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Mechanism of millisecond Lys48-linked 
poly-ubiquitin chain formation by 
cullin-RING ligases

Joanna Liwocha    1,5, Jerry Li    2,5, Nicholas Purser2, Chutima Rattanasopa2, 
Samuel Maiwald1, David T. Krist1, Daniel C. Scott3, Barbara Steigenberger4, 
J. Rajan Prabu    1, Brenda A. Schulman    1,6   & Gary Kleiger    1,2,6 

E3 ubiquitin ligases, in collaboration with E2 ubiquitin-conjugating 
enzymes, modify proteins with poly-ubiquitin chains. Cullin-RING ligase 
(CRL) E3s use Cdc34/UBE2R-family E2s to build Lys48-linked poly-ubiquitin 
chains to control an enormous swath of eukaryotic biology. Yet the 
molecular mechanisms underlying this exceptional linkage specificity 
and millisecond kinetics of poly-ubiquitylation remain unclear. Here we 
obtain cryogenic-electron microscopy (cryo-EM) structures that provide 
pertinent insight into how such poly-ubiquitin chains are forged. The CRL 
RING domain not only activates the E2-bound ubiquitin but also shapes the 
conformation of a distinctive UBE2R2 loop, positioning both the ubiquitin 
to be transferred and the substrate-linked acceptor ubiquitin within the 
active site. The structures also reveal how the ubiquitin-like protein NEDD8 
uniquely activates CRLs during chain formation. NEDD8 releases the RING 
domain from the CRL, but unlike previous CRL–E2 structures, does not 
contact UBE2R2. These findings suggest how poly-ubiquitylation may be 
accomplished by many E2s and E3s.

The enzymatic assembly of poly-ubiquitin chains onto protein sub-
strates is a defining feature of eukaryotic cell biology. Ubiquitin chain 
formation determines the fates of substrates; for instance, by affect-
ing the cellular localization of the modified protein, or in many cases, 
eliciting degradation by the 26S proteasome1. Poly-ubiquitin chains 
are forged during the covalent joining of a ubiquitin bound to a protein 
substrate with an enzyme-activated ubiquitin. Ubiquitin is a highly 
conserved protein containing seven lysine residues that all may serve 
as linkage points for poly-ubiquitin chains2. Nonetheless, Lys48 appears 
to be of particular importance, as it is the only ubiquitin lysine residue 
required for viability in yeast3 and has consistently been identified as 
the most abundant poly-ubiquitin chain linkage type in cells derived 
from a variety of organisms4, including humans5. As such, it is of great 

importance to elucidate the enzymatic mechanisms of Lys48-specific 
poly-ubiquitin chain formation.

Cdc34/UBE2R-family E2s are highly specialized in forging ubiqui-
tin chains with Lys48-linkages that elicit 26S proteasome-dependent 
protein degradation2,6. Yeast Cdc34 was amongst the first components 
of the ubiquitin system identified7, and its essentiality for the cell divi-
sion cycle helped guide the discovery of its partner E3s as CRLs8–10. 
CRL and Cdc34/UBE2R-catalyzed poly-ubiquitylation control gene 
expression, metabolism, signaling, protein trafficking, targeted protein 
degradation and more11,12. Therefore, it is important to understand how 
CRLs, together with UBE2R-type E2s, poly-ubiquitylate substrates.

CRLs are a large family of modular multi-subunit complexes, 
with approximately 300 members in humans. CRLs recruit substrate 
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Results
Cryo-EM structure showing CRL substrate poly-ubiquitylation
We sought to determine a cryo-EM structure of a neddylated CRL20 
with UBE2R2~ubiquitin poised to modify a ubiquitin-primed substrate. 
Given that structure determination is an empirical endeavor, several 
distinct CRL complexes were tested. The highest resolution maps were 
obtained with CRL2FEM1C (containing neddylated CUL2–RBX1 and sub-
strate receptor Elongin B/C–FEM1C16–18; Fig. 1a). As the transition state 
for poly-ubiquitylation is fleeting, a ligation mimic was used to join 
acceptor ubiquitin fused to a C-terminal degron peptide substrate (Sil1) 
with donor ubiquitin and eventual cross-linking to the UBE2R2 active 
site (Fig. 1b and Extended Data Fig. 1a). The structure resolved to 3.8 Å 
resolution (Fig. 1c–e, Extended Data Figs. 1 and 2, Table 1 and Supple-
mentary Video 1) and enabled rationalization of poly-ubiquitylation 
on the millisecond time scale.

The individual components observed in previous structures 
matched expectations. For example, (1) the amino-terminal side of 
CUL2 binds the substrate receptor complex, while its C-terminal 
side interacts with the RBX1 subunit harboring the RING domain 
that recruits E2s45 (Fig. 1c); (2) the UBE2R2 catalytic UBC domain and 
C-terminal extension both participate in forming the closed conforma-
tion for the UBE2R2~ubiquitin conjugate28,29,46–49; and (3) the acceptor 
ubiquitin and the UBE2R2 UBC domain interact (Fig. 1e). Interestingly, 
NEDD8 is not visible in the cryo-EM map.

Despite the seeming similarity to prior structures, there are 
two striking differences that explain how CRLs activate extension 
of Lys48-linked ubiquitin chains. First, the conformation of the 
UBE2R2~ubiquitin intermediate shows significant rearrangement 
compared to the prior crystal structure that lacked an E3 (ref. 29) and 
contained an inhibitor that prevents the discharge of ubiquitin from a 
UBE2R-family E2 active site50,51 (Extended Data Fig. 3a). However, the 
UBE2R2~ubiquitin structure here was highly similar to an E2~ubiquitin 
bound to RING adopting the closed conformation47 (Extended Data 
Fig. 3b). Morphing between the E3-free and bound UBE2R2~ubiquitin 
conformations allows for visualizing CRL-dependent alignment into the 
activated conformation (Supplementary Video 2). These results are con-
sistent with a model in which the inhibitor may block poly-ubiquitylation 
by securing donor ubiquitin against the E2 UBC domain in a closed yet 
inactive conformation. Second, these differences occur concomitantly 
with the organization of the distinctive Cdc34/UBE2R-family E2 inser-
tion (His98–Arg113), forming a loop that is the heart of the complex. 
Multiple loop residues hover near the UBE2R2 active site, including 
His98 (which has been shown to be critical for UBE2R2 biochemical 
activity and for yeast viability32). The structure confirms the importance 
of His98, with its imidazole ring residing directly across from Cys93, the 
key active site residue that becomes thioesterified to donor ubiquitin 
(Extended Data Fig. 1b). Contrary to expectations, the E2 insertion, com-
monly referred to as the acidic loop, did not contact basic patches on 
neighboring subunits. Rather, the loop residues unify the E2, E3 and the 
ubiquitins to be adjoined into a cohesive functional unit (Fig. 1e, inset). 
We thus rename this insertion sequence ‘synergy loop’.

Molecular synergy promotes millisecond poly-ubiquitylation
Multiple interactions between the UBE2R2 synergy loop and RBX1 
facilitate shaping the loop’s conformation, which in turn forms inter-
faces with both the donor and acceptor ubiquitins (Fig. 2a). Conserved 
residues of the synergy loop radiate outward to interact with the 
other components involved in poly-ubiquitylation (Extended Data 
Fig. 3c,d and Supplementary Video 3). Additionally, at least three 
residues internally organize the loop conformation (Asp102, Glu108 
and Arg113; Fig. 2b). To ascertain how these interactions may affect 
UBE2R2 activity, various mutant UBE2R2 proteins were assayed for the 
neddylated CRL-dependent formation of unanchored poly-ubiquitin 
chains33,38 (Extended Data Fig. 3e). In brief, UBE2R2 is first thioesterified 
to radio-labeled donor ubiquitin (the N-terminal tag that promotes 

‘degron’ motifs that bind to a specific substrate receptor module. 
Numerous distinct substrate receptors bind interchangeably to 
core cullin-RING modules. For example, F-box proteins are substrate 
receptors that function with the cullin-RING module CUL1–RBX1. 
Foundational F-box proteins include FBXW7 and βTRCP, which con-
trol the degradation of numerous oncoproteins, such as cyclin E and 
c-Myc, or β-catenin and IκBα, respectively13. Meanwhile, BC-box pro-
teins are substrate receptors that function with CUL2–RBX1 (ref. 14). 
Well-characterized BC-box proteins include VHL and FEM1C, which 
regulate hypoxia-induced degradation of HIF1α15 or recognize protein 
carboxyl termini as degrons in the nucleotide exchange factor SIL1 
(refs. 16–18), respectively.

To poly-ubiquitylate their substrates, CRLs must partner with 
ubiquitin-carrying enzymes, which typically specialize in either 
‘priming’—that is, directly modifying substrate—or ‘extending’ 
ubiquitin chains. Notably, Cdc34/UBE2R-family E2s are specialized 
in the latter category and add ubiquitin molecules to primed CRL 
substrates at a millisecond time scale19. This ultra-rapid formation 
of Lys48-linked chains presumably drives the timely degradation of 
CRL substrates. These ubiquitylation events are activated by NEDD8 
modification of the cullin subunit20. Although structures with various 
substrates and distinct ubiquitin-carrying enzymes have defined how 
NEDD8-modified, CUL1-based CRLs catalyze priming21,22, the mecha-
nisms of poly-ubiquitylation remain elusive.

Prior studies have suggested that CRL-catalyzed ubiquitin chain 
formation with UBE2R-family E2s differs from the well-studied prim-
ing reactions; for example, as mediated by E2s in the UBE2D family. 
For instance, CRLs are the only genetically validated E3 partners of 
Cdc34 and UBE2R-family E2s23,24. By contrast, UBE2D-family E2s are 
exceptionally promiscuous and function with a large fraction of all E3s 
characterized to date25. A second difference concerns the hallmark fea-
ture of most ubiquitin ligases, the RING domain26,27, which serves as the 
catalytic entity of CRLs. RING domains typically function by allosteri-
cally activating ubiquitylation by facilitating close contact between E2 
and its covalently bound ubiquitin (hereafter E2~ubiquitin, where the 
'~' represents or mimics an activated state, or donor ubiquitin). Unlike  
UBE2D-family E2s, Cdc34/UBE2R-family E2s activate donor ubiqui-
tin in the so-called ‘closed’ conformation even in the absence of E3  
(refs. 28,29). Cdc34/UBE2R can thus forge unanchored ubiquitin chains 
in an E3-independent manner, albeit relatively slowly30. Ubiquitin chain 
formation by Cdc34/UBE2R-family E2s is accelerated by one to two orders 
of magnitude in the presence of a CRL31. This demonstrates the crucial 
catalytic role of the E3 but raises the question of how this is achieved.

Amino acid sequences of the Cdc34/UBE2R-family are unique 
amongst E2s, with a 16-residue insertion in the catalytic UBC domain 
and an acidic C-terminal tail32–39. The insertion is essential for yeast viabil-
ity36,37 and achieving millisecond rates of poly-ubiquitylation33, but its 
function is not explained by any prior structure. The acidic tail dynami-
cally binds to a basic canyon on the cullin40,41 and helps to form the closed 
conformation with donor ubiquitin even in the absence of E3 (ref. 29).

Another feature that remains the subject of debate is the function 
of the ubiquitin-like protein NEDD8, the primary activator of CRLs in 
cells. NEDD8 activates CRL substrate priming by directly binding a 
UBE2D~ubiquitin22,42. NEDD8 also activates ubiquitin chain extension 
and reduces the Michaelis–Menten constant (Km) of UBE2R-family 
E2s43. However, deletion of the domain containing the neddylation 
site on CUL1 stimulated the activity of a UBE2R-family E2 though in a 
crude system44, implying differences in NEDD8 function during prim-
ing and chain extension.

To date, no human RING-based E3 had been visualized during 
poly-ubiquitylation of an E3-bound substrate to promote Lys48-specific 
ubiquitin chains or any other chain type. Given the biological impor-
tance of Cdc34/UBE2R E2s and CRLs and owing to their unique and yet 
perplexing catalytic elements, we determined the structural basis for 
their millisecond production of Lys48-linked ubiquitin chains.

http://www.nature.com/nsmb


Nature Structural & Molecular Biology | Volume 31 | February 2024 | 378–389 380

Article https://doi.org/10.1038/s41594-023-01206-1

labeling through phosphorylation was shown to not affect UBE2R2 
activity; Extended Data Fig. 3f), followed by the addition of unlabeled 
acceptor ubiquitin and CRL. Indeed, the mutation of synergy loop resi-
dues located at each interface led to the impairment of poly-ubiquitin 
chain formation (Extended Data Fig. 3g).

