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Abstract

The 26S proteasome is the molecular machine at the center of the ubiquitin–proteasome system 

and is responsible for adjusting the concentrations of many cellular proteins. It is a drug target in 

several human diseases, and assays for the characterization of modulators of its activity are 

valuable. The 26S proteasome consists of two components: a core particle, which contains the 

proteolytic sites, and regulatory caps, which contain substrate receptors and substrate processing 

enzymes, including six ATPases. Current high-throughput assays of proteasome activity use 

synthetic fluorogenic peptide substrates that report directly on the proteolytic activity of the 

proteasome, but not on the activities of the proteasome caps that are responsible for protein 

recognition and unfolding. Here, we describe a simple and robust assay for the activity of the 

entire 26S proteasome using fluorescence anisotropy to follow the degradation of fluorescently 

labeled protein substrates. We describe two implementations of the assay in a high-throughput 

format and show that it meets the expected requirement of ATP hydrolysis and the presence of a 

canonical degradation signal or degron in the target protein.
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1. Introduction

The 26S proteasome is a 2.5 MDa molecular machine, composed of at least 33 different 

proteins, that recognizes and hydrolyzes proteins targeted for degradation by polyubiquitin 

modifications [1,2]. The proteasome consists of a 20S proteolytic core particle capped by 

one or two 19S regulatory particles. The core particle contains six proteolytic sites, which 

are only accessible through gated pores at either end of the particle [3–5]. The caps contains 
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receptors that recognize ubiquitin chains, six ATPase subunits that unfold and translocate 

substrates through a central channel to the proteolytic sites in the core particle, and 

enzymatic subunits that remove the ubiquitin chains from substrates as they are trans-located 

to degradation [6]. There are at least three different caps that can associate with the core 

particle, but the 19S regulatory particle is thought to be the cap primarily responsible for 

ubiquitin-dependent degradation [1].

The proteasome degrades a large number of regulatory proteins, such as cell cycle regulators 

and transcription factors; it removes misfolded and damaged proteins from cells; and it 

produces some of the peptides displayed by MHC complexes [7]. The proteasome has been 

a target for drug design in several human diseases, and proteasome inhibitors are used 

successfully in the treatment of cancers, particularly multiple myeloma and mantle cell 

lymphoma [8–10]. Cancer drugs currently used in the clinic target the proteolytic active sites 

in 20S core particles to inhibit proteasomal activity. Recently, proteasome inhibitors 

targeting the 19S regulatory particle have been developed, including inhibitors of the 

deubiquitinating activities associated with the proteasome (Usp14/Ubp6 and Uch37/

UCHL5) and molecules that disrupt ubiquitin binding to the proteasome [11]. One inhibitor 

that targets both Usp14 and Uch37 results in the accumulation of polyubiquitinated proteins, 

which leads to cell apoptosis and has been shown to inhibit tumor growth in mice [12,13].

In several neurodegenerative disorders, accumulation of aggregation-prone proteins has been 

implicated in disease progression, and in some cases the proteasome's activity appears to be 

impaired in affected cells [14–17]. Thus, it may be beneficial to develop drugs that can 

activate proteasome activity to improve the clearance of toxic proteins and protein 

aggregates. Indeed, an inhibitor of the deubiquitinating enzyme Usp14 enhances 

proteasomal protein degradation and leads to the clearance of protein aggregates in human 

cells [18].

The search for new modulators of proteasome activity requires assays to measure 

proteasomal activity that can be carried out in an efficient and reproducible manner. One 

common proteasomal degradation assay uses peptide substrates that release a fluorescent 

group upon cleavage, resulting in an increase in fluorescence intensity that is proportional to 

degradation activity [19,20]. These substrates are convenient and sensitive reporters of the 

proteolytic activity of the 20S core of the proteasome and can be used in a high-throughput 

format. However, the peptide substrates are less well suited to investigate the activity of the 

26S proteasome holoenzyme, as their hydrolysis bypasses the steps of substrate recognition 

by the ubiquitin receptors and does not require unfolding by the ATPase subunits. 26S 

proteasome activity is generally monitored by following the degradation of ubiquitinated 

proteins [21,22]. Ubiquitinated proteins can be produced in vitro using purified enzymes, 

cell lysates, chemical strategies, or engineered bacteria [21,23–30]. The assays typically 

follow protein degradation by sampling the reaction at discrete time points and measuring 

the amount of the substrate protein remaining by SDS-PAGE and protein staining, Western 

blotting, or autoradiography (e.g., [21,22,31–35]). These methods provide information on 

protein size and thus on the ubiquitination state and can detect the formation of partially 

degraded protein fragments, but can be time-, labor-, and reagent-consuming and difficult to 

implement in a high-throughput format. Incorporating a fluorescent protein such as green 
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fluorescent protein (GFP) into the model protein makes it possible to follow protein 

degradation by measuring fluorescence using in-gel or high-throughput assays. For example, 

substrates containing a degradation signal (degron)-fused GFP have been used to monitor 

proteasome activity by following the decay of fluorescence intensity resulting from 

degradation of the GFP moiety (e.g., [29,36,37]). Fluorescent proteins often have 

complicated maturation kinetics and can be difficult to unfold so that they resist degradation 

by some ATP-dependent proteases [38]. However, easier-to-unfold circular permutants of 

GFP have been developed that make it possible to monitor degradation even by proteases 

less robust than the proteasome [29,38–41].

Here, we present a 26S proteasome activity assay based on the measurement of the 

fluorescence anisotropy of a small molecule dye attached to a substrate protein (Fig. 1a). 

