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Abstract

Ubc13 is an E2 ubiquitin conjugating enzyme that functions in nuclear DNA damage signaling 

and cytoplasmic NF-κB signaling. Here we present the structures of complexes of Ubc13 with two 

inhibitors, NSC697923 and BAY 11-7082, which inhibit DNA damage and NF-κB signaling in 

human cells. NSC697923 and BAY 11-7082 both inhibit Ubc13 by covalent adduct formation 

through a Michael addition at the Ubc13 active site cysteine. The resulting adducts of both 

compounds exploit a binding groove unique to Ubc13. We developed a Ubc13 mutant which 

resists NSC697923 inhibition and, using this mutant, we show that the inhibition of cellular DNA 

damage and NF-κB signaling by NSC697923 is largely due to specific Ubc13 inhibition. We 

propose that unique structural features near the Ubc13 active site could provide a basis for the 

rational development and design of specific Ubc13 inhibitors.

Protein ubiquitination is a major post-translational system that regulates diverse aspects of 

eukaryotic intracellular signaling. The targeting of ubiquitin to specific proteins involves the 

initial ATP-dependent activation of ubiquitin by E1 enzymes that result in the thioester 

linkage of the C-terminal carboxylate of ubiquitin to the active site cysteine of the E11–4. 

The activated ubiquitin is next transferred to the active site cysteine of any one of a number 

of ubiquitin conjugating enzymes (E2s), of which there are ~34 in the human genome5, 6. 

Most E2s function in cooperation with E3 proteins that bind and activate the E2 and 

recognize specific protein targets for ubiquitination7–10.
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The diverse effects of protein ubiquitination are driven in part by different forms of 

ubiquitin chains that can be linked to target proteins11–13. Chains in which the ε-amino 

group of Lys63 of one ubiquitin is joined to the C-terminal carboxylate of the next ubiquitin 

via an isopeptide bond (Lys63-linked chains) have been shown to play especially critical 

roles in NF-κB signaling14–16 and the DNA damage response (DDR)17, 18. The formation of 

these chains is specifically catalyzed by a specialized ubiquitin conjugating enzyme (E2) 

complex composed of the canonical E2, Ubc13 (also known as Ube2N), together with one 

of either of two E2-like ubiquitin enzyme variant (Uev) proteins, Uev1a or Mms2 (also 

known as Ube2V1 and Ube2V2, respectively)7, 19. The Uev proteins bind the incoming 

acceptor ubiquitin, positioning its Lys63 for attack on the thioester of the donor ubiquitin 

covalently linked to the active site cysteine of Ubc13. The attack of the incoming lysine 

likely results in an oxyanion thioester intermediate that is thought to be stabilized by a 

conserved asparagine (Asn79 in Ubc13)20. This asparagine has also recently been implicated 

in maintaining the structural integrity of the Ubc13 active site loop (Ala114-Asp124)21. 

Further, substrate lysine pKa suppression and deprotonation contribute to Ubc13 

catalysis22, 23.

The finding that the NF-κB pathway is constitutively activated in many forms of diffuse 

large B-cell lymphomas (DLBCLs) has driven efforts to develop small molecule inhibitors 

of this pathway. Recently, two independent reports15, 16 have uncovered structurally related 

NF-κB inhibitors that biochemically target Ubc13. The first demonstrated that NSC697923 

(2-[(4-methylphenyl)sulfonyl]-5-nitrofuran) inhibits Ubc13 and NF-κB activation, as well as 

the growth and survival of germinal center B-cell-like and activated B-cell-like DLBCLs16. 

In addition, this compound was also shown to inhibit ubiquitin-dependent DNA damage 

signaling but not DNA damage-induced γH2AX foci formation, consistent with the specific 

targeting of Ubc13 in the nucleus. Another compound, BAY 11-7082 ((2E)-3-[(4-

methylphenyl)sulfonyl]prop-2-enenitrile), previously thought to be a protein kinase 

inhibitor24, has also been shown to inhibit Ubc13 through covalent modification of the 

active site cysteine15. BAY 11-7082 was shown to inhibit not only Ubc13 but also other E2 

enzymes as well as the proteasome. In contrast, NSC697923 was found to be specific for 

Ubc13 in in vitro ubiquitination assays16, suggesting that this compound might provide a 

more attractive lead toward the development of a targeted Ubc13 agent.

Here, we present the structures of Ubc13 inhibited by both NSC697923 and BAY 11-7082. 

