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Abstract

Ubiquitin-conjugating E2 enzymes are central to the ubiquitination cascade and have been 

implicated in cancer and other diseases. Despite strong interest in developing specific E2 

inhibitors, the shallow and exposed active site has proven recalcitrant to targeting with reversible 

small-molecule inhibitors. Here, we used phage display to generate highly potent and selective 

ubiquitin variants (UbVs) that target the E2 backside, which is located opposite to the active site. 

A UbV targeting Ube2D1 did not affect charging but greatly attenuated chain elongation. 

Likewise, a UbV targeting the E2 variant Ube2V1 did not interfere with the charging of its partner 

E2 enzyme but inhibited formation of diubiquitin. In contrast, a UbV that bound to the backside of 

Ube2G1 impeded the generation of thioester-linked ubiquitin to the active site cysteine of Ube2G1 

by the E1 enzyme. Crystal structures of UbVs in complex with three E2 proteins revealed 

distinctive molecular interactions in each case, but they also highlighted a common backside 

pocket that the UbVs used for enhanced affinity and specificity. These findings validate the E2 

backside as a target for inhibition and provide structural insights to aid inhibitor design and 

screening efforts.
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Introduction

The ubiquitin proteasome system (UPS) regulates the stability and function of thousands of 

proteins in essentially all cellular processes, and aberrant function of the UPS is associated 

with many diseases, including cancer, neurodegeneration, and infectious disease [1–3]. 

Consequently, there is great interest in developing inhibitors of UPS components, both to aid 

basic research and to provide therapeutic leads [4–6]. Indeed, general proteasome inhibitors 

have proven effective for cancer therapy and have raised interest in the development of 

inhibitors that target specific components of the UPS to afford more focused targeting of 

particular signaling networks [7,8].

Ubiquitin (Ub), the central player in the UPS, is added to protein substrates by a sequential 

cascade of Ub-activating (E1), Ub-conjugating (E2), and Ub-ligating (E3) enzymes [9]. 

Residing at the center of the cascade, E2 enzymes largely determine Ub chain topology and 

are responsible for recruiting E3 ligases and their substrates, and thus, they may represent 

more specific targets for therapeutic intervention [10,11]. However, direct targeting of the E2 

catalytic site with small molecules has proven difficult, presumably because of the shallow 

and exposed nature of the site, and only a few compounds that attach covalently to the 

nucleophilic cysteine have been reported [12–14].

Recent discovery of CC0651, a reversible small-molecule inhibitor of E2 Ube2R1, has 

shown that inhibition can be achieved by other means, as structural studies revealed an 

allosteric mode of inhibition with CC0651 binding away from the active site [15,16]. Indeed, 

despite a small and simple structural fold, E2 enzymes engage in numerous protein-protein 

interactions through distinct regions of the enzyme [10,17], raising the possibility of 

additional modes of inhibition.

In some E2 enzymes, a surface opposite to the catalytic site—the “backside”—mediates 

noncovalent interactions with Ub, small Ub-like modifier (SUMO), or E3 ligases [10]. In the 

Ube2D family, backside binding of Ub is required for chain elongation [18]. Similarly, 

members of the Ube2V family of E2 variants, which lack a catalytic cysteine but work with 

E2 enzymes to facilitate chain elongation, depend on Ub binding to the backside [19]. Ub 

has also been shown to bind to the backside of Ube2G2, but the functional consequences are 

not known [20]. However, the activity of Ube2G2 is enhanced by backside interactions with 

E3 ligases [21]. In other examples, Ube2E3 [22,23] and Ube2B [24] family members are 

inhibited or activated, respectively, by backside interactions with Ub, and Ube2I activity is 

enhanced by interactions with SUMO [25]. Thus, it is clear that many E2 families use 

backside interactions to enhance, inhibit, or modulate catalytic activity, and thus, targeting of 

this region could provide opportunities to modulate biological activity for therapeutic 

benefit.

In all known cases, the backside interactions with Ub are weak affinity [10,18,26], but 

structures of Ube2V2 [19] and three Ube2D [18,27,28] family members in complex with Ub 

show a large interaction surface. Thus, we targeted E2 backsides with Ub variants (UbVs) 

engineered to bind with high affinity and specificity, as we have done previously with 

deubiquitinating enzymes [29], CRL E3 ligases [30], and HECT E3 ligases [31]. Here, we 
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show that phage-displayed UbV libraries can yield tight and specific binders for E2 

backsides. UbVs targeting various E2 proteins affect function by different means, impeding 

charging in one case and attenuating chain elongation in another. Structures of three distinct 

E2-UbV complexes reveal the molecular basis for potency and selectivity and highlight 

interactions with a common backside pocket. Our results validate the backside as a target for 

the development of selective inhibitors of E2 activity.

Results

Analysis of E2-Ub backside interactions and UbV library design

The Protein Data Bank (PDB) contains structures of three E2 enzymes (Ube2D1, D2, and 

D3) and one E2 variant (Ube2V2) with Ub bound to their backsides. Superposition of these 

structures showed that Ub binds to each protein in a similar way (average pairwise root-

mean-square deviation [RMSD] = 1.70 Å) (Fig. 1A), and thus, we focused on the structure 

of the Ub-Ube2D1 complex for further analysis.

We defined the backside of Ube2D1 as 21 residues that make contact with Ub, and we 

aligned these residues in the sequences of the human E2 family. Among the 13 members of 

the five E2 families known to interact with Ub at the backside surface (Fig. 1B), we noted 

high conservation of small residues at positions 22 (typically Ser) and 24 (typically Gly). In 

contrast, among the 20 E2 enzymes not known to interact with Ub at the backside surface, 

these positions were not conserved and were typically occupied by larger residues 

(Supplementary Fig. S1). Notably, other residues within the backside were not conserved 

across families but were conserved within families. For example, conservation was observed 

at all 19 positions in the Ube2V family, 16 of 19 positions in the Ube2D family, and 10 of 19 

positions in the Ube2G family. These results suggest that the different families use different 

molecular interactions to mediate recognition of Ub, but nonetheless, they share a common 

motif of small residues at positions 22 and 24. Positions 22 and 24 are adjacent to each other 

in the center of the backside (Fig. 1C), suggesting that small residues at these positions may 

be required to enable Ub to dock without steric hindrance. Indeed, the requirement for Ser at 

position 22 has been noted previously, and it has been shown that an Arg substitution 

abrogates Ub binding [18].