The fluorescence anisotropy signal depends on the lifetime of the fluorophore and its 

rotational relaxation time [42,43], which in turn depends on the size of the dye-labeled 

molecule. Thus, fluorescence anisotropy can interpret the changes in both the abundance and 

the molecular size of substrates in the reaction. Indeed, anisotropy has been applied in the 

studies of proteolysis catalyzed by conventional proteases such as thrombin, enterokinase, 

Factor Xa, chymotrypsin, trypsin, or more specialized enzymes such as calpain II or 

botulism neurotoxin metalloproteases in a high-throughput format [44–47]. The assay 

described here measures fluorescence anisotropy to monitor 26S proteasome activity 

continuously (Fig. 1a). It follows the degradation of a proteasome-targeted protein into short 

polypeptides and thus reflects all the steps that occur within the 19S cap: substrate binding 

to the substrate receptors, initiation of degradation, unfolding, translocation into the core 

particle, and proteolysis. We describe two implementations of the assay in which an Alexa 

Fluor 546 dye is conjugated to the protein through a SNAP-tag. In one implementation, the 

substrate is targeted to the proteasome via a polyubiquitin modification that is attached to the 

protein through an in vitro ubiquitination reaction with purified E1, E2, and E3 enzymes. In 

the other implementation, the substrate is targeted to the proteasome by a ubiquitin-like 

domain encoded in the substrate's gene. The ubiquitin-like domain is recognized by the 

proteasome, thus bypassing the need for ubiquitination. In both cases, the dye is attached to 

a folded protein that must be unfolded and translocated into the core particle in order to be 

degraded, which allows probing 26S proteasomal activity. We anticipate that this assay will 

be a useful tool for high-throughput experiments to probe the effect of inhibitors and 

activators on proteasome activity, especially those that may act upstream of peptide 

hydrolysis.

2. Materials and methods

2.1. Substrate construction

We designed two types of model substrates for 26S proteasome degradation assays: One set 

of proteins contained a Sic60 tag to allow polyubiquitination and the other set contained a 

ubiquitin-like (UbL) domain encoded in their primary sequences. The Sic60 tag is derived 

from the first 60 amino acids of the yeast Sic1 protein and contains a four-amino acid motif 

(PPPY) that is recognized by the yeast ubiquitin ligase Rsp5 [21,33]. We placed the Sic60 

tag at the N terminus of the substrate protein, followed by domains 12–16 of human β-
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spectrin [48,49], a SNAP-tag domain (New England Biolabs) for dye labeling, and finally a 

hexahistidine tag at the C terminus (Sic60PY-Spectrin12–16-SNAP-His6). The UbL substrates 

were composed of a UbL domain, which consisted of residues 1–77 of Saccharomyces 
cerevisiae Rad23 at the N terminus, followed by either a VDGGSGGGS or GSGGSGSG 

linker, a SNAP-tag domain, an unstructured region, and finally a C-terminal hexahistidine 

tag (UbL-SNAP-40-His6). The unstructured region was derived from the first 35 amino acids 

of S. cerevisiae cytochrome b2 (which are part of the mitochondrial targeting sequence) with 

the lysine residues mutated to arginine or glutamine [33,50]. In a derivative of this protein, 

the unstructured region was omitted (UbL-SNAP-His6). The annotated sequences can be 

found in Supplementary Materials Table S1.

2.2. Protein expression and purification

The substrate for polyubiquitination (Sic60PY-Spectrin12–16-SNAP-His6) and the UbL 

substrates (UbL-SNAP-40-His6 and UbL-SNAP-His6) were overexpressed in and purified 

from the Escherichia coli strain Rosetta (DE3)pLysS (Novagen). Constructs were cloned 

into a pETDuet vector (Novagen) and expressed from the T7 lac promoter. Bacterial strains 

were grown in 1–1.5 L of LB Medium at 37 °C to an optical density at 600 nm of 0.4–0.6. 

Protein expression was induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), 

and incubation continued for an additional 2.5–3 h at 28 °C. Cells were harvested by 

centrifugation, resuspended in NPI-10 buffer (50 mM sodium phosphate, 300 mM NaCl, 10 

mM imidazole, and 1 mM DTT, pH 8.0) or PBS (phosphate buffered saline with 1 mM DTT, 

pH 7.5). Protease Inhibitor Cocktail Set V, EDTA-free was added (Calbiochem 539137) and 

homogenized using a high-pressure homogenizer (EmulsiFlex C3, Avestin) with 1–2 sample 

passes at 15,000 psi. The lysate was clarified by centrifugation, and the supernatant was 

filtered through a 0.22 μm filter and then loaded onto a 5 mL Ni-NTA column (Qiagen). His-

tagged protein was eluted with four column volumes of NPI-250 (50 mM sodium phosphate, 

300 mM NaCl, 250 mM imidazole, and 1 mM DTT, pH 8.0) and the fractions containing the 

target protein were added either to a dye-labeling reaction (UbL substrates, see below) or to 

a combined ubiquitination and dye-labeling reaction (ubiquitination substrate, see below). 

The ubiquitinated and labeled substrate was purified further using an S300 16/60 Sephacryl 

size exclusion column (GE Healthcare) to separate the dye-labeled, ubiquitinated substrate 

from all other components of the reaction. Protein concentration was estimated by 

measuring the absorbance at 280 nm using an extinction coefficient calculated from the 

protein's sequence (ExPASy's ProtParam). For ubiquitinated proteins, we estimated the 

approximate number of ubiquitins added by the conjugation reaction from the molecular 

weight of the dye-labeled, ubiquitinated bands observed by SDS-PAGE. Protein purity was 

assessed by SDS-PAGE and we estimated that at least 12 ubiquitin moieties were attached to 

the protein in a typical ubiquitination reaction.

