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Abstract 

Ubiquitination is a post-translational modification critical for cellular signaling. A diverse 

range of enzymes constitute the machinery that mediate attachment of ubiquitin onto 

target proteins. This diversity allows the targeting of various proteins in a highly regulated 

fashion. Many of the enzymes have multiple domains or subunits that bind allosteric 

effectors and exhibit large conformational rearrangements to facilitate regulation. Here we 

consider recent examples of ubiquitin itself as an allosteric effector of RING and RBR E3 

ligases, as well as advances in the understanding of allosteric regulatory elements within 

HECT E3 ligases. 



Introduction 

This review first covers the basics of ubiquitination and highlights the different modes of 

allosteric regulation of the ubiquitination machinery, then examines specific examples. 

Ubiquitination involves the covalent attachment of ubiquitin, an 8.6 kDa protein, to target 

proteins. This post-translational modification (PTM) is found in eukaryotes and is involved in 

proteasome degradation and many other signaling pathways [1,2]. An enzymatic cascade 

mediates the formation of an isopeptide bond between the C-terminus of ubiquitin and the 

amino group of a lysine sidechain on the target protein. Ubiquitination involves three steps: 

1) activation of ubiquitin C-terminus by an E1 enzyme in a fast, ATP-dependent reaction, 2) 

conjugation onto an E2 via transthiolation with ubiquitin-charged E1, and 3) ligation onto 

the target by an E3 which interacts with both ubiquitin-charged E2 and the target (Figure 

1a). When the target is ubiquitin itself, which contains seven lysines (Figure 1b), ubiquitin 

chains are formed [2]. Removal of ubiquitin from the target is achieved via de-ubiquitinases 

(DUBs) making ubiquitination a reversible PTM [3,4]. In addition to lysine, the N-terminal 

amino group, and some other side chains can be ubiquitinated [5].  

 

While there are only a few E1 enzymes encoded in the human genome, there are tens of E2s 

and DUBs, and hundreds of E3s [8,9]. This diversity likely reflects the need to ubiquitinate a 

range of target proteins in a highly regulated fashion. Three types of E3 ligases – RING/U-

box, HECT, and RBR (vide infra) – each have a conserved catalytic architecture and utilize 

different mechanisms to transfer ubiquitin from E2 onto the target [10,11]. In addition to 

the catalytic domain(s), E3 ligases contain other domains [3,4,12•,13•,14] or form multi-

subunit complexes [15–18]. These ancillary components are generally involved in regulation 



or target recognition. It is becoming increasingly apparent that the ancillary domains and 

subunits are flexibly linked with conformational rearrangement underlying regulation.  

 

Allosteric regulation provides a molecular means to transfer information in biological 

systems involving a protein and an effector. Allosteric effectors of the ubiquitination 

machinery can interact with either the catalytic domain or the ancillary domains to regulate 

enzymatic activity. Effectors are commonly separate molecules [19] but can also be regions 

of the substrate such as a growing ubiquitin chain [20–22]. We refer to these modes of 

regulation as acting in trans, i.e. between separate molecules (Figure 2a). However, the 

multi-domain or multi-subunit architecture of many of these enzymes means effectors can 

also be regions of the enzyme itself [12•,13•,23]. We refer to this mode of regulation as 

acting in cis, i.e. within the same molecule or complex (Figure 2b). Negative cis allostery 

appears to be a common method for auto-inhibition of E3 enzymes. An additional 

complication of allostery in ubiquitination is that the protein substrates themselves may 

exhibit allosteric changes driven by distinct effectors or the ubiquitination machinery itself. 

Finally, regulation can occur without any conformational changes via augmenting or steric 

hinderance of the substrate binding interface, e.g. via an adapter that interacts with both 

substrate and enzyme to promote substrate binding (Figure 2c). Although this may not be 

strictly classed as allostery, the binding sites for this type of effector are often distal to the 

active site due to the tendency for extended substrate binding interfaces in the 

ubiquitination machinery. These modes may occur together, or in the context of 

oligomerization to regulate activity, as is the case for some RING and HECT E3s. Such 

regulation of oligomeric states via an effector was termed polystery in the 1970s [24]. These 

features make the study of allostery in ubiquitination a complicated but exciting area.  



