locations relative to Cdc53’s WHB. Amongst the allowed
conformations, the Ubc12 active site can approach Cdc53’s Rub1l acceptor Lys760. This
would explain our data indicating that Hrt1 alone is sufficient to act as an E3 toward Cdc53.

According to the model, Dcnl also functions as a standard E3, binding both the substrate
and the E2. In addition to specifically interacting with Cdc53, the model predicts that Dcnl
achieves specificity by interacting with Ubc12’s unique N-terminal extension. The model
suggests that the first 4 residues of Ubc12’s extreme N-terminal helix would fit into a
groove at the junction of the two EF-hand-like folds in Den1P (Fig. 4D). Although the
minimal interactions would likely be very weak on their own, Dcnl’s binding to Cdc53’s
WHB subdomain coupled with Ubc12 binding to the Hrtl RING would establish a high
effective concentration for Dcnl’s groove and Ubc12’s N-terminus. Den1P is also poised to
make weak contacts at the junction between the Cdc53 WHB domain, the Hrtl RING
domain, and the Ubc12 catalytic core domain. Thus, the model suggests that Dcnl could
restrict the otherwise flexible RING-Ubc12~Rubl to a catalytically competent orientation.

Mutational analysis of Ubc12 N-terminus and Dcnl groove in Rubl ligation to Cdc53

Fundamental features of the structural model are supported by the biochemical studies
shown in Figs. 1-4. Thus, we tested predictions based on another key feature of the model,
that the 4 most N-terminal residues of Ubc12’s unique helix fit in a groove in Dcnl (Fig.
4D). The effects of deleting the first four residues of Ubc12 mirrored those observed for
deleting the entire N-terminal extension: there was no effect on basal activity, but Dcn1P
enhancement of Rub1 transfer to Cdc53°* was significantly impaired (Fig. 5A). Similar
results were obtained with Ala and Asp substitutions in place of Ubc12 residues 1 and 2, or
3 and 4, respectively (Fig. 5A).

To test a role for the Ubc12 N-terminal helical structure, effects of Pro substitutions,
expected to disrupt the helix, were compared with effects of Alas, which remove side-chains
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while favoring helical conformation. In the absence of Dcn1P, Rub1 modification of
Cdc53C* was similar by Ubc12 with either Ala or Pro mutations of GIng and Lys9 in the
middle of the helix. However, the Pro substitutions specifically impaired Dcn1P-mediated
Rub1 ligation (Fig. 5B). Thus, Ubc12’s N-terminal helix may contribute to Den1P’s Rubl
E3 activity.

Is the Ubc12 N-terminus sufficient to allow an E2 to function with the Dcnl E3? If so, then
transplanting Ubc12’s N-terminal sequence onto a broad specificity E2 that can also bind the
Hrt1 RING should impart activation by Dcn1P. To test this, we appended the sequence of
Ubcl12’s residues 1-24 to the N-terminus of the broadly functioning ubiquitin E2, UbcH5b.
Whereas Dcn1P had no effect on the low level of ubiquitin transfer from wild-type UbcH5b
to Cdc53’s Lys760, grafting Ubc12’s N-terminal sequence onto UbcH5b allowed
enhancement by DcniP (Fig. 5C).

Data also support a role for the Dcnl groove: Ala substitutions in place of individual or pairs
of surface residues (Asp89, Asp91, Asn103, Glu105, Asp106, Glu122, Lys180, Asp185,
Glu186) around the groove and at the predicted Cdc53/Hrt1/Ubc12 junction diminish
Dcn1P-stimulated Rub1 transfer from Ubc12 to Cdc53¢* (Fig. 5D).

The structural model also predicts that blocking Ubc12 access to the Dcnl groove would
inhibit Dcn1P E3 activity. Indeed, very high concentrations of a peptide corresponding to
Ubc12’s N-terminus (Ubc12N) inhibited Den1P E3 activity by a factor of ~2 (Fig. 5E). The
weak inhibitory activity is consistent with the notion that Dcnl interactions with Ubc12’s N-
terminus require a high effective concentration established by other contacts within the
catalytic complex. In further agreement with the structural model, the peptide does not
display the same inhibitory effect in the absence of Dcn1P, with the Ubc12 core domain, or
with the Dcn1P groove mutants (Fig. 5E, 5F). Notably, the Ubc12 N-terminal sequence
supplied in trans did not impart Dcn1P E3 activity to the Ubc12 core domain.