The structures reveal that both inhibitors act via the covalent modification of the active site 

cysteine through a Michael addition15. Interestingly, the cysteine adduct docks into an 

adjacent cleft that is not present in many other ubiquitin conjugating enzymes. To examine 

the role of this cleft in inhibition, we created a Ubc13 mutant in which the cleft is obscured 

by a change in the active site loop to a conformation that resembles that observed in the 

NSC697923-resistant homologue, UbcH5c. We show that the mutant is competent to build 

Lys63-linked polyubiquitin chains and is resistant to NSC697923 inhibition, but not to BAY 

11-7082. Using this mutant, we conclusively demonstrate that inhibition of DNA damage 

and NF-κB signaling by NSC697923 in mammalian cells is primarily due to Ubc13 

inhibition. Our approach provides a means for future development of NSC697923 

derivatives that exploit the unique Ubc13 binding cleft while alleviating overall cellular 
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toxicity. Further, novel Ubc13 inhibitors can more effectively be discovered through the use 

of the mutant as a counter screen to identify compounds that exploit the unique Ubc13 

binding cleft.

RESULTS and DISCUSSION

Ubc13 Covalent Inhibitors Bind to a Groove near the Active Site

To understand how NSC697923 and BAY 11-7082 interact with and inhibit Ubc13, we 

determined the crystal structures of these compounds bound to Ubc13/Mms2 (Figure 1a-e). 

NSC697923 reacts with the sulfhydryl group of Cys87 through a Michael addition (Figure 

1f), resulting in the addition of a 5-nitrofuran moiety to the Cys87 sulfur atom (Figure 1b 

and Supporting Information Figure 1a,b). NSC697923 also reacts with the free sulfhydryl of 

β-mercaptoethanol in a pH-dependent reaction that can be monitored via absorbance at 380 

nm (Supporting Information Figure 2a,b). The 5-nitrofuran group is packed into a cleft 

leading to Cys87, the walls of which are composed of the residue 114–124 loop on one side, 

and the residue 81–85 turn on the other side (Supporting Information Figure 2c). The 

packing of this group within the cleft is largely hydrophobic with a single hydrogen bond 

between the nitro group and the side chain of Asn123. The conformation of Ubc13 is largely 

unchanged by reaction with the inhibitor, except for a 1.8 Å shift of Cys87 to accommodate 

the 5-nitrofuran.

Similarly, BAY 11-7082 reacts with the sulfhydryl group of Cys87 through a Michael 

addition15 (Figure 1f), which leaves a prop-2-enenitrile moiety on the Cys87 sulfur atom 

(Figure 1d and Supporting Information Figure 2d). The electron density shows that the 

prop-2-enenitrile adduct is directed toward Asn123 forming a hydrogen bond, positioned 

within the same groove as the 5-nitrofuran moiety of the NSC697923 complex. The electron 

density suggests that there may also be a proportion of Ubc13 in these crystals which are 

unmodified or where the adduct is disordered (Supporting Information Figure 2d). As in the 

NSC697923 complex, there is little movement of residues in the BAY 11-7082 structure 

compared to the uninhibited structure; however, unlike the NSC697923 complex, there is no 

shift in the main chain near Cys87 induced by reaction with the BAY 11-7082 inhibitor 

(Figure 1e).

The two inhibitors are similar in that they both contain a tosyl group that is released as a 

result of the reaction (Figure 1f). We wondered if the tosyl group might also play a role in 

the initial binding of the inhibitors prior to reaction. We tested the ability of NSC697923 to 

bind to a nonreactive Ubc13 mutant containing a Cys-Ser substitution at the active site by 

NMR. Comparison of the 15N HSQC spectra of the C87S mutant incubated with 250 mM 

NSC697923 compared to a Ubc13C87S + DMSO control revealed no significant shifts in any 

backbone amides, suggesting there is little if any specific prereaction binding of the 

compound near the active site (Supporting Information Figure 3a).

