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Summary
Degradation by the ubiquitin-proteasome system requires assembly of a polyubiquitin chain upon
substrate. However, the structural and mechanistic features that enable template-independent
processive chain synthesis are unknown. We show that chain assembly by ubiquitin ligase SCF and
ubiquitin-conjugating enzyme Cdc34 is facilitated by the unusual nature of Cdc34-SCF transactions:
Cdc34 binds SCF with nanomolar affinity, nevertheless the complex is extremely dynamic. These
properties are enabled by rapid association driven by electrostatic interactions between the acidic tail
of Cdc34 and a basic ‘canyon’ in the Cul1 subunit of SCF. Ab initio docking between Cdc34 and
Cul1 predicts intimate contact between the tail and the basic canyon, an arrangement confirmed by
cross-linking and kinetic analysis of mutants. Basic canyon residues are conserved in both Cul1
paralogs and orthologs, suggesting that the same mechanism underlies processivity for all cullin-
RING ubiquitin ligases. We discuss different strategies by which processive ubiquitin chain synthesis
may be achieved.

Introduction
Regulation of protein stability by the UPS is now appreciated to have at least some impact on
nearly all aspects of eukaryotic cell biology. The ubiquitylation cascade first involves the
activation of ubiquitin by E1 enzyme and its subsequent transfer to a ubiquitin-conjugating
enzyme (E2). E2 charged with ubiquitin (E2~Ub) then coordinates with a ubiquitin ligase (E3)
to ubiquitylate the protein substrate. Subsequent interactions between E2~Ub and E3 can result
in transfer of additional ubiquitins to the substrate-linked Ub to form a ubiquitin chain. A chain
of four ubiquitins linked together via their Lysine 48 residue constitutes a minimal signal for
substrate recognition by the 26S proteasome, which then degrades the appended protein (Chau
et al., 1989; Thrower et al., 2000).

Some 650 ubiquitin ligases are encoded in the human genome (Deshaies and Joazeiro, 2009).
Thus, regulation by ubiquitylation may be comparable to phosphorylation in terms of its impact
on post-translational control of protein function. Approximately half of the ~650 human
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ubiquitin ligases are predicted to be Cullin–Ring Ligases (CRLs). The collective impact of
CRLs on protein turnover is substantial: ~20 percent of all proteasome-dependent degradation
is CRL-dependent (Soucy et al., 2009).

CRLs are modular multi-subunit complexes that recruit E2 via their RING domain subunit and
recruit substrate via a variable subunit linked to the cullin by an adaptor protein. For instance,
the human CRL SCFβ-TrCP is composed of four subunits: the RING protein Rbx1/Roc1/Hrt1,
the cullin protein Cul1, the adaptor protein Skp1, and the substrate recruitment factor, β-TrCP.
CRL activity is stimulated by covalent modification of a conserved lysine on the cullin subunit
with the ubiquitin-like protein Nedd8 (Pan et al., 2004). Nedd8 conjugation causes a massive
conformational change in the Cul1–Rbx1 complex that modestly improves the affinity of the
E2 enzyme Cdc34 for SCF and brings the active site of E2 into close proximity to a substrate
bound to β-TrCP (Duda et al., 2008; Saha and Deshaies, 2008; Yamoah et al., 2008).

Cul1-based SCF complexes, which are the best-characterized CRLs, can work with different
E2s in vitro, but their only genetically-validated E2 partner is Cdc34 (Schwob et al., 1994).
Members of the Cdc34 family are distinguished by an extensive C-terminal tail in which at
least 50 % of the residues are acidic. This tail is essential for Cdc34 function in vivo (Mathias
et al., 1998), binds to SCF, and when grafted onto the E2 Rad6, can confer Cdc34 function
(Kolman et al., 1992; Silver et al., 1992), indicating that the tail is sufficient to redirect the
activity of Rad6 to the SCF pathway.

Ubiquitylation by Cdc34-SCF is processive and ~75% of modified substrates acquire a
degradation-competent chain with ≥4 ubiquitins in a single encounter with SCF (Saha and
Deshaies, 2008). Although processive ubiquitylation of substrates by Cdc34-SCF is likely to
be important for their efficient recognition by the proteasome and subsequent proteolysis, the
mechanism by which SCF or any other CRL achieves processivity remains unsolved. Indeed,
careful inspection of the biochemical parameters of substrate ubiquitylation by Cdc34-SCF
reveals a perplexing conundrum. The interface that E2s employ to bind RING domain E3s also
mediates interaction with E1 (Eletr et al., 2005). Thus, a discharged E2 must dissociate from
the RING domain to be recharged with ubiquitin. For substrate to acquire a long polyubiquitin
chain while bound to SCF, it must stay put through multiple cycles of E2~Ub-RING
association, ubiquitin transfer, and E2 dissociation. However, this seems incompatible with
existing biochemical data. For example, a β-Catenin peptide substrate acquires upwards of 10
ubiquitins in the 2–3 seconds (Saha and Deshaies, 2008) it remains bound to SCF even though
Cdc34 binds SCF very tightly with an equilibrium dissociation constant (Kd) of ~20 nM.
Protein-protein interactions that are diffusion-limited typically exhibit on-rates ≤ 106 M−1

sec−1 (Alsallaq and Zhou, 2008; Schreiber et al., 2009). If this is the case with Cdc34 binding
to Nedd8-conjugated SCF (Saha and Deshaies, 2008) the off-rate would equal 0.02 sec−1,
which would be far too slow to sustain assembly of a ubiquitin chain prior to substrate
dissociation. Thus, the following question emerges: how does the Cdc34–SCF complex achieve
rapid dynamics of assembly and disassembly while maintaining high affinity? Here, we set out
to address how the biophysical properties of the E2-E3 complex contribute to processive
ubiquitylation. We uncover an exceptionally dynamic, electrostatically-driven interaction
between Cdc34 and SCF that we suggest is fundamental to the operation of all CRLs.