Dcnl E3 helps bring the Ubc12 active site to Cdc53

To address the mechanisms by which Hrtl and Dcnl cooperate to mediate Rub1l ligase
activity, we wished to perform a kinetic analysis. Initial studies indicated that the rapid
velocity of Rubl transfer from Ubc12 to Cdc53 precluded our performing standard kinetic
analysis of wild-type proteins. Nonetheless, we did obtain Kinetic constants using a mutant
version of Ubc12 harboring an Ala mutation in place of a strictly conserved E2 Asn (residue
107) known to be critical for RING E3 stimulation of E2-mediated UBL transfer (Fig. 6A)
(Wu et al., 2003b). The kinetic analysis highlights three major points (Fig. 6B). First, under
our assay conditions, in comparison to the reaction with only the single Hrtl E3, the overall
kinetic efficiency of the reaction was strikingly ~170-fold greater when the two E3s work in
combination. Second, in keeping with the notion that Hrt1 plays the major role of recruiting
substrate to the Ubc12, Den1P contributed only slightly (~5-fold) to the Ky, for the Cdc53
substrate. Third, addition of the second E3, Dcn1P, dramatically affected (>35-fold) the ket
of the reaction.

How might the Den1P E3 make such an enormous contribution to the ke for the reaction? It
is unlikely that Dcn1P dramatically increases the reactivity of Cdc53 Lys760, because Dcn1P
binds the opposite side of the Cdc53 WHB subdomain, and our NMR data indicate little
effect of Den1P on the overall structure around Cdc53 Lys760 (Fig. S3B, S3C). By contrast,
the structural data raise the possibility that Dcn1P interacts with Cdc53 and Ubc12 in the
context of a complex with Hrtl to limit the orientations accessible to the Hrtl RING-Ubc12
complex, and thereby direct Ubc12’s active site to Cdc53.
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We tested this notion through a crosslinking approach. First, to be able to attach a
crosslinker specifically to the Ubc12 active site, we made a Ubc12 mutant in which the only
cysteine is the catalytic Cys115 (Ubc12C1150nly) Second, we generated Cdc53C+ with a Cys
in place of Lys760. After reacting Ubc12C1150nlY with the short-spacer homobifunctional
sulfhydryl crosslinker Bis-Maleimidoethane (BMOE) and desalting to remove any free
BMOE, Hrt1-Cdc53C¢+/K760C \was added in the presence or absence of Dcn1P. Ubc12
crossslinking to Cdc53 depended on Cys760 (Fig. 6C, lanes 2-5 v. 28-39), and was
enhanced by Dcn1P (Fig. 6C, lanes 6-9 v. 2-5). The stimulatory effect is not observed for a
Dcn1P mutant (Den1PM) that cannot bind Cdc53 (Fig. 4B; 6C lanes 6-9 v. 10-13), and is
also impaired by deleting Ubc12’s N-terminal helix (Fig. 6C lanes 6-9 v. 19-22). Thus, the
crosslinking results are consistent with our structural model for the Rubl ligation complex,
and support the concept that Dcnl productively orients Ubc12’s active site toward Cdc53.

Discussion

Hrtl and Dcnl function synergistically as a dual Rub1l E3 ligase for Cdc53

We propose that Hrt1 and Dcnl function together to mediate Rubl1 E3 ligase activity toward
Cdc53. Hrtl functions as a conventional RING E3: the N-terminal strand recruits the
substrate Cdc53 and the RING binds to and activates Ubc12’s core domain. Based on
studies of other cullin-RING complexes (Duda et al., 2008), we expect that the connection
between the Hrtl domains is sufficiently flexible to allow rotation of the RING domain
relative to the remainder of the Cdc53 structure. The model of Cdc53-Hrt1, based on
homology to human Cull-Rbx1 structures (Zheng et al., 2002), indicates that the RING is
tethered in such a way as to limit the range of orientations that would allow the associated
Ubc12 active site to encounter Cdc53’s Lys760.

