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Abstract

The 26S proteasome is the major regulated protease in eukaryotes and is responsible for degrading 

ubiquitinated substrates. It consists of a barrel-shaped 20S core peptidase and one or two 19S 

regulatory particles, which recognize, unfold, and translocate substrates into the core. The 

regulatory particle can be further divided into two multi-subunit complexes: the base and the lid. 

Here we present protocols for expressing the Saccharomyces cerevisiae base and lid 

recombinantly in Escherichia coli and purifying the assembled subcomplexes using a tandem 

affinity purification method. The purified complexes can then be reconstituted with 20S core to 

form fully functional proteasomes. Furthermore, we describe a method for incorporating the 

unnatural amino acid p-azido-L-phenylalanine into the recombinant complexes at any residue 

position, allowing for non-disruptive site-specific modifications of these large assemblies. The use 

of recombinant proteins allows for complete mutational control over the proteasome regulatory 

particle, enabling detailed studies of the mechanism by which the proteasome processes its 

substrates. The ability to then specifically modify residues in the regulatory particle opens the door 

to a wide range of previously impossible biochemical and biophysical studies. The techniques 

described below for incorporating unnatural amino acids into the proteasomal subcomplexes 

should be widely transferable to other recombinant proteins, whether individually purified or in 

larger multi-subunit assemblies.
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1 Introduction

The 26S proteasome is the major protease in eukaryotic cells, where it is not only 

responsible for protein quality control and homeostasis through the degradation of 

misfolded, damaged, and obsolete polypeptides but also controls a myriad of vital cellular 

processes by the specific turnover of regulatory proteins [1–3]. Due to this role as one of the 
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most critical proteome regulators, elucidating the proteasome’s structure, mechanisms of 

action, and regulation has been of prime interest in the ubiquitin-proteasome field. However, 

the high complexity of this 2.5 MDa molecular machine with more than 34 different 

subunits, its compositional heterogeneity, and the critical dependence of eukaryotic cell 

viability on fully functional proteasomes have previously limited in vitro studies and 

mutational analyses. To circumvent these limitations of working with endogenous 

proteasomes, we developed systems for the heterologous expression of two proteasomal 

subcomplexes, the lid and the base, from Saccharomyces cerevisiae in Escherichia coli and 

the incorporation of unnatural amino acids to allow specific fluorescence labeling and 

advanced spectroscopic studies of proteasome function.

At the center of the 26S proteasome is the 20S core peptidase that is capped on one or both 

ends by the 19S regulatory particle, which recognizes appropriate substrates by their 

covalently attached ubiquitin modifications, mechanically unfolds them, and translocates the 

unfolded polypeptides through a narrow axial pore into the 20S core for proteolytic cleavage 

[4–6]. This regulatory particle can be further subdivided into the base and lid subcomplexes 

[7, 8], which also represent the intermediates of proteasome assembly in vivo [9] and thus 

can be used as stable building blocks together with the 20S core peptidase to reconstitute the 

26S holoenzyme in vitro. The base contains six distinct AAA+ ATPases, Rpt1-Rpt6, that 

form a heterohexameric ring and constitute the molecular motor of the proteasome. It also 

includes three non-ATPases, in yeast called Rpn1, Rpn2, and Rpn13, with Rpn1 and Rpn13 

functioning as ubiquitin receptors [10,11]. The assembly of the base proceeds through the 

initial formation of modules containing pairs of Rpt subunits [9], which then associate to 

form the ATPase hexamer in the order Rpt1-Rpt2-Rpt6-Rpt3-Rpt4- Rpt5 [12], with Rpn1 

bound to Rpt1 and Rpt2 and Rpn2 plus Rpn13 associated with Rpt6 and Rpt3. Correct 

pairing of Rpt subunits in the three modules as well as their proper assembly into the base 

subcomplex is controlled by four assembly factors, Rpn14, Hsm3, Nas2, and Nas6 [13–15]. 