Results
Cdc34 and SCF bind and dissociate very rapidly

The known role of the Cdc34 tail in binding SCF first suggested to us that Cdc34 might
transiently dissociate from the RING interface while remaining tethered by tail-SCF
interaction, such that multiple cycles of ubiquitin discharge and recharging could occur without
Cdc34 ever dissociating fully from SCF. To test this hypothesis, we set out to measure the
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dynamics of Cdc34-SCF interaction using the Cul1–Rbx1 subcomplex that is responsible for
recruiting E2. Using a FRET-based read-out (Saha and Deshaies, 2008), we measured a
dissociation rate constant (koff) of 35 ± 1 sec−1 and a Kd of 7.4 ± 0.7×10−8 M for the Cdc34-
RCCFP (Rbx1 plus Cul1-CFP) complex at 50 mM NaCl (Figure 1a). The association rate
constant, kon, was estimated from Kd and koff to be 4.7 ± 0.6×108 M−1sec−1 (we were unable
to measure directly the rate at which Cdc34 binds RCCFP due to the limit of sensitivity of the
FRET assay coupled with the exceptionally fast kon). Kinetic parameters for complex formation
between Cdc34 and Nedd8-conjugated RCCFP varied only ~2-fold regardless of whether or
not Cdc34 was charged with ubiquitin (Figure S2a,b). Moreover, koff varied less than 2-fold
regardless of whether Cdc34 binding was measured with RCCFP heterodimer or SCF
holoenzyme (Figure 1a vs. S2c). As noted in the Introduction, conjugation of Nedd8 to Cul1
enhances affinity SCF for Cdc34 (Saha and Deshaies, 2008), and consistent with this we did
see a ~5 fold decrease in Cdc34 off-rate upon Nedd8 conjugation (Figure 1a vs. Figure S2a),
but the rate of dissociation from neddylated RCCFP was still faster than the maximal rate of
ubiquitin transfer (Saha and Deshaies, 2008). Thus, the rapid dynamics we observed were not
peculiar to a particular assembly or modification state of Cdc34 and SCF.

Our observation that the rate of Cdc34 dissociation (35 ± 1 sec−1 for unmodified RCCFP and
6 sec−1 for neddylated RCCFP) exceeded the maximum rate of ubiquitin-ubiquitin bond
formation by Cdc34-SCF (~2–4 sec−1) (Petroski and Deshaies, 2005b; Saha and Deshaies,
2008) by ~2-fold was critical in that it invalidated the ‘tail tether’ hypothesis and suggested
instead that multiple ubiquitin transfers can occur during the interval of time that substrate is
bound to SCF because E2 cycles on and off the complex extremely rapidly. Given that these
rapid dynamics enable ubiquitin chain synthesis to occur on the requisite time-scale, we sought
to determine their molecular basis.

Electrostatic binding of Cdc34 to SCF is mediated by its acidic tail
The association kinetics for Cdc34 and RCCFP were faster than is typically seen for proteins
that interact via random collision, but such rates have been observed for interacting proteins
that pre-align each other through electrostatic interactions, such that a higher than expected
fraction of collisions result in productive binding (Sheinerman et al., 2000). Thus, we reasoned
that the acidic tail of Cdc34 might mediate the ultra-fast dynamics of Cdc34-RCCFP

transactions.

Protein-protein interfaces sustained by electrostatic interactions are extremely sensitive to salt,
which shields the attractive force between opposite charges (Schreiber and Fersht, 1993,
1996). Consistently, salt had profound effects on both kon and koff for Cdc34-RCCFP. Increasing
the ionic strength from 10 mM (Fig. 1b) to 100 mM (Fig. 1c) resulted in a 470-fold change in
Kd, which was driven by a 27-fold increase in koff and estimated 17-fold decrease in kon.
Strikingly, even a modest increase in NaCl from 50 mM to 100 mM slowed kon by 16-fold
(Fig. 1b,c). Similar results were observed regardless of whether the fluorescent reporter on
Cdc34 was appended to the N-terminus or C-terminus (Figure S3).

We next sought to test the contribution of the acidic tail to the function and dynamics of Cdc34-
SCF by constructing a mutant, Cdc34-Δ190, that lacked the entire acidic region of Cdc34’s
tail (see Fig. S1 for an alignment of Cdc34 sequences). Both WT and Cdc34-Δ190 were titrated
into multiturnover ubiquitylation reactions containing a mono-ubiquitylated β-Catenin peptide
substrate and SCFβ-TrCP complex with the goal of measuring both Km and kcat for these E2s.
Note that kcat is defined here in terms of substrate conversion. Thus, a kcat of ~4 per minute
means that each enzyme molecule turned over four substrates per minute. Meanwhile, each of
those substrates might receive multiple ubiquitins. Thus kcat should not be confused with the
rate of ubiquitin transfer. Deletion of the tail resulted in a ~400-fold increase in Km (Figure 2a
and 2b), suggesting a severe defect in SCF binding. While direct binding assays were not
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possible with Cdc34-Δ190, we were able to measure Ki for the competitive inhibition of WT
Cdc34-RCCFP complex formation (Figure 2c). The Ki for Cdc34-Δ190 was similar to the
Km, which supports the notion that Cdc34’s tail shifts the equilibrium of Cdc34-SCF binding
by approximately 2 orders of magnitude. In addition to the binding defect, deletion of the Cdc34
tail resulted in a 10-fold reduction in kcat, possibly by influencing the orientation of the bound
Cdc34~Ub.

