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            Abstract
USP14 is a major regulator of the proteasome and one of three proteasome-associated deubiquitinating enzymes1,2,3,4,5,6,7,8,9. Its effects on protein turnover are substrate-specific, for unknown reasons. We report that USP14 shows a marked preference for ubiquitinâ€“cyclin B conjugates that carry more than one ubiquitin modification or chain. This specificity is conserved from yeast to humans and is independent of chain linkage type. USP14 has been thought to cleave single ubiquitin groups from the distal tip of a chain, but we find that it removes chains from cyclin B en bloc, proceeding until a single chain remains. The suppression of degradation by USP14â€™s catalytic activity reflects its capacity to act on a millisecond time scale, before the proteasome can initiate degradation of the substrate. In addition, single-molecule studies showed that the dwell time of ubiquitin conjugates at the proteasome was reduced by USP14-dependent deubiquitination. In summary, the specificity of the proteasome can be regulated by rapid ubiquitin chain removal, which resolves substrates based on a novel aspect of ubiquitin conjugate architecture.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: USP14 cleaves supernumerary ubiquitin chains from substrates.[image: ]


Figure 2: USP14 cleaves arrayed tetraubiquitin chains proximally, stopping at the last chain.[image: ]


Figure 3: Single-molecule analysis of deubiquitination by USP14.[image: ]


Figure 4: Kinetic competition between USP14 and the proteasome.[image: ]
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Extended data figures and tables

Extended Data Figure 1 USP14 is highly specific for multi-chain ubiquitin-protein conjugates.
In vitro degradation and deconjugation assays with polyubiquitinated conjugates. a, b, In vitro deubiquitination assays with Ubnâ€“NCB1 or Ubn-1KNCB1 generated by Ubc4 in parallel. Each conjugate sample (~110â€‰nM) was incubated with 4â€‰nM of human proteasome in the presence or absence of USP14 (80â€‰nM). c, This experiment tests whether the failure of USP14 to deubiquitinate a single-chain conjugate formed using K64-only NCB1 (Fig. 1d and f) is predictive of the behaviour of USP14 on other single-chain conjugates. Conjugates (~110â€‰nM) were incubated with human proteasome (4â€‰nM) in the presence or absence of USP14 (80â€‰nM). d, e, In vitro degradation and deubiquitination assays with polyubiquitinated Sic1PY or polyubiquitinated K36-only Sic1PY (1KSic1PY). d, Ubn-Sic1PY (~200â€‰nM) was incubated with human proteasome (5â€‰nM) in the presence or absence of USP14 (100â€‰nM). e, Assays were performed similarly as in d, except using a single-lysine variant of Sic1 (1KSic1PY) modified with wild-type Ub. IU1 (75â€‰Î¼M)3 was used to inhibit USP14 deubiquitinating activity. f, In vitro degradation and deconjugation assays with polyubiquitinated securin. Human proteasome (4â€‰nM) was incubated with Ubn-securin (~100â€‰nM) generated by UbcH10 and APC/C. Where indicated, USP14 (80â€‰nM) was added. Samples were resolved by SDSâ€“PAGE and immunoblotted using an antibody to the HA epitope (aâˆ’c), the T7 epitope (d, e), or securin (f).


Extended Data Figure 2 Preparation of ATP-depleted proteasome for uncoupling degradation from deubiquitination.
a, For ATP-depletion, purified human proteasomes were treated with hexokinase or mock-treated with vehicle for hexokinase (that is, H2O). Native gel analysis of untreated proteasome (ATP-Ptsm) or hexokinase-treated ADP-proteasome (ADP-Ptsm) with suc-LLVY-AMC and Coomassie blue (CBB) staining. Each lane was loaded with 5â€‰Î¼g of protein. Note that there was essentially no change in proteasome integrity upon hexokinase treatment. b, In vitro Ubnâ€“NCB1 degradation assays with ATPâ€“Ptsm or ADPâ€“Ptsm (4â€‰nM each). Assays were performed and analysed as in Fig. 1b or e.