On the Ub side of the interface, we defined the E2-binding backside as 21 residues that 

make contact with Ube2D1. These residues overlap extensively with the previously defined 

ubiquitin-specific protease (USP)-binding site [29]. Nevertheless, there are significant 

differences in that the E2-binding site does not include eight residues in the USP-binding 

site (Fig. 1D). We constructed a phage-displayed library of 3 × 1010 unique UbVs (library 

UbV-E2) in which the positions within the E2-binding site were diversified with a soft 

randomization strategy that favored the wild-type (wt) sequence but allowed for diversity 

across the entire site, as described previously for library UbV-USP, which targeted the USP-

binding site [29].
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Selection and characterization of UbV binders for E2 proteins

We used libraries UbV-E2 and UbV-USP to perform binding selections for Ube2D1, 

Ube2V1, Ube2G1, and Ube2G2 and identified 22, 56, 9, and 18 unique binding clones, 

respectively (Supplementary Table S1). These unique UbV-phage clones were analyzed 

further using phage enzyme-linked immunosorbent assays (ELISAs) for binding to various 

other E2 proteins to isolate the most specific binders for each E2 protein and using 

competitive phage ELISAs to estimate affinities. This screening process yielded highly 

selective UbVs (Fig. 2A) that were purified and assessed for binding to a panel of 33 E2 

proteins (Fig. 2B). The UbVs selected for binding to Ube2D1, Ube2G1, or Ube2G2 were 

absolutely selective, whereas the most selective Ube2V1 binder (UbV.V1.1) also recognized 

UbeV2. The Ube2V1 screen also yielded a variant (UbV.V1.2) that exhibited binding across 

the Ube2V, D, and G families. We verified that each UbV did not bind to a variant of its 

cognate E2 protein bearing a Ser to Arg substitution at the position corresponding to 

position 22 of Ube2D1, which has been shown to abrogate binding of Ub to the backside of 

Ube2D1 [18].

To further assess specificity and affinity, the purified UbVs were analyzed using competitive 

ELISAs (Fig. 2C). UbV.D1.1 bound tightly to Ube2D1 but not to the other members of the 

Ube2D family. UbV.V1.1 bound with essentially equal affinity to Ube2V1 and V2 but did 

not bind to Ube2D1 or G1. UbV.G1.1 and UbV.G2.1 bound tightly to Ube2G1 or G2 but did 

not bind to Ube2G2 or G1, respectively, and neither UbV bound to Ube2D1 or V1. These 

results show that we were able to isolate highly selective and potent UbVs that likely bind to 

the backsides of E2 proteins.

Structural analysis of UbVs in complex with E2 proteins

We solved the structures of UbV.D1.1, UbV.V1.1, and UbV.G1.1 in complex with their 

cognate E2 proteins at 2.10 Å, 2.55 Å, and 2.35 Å resolution, respectively (Table 1, 

Supplementary Fig. 2). The structure of Ube2V1-UbV.V1.1 was solved in complex with its 

E2 partner Ube2N/Ubc13. Backbone superpositions showed that the Ube2D1-

UbV.D1.1(Fig. 3A) and Ube2V1-UbV.V1.1 (Fig. 3B) complex structures were essentially 

identical to the structures of each E2 protein in complex with Ub.wt(RMSD = 0.70 or 1.34 

Å, respectively). The structure of Ube2G1 in complex with Ub.wt is not known, but the 

superposition of the apo Ube2G1 structure with the Ube2G1-UbV.G1.1 complex structure 

(Fig. 3C) showed virtually no differences in the two Ube2G1 molecules (RMSD = 0.66 Å). 

We also superposed the three structures of UbVs in complex with E2 proteins (Fig. 3D), 

which demonstrate that the UbVs dock on a similar region of the backside, although there 

was some variability in the backbone superpositions (mean pairwise RMSD = 1.60 Å). 

Taken together, these results show that the UbVs bind to the backsides of their cognate E2 

proteins in a manner that is very similar to that observed for Ub.wt.

Comparing binding interfaces, UbVs and their cognate E2 proteins interacted through 

similar surfaces, with UbV.D1.1, UbV.V1.1, and UbV.G1.1 using 790 Å2, 657 Å2, and 707 

Å2 of surface area, respectively, to interact with 751 Å2, 586 Å2, and 680 Å2 of surface area 

on Ube2D1, V1, and G1, respectively. However, the UbVs differed in the contacts made by 

the residues that were substituted relative to Ub.wt and thus, used different molecular 
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mechanisms to achieve enhanced affinity. In UbV.D1.1, 6 of 10 substitutions made contact 

with Ube2D1 and formed a cluster that constituted essentially half of the total interface (Fig. 

4A, left panel). In contrast, a cluster of only three of eight substitutions in UbV.V1.1 made 

contact with Ube2V1 (Fig. 4A, center panel). Eight of 10 substitutions in UbV.G1.1 made 

contact with Ube2G1, and these were dispersed across the surface (Fig. 4A, right panel).

Molecular basis for enhanced affinity and specificity of UbVs

Despite the significant differences in the location and nature of UbV substitutions, the 

complex structures revealed similar “backside pockets” on the E2 proteins, which the UbVs 

used for both conserved and new interactions relative to Ub.wt. Interactions that were 

conserved across the three UbVs and with Ub.wt mainly involved small residues at positions 

46 and 47, which interacted with small residues at positions 22* and 24* of the E2 proteins 

(Fig. 4B, E2 residues are marked with asterisks throughout). Adjacent to these conserved 

interactions, each E2 protein contains a hydrophobic patch that interacted with the cognate 

UbV through residues that are substituted relative to Ub.wt and often differ among UbVs 

(Fig. 4C).