While Nas2 is released during this process [12], Nas6, Rpn14, and Hsm3 remain bound to 

the C-terminal tails of Rpt subunits until they are displaced by the base docking with the 20S 

core peptidase [16].

The lid subcomplex includes six PCI (proteasome-CSN-initiation factor 3) domain-

containing subunits, Rpn3, Rpn5, Rpn6, Rpn7, Rpn9, and Rpn12, the small peptide Sem1, 

and two MPN (Mpr1-Pad1 N-terminal) domain-containing subunits, Rpn8 and Rpn11, with 

the latter representing the essential Zn2+-dependent deubiquitinase of the proteasome [17–

19]. A helical bundle formed by the C-terminal helices of the eight globular lid subunits 

functions as a hub to control the ordered lid assembly [20], which is independent of any 

additional factors [9]. Another ubiquitin receptor subunit, Rpn10, is not stably associated 

with the isolated lid or base but interacts with both subcomplexes in the assembled 

regulatory particle.

Given this knowledge about the in vivo formation of lid and base, we created recombinant 

expression systems in E. coli with three compatible plasmids coding for either the nine lid 

subunits or the nine subunits of the base plus the four essential assembly factors, as 

described below (Subheadings 3.1 and 3.2). While the lid subunits associate without 

additional chaperones, the base subunits assemble efficiently only in the presence of the 
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assembly factors. Subcomplexes are isolated by tandem affinity purification using tags on 

two subunits of the lid and the base followed by size-exclusion chromatography. The use of 

affinity tags on two separate subunits ensures that only fully assembled complexes are 

purified and thus corrects for differences in the expression levels or stability of individual 

subunits.

One of the advantages of these heterologous expression systems is that they can be easily 

combined with techniques for the incorporation of unnatural amino acids (UAAs) [21]. By 

co-expressing a synthetase/tRNA pair that has been evolved to recognize one of the amber/

ochre/opal codons, an UAA can be placed anywhere within the expressed proteins. These 

UAAs allow for the incorporation of a variety of useful chemical properties into proteins, 

including reactive groups for cross-linking [22], photocaged amino acids such as lysine [23], 

and handles for orthogonal labeling [21]. The protocol below (Subheading 3.3) describes 

how to incorporate the UAA p-azido-L-phenylalanine (AzF) at a UAG codon that has been 

introduced at a specific position in the base or lid subcomplex. The azide group of the AzF 

can then be conjugated to an alkyne through a cycloaddition reaction, often referred to as 

“click” chemistry, allowing for the site-specific modification of the complex. Incorporation 

of AzF into the base will be used as an example below, though the protocol can be easily 

adapted to the lid or any other desired recombinant protein.

The vector used for UAA incorporation, pAM87, was constructed based on a synthetase 

variant (pAzFRS.2.t1) evolved by the Isaacs lab and a vector (pUltra) designed by the 

Schultz lab that also encodes the UAG-recognizing tRNA [24, 25]. Proteins with the UAG 

codon inserted in the desired position are expressed in E. coli strains carrying pAM87 with 

AzF added to the growth media. Once the protein is purified, the azide group of the 

incorporated AzF can be modified with an alkyne-containing molecule using Cu-free click 

chemistry [26]. In the protocol below, the base is modified with a fluorophore linked to 

dibenzocyclooctyne (DBCO), a strained cyclooctyne that allows for mild, copper-free 

conjugation [27]. Though designed to be bio-orthogonal, it is known that DBCO reacts with 

exposed cysteines [28]. To suppress this reaction, free thiols are protected with Ellman’s 

reagent before the labeling. Once the labeling reaction is complete, the cysteines are restored 

to their native state through reduction with dithiothreitol (DTT).