Extended Data Figure 3 The substrate specificity of USP14 is evolutionarily conserved.
In vitro degradation and deconjugation assays by yeast proteasome and Ubp6 with NCB1 conjugate. a, Purified ubp6Î” yeast proteasome (50â€‰nM) was incubated with Ubnâ€“NCB1 or Ubn-1KNCB1 (~110â€‰nM) in the presence or absence of Ubp6 (200â€‰nM). b, Assays as in a, except yeast proteasome was pre-incubated with ADP and other inhibitors of the proteasome (ATPÎ³S, o-phenanthroline, PS-341, and MG-262) to suppress the degradation. c, Assays with human proteasome, USP14, and polyubiquitinated conjugates (NCB1 or 1KNCB1) were carried out as in Figs 1b and d, and compared side-by-side in one gel. These data serve as a control for Extended Data Fig. 3a, allowing Ubp6 and USP14 to be compared directly.


Extended Data Figure 4 USP14 deubiquitinates singleton chains poorly, regardless of length or linkage type.
In vitro deubiquitination assays are shown. a, b, ADPâ€“Ptsm (4â€‰nM) was incubated with K63-linked octa-Ub conjugates of K64-only NCB1 (~110â€‰nM) in the presence or absence of USP14 (80â€‰nM). c, Single chain conjugates were generated with Ube2S/UbcH10/APC and K11-only Ub to achieve a homogeneously K11-linked singleton species. Assays were done as in Fig. 1f. d, e, UbcH10/APC-mediated conjugation reactions were performed on the K64-only substrate 1KNCB1 using K48-only Ub (d) or K63-only Ub (e). The conjugation reaction formed rather short chains containing no more than three ubiquitin groups. In vitro degradation and deubiquitination assays were performed as described above. All panels show samples resolved by SDSâ€“PAGE and immunoblotted with HA antibody (a, câ€“e) or Ub antibody (b).


Extended Data Figure 5 Free chains in trans do not stimulate USP14 activity for singleton conjugates.
In vitro deubiquitination assays with single chain conjugates in the presence of free chains. ADPâ€“Ptsm (4â€‰nM) was incubated with Ubnâ€“1KNCB1 (~110â€‰nM) in the presence or absence of USP14 (80â€‰nM), and with K48Ub4 (a), K48Ub2 (b), or free ubiquitin (c) at the indicated concentrations. Samples were analysed by SDSâ€“PAGE and immunoblotted with an antibody to the HA epitope.


Extended Data Figure 6 A phosphomimetic mutant of USP14 that mimics AKT-phosphorylated enzyme does not promote cleavage of singleton ubiquitin chains.
a, Free USP14 wild-type (400â€‰nM) does not cleave multi-chain cyclin B1 conjugates (~110â€‰nM). b, High concentration of free USP14 does not deubiquitinate Ubnâ€“NCB1. USP14 (15â€‰Î¼M) activity on Ubnâ€“NCB1 (~0.45â€‰Î¼M) in the absence of proteasome was tested by incubating at room temperature for time periods as indicated. Note that there is no obvious deubiquitination of the conjugate by free USP14, although high levels of USP14 were tested (>1,000-fold over that of activated, proteasome-associated USP14 in our standard assay). This experiment confirms that deubiquitination of Ubnâ€“NCB1 by USP14 occurs on and requires the proteasome. c, Free USP14(S432E) (400â€‰nM) does not cleave single chain cyclin B1 conjugates (~110â€‰nM). d, Proteasome-associated USP14(S432E) (4â€‰nM proteasome and 80â€‰nM USP14) does not cleave single chain cyclin B1 conjugates (~110â€‰nM). Assay in d was performed in the presence of ATP under conditions permissive for degradation. Samples were resolved by SDSâ€“PAGE and immunoblotted using an antibody to the HA epitope.


Extended Data Figure 7 USP14 deubiquitinates free chains poorly, regardless of linkage type.
In vitro deubiquitination assays with free chains. aâ€“d, Each linkage-specific free chain (200â€‰nM) was incubated with human proteasome (12â€‰nM) in the presence or absence of USP14 (240â€‰nM). The sample was treated with pan-specific Ub isopeptidase USP21 (400â€‰nM) for 20â€‰min as a positive control showing that chain disassembly is readily detected. e, f, K48-linked Ub3â€“7 free chains (125â€‰nM) or K63-linked octa-Ub free chains (300â€‰nM) were incubated with human proteasomes (5â€‰nM for e and 10â€‰nM for f) in the presence or absence of USP14 (20-fold excess over proteasome). Samples were resolved by SDSâ€“PAGE and immunoblotted using an antibody to ubiquitin.