 

Biological effectors of the ubiquitination machinery range from short polypeptide motifs to 

large protein surfaces. Ubiquitin itself has drawn special attention recently for its ability to 

regulate ubiquitination, which has been suggested as a mechanism to aid processive 

ubiquitination [20–22]. The role of ubiquitin in many protein-protein interactions has been 

exploited to generate ubiquitin variants (UbVs) that target specific sites with high affinity 

using phage-display [22,25,26,27•]. Here we examine recent examples of allosteric 

regulation of E2, RING-E3, HECT-E3, and RBR-E3 enzymes. 

 

Ubiquitin-conjugating E2 enzymes and RING/U-box E3 ligases 

Ubiquitin-conjugating E2s (~35 members in humans) share a core ubiquitin conjugation 

(UBC) domain that bears a catalytic cysteine. They have a primary allosteric site where 

RING/U-box domains can bind to catalyse ubiquitin ligation onto the target lysine. Proteins 

comprising RING/U-box domains make up the largest family of ubiquitin E3 ligases (~600 

members in humans) and can be sub-grouped into monomeric, homo-dimeric, hetero-

dimeric, and cullin RING ligases (CRLs). In general, ancillary domains mediate target 

interaction while the catalytic domain promotes target ubiquitination by allosterically 

activating the E2~Ub thioester [28–30]. Briefly, RING/U-box binding of E2s stabilizes a 

closed/active E2~Ub conformation via direct interaction with ubiquitin and conformational 

dynamics of the E2 active site. In this ternary complex, an allosteric ‘linchpin’ arginine in 

RING/U-box contacts both the E2 and ubiquitin tail, restraining the E2~Ub thioester bond 

thus priming it for nucleophilic attack by the target lysine.  

 



In addition to the RING site, E2s also possess a ‘backside’ site to enhance affinity of the E3-

E2 complex and allosterically regulate activity [31]. This backside supports interactions with 

a range of effectors including ubiquitin and ancillary regions of monomeric RING E3s 

[19,31,32]. The interplay of allostery between the primary and secondary sites on Ube2G2 

by gp78/RNF45 (Figure 3a) has been dissected through structural and biophysical analysis 

[19] and recently with dynamics measurements using NMR and molecular dynamics (MD) 

[33••]. These studies suggest complex regulation whereby the backside effector reduces 

dynamics at both the Ube2G2 active site and RING binding site, which steadies E3-E2~Ub 

complex for ubiquitination. Subsequently, the RING partially restores conformational 

dynamics of Ube2G2 thereby reducing affinity for the backside effector. This releases 

Ube2G2 from the E3, thus permitting E2~Ub reloading for successive ubiquitination cycles.  

Recently, the bimodal (RING and backside effector) interaction of an E3 (FANCL and Rad18) 

was also shown to allosterically optimize the E2’s active site (Ube2T and Ube2B, 

respectively) to stimulate specialized ubiquitination events [34•]. Interestingly in these 

enzyme pairs, E2~Ub activation occurs in absence of a ‘linchpin’ arginine in the cognate 

RING domains.   

 

The histone H3 ubiquitinating enzyme, UHRF1, a multi-domain RING-E3, uses an internal 

ubiquitin-like (Ubl) domain to recruit the E2 Ube2D via backside interactions. In contrast to 

gp78/Ube2G2, this interaction appears to be solely a recruiting mechanism, which mediates 

target sensing [35,36••,37]. The various domains of UHRF1 to default to a condensed 

arrangement, however, chromatin binding reconfigures the inter-domain interactions to 

activate of the enzyme. Consequently, the Ubl and RING domains together recruit E2~Ub via 

backside and RING site interactions, respectively. In addition, the Ubl connects with a DNA 



binding module of UHRF1 that senses hemi-methylated DNA and this interaction regulates 

H3 ubiquitination. Notably, certain cancer mutations in the Ubl lead to defects in H3 

ubiquitination without altering E2 interaction or E3 auto-ubiquitination, indicating a loss in 

target sensing.     