Development of an Inhibitor-Resistant Ubc13 Mutant

Previous work suggested UbcH5c is resistant to NSC697923 in vitro, under concentrations 

that effectively inhibit Ubc1316. Comparison of the structures of Ubc13 and UbcH5c 

suggests a mechanism for this differential sensitivity to the inhibitor (Figure 2a,b). The 
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groove that the nitrofuran substituent occupies in Ubc13 is occupied by a conserved leucine 

(Leu119) in UbcH5c. While an analogous leucine is present in Ubc13 (Leu121), this leucine 

is solvent exposed due to a different conformation of the 114–124 loop. An alignment of 

Ubc13 with the 17 available structurally similar catalytically active E2 structures in humans 

indicates that in the other E2s this loop often adopts the UbcH5c-like conformation with a 

residue frequently occluding the groove, providing a possible explanation for the specificity 

of NSC697923 for Ubc13 (Supporting Information Figure 3b). The other seven available E2 

enzyme structures show considerable divergence from this basic fold (Supporting 

Information Figure 3c).

Analysis of the Ubc13 and UbcH5c structures and amino acid sequence alignments (Figure 

2a,b), suggests that four amino acid substitutions might flip the orientation of the loop and 

alter the character of the groove adjacent to the Ubc13 active site, which could render the 

mutant resistant to NSC697923. Two of the mutations in the 114–124 loop, A122V and 

N123P, were predicted to alter the loop conformation, orienting Leu121 into the groove, 

while also shifting the position of Asn123, the sole hydrogen bonding partner for the 

nitrofuran. The other two mutations, D81N and R85S, were designed to alter the wall of the 

groove opposite the 114–124 loop to resemble UbcH5c. The crystal structure of the 

quadruple Ubc13 mutant (Ubc13QD) bound to Mms2 reveals that the 114–124 loop does 

adopt a UbcH5c-like conformation such that Leu121 occupies the groove to potentially 

occlude the inhibitor (Figure 2c–e).

Ubc13QD Is Resistant to NSC697923 but not BAY 11-7082

We next compared the sensitivities of the Ubc13QD mutant and wild type Ubc13 to 

inhibition using in vitro ubiquitination assays that contained stoichiometric amounts of the 

E3 RNF8, which stimulates Mms2/Ubc13-dependent formation of Lys63-linked 

polyubiquitin chains7 (Figure 3a,b). Reactions performed in the absence of inhibitor reveal 

that the Ubc13QD mutant is competent to build Lys63-linked poly-ubiquitin chains 

(Supporting Information Figure 4), and chain building efficiency under these reaction 

conditions is very similar to wild type. As seen in Figure 3a, Lys63-linked 

polyubiquitination catalyzed by wild type Ubc13 is inhibited by NSC697923 concentrations 

as low as 1 μM, consistent with previous findings16. In contrast, polyubiquitination 

catalyzed by Ubc13QD is not markedly inhibited at similar concentrations of NSC697923. 

While these results reveal a significant resistance of the Ubc13QD mutant to NSC697923, 

both Ubc13WT and Ubc13QD are similarly inhibited by BAY 11-7082 (Figure 3b). The fact 

that Ubc13QD is highly sensitive to BAY 11-7082 but not NSC697923 suggests that the 

smaller BAY 11-7082 is able to evade the more restricted environment of the Ubc13QD 

active site. This is consistent with previous results that indicate that BAY 11-7082 is able to 

inhibit ubiquitination catalyzed by a range of E2s, many of which adopt a 114–124 loop 

conformation that is very similar to that of the Ubc13QD mutant15.

These results suggest that the Ubc13QD mutant reacts more slowly than the wild type protein 

with NSC697923. To directly test this, we used the finding that reaction of NSC697923 with 

sulfhydryl compounds can be followed by the formation of a reaction product that absorbs 

UV light at 380 nm (Supporting Information Figure 2a,b). We used this assay to quantitate 
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the rate of reaction of NSC697923 with Ubc13QD compared to the wild type protein (Figure 

3c). Fitting of the data to a second order kinetic model gives a second order rate constant 

(k2) for the reaction with wild type Ubc13 of 410 ± 102 M−1s−1, whereas reaction with 

Ubc13QD is ~16-fold slower (k2 of 26 ± 8 M−1s−1). No reaction was observed in control 

experiments with the catalytically inactive Ubc13C87S.