2 Materials

2.1 Reagents and Equipment for Base and Lid Expression and Purification

1. Electrocompetent E. coli BL21 Star (DE3) cells [29].

2. Electroporation apparatus.

3. Expression plasmids (see Table 1).

4. 1000 × ampicillin: 300 mg/mL ampicillin sodium in 50% EtOH.

5. 1000 × kanamycin: 50 mg/mL kanamycin monosulfate in water.

6. 1000 × chloramphenicol: 25 mg/mL chloramphenicol in 100% EtOH.
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7. LB-antibiotic plates: 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) 

NaCl, 1.5% (w/v) agar. Autoclave, cool to 60 °C, or lower in a water bath before 

adding appropriate antibiotics to 1× from 1000 × stocks.

8. dYT liquid media: 1.6% (w/v) tryptone, 1% (w/v) yeast extract, 0.5% (w/v) 

NaCl. Autoclave.

9. Terrific broth (TB): 47 g of Novagen terrific broth (Millipore) in 1 L of water +4 

mL of glycerol. Autoclave.

10. 2.5 L Ultra Yield baffled shaking flask (Thomson).

11. 0.5 M IPTG: 0.5 M isopropyl-beta-D-thiogalactoside in water.

12. 100× PMSF: 0.2613 g phenylmethylsulfonyl fluoride in 15 mL ethanol (safety 

note: protease inhibitors are hazardous and should only be handled after taking 

appropriate safety precautions).

13. 1000× aprotinin: 1 mg/mL aprotinin in 25% methanol/75% H2O (safety note: 

protease inhibitors are hazardous and should only be handled after taking 

appropriate safety precautions).

14. 1000 × pepstatin = 1 mg/mL pepstatin A in 90% methanol/ 10% acetic acid 

(safety note: protease inhibitors are hazardous and should only be handled after 

taking appropriate safety precautions).

15. 1000 × leupeptin = 1 mg/mL leupeptin hemisulfate in H2O (safety note: protease 

inhibitors are hazardous and should only be handled after taking appropriate 

safety precautions).

16. Benzonase nuclease.

17. NiA buffer: 60 mM HEPES, pH 7.6,100 mM NaCl, 100 mM KCl, 10 mM 

MgCl2, 20 mM imidazole, 5% glycerol. Cool to 4 °C, adjust the pH, and then 

filter using a 0.22 μm filter.

18. NiB buffer: NiA buffer + 250 mM imidazole. Add dry imidazole to NiA buffer, 

and then readjust pH to 7.6.

19. Ultrasonic homogenizer with horn attachment.

20. 125 mL metal beaker (Polar Ware).

21. 5 mL HisTrap FF crude (GE).

22. 5 M NaOH.

23. 0.5 M ATP: Dissolve 9.08 g ATP disodium trihydrate in 15 mL of water. Adjust 

pH to 7.0 with 5 M NaOH, and then add water to a final volume of 30 mL. 

Aliquot and store at –20 °C.

24. Bradford reagent.
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25. 2× SDS loading buffer: 100 mM Tris-HCL, pH 6.8,4% (w/v) sodium dodecyl 

sulfate (SDS), 0.2% (w/v) bromophenol blue, 20% (w/v) glycerol. Add 10% 

(v/v) dithiothreitol (DTT) just before using.

26. Anti-FLAG M2 agarose (Sigma).

27. Gravity drip column.

28. TBS: 50 mM Tris–HCl, pH 7.6, 150 mM NaCl.

29. 3× FLAG peptide: Dissolve peptide (MDYKDHDGDYKDH-DIDYKDDDDK) 

in TBS. Adjust pH to 7.6 using 5 M NaOH. Then adjust final concentration of 

FLAG peptide to 20 mg/ mL using TBS.

30. 100 kDa cutoff Ultra-15 and Ultra-0.5 centrifugal filter concentrator (Amicon).