The UBE2R2 synergy loop helps integrate the donor and acceptor 
ubiquitins into the catalytic conformation. The Ser106 and Glu112 in 
UBE2R2 point toward the C-terminal tail in the donor ubiquitin (Fig. 2c).  
Across from the donor, Asp103 in UBE2R2 points toward His68 in the 
acceptor ubiquitin (Fig. 2d), which presumably helps place Lys48 into 
the UBE2R2 active site. Mutation of both interfaces, as well as the loop 
organizing residues, resulted in higher Km values of unanchored accep-
tor ubiquitin for the UBE2R2-mediated poly-ubiquitylation complex 
(Fig. 2f, Extended Data Fig. 4a,b and Table 2).

UBE2R2’s synergy loop mediates activation by the E3. A unique 
E2–E3 interface is formed between the synergy loop and the RBX1 RING 
domain, stabilized by Glu108 in UBE2R2 and Arg91 in RBX1 (Fig. 2e).  
Accordingly, neddylated CRL-dependent UBE2R2 activation was 
impaired by an R91E mutation (Extended Data Fig. 4c,d). This also 
weakened the apparent affinity of unanchored acceptor ubiquitin for 

UBE2R2 in the presence of neddylated CUL2–RBX1 (Fig. 2f, Extended 
Data Fig. 4b and Table 2).

UBE2R2 shares extensive sequence and functional similarity with 
its paralogous human E2 UBE2R1 (Extended Data Fig. 3c). To test for 
conservation of the interfaces observed in the structure, UBE2R1 syn-
ergy loop mutants were assayed with neddylated CRL2FEM1C, while 
wild-type (WT) UBE2R1 was assayed with previously described muta-
tions in the RING domain or donor ubiquitin (for the latter, controls 
were performed to ensure comparable UBE2R1 and UBE2R2 loading 
for WT and mutant ubiquitins; Extended Data Fig. 4e). Like UBE2R2, 
these mutations all resulted in significant increases in the Km values of 
unanchored acceptor ubiquitin for UBE2R1-catalyzed ubiquitin chain 
formation (Extended Data Fig. 4f and Table 2).

Intricate placement of Lys48 into the UBE2R2 active site
The UBE2R2 catalytic UBC domain also recruits the acceptor ubiquitin 
through residues located on both the N-terminal portion of α-helix3 
and its preceding loop in a unique manner (Fig. 3a). This differs from 
a UBE2R2 acceptor ubiquitin binding surface recently proposed52. 
The placement of the acceptor ubiquitin relative to the UBE2R2 UBC 
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Fig. 1 | High-resolution cryo-EM structure of a CRL promoting poly-
ubiquitylation. a, Schematic representation for all protein subunits used to 
form the chain formation complex for cryo-EM. b, Diagram comparing the native 
transition-state geometry for UBE2R2-dependent chaining with a stabilized 
ubiquitin-chain forming architecture. The ligation mimic consists of a peptide 
substrate (S; red hexagon) fused to a K48C acceptor ubiquitin (UBA; light orange 
circle) crosslinked to donor ubiquitin (UBD; dark orange circle), followed by 

reaction with the UBE2R2 active site cysteine. c, Various orientations of the 
DeepEMhancer composite cryo-EM map representing the structure. Electron 
density for each subunit has been colored according to the schematic in a.  
d, Cryo-EM maps highlighting the cullin scaffold (left) and the substrate receptor 
complex (right). e, Cryo-EM map showing the catalytic core containing UBE2R2, 
UBD, UBA and RBX1. ELOB, Elongin B; ELOC, Elongin C.
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domain is consistent with our finding that mutations at the interface  
resulted in increased Km values of unanchored acceptor ubiquitin  
for the UBE2R2-mediated poly-ubiquitylation complex (Fig. 3b and 
Table 2). The ultimate test of the role of the structurally observed 

interface would be if compensatory UBE2R2 and acceptor ubiquitin 
mutations rescue the interaction. Indeed, assaying two such sets of 
mutant combinations restored Km to near WT values (Fig. 3b, Extended 
Data Fig. 4b and Table 2). We surmise that this distinctive placement 

Table 1 | Cryo-EM data collection, refinement and validation statistics

Ligation mimic
UBE2R2
NEDD8
CRL

Yes
Yes
Yes
CRL2FEM1C

(EMD-17803)
(EMD-17822)
(PDB 8PQL)

Yes
Yes
Yes
CRL2VHL-MZ1

(EMD-18767)

Yes
Yes
Yes
CRL1FBXW7

(EMD-17802)

No
No
No
CRL2FEM1C

Map1 Map2
(Map1: EMD-17798)  
(Map2: EMD-17799)

No
No
Yes
CRL2FEM1C

Map1 Map2
(Map1: EMD-17800)
(Map2: EMD-17801)

Data collection and processing

Microscope Krios Krios Glacios Glacios Glacios

Magnification 130,000 130,000 22,000 22,000 22,000

Voltage (kV) 300 300 200 200 200

Electron exposure (e–/Å2) 66 66 59 60 60

Defocus range (μm) −0.6 ∼ −2.2 -0.6 ∼ −2.2 −0.6 ∼ −2.6 −0.6 ∼ −2.6 −0.6 ∼ −2.6

Pixel size (Å) 0.8512 0.8512 1.885 1.885 1.885

Symmetry imposed C1 C1 C1 C1 C1

Initial particle images (no.) 4,187,858 1,210,530 2,989,541 2,801,309 2,963,610

Final particle images (no.) 61,956* 12,520 65,467 56,038 38,547 51,322 28,677

Map resolution (Å)
FSC threshold

3,76**
(0,143)

7,5
(0,143)

8,1
(0,143)

7,72
(0,143)

7,54
(0,143)

7,19
(0,143)

6,88
(0,143)

Map resolution range (Å) − − − − − − −

Refinement

Initial model used (PDB code) 5N4W
6NYO
6TTU
6LBN

Model resolution (Å)
FSC threshold

3.8
(0.143)

Model resolution range (Å)

Map sharpening B factor (Å2) −70*** −160 −350 −250 −300 −300 −150

Model composition

   Non-hydrogen atoms 13554

   Protein residues 1837

   Ligands 3(ZN)

B factors (Å2)

     Protein 77.63

     Ligand 92.01

R.m.s. deviations

     Bond lengths (Å) 0.004

     Bond angles (°) 0.729

Validation

     MolProbity score 1.96

     Clashscore 7.85

     Poor rotamers (%) 0.38

Ramachandran plot

     Favored (%) 90.54

     Allowed (%) 9.46

     Disallowed (%) 0.00

*Consensus map: 61,956; focused map 1: 61,956; focused map 2,3: 52,377; focused map 4,5: 55,024 particles **Consensus map: Consensus map: 3.76Å; focused map 1: 3.55Å; focused map 2: 
3.76Å; focused map 3: 3.89Å; focused map 4: 3.89Å; focused map 5: 3.84Å ***Consensus map: -70; focused map 1: -60; focused map 2: -80; focused map 3: -50; focused map 4: -70; focused 
map 5: -60
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of the acceptor ubiquitin enables its dual engagement by the synergy 
loop to coordinate the catalytic assembly.

Overall, the structure showed multiple interactions contri
buting to the recruitment of donor and acceptor ubiquitins and 
poly-ubiquitylation of CRL substrates. In addition to contacts between 
UBE2R2 and the acceptor ubiquitin, CRL substrates are anchored by 
high-affinity interactions between their degrons and cognate recep-
tors; here, the C terminus of the Sil1 peptide and FEM1C. To determine 
how the various mutant proteins would affect poly-ubiquitin chain 
formation onto a CRL-bound substrate, a method was devised to obtain 
highly pure mono-ubiquitylated Sil1 peptide (Extended Data Fig. 5a–c). 
This enabled our quantifying the rate of ubiquitin transfer (kobs) in 
pre-steady state reactions performed on a quench flow instrument 
(Fig. 3c and Extended Data Fig. 5d). Interestingly, monitoring chain 
extension on ubiquitin-primed Sil1 peptide suggested that the high 
effective concentration afforded by degron binding largely masks 
defects caused by mutations in individual interaction surfaces (Fig. 3d,  
Extended Data Fig. 5e,f and Table 2). However, the roles of all the  
interfaces become apparent upon simultaneous mutation of any two. 
For example, mutation of the interface between the synergy loop  
and the CRL combined with either that between the acceptor ubi
quitin and E2 UBC domain or the donor ubiquitin and the synergy  
loop resulted in 51-fold and 12-fold reductions in kobs, respectively  
(Fig. 3d and Table 2). Similar effects were observed when the assays 
were repeated with UBE2R1 (Extended Data Fig. 5f,g and Table 2).

General mechanism of poly-ubiquitin formation across CRLs
UBE2R2 mediates poly-ubiquitylation with numerous distinct CRLs. Pre-
vious structures have shown several different combinations of cullins, 
substrate receptors and substrates. We modeled their potential catalytic 
assemblies by docking them with our structure of RBX1, UBE2R2 and donor 
and acceptor ubiquitins. The models suggested that a common catalytic 

architecture juxtaposes the poly-ubiquitylation active site and CRL-bound 
substrates (Extended Data Fig. 6a). To test our hypothesis of a common 
catalytic architecture, we applied cryo-EM to visualize UBE2R-mediated 
Lys48-linked chain extension for a ubiquitin-primed cyclin E phospho
peptide substrate of CRL1FBXW7 (containing neddylated CUL1–RBX1 and 
substrate receptor SKP1–FBXW7; Tables 1 and 3). This is the human 
homolog of the archetypal CRL in yeast shown to work with Cdc34  
(refs. 8–10). The map readily fit our coordinates for the catalytic assem-
bly mediating poly-ubiquitylation (Fig. 4a and Supplementary Video 4).

To validate the structural data indicating that millisecond 
poly-ubiquitylation is a broad feature of CRLs, we generated addi-
tional ubiquitin-primed peptide substrates of various CRLs to estimate  
the pre-steady state kinetics of poly-ubiquitylation. The fastest rate of 
ubiquitin transfer was an astonishing ~100 s−1 between ubiquitylated 
Hif1α peptide and neddylated CRL2 with VHL substrate receptor (Fig. 4b  
and Extended Data Table 1). The efficiency of product formation is 
striking, with 12% of Hif1α-ubiquitin further ubiquitylated in 2.5 ms, the 
limiting time of resolution for the quench flow instrument (Extended 
Data Fig. 6b). Overall, the average rate was 57 s−1 for four distinct CRL 
complexes. Importantly, poly-ubiquitylation was again substantially 
slowed by mutations at the structurally observed interfaces (Fig. 4c, 
Extended Data Fig. 6c and Extended Data Table 1).

In addition to their endogenous targets, CRLs can serve as E3s, 
promoting targeted protein degradation in response to hetero- 
bifunctional molecules, termed proteolysis targeting chimeras  
(PROTACs)53,54. These agents trigger the ubiquitylation of a neo- 
substrate by inducing its proximity with an E3 (refs. 55–58). Several PRO-
TACs use CUL2 and its substrate receptor VHL59,60, with at least one such 
drug being explored as a cancer therapeutic in human clinical trials61.  
To determine whether the mechanism proposed here generalizes to 
neo-substrate poly-ubiquitylation, cryo-EM was performed on a ned-
dylated CRL2VHL complex in the presence of the PROTAC MZ1 (refs. 62,63)  
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and a ubiquitin-primed BRD4 fragment that had been chemically 
linked to UBE2R2~ubiquitin (Table 1). The electron density maps were 
sufficiently resolved to yield the following conclusions: (1) the cata-
lytic core, including UBE2R2~donor ubiquitin, acceptor ubiquitin and 
the RBX1 RING domain, readily fit into the electron density (Fig. 4d  
and Supplementary Video 4); (2) the broad functionality of the UBE2R2 
synergy loop also appeared to be conserved, including its interac-
tions with the RING and both donor and acceptor ubiquitins (Fig. 4d  
inset); (3) the CRL complex accommodated the catalytic core by 
subtle rearrangement of the RING domain (Extended Data Fig. 6d), 
presumably due to the larger neo-substrate compared to peptides;  
(4) mutations in residues within the UBE2R2 UBC domain and located 
at the interface with acceptor ubiquitin led to defects in neo-substrate 
poly-ubiquitylation (Fig. 4e and Extended Data Fig. 6e, f); and (5) both 
the WHB domain and NEDD8 appeared to be disordered owing to a lack 
of clear electron density.