2.3. Protein ubiquitination and dye labeling

Ubiquitination of Sic60PY-Spectrin12–16-SNAP-His6 was carried out as described [21], but 

with some modifications that included a simultaneous dye-labeling reaction. Ubiquitination 

occurred in 1–2 mL reactions consisting of ubiquitination buffer (25 mM Tris–HCl, pH 7.5, 

50 mM NaCl, 4 mM MgCl2, 1 mM DTT), 200 nM purified recombinant 

Schizosaccharomyces pombe E1, 2.5 μM recombinant, purified yeast UbcH7 (cloned into 
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pGEX-6P-1 and purified via affinity chromatography followed by cleavage with PreScission 

Protease (GE)), ~2 μM purified yeast Rsp5 [21], 0.35 mM ubiquitin, and 4 mM ATP (as 

described in Ref. [33]), together with ~2 μM Sic60PY-Spectrin12–16-SNAP-His6 substrate. 

The specific activity of Rsp5 can vary, and we conducted small-scale (~50 μL) test 

ubiquitination reactions with each Rsp5 preparation to determine the most effective Rsp5 

concentration. For dye labeling, 2 mM DTT and 7 μM SNAP-Surface Alexa Fluor 546 (New 

England Biolabs) were also included in the combined ubiquitination/labeling reaction. 

Conjugation and dye labeling were allowed to proceed for 110 min at 25 °C. The reaction 

was then centrifuged at 4 °C and 9000g to pellet any aggregates and the ubiquitinated 

substrates in the supernatant were purified on a Sephacryl S300 16/60 column (GE 

Healthcare) connected to an Akta Prime FPLC (GE Healthcare). Fractions containing the 

dye-labeled ubiquitinated substrate were identified by SDS-PAGE and detection of Alexa 

Fluor 546 fluorescence using a laser gel scanner (Typhoon 9400; GE Healthcare; excitation 

at 532 nm and emission filter 580 BP 30). After fluorescence imaging, the gels were also 

stained by Coomassie to determine the overall purity of the protein preparation. The number 

of ubiquitin moieties attached to a substrate was determined by comparing the molecular 

weight of the diffuse ubiquitinated protein bands to molecular weight standards (PageRuler 

Prestained Protein Ladder; ThermoFisher) in SDS-PAGE analysis. The purified 

ubiquitinated dye-labeled proteins were aliquoted, flash frozen in PBS with 10% glycerol, 

and stored at −80 °C.

A 1 l bacterial culture yielded approximately 1.8 mg (20 nmoles) of Sic60-Spectrin12–16-

SNAP after the His purification. Each combined ubiquitination and dye-labeling reaction 

with ~3 nmoles of His purified Sic60PY-Spectrin12–16-SNAP-His6 yielded approximately 

300–500 pmol of ubiquitinated labeled substrate after the final size-exclusion 

chromatography, assuming that on average 12 ubiquitin moieties were attached to each 

Sic60PY-Spectrin12–16-SNAP-His6 molecule. SNAP domains have only one dye-labeling 

site, so a single fluorophore can be attached to each protein molecule, and labeling 

efficiencies were 40–60%. The single-turnover proteasomal degradation assays used 0.8 

pmol of substrate per reaction, so that each labeling reaction yielded sufficient substrate for 

at least 300 assays.

2.4. Dye-labeling reaction for UbL substrates

UbL-SNAP substrates were purified by Ni-NTA affinity chromatography, and 5 μM 

substrate were combined with 2 mM DTT and 10 μM SNAP-Surface Alexa Fluor 546 (New 

England Biolabs) in PBS for 60 min at 30 °C. After the labeling reaction, large aggregates 

were removed by centrifugation at 4 °C and 9000g, while free dye was removed by size-

exclusion chromatography (Superdex S75 16/60, GE). Fractions containing the protein were 

identified by SDS-PAGE and dye-labeled protein was detected by in-gel fluorescence 

imaging using a laser gel scanner (Typhoon 9400, GE). After fluorescence imaging, the gels 

were stained by Coomassie to detect unlabeled contaminants. The protein was then 

aliquoted, flash frozen, and stored with 10% glycerol at −80 °C.

A 1 l bacterial culture yielded approximately 5 mg (150 nmoles) of UbL-SNAP-40-His6 

protein after His purification. Each dye-labeling reaction with 5 nmol of His purified UbL-
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SNAP-40-His6 yielded approximately 2 nmol of labeled substrate after the final size-

exclusion chromatography. Labeling efficiency varied between protein preparations from 35 

to 50% for the UbL-SNAP-40-His6 protein to approximately 75% for the UbL-SNAP-His6 

protein.

2.5. 26S proteasome purification

Yeast proteasome was purified from S. cerevisiae strain YYS40 (MATa 
rpn11::RPN113×FLAG-HIS3 leu2 his3 ura3 trp1 ade2 can1 ssd1) by affinity chromatography 

using FLAG antibodies (M2 agarose affinity beads, Sigma) as described previously [21], 

except that the lysis buffer consisted of 50 mM Tris–HCl pH 7.5, 10 mM MgCl2, 10% 

glycerol, 1 mM DTT, and 5 mM ATP and cells were lysed using a homogenizer at 25,000 

psi (EmulsiFlex Avestin C3). Proteasome preparations were analyzed by SDS-PAGE and 

native gel electrophoresis and compared with the published compositions [21,22]. 

Proteasome concentration was determined using the Pierce 660 nm protein assay reagent 

from ThermoFisher. Each proteasome preparation was checked for activity by testing 

degradation of polyubiquitinated Sic60PY-Spectrin12–16-SNAP-His6.