The structures revealed the importance of the Ser22*/Gly24* pair that is conserved among the 

E2 proteins and is adjacent to the hydrophobic patch that accommodates the hydrophobic 

substitutions in the UbVs (Fig. 4A). In the structures of Ub.wt in complex with Ube2D1 or 

Ube2V2, Ser22* and Gly24* on the E2 protein are in contact with Ala46 and Gly47 on Ub.wt, 

and these small residues form a tightly packed cluster. Aside from a conservative Ser 

substitution at position 46 in UbV.G1.1 (Fig. 2A), these residues are conserved as the Ub.wt 

sequence among all three UbVs. The structures of the UbV-E2 complexes show very similar 

and close packing of these small residues across the interfaces (Fig. 4B), indicating that 

small residues at these positions are crucial for Ub.wt and UbV binding to the E2 backside 

and explaining why E2 backsides with large side chains at positions 22 and/or 24 are not 

known to bind Ub.wt.

In UbV.D1.1, four of the six substituted contact residues (Phe8, Trp9, Tyr68, and Tyr71) form 

an aromatic cluster that expands the hydrophobic patch formed by the wt residues Ile44, 

Phe45, and Ala46 (Fig. 4A, left panel). UbV.D1.1 buries more surface area compared with 

Ub.wt in complex with Ube2D1 (789 Å2 versus 659 Å2), and this is essentially all 

contributed by Phe8 and Trp9. While the backbone around Tyr68 and Tyr71 does not change 

appreciably relative to that of Ub.wt, the β1-β2 loop region including Phe8 and Trp9 moves 

closer to Ube2D1. Consequently, Phe8 and Trp9 are buried in hydrophobic cavities that are 

not occupied in the Ub.wtUbe2D1 complex. These new hydrophobic interactions are 

augmented by enhanced hydrophobic interactions mediated by Tyr68 in place of His68 and 

two backbone carbonyl H-bonds to Pro18* and Gly39* of Ube2D1 mediated by Trp9 and 

Tyr71 (Fig. 4C, left upper panel). Among the other substitutions in UbV.D1.1 relative to 

Ub.wt, the smaller Ala70 in place of Val70 alleviates a clash with Met38*, while the side 

chains of Lys7 and Tyr71 face away from the interface. Disorder of the remaining UbV.D1.1 

tail residues in the crystal structure suggests that Gly72 and Ala75 substitutions do not 

contribute to the interaction with Ube2D1 (Fig. 4C, left bottom panel).
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Despite the hydrophobic nature of most contacts, UbV.D1.1 is specific for Ube2D1, as it 

does not bind appreciably to any other E2 protein using competitive ELISA, including the 

close relatives Ube2D2, D3, and D4 (Fig. 2B and C). This E2 selectivity may be influenced 

by a difference at position 20, which is occupied by His in Ube2D1 or Gln in the other 

Ube2D family members. In the UbV.D1.1-Ube2D1 complex, the His20* side chain points 

away from Trp9, whereas superposition of the Ube2D2 structure shows that the Gln20* side 

chain would point towards Trp9 and cause a steric clash (Supplementary Fig. 3). We were 

unable to find any reported Ube2D2–4 structures in which Gln20* adapted a conformation 

that would permit UbvD1.1 to bind in the manner permitted by His20* in Ube2D1 

(Supplementary Fig. S3, panel B). Two distinct side chain rotamers observed for Gln20* in 

the structures of apo-Ube2D2 (PDB entry: 3TGD) and the Ube2D2~Ub/RNF38/UbB 

complexes (PDB entries: 4V3K and 4V3L) would both clash with Trp9 of a superposed 

Ubv.D1.1. The importance of this difference for the selectivity of UbV.D1.1 was further 

supported by the finding that a His to Gln substitution at position 20* in Ube2D1 abrogated 

binding to UbV.D1.1 (Fig. 2C). Together, these results highlight the importance of a 

backside hydrophobic patch on Ube2D1 that accommodates the aromatic substitutions Phe8, 

Trp9, and Tyr68 in UbV.D1.1 to confer high affinity and specificity to this interaction.

UbV.V1.1 contains three substitutions that contact Ube2V1, and these are all hydrophobic 

residues (Leu68, Trp70, and Trp71, Fig. 4A, center panel). Leu68 and Trp70 interact with a 

hydrophobic patch on Ube2V1 in a manner analogous to Tyr68 and Phe8 of UbV.D1.1, 

respectively, suggesting that these residues are important for the enhanced affinity of 

UbV.V1.1. Residues Leu8 and Trp70 of Ube2V1 make contacts with the hydrophobic pocket 

around Met51*, Ile53*, and Ile64* on Ube2V1, which are analogous to those formed by Phe8 

of UbV.D1.1 with Ube2D1 (Fig. 4C, center upper panel). Trp71 does not make significant 

contact with Ube2V1, suggesting that it plays a minor role in binding (Fig. 4C, center lower 

panel). The importance of Leu68 and Trp70 relative to Trp71 is supported by the fact that, 

among 56 unique UbVs selected for binding to Ube2V1, Leu68 and Trp70 are observed in 

64% and 82% of the sequences, respectively, whereas Trp71 is only observed in 5% of the 

sequences (Supplementary Table S1), suggesting a strong selective pressure for Leu68 and 

Trp70 but not for Trp71. Moreover, UbV.V1.2, which binds broadly to the Ube2V, D, and G 

families (Fig. 2B), contains only three substitutions and two of these are Leu68 and Trp70 

(Fig. 2A), suggesting that these two substitutions enhance binding to the backsides of many 

E2 proteins. Thus, it appears that UbVs selected for binding to Ube2V1 make use of 

enhanced interactions with a backside pocket, which is similar to the backside pocket on 

Ube2D1 that is engaged by UbVD1.1, although the specific details of the molecular 

interactions differ.

The analysis of UbV.G1.1 was complicated by a β1-strand exchange that caused 

dimerization in the crystal (Supplementary Fig. 4). The UbV.G1.1 dimer is unlikely to be an 

artifact, because similar strand-exchanged dimers have been observed in at least two other 

UbV structures reported recently [32,33]. The strand-exchanged region in UbV.G1.1 

contains four consecutive substitutions relative to Ub.wt and dramatically alters the β1-β2 

loop conformation. Nonetheless, Ube2G1 also possesses a backside hydrophobic patch 

similar to that of Ube2D1, but the residues in UbV.G1.1 that interact with this patch differ 

from those in UbV.D1.1 that interact with Ube2D1. The regions occupied by Tyr68 and Phe8 
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in UbV.D1.1 are occupied by the same positions of UbV.G1.1, but the residue types are 

different (His68 and Ile8). In Ube2G1, the region that is analogous to the pocket in Ube2D1 

that is occupied by Trp9 from UbV.D1.1 is occupied by a smaller Val10 substitution in 

UbV.G1.1. This surface cavity in Ube2G1 is quite large and could likely accommodate an 

even larger residue to further optimize this interface (Fig. 4C, right panel). Two other 

substitutions in this region, Pro7 and Arg9, do not make significant contributions to the 

interface with Ube2G1. Finally, Ser46 is a small side chain oriented away from the Ser22*/ 

Gly24* E2 surface, whereas Leu49 and Tyr65 pack favorably against Ala168* or Gln19* of 

Ube2G1, respectively. Thus, UbV.G1.1 also interacts with a backside pocket on Ube2G1 that 

is analogous to the backside pocket on Ube2D1 that interacts with UbVD1.1.