Comparison of CRL-mediated poly-ubiquitylation with  
RING E3s
To date, only two structures have been elucidated of RING-based 
E3s catalyzing Lys48-linked poly-ubiquitin chain formation. Super-
position of the human E2 UBE2K and an associated acceptor ubiqui-
tin64 with equivalent molecular counterparts from the neddylated 
CRL2FEM1C-based chain elongation structure showed distinct orienta-
tions of the acceptor ubiquitins relative to the E2 (Fig. 5a). Furthermore, 
the mechanism of poly-ubiquitin chain formation by the yeast E3 Ubr1 
(ref. 65) also differed. First, this comparison showed the acceptor ubiq-
uitins likewise interacting with their respective E2s through distinct 
conformations (Fig. 5b). Second, and in contrast with UBE2R2’s synergy 
loop, Ubr1 contains a short stretch of residues that were disordered dur-
ing substrate priming but appeared to stabilize the conformation of the 
acceptor ubiquitin during poly-ubiquitin chain formation (Fig. 5c–e).  
Consequently, the rate of Ubr1-catalyzed chain formation was slower 
than the substrate priming reaction65. Even greater differences were 
observed in the acceptor ubiquitin conformation when the neddylated 
CRL2FEM1C structure was compared to an E2~ubiquitin–E3 complex 
promoting Lys63-linked poly-ubiquitin chain formation66 (Fig. 5f).

Ubiquitin chain formation depends on unique CRL remodeling
CRLs are activated by the covalent linkage of NEDD8 to a conserved 
cullin lysine residue20. NEDD8 has been shown to stimulate the catalytic 
efficiency of substrate priming43, in some cases by several orders of 
magnitude22. We and others32,39 also found that this property was par-
alleled by UBE2R2-mediated poly-ubiquitylation of ubiquitin-primed 
substrates whereby neddylation decreased the Km of UBE2R2 for the 
CRL complex while also increasing the rate of ubiquitin transfer, kobs 
(Extended Data Table 1). Previous structures of CUL1–RBX1-based CRLs 
had shown NEDD8 assisting RBX1 in recruiting the enzymes that medi-
ate substrate priming21,22. Therefore, it was surprising that NEDD8 and 
its covalently linked cullin domain (the WHB domain) were not visible 
in the structures (Figs. 1c and 4a,d).

Interestingly, deleting the cullin WHB domain from CRL1βTRCP2, 
CRL1FBXW7, CRL2VHL and CRL2FEM1C E3s stimulated the kinetics of 
UBE2R2-mediated ubiquitin chain extension to an extent similar to or 
even exceeding the effect of neddylation (Fig. 6a, Extended Data Figs. 
7a,b and Extended Data Table 1). Importantly, this effect is specific to 
UBE2R2: activity with other RBX1 partner ubiquitin-carrying enzymes 
(UBE2D3 and ARIH1) decreased upon deleting either the CUL1 or CUL2 
WHB domain, in accordance with NEDD8 mediating their recruitment 
(Extended Data Fig. 7c,d).

We gained further insights from cryo-EM data for CRL2 com-
plexes without UBE2R2. The cryo-EM density maps for neddylated 
and unneddylated CRL2FEM1C were reminiscent of a CRL1 complex in 
that they resulted in multiple classes with distinct conformations22. 
In the previous study, the positions of CUL1’s WHB and RBX1’s RING 
domain, and NEDD8 when present, could not be assigned in any class 
because of poor density. Similarly, in cryo-EM maps of neddylated 
CRL2FEM1C, neither CUL2’s WHB domain nor NEDD8 could be unambigu-
ously assigned (Extended Data Figs. 7e and 8a). However, one class 
for the unneddylated CRL2FEM1C showed CUL2’s WHB domain roughly 
positioned as in the prior crystal structure45, restraining RBX1’s RING 
domain (Extended Data Figs. 7f,g and 8b). Modeling NEDD8 on this 
structure, based on a study suggesting that NEDD8 and its covalently 
linked cullin WHB domain adopt the same conformation for CUL1 and 
CUL2 (refs. 22,67), showed it clashing (Extended Data Fig. 7h). Thus, 
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Table 2 | Estimates of Km and kobs for neddylated CRL2*-mediated poly-ubiquitin chain formation

UBA
a UBD

b UBE2Rc RBX1 Km
d (µM) Fold change (Km) kobs

S1-S2 (s−1) Fold change (kobs)

WT K48R WT (R2) WT 111.33 ± 7.58 – 45.55 ± 2.88 –

WT K48R WT (R1) WT 310.77 ± 43.37 – 33.60 ± 1.68 –

Interface 1: synergy loop–UBA

H68A K48R WT (R2) WT 815.48 ± 70.88 7.3 64.37 ± 2.71 0.71

R54D K48R WT (R2) WT >800 >7 17.02 ± 0.96 2.7

N60R K48R WT (R2) WT 200.45 ± 21.71 1.8 – –

WT K48R D143K (R2) WT 1,261.60 ± 132.41 11.3 27.01 ± 1.03 1.7

WT K48R R149D (R2) WT >1,200 >10 29.40 ± 1.41 1.5

R54D K48R D143K (R2) WT 334.51 ± 59.99 3 31.68 ± 1.49 1.4

N60R K48R R149D (R2) WT 269.36 ± 28.66 2.4 38.32 ± 2.30 1.2

WT K48R D103A (R2) WT 563.97 ± 99.14 5.1 31.67 ± 1.02 1.4

Interface 2: synergy loop–synergy loop

WT K48R D102A (R2) WT 147.66 ± 8.03 1.3 24.94 ± 1.35 1.8

WT K48R R113A (R2) WT >1,000 >9 24.71 ± 3.24 1.8

WT K48R R113A (R1) WT >1,200 >4 22.15 ± 0.87 1.5

Interface 3: synergy loop–UBD

WT K48R S106A (R2) WT 384.62 ± 48.04 3.5 – –

WT K48R S106R (R2) WT >1,000 >9 16.84 ± 1.40 2.7

WT K48R E112A (R2) WT >1,000 >9 11.61 ± 1.01 3.9

WT K48R/R74E WT (R2) WT 1,667.90 ± 180.82 15.0 21.37 ± 0.74 2.1

WT K48R/R74E WT (R1) WT >1,200 >4 22.91 ± 1.91 1.5

Interface 4: synergy loop–RING domain

WT K48R E108A (R2) WT >1,000 >9 13.18 ± 1.50 3.5

WT K48R E108A (R1) WT >1,200 >4 15.29 ± 0.66 2.2

WT K48R E108R (R2) WT >1,200 >10 5.17 ± 0.21 8.8

WT K48R WT (R2) R91E >1,680 >15 24.67 ± 1.59 1.8

WT K48R WT (R1) R91E >1,200 >4 8.92 ± 0.62 3.8

Interface 5: multiple interfaces

WT K48R D102A/103A (R2) WT 924.45 ± 126.37 8.3 16.21 ± 0.73 2.8

WT K48R E108/112A (R2) WT >1,200 >10 4.23 ± 0.14 10.8

R54D K48R E108A (R2) WT >800 >7 0.89 ± 0.06 51.2

R54D K48R E108A (R1) WT >800 >2.5 0.68 ± 0.06 49.4

WT K48R/R74E E108A (R2) WT >1,200 >10 3.68 ± 0.33 12.4
*Experiments estimating kobs included Elongin B/C–FEM1C and Sil1-ubiquitin substrate; aAcceptor ubiquitin; refers to either unanchored ubiquitin for Km (D77 ubiquitin; see Methods) or 
conjugated to Sil1 peptide (kobs); bDonor ubiquitin; cUBE2R1 and UBE2R2 paralogs are denoted as (R1) and (R2), respectively; dKm of unanchored acceptor ubiquitin for UBE2R2, ‘>’ denotes the 
highest concentration of the dilution series in cases for which Km could not be estimated; S1, Sil1-ubiquitin; S2, Sil1-ubiquitin2. The standard error of measurements are shown for all estimates.

Table 3 | Peptides

Peptide Sequence Source

Cyclin E ‘sortasing’ assays GGGGPLPAGLL(pT)PPQ(pS)GRRASY 21

Cyclin E ‘sortasing’ cryo-EM GGGGLPSGLL(pT)PPQ(pS)GKKQSSDYKDDDDK 21

Cyclin E substrate assays Ac-KAMLSEQNRASPLPSGLL(pT)PPQ(pS)GRRASY 21

β-catenin ‘sortasing’ assays GGGGYLD(pS)GIH(pS)GATTAPRRASY 22

Hif1α ‘sortasing’ assays GGGGLLA(hyP)PAAGDTIISLDFGSNGRRASY MPI

Hif1α substrate assays Ac-KLRREPDALTLLA(hyP)AAGDTIISLDFGSN-Fluorescein MPI

Sil1 substrate assays Ac-GRRASYGSGSKEGYFQELLGSVNPTQGRAR NEP

All peptides were either purchased from Vivitide (formerly New England Peptides (NEP); greater than 95% purity) or synthesized in-house at the Max Planck Institute of Biochemistry (MPI) and 
solubilized in water. All single lysine peptide substrates had their N termini acetylated (Ac). Phosphodegrons are shown as pT (phospho Thr) or pS (phospho Ser), and the hydroxylated Pro 
degron in Hif1α peptides are shown as hyP. The Sil1 peptide substrate amino acid sequence was based on the clone 13 design17 that had optimized affinity for FEM1C. All peptides that were 
substrates for ubiquitylation assays contained the ‘RRASY’ amino acidic sequence that enabled 32P-labeling by protein kinase A (New England Biolabs).
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neddylation would trigger rearrangement of its covalently linked CUL2 
domain and liberate interactions with the RBX1 RING.

We designed mutations to test whether the activating role 
of NEDD8 towards UBE2R2 is to remove the WHB domain from its 
perch. A NEDD8 Q40E mutant that would prevent interactions medi-
ating its clashing with the RING domain greatly reduced the rate of 
poly-ubiquitylation with UBE2R2 (Extended Data Fig. 7i,j). Notably, 
Gln40 in NEDD8 is the primary target of pathogenic bacterial effector 
proteins that catalyze its deamidation, impairing CRL activity and ubiq-
uitylation of their substrates68,69. Alternatively, charge-swapped point 

mutants in CUL2 (D660K, E664K, D675K) were designed to liberate the 
WHB domain, activating UBE2R2-mediated ubiquitin chain extension 
in the absence of neddylation to an extent similar to neddylated WT 
CRL2 E3s (Fig. 6a,b, Extended Data Fig. 7a and Extended Data Table 1).

In summary, while CRL neddylation is required to promote both 
substrate priming and poly-ubiquitylation, NEDD8 does not directly 
mediate proximity between UBE2R2~ubiquitin and ubiquitin-primed 
substrate. Rather, it releases the RING domain from the cullin, which 
enables UBE2R2’s unique interactions with both the RING and acceptor 
ubiquitin (Fig. 6c).
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Discussion
Here, we show how CRLs together with Cdc34/UBE2R-family E2s rapidly 
forge the Lys48-linked ubiquitin chains that trigger timely degradation 
of their substrates. Numerous CRL-dependent interactions converge  
to adjoin the C terminus of the donor ubiquitin linked to UBE2R2’s  
active site with Lys48 of a substrate-linked acceptor ubiquitin. Speci
fically, the CRL RING domain activates the catalytic conformation  
at multiple levels. In addition to the canonical function whereby the 
RING domain appears to directly stabilize the activated E2~donor 
ubiquitin conformation, the RING also configures the synergy loop 
to buttress the donor ubiquitin against UBE2R2. Consequently, this 
sculpting of the synergy loop also guides the acceptor ubiquitin. These 
interactions are interconnected; thus, the donor ubiquitin also shapes 
the synergy loop to organize the acceptor, and vice-versa (Fig. 2).

The multiplicity of interactions establishes extraordinary kinetics  
of poly-ubiquitin chain formation. Together with a CRL, UBE2R2 belongs 
to a small group of enzymes that are considered at or near catalytic 
perfection. The catalytic efficiency (kcat/Km) of such an enzyme is lim-
ited by the rate of forming the enzyme–substrate complex70,71, ranging 
from 108 to 109 M−1 s−1. Here, the related value, kobs/Km, was estimated 
at nearly 108 M−1 s−1 for neddylated CRL1FBXW7 and a ubiquitin-primed  
cyclin E peptide substrate (Extended Data Table 1). Such rapid forma-
tion of Lys48-linked—that is degradative72—poly-ubiquitin chains would 
need to be tightly controlled to prevent wayward activity, perhaps 
explaining the requisite specificity of Cdc34/UBE2R-family E2s for CRLs.

In addition to a synergy loop, Cdc34/UBE2R-family E2s also con-
tain a unique and conserved C-terminal extension. Like its synergy 
loop counterpart, the tail is also acidic and essential for viability in 
yeast34,73,74. Biochemically, the Cdc34/UBE2R-family C-terminal tail 
promotes processive poly-ubiquitylation, at least in part by enabling 
rapid rates of association between the E2 and the CRL complex through 
a basic canyon region on the cullin subunit41. Prior studies suggested 
that the acidic tail may adopt multiple conformations during cullin 
subunit binding40, which seems consistent with an apparent lack of 
electron density for the various CRL-mediated chain elongation com-
plexes reported here. The tail has also been shown to participate in 
catalysis31, and our model for poly-ubiquitin chain formation suggests 
that tethering of the Cdc34/UBE2R UBC domain by its tail may restrain 
the conformational freedom of the active site towards the substrate, 
thus increasing the rate of ubiquitin transfer.