2.6. Proteinase K digestion

A portion of 10 nM Alexa Fluor 546-labeled substrate (Sic60PY-Spectrin12–16-SNAP-His6) 

in 1X degradation buffer (50 mM Tris–Cl pH 7.5, 5 mM MgCl2, 2% glycerol, 1 mM DTT, 

and 0.2 mg/mL BSA) was mixed with Proteinase K (100–500 μg/mL, as indicated) in 

proteinase K degradation buffer (50 mM Tris–Cl pH 7.5, 5 mM CaCl2, and 0.2 mg/mL 

BSA) and incubated at room temperature or 37 °C for 60–120 min. Reaction products were 

analyzed by SDS-PAGE and fluorescence imaging or by measuring fluorescence anisotropy 

as described above.

2.7. Gel-based proteasomal degradation assays

A portion of 50 nM purified yeast proteasome was mixed with 20 nM Alexa Fluor 546-

labeled substrate and either ATP or ATPγS at the indicated concentration in 1X degradation 

buffer (50 mM Tris–Cl pH 7.5, 5 mM MgCl2, 2% glycerol, 1 mM DTT, and 0.2 mg/mL 

BSA). Samples were taken at the designated time points and added to a stop buffer 

containing SDS to quench the reaction. Samples were then analyzed by SDS-PAGE on 4–

20% SDS-Tris-Glycine gradient gels (Lonza Biosciences) and imaged on a laser gel scanner 

(Typhoon 9400, GE) to detect the fluorescence emission from the Alexa Fluor 546 dye 

attached to the substrate (excitation 532 nm; emission filter 580 BP 30). Fluorescence 

intensity was quantified for each time point using ImageJ by taking the total fluorescence 

intensity of the bands representing full-length unmodified and ubiquitinated protein together. 

The decay of fluorescence intensity over time was analyzed by fitting the data to an equation 

describing single-exponential decay to a constant offset using Kaleidagraph software 

(version 4.1, Synergy Software).

2.8. Proteasome anisotropy degradation assays

Proteasome at the concentration indicated was mixed with approximately 20 nM Alexa 

Fluor 546-labeled substrate with ATP, ATPγS, or ADP at the indicated concentration, as well 
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as DMSO only or epoxomycin dissolved in DMSO. Reactions were carried out in 1X 

degradation buffer (50 mM Tris–Cl pH 7.5, 5 mM MgCl2, 2% glycerol, 1 mM DTT, and 0.2 

mg/mL BSA) at room temperature, and fluorescence anisotropy was measured as described 

below. Degradation assays carried out for the Michaelis–Menten analysis were conducted at 

the substrate and proteasome concentrations indicated. BSA (bovine serum albumin) was 

used in all degradation buffers to minimize nonspecific binding of the proteasome and 

fluorescent substrates to the 384-well plate. We confirmed that the 0.2 mg/mL BSA does not 

significantly affect the proteasome activity in the bulk assays.

2.9. Fluorescence anisotropy measurements and data analysis

Fluorescence polarization measurements were performed on an Analyst GT multimode 

reader (Molecular Devices; G-factor = 1.05) in 384-well plates (Corning or Greiner) with 

reaction volumes between 36 and 40 μL (excitation at 535 nm/50 nm bandwidth, emission at 

580 nm/20 nm bandwidth). A polarization reading was taken every 0.5–1 min for the 

Michaelis–Menten experiments or every minute for all other experiments for a total 

experiment time course of 15–25 min. Anisotropy values (r) were calculated from the 

polarization readings (P) using the equation r = (2P)/(3 – P) [42]. To analyze the anisotropy 

decay, reaction curves measured under single-turnover conditions (pre-steady state 

experiments) were fitted to an equation describing single exponential decay to a constant 

offset using Kaleidagraph software (version 4.1, Synergy Software). The decay rate 

constants were interpreted as the rate constants of the entire protein degradation reaction and 

agreed well with the decay constants obtained in the gel-based proteasomal degradation 

assays.

The anisotropy data can be converted to the fraction of substrate remaining (X) as a function 

of time, using the equation

(1)

where r = measured anisotropy, rp = anisotropy of peptides after cleavage, rf = anisotropy of 

full-length protein, and g = fluorescence enhancement factor (i.e., the ratio of the total 

fluorescence intensity of the full-length dye-labeled substrate to the total fluorescence 

intensity of the cleaved dye-labeled peptide) [51,52]. For some fluorophores, the total 

fluorescence intensity does not change significantly over the course of the reaction, in which 

case the correction factor (g – 1)(rf – r) is small and can be neglected [51]. However, we 

observed a fluorescence enhancement of approximately 50% upon proteasomal degradation 

for both the Alexa-Fluor546-labeled polyubiquitinated and UbL substrates and thus 

corrected for this in our data when converting anisotropy values to the fraction of substrate 

remaining. The conversion also assumes that the degradation reaction proceeds to 

completion, so that rp represents the anisotropy after 100% of substrate has been converted 

to peptides. However, enzymatic reactions are often attenuated when reconstituted in vitro 

[47], and we find that roughly 15% of substrate typically escapes degradation at the end of 

the assay described here (see below). Therefore, the converted progression curves represent 

the decay of the 85% of the substrate that is degraded by the proteasome by the end of the 
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reaction (see the Supplementary Materials). It is theoretically possible to introduce a 

correction factor into the equation above to account for the attenuation by multiplying by the 

observed extent of reaction (e.g., 0.85 here) and adding a constant offset representing 

unreacted protein (e.g., 0.15 here).

For Michaelis–Menten analysis, the anisotropy measurements were first converted to 

fraction of substrate remaining over time using Eq. (1). The linear part of the decay curves 

was then fitted to a straight line and the slope of the line was converted to an initial reaction 

rate, V, by multiplying by the initial substrate concentration. We did not correct for the fact 

that the degradation reactions may not have proceeded to completion, which likely 

introduced some error in Vmax, but not in KM [47].