Inhibition of the DDR and NF-κB Signaling by NSC697923 is Due to Targeting of Ubc13

Our development of a functional Ubc13 variant that is resistant to NSC697923 presented the 

opportunity to test if the ability of NSC697923 to inhibit the cellular DNA damage response 

and NF-κB signaling is due to inhibition of Ubc13 or an off-target effect. In these 

experiments, we utilized a Ubc13 knockout mouse embryonic fibroblast line (MEF) in 

which we reintroduced either wild type Ubc13 or Ubc13QD, Supporting Information Figure 

5. NF-κB activation was induced by treatment with lipopolysaccharide (LPS) and monitored 

by following the cellular localization of the NF-κB p65 subunit, which translocates from the 

cytoplasm to the nucleus upon I-κB degradation in a manner that depends on the action of 

Uev1a/Ubc1325. In the absence of inhibitor, both wild type and Ubc13QD are able to induce 

nearly total translocation of p65 to the nucleus upon LPS stimulation (Figure 4a) and 

consistent with previous findings this translocation is greatly dependent upon Ubc13 

(Supporting Information Figure 6a,b)26. Treatment of WT reconstituted MEF cells with 2.5 

μM NSC697923 inhibited the LPS-driven translocation of p65, so that a large amount 

remained in the cytoplasm. Treatment of Ubc13QD reconstituted MEFs with 2.5 μM 

NSC697923 resulted in less overall inhibition (Figure 4b). These treatments did not 

significantly alter p65 expression in the MEF cell lines (Supporting Information Figure 6c). 

Quantification of these results reveals that the average percentage of total p65 localized to 

the nucleus is reduced from 51 ± 1% to 33 ± 1% upon treatment with 2.5 μM NSC697923 in 

WT cells (Figure 4b,c). Given that ~30% of p65 is localized to the nucleus in these cells in 

the absence of NF-κB activation, this represents an almost complete inhibition of LPS-

inducible NF-κB signaling. In contrast, in Ubc13QD cells, the average percentage of nuclear 

p65 is only reduced from 51 ± 1% to 39 ± 1% upon NSC697923 treatment, which is well 

above the level of p65 translocation in the absence of LPS treatment (~30%). We find that 

this reflects a statistically significant reduction in inhibition in Ubc13QD compared to 

Ubc13WT cells (P-value = 0.02), and thus, the effects of NSC697923 on NF-κB signaling 

are likely due, at least in part, to Ubc13 inhibition (Figure 4c).

To further assess the effect of NSC697923 on NF-κB signaling, we also analyzed the 

cellular cytokine release profile of the MEF cell lines (Figure 5) in response to LPS 

stimulation. Cytokines are small secreted signaling proteins that are extensively used by 

cells of the immune system, in particular macrophages, for intercellular communication and 

inflammation regulation in response to foreign particles/invaders27. As a major component 

of the connective tissue, fibroblasts are also known to secrete cytokines in response to 

stimulation via other cytokines or LPS27, 28. We found four cytokines that were responsive 

to LPS stimulation in a Ubc13-dependent manner suggesting that their expression levels are 

largely controlled by the NF-κB pathway in our cells (Supporting Information Figure 7). We 

measured the levels of these secreted cytokines as a function of increasing NSC697923 

concentration (Figure 5 and Supporting Information Figure 8). The NSC697923-dependent 
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reduction of the four cytokines, granulocyte-colony stimulating factor (G-CSF), monocyte 

chemoattractant protein 1 (MCP-1), granulocyte-macrophage-colony stimulating factor 

(GM-CSF), and interleukin-5 (IL-5) 27–30, was slightly more pronounced in the wild type 

cells compared to the Ubc13QD cells. This is most notable when comparing the cytokine 

concentration differences between the DMSO control and the lower NSC697923 

concentrations (0.5 to 2 μM) as seen in the normalized data in Figure 5 (raw data in 

Supporting Information Figure 8). The longer incubation with NSC697923 (4.5 h) and the 

complex nature of the pathways contributing to cytokine secretion may explain the lower 

sensitivity of this experiment compared to the p65 translocation data (a more direct measure 

of NF-κB signaling). Taken together, however, the cytokine secretion data are consistent 

with the p65 translocation data, which suggests that the effects on the NF-κB signaling 

pathway are partially due to Ubc13 inhibition.

