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One Sentence Summary: Conserved allostery of ubiquitin E2D conjugases links sub-fM copper 

signaling to protein degradation and animal morphogenesis. 
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Summary: Fine-tunning of ubiquitin-conjugating enzymes (E2s), which 

orchestrate posttranslational modifications that control protein and cell fate, remains largely 

elusive. Recently, copper signaling emerged as a critical regulator of cell growth and neuronal 

differentiation, yet confluence of these key pathways has not been reported. Here we show that 

subtle rises in cellular copper strikingly increase polyubiquitination in numerous mammalian 

cell lines, while markedly accelerating protein degradation. Using biochemistry, proteomics, 

NMR spectroscopy and mutational analyses, we link Cu+-enhanced protein 

ubiquitination and degradation to an evolutionarily conserved CXXXC motif in the E2D 

(UBE2D) clade. Cu+ binding to this sub-femtomolar-affinity site induces allosteric changes 

that transduce to the active site region and increase enzyme activity. This machinery couples 

physiologic fluctuations in cytoplasmic Cu+ with the degradation rate of numerous proteins 

including the canonical substrate, p53. In Drosophila harboring a larval-lethal UbcD1 

knockdown, human E2D2 expression supported near-normal development but ablation of its Cu+ 

binding site profoundly disrupted head development. Our findings introduce Cu+ as a novel 

regulator of E2D activity through an allosteric switch whose emergence coincided with animal 

multicellularity. Through this unexpected signaling mechanism, crosstalk between copper and 

protein ubiquitination could have broad impact including upon neurobiological development 

and cell cycling. 

Main Text: 

The ubiquitin-conjugating enzymes (E2s) are increasingly appreciated as critical players in the 

orchestration of ubiquitination, but the functional characterization of sequence diversity within 

the family, which in humans includes 40 human protein members, is rudimentary(1, 2). E2s 

can be regulated by non-covalent interactions and covalent post-translational modifications, 

yet the 
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functional significance of this complex regulation is still notional(3). Copper is an indispensable 

transition metal in animals and has classically been appreciated for its essential structural and 

catalytic functions(4). Novel roles for Cu+ in cell signaling have recently emerged, where dynamic 

changes in Cu+ pools, buffered to the sub-femtomolar (fM) range by abundant glutathione 

(GSH)(5), modulate protein function and cell physiology(6). GSH also maintains active site 5 

sulfhydryl residues of E2 enzymes in the reduced state, supporting for the formation of protein-

ubiquitin conjugates de novo(7). A rendezvous between E2s and copper signaling pathways has 

not yet been reported. Here we show that copper signaling is transduced through E2D enzymes, 

which possess an evolutionarily conserved high-affinity copper-binding CXXXC motif. An 

allosteric conformational change ensues that increases conjugase activity, markedly accelerating 10 

the formation of polyubiquitination and protein turnover, which proves critical for Drosophila 

development. 

Cu+ promotes protein ubiquitination and degradation 

While investigating the impact of elevating cellular copper levels in mouse primary cortical 15 

neuronal cultures by supplementing media with low concentrations of CuCl2 (Fig. 1A), we were 

surprised to witness a striking accumulation of polyubiquitinated proteins (Fig 1B). We found 

similar responses in different cell lines derived from mice (NSC34), rats (N27), hamsters (CHO) 

and humans (HEK293T) (fig. S1A). Increased polyubiquitination was a dose-dependent response, 

in tandem with rising intracellular copper levels (fig. S1B). In line with previous reports, such low-20 

dose copper treatment did not impair viability (fig. S2A) or increase reactive oxygen species (fig. 

S2B)(8, 9). Copper imported into the cell is known to rapidly interact with a large excess 

(millimolar-range) of the major cytosolic redox buffer, GSH, and is then trafficked to designated 
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cuproproteins(10). Such lack of toxicity upon copper supplementation is consistent with the 

remarkable capacity of cytosolic GSH to hold the free cytoplasmic Cu+ concentration below 1 fM, 

even in the face of extreme levels (100 µM) of copper supplementation(5). Supporting the 

conclusion that Cu+-enhanced polyubiquitination was not a stress-driven phenomenon, exposure 

of N2a cells to H2O2 oxidation could not recapitulate the blush of polyubiquitination induced by 5 

copper, and conversely, the antioxidant pyruvate did not attenuate this blush (fig. S2C). Although 

the proteasome inhibitor MG132 induced a similar blush of polyubiquitinated proteins, across 

numerous cell lines copper supplementation did not inhibit proteasomal activity (fig. S2D), 

consistent with previous reports demonstrating proteasome inhibition only at much higher copper 

concentrations(11, 12), which we avoided. 10 

Neither iron and zinc nor cadmium could induce a similar polyubiquitination blush (fig. S3, A and 

B). Cuprous ions (Cu+) are rapidly oxidized by dioxygen(13), so cupric (Cu2+) salts are routinely 

used to supplement cell culture media. Some Cu2+ can enter the cell via DMT1(14) but most Cu2+ 

is reduced at the membrane and transferred into the cytoplasm as Cu+ by CTR1(15). Leveraging 

this, we stably transfected human CTR1(16) into HEK293 cells, finding that this also induced 15 

accumulation of polyubiquitinated proteins (Fig. 1C). Thus, a sustained rise in cytoplasmic levels 

of Cu+ increases copper-enhanced polyubiquitination. Conversely, treatment with a copper 

chelator, DiAmSar(17), decreased steady-state levels of polyubiquitinated proteins in N2a cells, 

confirming that under resting conditions, endogenous Cu+ promotes polyubiquitination under 

resting conditions (fig. S3C).  20 

To further characterize copper-enhanced polyubiquitination, we added Cu+ (kept reduced by 

supplementary GSH) to the post-centrifugation soluble fractions of freshly lysed HeLa cells. The 

prominent formation of polyubiquitinated proteins within 3 hours in this preparation (Fig. 1D) 
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could not be explained by a cellular response to protein denaturation or oxidative stress. We then 

tested the ability of Cu+ to modulate the early steps of ubiquitination in a cell-free system 

containing E1, E2 and E3 enzymes, with biotinylated ubiquitin adduct formation as the readout. 