Our biochemical data are consistent with the notion that the second E3, Dcnl, functions
synergistically with Hrtl to reduce nonspecific Ubc12~Rub1 discharge, and to spatially
direct Ubc12’s active site toward Cdc53. Taken together with prior structures of human
Cul1-Rbx1 (Zheng et al., 2002) and RING-E2 complexes (Mace et al., 2008; Yin et al.,
2009; Zheng et al., 2000), our new structures of Dcn1P-Cdc53WHB and Ubc12 (Table 1)
suggest how combinatorial interactions mediate a dual E3 ligase mechanism. Dcnl binds the
Cdc53 WHB subdomain, on the opposite side from the acceptor Lys760, and extends away.
The simplest explanation for our mutational data agrees with the structural model that
Dcnl’s groove would engage the N-terminal helix of Ubc12 bound to the Hrtl RING. We
intuit that the dual E3 ligase mechanism restricts the Hrt1 RING-Ubc12 orientation for
productive encounter with Cdc53’s Lys760 and Rubl transfer.

Combinatorial interactions —an emerging mechanism specifying RING E3-E2 activities

Why would Rubl ligation to Cdc53 require two E3s? Although we can only speculate, we
consider that the dual E3 mechanism is based on four key features of Cdc53-Hrt1-E2
interactions. First, Hrtl mediates two functions. In addition to its role in Rub1 modification
of Cdc53, Hrtl is the catalytic RING component of the major class of ubiquitin E3s, the
cullin-RING E3s that include the large Cdc53-based SCF subfamily (Kamura et al., 1999b;
Ohta et al., 1999; Seol et al., 1999; Skowyra et al., 1999; Tan et al., 1999). Thus, Hrt1 must
display multifunctional RING E3 activities toward multiple E2s. Second, Hrtl mediates E3
activity towards different substrates. With Ubc12, Hrtl mediates Rubl ligation to Cdc53
(Fig. 1) to counteract the Lag?2 inhibitor of SCF assembly (Liu et al., 2009; Siergiejuk et al.,
2009). With the ubiquitin E2 Cdc34, Hrtl mediates polyubiquitination of numerous SCF
substrates (Mathias et al., 1996; Verma et al., 1997; Willems et al., 1996). Third, by analogy
to human cullin-RING ligases, the Hrtl RING and N-terminal strand would be flexibly
linked so associated E2s access different substrates at a range of relative locations (Duda et
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al., 2008). Finally, RING E3-E2 interactions are often transient (Christensen and Klevit,
2009; Deshaies and Joazeiro, 2009), likely for cycling between E1s for UBL loading and
E3s for UBL ligation (Eletr et al., 2005; Huang et al., 2005).

We propose that combinatorial interactions impart specificity to the multifunctional Cdc53-
Hrtl ligase complex. For Rubl ligation to Cdc53, this would involve establishing catalytic
competence through multiple weak interactions. Notably, the largest effect of Den1P is on
the kggt for the reaction (Fig. 6). This is consistent with a major role of the dual E3 ligase
mechanism to help restrict the orientation of Hrtl such that the associated Ubc12~Rubl
productively encounters Cdc53’s Lys760.