We utilized the same MEF cell lines to monitor the effects of NSC697923 on the cellular 

response to DNA damage signaling. DNA damage was induced with ionizing radiation and 

DNA lesions were monitored through the formation of γH2AX foci, which form 

independent of Ubc13-dependent ubiquitin signaling31, 32. In the Ubc13 knockout MEFs, we 

observed a slight increase in γH2AX foci upon ionizing radiation, which was decreased 

upon treatment with NSC697923, however neither effect was statistically significant 

(Supporting Information Figure 9a,b). To assess downstream signaling, we monitored the 

formation of 53BP1 foci, which are dependent on Ubc13 driven ubiquitination of 

chromatin33, 34 (Figure 6a-c, Supporting Information Figure 9b). In both the wild type- and 

Ubc13QD-expressing cells, we observed the colocalization of γH2AX and 53BP1 foci in 

response to ionizing radiation, indicating that the Ubc13QD mutant is competent to 

functionally replace the wild type protein in the DNA damage response. It should be noted 

that there was a small (not statistically significant) increase in colocalization of γH2AX and 

53BP1 (i.e., DNA damage) in the absence of ionizing radiation for both WT and QD cell 

lines upon treatment with NSC697923 (Supporting Information Figure 9c). This may be 

attributed to the reaction of NSC697923 with the natural cellular antioxidant glutathione, 

which could result in an increase in DNA damaging reactive oxygen species (ROS). 

Treatment of the irradiated cells with 2.5 μM NSC697923 did not alter the appearance of the 

γH2AX foci, but did significantly reduce the percentage of cells positive for colocalized 

γH2AX/53BP1 foci in wild type Ubc13-expressing cells (P-value = 9.0−9; Figure 6a,c). 

There was no statistically significant inhibition of the γH2AX/53BP1 colocalized-positive 

Ubc13QD-expressing cells (P-value = 0.7) indicating that the effect of NSC697923 on the 

DNA damage response is largely due to the inhibition of Ubc13 (Figure 6b,c).

Ubc13 is the ubiquitin-conjugating (E2) enzyme critical for the synthesis of Lys63-linked 

ubiquitin chains in both the homologous recombination DNA repair and NF-κB pathways, 

which have both been identified as targets for cancer therapy development. Here we have 

shown that two previously identified inhibitors of Ubc13 both covalently modify the active 

site cysteine, forming sulfur adducts that dock into a unique groove adjacent to the catalytic 

cysteine. This groove is occluded by a loop opposing the active site cysteine in many E2 

enzymes and therefore provides a route for the development of specific inhibitors of Ubc13. 

Mutations that block this groove but do not significantly impair catalytic activity afford 
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resistance to one of the inhibitors in vitro. Using this resistant mutant, we show that the 

previously demonstrated inhibition of NF-κB and DNA damage signaling attributed to this 

compound is predominantly due to the specific inhibition of Ubc13. However, we do note 

that the mutant only provides a partial reduction in the inhibition of the NF-κB response. 

This raises the possibility that NSC697923, which is generally reactive to small molecule 

sulfhydryl compounds, may act on alternative targets that also inhibit the NF-κB pathway.

A comparison of the structure of free Ubc13 with the structure of Ubc13 with a ubiquitin 

covalently linked to the active site indicates that a UbcH5c-like conformation can be 

induced in the Ubc13 114–124 loop upon ubiquitin binding19 (Supporting Information 

Figure 10). The ubiquitin-bound structure provides a view of the covalently bound donor 

ubiquitin, as well as an incoming acceptor ubiquitin (Figure 7). In the unbound state, Leu121 

blocks the approach of the incoming lysine from the acceptor ubiquitin, however 

rearrangement of the 114–124 loop enables the access of ubiquitin Lys63 to the active site. 

This conformational rearrangement also shifts the position of Ubc13 Asn123, which, in the 

free state, is hydrogen bonded to the main chain of His77, Pro78 and Val80. Upon ubiquitin 

binding and conformational change, Asn123 flips out and hydrogen bonds with the main 

chain of Lys63 of the acceptor ubiquitin and the adjacent Gln62 residue. The fact that an 

asparagine is only found at this position in Ubc13 among all the 34 known active human E2 

enzymes suggests that this conformational rearrangement may be unique to Ubc13 

(Supporting Information Figure 11). Flexibility of this loop is further suggested by the 

observation that the loop adopts still other conformations in complex with E3 ligases and 

other regulatory proteins (Supporting Information Figure 12). Indeed, we have recently 

shown the dynamics of this loop to be important for the catalytic activity of Ubc1335. This is 

consistent with previous suggestions that E3 ligases may activate Ubc13 and other E2s by 

driving conformational change within the active site that propagates from the site of E3 

binding8, 9, 36.