Taken together, the three UbV-E2 complex structures show how E2 backsides can 

accommodate tight and specific binding of UbVs. Our analysis highlights the Ser22*/Gly24* 

pair in E2 proteins, which necessitates conservation of small residues at positions 46 and 47 

of Ub moieties to enable close packing at the interface. Adjacent to this conserved cluster of 

small residues, each E2 protein contains a hydrophobic patch that is not optimally occupied 

by Ub.wt, and hydrophobic substitutions in each UbV establish favorable contacts with this 

region to enhance affinity and specificity.

Effects of UbVs on E2 function

We performed enzymatic assays to assess the functional effects of UbVs binding to the 

backsides of E2 proteins. Ube2D1 contains an active-site cysteine and acts as an 

autonomous E2 ligase to assemble poly-Ub chains on substrates [18]. Formation of 

Ube2D1~Ub was unaffected by the presence of Ubv.D1.1 or Ub.wt lacking its two C-

terminal glycines (Ub.1–74), which were both non-functional for thioester bond formation 

but were capable of backside interactions with Ube2D1 (Fig. 5A).

RING-mediated Ub chain formation by Ube2D1 is enhanced by Ub backside interactions 

through an allosteric mechanism that increases E2-RING affinity [28]. Self-assembly of 

multiple Ube2D1~Ub complexes mediated through backside Ub interactions also promoted 

Ub chain formation by Ube2D13 [34]. In the presence of UbV.D1.1, processive Ub chain 

formation by Ube2D1 was reduced in reactions containing Rbx1 or TRIM25 RING domains 

(Fig. 5B). In contrast, Ube2D2 did not detectably interact with Ubv.D1.1 (Fig. 2C), which 

therefore did not attenuate Ub chain formation by Ube2D2 (Fig. 5C), suggesting that the 

effect on Ube2D1 was not due to nonspecific termination of Ub chain formation. The 

differences in these results suggest that Ubv.D1.1 backside binding may impact both RING-

dependent allosteric effects and Ube2D1~Ub self-assembly that contribute to processive 

chain formation by Ube2D1.

Ube2V1 and Ube2V2 lack active-site cysteines, but they work with the E2 enzyme Ube2N 

to facilitate Ub chain formation by binding and positioning Lys63 of the acceptor Ub for 

isopeptide bond formation with the charged Ub on Ube2N [35,36]. In the presence of 

Ube2V2, UbV.V1.1 did not inhibit charging of Ube2N, but it prevented di-Ub formation in a 

manner similar to the Ube2V2-S34R mutation that disrupts Ub binding to the backside (Fig. 

5D). Formation of a Ub-UbV.V1.1 dimer (analogous to di-Ub) was not detected, presumably 

because UbV.V1.1 contains a Trp substitution in place of the wt Lys at position 63 and, thus, 
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is not an isopeptide acceptor. Modeling the Ube2N/Ube2V1/UbV.V1.1 complex on a 

Ube2N-RING/Ube2V1 complex containing a donor Ub on Ube2N (PDB: 5AIT) showed a 

distance of 11 Å between the C-terminus of the donor Ub and an acceptor Lys63 modeled in 

place of Trp63 of UbV.V1.1 (Supplementary Fig. 5). Thus, UbVs that bind to the backsides 

of Ube2D1 or Ube2V1/2 do not inhibit charging of the E2 active-site cysteine but do 

attenuate formation of Ub chains, which is the expected result, as the backsides of these 

proteins are known to facilitate chain formation through binding of Ub.wt [18,35,36].

UbV.G1.1 interacted with the backside of Ube2G1 and reduced the levels of Ube2G1~Ub 

conjugate in charging reactions (Fig. 6A). This effect required binding of UbV.G1.1 to the 

backside of Ube2G1, as a Ube2G1-S22R mutant protein compromised for backside binding 

was efficiently charged with Ub by E1 enzyme in the presence of UbV.G1.1. Higher contrast 

of the fluorescent Ub scan (upper region of right panel) detected E1~Ub, providing further 

support that UbV.G1.1 does not directly inhibit E1 function. Furthermore, comparison of the 

rate of Ube2G1~Ub formation in the presence UbV.G1.1 showed that charging of Ube2G1-

S26R saturated within 30 min while the level of Ube2G1~Ub did not reach 50% over a 

similar time course (Fig. 6B).

Inhibition of Ube2G1 charging by UbV.G1.1 could occur through steric blockage of E1 

engagement of the Ube2G1/UbV.G1.1 complex or allosteric effects on the E2 active site that 

promote discharge of Ube2G1~Ub. To examine these possibilities, we monitored the loss of 

Ub from precharged Ube2G1~Ub and Ube2G1-S26R~Ub in the presence or absence of 

UbV.G1.1 (Fig. 6C and D). After charging for 30 min, the amount of Ube2G1~Ub was 

monitored after addition of apyrase, lysine, and EDTA to stop further E1 function. No 

significant differences were detected between the rates of Ub discharge of Ube2G1 or 

Ube2G1-S26R in the presence or absence of UbV.G1.1. Thus, backside binding of 

UbV.G1.1 to preformed Ube2G1~Ub does not detectably alter Ub discharge.

Together, these results suggest that binding of UbV.G1.1 to the backside of Ube2G1 may 

prevent E1-mediated Ub charging through a steric mechanism on the E2-UbV complex. Our 

crystal structure revealed that UbV.G1.1 forms a strand-exchanged UbV dimer with each 

protamer bound to a distinct Ube2G1 subunit to form a 2:2 complex (Supplementary Fig. 5). 