To evaluate whether the acidic tail of Cdc34 contributed to the unusual dynamics of Cdc34-
RC interaction, we generated a partial truncation that was deleted for amino acids 222–238,
Δ221, and measured the kinetics of binding to RCCFP. It was essential to use a partial truncation,
because complete deletion of the tail destabilized the Cdc34-SCF complex so profoundly that
it was not possible to measure the binding parameters directly. At 50 mM NaCl, koff for Cdc34-
Δ221 (86 ± 2 sec−1) was modestly (~2.5-fold) faster than WT Cdc34 and estimated kon was
~10-fold slower (3.9 ± 0.8×107 M−1sec−1) (Figure 2d). Taken together, these results provide
evidence that electrostatic interactions were important for complex formation and that the
acidic tail of Cdc34 promoted rapid association with RCCFP.

Cdc34’s acidic tail binds a basic surface on Cul1 that is highly conserved
Given that Cdc34’s acidic tail potently enhanced Cd34-SCF interaction, we reasoned that a
positively-charged binding site may exist on SCF. To locate candidate docking sites, the
electrostatic surface potential of Cul1 was calculated and plotted onto the molecular surface.
A broad, positively-charged surface was identified (Figure 3b,c), located on a convex feature
resembling a canyon (the ‘basic canyon’) underneath Rbx1 in the C-terminal domain (CTD)
of Cul1.

The activity of human CRLs is significantly increased when the ubiquitin-like protein Nedd8
is conjugated to a conserved lysine in the CTD of the cullin subunit (Pan et al., 2004). The
atomic structure of the human Cul5 CTD bound to Rbx1 has been solved in both the unmodified
and Nedd8-conjugated state (Duda et al., 2008). Whereas neddylation results in significant
structural rearrangement of both the CTD as well as the relative orientation of Rbx1 with CTD,
the positively-charged basic canyon of Cul1 is retained in both of these structures (Figure 3d,e).

To determine if Cul1’s basic canyon can accommodate Cdc34’s acidic tail, ab initio modeling
of the tail was attempted using a custom protocol written with Rosetta (Das and Baker, 2008)
(see Supplemental Materials for details). A docked model for the complex was created from
the Cdc34 catalytic domain positioned on Rbx1-Cul1 CTD (modeled from the UbcH7-Cbl
crystal structure (Zheng et al., 2000)). In silico analysis of the Cdc34 tail revealed little
preference for secondary structure (Cole et al., 2008), which is consistent with the lack of alpha
helical structure detectable by circular dichroism (Ptak et al., 1994). Thus, we allowed the tail
to find its lowest energy configuration without imposing constraints on secondary structure.
Some 16 of the 20 models with the lowest binding interaction energy between Cdc34 and CTD-
Rbx1 had the acidic tail of Cdc34 nestled into the basic canyon of Cul1 (Figure 4a,b). This
result is highly significant given that no additional information was used during the simulations
to guide the tail to the canyon. These results indicate that the tail can reach the basic canyon
and does so in low-energy conformations. Simulations with the Cdc34 tail and neddylated Cul5
CTD also resulted in a tremendous enrichment for models in which the tail fits snugly into the
basic canyon (Figure S4a,b). Whereas no two top-scoring models were identical, the molecular
interfaces consistently buried the same residues in proximity to each other. For instance, Cα
of Cys 227 of Cdc34 was within 18 Å of Cα of Lys 679 of Cul1 in 9 of the top 20 models, an
enrichment of 90-fold compared to all 28,574 models generated (Figure 4c).

To probe the predictive value of our model, we performed in vitro disulfide cross-linking
experiments. Since modeling suggested that Cys 227 of Cdc34 was close to Lys 679 of Cul1,
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Lys 679 was mutated to cysteine and the mutant protein was mixed with WT Cdc34 in the
presence of an oxidizing reagent. A cross-linked species between Cdc34 and Cul1-K679C CTD
(note that Cul1 was expressed in E. coli as two separate fragments, the N-terminal domain
(NTD) and CTD, as previously described (Li et al., 2005)) formed that migrated at the predicted
MW and reacted with Cul1 and Cdc34 antibodies (Figure 4d). The cross-linked product was
dependent on both the K679C substitution and Cys 227 of Cdc34, as no product formed when
WT Cul1 or Cdc34-C227S were used, despite the fact that two cysteine residues including the
solvent-exposed active site one remained in the Cdc34-C227S protein. Thus, as predicted by
Rosetta, Cdc34’s acidic tail can occupy Cul1’s basic canyon.

To probe further the functional significance of this interaction, we sought to generate a mutant
Cul1 that cannot accommodate the acidic tail. Framing the basic canyon are two clusters of
closely apposed basic residues that we refer to as the ‘KR claw’ (Figure 3a, arrows). The
conserved (see below) lysine residues 431, 432 and 435 form one side of the pincer and Lys
678, Lys 679 and Arg 681 comprise the other. To evaluate the functional role of the KR claw,
double and triple mutants lacking various combinations of its residues were constructed. One
mutant (K678E, K679E, and R681E, referred to as ‘KKR’) assembled properly but was
profoundly defective in multiturnover ubiquitylation reactions. Strikingly, the Km of WT
Cdc34 for KKR SCF was nearly 10 μM (Figure 5a), which is consistent with the idea that the
KKR mutation disrupts recruitment of Cdc34 to SCF.