CRLs as a paradigm for rapid poly-ubiquitylation
Our structural and quench flow kinetic data, taken together 
with previous knowledge of CRL regulation, suggest how rapid 
poly-ubiquitylation is tied to substrate binding to a cullin. Substrates 
effectively stimulate cullin neddylation by impeding NEDD8 decon-
jugation75–79. NEDD8, in turn, substantially potentiates all steps along 
the process of substrate poly-ubiquitylation. NEDD8 first stimulates 
the initial priming of substrates with ubiquitin. Previous structures 
showed the key role for NEDD8 as collaborating with CRLs to recruit 
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the enzymes mediating ubiquitin transfer directly to substrate21,22,42. 
We showed that NEDD8 also substantially activates the catalytic effi-
ciency of ubiquitin chain extension on ubiquitin-primed substrates by 
nearly two orders of magnitude (Extended Data Table 1). Surprisingly, 
this does not involve direct interaction of NEDD8 with UBE2R2, but 
rather NEDD8-dependent release of a cullin’s grip on the RBX1 RING  
domain.

Insertions in the same location as the Cdc34/UBE2R-family E2 
synergy loop are found in only one other E2 family: Ubc7/UBE2G. Inter-
estingly, UBE2G1 was recently shown to mediate targeted protein deg-
radation relying on a CRL4 E3 through the formation of Lys48-linked 
poly-ubiquitin chains on neo-substrates54,59,80. In addition, UBE2G1 is 
necessary for the efficient degradation of CUL1-containing CRL sub-
strates upon ablation of UBE2R1 and UBE2R2 (ref. 39). Furthermore, 
the structure of UBE2G2 bound to an E3 fragment showed interaction 
between the distal loop and the RING domain81. Therefore, it seems likely 
that the structural mechanism of UBE2G-mediated poly-ubiquitylation 
largely parallels that reported here for UBE2R2. We propose that the 
unique E2 synergy loop is a general strategy in nature to coordinate 
neddylated CRLs, their cognate E2~ubiquitin conjugates and place-
ment of the acceptor ubiquitin to drive ultra-rapid poly-ubiquitylation, 
triggering degradation across thousands of CRL substrates (Fig. 6c).

Although currently there are only three atomic resolution struc-
tures of E2-RING E3 complexes catalyzing Lys48-linked poly-ubiquitin 
chain formation, two key observations were made based on their 

comparison. First, although the E2 UBC domain structure is highly con-
served, its interaction with acceptor ubiquitin to delicately place Lys48 
into the active site shows apparent conformational variation amongst 
the different E2–E3 pathways (Fig. 5). Second, even though additional 
contacts with the acceptor ubiquitin appear to be important, the  
Cdc34/UBE2R synergy loop emanates from the E2, whereas the yeast  
E3 Ubr1 both anchors the acceptor ubiquitin while simultaneously 
binding to substrate. Based on these observations, it seems likely that 
additional mechanisms of Lys48-linked poly-ubiquitin chain formation 
await discovery. We anticipate that the structures presented here will 
serve as a basis for comparison, as we suspect many additional E2–E3 
structures promoting poly-ubiquitylation will be described soon.
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Methods
Cloning, protein expression and purification
All constructs used in this study were made by using common molecular 
biology procedures. Protein sequence modifications were introduced 
using the QuikChange site-directed mutagenesis protocol (Agilent).

All proteins are of human origin. The UBE2R1 and UBE2R2 con-
structs (and all mutant derivatives) were expressed in the Rosetta (DE3) 
bacterial strain with either N-terminal glutathione-S-transferase (GST) 
or 6×His tags that were liberated during the purification process owing 
to a tobacco etch virus (TEV) protease cleavage site. GST–thrombin–
VHL (residue 54 to C terminus) and GST–TEV–FEM1C were co-expressed 
with elongin B/C in BL21-Gold (DE3) bacterial cells. Proteins were puri-
fied by nickel-agarose or GST-sepharose affinity chromatography fol-
lowed by overnight treatment with TEV or thrombin proteases. Next, 
select proteins were further purified by ion-exchange chromatography 
before size-exclusion chromatography into a buffer containing 25 mM 
HEPES pH 7.5, 150 mM NaCl and 1 mM DTT or storage buffer (30 mM 
Tris pH 7.5, 100 mM NaCl, 10% glycerol, 1 mM DTT). A 6×His-3C-K48C 
ubiquitin–Sil1 fusion construct was expressed in Rosetta (DE3) bacte-
rial cells and purified by nickel-agarose affinity chromatography fol-
lowed by size-exclusion chromatography into a buffer that contained 
25 mM HEPES pH 7.5, 150 mM NaCl and 1 mM TCEP. The final amino acid 
sequence of K48C ubiquitin–Sil1 was:

N-term- HHHHHHSSGLEVLFQGPMQIFVKTLTGKTITLEVEPSDTIEN 
VKAKIQDKEGIPPDQQRLIFAGCQLEDGRTLSDYNIQKESTLHLVLRLRAAE 
GYFQELLGSVNPTQGRAR -C-term

A 2×Strep–TEV K48C ubiquitin–BRD4 (residues 352–460) C356A 
C357A C391A C429A fusion construct was expressed in Rosetta (DE3) 
bacterial cells and purified by StrepTactin-sepharose affinity chro-
matography followed by overnight TEV cleavage and size-exclusion 
chromatography into a buffer that contained 25 mM HEPES pH 7.5, 
150 mM NaCl and 1 mM TCEP. The final amino acid sequence of K48C 
ubiquitin BRD4 (residues 352–460) was:

N-term- GSMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIP 
PDQQRLIFAGCQLEDGRTLSDYNIQKESTLHLVLRLRAAGSGSGSE 
QLKAASGILKEMFAKKHAAYAWPFYKPVDVEALGLHDYADIIKHPMDM 
STIKSKLEAREYRDAQEFGADVRLMFSNAYKYNPPDHEVVAMARKLQD 
VFEMRFAKMPDE -C-term

Ubiquitins (including mutant derivatives) were expressed in BL21 
(DE3) bacterial cells and purified through nickel-agarose affinity chro-
matography followed by size-exclusion chromatography into storage 
buffer consisting of 30 mM Tris pH 7.5, 100 mM NaCl, 10% glycerol 
and 1 mM DTT. Donor ubiquitins used in the unanchored, di-ubiquitin 
synthesis assays were expressed as GST–TEV–PKA–ubiquitin fusions 
and purified as previously described82. The PKA site contains the con-
sensus phosphorylation sequence for protein kinase A (see below for 
the radiolabeling procedure). SKP1–FBXW7Δdimerization (residues 263 
to C terminus), SKP1–βTRCP2, APPBP1–UBA3, UBE2M, NEDD8 and 
sortase A were purified as previously described22,30,83–85. All WT and 
mutant 2×Strep–Dac–TEV–CUL2 constructs, 2×Strep–Dac–TEV–CUL2 
residues 1–660 (ΔWHB), His–MBP–TEV–RBX1 (5–C), CUL1, CUL1 resi-
dues 1–692 (ΔWHB), GST–TEV–RBX1 (5–C) and UBA1 constructs were 
generated in pLIB vectors86 and used to form baculoviruses in Sf9 cells. 
Baculoviruses corresponding to CUL2 and His–MBP–TEV–RBX1 (5–C) 
or to CUL1 and GST–TEV–RBX1 (5–C) were used to transduce High 
Five (BTI-TN-5B1-4) cells and co-express the indicated protein subu-
nits22,83. Proteins were purified by either StrepTactin or GST-sepharose 
affinity chromatography followed by overnight TEV cleavage. Next, 
proteins were subjected to ion-exchange chromatography followed 
by size-exclusion chromatography on a SuperDex 200 column that 
had been equilibrated in a buffer containing 25 mM HEPES pH 7.5, 
150 mM NaCl and 1 mM DTT. WT CUL2 with an RBX1 subunit har-
boring an R91E mutation was purified as previously described87 or 
through the method of baculoviruses as described above. All CUL1–
RBX1 and CUL2–RBX1 complexes were covalently modified by NEDD8 

(neddylated) as previously described22,83,88. Human BRD4 (residues 
346–460) neo-substrate containing a C-terminal ‘GRRASY’ sequence 
was cloned using standard procedures and contained an N-terminal 
His-tag for purification by nickel affinity chromatography. The protein 
was first expressed in Rosetta (DE3) bacterial cells and purified by 
capture on nickel-agarose beads. Overnight TEV cleavage was followed 
by ion-exchange chromatography (HiTrap SP HP) and size-exclusion 
chromatography into a buffer that contained 25 mM HEPES pH 7.5, 
150 mM NaCl and 1 mM DTT.

Generation of ubiquitin-primed substrates
Generation of ubiquitin-primed peptide substrates using  
‘sortasing’. The sortase-mediated transpeptidation reaction was  
used to link ubiquitin75-SGSGSLPETGG-C-term to Hif1α, β-catenin 
and cyclin E peptides designed for sortasing (see Table 3 above)21,22,30.

Generation of ubiquitin-primed Sil1 peptide substrates. To gener-
ate a ubiquitin-primed peptide substrate, one would ideally choose 
an E2 that is efficient at substrate priming but not poly-ubiquitin 
chain formation. In the literature, S138A UBE2R1 was shown to be 
less defective at substrate priming than poly-ubiquitin chain forma-
tion38. Those results inspired testing S138D UBE2R2, which was also 
motivated by the work on the E2 Ubc9 showing that residues at the 
structurally equivalent position can be either serine or aspartate89. 
S138D UBE2R2 was still defective at poly-ubiquitin chain formation, 
but quite active for substrate priming (Extended Data Fig. 5a). As such, 
unneddylated CUL2–RBX1 (1 µM), Elongin B/C–FEM1C (1 µM) and 
Sil1 peptide (100 µM) were first diluted in 1× reaction buffer (30 mM 
Tris-HCl pH 7.5, 100 mM NaCl, 5 mM MgCl2, 2 mM DTT and 2 mM ATP). 
It was subsequently discovered that S138D UBE2R2 was not efficient 
at priming substrates for some mutant ubiquitins. In these cases, the 
E2 UBE2D3 was used instead (see below). In another tube of equal 
volume, human E1 (1 µM), 6×His-tagged ubiquitin (WT or mutant; 
90 µM) and either S138D UBE2R2 (1 µM) or WT UBE2D3 (40 µM) were 
diluted in reaction buffer. For generation of Sil1-WT-ubiquitin, either 
S138D UBE2R2 or UBE2D3 were used for various preparations, whereas 
UBE2D3 was used for Sil1-R54D ubiquitin. Finally, S138D UBE2R2 was 
used for Sil1-H68A-ubiquitin and Sil1-N60R-ubiquitin. These solu-
tions were pre-incubated for 15 min, then the E1 mix was combined 
with the E3 mix to initiate the ubiquitylation reaction and allowed to 
react overnight (>16 h) at room temperature (20–22 °C). The reaction 
was then diluted 1:10 in nickel-agarose binding buffer (30 mM Tris pH 
7.5, 250 mM NaCl, 5% glycerol, 0.1% IgePal and 20 mM imidazole) and 
incubated with Ni-NTA agarose (Qiagen) for 1 h at 4 °C. The resin was 
then washed three times with nickel binding buffer before being eluted 
on a gravity column with 4 ml of nickel elution buffer (50 mM HEPES 
pH 8.0, 200 mM NaCl and 300 mM imidazole). The resulting eluate 
was first concentrated using an Amicon Ultra 4 ml centrifugal filter 
(Millipore-Sigma) and then injected onto a SuperDex 75 (GE Health-
care) column that had been equilibrated in storage buffer (30 mM 
Tris pH 7.5, 100 mM NaCl, 10% glycerol and 1 mM DTT) (Extended 
Data Fig. 5b,c). Fractions containing pure Sil1-ubiquitin protein 
were combined, concentrated and drop-frozen in liquid nitrogen for  
storage at −80 °C.

Generation of ubiquitin-primed cyclin E peptide substrates for 
acceptor ubiquitin mutant analysis. Generation of ubiquitin-primed 
cyclin E peptide substrates by enzyme-catalyzed conjugation of ubiq-
uitin to an N-terminal lysine residue was performed similarly to the 
ubiquitin-primed Sil1 peptide substrates with the following modifi-
cations. An unneddylated SCF complex with SKP1–FBXW7 substrate 
receptor was used with the E2 UBE2D3 (2 µM) for both WT and R54D 
ubiquitin. The reactions were incubated at room temperature for 3 h 
before purification involving the same steps as described above for 
Sil1-ubiquitin.
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Peptide, donor ubiquitin and BRD4 neo-substrate 32P-labeling
All peptides were labeled at 10 µM or 50 µM final concentrations as fol-
lows. Peptides were diluted in 10× NEBuffer for Protein Kinases (New Eng-
land Biolabs) followed by the addition of 40 µM γ32P-labeled ATP (Perkin 
Elmer) and protein kinase A (2,500 units) and incubation at 32 °C for 2 h. 
Proteins and peptides labeled at 50 µM or above were first incubated 
with radio-labeled ATP for 1 h followed by the addition of unlabeled ATP 
(400 µM) for an additional 1 h. Donor ubiquitins were similarly labeled 
at a concentration of 200 µM, whereas BRD4 was labeled at 50 µM.