3. Results and discussion

3.1. An assay based on fluorescence anisotropy

We set out to develop an assay to monitor protein degradation by the 26S proteasome 

continuously that could be implemented in a high-throughput format. Modern fluorophores, 

such as Alexa Fluor dyes, are photostable and their high quantum yields allow the detection 

of molecules at the nanomolar level with ease. A range of different strategies make it easy to 

label proteins with these dyes. We chose a dye (Alexa Fluor 546) with a fluorescence 

lifetime such that the anisotropy of the fluorescence signal of the dye-labeled protein differs 

significantly from that of the dye-labeled short peptides (Fig. 1a).

3.2. Substrate design

To test whether an assay based on fluorescence anisotropy measurements is able to monitor 

protein degradation by the 26S proteasome, we designed a proteasome substrate derived 

from domains 12 to 16 of the human cytoskeletal protein β-spectrin [48,49]. We attached the 

20 kDa SNAP-tag domain to the C terminus of the spectrin fragment to allow us to label the 

protein at a single position. We also attached a 60-amino-acid sequence derived from the 

yeast protein Sic1 (Sic60) [21] to the N terminus of the spectrin fragment to serve as a 

degradation signal (degron) (Fig. 1b). The Sic60 sequence contains a PPXY motif (we use 

PPPY), which is recognized by the ubiquitin ligase Rsp5 and thus makes it possible to 

polyubiquitinate the protein in vitro [21]. The Sic60 sequence is also long enough to allow 

the proteasome to engage the protein and to initiate degradation [33]. We expect that 

degradation will proceed from the N-terminal Sic60 degron toward the C terminus of the 

protein where the dye-labeled SNAP-tag domain is located [53]. Finally, we added a 

hexahistidine tag to the very C terminus of the protein for purification. We refer to this 

substrate as the polyubiquitinated substrate.

3.3. Protein expression and labeling

We purified the substrate by overexpression in E. coli followed by Ni-NTA affinity 

chromatography. The protein was then ubiquitinated by incubation with Sch. pombe E1, E2 

(UbcH7), and E3 (Rsp5) enzymes in vitro and simultaneously dye-labeled using a benzyl-

guanine derivative of Alexa Fluor 546 (SNAP-surface Alexa Fluor 546). After the reaction, 

the substrate was purified by size-exclusion chromatography. The final full-length dye-
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labeled polyubiquitinated substrate had average molecular weight ~200 kDa, which suggests 

that about 12 ubiquitin moieties were added to a substrate molecule by the ubiquitination 

reaction. The molecular weight of the final protein, and thus the number of ubiquitin 

moieties attached, varied slightly from preparation to preparation.

3.4. Anisotropy signal

We first determined the difference in fluorescence anisotropy between a full-length dye-

labeled protein and dye-labeled peptides generated by proteolysis. The fluorescence 

anisotropy of the polyubiquitinated substrate protein described above was 0.28, which is 

within a reasonable range of the value expected for a 200 kDa protein labeled with a dye 

with a 4 ns lifetime (Fig. 1c) [42]. We then digested the protein with the nonspecific protease 

Proteinase K at 37 °C for 2 h and observed that the anisotropy decreased to around 0.1 (Fig. 

1c). SDS-PAGE analysis of the reaction product demonstrated that the substrate was 

digested completely into short peptides smaller than 5 kDa, and no protein fragments of 

intermediate-size could be detected (Fig. S1). We conclude that full-length and digested 

substrates can be detected and distinguished from each other by measuring the fluorescence 

anisotropy of a covalently attached dye in our assay, as expected [44–46] (Fig. 1c).

3.5. Proteasomal degradation monitored by SDS-PAGE analysis

Next, we asked whether it would be possible to use fluorescence anisotropy measurements 

to follow proteasome activity. We first confirmed that the dye-labeled, ubiquitinated 

substrate could be degraded by the proteasome in the presence of ATP by the classic SDS-

PAGE gel based assay. Portions of 10–20 nM polyubiquitinated dye-labeled substrate were 

incubated with 50 nM purified yeast proteasome in the presence of 2 mM ATP at room 

temperature to carry out the degradation reaction with excess proteasome, near single-

turnover conditions. Samples were taken at five time points over the course of an hour and 

immediately added to a stop buffer that contained SDS to disassemble the proteasome and 

inhibit any further proteolysis. We analyzed the samples by SDS-PAGE and quantified the 

amount of substrate remaining at each time point by imaging the Alexa Fluor 546 

fluorescence on a laser gel scanner (Typhoon 9400; GE) (Fig. 2a). The ubiquitinated protein 

ran as a diffuse high-molecular-weight band on the gel, centered at ~200 kDa, whereas 

protein lacking the ubiquitin modification showed a well-defined band at the expected 

molecular weight of 90 kDa (Fig. 2a). We estimated the total amount of undigested substrate 

protein by measuring the total fluorescence intensity of the region of a gel lane from the 

high-molecular-weight end of the band representing ubiquitinated protein to just below the 

band representing full-length unmodified protein. The total fluorescence in this region 

decreased with time (Fig. 2a). At most 15% of full-length protein remained at the end of the 

assay, and no lower-molecular-weight bands appeared over time, suggesting that the 

substrate was degraded progressively and almost completely to short peptides (Fig. 2a).

Protein degradation by the 26S proteasome is driven by ATP hydrolysis and is inhibited if 

ATP is replaced with the poorly hydrolyzed ATP analogue ATPγS [54,55]. When we 

presented polyubiquitinated dye-labeled substrate to the proteasome in the presence of 2 

mM ATPγS, the center of the diffuse band representing polyubiquitinated protein moved 

toward decreasing molecular weights, while the band at 90 kDa representing full-length 
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unmodified protein increased in intensity (Fig. 2b). Presumably, these changes were caused 

by the deubiquitinases on the protea-some removing ubiquitin moieties from the substrate in 

an ATP-independent manner [56,57]. No protein degradation occurred in the presence of 

ATPγS because the total combined fluorescence intensity of the ubiquitinated band and the 

full-length band remained constant (Fig. 2b). The total fluorescence intensity over time from 

both the ATP and the ATPγS experiments was quantified and normalized to the first time 

point, shown in the graph in Fig. 2c.