31. Spin-X 0.22 0.5 mL cellulose acetate centrifuge filter (Corning).

32. Superose 6 Increase 10/300 GL size-exclusion column (GE).

33. GF Buffer: 30 mM HEPES, pH 7.6, 50 mM NaCl, 50 mM KCl, 10 mM MgCl2, 

5% glycerol. Cool to 4 °C, adjust the pH, and then filter with a 0.22 μm filter.

34. 0.5 M TCEP: Add 5.73 g tris(2-carboxyethyl)phosphine-HCl to 30 mL of water. 

Adjust pH to 7.0 with 5 M NaOH, and then adjust final volume to 40 mL with 

water. Aliquot and store at –20 °C.

35. 1 mg/mL BSA: Add 10 mg of bovine serum albumin (fatty acid free) to 10 mL 

of GF buffer. Adjust the concentration to 15 μM by measuring the A280 and 

using an extinction coefficient of43,824 M–1 cm–1.

36. Amylose resin (NEB).

37. 0.5 M maltose: Add 18 g maltose monohydrate to water, adjust to 100 mL final 

volume, and then filter sterilize with a 0.22 μm filter into a sterile bottle.

38. Human rhinovirus 3C protease (Thermo Fisher).

39. 8% NuPAGE SDS-PAGE gels (Thermo Fisher).

40. 10% NuPAGE SDS-PAGE gels (Thermo Fisher).

41. 20 × NuPAGE MOPS running buffer (Thermo Fisher).

42. Coomassie blue stain: 0.25% Coomassie blue R-250, 45% methanol, 45% water, 

10% glacial acetic acid. Filter before using.

43. Coomassie destain: 20% methanol, 10% glacial acetic acid.

44. UV spectrophotometer.

45. Quartz cuvette, 20 μL sample volume (Hellma).
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2.2 Reagents for Expression and Purification of Multi-subunit Complexes Incorporating 
p-Azido-L-Phenylalanine

1. 1000× spectinomycin: 100 mg/mL spectinomycin dihydrochloride pentahydrate 

in water.

2. Unnatural amino acid incorporation plasmid (see Table 1).

3. 10× phosphate buffer: 0.17 M KH2PO4, 0.72 M K2HPO4. Autoclave.

4. UAA media: Add 24 g yeast extract, 20 g of tryptone, and 10 mL of glycerol to 

880 mL of water. Autoclave. Prepare 1 L of UAA media by adding 100 mL of 10 

× phosphate buffer to 900 mL of media.

5. p-Azido-L-phenylalanine (Amatek Chemical).

6. 5 mM DTNB: Add 5 mg of 5,5′-dithiobis-(2-nitrobenzoic acid) to 5 mL of GF 

buffer. Make fresh.

7. 1 M DTT: Add 1.54 g dithiothreitol to 10 mL of water. Aliquot and store at –

20 °C.

8. 40 mM fluorophore-DBCO: Dissolve fluorophore conjugated to 

dibenzocyclooctyne (DBCO) in DMSO to 40 mM (Click Chemistry Tools).

3 Methods

3.1 Expression and Purification of the Base

3.1.1 E. coli Transformation and Expression of the Base

1. Prepare electrocompetent E. coli BL21 Star (DE3) cells, and then transform them 

with 50 ng each of pAM81, pAM82, and pAM83 (see Fig. 1 and Table 1 for 

more information on the plasmids). Plate on LB + ampicillin/kanamycin/

chloramphenicol. Grow at 37 °C overnight (see Note 1).

2. Select a single colony from the plate to inoculate 50 mL of dYT medium 

containing ampicillin (300 μg/mL), chloramphenicol (25 μg/mL), and kanamycin 

(50 μg/mL). Grow overnight at 30 °C, shaking at 180 rpm.

3. Pellet the overnight culture in a conical tube by centrifuging at 3000 rcf for 4 

min, pour offthe supernatant, and resuspend the pellet of cells in 50 mL of fresh 

dYT. Repeat this wash step once. Resuspend the pellet in 25 mL of dYT and 

divide evenly between three 2.5 L baffled flasks, each containing 1 L of TB + 

ampicillin (300 μg/mL), chloramphenicol (25 μg/ mL), and kanamycin (50 

μg/mL) (see Notes 2 and 3).