Biochemical assays and enzyme kinetics
Unanchored di-ubiquitin formation assay for UBE2R2 synergy 
loop alanine scan. This assay is a modified version of a ubiquitylation 
reaction that had been used to estimate yeast Cdc34 unanchored chain 
formation33. Both the donor and acceptor ubiquitins contain mutations 
that restrict product formation to di-ubiquitin, greatly simplifying 
quantification of the reaction outcomes and interpretation of the 
results. Here, all radio-labeled donor ubiquitins contained the K48R 
mutation (hereafter K48R donor ubiquitin) to prevent its ability to 
act as an acceptor ubiquitin (given UBE2R’s strong preference to build 
poly-ubiquitin chains with Lys48 specificity). Similarly, all acceptor 
ubiquitins contained an additional aspartate at the C terminus (here-
after D77 acceptor ubiquitin) that prevented thioester formation with 
the E2 and its acting as a donor ubiquitin. A mixture of 0.625 µM ned-
dylated CUL2–RBX1 was prepared in reaction buffer (30 mM Tris-HCl 
pH 7.5, 100 mM NaCl, 5 mM MgCl2, 2 mM DTT and 2 mM ATP). Then, 
4 µl of the solution was aliquoted into Eppendorf tubes, followed by 
the addition of 1 µl of 500 µM D77 acceptor ubiquitin (WT or a mutant 
variant) to a final volume of 5 µl. In another tube, human E1 (1 µM) and 
WT or mutant UBE2R2 proteins (15 µM) were mixed with 32P-labeled 
K48R donor ubiquitin (24 µM) in reaction buffer. Both solutions were 
incubated at room temperature for 15 min. Reactions were initiated 
by mixing equal volumes from both tubes before being quenched in 
2× SDS–PAGE buffer (100 mM Tris-HCl pH 6.8, 20% glycerol, 30 mM 
EDTA, 4% SDS and 4% β-mercaptoethanol) after a 15 s incubation period. 
For reactions with E108A or E112A UBE2R2, the incubation time was 
increased to 45 s. Donor ubiquitin substrate and di-ubiquitin product 
were separated by SDS–PAGE on 18% gels followed by autoradiography 
and detection on an Amersham Typhoon 5 imager (Cytiva). The intensi-
ties of substrate and product were quantified in ImageQuant software 
v.8.2.0.0 (Cytiva) and used to estimate the fraction of substrate that had 
been converted to product by dividing the signal of product by the total 
signal in the lane. See Extended Data Fig. 3e for a diagram of the assay.

Comparison of 32P-labeled K48R ubiquitin with untagged K48R 
ubiquitin. Di-ubiquitin synthesis reactions were performed to compare 
the activities of 32P-labeled K48R donor ubiquitin that contained an 
N-terminal amino acid sequence motif that enabled its phosphoryla-
tion and untagged K48R ubiquitin that had been purchased (LifeSen-
sors). A tube was assembled with 0.5 µM E1, 24 µM K48R ubiquitin 
and 4 µM UBE2R2 diluted in reaction buffer (30 mM Tris-HCl pH 7.5, 
100 mM NaCl, 5 mM MgCl2, 2 mM DTT and 2 mM ATP). A separate tube 
was assembled containing 0.5 µM neddylated CUL2–RBX1 and 50 µM 
D77 acceptor ubiquitin (Extended Data Fig. 3e). Both tubes were then 
incubated at room temperature for 15 min. Reactions were initiated 
by mixing equal volumes from both tubes and then quenching them 
at various time points with 2× SDS–PAGE buffer (100 mM Tris-HCl pH 
6.8, 20% glycerol, 30 mM EDTA, 4% SDS and 4% β-mercaptoethanol). 
Substrates and products were then separated on 18% Tris-Glycine gels 
by SDS–PAGE before being stained by Coomassie blue solution (20% 
methanol, 10% acetic acid, 0.1% Coomassie blue; Extended Data Fig. 3f).

Estimation of the Km of unanchored acceptor ubiquitin for the 
UBE2R1- or UBE2R2–NEDD8–CUL2–RBX1 complex. Di-ubiquitin 
synthesis reactions were prepared as follows. A twofold dilution series 

of D77 acceptor ubiquitin was generated with 1× reaction buffer (30 mM 
Tris-HCl pH 7.5, 100 mM NaCl, 5 mM MgCl2, 2 mM DTT and 2 mM ATP) 
in a volume of 4 µl and was aliquoted into autoclaved Eppendorf tubes. 
A separate dilution consisting of 2.5 µM neddylated CUL2–RBX1 with-
out substrate receptors was also made with reaction buffer, and 1 µl 
of this solution was combined with the acceptor ubiquitin solutions 
leading to a final total volume of 5 µl. Subsequently, in another tube, 
0.5 µM human E1, 24 µM 32P-labeled K48R donor ubiquitin and 15 µM 
UBE2R1 or UBE2R2 were diluted with 1× reaction buffer. For reactions 
that involved K48R/R74E donor ubiquitin, it was determined that an 
E1 concentration of 1 µM was necessary to saturate loading of the E2 
(Extended Data Fig. 4e). These mixtures were then incubated for 15 min 
at room temperature. Reactions were initiated by mixing equal vol-
umes of the E3-acceptor ubiquitin and UBE2R mixtures together. Reac-
tions were quenched using 2× SDS–PAGE buffer (100 mM Tris-HCl pH 
6.8, 20% glycerol, 30 mM EDTA, 1% bromophenol blue, 4% SDS and 4% 
β-mercaptoethanol) after a 10 s incubation period. Reactions contain-
ing E108A UBE2R1 and UBE2R2, E108R UBE2R2, and E112A UBE2R2 were 
incubated for 30 s. Reactions containing E108A/E112A UBE2R2, E108A 
UBE2R1 and UBE2R2 in combination with R54D acceptor ubiquitin, 
E108A UBE2R2 in combination with K48R/R74E donor ubiquitin, and WT 
UBE2R1 and UBE2R2 with K48R/R74E donor ubiquitin were incubated 
for 45 s. Substrates and products were resolved on 18% Tris-Glycine SDS–
PAGE gels and were dried using a Hoefer Slab Gel Dryer GD 2000 before 
being exposed overnight on a phosphor screen. The screens were then 
imaged using an Amersham Typhoon 5 scanning imager (Cytiva). Quan-
tification of substrates and products was performed using ImageQuant 
software v.8.2.0.0 (GE Healthcare), in which the fraction of di-ubiquitin 
product was estimated by dividing its signal by the total, including that 
for the substrate. The data were plotted and fit to the Michaelis–Menten 
model using nonlinear regression (GraphPad Prism 9).

Estimating the CRL-dependent activation of UBE2R2 di-ubiquitin 
formation. The di-ubiquitin synthesis assay was performed both in 
the absence or presence of neddylated CUL2–RBX1 in which the RBX1 
subunit was WT or harbored an R91E mutant. For reactions containing 
a CRL, solutions were assembled in reaction buffer (30 mM Tris-HCl pH 
7.5, 100 mM NaCl, 5 mM MgCl2, 2 mM DTT and 2 mM ATP) containing 
0.5 µM CRL and 50 µM D77 acceptor ubiquitin. Reactions performed 
in the absence of the CRL were also assembled in reaction buffer with 
50 µM D77 acceptor ubiquitin. A separate solution containing 0.5 µM 
E1, 1 µM UBE2R2 and either 2 µM or 10 µM 32P-labeled K48R donor 
ubiquitin was diluted in reaction buffer (for reactions containing a CRL, 
10 µM 32P-labeled donor ubiquitin was used). These solutions were then 
incubated at room temperature for 15 min. Reactions were initiated by 
mixing equal volumes from both solutions before being quenched in 2× 
SDS–PAGE buffer (100 mM Tris-HCl pH 6.8, 20% glycerol, 30 mM EDTA, 
4% SDS and 4% β-mercaptoethanol) after the indicated incubation peri-
ods (see Extended Data Fig. 4c,d). Reaction products were separated by 
SDS–PAGE on 18% Tris-Glycine gels followed by autoradiography and 
detection on a Typhoon 5 image scanner. The products were quantified 
by ImageQuant software v.8.2.0.0, whereby the fraction of di-ubiquitin 
was estimated by dividing its signal by the total signal, including that 
for the substrate. The data were then normalized whereby the frac-
tion of product values was multiplied by the ratio of 32P-labeled K48R 
donor ubiquitin and UBE2R2 levels. The data were fit to a linear model 
in GraphPad Prism using linear regression.

Estimation of kobs from UBE2R1 or UBE2R2 to ubiquitin-primed Sil1 
or Hif1α peptide substrates. Ubiquitylation reactions were performed 
as single-encounter reactions between the ubiquitin-primed substrate 
and UBE2R2 as follows. A tube containing the CRL components was 
prepared with neddylated CUL2–RBX1, Elongin B/C–FEM1C or Elongin 
B/C–VHL and radio-labeled ubiquitin-primed substrate in reaction 
buffer (30 mM Tris-HCl pH 7.5, 100 mM NaCl, 5 mM MgCl2, 2 mM DTT 
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and 2 mM ATP). In another tube, human E1, unlabeled K48R ubiquitin 
and UBE2R1 or UBE2R2 were diluted in reaction buffer. For reactions 
with Hif1α-ubiquitin, 20 µM unlabeled Hif1α substrate peptide (see 
Table 3 above) was added to the E2 mix to ensure single-encounter con-
ditions between the radio-labeled substrate and the CRL19. For reactions 
with Sil1-ubiquitin, unlabeled peptide was unnecessary owing to the 
relatively slow off-rate of Sil1-ubiquitin from the CRL relative to the time 
course. For reactions involving unlabeled K48R/R74E donor ubiquitin, 
the human E1 concentration was doubled to ensure complete loading 
of the E2 before quench flow (Extended Data Fig. 4e). The CRL and E2 
mixtures were incubated for 15 min at room temperature, followed by 
loading onto the left and right sample loops of a KinTek RQF-3 quench 
flow instrument. Timepoints were taken by combining the two mixtures 
with drive buffer (30 mM Tris-HCl pH 7.5 and 100 mM NaCl). Reac-
tions were quenched in 5× SDS–PAGE buffer (250 mM Tris-HCl pH 6.8, 
50% glycerol, 75 mM EDTA, 1% bromophenol blue, 10% SDS and 10% β- 
mercaptoethanol). Substrates and products were then resolved using 
18% Tris-Glycine SDS–PAGE gels, which were subsequently dried using a 
Hoefer Slab Gel Dryer model GD 2000 before being exposed overnight 
on a phosphor screen. The screens were then imaged using a Typhoon 
5 scanner. Quantification of substrates and products was performed 
using ImageQuant software v.8.2.0.0 (GE Healthcare), in which the 
fraction of remaining Sil1-ubiquitin or Hif1α-ubiquitin was estimated 
by dividing the signal of the substrate by the total, including the prod-
ucts. The data were fit to a one-phase decay equation using nonlinear 
regression (GraphPad Prism 9). Final concentrations of all reagents 
can be found in the table below. UBE2R1 and UBE2R2 concentrations 
were chosen to saturate the CRL substrate complex when feasible.  
A schematic of the experimental setup for this method can be found 
in Fig. 3c and Extended Data Fig. 5d.

Comparison of E1-catalyzed charging of K48R and K48R/R74E 
donor ubiquitins onto UBE2R2. A tube with 16.6 µM UBE2R2 and 
27 µM K48R or K48R/R74E ubiquitin was diluted in non-reducing reac-
tion buffer (30 mM Tris-HCl pH 7.5, 100 mM NaCl, 5 mM MgCl2 and 
2 mM ATP); 9 µl of this solution was then aliquoted to autoclaved reac-
tion tubes. A twofold dilution series was generated with E1 protein in 
non-reducing reaction buffer, with the highest concentration being 
10 µM. Reactions were initiated by adding 1 µl of the E1 serial dilution 
to each tube, followed by brief vortexing. After a 15 min incubation 
period at room temperature, reactions were quenched in non-reducing 
2× SDS–PAGE buffer (100 mM Tris-HCl pH 6.8, 20% glycerol, 30 mM 
EDTA and 4% SDS). Products were separated by SDS–PAGE on 18% 
Tris-Glycine gels and then stained with Coomassie blue solution (20% 
methanol, 10% acetic acid and 0.1% Coomassie blue). The experiment 
was then repeated using 32P-labeled donor ubiquitins before exposure 
to a phosphor screen. Substrates and products were visualized by 
scanning on an Amersham Typhoon 5 (Cytiva) and quantified using 
ImageQuant software v.8.2.0.0 (GE Healthcare). The fraction of product 
signal was determined by dividing the UBE2R2~donor ubiquitin signal 
by the total signal in the lane (Extended Data Fig. 4e). Experiments were 
performed in duplicate technical replicates.