Combinatorial interactions may be a common feature of RING E3-E2 complexes, with
added contacts imparting specificity (Liu and Walters, 2010). Indeed, another Hrt1 partner is
the ubiquitin E2 Cdc34, which has distinct active site features for generation of Lys48-
linked polyubiquitin chains (Petroski and Deshaies, 2005b). Like Ubc12, Cdc34 also has an
extension. Cdc34’s extension interacts with the Hrtl partner Cdc53 (Kleiger et al., 2009a;
Kleiger et al., 2009b). However, here Cdc53 is not the substrate, but rather the cullin
component of a multisubunit SCF ubiquitin E3. Electrostatic interactions between the acidic
Cdc34 extension and a basic canyon on the cullin enable substrate polyubiquitination.
Another example involves the multidomain RING E3 gp78 and the ubiquitin E2 Ube2g2
(Das et al., 2009). In this case, it is the E3 that has a second domain, called “G2BR”, that
adds interactions with the “backside” of Ube2g2 distal from the RING binding site. G2BR-
binding allosterically alters the conformation of Ube2g2 to modify catalytic activity.
Interestingly, providing G2BR to Ube2g2 in trans enhances binding to gp78 and other
RINGs. This finding might portend yet to be discovered cases where either the gp78 G2BR,
or other sequences like it, could serve in combination with other RING proteins as a
component of dual E3 ligase mechanisms for ubiquitin pathways.

Variations on the E2-E3-target theme

We have shown that Rub1 ligation to Cdc53 involves two E3s functioning with one E2. The
Rub1 cascade thus joins several other pathways where the model that a single RING E3
bridges a single E2 with targets harboring a common E3-binding motif is too simplistic. For
example, some E3s work sequentially with multiple E2s (Garnett et al., 2009; Rodrigo-
Brenni and Morgan, 2007; Williamson et al., 2009; Wu et al., 2010a; Wu et al., 2010b),
often for the separate steps of ligating a first ubiquitin and then elongating a polyubiquitin
chain. Some substrates are modified by different E2-E3 pairs, or by an E2-E3 followed by
an E2-E4 complex, each either ligating a different UBL or mediating a different type of
ubiquitin modification (Koegl et al., 1999; Parker and Ulrich, 2009; Reindle et al., 2006;
Ulrich and Jentsch, 2000; Wertz et al., 2004). Also, one E3 has several distinct substrate
binding domains, each recognizing a unique sequence motif (Xia et al., 2008). Variations on
E2-E3-target cascades also may be common for E3s outside the RING class. One example is
a HECT E3 that utilizes an adaptor protein to recruit both a substrate and particular E2
(Ogunjimi et al., 2005). Thus, while many cascades utilize common E2-E3 modules at their
core, additional elements, be they multiple E2s, multiple E3s, E4s, or other factors, seem to
regularly be involved in tuning affinities and specificities so that a given target receives a
particular UBL modification.

Implications for other cullin-RING ligase pathways

Genetic studies revealed that both Hrt1 and Dcnl are critical for Rub1 modification of
Cdc53; deletion of the Dcnl gene phenocopies deletion of genes in the Rubl pathway
(Kamura et al., 1999a; Kurz et al., 2008; Kurz et al., 2005). However, Dcnl has not yet been
reported to bind the other yeast cullins Cul3 and Rtt1101, and Rtt101 can also be modified
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by a UBL other than Rubl (Laplaza et al., 2004), so it is possible that other E3s function
alongside Hrtl for various modifications of other yeast cullins. The cullin-RING ligase
family is even more expanded in higher eukaryotes, with mammals having 2 E2s for the
Rub1 ortholog NEDDS8 (Huang et al., 2009), 8 cullins (Petroski and Deshaies, 2005a), two
Hrt1 orthologs (Kamura et al., 2004), and 5 Dcnl family members (Kurz et al., 2005).

At least some features we observe for the yeast Cdc53 pathway are conserved in other
cullin-RING pathways: mammalian Rbx1 seems to function as a classic RING E3 for
NEDD8 maodification of Cull, Cul2, Cul3, and Cul4, with Rbx2 an E3 for Cul5 (Gray et al.,
2002; Huang et al., 2009; Morimoto et al., 2003). Also, mammalian Dcnl homologs bind
cullins, consistent with conservation of many residues mediating Dcn1P-Cdc53WHB contacts
(Kim et al., 2008; Kurz et al., 2008; Kurz et al., 2005; Meyer-Schaller et al., 2009). Thus, it
is likely that mammalian DCNL-cullin complexes will resemble our Den1P-Cdc53WHB
crystal structure.