To determine if a Ube2G1-UbV.G1.1 higher order complex could pose a steric clash that 

competes with an E1 interaction, the structure of an E1-E2 complex of Ubc1 and Ubc15 

(PDB: 5KNL) [37] was superposed with our E2-UbV complex (Supplementary Fig. 6). 

Alignment of the E2 domains allowed examination of potential clashes between the 

backside-bound UbV.G1.1 on Ube2G1 and the Ub-fold domain (Ufd) of the Saccharomyces 
pombe E1 protein (Supplementary Fig. 6A). For comparison, we also superposed the 

Ube2D1/Ub and Ube2D1/UbV.D.1.1 complexes and observed minor clashes with backside-

bound Ubv.D1.1 or Ub.wt, which could be overcome by alternate rotamer modeling of side 

chains (Supplementary Fig. 6B and C). Overlay of each complex showed that the rotation of 

UbV.G1.1 on the backside of Ube2G1 relative to the position of UbV.D1.1 or Ub on the 

backside of Ube2D1 could account for a potential E1 steric clash that prevents charging of 

the Ube2G1-UbV.G1.1 complex (Supplementary Fig. 6D). This analysis is consistent with 

our findings that UbV.G1.1 reduced charging of Ube2G1, whereas UbV.D1.1 did not affect 

charging of Ube2D1.
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Discussion

Using phage-displayed libraries, we generated UbVs that target E2 protein backsides with 

high affinity and specificity. In the case of Ube2D1 and Ube2V1, the UbVs did not affect 

charging at the active site but did attenuate chain formation. In contrast, a UbV that targeted 

the backside of Ube2G1 inhibited charging of Ub despite the long distance between the 

backside and the active site. Blockage of E2 charging by a steric mechanism was 

demonstrated previously for a Ub-fold protein (MUB) that binds the backside of the Ubc8 

E2 enzyme and prevents Ub charging through steric clash with the E1 enzyme [38]. E3 

ligases that occupy the backsides of E2 proteins (e.g., Ube2G2-gp78; PDB: 3H8K) [21] may 

also inhibit E1-mediated charging. Thus, it is clear that the backside of a significant subset 

of E2 proteins can be targeted to inhibit or attenuate catalytic function.

Despite the differences among the various UbVs, structural analysis reveals a common 

docking mode for UbVs bound to E2 proteins, which is very similar to that observed for 

Ub.wt docking with Ube2V1 and Ube2D family members. Detailed comparison of the 

molecular interactions at the interfaces of UbV-E2 and Ub.wt-E2 complexes showed that 

enhanced affinity is largely achieved through hydrophobic interactions between substituted 

residues in the UbVs and a common backside pocket in the E2 proteins. However, despite 

the hydrophobic nature of these contacts, the interactions are highly specific as each UbV is 

able to distinguish its cognate E2 protein among other E2 proteins. The discovery of a 

common hydrophobic pocket on the backside of a subset of the E2 family raises the 

possibility that small molecules could be designed to modulate E2 activity for therapeutic 

benefit. In this regard, the UbV proteins will be useful intracellular probes to assess 

biological effects of E2-backside blockade. Moreover, they may prove useful for enabling 

inhibitor discovery through displacement screens, and the UbV-E2 complex structures may 

inform inhibitor design.

Materials and Methods

Selection of E2-binding UbVs

Phage-displayed library UbV-E2 was constructed as described previously for library UbV-

USP except that UbV-coding sequence terminated at position 76 instead of the originally 

longer constructs including two additional residues to eliminate the possibility of E1-

mediated conjugation [29,39]. His-tagged and biotinylated E2 proteins were expressed and 

purified from Escherichia coli BL21(DE3), as described [40]. Phage pools representing the 

libraries were cycled through rounds of binding selections with biotinylated E2 protein 

immobilized on Nunc Maxisorp 96-well plate (Fisher Scientific, Nepean, ON, Canada) 

coated with neutravidin (ThermoFisher Scientific, Rockford, IL, USA). After the fifth round, 

phage from individual clones were assayed for binding to the target using phage ELISA as 

described [41], and 50 to 100 positive clones were subjected to DNA sequence analysis.

ELISAs for assessing specificity and affinity

UbVs with N-terminal His and FLAG tags were expressed and purified from E. coli 
BL21(DE3) as described [29]. For specificity assessment, ELISAs were performed as 
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described [29] and binding of UbV to biotinylated E2 protein immobilized on neutravidin-

coated plates was detected with an anti-FLAG antibody (Sigma-Aldrich, F1804, 1:5000). 

For determination of IC50 values, competition ELISAs were performed as described [42] 

with protein immobilization and detection similar to the specificity ELISA. Briefly, a 

constant subsaturating concentration of UbV protein was incubated with serial dilutions of 

each E2 protein tested and binding to immobilized cognate E2 protein was detected. The 

IC50 value was defined as the concentration of solution-phase E2 protein that inhibited 50% 

of the binding of UbV protein to immobilized E2 protein.

Protein purification and structure determination

His-tagged E2 and Ubv proteins for phage display were expressed in E. coli and purified 

using Ni-NTA chromatography using standard techniques, as described [16,29]. Expression 

constructs for Ube2G18−160, Ube2G21−165, Ube2V15−147, and Ube2N3−152 in the pET28-

LIC vector were obtained from the Structural Genomics Consortium Toronto. Ube2D11−147, 

Rbx136−108, TRIM251−82, and Ub.1–74 were cloned into pProEx HTb. Mutation of 

Ube2D1-S22R, Ube2D1-H20Q, Ube2V2-S34R, Ube2G1-S26R, and Ube2G2-V25S was 

generated and confirmed using sequence analysis. All proteins were expressed in E. coli 
BL21(DE3) Codon+ cells (Agilent Technologies) induced with 0.25 mM isopropyl 1-thio-β-

D-galactopyranoside (IPTG) for 14–18 h at 18C. Harvested cells were resuspended in 20 

mM HEPES pH 7.5, 400 mM NaCl, 5 mM β-mercaptoethanol, lysed by passage through a 

cell homogenizer (Avestin Inc.) and spun at 30,000g. The supernatant was applied to a 

HiTrap nickel-chelating HP column (GE Healthcare) equilibrated in lysis buffer with 5 mM 

imidazole. Protein eluted with buffer containing 300 mM imidazole was incubated overnight 

with tobacco etch virus (TEV) or thrombin protease. Cleaved protein was dialyzed in HiTrap 

loading buffer and flowed over a subtractive HiTrap nickel-chelating column, then 

concentrated for injection onto a 24- or 120-mL Superdex S75 column (GE Healthcare) 

equilibrated in 20 mM HEPES pH 7.5, 100 mM NaCl, and 0.5 mM dithiothreitol (DTT). 