Estimation of kobs from UBE2R2 to ubiquitin-primed cyclin E or 
β-catenin peptide substrates. Reactions were performed as described 
above for Sil1-ubiquitin and Hif1α-ubiquitin with the following 

exceptions. The CRL tube contained neddylated CUL1–RBX1, unmodi-
fied CUL1–RBX1 or CUL1ΔWHB–RBX1 with either SKP1–FBXW7 or SKP1–
βTRCP2 substrate receptors. In the E1 mix, either unlabeled cyclin E or 
β-catenin substrates were used instead of Hif1α (20 µM). For reactions 
that involved E108A UBE2R2 and/or cyclin E-UbR54D, the data were fit to 
analytical closed-form equations19 in Mathematica (v.13.1).

Estimation of kobs from UBE2R2 to BRD4 (346–460) neo-substrate 
in complex with neddylated CRL2VHL and the PROTAC MZ1. Gen-
eration of BRD4 (346–460)-ubiquitin fusion substrates is technically 
challenging. However, one can estimate the rates of poly-ubiquitin 
chain formation by first monitoring substrate priming followed by 
the formation of a di-ubiquitin chain on substrate, as described in an 
earlier pioneering work19. MZ1 PROTAC was purchased as a lyophi-
lized powder (MedChemExpress) and solubilized in 100% DMSO at 
a concentration of 1 mM. Reactions were assembled in two separate 
mixtures as follows. In one tube, 0.5 µM neddylated CUL2–RBX1, 0.5 µM 
Elongin B/C–VHL, 0.5 µM 32P-labeled BRD4 (346–460) and 4 µM MZ1 
were diluted in reaction buffer. In another tube, 0.5 µM E1, 20 µM WT 
ubiquitin and 10 µM WT UBE2R2 or its mutant derivatives were also 
diluted in reaction buffer. These tubes were then incubated for 15 min 
before being loaded into separate sample loops on a KinTek RQF-3 
Quench-Flow instrument. Reactions were initiated by bringing the two 
solutions together with drive buffer (30 mM Tris pH 7.5 and 100 mM 
NaCl) and then quenching at various time points with 2× SDS–PAGE 
buffer (100 mM Tris-HCl pH 6.8, 20% glycerol, 30 mM EDTA, 4% SDS and 
4% β-mercaptoethanol). Substrates and products were then resolved 
using 18% Tris-Glycine SDS–PAGE gels that were dried and exposed 
overnight to a phosphor screen. Images were collected by scanning 
of the phosphor screens on an Amersham Typhoon 5 (Cytiva) and 
quantified using ImageQuant software v.8.2.0.0 (GE Healthcare). Note 
that the time resolution was sufficient to separate the appearance of 
primed substrate and poly-ubiquitin chain formation, thus enabling 
their quantification (Extended Data Fig. 6e,f) The depletion of unmodi-
fied BRD4 (346–460) was determined by dividing the signal of the 
substrate by the total signal in the lane including products. The levels 
of mono-ubiquitylated BRD4 (346–460) were also determined by 
dividing the signal of BRD4 (346–460)-ubiquitin by the total signal in 
the lane. The rates of ubiquitin transfer of priming and poly-ubiquitin 
chain extension were determined by fitting to their respective analyti-
cal closed-form solutions19 in Mathematica (v.13.1).

Multi-turnover reactions with ubiquitin-primed peptide substrates 
and estimation of the Km of UBE2R2 for various CRL1s. All tubes were 
assembled in reaction buffer in a stepwise manner. First, the solution 
for tube one was prepared by the addition of CRL (neddylated CUL1–
RBX1, CUL1–RBX1 or CUL1ΔWHB–RBX1), substrate receptor complex 
(SKP1–βTRCP2 or SKP1–FBXW7) and followed by 32P-labeled peptide 
substrate (β-catenin-ubiquitin or cyclin E-ubiquitin). Next, the solution 
for tube two was assembled by the addition of E1 and unlabeled K48R 
donor ubiquitin, followed by a 1 min incubation period. Equal volumes 

Final conditions for neddylated CRL2VHL and CRL2FEM1C ubiquitylation 
reactions

Substrate 
receptor

Experiment [E1] 
(µM)

[UB] 
(µM)

[UBE2R1/2] 
(µM)

[CRL2] 
(µM)

[Substrate] 
(µM)

VHL QF 0.25 10 5 0.25 0.1

FEM1C QF 0.25 2 1 0.25 0.1

QF, quench flow.

Final conditions for neddylated CRL1 or CUL1ΔWHB ubiquitylation reactions

Substrate 
receptor

Experiment [E1] 
(µM)

[UB] 
(µM)

[UBE2R2] 
(µM)

[CRL1] 
(µM)

[Substrate] 
(µM)

FBXW7 QF 0.5 20 10 0.5 0.1

βTRCP2 QF 0.5 20 10 0.5 0.1

Final conditions for CRL1 ubiquitylation reactions (unneddylated)

Substrate 
receptor

Experiment [E1] 
(µM)

[UB] 
(µM)

[UBE2R2] 
(µM)

[CRL1] 
(µM)

[Substrate] 
(µM)

FBXW7 QF 0.5 40 20 0.5 0.1

βTRCP2 QF 0.5 40 20 0.5 0.1

QF, quench flow.
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of the tube two solution were then aliquoted into nine autoclaved 
Eppendorf tubes. Subsequently, a twofold dilution series was formed 
for UBE2R2 and then sequentially added to the aliquoted tube two 
solutions which were incubated for 15 mins at room temperature. Initia-
tion of the ubiquitylation reactions was accomplished by combining 
equal volumes of tube one and tube two solutions. All reactions were 
quenched with 2× SDS–PAGE buffer (100 mM Tris-HCl pH 6.8, 20% 
glycerol, 30 mM EDTA, 4% SDS and 4% β-mercaptoethanol) after a 10 s 
incubation period. Reactions were processed by SDS–PAGE, substrates 
and products were quantified (ImageQuant v.8.2.0.0) and the fraction 
of product formation was estimated. The fraction product was plotted 
as a function of the UBE2R2 concentration and fit to the Michaelis–
Menten model using nonlinear regression (GraphPad Prism 9).

Steady state control reactions for the ΔWHB mutation in cullin. All 
tubes were assembled in reaction buffer in a stepwise manner. First, 
tube one was prepared by the addition of CRL (neddylated CUL1–RBX1, 
CUL1–RBX1, CUL1ΔWHB–RBX1, neddylated CUL2–RBX1, CUL2–RBX1 or 
CUL2ΔWHB–RBX1), substrate receptor complex (SKP1–βTRCP2 or Elongin 
B/C–FEM1C) and then 32P-labeled substrate (β-catenin-ubiquitin or 
Sil1-ubiquitin). Next, tube two was prepared by the addition of E1 and WT 
donor ubiquitin followed by a 1 min incubation period and then UBE2D3, 
or ARIH1 with UBE2L3. For tube two mixtures containing UBE2D3, an 
additional 2 min incubation period was performed before initiation of 
the ubiquitylation reactions. For tube two mixtures containing ARIH1, 
the E2 UBE2L3 was added first and incubated for 2 min followed by the 
addition of ARIH1. All incubation periods were performed at room tem-
perature. Reactions were initiated by combining equal volumes of tube 
one with tube two at room temperature. All reactions were quenched 
with 2× SDS–PAGE buffer (100 mM Tris-HCl pH 6.8, 20% glycerol, 30 mM 
EDTA, 4% SDS and 4% β-mercaptoethanol) at the indicated time points 
(Extended Data Fig. 7c,d). Reactions were processed by SDS–PAGE, 
substrates and products were quantified (ImageQuant v.8.2.0.0) and 
the fraction of product formation was estimated.

Ubiquitylation assays comparing WT and S138D UBE2R2 substrate 
priming and poly-ubiquitin chain extension. For this step, 1 µM WT or 
S138D UBE2R2 was charged with 20 µM WT ubiquitin by adding 1 µM E1 
in reaction buffer (30 mM Tris pH 7.5, 100 mM NaCl, 5 mM MgCl2, 2 mM 
ATP and 1 mM DTT) for 15 min at room temperature. Subsequently, the 
UBE2R2~WT ubiquitin solution was diluted twofold and incubated 
with 0.5 μM elongin B/C–VHL, 0.5 µM neddylated CUL2–RBX1 and 
0.2 µM Hif1α peptide (that had been labeled with fluorescein) for the 
indicated time points (Extended Data Fig. 5a) before being quenched 
with 2× SDS–PAGE buffer (100 mM Tris-HCl pH 6.8, 20% glycerol, 30 mM 
EDTA, 4% SDS and 4% β-mercaptoethanol). Substrates and products 
were separated by SDS–PAGE and scanned on an Amersham Typhoon 
system (GE Healthcare).

Generation and purification of activity-based probes
Activity-based probes (ABPs) were used to mimic the native interme-
diate of donor ubiquitin transfer to CRL substrate-linked acceptor 
ubiquitin by UBE2R2 (see Fig. 1b). The linear fusions of a Sil1 peptide 
that had been optimized for FEM1C binding17 or BRD4 (352–460) were 
produced with K48C acceptor ubiquitin and expressed in bacteria 
(see both Table 3 for the Sil1 amino acid sequence and the ‘Cloning, 
expression and purification’ section at the beginning of the Meth-
ods for the full fusion sequences). Similarly, a linear fusion of cyclin E 
peptide with K48C ubiquitin was generated via the sortase-mediated 
transpeptidation reaction. All ABPs used His-tagged-ubiquitin(1–75)–
MESNa and its conjugation to the compound (E)-3-[2-(bromomethyl)-
1,3-dioxolan-2-yl]prop-2-en-1-amine (BmDPA) as previously described21. 
Reactive His-ubiquitin(1–75)–BmDPA (which mimics the donor ubiqui-
tin in the final trapped complex; 0.5 mg ml−1 final) was incubated with 
100 µM K48C ubiquitin–Sil1 fusion, 100 µM K48C ubiquitin–BRD4 
(352–460) or 100 µM K48C ubiquitin–cyclin E peptide for 1 h at 30 °C. 
The ABP was purified by size-exclusion chromatography in a column 
that had been equilibrated with a buffer containing 25 mM HEPES pH 
7.5 and 150 mM NaCl.

Formation of trapped CRL complexes
To form the trapped poly-ubiquitin chain-forming complex (containing 
neddylated CUL2–RBX1 and substrate receptor Elongin B/C–FEM1C, 
neddylated CUL2–RBX1 and substrate receptor Elongin B/C–VHL–
MZ1 or neddylated CUL1–RBX1 and substrate receptor SKP1–FBXW7), 
UBE2R2 was incubated with 1 mM TCEP for 20 min on ice and desalted 
(Zeba spin columns) into a buffer that contained 25 mM HEPES pH 
7.5 and 150 mM NaCl. Next, 7.5 µM desalted UBE2R2 was immediately 
added to other complex components including 7.5 µM neddylated 
CRL2FEM1C, 7.5 µM neddylated CRL2VHL-MZ1 or neddylated CRL1FBXW7 and 
a sixfold molar excess of ABP. The reactions were incubated for 30 min 
at 30 °C. The trapped complex was purified by size-exclusion chroma-
tography on a column that had been equilibrated in a buffer containing 
25 mM HEPES pH 7.5, 75 mM NaCl and 1 mM TCEP.

Cryo-EM
Sample preparation. The trapped poly-ubiquitin chain formation 
complexes were prepared as described in the previous section. The 
CRL2FEM1C–Sil1 peptide and neddylated CRL2FEM1C–Sil1 peptide com-
plexes (that is, in the absence of E2 or donor ubiquitin) were formed 
by adding 7.5 µM CUL2–RBX1 or neddylated CUL2–RBX1, respectively, 
with 7.5 µM Elongin B/C–FEM1C substrate receptor complex and 7.5 µM 
Sil1 peptide substrate, and then incubated on ice for 15 min. Complexes 
were purified by size-exclusion chromatography on a column that 
had been equilibrated with a buffer containing 25 mM HEPES pH 7.5, 
100 mM NaCl and 1 mM TCEP. A total of 3.5 µl of the purified com-
plexes were applied onto R1.2/1.3 holey carbon grids (Quantifoil) and 
blotted with a blot force of 4 for 3.5 s using a Vitrobot Mark IV (4 °C, 
100% humidity). Grids were subsequently plunge-frozen in liquid  
ethane.