If the KKR mutation in SCF is truly specific to the acidic tail of Cdc34, KKR SCF should be
comparable in activity to WT SCF when assayed with E2s that do not contain acidic tails.
UbcH5c, an E2 lacking an acidic tail yet commonly assayed with mammalian SCF, yielded
similar kcat/Km values when assayed with WT or KKR-SCF (Figure 5b). Similarly, Cdc34-
Δ190 exhibited identical kcat/Km values with WT and KKR-SCF (Figure 5c). As a final control,
KKR SCF did not abolish the stimulatory effect of Nedd8 conjugation, further demonstrating
the specificity of this mutant (Figure S5).

The major contribution of basic residues in the KR claw to Cdc34 recruitment inspired us to
explore more deeply the conservation of this region. A multiple sequence alignment (Figure
S6) reveals that the basic residues comprising the KR claw are conserved in Cul1 orthologs
from yeast to humans, as well as in human Cul2-Cul5. More generally, the molecular surface
of the KR claw is highly conserved in Cul1 orthologs and homologs (yellow regions in Figure
4e), pointing to a general role for this landmark in CRL function. Interestingly, the KR claw
is conserved in Schizosaccharomyces pombe, which does not have a detectable Cdc34 ortholog.
Thus, multiple SCF cofactors may converge on this striking surface feature.

The acidic tail enables processive ubiquitin chain assembly on substrate
The exceptional dynamics of Cdc34-SCF interaction that are afforded by the electrostatic and
structural complementarity of Cdc34’s acidic tail and Cul1’s basic canyon may enable rapid
cycles of Cdc34 recruitment during polyubiquitin chain synthesis. To address this hypothesis,
we performed ‘single encounter’ reactions at physiological salt concentration with the yeast
CRL SCFCdc4 and a phospho-peptide substrate derived from the human cyclin E1 protein (see
methods) (Nash et al., 2001; Orlicky et al., 2003). Two yeast Cdc34 derivatives that either
retain (Δ230) or lack (Δ210) the acidic region of the tail were tested for processive
ubiquitylation of the peptide substrate. A single encounter experiment measures the ubiquitin
transfer that occurs before labeled substrate dissociates and is replaced by unlabeled
competitor. Whereas Cdc34-Δ230 sustained conversion of a substantial amount of substrate
into highly ubiquitylated product, Cdc34-Δ210 activity was significantly perturbed in that little
substrate was converted to products containing 4 or more ubiquitins (Figure 5d). Chain
synthesis was not rescued by increasing Cdc34-Δ210 to 100 μM, indicating that in addition to
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promoting rapid binding, the acidic tail influenced the rate of ubiquitin transfer within the
substrate-SCF-Cdc34~Ub complex.

Discussion
Fast, electrostatically-driven E2-E3 dynamics underlie processive ubiquitin chain synthesis
upon substrate

Ubiquitin ligases that target substrates for degradation by the proteasome have a challenging
job. In the specific cases of β-TrCP binding to β-Catenin substrate peptide and Cdc4 binding
to cyclin E substrate peptide, the substrates bind with Kd values of 0.1–1.0 μM and dissociate
with off-rates between ~0.1 – 1 sec−1 (Saha and Deshaies, 2008) (N. Pierce, unpublished data).
These off-rates must strike a balance between being sufficiently slow to allow for ubiquitin
chain assembly, but sufficiently fast that the ligase does not become product-inhibited. In the
limited time-frame that a substrate is engaged, it must be conjugated with at least four ubiquitins
to serve as a competent ligand for the proteasome (Thrower et al., 2000). If a substrate were
to dissociate before receiving four ubiquitins, it would run the risk of being ‘edited’ by
isopeptidases (Lam et al., 1997) or interacting, prematurely, with the multitude of ubiquitin-
binding proteins in the cell that govern non-proteolytic functions of ubiquitin (Kirkin and Dikic,
2007). Given that E2s employ overlapping surfaces to bind RING domains and E1 (Eletr et
al., 2005), the E2-RING interface must form four times and dissociate three times in the course
of assembly of a minimal tetraubiquitin signal on a bound substrate. Our data indicate that an
electrostatically-driven interaction between the acidic tail of Cdc34 and a basic surface on Cul1
makes it possible for Cdc34-SCF complexes to form with high affinity yet cycle with
exceptionally rapid kinetics. It is possible that a small fraction of successive ubiquitin transfer
events are mediated by a single molecule of Cdc34 that is recharged while being held to SCF
by its acidic tail. However, given that the off-rate reported here (≥ 6 sec−1) and the fastest
ubiquitin transfer rate that we have been able to measure (~2–4 sec−1; (Petroski and Deshaies,
2005b; Saha and Deshaies, 2008)), at best only a small fraction of transfers could occur in this
manner and the synthesis of a ubiquitin chain must require multiple rounds of E2 recruitment.

At the reaction rates we observe, the rate-determining step for ubiquitin chain assembly is the
chemical step of ubiquitin transfer (~2–4 sec−1) (Petroski and Deshaies, 2005b). However,
depending upon the concentration of Cdc34 in different cells and compartments, it is possible
that in some instances Cdc34 binding and dissociation are rate-limiting. Regardless, the fast
on-rate and off-rate of Cdc34–SCF interaction establishes conditions conducive to rapid,
processive assembly of a substrate-linked polyubiquitin chain. The presence of acidic tail
sequences on Cdc34 orthologs and basic surfaces on all cullins indicate that this particular
solution to the problem of how to achieve high affinity yet dynamic binding of E2 is broadly
conserved throughout eukaryotic evolution. However, patterns of conservation also suggest
that at least one other conserved CRL regulator, possibly including Dcn1 (Kurz et al., 2005),
Nedd8 E2 (Huang et al., 2009), UbxD7 (Alexandru et al., 2008), or CSN (Lyapina et al.,
2001) engages the same notable landmark on cullins.