4. Grow cells at 37 °C in a shaker at 180 rpm for 3–5 h, until OD600 reaches 0.7. 

Turn down the temperature to 30 °C, wait 30 min, and then induce protein 

expression by adding 1 mL of 0.5 M IPTG (0.5 mM final concentration) to each 

flask.

5. Incubate cells for 5 h at 30 °C, shaking at 180 rpm, and then change temperature 

to 16 ° C and let induce overnight.
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6. Spin down the culture in three 1 L centrifuge bottles for 15 min at 3500 rcf, pour 

off the supernatant, and resuspend the cell pellets in cold NiA buffer + protease 

inhibitors and Benzonase (1 μg/mL aprotinin, 1 μg/mL pepstatin, 1 μg/mL 

leupeptin, 174 μg/mL PMSF, 50 units of Benzonase). The final volume of the 

combined, resuspended pellets should be 75 mL. The pellets can be transferred 

to 50 mL conical tubes and stored at –80 °C or carried on directly to the 

purification.

3.1.2 Purification of the Base

1. If using frozen pellets, thaw them in a water bath. All remaining purification 
steps should be performed at 4 °C. Combine the lysate into one 125 mL metal 

beaker, and use an ultrasonic homogenizer to sonicate the lysate on ice for 3 min 

at 75% amplitude, using a cycle of 15 s on and 60 s off (see Note 4).

2. Centrifuge the lysate for 30 min at 26,000 rcf in a pre-chilled rotor at 4 °C.

3. Prepare a 5 mL HisTrap charged with Ni2+ by washing the resin with 15 mL of 

NiA buffer (see Note 5).

4. Flow the lysate supernatant at 1 mL/min over the HisTrap. Take 1 μL of lysate 

supernatant, and then take another 1 μL of HisTrap flow-through for gel samples.

5. Wash the HisTrap with 50 mL of NiA + 1 mM ATP. All following buffers 
should contain 1 mM ATP to ensure the stability of the complex (see Note 6).

6. Elute the protein from the HisTrap with 20 mL of NiB buffer +1 mM ATP. Take 

2 μL of the eluate for a gel sample.

7. Prepare 5 mL of anti-FLAG M2 agarose in a gravity drip column by washing 

with NiA + 1 mM ATP (see Notes 7 and 8).

8. Flow the nickel eluate over the anti-FLAG resin 4–5 times, exposing the protein 

to the resin for at least 30 min. Take 2 μL of the flow-through for a gel sample to 

ensure good depletion of FLAG-Rpt1.

9. Wash the anti-FLAG column 2× with 25 mL of NiA + 1 mM ATP.

10. Elute with 12 mL of NiA + 1 mM ATP + 0.15 mg/mL 3× FLAG peptide. Take 5 

μL of FLAG eluate for a gel sample (see Note 9).

11. Concentrate FLAG elution to 400 μL in a 15 mL 100 kDa cutoff spin 

concentrator by spinning at 2000 rcf at 4 °C (see Note 10).

12. Spin filter the concentrated protein using a 0.22 μm filter (see Note 11).

13. Load and run the protein on a pre-equilibrated Superose 6 Increase 10/300 GL 

size-exclusion column using GF buffer + 0.5 mM TCEP and 0.5 mM ATP (see 
Fig. 2 for an example size-exclusion trace and a typical purification gel).

14. Collect the peak indicated in Fig. 2, typically from 12 mL to 14 mL when run at 

a flow rate of 0.4 mL/min at 4 °C. Concentrate the protein by successive spins in 
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a 0.5 mL 100 kDa cutoff spin concentrator to a final volume of 100 μL. Take 1 

μL of concentrated protein for a gel sample.