Fractions containing purified protein of interest were concentrated to 10–35 mg/mL and 

stored at −80C. Fluorescent Ub was prepared as described [16].

Crystals of the Ube2D1-UbV.D1.1 complex were grown at 20C in sitting drops containing 

0.2 μL of 350 μM protein with 0.2 μL well solution containing 24% PEG2000-MME, 0.2 M 

trimethylamine N-oxide, Tris-HCl, pH 8.0, and cryoprotected with 20% glycerol. Diffraction 

data were collected at 100K on beamline NE-CAT 24-ID-E (APS, Chicago, Il). Molecular 

replacement was performed using Phaser [43] with Ube2D1 and Ub (PDB: 3PTF) as 

separate search objects [27]. Crystals of the Ube2V1-UbV.V1.1-Ube2N1 complex were 

grown at 20°C in hanging drops containing 1 μL of each protein at 500 μM with 1.0 μL of 

0.2 M LiSO4, 25% PEG3350, 0.1 M Tris-HCl, pH 8.5, and cryoprotected with 20% glycerol. 

Molecular replacement was performed using Ube2N, Ube2V2, and Ub (PDB: 5AIT) as 

separate search objects [27]. Crystals of the Ube2G1-UbV.G1.1 complex were grown at 

20°C in hanging drops containing 1 μL of protein with 1 μL of 25% PEG1500, 0.1 M SPG 

buffer (succinic acid, sodium dihydrogen phosphate, glycine in a 2:7:7 M ratio) pH 8.0, and 

cryoprotected with 20% glycerol. Molecular replacement was performed with Ube2G1 

(PDB: 2AWF) and Ub (PDB: 1FXT) as separate search objects [44,45]. Model building and 

refinement were performed using Coot [46] and Phenix [47]. Ramachandran and other 
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statistics are in Table 1. All protein structure figures were generated using PyMOL 

(www.pymol.org). Software used in this project was curated using SBGrid [48].

E2 charging and Ub linkage assays

Reactions were performed in 20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MgCl2, 250 nM 

UBE1 enzyme (Boston Biochem, catalog number E304), 5 μM E2 enzyme, 25–50 mM Ub-

Fluor (4:1 ratio of unlabeled and fluorescently labeled Ub) [16], with or without the 

indicated concentration of UbV or Ub.1–74. The reaction was initiated by adding 2 mM 

ATP, incubated for the indicated time at 30°C, and stopped with nonreducing SDS sample 

loading buffer. To differentiate thioester-linked intermediates from isopeptide-linked 

intermediates, 10 μL of the reaction was treated with 250 μM DTT and heated at 90°C for 5 

min before SDS-PAGE. Gels were scanned at 480 nm on a Typhoon fluorescence scanner 

(GE LifeSciences), and bands were quantified using ImageQuant TL (GE LifeSciences) and 

visualized using Coomassie blue staining. Line graphs were plotted with nonlinear 

regression curve fits and generated using Prism (V 5.0a).

Processive ubiquitination assays

Reactions were performed in 20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MgCl2, 250 nM 

UBE1 enzyme, 5 μM E2 enzyme, 5 μM Rbx1 or TRIM25 with 12.5–25 μM Ub or Ub-Fluor, 

with or without 25 μM or the indicated amount of UbV. The reaction was initiated by adding 

2 mM ATP, incubated for 30 min or the indicated time at 30°C, and stopped with SDS 

sample loading buffer. Gels were scanned at 480 nm on a Typhoon fluorescence scanner (GE 

LifeSciences), and bands were quantified using ImageQuant TL (GE LifeSciences) and 

visualized using Coomassie blue staining. Line graphs were plotted with nonlinear 

regression curve fits and generated using Prism (V 5.0a).

Ub discharge assay

Ube2G1 and Ube2G1-S26R were charged for 30 min at 30°C in a reaction consisting of 25 

μM total Ub-Fluor, 0.5 μM UBE1 enzyme, 12.5 μM Ube2G1, and 1 mM ATP. The discharge 

reactions were initiated by addition of 1 unit apyrase, 40 mM lysine, 25 mM EDTA, and 50 

μM UbV.G1.1 for the indicated time and stopped with SDS sample loading buffer. Gels were 

scanned at 480 nm on a Typhoon fluorescence scanner (GE LifeSciences), and bands were 

quantified using ImageQuant TL (GE LifeSciences) and visualized using Coomassie blue 

staining. Line graphs were plotted with nonlinear regression curve fits and generated using 

Prism (V 5.0a).

Accession Numbers

The coordinates and the structure factors have been deposited in the Worldwide Protein Data 

Bank (wwPDB) with accession numbers 6D4P, 6D6I, and 6D68.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Structural rationale and library design for UbVs targeting E2 backsides.
(A) Superposition of Ub.wt in complex with Ube2D1 (blue, PDB: 3PTF), Ube2D2 (red, 

PDB: 4V3L), Ube2D3 (yellow, PDB: 2FUH), or Ube2V2 (green, PDB: 1ZGU). The 

superposition was performed with complete coordinates for the complexes, but for clarity, 

only Ube2D1 is shown (gray) with the active site cysteine shown as a red sphere. (B) 
Sequence alignment of the residues in the Ub-binding backsides of the human Ube2D, 

Ube2V, Ube2G, Ube2A/B, and Ube2E family members. Residues that are identical or 

similar across families are shaded orange or yellow, respectively. Residues that are identical 
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within the Ube2D, Ube2V, Ube2G, Ube2A/B, or Ube2E families are shaded blue, green, 

gray, pink, or purple, respectively. The numbering for Ube2D1 is shown above the 

sequences. The Ub-binding positions were defined as those residues at the interface in the 

majority of structures. (C) The Ub-binding backside of Ube2D1. Ube2D1 is shown as a gray 

tube with backside residues that are conserved or unconserved across the Ub-binding 

families shown as red or gray spheres, respectively. (D) The designs of libraries UbV-E2 and 