The role of electrostatic interactions in Cdc34-SCF function
Work on other macromolecular interactions has established the general principle that
electrostatic interactions enable association rates that exceed by several orders of magnitude
the diffusion-limited on-rate of 105–106 M−1 sec−1 (Fersht, 1999; Schreiber et al., 2009;
Sheinerman et al., 2000). To understand how this works requires a brief digression. Protein-
protein interaction proceeds via formation of a ‘transient complex’ that is similar in general
orientation to the final ‘native complex’, but is held together by long-range interactions
(Alsallaq and Zhou, 2008; Schreiber et al., 2009). High affinity binding occurs when the
proteins in the transient complex realign and pack against each other to form the numerous
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short-range interactions that stabilize the native complex (Harel et al., 2009). The partners in
a transient complex have a much higher propensity to interact stably with each other compared
to molecules that are free in solution, due to the great reduction in the translational and rotational
degrees of freedom. Importantly, formation of transient complexes is driven exclusively by
attractive electrostatic forces between the interacting species, and it is by this mechanism that
electrostatic interactions drive rapid on-rates (Alsallaq and Zhou, 2008; Schreiber et al.,
2009).

How does electrostatically-driven interaction benefit Cdc34–SCF? If Cdc34 bound SCF
exclusively through short-range interactions (e.g. van der Waals), the kon would fall in the
diffusion-limited range. To achieve rates of complex formation of ~10 sec−1 would require an
intracellular concentration of 10–100 μM Cdc34. Moreover, for the affinity to be in the 20–
100 nM regime reported here, koff would then be 0.002–0.1 sec−1, which is far too slow to
complete ubiquitin chain synthesis prior to substrate dissociation ((Saha and Deshaies, 2008),
Pierce personal communication). Electrostatically-driven binding presents an optimal solution,
in that it occurs rapidly even at low concentrations of Cdc34 and is of high affinity, yet allows
for a fast koff. Accordingly, electrostatically assisted macromolecular association is seen in
other settings where speed and accuracy are in simultaneous demand, including charging of
tRNA by amino-acyl tRNA synthetases (Creighton, 1993; Fersht, 1999).

Ubiquitin chain synthesis: one problem, multiple solutions
In addition to CRLs, other E3s may employ basic surfaces to mediate dynamic,
electrostatically-driven interaction with E2. Two of the nine other E2s encoded in the budding
yeast genome (Ubc8 and Ubc2/Rad6) contain acidic stretches at their C-termini. Moreover,
yeast Cdc34 is also known to function with the E3 San1, raising the possibility of a basic
docking site on this protein.

Although the mechanism of rapid E2 cycling described here appears to apply broadly to the
CRL family of E3s (Figure 6a), we suggest it is not the only mechanistic innovation that arose
during evolution to enable processive ubiquitylation on short timescales. Recharging of spent
E2 requires that residues within the H1 α-helix that are normally buried at the E2-E3 interface
(Huang et al., 2005; Zheng et al., 2000) must become exposed to engage E1. Whereas complete
dissociation of spent E2 is one means to achieve this (Figure 6a), it is also conceivable that the
E2-E3 pair be held together indefinitely by a non-dissociable tether that allows E2 to disengage
from the RING interface without completely dissociating from E3 (Figure 6b). An extreme
version of this strategy is presented by the apoptosis regulator BRUCE, which contains E2 and
E3 modalities fused in a single polypeptide (Pohl and Jentsch, 2008). This may also be the case
for both Ube2g2 (Chen et al., 2006) and Ubc2/Rad6 (Xie and Varshavsky, 1999), which bind
tightly to gp78 and Ubr1, respectively, via sequences other than the RING domain. Likewise,
Ubc1 could potentially use its UBA domain to remain bound to ubiquitylated substrate while
the RING-E2 interface dissociates to enable recharging by E1 (Rodrigo-Brenni and Morgan,
2007). Another possible solution is to build the ubiquitin chain on E2 and transfer it en bloc
to substrate (Li et al., 2007) (Figure 6c). Finally, there may be cases where the E3 recruits
multiple E2s (which may be of a distinct nature), which then take turns in transferring ubiquitin
to substrate (Tang et al., 2007). We suggest that this diversity of mechanisms came to be
because evolution acted to maximize the rate of polyubiquitin assembly and not the specific
means for achieving this end. This has resulted in multiple solutions to a singular problem. The
task of how to build a ubiquitin chain before substrate dissociates from its cognate ligase is
likely to be a pervasive one in the ubiqutin system. This challenge may be experienced most
acutely by quality-control E3s, which by their very nature are likely to recognize relatively
degenerate, low-affinity motifs in mis-folded substrates. This could explain the existence of
secondary E2 tethers in Ubr1 and gp78, both of which are implicated in quality control (Chen
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et al., 2006; Eisele and Wolf, 2008), and ‘downstream’ E3s such as Ufd2, Ufd4, and Hul5 that
can recognize a monoubiqutin conjugate as a degron (Crosas et al., 2006; Johnson et al.,
1992) (Figure 6d). Because the second ligase recognizes a defined degron (ubiquitin), the
dynamics can readily be tuned so that all substrates remain bound long enough to acquire a
degradation-competent chain, regardless of their initial affinity for E3.