We studied Fraction II from HeLa S3 lysate, first used to map this pathway(18). Fraction II was 

incubated in 5 mM EDTA for 30 min and desalted to remove all exchangeable metal ions present. 5 

As expected, polyubiquitinated protein conjugates were detected upon re-addition of Mg2+ and 

ATP (Fig. 1E). While in the absence of Mg2+/ATP, Cu+ (50 µM) did not induce ubiquitin 

conjugation, Cu+ strikingly augmented polyubiquitinated conjugation induced by Mg2+/ATP, 

while metal ion sequestration by DTPA abolished polyubiquitin conjugation (Fig. 1E). 

Consistent with its impact in generating polyubiquitinated proteins, copper promoted protein 10 

degradation. Following a 35S-cysteine/methionine pulse in primary cortical cultures, copper (10 

µM) supplementation during a 30-min chase led to increased secretion of labelled low-molecular 

weight peptides, reflecting accelerated protein degradation (Fig. 1F). Mirroring this result, pulse-

chase autoradiography profiles in NSC34 and MEF cell lines showed that copper treatment 

accelerated the disappearance of labelled cellular proteins (Fig. 1G, and fig. S4, A and B, 15 

respectively) and indicated that copper might promote protein degradation in other cell types (fig. 

S4C). This increase in protein degradation also mitigated the possibility that the polyubiquitination 

response was mainly due to inhibition of deubiquitination enzymes by Cu+. 

Cu+ enhances ubiquitination via E2D conjugases 20 

To pursue the mechanism of Cu+-enhanced polyubiquitination, we characterized the 

ubiquitome(19) in NSC34 cells (fig. S5), which manifested robust increases in polyubiquitination 

induced by copper (fig. S1A). TUBE-affinity capture of protein ubiquitin-modifications from cell 
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lysates revealed that supplementation with 10 or 25 µM copper increased cellular pools of 

ubiquitin-associated proteins (fig. S6A), with 882 of these proteins reliably identified (Table S1, 

and Data S1). Copper supplementation selectively increased the abundance of a subset (48/882) of 

these proteins, while signaling the suppression of a smaller subset (18/882) (Fig. 2A, fig. S6, B to 

D, and Data S2). While cysteine and methionine content among the 48 Cu+-enhanced ubiquitin-5 

associated proteins was slightly higher compared to the larger group of proteins whose abundance 

was insensitive to copper, mean mass was not different between the two protein groups (fig. S6E). 

To probe the mechanism(s) underlying the selective increase in ubiquitin tagging that was fueling 

protein degradation, we employed a graph-based analysis of the Cu+-enhanced ubiquitome, using 

protein-protein interactions (PPIs) from the STRING database (fig. S5A, and Data S3). Of the 10 

ubiquitin-associated proteins that were overabundant in Cu+-supplemented cells, p53 displayed 

high connectivity and the highest betweenness-centrality (Fig. 2B, and fig. S6F), reflecting 

interactions with both proteasomal and non-proteasomal proteins (supplementary text). Building 

on the assumption that highly connected proteins with a central role in a network's architecture are 

more likely to be essential to the network's overall function(s)(20, 21), this analysis  indicated that 15 

Cu+-enhanced ubiquitination of p53 could represent a physiological component of an apparent 

copper-signaling response.  

The breadth of Cu+-enhanced polyubiquitin tagging rendered an upstream target for Cu+ signalling 

(e.g. E2 activation) more likely than a downstream target (e.g. activation of many E3s). We would 

expect E1 activation (e.g. by Cu+) to generate a much larger list of polyubiquitination targets than 20 

we detected (Fig. 2A). While E3s focus the targeting, E2s also contribute to the target specificity 

of polyubiquitination(1, 3, 22, 23). As p53 dominated the functional network of the Cu+-enhanced 

ubiquitome (Fig. 2B), we assessed whether the E2D clade, which has a prominent role in the 
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regulation of p53(24), could mediate the effects of copper (fig. S5B). Using the STRING PPI 

database, 70 of the 882 ubiquitin-associated proteins were predicted to interact with at least one of 

the four members (E2D1-4) of this clade (Fig. 2C, and Data S4). Cu+-enhanced ubiquitin-

associated proteins were indeed highly enriched among E2D targets compared to non-E2D targets 

(34% vs 3%, Fig. 2C).  5 

Was copper sensitivity observed with targets of other E2 enzymes? We examined targets of the 

E2A/B (Rad6A/B) clade, as it is also implicated in p53 ubiquitination(25, 26). Copper 

supplementation yielded a marginal enrichment of ubiquitin-associated proteins among the 47 

identified E2A/B targets (fig. S6G, and Data S4), yet ~70% of E2A/B targets could also be tagged 

by E2Ds. Controlling for joint substrates, interaction with an E2D enzyme was the most prominent 10 

predictor of copper enhancement for a given ubiquitin-associated protein (Fig. 2D, and Table S2). 

The odds of Cu+-enhanced ubiquitination for a protein handled by E2D were ~35-fold greater than 

proteins handled by other E2s, even after controlling for cysteine and methionine content. We 

therefore hypothesized that Cu+-enhanced (poly)ubiquitination might be explained by augmented 

E2D interactions.  15 

To evaluate the contribution of E2Ds to copper-promoted ubiquitination in intact cells, we 

performed a functional experiment using a commercially available knockout (KO) cell line. E2D1-

4 are paralogues (Fig. 3A), and ablation of any one paralogue in Hap1 cells does not impair 

viability. We chose to examine the effect of copper on the E2D2 KO cell line, as E2D2 has been 

the most extensively characterized, and its expression in myeloid cells is higher than other E2Ds 20 

(Table S3). Like all other cell lines tested, copper induced a polyubiquitination blush in the Hap1 

cells, but this blush was attenuated in the E2D2 KO cells compared to parental controls (fig. S7A). 
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Consistent with this, Cu+-induced protein degradation was also diminished in the E2D2 KO cells 

(fig. S7B).  