UbV-USP mapped onto the structure of Ub (PDB: 1UBQ). The Ub main chain is shown as a 

gray tube. Diversified positions are shown as spheres colored as follows: region 1, magenta; 

region 2, cyan; region 3, red. Gray spheres indicate residues that were not diversified in 

library UbV-E2 but were diversified in library UbV-USP.
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Fig. 2. Selective and tight binding of UbVs to E2 proteins.
(A) Sequence alignment of Ub.wt and UbVs selected for binding to Ube2D1 (D1.1), 

Ube2V1 (V1.1 and V1.2), Ube2G1 (G1.1), or Ube2G2 (G2.1). The alignment shows only 

those positions that were diversified in the UbV libraries, and positions that were conserved 

as the wt sequence are indicated by dashes. (B) The binding specificities of UbVs (y-axis) 

are shown across the human E2 family (x-axis), as assessed using ELISAs. FLAG-tagged 

UbV proteins were added to immobilized E2 proteins, and bound UbV proteins were 

detected by the addition of anti-FLAG-HRP and colorimetric development of TMB 
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peroxidase substrate. The normalized mean value of absorbance at 450 nm is shaded in a 

purple gradient (white = 0 and purple = 1). “S22R” refers to E2 variants containing an Arg 

residue in place of Ser22 (Ube2D1 numbering). (C) IC50 values, determined using 

competition ELISA, for solution-phase E2 proteins inhibiting binding of UbVs to 

immobilized E2 proteins. Subsaturating concentrations of the indicated UbV proteins were 

incubated with serial dilutions of E2 proteins as indicated and binding to immobilized 

cognate E2 protein was detected. The IC50 value was defined as the concentration of 

solution-phase E2 protein that inhibited 50% of the binding of the UbV protein to the 

immobilized E2 protein.
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Fig. 3. Superpositions of structures of UbVs and Ub.wt in complex with E2 proteins.
Ub.wt and its associated E2 protein are colored gray. The UbV and its associated E2 protein 

are colored as follows: UbV.D1.1 (orange) and Ube2D1 (blue), UbV.V1.1 (yellow) and 

Ube2V1 (green), UbV.G1.1 (magenta) and Ube2G1 (cyan). Active site cysteines in E2 

enzymes are shown as red spheres. (A) Superposition of Ube2D1-UbV.D1.1 complex with 

Ube2D1-Ub.wt complex (PDB: 3PTF). (B) Superposition Ube2V1-UbV.V1.1 complex with 

Ube2V2-Ub.wt complex (PDB: 1ZGU). (C) Superposition of Ube2G1-UbV.G1.1 complex 
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with apo Ube2G1 structure (PDB: 2AWF). (D) Superposition of Ube2D1-UbV.D1.1, 

Ube2V1-UbV.V1.1 and Ube2G1-UbV.G1.1 complexes.

Garg et al. Page 21

J Mol Biol. Author manuscript; available in PMC 2021 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Interactions at the UbV-E2 interfaces.
(A) Contact surfaces at the interface between UbV.D1.1 and Ube2D1 (left), UbV.V1.1 and 

Ube2V1 (center), and UbV.G1.1 and Ube2G1 (right). The complex is shown in an open 

book view with the UbV at the top and the E2 protein at the bottom. The proteins are shown 

as molecular surfaces with noncontact residues colored gray. Substituted or wt contact 

residues on the UbV are colored orange or green, respectively. Residues on the E2 that 

contact substituted or wt residues on the UbV are colored light orange or light green, 

respectively. UbV and E2 residues forming the hydrophobic pocket and adjacent contact 
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surface are boxed in white or blue and are shown as sticks in panels B and C. (B,C) 
Interactions between the E2 backside pocket and UbV side chains are shown for Ube2D1and 

UbV.D1.1 (left), Ube2V1 and UbV.V1.1 (center), and Ube2G1 and UbV.G1.1 (right). The 

E2 protein from each UbV-E2 complex is shown as a surface in (B) or as a gray ribbon with 

indicated side chains in (C). The interacting side chains and associated backbones of the 

UbV, or Ub.wt for comparison, are colored orange or green, respectively. In the case of 

Ube2G1, a structure in complex with Ub.wt is not available, and thus, the complex was 

modeled by superposition of Ub.wt with UbV.G1.1 in the UbV.G1.1-Ube2G1 structure.
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Fig. 5. Effects of UbVs on E2 activity.
(A) Time course of Ube2D1~Ub formation in the presence of UbV.D1.1 or Ub.1-74 (left 
panel) with quantitation of Ube2D1~Ub relative to a 10 min reaction with Ube2D1 alone 

(right panel). Ube2D1 charging reactions containing 0.20 μM E1, 5 μM Ube2D1, 25 μM Ub-

FL, 2 mM ATP, and 5 mM MgCl2 were incubated with or without 25 μM UbV.D1.1 or 

Ub.1–74. Quantification of Ube2D1~Ub was performed on fluorescent-scanned images 

processed using ImageQuant TL (V8.1.0.0) (B) Processive Ub chain formation by Ube2D1 

in the presence of RBX1 or TRIM25 RING domain. Ubiquitination reactions containing 
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0.20 μM E1, 5 mM Ube2D1, 20 μM RING, and 12.5 μM Ub-Fluor were incubated with or 

without 50 μM UbV.D1.1 for 30 min. (C) Time course of processive Ub chain formation by 

Ube2D1 or Ube2D2 in the presence of Rbx1 and UbV.D1.1. Reactions containing 0.20 μM 

E1, 5 μM Ube2D1, 5 μM E3 RING, and 25 μM Ub-Fluor were incubated with or without 25 

μM UbV.D1.1 for the indicated time. (D) Effects of UbV.V1.1 on di-Ub formation by 

Ube2N and Ube2V2. Reaction mixtures containing 0.25 μM E1, 5 μM Ube2N, 5 μM 

Ube2V2 or Ube2V1, 20 μM Ub, 2 mM ATP, and 5 mM MgCl2 were incubated with or 

without 20 μM UbV.V1.1. Formation of Ube2N~Ub and di-Ub was visualized using SDS-