Extended Data Figure 8 USP14 cleaves ubiquitin chains at the proximal site.
In vitro deubiquitination assays with multi-chain conjugates. a, Multi-chain K63Ub4 conjugates on NCB1 were prepared using pre-formed K63Ub4 free chains as described in Methods. Assays were performed as in Fig. 2a. Arrow indicates accumulated K63Ub4â€“NCB1 as major deubiquitinated species generated by USP14 cleavage. Asterisks indicate presumptive deconjugated K63Ub5- or other multi-chain K63Ubnâ€“NCB1 species originating from other K63Ubn contaminants in the commercial preparation of K63Ub4. b, Ubnâ€“NCB1 was generated using UbcH10, APC/C, and wild type ubiquitin, and purified as described in Methods. Note that this conjugate may be enriched with short multi-ubiquitin chains with different linkages, based on previous reports12. Deubiquitination assays were performed as in Fig. 2c. Arrowhead indicates di-Ub chains as major products of USP14 activity, suggesting that Ubnâ€“NCB1 in this sample was rich in diubiquitin chains. Samples were resolved by SDSâ€“PAGE and immunoblotted with antibody against the HA epitope (a) or Ub (b). c, TMT labelling and quantitative mass spectrometry. Purified Ubnâ€“NCB1 was assayed in biological duplicates for each condition, and the resulting samples were analysed for specific ubiquitin chain linkages by mass spectrometry as in Fig. 2d. The experiment was repeated in biological duplicates at a 4-min point with equivalent results (data not shown).


Extended Data Figure 9 Modelling of free ubiquitin chain cleavage by proteasome-activated Ubp6 or USP14.
Possible steric conflict between the proximal ubiquitin and proteasome-associated Ubp6 or USP14 was assessed by molecular modelling. a, As in Fig. 2f, except employing K48- or K63-linked proximal ubiquitin. b, Proximal ubiquitin with each different linkage was fitted in USP14 structure with minimal steric hindrance, and then docked onto the proteasome electron microscopy structure. Structures were obtained from the PDB database: Ubp6 and proteasome (5A5B), USP14 (2AYO), K63 di-Ub (2RR9), and ubiquitin (1UBQ). Note that for K6, 27, 29, and 33 linkages, modelling on the proteasome was not attempted because of extensive steric occlusion between proximal ubiquitin and USP14.


Extended Data Figure 10 Single-molecule studies of RPN11 show patterns of chain removal similar to those of USP14.
These experiments serve as controls for Fig. 3. Since RPN11 is known to work as a proximal-ubiquitin-specific DUB, its similarity to USP14 in these particular chain removal assays supports the hypothesis that USP14 is a proximal-specific deubiquitinating enzyme. Single-molecule assays were performed and analysed as described in Fig. 3, and were carried out using the same samples of proteasomes and ubiquitinated securin. The data shown are examples of step-trace segmentation graphs from a single-molecule analysis of purified Dylight550-labelled Ubnâ€“securin conjugates incubated with human proteasome lacking USP14 in the presence of ATP. These deubiquitination events represent RPN11-mediated activity as previously reported15.
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        Editorial Summary
USP14 and selective deubiquination
The proteasome machinery degrades proteins that are tagged with the small modifier protein ubiquitin. The proteasome-associated enzyme USP14 is a major regulator of this process, removing ubiquitin tags from only some proteins, thereby suppressing their degradation. Looking at one such proteasome substrate, cyclin B, these authors ask how USP14 selects certain substrates for deubiquitination. They find that USP14 shows preference for ubiquitinâ€“cyclin B conjugates that carry more than one ubiquitin modification or chain. Contrary to what was believed, USP14 seems to remove ubiquitin chains from cyclin B en bloc and within a millisecond time scale â€” before the proteasome has a chance to initiate degradation. And it proceeds until a single chain remains. This specificity for multi-(poly)ubiquitin chains is apparently unique among the characterized deubiquitinating enzymes.
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