These results impelled us to evaluate the overall contribution of the E2D clade to copper-promoted 

ubiquitination in cells. We reduced the expression of all four E2D paralogues by using small 

interfering RNA (siRNA)-mediated knockdown and examined three different human cell lines 5 

(HEK, Fig. 3, B and C; HepG2 and HeLa, fig. S7, C and D, respectively). 48 hours post-

transfection, siRNA efficiently suppressed (~75%) E2D1-4 protein expression across cell lines 

(Fig. 3B, and fig. S7, C and D). Subsequently, copper (2.5-5 µM) was added to the cultures, which 

were then harvested after 3 hours of incubation. While in control-siRNA-transfected cells copper 

treatment promoted polyubiquitination, upon E2D1-4 suppression this effect was markedly 10 

attenuated (Fig. 3C, and fig. S7, C and D). The viability of the cells at the time of harvesting was 

not affected by the various interventions (fig. S7E). These findings highlight a key role for the 

E2D clade in mediating the promotion of polyubiquitination by copper.  

Since the E2D subfamily is predominant in directing degradation of p53(24) and our ubiquitomics 

analysis identified p53 as a central target for Cu+-enhanced ubiquitination in NSC34 cells (Fig. 15 

2B, and fig. S6F), we tested whether diminished p53 levels upon copper supplementation could be 

demonstrated in additional cell lines. In HEK293 cells, copper supplementation (10 µM, 3h) 

conspicuously enhanced p53 polyubiquitination while promoting its degradation (Fig. 3, D to F, 

and fig. S7F). This p53 polyubiquitination was unlikely to reflect a stress response (e.g., to 

oxidation) because a contrasting increase in p53 levels was reported when cells had been 20 

intoxicated with 10-20-fold greater copper concentrations(27-29) or with a Cu-ionophore(30). 

Nevertheless, we still considered the possibility that the low levels of copper we employed could 

be oxidizing cysteine residues within p53. To assess this, we used AMS, a reagent that binds non-

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 16, 2021. ; https://doi.org/10.1101/2021.02.15.431211doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.15.431211


9 

oxidized cysteines, inducing a small electrophoretic shift(31). We found that AMS binding 

enhanced p53 immunoreactivity and confirmed that the p53 degradation induced by copper at a 

non-toxic concentration occurred without cysteine oxidation (Fig. 3E).  

Assessing cycloheximide-treated HEK293 cells, prominent copper-induced degradation of p53 

was evident in both cytosolic and nuclear fractions (Fig. 3F), confirming the absence of stress-5 

associated nuclear translocation of p53(27). Notably, these copper-mediated effects are consistent 

with enhanced activity of E2D conjugases, which promote polyubiquitination of p53 to designate 

it for proteasomal degradation, rather than with enhanced activity of UBE2A/B conjugases, which 

promote p53 monoubiquitination to regulate p53 activity and localization(32). A reciprocal 

accumulation of polyubiquitinated proteins and degradation of p53 was also observed with mouse 10 

and human fibroblasts supplemented with copper (fig. S7G), indicating that copper signaling might 

be a general mechanism to control the levels of p53 in mammalian cells. 

E2D conjugases contain an allosteric Cu+ binding site 

E2D1-4 are paralogues, and we thus focused on E2D2 (UbcH5b), as it is the best characterized 15 

among the clade and the main conjugation enzyme for p53(24). To simulate cytoplasmic 

conditions in a cell-free assay, we appreciated that although total intracellular copper is ~10 µM, 

it is largely bound to abundant proteins such as metallothioneins and SOD1 and trafficked through 

affinity gradients(10). Cytoplasmic exchangeable copper is maintained predominantly in its 

reduced (Cu+) form, and its maximum free concentration is typically kept in the sub-fM range, by 20 

exchange with millimolar concentrations of GSH(5, 33). By mimicking the physiological excess 

of GSH, we established a cell-free functional assay suitable for assessing Cu+-interactions at ~fM 

concentrations (fig. S8A). Under these conditions, Cu+ markedly promoted the activity of 
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recombinant human E2D2, as measured by the formation of ubiquitin adducts resistant to reducing 

conditions (Fig. 4A). 

We next adopted a site-directed mutagenesis strategy to map the putative Cu+-binding site 

responsible for Cu+-enhanced polyubiquitination. Sequence inspection of the human E2D clade 

(Fig. 3A), and structural inspection of E2D2 (pdb: 2ESK, Fig. 4, B and C), identified two putative 

Cu+-binding regions: i) three cysteines (C21, C107 and C111) ± M38, and ii) two histidines (H32 

and H55). Using the functional cell-free assay, both C107 and C111 were critical for Cu+-

enhancement of E2D2 conjugation activity, but C21, M38 and H55 were not (Fig. 4D, and fig. 

S8B; supplementary text). In solutions where free Cu+ was kept at picomolar (pM) concentrations 

by buffering with excess ferrozine (Fz) ligand(34), E2D2 bound three Cu+ ions (Fig. 4, E to H, and 

fig. S8C). This binding stoichiometry remained unchanged for H55L and C85S mutants (Fig. 4H), 

indicating that the putative binding site of H32/H55 was too weak to bind Cu+ under these 

conditions, and that the active site C85, as expected, was not involved in Cu+ binding. Both C21S 

and C111S mutants could bind two Cu+ ions only, whereas the C107S mutant could bind just one, 

and a triple mutant (all three Cys → Ser) retained less than 0.4 Cu+ on average (Fig. 4, E and H). 

The saturated Cu+ stoichiometry of the M38L mutant was only slightly less than that of wild-type 

(WT, Fig. 4H). Consequently, the Cu+-binding sites with sub-pM affinities are confined to the 

perimeter defined by C21, C107, C111 and M38 only (Fig. 4C). 

Next, Cu+ affinities of WT E2D2 and the C21S, C21/85S, C107S, C111S and M38L mutants were 

quantified with the chromophoric probe CuI(Bcs)2 under anaerobic conditions. This probe, which 

buffers free Cu+ in the sub-fM range(34), detected that WT E2D2 competed for binding of two 

Cu+ ions cooperatively with an average KD ~0.5 fM and a Hill coefficient of ~1.6 at pH 7.4 (Fig. 

4, F, G and H). Mutation of M38L resulted in only a slight loss of affinity. C21S (or C21/85S) 
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mutation increased both binding affinity and Hill coefficient, presumably due to the loss of the 

third weak site associated with C21. In contrast, mutation of either C107S or C111S markedly 

attenuated Cu+-binding affinity. Thus, the C107XXXC111 region, a consensus motif for Cu+-

coordination(35), is the sub-fM Cu+ binding site of E2D2 (Fig. 4I). 