PAGE and Coomassie blue staining.
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Fig. 6. UbV.G1.1 inhibits Ub charging of Ube2G1.
(A) Effect of UbV.G1.1 on Ube2G1~Ub formation. Charging reactions containing 0.20 μM 

E1, 5 μM Ube2G1 or Ube2G1-S26R, 25 μM Ub-Fluor, 2 mM ATP, and 5 mM MgCl2 were 

incubated with indicated amounts of UbV.G1.1 for 30 min. Coomassie blue staining (left 
panel) and fluorescent scanning (center panel) of the gel.are shown. The level of 

Ube2G1~Ub and Ube2G1-S26R~Ub was quantified (right panel) relative to a 30 min 

reaction in the absence of UbV.G1.1. (B) Time course of Ube2G1~Ub formation in the 

presence of Ubv.G1.1. Ube2G1 and Ube2G1-S26R charging reactions were performed with 

62.5 μM UbV.G1.1 for the indicated times and analyzed as described earlier. (C,D) 
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Discharge of (C) Ube2G1 or (D) Ube2G1-S26R in the presence of Ubv.G1.1. Ube2G1 or 

Ube2G1-S26R was charged with Ub-Fluor for 30 min; the discharge reaction was initiated 

by addition of 1 unit apyrase, 40 mM lysine, 25 mM EDTA, and 50 μM UbV.G1.1. After the 

indicated time, the reaction was stopped with SDS sample loading buffer. Gels were scanned 

at 480 nm on a Typhoon fluorescence scanner (GE LifeSciences); bands were quantified 

using ImageQuant TL (GE LifeSciences) and visualized using Coomassie blue staining

Garg et al. Page 27

J Mol Biol. Author manuscript; available in PMC 2021 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Garg et al. Page 28

Ta
b

le
 1

.

D
at

a 
co

lle
ct

io
n 

an
d 

re
fi

ne
m

en
t s

ta
tis

tic
s.

U
be

2D
1 

+ 
U

bv
.D

1.
1

U
be

2V
1 

+ 
U

bv
.V

1.
1 

+ 
U

be
2N

U
be

2G
1 

+ 
U

bv
.G

1.
1

D
at

a 
co

lle
ct

io
n

W
av

el
en

gt
h

0.
97

92
0.

97
92

0.
97

95

Sp
ac

e 
gr

ou
p

P2
12

12
1

P3
2

P3
22

1

C
el

l d
im

en
si

on
s 

a,
 b

, c
 (

Å
)

51
.1

2,
 5

2.
56

, 9
6.

75
91

.4
4,

 9
1.

44
, 9

2.
45

66
.5

4,
 6

6.
54

, 2
25

.1

α
, β

, γ
 (

°)
90

, 9
0,

 9
0

90
, 9

0,
 1

20
90

, 9
0,

 1
20

R
es

ol
ut

io
n,

 Å
50

–2
.1

0
40

–2
.5

5
46

–2
.3

5

R
m

er
ge

, %
10

.4
 (

88
.1

)
6.

5 
(9

5.
0)

6.
0 

(3
6.

7)

C
C

1/
2

0.
99

9 
(0

.6
10

)
0.

99
3(

0.
57

2)
0.

96
7 

(0
.9

13
)

I/
σ

30
.2

 (
1.

0)
26

.7
 (

1.
1)

23
.3

 (
2.

8)

C
om

pl
et

en
es

s,
 %

99
.9

 (
10

0)
99

.8
 (

99
.9

)
99

.6
 (

98
.9

)

R
ef

le
ct

io
ns

 to
ta

l/u
ni

qu
e

11
24

23
/1

55
72

14
28

99
/2

81
09

16
85

82
/2

48
51

R
ed

un
da

nc
y

7.
2 

(6
.7

)
5.

1 
(4

.9
)

6.
8 

(6
.2

)

R
ef

in
em

en
t

R
w

or
k/

R
fr

ee
0.

21
4/

0.
23

1
0.

27
1/

0.
28

7
0.

20
6/

0.
25

7

N
o.

 o
f 

at
om

s

 
Pr

ot
ei

n
34

02
99

66
74

28

 
W

at
er

24
0

45

B
-f

ac
to

rs
, Å

2

 
Pr

ot
ei

n
51

.8
10

4.
4

70
.2

 
w

at
er

39
.8

–
61

.5

R
.M

.S
 d

ev
ia

ti
on

s

B
on

d 
le

ng
th

s,
 Å

0.
00

2
0.

00
4

0.
00

2

B
on

d 
an

gl
es

, °
0.

60
0.

63
0.

58

R
am

ac
ha

nd
ra

n 
pl

ot

M
os

t f
av

or
ed

 r
eg

io
ns

 (
%

)
99

.1
98

.1
99

.1

A
llo

w
ed

 r
eg

io
ns

 (
%

)
0.

9
1.

9
0.

9

D
is

al
lo

w
ed

 r
eg

io
ns

 (
%

)
0.

0
0.

0
0.

0

M
ol

Pr
ob

ity
 S

co
re

1.
09

1.
13

0.
84

J Mol Biol. Author manuscript; available in PMC 2021 February 14.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Garg et al. Page 29

U
be

2D
1 

+ 
U

bv
.D

1.
1

U
be

2V
1 

+ 
U

bv
.V

1.
1 

+ 
U

be
2N

U
be

2G
1 

+ 
U

bv
.G

1.
1

PD
B

 I
D

 c
od

e
6D

4P
6D

6I
6D

68

V
al

ue
s 

in
 p

ar
en

th
es

es
 a

re
 f

or
 th

e 
hi

gh
es

t r
es

ol
ut

io
n 

sh
el

l.

J Mol Biol. Author manuscript; available in PMC 2021 February 14.


	Abstract
	Introduction
	Results
	Analysis of E2-Ub backside interactions and UbV library design
	Selection and characterization of UbV binders for E2 proteins
	Structural analysis of UbVs in complex with E2 proteins
	Molecular basis for enhanced affinity and specificity of UbVs
	Effects of UbVs on E2 function

	Discussion
	Materials and Methods
	Selection of E2-binding UbVs
	ELISAs for assessing specificity and affinity
	Protein purification and structure determination
	E2 charging and Ub linkage assays
	Processive ubiquitination assays
	Ub discharge assay
	Accession Numbers

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Table 1.