There may also be some differences between cullin modification pathways. The Dcnl
groove we find to play a role in Rub1 modification is only partly conserved. Also, to date,
human Ubc12’s N-terminal extension has only been observed as an extended structure in
complex with UBA3 (Huang et al., 2007; Huang et al., 2004). Although some sequence
similarity (Huang et al., 2009) raises the possibility that a helix might form if human
Ubc12’s N-terminus were to bind other proteins such as Dcn1P, we do not observe the N-
terminus in a crystal structure of free human Ubc12 (D. Huang and BAS, unpublished).
Moreover, in the absence of Dcnl, we find NEDD8 modification of human cullins in vitro to
be orders-of-magnitude more efficient than of Cdc53 (not shown). Accordingly, knocking
out or down mammalian Dcnls apparently reduces but does not eliminate NEDD8
modification of cullins (Kim et al., 2008; Meyer-Schaller et al., 2009). Also, DCNL1/
SCCRO null mice do not share the embryonic lethality of the UBA3 knockout (Kim et al.,
2008; Tateishi et al., 2001). Thus, Dcnl family members may play redundant, less critical,
or different roles with mammalian cullins. For example, DCNL3 contains a lipidation site,
and can relocalize Cul3 to the plasma membrane for NEDD8 modification (Meyer-Schaller
et al., 2009). Notably, despite many similarities, differences in ubiquitination mechanisms
have been reported for some paralogous yeast and mammalian cullin-RING ligases (Hao et
al., 2007; Orlicky et al., 2003). Irrespective of whether all cullins utilize dual E3
mechanisms for Rub1 or NEDD8 modification, or whether associated Dcnl family members
play other roles in some organisms, it seems likely that there will be many exciting
variations on the ways that these and other E3s assemble into active complexes at particular
cellular locations to mediate UBL ligation and regulation.

Experimental Procedures

Biochemical assays

Details of reagent generation, reaction conditions, and data analysis are in Supplemental
Information. Biochemical assays detecting 32P-labled Rub1 were carried out at 18°C (the
ambient room temperature of our room dedicated for radioactive work). Nonradioactive
assays were carried out at room temperature. Aliquots were removed at the indicated times
and quenched in 2X SDS-sample buffer. Dried radioactive gels were exposed to a Storm
(GE) Phosphoimager screen and the amount of Cdc53¢*~Rub1 formed quantified as
arbitrary units with ImageQuant (GE). For kinetic measurements, four time points were
assayed for each reaction to ensure reaction rates were under initial velocity conditions.
Kinetic constants were calculated in GraFit v 5.0 (Erathicus) using a standard Michaelis-
Menten enzyme kinetics equation. ITC measurements were performed on a MicroCal
ITC200 at 22°C.
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Structural experiments

Crystals were grown by the hanging-drop vapor-diffusion method, and were flash-frozen
prior to data collection at the NECAT and SERCAT beamlines of the Advanced Photon
Source and the 8.2.1 beamline at the Advanced Light Source. Details of crystallization
conditions, data collection and processing, structure determination and refinement, and
NMR experiments are in Supplemental Information.

Highlights
- 2 E3s, Denl and Hrtl, synergize for Rubl ligation to Cdc53
- Hrtl functions as a conventional RING E3 for Ubc12~Rubl
- Dcnl imparts specificity and directs Ubc12’s active site to Cdc53

- Structures of Dcn1P-Cdc53WHB and Ubc12 allow modeling of a dual Rubl E3
ligase

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hrtl RING-type E3 activity for Rub1 modification of Cdc53
Error bars - +/— 1 standard deviation from 3 independent experiments.
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Catalytic
Cys
UbcH7

- CbIHING

135

A. Time course of Ubc12~Rub1 discharge to hydroxylamine. Ubc12 was loaded with [32P]-

Rubl by Ulal-Uba3 in the presence of MgATP. The reaction was treated with EDTA to
prevent subsequent [32P]-Rub1 loading of Ubc12, and hydroxylamine was added in the
presence or absence of Hrt1RING or Den1P. Aliquots were removed at the indicated times
and added to nonreducing SDS sample buffer prior to analysis by SDS-PAGE/
Phosphorimager.