Materials and Methods
Expression and Purification of Recombinant Proteins

All proteins were recombinantly expressed in either E. coli or Hi5 insect cells and purified
using standard procedures (Table S1). The final buffer condition for all proteins except those
to be labeled with Lumio Green was 30 mM Tris-Cl (pH 7.5), 100 mM NaCl, 1 mM DTT and
10 percent glycerol. The final buffer condition for proteins to be labeled was 20 mM Tris-Cl
(pH 7.5), 100 mM NaCl, 2 mM TCEP (Thermo Scientific), 1 mM EDTA, and 5 percent
glycerol.

The Rbx1-Cul1 (RC) and Rbx1-Cul1-CFP (RCCFP) complexes were expressed using a
previously described ‘Split-n-Coexpress’ protocol (Li et al., 2005) where the Cul1 protein is
expressed as two fragments, referred to as the N-terminal domain (NTD) and the C-terminal
domain (CTD). This system allows higher expression of these complexes in E. coli. With the
exception of Figure 5d, all experiments in the paper were performed with human proteins. The
yeast SCFCdc4 complex used in the experiment to produce Figure 5d was generated and purified
from baculovirus infected insect cells as previously described (Petroski and Deshaies,
2005a). Mammalian ubiquitin was used for all relevant assays (Boston Biochem).

FRET measurement and quantification
Cdc34-labeling reactions were performed using Lumio Green (Invitrogen) as described
previously (Saha and Deshaies, 2008). Lumio Green reacts irreversibly with the amino acid
sequence CCPGCC. Briefly, purified Cdc34 (WT Cdc34 with the amino acid sequence
CCPGCCHHHHHH appended to the C-terminus, WT Cdc34 with MGCCPGCCGSG
appended to the N-terminus and HHHHHH at the C-terminus, or Cdc34-Δ221 with
CCPGCCHHHHHH at the C-terminus) were incubated at 30 μM with 40 μM Lumio Green in
a buffer containing 20 mM Tris-Cl (pH 7.5), 100 mM NaCl, 2 mM TCEP (Thermo Scientific),
1 mM EDTA and 5 percent glycerol at room temperature (20–22°C) for 2 hours. The efficiency
of coupling was determined by measurement of the intact mass of reacted proteins. C-
terminally labeled WT and Δ221 Cdc34 reacted to completion with Lumio Green. WT human
Cdc34 with the Lumio Green at the N-terminus reacted to 80 percent completion.

Equilibrium fluorescence measurements were carried out on a FluoroLog-3 or FluoroLog-4
spectrofluorimeter (Jobin Yvon). Binding reactions containing RCCFP (at a concentration
below Kd) and various concentrations of Cdc34 proteins were incubated for 20 minutes at room
temperature (20–22°C) in a buffer containing 20 mM Tris-Cl (pH 7.5), various concentrations
of NaCl to regulate the ionic strength of the solution, 0.5 mM DTT and 5 percent glycerol.
Samples were excited at 430 nm, and the emission spectra were acquired from 450 to 570 nm.
FRET efficiency was calculated as described (Saha and Deshaies, 2008). Kd was estimated by
fitting titration curves to a hyperbolic equation assuming a one-site binding model (Prism). All
measurements were done in at least duplicate.

Competitive inhibition experiments of Lumio Green labeled WT Cdc34 (1 μM) and RCCFP

(50 nM) complex formation were carried out on the same instrument as above. Various
concentrations of Cdc34-Δ190 were introduced to individual reactions and incubated at room
temperature (20–22°C) for 20 minutes. Identical buffer conditions as above with 50 mM NaCl
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were used. Data were processed using custom PERL software and Ki was measured using
Prism.

Measurement of koff was performed using a Kintek stopped-flow instrument. Complex
formation between Lumio Green labeled Cdc34 and RCCFP (1 μM for WT Cdc34 and 0.15
μM RCCFP at 10 and 50 mM NaCl, 6 μM for WT Cdc34 and 0.3 μM RCCFP at 100 mM NaCl,
and 6 μM for Cdc34-Δ221 and 0.3 μM RCCFP at 50 mM NaCl) was accomplished by incubating
the proteins in the same reaction buffer used for equilibrium binding experiments. Dissociation
was initiated by mixing a 10-fold excess of unlabeled Cdc34 protein with the labeled Cdc34-
RCCFP complex. At least 8 independent measurements were taken and averaged before fitting
the data to a single exponential equation (Prism). We were unable to measure directly the rate
at which Cdc34 binds RCCFP due to the limit of sensitivity of the FRET assay coupled with
the exceptionally fast kon.

In vitro cross-linking
Cdc34 (10 μM of WT or C227S) was mixed with 0.8 μM RC in PBS. Cross-linking was initiated
by adding 10 μM Sodium tetrathionate (Sigma) for 1 minute at 22°C. Reactions were quenched
by adding 625 μM NEM and evaluated by non-reducing SDS-PAGE followed by Western Blot
analysis. Because the Cul1 subunit is expressed as two fragments in E. coli, Cdc34 forms cross-
links to the CTD fragment of Cul1. WT Cdc34 and Cul1-CTD migrate upon SDS-PAGE at
apparent MWs of ~ 35 kDa and ~45 kDa, respectively. Therefore the expected migration of a
Cdc34-CTD cross-linked species is approximately 80 kDa.