5 

Cu+ binding at the C107XXXC111 motif induces allosteric conformational changes 

To assess the conformational changes induced by high-affinity Cu+-binding, we examined two 

protein variants, E2D2C21/85S and E2D2C111S, using 2D NMR spectroscopy (Fig. 5, and Table S4). 

C21S mutation increased the protein solubility in the presence of Cu+ at the protein concentrations 

required for the NMR experiments but the mutant retained both high-affinity Cu+-binding and Cu+-10 

promoted enzyme activity (Fig. 4, D and F). Compared to C21S, there was no loss of Cu+-binding 

affinity or stoichiometry in the E2D2C21/85S form (Fig. 4H), disqualifying Cu+ interactions with the 

active site C85. In contrast, C111S mutation ablated both high-affinity Cu+-binding and Cu+-

promoted enzyme activity (Fig. 4, D and F). The experiments were conducted in a cytosolic-

mimicking KPi buffer supplemented with mM GSH, which limits free Cu+ to sub-fM level through 15 

cooperative assembly of a CuI
4(GS)6 cluster5. 

The Cu+-free samples of both E2D2 mutants exhibited well-dispersed 1H-15N HSQC spectra 

similar to WT(36) (Fig. 5, A and D), confirming minimal impact of the point mutations (C21S, 

C85S, C111S) on the 3D structure. Addition of Cu+ into E2D2C21/85S, with free Cu+ buffered by 

GSH to sub-fM levels, induced conspicuous 15NH chemical shifts of many residues including the 20 

well-resolved resonances of N77 and L86 in the active-site region (Fig. 5, A to C). E2D2C21/85S 

maintained solubility as the Cu+:protein ratio was increased from 1:1 to 2.5:1. In contrast, addition 

of Cu+ into E2D2C111S (1:1) under comparable conditions caused negligible change of the overall 
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1H-15N HSQC spectrum (Fig. 5, D to F), except for a few resonances that appeared to have derived 

some minor new features, such as at L86 (~22% protein proportion). Increasing the Cu+:E2D2C111S 

ratio to 2.5:1 (Fig. 5, E and F), surpassed the buffering capacity of GSH (Table S4) and led to 

visible protein precipitation with detectable loss of the overall spectral intensity. Nonetheless, the 

total spectrum of the remaining soluble E2D2C111S remained largely unchanged (Fig. 5, E and F). 5 

These experiments demonstrated that: (i) E2D2C21/85S, with an intact C107XXXC111 motif, 

competed with GSH for Cu+ effectively, but E2D2C111S competed only weakly under the same 

conditions, consistent with its attenuated binding affinity (Fig. 4F); (ii) high affinity Cu+-binding 

to the C107XXXC111 motif led to considerable overall tertiary conformational change that might be 

the basis for the increased enzyme activity; (iii) the weak Cu+-binding to E2D2C111S likely involves 10 

C21 as a coordinating residue but led to protein denaturation, which, we hypothesize, might be 

intended to abort E2D activity in the face of excess copper.  

The well-resolved NH resonances of N77 and L86 residues, proximal to the active site C85 but 

distant from the remote high-affinity Cu+-binding motif C107XXXC111 (Fig. 5G), were used for 

protein speciation analysis. Two allosteric changes induced by the Cu+-binding to this motif were 15 

discernible and quantified by the peak height of each species as a fraction of the sum of the peak 

heights of all protein species (Fig. 5C, Fig. S8D, and Table S4): (i) upon addition of 0.5-equivalent 

of Cu+, 24% of the N77 and L86 resonance peak heights in the E2D2C21/85S apo-protein (apoP) 

shifted to another discrete state we defined as “CuP”, as well as a second, less abundant (~2%), 

shifted state we defined as “Cu2P”; (ii) titrating in more Cu+ converted increasing fractions of apoP 20 

to CuP and Cu2P, with the latter increasing in higher proportion, consistent with a process of 

sequential binding of two Cu+ ions to the same C107XXXC111 motif (fig. S8D). A detailed protein 

speciation analysis and estimation of the associated free Cu+ concentration under each sample 
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condition allowed derivation of two Cu+ dissociation constants, KD1 = 0.52 ± 0.02 fM and KD2 = 

0.45 ± 0.02 fM at pH 7.4, which described this sequential Cu+-binding process (Fig. 4I, and Table 

S4). Notably, both KD values were sub-fM, differed only marginally, and matched the average KD 

= 0.21 ± 0.05 fM determined with Cu(Bcs)2 at same pH (Fig. 4H). This rationalizes our 

interpretation that both CuP and Cu2P species are in equilibrium with apoP as additional Cu+ is 5 

loaded (fig. S8D), and reprises the 2:1 Cu+-binding stoichiometry of the high-affinity di-Cys metal-

binding motif in the N-terminal domains of HMA2/4 proteins from Arabidopsis thaliana(37). 

Resonances of CuP species that could be assigned while demonstrating resolvable chemical shift 

changes from apoP were scattered throughout the total spectra (Fig. 5A). These were mapped onto 

the primary protein sequence (fig. S8E) and the reported 3D structure (Fig. 5G). Notably, these 10 

large chemical shift changes triggered by high-affinity Cu+-binding at C107XXXC111 radiated to 

the proximity of the E2D2 active site (C85), possibly through a pathway across the four antiparallel 

β-strands (Fig. 5G) which comprise the regulatory backside-binding site(38) (supplementary text). 

The well-resolved peptide NH of N77 and L86, and the sidechain NH2 of N77, showed clear 

chemical shift changes on titration with Cu+ (Fig. 5, A to C). Considering that N77 forms a critical 15 

groove that tethers ubiquitin tightly to E2, so that it is primed for nucleophilic attack(39, 40), the 

NMR shift of N77 and nearby residues highlights the allosteric relevance of Cu+-binding at 

C107XXXC111. Together with the structure-activity relationships (Fig. 4, D to H), our findings 

indicate that the high-affinity Cu+-binding coordinated by C107 and C111 mediates the allosteric 

activation of E2D2 (Fig. 4D). Notably, the sequential Cu+-binding of apoP → CuP → Cu2P triggers 20 

distinct chemical shift changes for several residues near the Cu+-binding site including M38, N41 

and D42 and also transmits allosterically to distant residues near the C85 active site, including 

N77, L86 and D87 (Fig. 5, A and B). Therefore, Cu+-loading of the binding site can induce 
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augmented levels of remote structural modification at the active site vicinity and, thus, tunable 

levels of allosteric regulation. 