B. Time course of Ubc12~[32P]-Rub1 discharge to hydroxylamine in the presence or
absence of Cdc53C+/K760R_Hrt1 or Cde53C*-Hrt12R. Note different time-scale from (A).
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C. Phosphorimager data for time-course of pulse-chase assay monitoring [32P]-Rub1
transfer from Ubc12 to Cdc53C+ with the indicated versions of Hrt1, and the isolated
Hrt1RING as indicated.

D. Crystal structure of S. cerevisiae Ubc12. The two molecules in the asymmetric unit
(Chain A cyan; Chain B grey) are shown superimposed with the prior structure of the
catalytic core domain of human Ubc12 (red) (Huang et al., 2005).

E. Same as (B), but comparing the function of the Ubc12 core domain lacking the N-
terminal helix (Ubc12core), and with quantification. Standard error from 3 independent
experiments is shown.

F. Structural model of the yeast Ubc12 core domain (cyan, residues 25 to the C-terminal
188) associated with the Hrtl RING (blue, with zinc atoms as grey spheres, left) based on
UbcH7 (cyan)-cChl RING (blue, with zinc atoms as grey spheres, right) (Zheng et al.,
2000).

G. Same as (A), but with the indicated versions of Ubc12 mutated at the predicted interface
with the Hrtl RING, and with quantification included for comparison between Ubc12 and
mutants. Note different time-scale from (E).

H. Phosphorimager data for time-course of pulse-chase assay monitoring [32P]-Rub1
transfer from Ubc12 to Cdc53C+ with the indicated versions of Hrt1 and Ubc12.
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Figure 2. Synergistic functions of Den1P and Hrtl as Rubl E3s

Error bars - +/—1 standard deviation from 3 independent experiments.

A. Phosphorimager data (left) and quantification (right) for time-course of pulse-chase assay
monitoring [32P]-Rub1 transfer from Ubc12 to Cdc53C* in the presence or absence of Dcn1P
and the indicated versions of Hrt1 either in complex with Cdc53¢* or added in trans. To
observe comparable levels of Rubl ligation, a shorter time-course is shown for wild-type
Cdc53C+-Hrt1 in the presence of Dcn1P.

B. Time course of Ubc12~Rub1 discharge to hydroxylamine as in Fig. 1E, except in the
presence or absence of DcniP, for full-length Ubc12 or the isolated core domain
(Ubcl2core). Raw data — left; quantification — right.
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C. Same assay as in (A), but comparing the activity of full-length Ubc12 or the Ubc12 core

domain. Raw data — left; quantification — right. Note different times.
D. Same assay as in Fig. 1H, except with earlier time-points and in the presence of Dcn1P.
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Figure 3. A high affinity interaction between Dcn1P and the Cdc53 WHB subdomain

A. Schematic views of Cdc53C+, Dend, and Hrtl domains.

B. Summary of thermodynamic parameters determined by ITC for binding between the
indicated Cdc53-Hrt1 and Dcnl variants.
C. Overall crystal structure of Dcn1P (violet)-Cdc53WHB (lime). The location of the Rub1
acceptor Lys760 is indicated in sticks, with a sphere for the e-amino group.
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Figure 4. E3 interactions for Rubl ligation to Cdc53

A. Close-up view crystal structure of DcniP (violet)-Cdc53WHB (lime), with contact
residues shown in sticks and electrostatic interactions as dashed lines.

B. ITC data for the D226A/D259A double mutant Dcn1P and Cdc53C*-Hrtl.

C. Phosphorimager data from multiple turnover experiments examining time-courses for
forming [32P]-Rub1~Cdc53-Hrtl in the presence of Ulal-Uba3 (Rubl E1), Ubc12, and the
indicated versions of Dcn1P.