 

In dimeric RING/U-box E3s, one protomer supports the E2 while residues from both 

promoters stabilize a distinct ubiquitin surface of E2~Ub to enhance ubiquitination. 

Comparison of dimeric and monomeric RINGs reveals the presence of a tryptophan residue 

on the E2 binding helix in the latter family, which likely increases E3-E2 affinity and/or the 

allosteric activation of E2~Ub [38•]. Interestingly, engineering a tryptophan at the analogous 

location in dimeric RINGs can stimulate E3 activity in the absence of dimerization. Structural 

characterizations of TRIM proteins, a large RING E3 subfamily (~70 members), have revealed 

a correlation between dimerization and E3 activity [39,40]. Moreover, efforts to find 

effectors have uncovered dimeric UbVs that bind and stabilize the RING homodimers of 

XIAP [27•] thereby constitutively activating the E3 (Figure 3b). Structures of TRAF and Lnx 

family members, in complex with E2~Ub, also reveal dimeric RING conformations [41,42]. 

Notably, a zinc-finger neighbouring the RING facilitates additional ubiquitin interactions on 

E2~Ub that are critical for E3 activity. Conversely, in case of TRIM21 dimers, a B-Box 2 zinc-

finger adjacent to the RING occupies the E2 binding pocket thus auto-inhibiting the E3 [43•]. 

Phosphorylation of the RING domain relieves this intra-molecular inhibition thus permitting 

E2-E3 interaction and ubiquitination. Overall, the dimerization requirement for activity 

allows for polysteric regulation of these enzymes by their targets. In this scenario, higher-

order assemblies of the target, for example HIV-1 capsid, could shift the equilibrium of the 



bound RING E3 enzyme (TRIM5α) to a multimeric state thus activating the enzyme for 

ubiquitination [44].    

 

The basic architecture of CRLs is a RING subunit that binds E2, a cullin scaffold, and a 

substrate receptor. The substrate receptor of Cdc4, a WD40 domain, was recently shown to 

be allosterically regulated by multi-phosphorylated substrate [45]. Phospho-serine binding 

to the primary pocket appears to be reduced by binding of another phospho-serine on the 

substrate to a nearby allosteric site on the same domain. This may allow for fine-tuned 

regulation of the binding kinetics. Cullins have also been the target of UbVs [15,16,22]. In 

particular, a potential di-Ub binding site was identified for the APC/C complex, which 

unusually contains two RING domains. The di-Ub site has been proposed to facilitate 

switching activity between the two RINGs. As such it seems multiple, complex regulatory 

mechanism are at play. 

 

HECT-type E3 ligases 

For HECTs (~28 members) the catalytic domain architecture consists of an N- and C-lobe, 

which recruit E2~Ub and contain a catalytic cysteine, respectively. Rearrangement of these 

lobes is necessary to transfer ubiquitin from the E2~Ub onto the C-lobe catalytic cysteine via 

transthiolation and then onto the target. An allosteric binding site for ubiquitin on the N-

lobe has been shown to regulate activity probably through promoting chain elongation 

[20,21]. UbVs targeting HECTs revealed that the role of this site may vary between different 

orthologs [26]. Ancillary domains upstream in the amino acid sequence regulate 

ubiquitination activity [46,47••]. Several studies have recently unraveled structural details 

of this regulation for the NEDD4 subfamily, suggesting a role of cis allostery. Crystal 



structures of near-full length ITCH [13•], WWP1 [23], and WWP2 [12•] helped identify a 

conserved α-helix, flanked by repeat domains, that interacts with the HECT domain on the 

opposite face to the catalytic site (Figure 3c). This interaction seemingly restricts the 

conformational changes necessary for catalysis, maintaining the enzyme in an auto-inhibited 

state. Consistent with this, artificial deletion of the helical region increases auto-

ubiquitination and target ubiquitination. Auto-inhibition is likely relieved in vivo through 

phosphorylation [12•,13•] or by binding of other proteins [13•,46] to the N-terminal 

domains. Interestingly, the interaction site on the HECT N-lobe overlaps with the ubiquitin 

allosteric site hinting at further complexity in the regulation of these enzymes.  