In the presence of Cu+, the NH resonances of the XC107XXXC111X motif (I106 to D112) could not 

be reassigned in the triple resonance experiments. No Cα/Cβ connectivities were detected that 

could be assigned to this region for either the apoP or CuP species, even though the NH resonances 5 

of S108, L109, L110 and C111 were well resolved. The lack of Cα/Cβ connectivities implies line-

broadening that we attributed to a facile Cu+-exchange process (with GSH) that shuttled the protein 

rapidly between the three states (apoP, CuP, Cu2P) mediated by two similar sub-fM KD interactions 

(fig. S8D). However, peak intensities of residues 108-111 were significantly attenuated (30 to 40% 

of the original intensity; fig. S8F), similar to other resonances affected by Cu+, and consistent with 10 

Cu+-inducing chemical shifts. As these residues constitute E2D2’s α-2 helix, against which the 

I44 hydrophobic patch of ubiquitin packs, structural modification of this helix upon Cu+-binding 

could enhance enzyme activity by stabilizing ubiquitin in the closed conformation(38). 

Notably, transferring ubiquitin from E2s to their target(s) usually involves a complex with an E3 

ligase. To assess whether the proposed sub-fM affinity Cu+-binding site at C107XXXC111 could be 15 

accessible in this context, we inspected an available structural model of a relevant E2-E3 dimeric 

complex (E2D2-Ub-MDM2)2 (fig. S9A(i))(40). The structure revealed that the C107XXXC111 

motif was located on the opposite side to the active C85 site (fig. S9A(ii)). The C111 thiol is 

exposed on the protein surface and is solvent-accessible, yet the C107 thiol appears to be buried 

by ubiquitin (fig. S9A(iii)). However, a closer inspection of the E2D2-ubiquitin crystal structure 20 

(PDB: 3a33)(41), stabilized by mutating E2D2-C85S (which enables a stable peptide bridge with 

ubiquitin’s G76, to E2D2’s target; fig. S9A(iv), left), revealed that in the absence of MDM2, the 

ubiquitin unit flipped to the other side of E2D2, partially exposing C107 (fig. S9A(iv), right; the 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 16, 2021. ; https://doi.org/10.1101/2021.02.15.431211doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.15.431211


15 

C107 thiol remains partially buried). Therefore, docking of an E3 ligase should minimally affect 

solvent accessibility of the C107XXXC111 motif, especially given the high flexibility of the 

ubiquitin orientation relative to E2D2. Considering both structural models, we focused our 

remaining experiments on C111. 

5 

C111 of E2D is a conserved physiological Cu+ sensor critical for Drosophila head formation 

We initially tested if endogenous cellular Cu+ could be mobilized to promote E2D2 activity or 

whether enhanced activity occurred only during Cu+ excess. We prepared Hap1 E2D2-KO cell 

lysates (fig. S9B) and added back recombinant WT E2D2 or C111S mutant enzymes. As expected, 

recombinant WT E2D2 added to these lysates induced a prominent polyubiquitination blush. This 10 

was dose-dependently attenuated by selective, strong Cu+ chelation 

(bathocuproine:tetrathiomolybdate, 1:1), demonstrating that endogenous Cu+ indeed amplified the 

polyubiquitination. In contrast, application of recombinant Cu+-insensitive C111S mutant only 

modestly enhanced polyubiquitination in the lysate, and attenuation of the blush upon Cu+ 

chelation was muted, indicating that E2D2's Cu+-sensitivity is physiologically relevant. 15 

Among the human E2 family, the Cu+-binding residues C107 and C111 constitute a unique 

signature of the E2D clade (fig. S10A). Despite relative conservation of E2D orthologs(42), the 

C107XXXC111  Cu+-binding motif is not evident in non-holozoan lineages (fig. S10B, and Data S5). 

Absent also in unicellular holozoans, yet present across main metazoan lineages, the sub-fM 

affinity Cu+-binding site in E2s was likely to emerge in the late Precambrian (Fig. 6A and Data 20 

S6; supplementary text). Novel signaling pathways that appeared at the metazoan root often 

modulate cell fate and morphogenesis by co-opting pre-existing cell proliferation mechanisms(43), 

and given its conservation throughout bilaterian evolution (Fig. 6A), we explored its 
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developmental relevance in the fruit fly. Short of the four-paralogue repertoire that evolved in 

vertebrates, the D. melanogaster orthologue UbcD1 (aka Effete) shows a remarkable homology 

with human E2Ds, especially with E2D2 (fig. S10C, and Data S7). 

Using the GAL4/UAS bipartite in vivo gene manipulation system with three independent UAS-

RNAi lines, we demonstrated that UbcD1 knockdown: 1) when ubiquitous, caused early larval 5 

death, indicating that UbcD1 is an essential gene; 2) during early head / eye development resulted 

in complete loss of the head structures; 3) in the central dorsal stripe resulted in a thoracic cleft 

plus increased pigmentation in affected cells; 4) in the entire central nervous system caused early 

pupal death; 5) in the CCAP neuropeptide-producing cells caused a failure of normal adult wing 

expansion; and 6) in the developing eye caused loss and disorganization of the normal ommatidial 10 

array (Fig. 6B). These phenotypes could be explained by UbcD1’s known roles in promoting 

apoptosis(44, 45), neuronal dendrite pruning(46, 47), and Hedgehog pathway signalling(48). 

Remarkably, similar phenotypes have also been associated with copper dysregulation(49-52). 

Moreover, one of UbcD1’s known E3 ubiquitin ligase partners, Slmb, has been identified as a 

novel regulator of copper homeostasis(48, 53).  15 

To ascertain the importance of E2D2’s Cu+-sensing C111 residue in vivo, we generated transgenic 

Drosophila strains allowing the targeted expression of either WT or C111S human E2D2. With all 

the GAL4 driver lines tested earlier, hE2D2WT-expression provided an almost complete rescue of 

the detrimental phenotypes induced by UbcD1 knockdown (Fig. 6B), reconfirming the expected 

functional conservation across species (fig. S10B). However, despite being transcribed at the same 20 

levels as hE2D2WT (since transgene insertion occurred at the same genomic location), expression 

of hE2D2C111S offered only minimal rescue (Fig. 6B). The hypomorphs were characterized by 

caspase-3 activation in neuronal tissue (Fig. 6C), indicating that cell death was mediated by 
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apoptosis. These functional data, which directly link the allosteric Cu+-sensing C107XXXC111  motif 

of E2D2 with Drosophila development and head formation, are concordant with functional 

pathways that were over-represented in the Cu+-enhanced ubiquitome (fig. S5C), including 

regulation of apoptosis (fig. S11, A to D) and cell cycle (Data S8; supplementary text).  