The fluorescence-based gel imaging detected no partially degraded products labeled with the 

fluorophore, suggesting that the substrate was degraded progressively. Most likely, 

degradation proceeded from the N-terminal Sic60 degron toward the C terminus, as the 

proteasome initiates degradation at unstructured regions close to the ubiquitination site 

[21,50,53,58]. This assay, however, relies on detection of peptides containing the fluorescent 

tag, so that a single cleavage could remove the tag, rendering the remainder of the protein 

invisible. Therefore, we labeled a closely related substrate that lacked the fluorescent moiety 

(Sic60PY-Spectrin12–16-His6) radioactively at 14 methionine residues distributed throughout 

the polypeptide chain, ubiquitinated it, and presented the protein to 50 nM purified yeast 

proteasome (Fig. S2 in Supplementary materials). Analysis of the degradation reaction by 

SDS-PAGE and electronic autoradiography showed that no partially degraded protein 

fragments accumulated as the full-length protein disappeared. We conclude that Sic60-

Spectrin12–16-His6 was degraded completely and progressively [33,40,53,59,60]. We expect 

that the fluorescently tagged substrate behaves similarly, as observed by the fluorescence-

based SDS-PAGE analysis of degradation by the proteasome.

3.6. Assay reports on 26S proteasome activity

We then measured the fluorescence anisotropy over time under the same assay conditions as 

described above, where proteasome was in excess of substrate (Fig. 3a), though much lower 

proteasome concentrations can also effectively be used to conduct degradation reactions 

(Fig. S3 in Supplementary materials). In the presence of ATP and proteasome, the 

anisotropy decreased exponentially from the value expected for intact polyubiquitinated 

protein and plateaued at the value expected for short peptides by the end of the time course 

(Fig. 3a). The anisotropy values obtained after proteasomal digestion of the substrate were 

comparable to the values obtained from Proteinase K digestion of the substrate (compare 

Figs. 1c and 3a). The progression curves were well described by a two-state model in which 

the dye-labeled full-length intact protein is converted to the species in which the dye is 

attached to small peptides, just as observed when proteasomal degradation is monitored by 

SDS-PAGE (Fig. 2). The degradation rate constant obtained by anisotropy measurement 

agrees well with the decay rate constant obtained by SDS-PAGE analysis (Supplementary 

materials Table S2). Anisotropy progression curves can be converted to represent the 

fraction of substrate protein degraded over time explicitly, which requires correction factors 

for the change in fluorescence intensity upon degradation and for the extent to which the 

reaction progresses (see Materials and methods and Fig. S4). The two approaches yielded 

very similar rate constants for proteasomal protein degradation (Figs. S4 and S5). In the 

absence of proteasome, the anisotropy values stayed constant over the assay time course 

(Fig. 3a). The decrease in fluorescence anisotropy was caused by proteolysis by the 
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proteasome because a specific inhibitor of the proteasome's proteolytic sites, epoxomicin, 

prevented the decrease in fluorescence anisotropy (Fig. 3a). We conclude that the anisotropy 

assay allows us to follow the kinetics of proteasomal degradation.

The 20S core particle of the proteasome, which contains the pro-tease active sites, can 

degrade peptides on its own without the 19S caps under certain conditions [19,61,62]. 

However, to recognize and degrade folded proteins, the 20S core particle has to associate 

with 19S caps and form the 26S holoproteasome [1]. We asked whether the anisotropy-based 

degradation assay reflects specifically 26S protea-some activity rather than 20S core activity. 

We found that protein degradation, as detected by the decrease in fluorescence anisotropy, 

required ATP hydrolysis, because replacing ATP with the nonhydrolyzable ATP analogue 

ATPγS completely inhibited the decrease in anisotropy observed in the presence of ATP 

(Fig. 3b). Similarly, replacing ATP with ADP also stabilized the substrate (Fig. 3b).

Degradation also required the substrate protein to contain a proteasome-binding tag, in the 

case of the model substrate analyzed here a polyubiquitin modification [63]. Protein lacking 

a polyubiquitin modification remained stable when presented to proteasome, even in the 

presence of ATP (Fig. 3c). Both the polyubiquitinated substrate and the substrate lacking the 

polyubiquitin modification maintained constant anisotropy values over time when 

proteasome was omitted from the reaction (Fig. 3c). Thus, no change in anisotropy over time 

was detected for substrates lacking a proteasome-binding tag or when ATP hydrolysis was 

inhibited, suggesting that the assay monitored 26S proteasome activity specifically.

3.7. Developing model substrates independent of ubiquitin modification

In the experiments described above, we targeted a protein to the proteasome by a 

polyubiquitination signal. Following the degradation of this type of substrate makes it 

possible to investigate the role of the polyubiquitin chain in proteasomal degradation. 

However, the synthesis of ubiquitinated proteins requires reaction of the protein with 

purified enzymes. Furthermore, it is difficult to determine the exact number of ubiquitin 

moieties attached to the substrate after the ubiquitination reaction, making precise 

determination of substrate concentrations difficult. Therefore, we constructed a proteasome 

substrate that does not require ubiquitination for degradation but still reports on the activity 

of the 26S proteasome. This substrate was targeted to the proteasome by the ubiquitin-like 

(UbL) domain of S. cerevisiae Rad23 (Fig. 4a). The UbL domain can be recognized by 

several receptors on the proteasome [64–67] and can target model proteins for proteasomal 

degradation in vitro and in vivo [50,68,69]. We fused the UbL domain to the N terminus of a 

SNAP-tag domain followed by an unstructured region that functions as a proteasomal 

initiation site (denoted UbL substrate). A hexahistidine tag was added at the C terminus for 

purification.