 

The feature of upstream regulatory elements is also retained in HUWE1, which belongs to a 

different subfamily of HECTs. Recently it was shown that two distinct regions regulate 

dimerization of this enzyme in a complex fashion, with the oligomeric state linked to activity 

[47••]. A crystal structure of the dimer again suggested a locking of the HECT lobes in an 

inactive conformation, at least for one protomer. A pair of α-helices facilitate dimerization 

both in the crystal structure and in solution. Another set of predicted helices further 

upstream restricts dimerization, apparently by intra-molecular interaction with the 

dimerization helices. Enzymatic activity correlates well with the oligomeric state for 

truncation constructs, with an active monomer and inactive dimer. This system can be 

further regulated through binding another effector protein, which seems to interact with 

the predicted helices to facilitate inactivation through dimerization. Overall it seems that 

both cis and trans allostery are coupled to oligomerization in this enzyme. 

 

RBR-type E3 ligases 



The RBR (RING Between RING) family of E3 ligases (14 members) comprise a tripartite 

arrangement of RING1, in-between RING (IBR) and RING2 domains. RING1 adopts a zinc-

coordinating cross-brace typically observed in RING domains, while, the IBR and RING2 

share a linear bilobal zinc-binding fold. The RBRs follow an obligate two-step catalytic cycle 

where the RING1, along with the IBR, first facilitate ubiquitin transthiolation between the 

E2~Ub thioester and a catalytic cysteine in RING2 [49]. The loaded RING2~Ub intermediate 

subsequently catalyses substrate ubiquitination. Despite sharing the RBR module, structures 

of RBR fragments from different family members (HOIP [50••], Parkin [48•,51–53] and 

HHARI [54,55]) reveal distinct inter-domain arrangements which, along with ancillary 

domains and inter-domain linkers, regulate the catalytic cycle of the enzyme. The RING1 

core of RBRs supports E2 docking, however, short insertions within this domain induces an 

extended/open conformation of the E2~Ub intermediate. Further, this extended Ub 

conformer is braced by a C-terminal helix of RING1 and the IBR. Notably, present on the 

opposing surface of RING1’s C-terminal helix is an allosteric binding site for an effector 

ubiquitin molecule that stabilises E2~Ub-RING1 interactions thereby promoting the 

ubiquitin loading of RING2 (Figure 3d). In Parkin, a Ubl domain maintains an auto-inhibited 

state, with phosphorylation of this domain important in the release of auto-inhibition 

(Figure 3d) [8]. In most RBRs, transfer of ubiquitin between the E2 and RING2 is likely to 

occur in within the same complex, however a cooperative model involving multiple RBR 

molecules has also been proposed [48•,50••,52,53]. Finally, an N-terminal linker in 

proximity to the catalytic cysteine on RING2 is also reported to interact with ubiquitin and 

facilitate RING2~Ub loading and/or substrate ubiquitination [50••,56]. Overall, these 

structural studies of various RBRs have uncovered distinct ubiquitin-RBR interfaces that 



regulate its catalytic cycle. These observations have prompted the search for allosteric UbVs 

that modulate these enzymes [57]. 