Multiple Sequence Alignments and Calculation of amino acid sequence similarity
All multiple sequence alignments (MSAs) were performed using the MUSCLE algorithm and
online server (Edgar, 2004). For the Cul1 MSA, custom PERL software was written to analyze
the sequence similarity for each position of the alignment. Fractional sequence similarity was
calculated by counting each amino acid at a given position in the MSA that was identical or
similar to the amino acid occupying that position for Cul1. This sum was then divided by 9,
the total number of sequences in the MSA. Amino acid pairs were considered similar in the
following cases: Arg and Lys, Glu and Asp, Asn and Gln, Ser and Thr, and Leu and Ile.

Ubiquitylation Assays
Ubiquitylation assays were performed using either the β-Catenin peptide or a β-Catenin peptide
with one conjugated ubiquitin as previously described (Saha and Deshaies, 2008), or an N-
terminally acetylated (Ac) cyclin E peptide containing a Protein Kinase A phosphorylation site
and a six histidine tag at the C-terminus (N-term-AcKAMLSEQNRASPLPSGLL(phospho
Thr)PPQ(phospho Ser)GRRASY HHHHHH-C-term). Note that a cyclin E peptide with nearly
identical amino acid sequence binds with high affinity to yeast SCFCdc4 and that the cyclin E
degron in this peptide can replace the natural phosphodegron in Sic1 and support SCFCdc4-
dependent degradation of Sic1 in vivo (Nash et al., 2001; Orlicky et al., 2003). Moreover,
human cyclin E is degraded in a Cdc4-dependent manner when expressed in yeast (Strohmaier
et al., 2001). Briefly, 50 μM β-Catenin peptide, 30 μM Ub-β-Catenin peptide, or 0.6 μM cyclin
E peptide were labeled with 5 kU of cAMP-dependent protein kinase (NEB) in the presence
of [γ32P]ATP for one hour at 30°C.

All ubiquitylation experiments were performed at room temperature (20–22°C) in the
following buffer: 30 mM Tris-Cl (pH 7.5), 20 mM NaCl, 5 mM MgCl2, 2 mM DTT and 2 mM
ATP (See Table S2 for the concentration of proteins). Reactions were initiated by adding
labeled substrate and quenched by the addition of 2X reducing SDS-PAGE buffer. Note that
reactions in Figure 2a and 2b were assayed with purified neddylated-Cul1-Rbx1 (Saha and
Deshaies, 2008). Reactions with WT Cdc34 (Figure 2a) and Cdc34-Δ190 (Figure 2b) were
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quenched after 30 seconds and 30 minutes, respectively. Reactions with WT Cdc34 and KKR
SCF (Figure 5a) were quenched after 5 minutes. All samples were resolved by SDS-PAGE,
phosphor-imaged, and quantified using Image Quant (G.E. HealthCare). Estimation of Km and
kcat were done by fitting at least duplicate measurements of data points to the Michaelis-Menten
equation (Prism software).

For the ubiquitylation reactions with neddylated WT and KKR SCF (Figure S5), 20 nM
APPBP1-UBA3 (Nedd8 E1), 2.5 μM Ubc12, 1.5 μM Nedd8, and 0.6 μM Cul1-Rbx1 were
incubated in the presence of ATP for 20 minutes. These reactions were then used to assemble
a final reaction with the following components: 5 μM Ub-β-Catenin peptide, 1.3 μM human
E1, 0.5 μM WT Cdc34, 60 μM ubiquitin, and 0.15 μM βTrCP-Skp1. Reactions were initiated
and processed in an identical manner to the previously described ubiquitylation reactions.

For the single encounter experiment, reactions were performed with yeast proteins in the
following buffer: 30 mM Tris-Cl (pH 7.5), 150 mM NaCl, 2 mM DTT, 5 mM MgCl2, and 2
mM ATP. E1, Ub, Cdc34 and ATP were pre-incubated to form Cdc34-ubiquitin thioesters
(tube 1). In a separate tube, yeast SCF and labeled substrate were incubated (tube 2). The
reactions were initiated when tubes 1 and 2 were mixed.

The addition of the cold chase peptide to either tube 1 or tube 2 determined product formation.
When chase peptide was added to tube 2, it competed with the labeled peptide for binding to
SCF. Very little product was formed under these conditions since the chase peptide was in
great excess over the labeled one (Table S2). When chase peptide was added to tube 1, it
competes with labeled peptide for SCF binding only after the labeled peptide dissociated from
SCF.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CTD Cul1 C-terminal domain