5 

Discussion 

Copper has only recently been recognised as a potential signalling ion in brain and other tissues(6). 

Direct partial inhibition of PDE3B activity by copper binding to C768, located away from the 

enzyme active site, emerged as the first example of a modulatory Cu+ binding site(54). This was 

reflected in 3T3-L1 cells, where extracellular copper supplementation (50 µM) potentiated 10 

lipolysis. Here we show what, to the best of our knowledge, is the first example of copper signaling 

inducing an allosteric conformational change that enhances enzyme activity. We have delineated 

an unprecedented confluence between ubiquitin conjugation and copper, interwoven by a unique 

sub-fM affinity Cu+-binding site (C107XXXC111) on the E2D clade. This tunable switch markedly 

promotes target polyubiquitination and can thus regulate the degradation rate of many proteins, 15 

contributing to development and, notably, head formation in Drosophila. While we demonstrated 

that E2D2 activation is a major component of the copper-induced polyubiquitination blush, and 

that activation of the E2D clade is likely to mediate much of the protein turnover induced by copper 

supplementation in cell culture, we have not excluded lesser contributions from other components 

of the ubiquitin-proteasomal system, including potential interplay between copper and E3 20 

ligases(55) or deubiquitinating enzymes(56). 

The high-affinity Cu+ allosteric binding site on E2D evolved (Fig. 6A) contemporaneously with 

increasing copper bioavailability in Neoproterozoic oceans. Ancient geochemical shifts fashioned 
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metal–protein partnerships(57) and, indeed, the appearance of this site might reflect a concurrent 

transition to copper-based nitrogen assimilation(58). In this setting it may have been advantageous 

for the nascent metazoan kingdom to evolve a Cu+-signaling mechanism that couples protein 

turnover with surrounding nitrogen availability. Coinciding with cuproenzyme evolution(59), 

incorporation of the C107XXXC111 motif into E2s would link Cu+ levels with the turnover of p53, 5 

which had served a protective role in unicellular holozoans(60). With the advent of animal 

multicellularity, this signaling pathway could tune p53 to control cell fate and organism size(43), 

eventually evolving to influence tissue morphogenesis (Fig. 6B). 

The discovery of this novel p53-regulating signaling pathway has broad biomedical implications. 

Consistent with data showing that copper chelators increase p53(61), we found that Cu+ promoted 10 

p53 degradation by allosterically activating E2D2. p53 depletion is a critical initiator of 

malignancy, and cancer tissue exhibits a mysterious high demand for copper(4, 6, 62), with some 

malignancies (e.g. KRAS-mutated colorectal cancers) harnessing their surfaceome in service of 

their copper addiction(63). Our findings could link increased cancer cell copper uptake with p53 

depletion, accounting for the inverse association of tumor copper levels with chemosensitivity and 15 

prognosis(64). The emerging benefits of copper modulation in cancer treatment(64, 65) could also 

be explained via this novel p53-regulating signaling pathway. Unlike cancer, major 

neurodegenerative disorders are complicated by low tissue copper concentrations(66-68) and 

ubiquitinopathy alongside elevated p53(69). Based on our findings, decreasing total brain copper 

levels with advancing age(70) or neurodegeneration could elevate p53 and impair proteostasis. 20 

The cause of age- and disease- dependent brain copper supply failure is uncertain, but is unlikely 

to be corrected nutritionally(71), as Cu+ does not passively cross the blood-brain-barrier. The 
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present data indicate that correction of defective proteostasis could underly the enigmatic potential 

of copper chaperones to rescue neurodegeneration(72). 
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Fig. 1. Cu+ promotes protein ubiquitination and degradation. 

(A) Cellular copper levels following supplementation. Primary cortical neurons were untreated

(basal) or supplemented with CuCl2 (Cu; up to 10 µM) for 3 h in Locke’s media. (B) Ubiquitination 

response to copper supplementation in primary cortical neuronal cells. Ubiquitinated proteins 

(pUb) were detected by blot (P4D1 antibody). Actin was used as loading control. Data in A and B 5 

are means ± SEM (n = 3). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ANOVA followed 

by Dunnett's test. (C) Levels of pUb in HEK-CTR1 (stably transfected) and HEK-mock cells. P 

value is from independent samples t-test. (D) Copper promotes ubiquitination in freshly lysed 

HeLa cell supernatants. Cell supernatants were incubated in the absence (basal=B) or presence of 

CuCl2 (10 and 50 µM, in 200 µM GSH + 50 mM Tris-HCl, pH 7.5) for 3h. Ubiquitinated proteins 10 

were detected by blot (P4D1 antibody). GAPDH was used as loading control. Data are means ± 

SEM (n = 3). **P<0.01, ****P<0.0001, ANOVA followed by Tukey's test. (E) Copper activates 

polyubiquitination in vitro using Fraction II as a source of E-enzymes. Fraction II (the protein 

fraction of HeLa S3 lysate that binds to anion exchange resin) was firstly incubated in 5 mM EDTA 

for 30 min and desalted, then incubated with biotinylated ubiquitin (2.5 µM) in the presence or 15 

absence of ATP (2 mM), MgCl2 (5 mM), CuCl2 (50 µM) and DTPA (5 mM) at 37 ºC for 5 h. Other 

components include: DTT (1 mM), creatine phosphate (10 mM), creatine phosphokinase (0.6 U), 

and inorganic pyrophosphatase (0.6 U). Samples were submitted to electrophoresis under non-

reducing conditions. The formation of ubiquitin conjugates was detected by binding of avidin-

HRP using ECL detection system. The graph summarizes data obtained in three different 20 

experiments. Data are means ± SEM. **** P <0.0001. (F) Copper promotes protein degradation. 