Final conditions for neddylated CUL1–RBX1 and CUL1ΔWHB–RBX1 
ubiquitylation reactions

Substrate 
receptor

Experiment [E1] 
(µM)

[UB] 
(µM)

[UBE2R2] 
(µM)

[CRL1] 
(µM)

[Substrate] 
(µM)

FBXW7 Km 0.5 20 6.5* 0.5 5

βTRCP2 Km 0.5 20 6.5* 0.5 5

*The top concentration in a twofold dilution series

Final conditions for unmodified CUL1–RBX1 ubiquitylation 
reactions

Substrate 
receptor

Experiment [E1] 
(µM)

[UB] 
(µM)

[UBE2R2] 
(µM)

[CRL1] 
(µM)

[Substrate] 
(µM)

FBXW7 Km 0.5 50 26* 0.5 5

βTRCP2 Km 0.5 50 26* 0.5 5

*The top concentration in a twofold dilution series

Final conditions for steady state control reactions with UBE2D3

E3* [E1] 
(µM)

[UB] 
(µM)

[UBE2D3] 
(µM)

[CRL] 
(µM)

[Substrate] 
(µM)

CRL2FEM1C 0.5 30 12.5 0.25 0.1

CRL1BTRCP2 0.5 30 12.5 0.5 0.1

Final conditions for steady state control reactions with ARIH1

E3* [E1] 
(µM)

[UB] 
(µM)

[ARIH1] 
(µM)

[UBE2L3] 
(µM)

[CRL] 
(µM)

[Substrate] 
(µM)

CRL2FEM1C 0.5 12.5 5 10 0.25 0.1

*E3 represents all three unneddylated, neddylated and ΔWHB CRL1 and CRL2 complexes
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Data collection. Three datasets (CRL2FEM1C-Sil1, NEDD8–CRL2FEM1C-Sil1 
and NEDD8–CRL1FBXW7-cyclin E-UB

A-UBE2R2~ubiquitin) were recorded on 
a 200 kV Glacios transmission electron microscope using a K2 direct 
detector set to counting mode and SerialEM software. The datasets 
consisted of 2,632, 2,820 and 3,192 micrographs, respectively, with 
a pixel size of 1.885 Å. The total exposure for each dataset was 59–60 
electrons Å−2 (40 frames), and the defocus value ranged between −0.6 
and −2.6 µm.

The datasets for the NEDD8–CRL2FEM1C-Sil1-UB
A–UBE2R2~ubiquitin 

and NEDD8–CRL2VHL-MZ1-BRD4-UB
A–UBE2R2~ubiquitin complexes (14,022 

and 4,848 total micrographs, respectively) were collected on a 300 kV 
Titan Krios transmission electron microscope with a pixel size of 
0.851 Å, using a K3 direct detector in counting mode and SerialEM 
software. The total exposure was set to 66 electrons Å−2 (38 frames) with 
a defocus ranging from −0.6 to −2.2 µm. Representative micrographs 
can be found in Supplementary Fig. 1.

Data processing. All datasets were processed in RELION v.3.1.1  
(ref. 90). First, the raw movie frames were aligned and dose-weighted 
using MotionCorr2 v.1.1.0 (ref. 91). Second, CTFFIND4 was used to 
estimate the contrast-transfer function92. Particle picking was per-
formed using Gautomatch v0.56. The ab initio NEDD8–CRL2FEM1C-Sil1-UB

A–
UBE2R2~ubiquitin trapped complex reconstruction was performed 
in cryoSPARC v4.2.093. All further operations, including 2D classifica-
tion, 3D classification, global, local and focused 3D refinement and 
post-processing, were done in RELION v.3.1.1. Processing schemes 
are shown in Extended Data Fig. 2 for the CRL2FEM1C chain formation 
structure and Extended Data Fig. 8 for both unmodified and neddylated 
CRL2FEM1C in the absence of UBE2R2 and donor ubiquitin. Cryo-EM data 
for the NEDD8–CRL1FBXW7-cyclin E-UB

A–UBE2R2~ubiquitin and NEDD8–
CRL2VHL-MZ1-BRD4-UB

A–UBE2R2~ubiquitin chain formation complexes 
were processed in a similar manner as shown in Extended Data Fig. 2. 
For the latter complex, the map was kept binned (1.925 Å pixel size) 
owing to the reconstruction not reaching high resolution (the final 
resolution was 7 Å).

For the high-resolution, NEDD8–CRL2FEM1C-Sil1-UB
A–UBE2R2~ubiquitin 

dataset, two classes were initially observed during data process-
ing with differing density for the donor ubiquitin. As such, the final 
reconstruction was made using particles with visible donor ubiqui-
tin. Additionally, to best extract certain features of the complex, a 
series of focused maps were generated, masking on: (1) CUL2–Elongin 
B/C–FEM1C404–C–RBX15–35; (2) FEM1CN–404–UBE2R2~UBD–UBA–Sil1–
RBX135–104; (3) FEM1C150–404–UBE2R2~UBD–UBA–Sil1–RBX135–104;  
(4) CUL2429–556–FEM1CN–404–UBE2R2~UBD–UBA–Sil1–RBX130–104; and  
(5) CUL2429–556–FEM1C150–404–UBE2R2~UBD–UBA–Sil1–RBX130–104 (Extended 
Data Fig. 2a). All final maps were post-processed using DeepEMhancer94.

Model building. The high-resolution NEDD8–CRL2FEM1C-Sil1-UB
A–UBE2R2~ 

ubiquitin structure was built using five focused-refined maps, display-
ing high-resolution features of certain parts of the complex (Extended 
Data Fig. 2). Map one was used to build CUL21–563, Elongin B/C, FEM1C404–

C and RBX121–35. FEM1C150–404 was built using map two and Sil1 peptide 
substrate using map five. The UBE2R2 catalytic domain (except the 
synergy loop, residues 98–113) was built using map three while the 
synergy loop was modeled based on density from map four. The RBX1 
RING domain (36–104) was built using maps three and five. Both donor 
and acceptor ubiquitins (UBD and UBA) were built using maps three and 
five. The C/R domain of CUL2563–644 and FEM1C’s N-terminal domain 
(3–150) (PDB 5N4W and 6LBN, respectively) were docked into maps one 
and two, respectively, using rigid-body refinement in UCSF Chimera95.

An initial model was made using previously determined crys-
tal structures of single components or subcomplexes: UBE2R2 (PDB 
6NYO), ubiquitin (donor and acceptor) and RBX1 (PDB 6TTU), CUL2–
Elongin B/C (PDB 5N4W) and FEM1C3–373 (PDB 6LBN). FEM1C373–C was 
built de novo using AlphaFold2 (ref. 96). The coordinates for these 

subunits were first manually placed into the cryo-EM maps followed 
by rigid-body refinement in UCSF Chimera95. Next, manual model 
building in COOT97 and real-space refinement using Phenix.refine98 
were performed iteratively until good map-to-model correlations and 
geometries were achieved. Stretches of protein subunits that lacked 
clear electron density in the maps were excluded from the model. Side 
chains were built for residues that showed well-resolved density in the 
cryo-EM maps. For regions of the cryo-EM maps in which tracing of 
the backbone was feasible, coordinates for side chains from previous 
crystal structures were included or based on the results from protein 
mutagenesis performed in this study.

The composite map (Extended Data Fig. 2b) was constructed 
manually by combining better-resolved DeepEMhancer sharpened 
maps from focused refinements. Focused maps were also deposited 
as additional maps (EMD-17822). The consensus map served as a base 
for resampling of the focused maps. The composite map was used to 
build atomic coordinates of the structure. The final model for the ned-
dylated CRL2FEM1C-Sil1-UBA–UBE2R2~ubiquitin complex was refined using 
the composite map. All figures displaying structures were generated 
with ChimeraX v1.4 software99.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
The atomic coordinates and electron microscopy maps have been 
deposited in the Protein Data Bank with accession code PDB 8PQL and 
in the Electron Microscopy Data Bank with codes EMD-17803 (consen-
sus map) and EMD-17822 (composite map) for the neddylated CRL2FEM1C 
poly-ubiquitin chain formation complex, EMD-17802 for the ned-
dylated CRL1FBXW7 poly-ubiquitin chain formation complex, EMD-18767 
for the neddylated CRL2VHL-MZ1-BRD4 poly-ubiquitin chain formation com-
plex, EMD-17798 and EMD-17799 for the CRL2FEM1C complex and EMD-
17800 and EMD-17801 for the neddylated CRL2FEM1C complex. Publicly 
available PDB entries are 1LDJ, 1LM8, 4AP4, 5AIT, 5N4W, 6LBN, 6NYO, 
6TTU, 7B5L, 7MEY and 7OJX. Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Formation of an activity-based probe to capture 
millisecond poly-ubiquitin chain formation. a, Coomassie-stained SDS-PAGE 
gel examining reactions containing wild-type (WT) or catalytically inactive 
UBE2R2 with the ligation mimic (defined as the donor ubiquitin cross-linked to 
the BmDPA molecule, see Methods) and in the absence or presence of neddylated 
CRL2FEM1C or separated CRL components. The red box identifies the “trapped” 
UBE2R2 ~ UBD-substrate-UBA product. Notice that formation of the trapped 
complex was dependent on the presence of WT UBE2R2 containing its C-terminal 
acidic tail and an intact CRL containing the substrate receptor complex (FEM1C-
ELOBC, Elongin B/C-FEM1C; UBD, donor ubiquitin; UBA, acceptor ubiquitin; 
UBE2R2 FL, full-length; MW, molecular weight). The gel is representative of 
duplicate technical replicates. b, Electron density from the composite cryo-

EM map highlighting the UBE2R2 active site region including UBD’s C-terminal 
tail, UBA, and the UBE2R2 synergy loop. While visualization of UBA’s Lys48 was 
not possible owing to its replacement with a Cys to promote trap formation, 
clear density is visible for synergy loop residue His98, previously shown to be 
important for UBE2R2 activity32, whose side-chain imidazole ring points towards 
the UBE2R2 active site Cys93. c, Select regions of the composite cryo-EM map 
and ribbon diagrams of the corresponding protein subunits. Ball-and-sticks 
are shown for residues where side-chains were built. Top-left, the central stalk 
of CUL2; top-right, donor ubiquitin (UBD) and RBX1; middle-left, the “trap” 
indicating the location for the ligation mimic-UBE2R2-crosslinked junction; 
middle-right, Elongin B/C with part of FEM1C; bottom, the catalytic core with 
UBE2R2, RBX1, and donor and acceptor ubiquitins (UBD and UBA, respectively).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Cryo-EM structure determination of the CRL poly-
ubiquitin chain formation complex. a, Flow chart describing the processing 
of the cryo-EM dataset (also see Table 1). The consensus map was refined to 
3.76 Å. Additionally, five distinct focused maps were generated, with masking 
on the following subunits and the indicated residue ranges: (1) CUL2-Elongin 
B/C-FEM1C (residues 404-C)-RBX1 (residues 5-35); (2) FEM1C (residues N-404)-
UBE2R2~UBD-UBA-Sil1 peptide-RBX1 (residues 35-104); (3) FEM1C (residues 
150-404)-UBE2R2~UBD-UBA-Sil1-RBX1 (residues 35-104); (4) CUL2 (residues 

429-556)-FEM1C (residues N-404)-UBE2R2~UBD-UBA-Sil1-RBX1 (residues 30-104); 
and (5) CUL2 (residues 429-556)-FEM1C (residues 150-404)-UBE2R2~UBD-UBA-
Sil1-RBX1 (residues 30-104). N or C refer to N- or C-terminal residues. b, Final 
image of the composite cryo-EM map generated by merging all of the focused 
maps. c, Cryo-EM density of the consensus map as colored by the indicated local 
resolution. d, Graph plotting the Fourier shell correlation (FSC) versus inverse 
resolution (3.76 Å resolution at FSC = 0.143). e, Angular distribution of the 
consensus map. UBD, donor ubiquitin; UBA, acceptor ubiquitin.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | The CRL poly-ubiquitin chain formation structure 
shows donor ubiquitin in an activated conformation. a, Superposition of 
UBE2R2~donor ubiquitin (UBD) from the neddylated CRL2FEM1C-Sil1-UB

A-UBE2R2~UBD 
structure (cyan and dark orange, respectively) with the previously published 
x-ray structure of UBE2R2 ~ UBD bound to an allosteric inhibitor (gray; PDB 
code 6NYO). The structural alignment was performed on the E2 UBC domains. 
b, Same as in a, except with UBE2D1 ~ UBD bound to the RNF4 E3 RING domain 
(not shown). Also see Supplementary Video 2. c, Multiple sequence alignment 
of various human E2s (top). The star indicates the position of the catalytic 
Cys. Fully conserved residues have been labeled with an asterisk. A multiple 
sequence alignment of Cdc34/UBE2R and Ubc7/UBE2G-family E2s highlighting 
conservation of various positions in the synergy loop has also been provided 
(bottom). d, Ribbon diagram highlighting the positions of synergy loop residues 