NSC697923 and BAY 11-7082 provide a starting point for future development of agents 

that act to covalently inhibit Ubc13. While covalent inhibitors were rarely utilized in the past 

for targeted drug discovery, many important drugs in current use act through a covalent 

mechanism, and there is renewed interest in covalent inhibitors37. A key to lowering the 

toxicity of such inhibitors is to modulate their reactivity, so that their activation and reaction 

with a target is dependent upon stable and selective binding. Our work shows that the 

groove near the active site of Ubc13 can serve as a powerful selectivity determinant. The 

charged Asp119 near the active site could also be exploited as a hydrogen bond/salt bridge 

acceptor. Replacement of the nitro group in NSC697923 could offer a route to reduce the 

reactivity of the inhibitor, while potentially alleviating the well-known toxicities associated 

with nitrofuran-containing compounds38. Our NMR experiments do not demonstrate 

specific prereaction binding of NSC697923 to Ubc13C87S, arguing against the idea that the 

tosyl group, which is common to both inhibitors, directly contributes to Ubc13 binding. 

Nevertheless, next generation inhibitors could employ leaving groups that might enhance the 

precatalytic binding of the inhibitor to Ubc13. Interestingly, the predicted position of the 

tosyl group would be close to a groove that accepts the ubiquitin tail in E2-ubiquitin 
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complex structures8, 19, and it is therefore possible that leaving groups or other 

modifications that target this groove could significantly improve binding.

BAY 11-7082 has been extensively used in studies of the NF-κB pathway, and recently been 

shown to target protein tyrosine phosphatases15, 39. It has previously been demonstrated that 

BAY 11-7082 is toxic to multiple myeloma cells independent of its known effects on the 

NF-κB pathway, indicating off-target effects40. This study did not, however, take into 

account the more recent report of the inhibition of protein tyrosine phosphatases by this 

compound39. We found that the Ubc13QD mutant was not resistant to BAY 11-7082, despite 

the predicted clash of Leu121 with the prop-2-enenitrile moiety. The smaller prop-2-

enenitrile adduct may not dock as well into the active site pocket as the larger nitrofuran, 

and may exhibit greater mobility to evade the steric clash with Leu121. The ability of the 

Ubc13QD mutant to discriminate between a bulkier, more specific compound and a smaller, 

more promiscuous one speaks to its potential utility as an effective active site binding 

inhibitor counter-screen.

In principle, noncovalent, allosteric inhibition could provide another route for the 

development of therapeutically useful Ubc13-targeted compounds. While E2 enzymes in 

general lack the deep, complex active site clefts that characterize traditionally druggable 

targets, an allosteric inhibitor of another E2 enzyme, Cdc34, has been developed41. The 

Cdc34 inhibitor, CC0651, binds and induces a conformational change in Cdc34 that opens 

the enzyme structure to accommodate the inhibitor and also distorts the active site to inhibit 

Cdc34 catalytic activity. The authors suggest that this pocket could be exploited to develop 

similar inhibitors specific to a variety of different E2 enzymes, including Ubc13.

The importance of developing specific inhibitors of a critical, nonredundant enzyme such as 

Ubc13 that plays essential roles in pathways that are intimately associated with tumour cell 

viability and susceptibility to treatments cannot be underestimated. A recent study has 

shown Ubc13 to be among a number of genes that have increased expression in 

nasopharyngeal carcinoma cells resistant to cisplatin, which display a greater frequency of 

sister chromatid exchange via template switching42. Depletion of Ubc13 in these cells 

suppresses sister chromatid exchange and resensitizes these cells to cisplatin. Another recent 

study demonstrated that increased Uev1A levels can drive human breast cancer cell invasion 

and metastasis in mouse xenograft models in a manner that is dependent on Ubc1343. Ubc13 

has also been shown to control breast cancer metastasis through the activation of a TAK1-

p38 kinase44. Chronic inflammation is often a precursor to cancer development, and the NF-

κB pathway is often constitutively activated in many cancers, which can, in part, lead to 

acquired chemo-resistance45. An effective Ubc13 inhibitor could target chemo-resistant 

cancer cells through inhibition of the Ubc13-dependent template switching and NF-κB 

pathways, aid in breast cancer metastasis prevention, and sensitize these cells to DNA 

damaging radiation/chemotherapy through inhibition of the Ubc13-dependent DDR.
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METHODS

Protein production

Ubc13, Mms2, RNF8, and mUBA1 cloning, and protein production/purification was 

previously described7, 46, 47. Further details described in Supporting Information.