We purified the UbL substrates from E. coli, labeled with SNAP-surface Alexa Fluor 546, 

and conducted the fluorescence anisotropy assay with purified yeast proteasome as 

described above. We first tested a UbL substrate that had a 40-amino acid-long unstructured 

region fused to the C terminus of the SNAP domain (Fig. 4b; Fig. S5b in Supplementary 

Materials). When we incubated this substrate with proteasome in the presence of ATP, the 

fluorescence anisotropy decreased over time, as expected when the protein is degraded by 
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the proteasome (Fig. 4b and Fig. S5). The decrease in anisotropy depended on the presence 

of proteasome, and replacing ATP with ATPγS or inhibiting the proteolytic sites with 

epoxomicin prevented degradation (Fig. 4b, Fig. S5, and Fig. S6). Degradation also 

depended on a functional proteasome initiation site as a substrate without an unstructured 

region escaped degradation [50,68] (Fig. 4c, Fig. S5c). Thus, the UbL-SNAP-40-His6 

substrate described here is a convenient and sensitive reporter for 26S proteasome activity, 

and substrates targeted to the proteasome via the UbL domain can be used effectively in the 

anisotropy assay.

3.8. Michaelis–Menten analysis

Traditional strategies for characterizing enzyme mechanisms often involve reactions under 

conditions where the enzyme turns over multiple times and the reaction is monitored at 

steady state. The model substrates described above can be used for the classic Michaelis–

Menten analysis of proteasome activity.

We incubated the UbL-SNAP-40-His6 substrate with purified yeast proteasome in the 

presence of ATP and followed the fluorescence anisotropy of the labeled substrate over time. 

We investigated eight substrate concentrations ranging from 10 to 544 nM at two different 

proteasome concentrations (2 and 5 nM) and measured the initial rates of the fluorescence 

anisotropy change for each condition (Fig. 5a). The measured initial rates followed classic 

MichaeliseMenten behavior (Fig. 5a). The Vmax depended linearly on the proteasome 

concentration, whereas the KM values remained constant within error between two 

proteasome concentrations.

We also characterized the polyubiquitinated substrate by Michaelis–Menten analysis (Fig. 

5b). These measurements suggest that the polyubiquitinated substrate binds proteasome 

more tightly than the UbL-SNAP-40-His6 substrate and is degraded at least as rapidly. The 

ubiquitination method used in this paper is efficient, but leads to attachment of one or more 

heterogeneous polyubiquitin chains to the substrate, which makes it difficult to know the 

precise concentration of ubiquitinated substrate and can therefore lead to uncertainty in the 

determined KM and Vmax values. Other methods allow the synthesis of substrate proteins 

with precisely defined ubiquitin modifications [24,26,29]. Nevertheless, together, these data 

demonstrate that the assay described in this paper can easily be used to characterize 

proteasomal degradation by standard kinetic approaches.

4. Conclusions

In summary, we present a simple and robust assay for 26S proteasome activity based on 

fluorescence anisotropy. The assay can detect the degradation activity of as little as 2 nM 

proteasome and only requires 30 μL volume for one reaction. For a standard laboratory 

operation, the setup time for one assay is less than 30 min and the results can be obtained 

using a 384-well plate in a high-throughput manner immediately after the course of the 

assay (for us, 20 min). We designed two different proteasome substrates, each containing a 

SNAP-tag for site-specific covalent dye labeling. The assay does not depend on the use of 

SNAP-tags, and other labeling strategies should work just as effectively. One substrate was 

targeted to the proteasome by an enzymatically attached polyubiquitin tag. Other methods to 
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ubiquitinate proteins exist and are, in principle, compatible with the assay described here. 

We also targeted a substrate to the proteasome via a UbL domain encoded in the primary 

sequence of the protein and demonstrated that both types of substrate can be used to study 

the kinetics of degradation using classical Michaelis–Menten analysis. The advantages of the 

26S proteasome activity assay described in this paper are high sensitivity, versatile substrate 

options, simple operation, and high-throughput detection, and it will be a useful tool to 

probe for modulators of proteasome activity, particularly those that may impact proteasomal 

degradation prior to peptide hydrolysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Proteasomal degradation assay based on fluorescence anisotropy measurement. (a) Cartoon 

of the experimental design of the proteasomal degradation assay based on the measurement 

of bulk steady-state fluorescence anisotropy. The three rows represent three different assay 

conditions. The top row shows the dye-labeled substrate alone, the middle row shows dye-

labeled substrate in the presence of protea-some and the nonhydrolyzed ATP analogue 

ATPγS, and the bottom row shows dye-labeled substrate in the presence of proteasome and 

ATP. Under each of these conditions, the sample is excited with polarized light, represented 

by the yellow vertical arrows. The fluorescence emission from the sample and its 

polarization are represented by the green and yellow horizontal and vertical arrows. The 

graphical representations in the rightmost column indicate the expected experimental results 

when the anisotropy of the fluorescence signal emitted from the substrate is monitored over 

the time course of the degradation reaction. (b) Schematic representation of a 
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polyubiquitinated substrate used for the degradation assay. The substrate is composed of a 

60-amino acid unstructured region derived from yeast Sic1 at the N terminus (Sic60), 

followed by five domains from the human β-spectrin protein and finally a SNAP-tag domain 

at the C terminus. The Sic60 sequence acts as the degron and provides the 

polyubiquitination signal as well as the initiation region for proteasomal degradation. The 

SNAP-tag domain allows site-specific labeling of the substrate with a fluorescent dye. (c) 

Fluorescence anisotropy of the polyubiquitinated substrate before and after 2 h incubation at 

37 °C in the absence or presence of 200 μg/mL proteinase K. Error bars show the standard 

error of the mean anisotropy obtained in four separate experiments.
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Fig. 2. 
Proteasomal degradation of the polyubiquitinated substrate monitored by SDS-PAGE. 