 

Conclusions 

The ubiquitination machinery are complex enzymes often with multiple regulatory sites, 

effected in various ways (Table 1). Much progress has been made in identifying regulatory 

sites, in particular UbVs are a promising and general approach [25,26,27•]. However, 

untangling the mechanisms of regulation is a non-trivial task as multiple mechanisms are 

seemingly at work, even for individual regulatory sites [12•,23,33••,36••,45,47••]. The 

multiple steps of the ubiquitination pathway themselves can be regulated thus complicating 

the situation further. As such caution should be taken in concluding the mechanism(s) of 

allostery. Despite this, the combination of ubiquitination assays, affinity measurements, and 

structural characterization have, and will continue to, provide useful insight into allosteric 

regulation in ubiquitination. Additionally, computational methods, such as MD and 

comparison of residue contact networks [58], can reveal the details of conformational 

changes and dynamics and should not be overlooked. Particularly insightful will be 

structures with the regulatory domains or effectors present. Advances in cryoEM have 

already provided insight into regulation of the of the multi-subunit APC/C RING-E3 complex 

[15]. With smaller molecular weight samples becoming more tractable, cryoEM may prove 

very useful in characterizing inter-domain/subunit three-dimensional architectures of the 

ubiquitination machinery [59].  
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Figure captions and tables 



 

Figure 1. The ubiquitination machinery. (a) The ubiquitination pathway with E1 represented 

by Uba1 (PDB: 4II2 chain A [6]), E2 represented by Ubc9 (PDB: 5JNE chain B [7]), E3 

represented by Siz1 (PDB: 5JNE chain A), and target represented by PCNA (PDB: 5JNE chain 

D); Ub and tetra-Ub represented by 1UBQ and 3HM3, respectively). A RING-E3 mechanism is 

shown and the approximate number of each type of protein are shown. (b) Ubiquitin with 

lysine sidechains represented as sticks (1UBQ). 

 



 

Figure 2. Regulation of the ubiquitination machinery arises from multiple origins. (a) 

Classical, trans allostery is triggered by binding of an effector (gold) distinct from the 

enzyme (blue) as shown, however may also arise from an additional domain on the 

substrate (red). (b) Allostery can also be triggered in cis by additional domains/subunits 

within the enzyme. (c) Substrate binding can also be mediated by an effector that extends 

the binding interface, as shown, or may act to sterically obscure the binding interface. All 

schematics illustrate positive regulation, although negative regulation is also possible. 

 



 

Figure 3. Examples of structures determined with effectors. Effectors are represented as 

ribbons, the active site highlighted by red text, and interactions of between the allosteric 

and active sites suggested with arrows. Dashed lines indicate interactions between allosteric 

sites.  (a) Crystal structure of Ube2G2 in complex with gp78RING-G2BR (PDB: 4LAD [19]). The 

RING binding site is considered an effector site from the perspective of the E2. (b) Crystal 

structure of WWP12L34HECT (PDB: 6J1X [23]). (c) Crystal structure of XIAPRING dimer in complex 

with UbV.XR dimer (PDB: 5O6T [27•]). UbV.XR is presumed to stabilize the RING dimer. The 

E2~Ub binding site is considered the active site with respect to the RING domain. (d) Crystal 

structure of ParkinUblR0RBR in complex with pUb (PDB: 5N2W [47•]). 

 

 



Table 1 

Selected examples of regulation of the ubiquitination enzymes 

Enzyme Effector Type References 

Ube2G2 gp78 GB2R domain trans and adaptor  [19,33••] 

 gp78 RING domain trans and adaptor  [19,33••] 

Ube2T FANCL  trans and adaptor [34•] 

Ube2D UHRF1 Ubl domain adaptor, possible trans [35,36••,37] 

UHRF1 chromatin trans [35] 

XIAP UbV.XR trans [27•] 

Itch Itch WW2-linker region cis [13•] 

WWP2 WWP2 WW2-linker region cis [12•] 

HUWE1 HUWE1 dimerization region trans (between two 
HUWE1 molecules) 

[47••] 

 HUWE1 activation region cis [47••] 

Parkin Parkin Ubl domain cis [8] 

 pUb trans [48•,51–53] 

 