(shown as ball-and-sticks). Residues colored red were shown upon their mutation 
to be defective in poly-ubiquitin chain formation. e, Schematic of the UBE2R2 
unanchored, di-ubiquitin chain synthesis assay in the presence of neddylated 
cullin-RBX1 (R) without substrate receptors. Donor ubiquitin (UBD) and acceptor 
ubiquitin (UBA) are covalently joined (UBD-UBA) to form product. f, Coomassie-
stained SDS-PAGE gel comparing di-ubiquitin product formation for 32P-labeled 
K48R ubiquitin (that contained an N-terminal tag that enabled phosphorylation 
by protein kinase A) and unlabeled K48R ubiquitin without a tag. The gel is 
representative of duplicate technical replicates. UB, ubiquitin. g, Bar graph 
showing fold defects in di-ubiquitin chain synthesis for synergy loop mutants in 
comparison with wild-type. The value of each bar represents the estimated value 
of ‘fold-defect’ based on n = 2 technical replicates.

http://www.nature.com/nsmb
https://doi.org/10.2210/pdb6NYO/pdb


Nature Structural & Molecular Biology

Article https://doi.org/10.1038/s41594-023-01206-1

Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Unanchored di-ubiquitin chain synthesis enables 
estimation of the Km and the apparent affinity of acceptor ubiquitin for 
UBE2R-family E2s. a, Autoradiogram showing UBD-UBA formation for reactions 
containing UBE2R2, neddylated CUL2-RBX1, and increasing UBA concentrations. 
The gel migrations of radiolabeled UBD (indicated by *) and UBA-UBD product 
are shown (top). The graph shows the fraction of UBA-UBD product formed as a 
function of the unanchored UBA concentration with wild-type (WT) components 
(bottom). The data were fit to the Michaelis-Menten model (GraphPad 
Prism software v9) to estimate the Km of UBA for the UBE2R2-mediated poly-
ubiquitylation complex. The autoradiogram is representative of triplicate 
technical replicates. UBD, donor ubiquitin; UBA, acceptor ubiquitin. b, Graphs 
showing the fraction of di-ubiquitin product formation (UBD-UBA) as a function 
of the unanchored acceptor ubiquitin (UBA) concentration with WT or mutant 
protein components (the assay setup is shown in Extended Data Fig. 3e).  
The data were fit to the Michaelis-Menten model using non-linear regression 
(GraphPad Prism software v9). Datapoints from triplicate technical replicates  
are shown. c, Autoradiograms showing time courses for the formation of free 

UBA-UBD product with WT UBE2R2. Reactions were performed in the absence (w/o) 
or presence of WT neddylated CUL2-RBX1 or a mutant harboring a R91E RBX1 
subunit. All autoradiograms are representative of triplicate technical replicates. 
d, Graph showing product formation normalized to the ratio of the UBD and 
UBE2R2 concentrations with respect to time. Rates were derived by linear 
regression in Prism. Estimates are based on n = 3 technical replicates.  
e, Coomassie-stained SDS-PAGE gel comparing the loading of WT UBE2R2 with 
K48R or K48R/R74E donor ubiquitins and upon titration of E1 enzyme (top). The 
graph shows the fraction of the total ubiquitin thioesterified to UBE2R2 (bottom; 
based on n = 2 technical replicates). The results determined the E1 concentration 
in subsequent experiments with K48R/R74E donor ubiquitin (see methods). 
The gel is representative of duplicate technical replicates. UB, ubiquitin. f, Bar 
graphs comparing the Km values of unanchored UBA for UBE2R1 in the presence 
of neddylated CUL2-RBX1 and the indicated mutants. Bars showing a ‘>‘ reflect 
reactions where saturation of UBE2R2 with UBA was not feasible (the top 
concentration in the dilution series is shown). The value of each bar represents 
the estimated value for Km based on n = 3 technical replicates.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Ubiquitin-primed CRL substrate ubiquitylation 
enables estimation of the rate of poly-ubiquitin chain formation kobs.  
a, Fluorescence-scanned gel showing ubiquitylation reactions comparing 
wild-type (WT) and S138D UBE2R2 activity with Hif1α peptide substrate (see 
methods). Notice that, while S138D UBE2R2 is highly defective at poly-ubiquitin 
chain formation, it can prime substrate, facilitating production of highly pure 
Sil1-ubiquitin substrate. The scan is representative of duplicate technical 
replicates. UB, ubiquitin. b, Schematic of the production strategy for substrate-
ubiquitin synthesis. c, Coomassie-stained SDS-PAGE gel showing purification of 
Sil1-ubiquitin. Following the ubiquitylation reaction (R), Sil1-ubiquitin was first 
separated from unreacted peptide owing to ubiquitin’s N-terminal Histidine  
tag (Ni) followed by gel filtration chromatography. The gel is representative  
of triplicate technical replicates. SEC, size exclusion chromatography.  
d, Illustration of the Rapid Quench Flow (RQF) device (Kintek) used to estimate 
the rates of poly-ubiquitin chain formation (kobs) on ubiquitin-primed CRL 
substrates by UBE2R2. Timepoints are computer-controlled according to the 

speed of a plate pushing against the syringe plungers, first mixing the reactants 
followed by introduction of the quench buffer. e, Autoradiogram showing a time 
course from quench flow, pre-steady state kinetic ubiquitylation reactions with 
neddylated CRL2FEM1C. The gel migrations of radiolabeled, ubiquitin-primed 
Sil1 substrate (indicated by *) and ubiquitylated product are shown (top). The 
graph shows the fraction of remaining substrate as a function of time in the 
presence of WT proteins (bottom). The autoradiogram is representative of 
triplicate technical replicates. f, Graphs showing the fraction of ubiquitin-primed 
Sil1 substrate remaining as a function of time with WT or mutant proteins. The 
data were fit to a single exponential decay model (GraphPad Prism software 
v9). Datapoints from triplicate technical replicates are shown. g, Bar graph 
comparing the ubiquitin transfer rates (kobs) for the indicated proteins in 
reactions that contained neddylated CRL2FEM1C, Sil1-ubiquitin substrate, and 
UBE2R1. The value of each bar represents the estimated value of kobs based on 
n = 3 technical replicates. UBD, donor ubiquitin; UBA, acceptor ubiquitin.
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Extended Data Fig. 6 | Generalized mechanism for CRL-dependent substrate 
poly-ubiquitylation. a, Modelling of the RBX1-UBE2R2 ~ UBD-UBA portion of 
the chain formation structure (PDB code: 8PQL, this work) onto three other 
CRL substrate receptor complexes: SKP1-βTRCP1 (left; PDB code 6TTU), SKP1-
SKP2 (middle; PDB code 7B5L), and Elongin B/C-VHL (right; PDB code 1LM8). 
b, Autoradiogram from quench flow, pre-steady state kinetic ubiquitylation 
reactions with neddylated CRL2VHL and ubiquitin-primed Hif1α peptide substrate 
that had been radiolabeled (indicated by *). The graph showing substrate 
conversion to product and the fit of the data to the model can be found in 
Extended Data Fig. 7a. The autoradiogram is representative of triplicate technical 
replicates. UB, ubiquitin. c, Graph corresponding to ubiquitylation reactions 
containing neddylated CRL1FBXW7 with wild-type (WT) or mutant ubiquitin-
primed cyclin E peptide substrates and WT or mutant UBE2R2. The data were 
fit to closed form solutions using Mathematica19 (v.13.1). Datapoints from 

triplicate technical replicates are shown. d, Superposition of the CUL2 C-terminal 
domains from the CRL2VHL-MZ1-BRD4-UB

A-UBE2R2~UBD (gray) and CRL2FEM1C-Sil1- UB
A-

UBE2R2~UBD structures (green and blue), showing translation of the RBX1 RING 
domains that enables repositioning of UBE2R2~ubiquitin relative to substrate. 
e, Autoradiogram for BRD4BD2 ubiquitylation reactions in the presence of 
neddylated CRL2VHL, the PROTAC MZ1, UBE2R2 and WT ubiquitin. Notice the 
sequential appearance of ubiquitin-primed BRD4 (BRD4BD2-UB) and poly-
ubiquitylated BRD4 (BRD4BD2-UB-UB) which enabled estimation of the rate of 
ubiquitin transfer to primed neo-substrate (Fig. 4e and Extended Data Table 1; see 
methods). The autoradiogram is representative of triplicate technical replicates. 
f, Graphs showing depletion of BRD4BD2 (left) or the appearance of primed neo-
substrate (right) in the presence of the indicated UBE2R2 proteins and the fit of 
the data to the model. UBA, acceptor ubiquitin; UBD, donor ubiquitin; BRD4BD2, 
BRD4 (residues 346-460); ELOB, Elongin B; ELOC, Elongin C.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | NEDD8 activates CRLs for millisecond poly-ubiquitin 
chain formation by releasing RBX1’s RING domain from cullin. a, Graphs 
showing the fraction of ubiquitin-primed peptide substrates remaining with 
unneddylated CRL (w/o NEDD8, gray), neddylated CRL ( + NEDD8, yellow), 
unneddylated CRL with deletion of the cullin WHB domain (ΔWHB, light green), 
and CRL2s containing D660K E664K D675K CUL2 (3 K, dark green). CRL1βTRCP2 
(top-left), CRL1FBXW7 (top-right), CRL2FEM1C (bottom-left) and CRL2VHL (bottom-
right) E3s were examined. UB, ubiquitin. b, Graphs showing the fraction of 
ubiquitin-primed peptide substrates converted to ubiquitylated product as a 
function of UBE2R2 levels in the presence of unneddylated CRL (w/o NEDD8, 
gray), neddylated CRL ( + NEDD8, yellow), and unneddylated CRL with deletion of 
the CUL1 WHB domain (ΔWHB, light green). CRL1βTRCP2 (left) and CRL1FBXW7 (right) 
E3s were examined. c, Bar graphs showing the fraction of ubiquitin-primed 
peptide substrates converted to product in the presence of the E2 UBE2D3 and 
the indicated CRL complexes. CRL1βTRCP2 (top) and CRL2FEM1C (bottom) E3s were 
examined. d, Same as c, except with the E3s ARIH1 and CRL2FEM1C. e, Cryo-EM map 
of the neddylated CRL2FEM1C complex in the absence of UBE2R2 selected amongst 

multiple reconstructions. Ribbon diagrams of models corresponding to Elongin 
B/C-FEM1C (this study) and CUL2 (PDB code 5N4W) were fit into the density. 
Note the presence of additional electron density potentially corresponding to 
the RBX1 RING domain. f, Same as in e, except showing a cryo-EM map of the 
unneddylated CRL2FEM1C complex. g, Same as in f except with ribbon diagrams 
of CUL2-RBX1 (top; PDB code 5N4W) or CUL1-RBX1 (bottom; PDB code 1LDJ) fit 
into the density. h, Superposition of CUL2-RBX1 (green and blue, respectively; 
PDB code 5N4W) onto the structure of a neddylated CRL1 bound to UBE2D (PDB 
code 6TTU, yellow). Severe steric clashing may be observed between NEDD8 and 
CUL2. The structural alignment was performed on the WHB domains. i, Ribbon 
diagram showing CUL1’s WHB domain (green) in complex with conjugated 
NEDD8 (yellow; PDB code 6TTU). The position of NEDD8’s Gln40 residue is 
shown. j, Graph corresponding to ubiquitylation reactions with ubiquitin-primed 
Sil1 peptide substrate and either unneddylated CRL2FEM1C (w/o NEDD8, gray), 
neddylated CRL2FEM1C (yellow), or neddylated CRL2FEM1C harboring Q40E NEDD8 
(red). Graphs are representative of triplicate (a,b and j) or duplicate (c and d) 
technical replicates. w/o, without.
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Extended Data Fig. 8 | Cryo-EM structure determination of unneddylated or neddylated CRL2FEM1C complexes. a, Flow chart showing the processing of the cryo-
EM dataset for the neddylated CRL2FEM1C complex (also see Table 1). Two major conformations that were apparent during classification are depicted.  
b, same as in a, except for the unneddylated CRL2FEM1C complex.

http://www.nature.com/nsmb


Nature Structural & Molecular Biology

Article https://doi.org/10.1038/s41594-023-01206-1

Extended Data Table 1 | Estimates of Km and kobs for CRL1/2-mediated poly-ubiquitin chain formation

aAll substrates are peptides except BRD4BD2 which is a protein; bKm of UBE2R2 for the CRL; cMZ1 is a PROTAC targeting BRD4 neo-substrate through the von Hippel-Lindau (VHL) CRL substrate 
receptor; BRD4BD2, BRD4 (346-460); 3 K, D660K E664K D675K CUL2-RBX1. The standard error of measurements are shown for all estimates.
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