D. Cartoon view of structural model of dual Rub1 E3 ligase (Dcn1P, violet / Hrt1, blue with
zinc atoms in grey) with Ubc12 (cyan) and Cdc53C* (lime), generated as shown in Fig. S4.
The 4 N-terminal residues of Ubc12 and residues surrounding the Dcnl groove, which are
mutated in Fig. 5, are shown in red. For simplification, Rub1, which would start thioester
bound to Ubc12 C115 and end ligated via an isopeptide bond to Cdc53 Lys760 is not shown.
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Figure 5. Mutational analysis of Ubc12 N-terminal helix and Dcnl groove in Rub1 ligation to
Cdc53

A. Phosphorimager data (left) and quantification (right) for time-course of pulse-chase assay
monitoring [32P]-Rub1 transfer to Cdc53%+ from the indicated versions of Ubc12 in the
presence or absence of Dcn1P. To observe comparable levels of Rub1 ligation, shorter time-
courses are shown in the presence of DcnlP. Error bars - +/— 1 standard deviation from 3
independent experiments.

B. Same as (A), but with Ala or Pro mutations in place of Ubc12 residues 8 and 9. Note
different time courses.
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C. Phosphorimager data for time-course of pulse-chase assay monitoring [32P]-ubiquitin
(Ub) transfer from UbcH5b or a chimeric version (Ubc12N/UbcH5b, with Ubc12 residues
1-24 grafted at the N-terminus of UbcH5b) to Cdc53C+ in the absence or presence of DeniP.
D. Phosphorimager data for time-course of pulse-chase assay monitoring [32P]-Rub1
transfer from Ubc12 to Cdc53C+ in the presence of the indicated versions of Dcn1P.

E. Phosphorimager data (left) and quantification (right) showing effects of a peptide
(Ubc12N), corresponding to Ubci2 residues 1-24 on inhibition of [32P]-Rub transfer to
Cdc53C* from full-length or the core domain versions of Ubc12, in the presence or absence
of Dcn1P. To observe comparable levels of Rub1 ligation, shorter time-courses are shown in
the presence of Den1P. Error bars - +/— 1 standard deviation from 2 independent
experiments.

F. Assay as in (E), but with wild-type Ubc12 and the indicated versions of Dcn1P. Note that
longer time-courses were used for Dcnl1P groove mutants to better depict their lack of
inhibition by Ubc12N. In quantification (right): *Orange line — effects of adding the Ubc12N
peptide in the presence of the EL05A/D106A double mutant of Dcn1P. Remainder: data for
experiments with the D89A/D91A and D185A/E186A double mutants of DcniP, either in
the presence or absence of Ubc12N peptide. Error bars - +/— 1 standard deviation from 2
independent experiments.
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Figure 6. Functions of the Dcnl Rubl1 E3

Error bars - +/— 1 standard deviation from 3 independent experiments.

A. Michaelis-Menten curves for pulse-chase [32P]-Rub1 transfer to Cdc53C*-Hrt1, from
Ubc12 Asn107Ala, in the absence or presence of Dcn1P.

B. Kinetic constants obtained from data in (A).

C. Bis-Maleimidoethane (BMOE) crosslinking (X) of Ubc12C1150nly (fyll-length or core
domain) to Cdc53C+/K760C in the absence or presence of Dcn1P or the D226 A/D259A
double mutant (Dcn1PM), Shown are western blots with antibodies against Cdc53 (top) or
Ubc12 (bottom).
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Data collection and refinement statistics

Table 1

Dcn1P-Cdc53WHB
(Form 1)
302P.pdb

Dcn1P-Cdc53WHB
(Form 2)
306B.pdb

Ubc12
302U.pdb

Data Collection

Beamline

Space group
Cell dimensions
a, b, c(A)

a, B, v (%)
Resolution (A)
Rmerge
1ol
Completeness (%)
Refinement
Resolution (A)

No. reflections for
refinement

Rwork/Réree

R.m.s deviations
Bond lengths (A)
Bond angles (°)

Ramachandran plot

statistics

Most favored regions
Additional allowed regions

Disallowed regions
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05
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Data for highest resolution shell is shown in parentheses. Rwork = 2 |Fo-Fcl/2_FoRfree is the cross-validation of R-factor, with 5-10% of the total
reflections omitted in model refinement.
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