NTD Cul1 N-terminal domain

RCCFP Rbx1-Cul1/Cyan Fluorescent Protein

UPS Ubiquitin Proteasome System

CRL Cullin-RING-ligase

SCF Skp1 Cullin Fbox ligase

MSA Multiple Sequence Alignment

E2 Ubiquitin Conjugating Enzyme

WT wild-type
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Figure 1.
The kinetics of complex formation for human Cdc34 and RCCFP were dependent on the ionic
strength of the reaction buffer. The Kd (left panels) and koff (right panels) were measured at
equivalent ionic strength. kon was then estimated from kon = koff/Kd. Error bars represent the
standard deviation of at least duplicate measurements of all data points. (A) 50 mM NaCl. (B)
10 mM NaCl. (C) 100 mM NaCl.
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Figure 2.
The acidic tail promotes rapid assembly of functional Cdc34-SCF complexes. Ubiquitylation
of a mono-ubiquitylated β-Catenin peptide by SCFβ-TrCP plus either WT (A) or Cdc34-Δ190
(B). The plot on the right shows substrate turnover (min−1) versus Cdc34 concentration. Error
bars in (B) represent the standard deviation for duplicate values of data points. The experiments
in panels A and C were performed in triplicate using a slightly different titration series each
time. Therefore error bars are not given. The error of the measurement is the standard deviation
of the three measurements. Representative data are shown. Note that nearly 100 percent of
Cdc34-Δ190 protein became thioesterified with ubiquitin under these assay conditions (Table
S2), even when assayed at 100 μM, the highest concentration of Cdc34-Δ190 in the titration
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series (Figure S7) (C) Competition binding experiment between a RCCFP complex that was
saturated with Lumio Green labeled WT Cdc34 and titrated with increasing concentrations of
unlabeled Cdc34-Δ190. I is the fluorescence intensity. (D) The Kd for Cdc34 Δ221 (left panel)
and koff (right panel) were measured at equivalent NaCl (50 mM) and kon was then estimated
as in Figure 1.
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Figure 3.
The underside of cullin-RING complexes is dominated by a basic canyon. (A) Molecular
surface representation of a modeled SCF complex with the Cdc34 catalytic domain docked on
the RING subunit. Arrows identify the location of the KR claw (see Figures 4e and Figure 5).
The model was generated by homology modeling the Cdc34 and Rbx1 subunits to the UbcH7-
Cbl x-ray structure and by structural alignment of the cyclin E-Fbw7-Skp1 x-ray structure to
the Skp1-Cul1-Rbx1 structure (Hao et al., 2007; Zheng et al., 2002; Zheng et al., 2000) (B,C)
Electrostatic surface plot of Cul1 CTD-Rbx1, where blue is positively-charged and red is
negatively-charged. For reference, the orientation of the CTD in panel B is the same as the
structure in the right panel of (A). (D) Electrostatic surface plot of Cul5 CTD-Rbx1. The
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orientation of Cul5 is similar to Cul1 in panel B. (E) Electrostatic surface plot of neddylated
Cul5 CTD-Rbx1. The electrostatic potential was calculated with APBS (Baker et al., 2001)
and figures were made in PYMOL. The range of the electrostatic potential (kT/e) is given at
the bottom.
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Figure 4.
Cdc34’s acidic tail occupies Cul1’s basic canyon. (A) The CTD of Cul1 and Rbx1 are
represented as molecular surfaces with the electrostatic potential shown. The catalytic domain
of Cdc34, bound to Rbx1, is shown as yellow ribbons. The acidic tail residues are yellow balls-
and-sticks. Acidic residues are red. Cys 227 of Cdc34 is cyan. All other residues in the tail are
yellow. (B) Magnified view of (A), showing the tight molecular interface between the tail
residues and the Cul1 basic canyon. (C) Histogram showing the binned frequencies for the
distance between Cα atoms of K679 of Cul1 and Cys 227 of Cdc34 for either the 20 models
with the lowest binding interaction energy, the 100 lowest, or all 28,574 models generated. (D)
In vitro cross-linking between WT or K679C SCF and either WT or C227S Cdc34. Reactions
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were resolved by SDS-PAGE and immunoblotted with antibodies against the indicated
proteins. The arrow indicates the cross-linked product between Cul1 CTD and WT Cdc34. (E)
Molecular surface representation displaying the phylogenetic conservation of residues in Cul1.
Residue positions are colored according to the degree of sequence similarity found in a multiple
sequence alignment of five Cul1 orthologs (Saccharomyces cerevisiae, Schizosaccharomyces
pombe, Drosophila melanogaster, Caenorhabditis elegans, human) and human Cul2-Cul5.
Bright yellow residues are conserved in all nine cullins whereas deep blue residues are unique
to human Cul1. The Rbx1 subunit is shown as a gray ribbon diagram. Residues forming the
KR claw are located with black arrows.
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Figure 5.
Cul1’s KR claw mediates the function of Cdc34’s acidic tail. (A) Ubiquitylation of a mono-
ubiquitylated β-Catenin peptide by KKR SCF. Titration of WT Cdc34 on KKR SCF is shown.
The plot on the right shows substrate turnover (min−1) versus Cdc34 concentration. (B) Time
course of β-Catenin peptide ubiquitylation by 0.75 μM UbcH5c in the presence of either WT
or KKR SCF. UbcH5c was used below its Km to sensitize detection of subtle perturbations to
UbcH5c-SCF complex formation. (C) Same as (B) except 9 μM Cdc34-Δ190 (also below its
Km) and mono-ubiquitylated β-Catenin peptide substrate were used. Error bars represent the
standard deviation of at least duplicate measurements of all data points. (D) Single encounter
ubiquitylation reaction with yeast SCFCdc4 comparing Δ230 and Δ210 mutants of yeast Cdc34.
Pre: labeled cyclin E peptide was pre-incubated with SCFCdc4 and unlabeled competitor prior
to initiating the reaction by adding a mixture of E1/E2/Ub/ATP. Post: same as Pre, except that
the unlabeled competitor peptide was introduced via the E1/E2/Ub/ATP mix.
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Figure 6.
Schematic of four distinct mechanistic solutions that may enable polyubiquitylation of protein
substrates in a single encounter with enzyme. See text for details. (A) Rapid dynamics of E2
and E3 association and dissociation, an example of which is the CRLs and Cdc34. The protein
substrate is orange and labeled with the letter S. In this example, rapid dynamics are facilitated
through the negatively charged acidic tail on E2 (red) and the positively charged region on the
E3 (blue). (B) E2 never fully dissociates and is recharged while bound to ubiquitin ligase. (C)
en bloc transfer of pre-assembled chain. (D) Substrate is first mono-ubiquitylated by a
conventional ubiquitin ligase, after which substrate can bind a chain-elongating ubiquitin ligase
to complete polyubiquitin chain formation.
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