15. As the presence of ATP masks the A280 signal for the protein, the Bradford assay 

is used to measure concentration of the complex with bovine serum albumin 

(BSA) as a standard. Typical concentrations are 5–15 μM base (see Note 12).

16. Mix gel samples with 2× SDS loading buffer, and confirm the purity of the final 

complex by SDS-PAGE.

17. Aliquot the protein into 8 μL aliquots, flash freeze in liquid nitrogen, and store at 

–80 °C.

3.2 Expression and Purification of the Lid

3.2.1 E. coli Transformation and Expression of the Lid

1. Prepare electrocompetent E. coli BL21 Star (DE3) cells, and then transform with 

50 ng of pAM85, pAM86, and pAM80 (see Fig. 1 and Table 1 for more 

information on the plasmids). Plate on LB + ampicillin/kanamycin/

chloramphenicol. Grow at 37 °C overnight (see Note 1).

2. Select a single colony from the plate to inoculate 50 mL of dYT medium 

containing ampicillin (300 μg/mL), chloramphenicol (25 μg/mL), and kanamycin 

(50 μg/mL). Grow overnight at 30 °C, shaking at 180 rpm.

3. Pellet the 50 mL of culture in a conical tube by centrifuging at 3000 rcf for 4 

min, pour off the supernatant, and resuspend the pellet of cells in 50 mL of fresh 

dYT. Repeat this wash step once. Resuspend the pellet in 25 mL of dYT, and 

divide evenly between three 2.5 L baffled flasks, each containing 1 L of TB + 

ampicillin (300 μg/mL), chloramphenicol (25 μg/ mL), and kanamycin (50 

μg/mL) (see Notes 2 and 3).

4. Grow cells at 37 °C in a shaker at 180 rpm for 3–5 h, until OD600 reaches 0.7. 

Turn down the temperature to 18 °C, wait 30 min, and then induce protein 

expression by adding 1 mL of 0.5 M IPTG (0.5 mM final) to each flask. Let the 

cells induce overnight.

5. Spin down the culture in three 1 L centrifuge bottles for 15 min at 3500 rcf, pour 

off the supernatant, and resuspend the pellets in cold NiA buffer + protease 

inhibitors and Benzonase (1 μg/mL aprotinin, 1 μg/mL pepstatin, 1 μg/mL 

leupeptin, 174 μg/mL PMSF, 50 units of Benzonase). The final volume of the 

combined, resuspended pellets should be 75 mL. The pellets can be transferred 

to 50 mL conical tubes and stored at –80 °C or carried on directly to the 

purification.

3.2.2 Purification of the Lid

1. If using frozen pellets, thaw them in a water bath. All remaining purification 
steps should be performed at 4 °C. Combine the lysate into one 125 mL metal 
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beaker, and use an ultrasonic homogenizer to sonicate the lysate on ice for 3 min 

at 75% amplitude, using a cycle of 15 s on and 60 s off (see Note 4).

2. Centrifuge the lysate for 30 min at 26,000 rcf in a pre-chilled rotor at 4 °C.

3. Prepare a 5 mL HisTrap charged with Ni2+ by washing the resin with 15 mL of 

NiA buffer (see Note 5).

4. Flow the lysate supernatant at 1 mL/min over the HisTrap. Take 1 μL of lysate 

supernatant, and then take another 1 μL of HisTrap flow-through for gel samples.

5. Wash the HisTrap with 100 mL of NiA.

6. Elute the protein from the HisTrap with 20 mL of NiB buffer. Take 2 μL of the 

eluate for a gel sample.

7. Prepare 7.5 mL of amylose resin in a gravity drip column by washing with 30 

mL of NiA.

8. Flow the nickel eluate over the amylose resin 4–5 times, exposing the protein to 

the resin for at least 30 min. Take 2 μL of the flow-through for a gel sample to 

ensure good depletion of MBP-Rpn6.