Primary cortical neuronal cells were labelled with 35S-Cys/Met for 1 h, followed by chase in 

unlabeled media containing cycloheximide ± CuCl2 (10 µM) or MG132 (50 µM) for 30 min. The 
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graph shows an index of protein degradation (radioactive counts from the media that remain 

soluble after TCA precipitation = peptide fragments / counts from total cell proteins). Data are 

means ± SEM (n = 6). Two-way-ANOVA followed by Tukey’s and Sidak’s tests. (G) NSC34 cells 

were labelled with 35S-Cys/Met, followed by chase in unlabeled media containing cycloheximide 

± CuCl2 (10 µM) for 30 min. Autoradiography protein profile upon gel electrophoresis of triplicate 5 

cell cultures is shown. The red frame encloses a region of interest, represented as an intensity 

heatmap for 120 equal bins averaged across each experimental condition. Graphed data show 

means ± SEM (n = 3) with independent-samples t-test. 
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Fig. 2. Cu+ enhances E2D-mediated ubiquitination. 

NSC34 cells were treated ± CuCl2 (10 µM, 25 µM) for 3 h, and harvested for ubiquitomics. (A) 

Heatmap depicting the relative abundance (standardized per protein) of 66 ubiquitin-associated 

proteins whose abundance was altered by copper (q<0.01, ANOVA followed by permutation-

based-FDR). 48 ubiquitin-associated proteins were over-abundant in Cu+-supplemented media, 5 

compared with 18 that were over-abundant in control media. Dendograms depict hierarchical 

clustering according to media conditions (columns; three replicates per condition) and protein 

abundance profile (rows). (B) Cu+-enhanced ubiquitome. A connected subnetwork of 27 proteins 

(nodes) that displayed over-abundance in Cu+-supplemented media was generated using STRING 

protein-protein interactions database. Size and colour correspond to node-degree and betweenness-10 

centrality, respectively. (C) Enrichment analysis comparing the proportion of proteins displaying 

Cu+-enhanced over-abundance (green nodes) among STRING-predicted E2D substrates (right 

side) versus the corresponding proportion among non-E2D substrates (left side), using Fisher’s 

exact test. (D) Effects of protein mass, redox-sensitive amino acids, and being a E2D or E2A/B 

substrate, on Cu+-enhanced ubiquitination. Using multiple logistic regression, odds (x-axis, log2-15 

scale) ± 95% CI of a ubiquitin-associated protein becoming over-abundant upon copper 

supplementation were estimated for each doubling of protein mass or cysteine/methionine content, 

or for being a E2D or E2A/B substrate. Diamond sizes reflect Wald-statistic of each predictor.  
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Fig. 3. E2D clade is key for Cu+-promoted ubiquitination. 

(A) Sequence alignment of E2D1-4 proteins. The C85 is the enzyme active site. Other highlighted

residues are the potential Cu+ ligands. Residues shared by all four paralogues are denoted with an 

asterisk. (B-C) HEK293 cells were treated with control siRNA or siRNA against E2D1-4 for 48h. 

Then cells were untreated (basal) or supplemented with CuCl2 (Cu; 2.5 µM) for 3 h in Locke’s 5 

media. (B) The levels of E2D1-4 were detected with an antibody that recognizes the full E2D 

clade. (C) Ubiquitinated proteins (pUb) were detected by blot (P4D1 antibody). GAPDH was used 

as loading control. Data in B and C are means ± SEM (n = 3). **P<0.01, ***P<0.001, 

****P<0.0001, ANOVA followed by Bonferroni's test. (D) Copper promotes ubiquitination and 

degradation of p53. HEK293 cells were incubated ± CuCl2 (10 μM) for 3h, and ubiquitinated p53 10 

was immunoprecipitated by anti-p53 antibody and blotted with anti-Ub antibody (DAKO). The 

blot from duplicate cultures illustrates the boost in polyubiquitinated p53 induced by copper (full 

blot presented in fig. S7F). (E) Western blot for p53 in the same experiment shows that copper 

promoted the degradation of p53. Densitometry data are means ± SEM (n=4). AMS (4′-acetamido-

4′-maleimidylstilbene-2,2′-disulfonic acid), which binds reduced cysteine residues in the extract, 15 

generated an electrophoretic shift, confirming no oxidation of these residues in p53. (F) p53 

Western blot of nuclear and cytosolic fractions of these cells reveals that copper induces both 

cytosolic and nuclear p53 loss. Actin was used as loading control. Densitometry data are means ± 

SEM (n=3), with independent-samples t-tests. 
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Fig. 4. Cu+ is an allosteric activator of E2D2: high affinity Cu+ binding to E2D2 dictates 

Cu+-promoted activity. 

Identification of Cu+-binding ligands and sites in E2D2. (A) Biotin blot of cell-free conjugation 

activity of WT E2D2. The enzyme was incubated ± CuCl2 (5 µM) in the presence of GSH (200 

µM), UBA1 (100 nM), MgCl2 (5 mM), ATP (5 mM) and biotinylated-Ub (2.5 µM) in Tris-HCl 5 

(50 mM, pH 7.5) at 37 ºC. The reaction was stopped after 1 h by adding TCEP (50 mM). Ubiquitin 

adducts were detected by Streptavidin-680IR (red signal) and E2D2 (green-yellow signal) was 

detected by Western blot. Increased ubiquitin tagging (ubiquitin adducts between 25 kDa and 100 

kDa) indicated more conjugase activity. (B) Crystal structure of E2D2 (pdb: 2ESK). Coloured 

spheres represent putative sub-pM affinity Cu+-binding sites. Sidechains of conserved Cys/Met 10 

residues are shown as sticks. The sidechain of C107 is shown with two rotamers to reflect the 

flexibility of the distance between the key Cu+ ligands. (C) Zoom-in view of the high-affinity 

cooperative Cu+-binding region, highlighting distances (Å; yellow dashed lines) between the 

proposed ligands. (D) The graph shows the ubiquitin conjugase activity of WT E2D2, or C21S, 