Crystallization and structure determination

The Ubc13WT (or Ubc13QD)/Mms2 heterodimeric complexes were mixed with either 

NSC697923 (NCI) or BAY11-7082 (Sigma) and incubated overnight at 4 °C prior to setting 

up crystallization trials. Data were collected and the structures were refined. Detailed 

preparation of crystallization conditions are described in Supporting Information.

Ubiquitination inhibition assay

When necessary mUBA1, Ubc13 (WT or QD), Mms2, RNF8, ubiquitin, and ATP were 

added, and allowed to react for 1.5 hours at 37 °C. Reactions were quenched with SDS-

PAGE loading buffer and visualized by Western blotting. The primary antibody was mouse 

anti-ubiquitin (Santa Cruz, sc-166553) and the secondary was goat antimouse-FITC (Sigma-

Aldrich). Further reaction details described in Supporting Information.

In vitro inhibition absorbance assay

NSC697923 was added to the various Ubc13 constructs and the absorbance at 380 nm was 

monitored via a Synergy MX Biotek plate reader. The second-order rate constants were 

determined as described in Supporting Information.

NMR of 15NUbc13C87S and NSC697923

NSC697923 in DMSO or DMSO alone was added to 15N labeled Ubc13C87S, and chemical 

shift changes were monitored by NMR spectroscopy using 2D 1H-15N HSQC spectra. 

Supporting Information contains additional details.

Assay for NF-κB signaling and DNA damage localization in MEFs

MEF cells were seeded to ~8.57x104 the day before using a hemocytometer. MEFs were 

incubated with NSC697923 for 30 minutes prior to either LPS stimulation or ionizing 

radiation treatment. Cells were fixed using 4 % paraformaldehyde and stained with either an 

anti-p65 antibody (Santa Cruz, sc-372), or anti-53BP1 (Santa Cruz, sc-22760) and anti-

γH2AX (Millipore, 05–636) antibodies. Invitrogen (37–1100) anti-Ubc13 antibody was used 

for Western blotting. MetaMorph was used to acquire single-plane images. Images were 

independently scaled in Photoshop CS3 (Adobe) for Windows, to best represent the 

subcellular distribution of the fluorescent stain. Further technical details are described in 

Supporting Information.

Multiplex Mouse Cytokine Array

MEF conditioned medium was assayed by Eve Technologies (Calgary, Alberta, Canada) 

using Multiplexing LASER bead technology. Briefly the method entails the addition of 

different coloured fluorescent beads coupled with specific cytokine-specific antibodies to 
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the medium, which can be discriminated via a bead analyzer. A biotinylated antibody is used 

to detect the cytokine, which is then quantified using a fluorescent streptavidin-

phycoerythrin conjugate. The target analyte is directly proportional to the amount of 

conjugate detected by the bead analyzer. For a full list of cytokines analyzed see the 

Supporting Information.

CellProfiler and Statistical Analyses

CellProfiler was used to find and measure nuclei, cytoplasm, and foci of the MEF cells in 

the 16-bit TIFF files, for which the Otsu thresholding method was chosen48–50. Statistical 

significance was determined using a two-tailed Student’s t test and significance level of 

*P<0.05 (unless otherwise specified) using Microsoft Excel 2010.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
NSC697923 and BAY 11-7082 covalently modify the Ubc13 active site. (a) Overview of 

Ubc13 (blue)/Mms2 (yellow) bound by the 5-nitrofuran moiety of NSC697923. Active site 

is boxed with the 114–124 loop in orange and the Cys87 region in green (Protein Data Bank 

accession 4ONM). (b) The active site view of Ubc13 bound by the 5-nitrofuran moiety of 

NSC697923. (c) Overlay of wild type Ubc13, PDB 1J7D (green-cyan), and 5-nitrofuran-

bound Ubc13. (d) Active site view of Ubc13 bound by the prop-2-enenitrile moiety of BAY 

11-7082 (PDB 4ONN). (e) Overlay of wild type Ubc13 and prop-2-enenitrile bound Ubc13. 

In panels (b) – (e), the view is rotated 90° from the orientation in (a). (f) Mechanisms of 

covalent attachment by NSC697923 and BAY 11-7082.
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Figure 2. 
Design and structure of a NSC697923 resistant Ubc13 mutant. (a) Amino acid sequence 

alignment of important active site residues in Ubc13 and UbcH5c, with secondary structural 

characteristics shown above. A line signifies a loop region and a box denotes an α helix. 