Degradation of the polyubiquitinated substrate by the proteasome in the presence of ATP or 

ATPγS, analyzed by SDS-PAGE and protein detection by a laser gel scanner (Typhoon 9400, 

GE). 20 nM substrate was incubated with 50 nM proteasome at 30 °C in the presence of (a) 

2 mM ATP or (b) 2 mM ATPγS. Aliquots were taken at the times indicated and added to a 

stop buffer that contained SDS in tris-glycine buffer. The first time point was taken at 0.25 

min. The first lane shows molecular weight standards, with the 70 kDa band being 

visualized using the Typhoon Imager. (c) Quantification of polyubiquitinated substrate 

degradation in the presence of ATP (blue circles) or ATPγS (red circles). The graph plots the 

amount of protein remaining as the percentage of protein present at 0.25 min. Protein 

amounts were estimated by integrating dye fluorescence intensity in the region from the top 

of the diffuse band representing ubiquitinated protein to the bottom of the band representing 

full-length unmodified protein. Error bars show the standard error of the percentage of 

fluorescence intensity remaining in three separate experiments.
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Fig. 3. 
Monitoring 26S proteasome activity by fluorescence anisotropy. Degradation of the 

polyubiquitinated Alexa Fluor 546-labeled substrate by purified yeast proteasome as 

monitored by fluorescence anisotropy measurements. The degradation reaction was 

monitored at room temperature over 20 min by performing anisotropy readings every 

minute. One representative experiment is shown in each graph, and the decay rate constants 

obtained from the exponential fits to repeat experiments can be found in Supplementary 

Materials Table S2. The graphs plot fluorescence anisotropy against time. (a) Degradation of 
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approximately 20 nM polyubiquitinated substrate in the presence of 2 mM ATP and 50 nM 

proteasome (blue squares), 50 nM proteasome + 5 μM epoxomicin (light blue squares), or 

no proteasome (black circles). (b) Degradation of approximately 20 nM polyubiquitinated 

substrate by 50 nM proteasome and 2 mM ATP (blue diamonds), 2 mM ADP (green circles), 

or 2 mM ATPγS (red circles). (c) Degradation of approximately 20 nM polyubiquitinated 

substrate in the presence of 2 mM ATP and 50 nM proteasome (blue diamonds), degradation 

of approximately 20 nM substrate lacking the polyubiquitin modification by 50 nM 

proteasome (red diamonds), and incubation of approximately 20 nM polyubiquitinated 

substrate without proteasome (black circles).
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Fig. 4. 
Degradation of a simplified model protein. (a) Schematic representation of a model substrate 

that is targeted to the proteasome by a ubiquitin-like (UbL) domain from S. cerevisiae Rad23 

protein. The substrate consists of the UbL domain at its N terminus, followed by the SNAP-

tag and a 40-amino acid-long unstructured region at the C terminus that functions as the 

proteasome initiation site (UbL-SNAP-40-His6). (b) Degradation of UbL-SNAP-40-His6 by 

purified yeast proteasome monitored by fluorescence anisotropy. The degradation reaction 

was monitored at room temperature over 20 min, taking an anisotropy reading every minute. 
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Incubation of 20 nM substrate in the presence of 2 mM ATP and 50 nM proteasome (blue 

diamonds), of 20 nM substrate in the presence of 2 mM ATPγS and 50 nM proteasome (red 

circles), and of 20 nM substrate alone (black circles). (c) Degradation reaction of UbL 

substrate with (UbL-SNAP-40-His6) and without (UbL-SNAP-His6) a C-terminal 

unstructured region. Experiments are as in (b): 20 nM of UbL-SNAP-40-His6 with 50 nM 

proteasome and 2 mM ATP (blue diamonds), 20 nM UbL-SNAP-His6 with 50 nM 

proteasome and 2 mM ATP (pink diamonds), 20 nM substrate UbL-SNAP-40-His6 alone 

(black circles), and 20 nM UbL-SNAP-His6 alone (light purple circles).
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Fig. 5. 
Michaelis–Menten analysis of initial proteasomal protein degradation rates of UbL-

SNAP-40-His6 or the polyubiquitinated substrate monitored by fluorescence anisotropy at 

room temperature. (a) Degradation rates in nM/min were determined in the presence of 2 

nM or 5 nM proteasome for eight UbL-SNAP-40-His6 substrate concentrations ranging from 

10 to 544 nM. Each point represents the average of initial rates from three to nine separate 

experiments and error bars represent the standard error of the mean. The kcat values for 

degradation by 2 and 5 nM proteasome were 0.55 ± 0.14 and 0.85 ± 0.19 min −1, 

respectively. KM was estimated as 91 ± 76 nM for degradation by 2 nM proteasome and 187 

± 101 nM for degradation by 5 nM proteasome. (b) Degradation rates in nM/min were 

determined for the polyubiquitinated substrate at five substrate concentrations at 2 nM or 5 

nM proteasome concentration. Each point represents average initial rates from at least three 

experiments and error bars represent the standard error of the mean. The kcat values for 
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degradation by the 2 and 5 nM proteasome were 1.1 ± 0.3 and 1.2 ± 0.2 min −1, respectively. 

KM was estimated as 13 ± 11 nM at 2 nM proteasome and 29 ± 10 nM at 5 nM proteasome.
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