M38L, H55A, C85S, C107S and C111S mutants (5 µM) in the absence (grey bars) or the presence 15 

of CuCl2 (5 µM; green bars) under the same conditions described above. (E-H) Quantification of 

high-affinity Cu+-binding to E2D2. (E) Determination of Cu+-binding stoichiometry utilizing a 

pM-affinity probe CuI(Fz)2 under non-competitive conditions. Sphere colors correspond to sub-

pM affinity Cu+-binding sites proposed in Fig. 4, A and B. (F) Determination of Cu+-binding 

affinity of WT E2D2 and selected mutants with sub-fM affinity probe CuI(Bcs)2 under competitive 20 

conditions. The C107S and C111S mutants compete only weakly for Cu+-binding under these 

conditions. (G) Hill plots for the sub-fM Cu+-binding detected by the CuI(Bcs)2 probe. (H) Table 

summarizing Cu+-binding properties and Cu+-enhanced activities of WT and mutant E2D2 
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proteins. (I) Two different Cu+-binding states (CuP and Cu2P) proposed from our NMR study, 

together with the two derived Cu+ KD values (see Table S4).  
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Fig. 5. Allosteric effect of the high-affinity Cu+-binding to E2D2 detected by NMR 

spectroscopy. 

(A-B) Overlay of 2D 1H-15N HSQC spectra of 0.2 mM E2D2C21/85S without Cu+ (black) and with 

0.2 mM Cu+ (magenta, A) or 0.5 mM Cu+ (blue, B) in 100 mM KPi buffer (pH 7.4), 2.0 mM 

NH2OH, 1.0 mM (A) or 1.5 mM (B) GSH and 5% D2O.  Resonances that show Cu+-induced 5 

chemical shifts and could be assigned to CuP species in the presence of 0.2 mM Cu+ are indicated 

in both spectra. These new resonances increased in intensity and/or gave rise to a resolved third 

peak on the addition of 0.5 mM Cu+. Several residues showing these three distinct peaks assigned 

to apoP, CuP and Cu2P species are underlined and include M38, N41 and D42 near the Cu+-binding 

site and N77, L86 and D87 near the active site. The resonances for I106 to D112 are excluded as 10 

reassignment was not possible, but they showed significant losses in intensity in the presence of 

Cu+ (fig. S8F). Notably, the sidechain NH2 of N77 and the indole NH of W33 and W93 also show 

Cu+-induced chemical shift changes. (C) Changes to chemical shift and peak intensity for two 

well-resolved resonances, assigned to N77 and L86 (spectral expansions in right-hand panels) 

located near the active site and distant from the Cu+-binding site. The left-hand panels show the 15 

average peak-height changes for the three resonances assigned to the apoP, CuP and Cu2P species 

(see Table S4 for detail).  (D-E) Overlay of 1H-15N HSQC spectra of 0.2 mM E2D2C111S without 

Cu+ (black) and with 0.2 mM Cu+ (red, D) or 0.5 mM Cu+ (red, E) in 100 mM KPi buffer (pH 7.4), 

2 mM NH2OH, 1 mM GSH and 5% D2O. The resonances for C21, D42, C85, I88, S111, D112, 

I119, A124 and Y127 of E2D2C111S are excluded as they could not be unambiguously identified. 20 

For E2D2C111S there was little Cu+-induced variation in chemical shift, however, the protein was 

less stable especially at 2.5:1 [Cu]/[E2D2], precipitating over the course of the experiment 

resulting in loss of resonance intensity. (F) Histogram of peak intensity changes for L86 and 
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spectral expansions for N77 and L86, equivalent to panel C. A weak Cu+-induced peak was 

observed for L86 at 1:1 [Cu]/[E2D2] that weakened at 2.5:1 but retained similar proportion relative 

to that of apoP. The loss of intensity is consistent with ~10% and ~40% precipitation for 1:1 and 

2.5:1 ([Cu]/[E2D2]), respectively (Table S4). The peaks marked (*) are contaminants that were 

observed in the absence of Cu+. (G) Cu+-induced chemical shift changes in panel A mapped onto 5 

the structure of E2D2 (pdb: 2ESK), that show Cu+-allosteric modulation throughout the protein 

and to the active site. The largest chemical shift differences (Δδav > 0.1 ppm) are in magenta and 

smaller shifts are shown progressively darkened. The region I106 to D112 is shown in transparent 

pink. The resonances of this region show significant intensity changes to the apo-state resonance, 

but reassignment of Cu+-induced shifts was not possible. Values for chemical shift changes are 10 

given in fig. S8E. The sulfur atoms of the Cu+-binding ligands C21, C107 and C111 and the active 

site C85 are shown as yellow spheres. The sidechains of N77 and L86 are also indicated. 
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Fig. 6. Evolutionary conserved C111 of E2D2 is key for Drosophila head formation. 

(A) Evolutionary tree of E2D2 orthologues among holozoa. Representative species from major

animal lineages and from three independent, closely related, unicellular holozoan lineages were 

used for generating a Fast Minimum Evolution tree based on Grishin protein distance (scale, left-

lower corner), with human E2D2 as reference. Side chain atoms of the Cu+-binding ligands at 5 

position 107 (left) and 111 (right) are shown as spheres, coloured yellow (sulfur at C107) and 

red/yellow (oxygen/sulfur at T/C111, respectively). Appearing only after separation of unicellular 

and multicellular metazoan lineages, yet evident across multiple animal lineages, emergence of a 

fully developed Cu+ ligand configuration could be timed. (B) Phenotypes caused by targeted 

UbcD1 knockdown. Control (Gal4 transgene only) are shown on the left. The second column 10 

shows the effect of UbcD1 knockdown in the adult thorax (Pnr-Gal4; cleft and 

hyperpigmentation), the entire animal (Tub-Gal4; larval lethality), the eye (GMR-Gal4, rough 

eye), the developing head / eye (Ey-Gal4; complete loss of head structures) and crustacean 

cardioactive peptide (CCAP)-expressing neurons (CCAP-Gal4; failure of wing expansion). Third 

column shows rescue by co-expression of human E2D2-WT. Fourth column shows reduced / 15 

absent rescue by co-expression of E2D2-C111S. (C) Brain sections showing induction of active 

Caspase 3 in Ey-Gal4 expressing cells upon knockdown of UbcD1 in the absence or presence of 

the expression of E2D2 WT or E2D2 C111S. Sections were stained with DAPI (Blue, nuclear 

staining) and Caspase-3 activity was determined (green signal). Scale bars represent 10 µm. 

20 
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