Arrows indicate mutations made to Ubc13 to mimic UbcH5c. The asterisk is above the 

active site cysteine. (b) Overlay of UbcH5c, PDB 1X23 (deep-teal), and Ubc13 (light green) 

shows their different active site loop conformations. Asterisks denote UbcH5c residues. (c) 

Active site view of the mutant Ubc13QD (green) with the UbcH5c-type loop conformation 

(PDB 4ONL). Brackets denote wildtype residues. (d) Overlay of Ubc13 5-nitrofuran adduct 

(blue) and the resistant Ubc13QD (green). (e) Overlay of Ubc13 prop-2-enenitrile adduct 

(orange) and Ubc13QD.
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Figure 3. 
Ubc13QD is resistant to NSC697923 but not BAY 11-7082. (a and b) In vitro ubiquitination 

assays in which purified Ubc13/Mms2 (Ubc13WT or Ubc13QD) was incubated with 

ubiquitin, ATP, E1 enzyme, RNF8 and the indicated concentrations of inhibitor. Results 

were visualized by Western blotting with an antiubiquitin antibody. (a) Results for 

NSC697923. (b) Results for BAY 11-7082. (c) Representative graph of an in vitro inhibition 

assay monitored by absorbance at 380 nm. Reactions containing either Ubc13WT, Ubc13QD, 

or Ubc13C87S were mixed with the NSC697923 inhibitor, and the resulting absorbance 

monitored. The experiment was done in triplicate and the average second-order rate 

constants (k2) and standard errors are reported. Dotted lines indicate experimental data, 

curves indicate the fit to a second-order rate model.
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Figure 4. 
Inhibition of Ubc13 is required for significant disruption of cellular NF-κB signaling by 

NSC697923. (a) Representative images of Ubc13WT (left) or Ubc13QD (right) reconstituted 

mouse embryonic fibroblast cells before and after lipopolysaccharide (LPS) stimulation, 

with and without NSC697923 treatment (2.5 μM). (b) Quantitation of p65 translocation 

represented as a percent of intensity localized to the nuclei and (c) the difference in p65 

translocation between NSC697923-untreated and treated cells (P-value = 0.02). 

Unstimulated cells have approximately 30% background nuclear p65 translocation. Data 

from three independent experiments were pooled with at least 200 cells per condition, and 

standard error of image averages is included. The tonal range of whole images was rescaled 

from 0 to 255 in Photoshop to increase the overall contrast for display.
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Figure 5. 
Normalized inhibition of Ubc13-dependent, NF-κB-driven cytokine release by NSC697923. 

Unstimulated (−LPS) or stimulated (+LPS) Ubc13WT or Ubc13QD MEF cells were treated 

with either DMSO, or increasing concentrations of NSC697923 from 0.5 μM to 4 μM and 

cytokine levels in the culture medium were quantified. The background unstimulated 

(−LPS) level was subtracted from each treatment (DMSO to 4 μM NSC697923) and the 

stimulated (+LPS) DMSO treated level was normalized to 100% for optimal direct 

comparison of the two cell lines. The assay was done in triplicate, and the standard error of 

the mean for each treatment is included.
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Figure 6. 
Inhibition of Ubc13 is required for disruption of cellular DNA damage signaling by 

NSC697923. (a) Representative images of Ubc13WT or (b) Ubc13QD reconstituted mouse 

embryonic fibroblast cells plus/minus 3 Gy of ionizing radiation, with or without 

NSC697923 treatment (2.5 μM). (c) Quantitation of 53BP1 localization represented as a 

percentage of total cells positive (≥3 foci) for γH2AX/53BP1 colocalization. Data from three 

independent experiments were pooled with at least 300 cells per condition, and standard 

error of image averages is included. The tonal range of whole images was rescaled from 0 to 

255 in Photoshop to increase the overall contrast for display.

Hodge et al. Page 19

ACS Chem Biol. Author manuscript; available in PMC 2016 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Conformational changes in Ubc13 loop 114–124 upon ubiquitin binding. The top panel is 

hUbc13/hMms2 (PDB 1J7D) and the bottom panel is yUbc13~hUb/yMms2/hUb (2GMI). 

Ubc13 is blue, Mms2 is yellow, donor ubiquitin is red, and acceptor ubiquitin is orange for 

both panels and the 114–124 loop is in black. The position of Leu121 in the unbound 

structure (top panel) is expected to block the approach of Lys63 of the acceptor ubiquitin 

toward the active site cysteine
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