9. Wash the amylose column twice with 25 mL of NiA.

10. Elute with 15 mL of NiA + 10 mM maltose. Take 5 μL of amylose eluate for a 

gel sample.

11. To cleave off the MBP fusion from Rpn6 and the 6xHis tag from Rpn12, add 20 

μL of 2 units/μL human rhinovirus 3C protease to the eluate. Incubate overnight 

at 4 °C or for 2–3 h at room temperature. After cleavage, take a 5 μL sample. 

Confirm complete cleavage through SDS-PAGE analysis.

12. Concentrate protein to 400 μLin a 15 mL 100 kDa cutoff spin concentrator by 

spinning at 2000 rcf (see Note 10).

13. Spin filter the concentrated protein using a 0.22 μm filter.

14. Load and run the protein on a pre-equilibrated Superose 6 Increase 10/300 GL 

size-exclusion column using GF buffer + 0.5 mM TCEP (see Fig. 3 for an 

example of size-exclusion trace and a typical purification gel).

15. Collect the peak indicated in Fig. 3, typically from 13.5 mL to 15 mL when run 

at 0.4 mL/min at 4 °C. Concentrate the protein by successive spins in a 0.5 mL 

100 kDa cutoff spin concentrator to a final volume of 100–200 μL. Take 1 μL of 

concentrated protein for a gel sample.

16. Quantify the concentration by measuring the A280. The extinction coefficient 

calculated from the sequence is 349,000 M–1 cm–1, and the expected 

concentration is 10–50 μM (see Note 13).

17. Mix gel samples with 2× SDS loading buffer, and confirm the purity of the final 

complex by SDS-PAGE.
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18. Aliquot the protein into 8 μL aliquots, flash freeze in liquid nitrogen, and store at 

–80 °C.

3.3 Expression and Purification of Multi-subunit Complexes Incorporating Unnatural 
Amino Acids

This protocol will be presented as an abbreviated version of the base protocol presented 

above, focusing on the unnatural amino acid specific instructions. For more detail on the 

procedures, see protocol Subheading 3.1. The modifications should be transferable to the 

purification of other complexes.

3.3.1 E. coli Transformation and Protein Expression

1. Prepare electrocompetent E. coli BL21 Star (DE3) cells carrying pAM87, which 

contains the synthetase and tRNA for incorporation of AzF at the UAG amber 

codon. pAM87 confers resistance to spectinomycin. Please see Note 1 for a 

protocol.

2. Use standard molecular cloning techniques to insert the UAG amber codon at the 

desired location in the base subcomplex (see Notes 14–16).

3. Transform pAM81, pAM82*, and pAM83 into the pAM87- containing 

electrocompetent E. coli.

4. Inoculate 2 × 50 mL cultures of dYT + ampicillin (300 μg/ mL), 

chloramphenicol (25 μg/mL), kanamycin (50 μg/mL), and spectinomycin (100 

μg/mL); grow at 37 °C overnight (see Note 17).

5. Wash the overnight cultures with fresh dYT twice, resuspend in 25 mL of dYT, 

and then divide the cells evenly between 6 L of dYT + 0.5× antibiotic (ampicillin 

(150 ^g/mL), chloramphenicol (12.5 ^g/mL), kanamycin (12.5 μg/mL), and 

spectinomycin (50 μg/mL)), in 2.5 L baffled flasks (see Notes 2 and 3).

6. Grow the cultures at 37 °C until OD600 0.7 is reached. Spin down the cultures in 

clean 1 L centrifuge bottles for 15 min at 3500 rcf at room temperature.

7. Gently (without vortexing) resuspend the cultures in 1 L total of UAA media, 

leading to a sixfold concentration of cells. Divide into two 2.5 L baffled flasks to 

maximize aeration (see Note 18).

8. Add 0.24 g of AzF to each 500 mL culture (2 mM final), and then shake for 30 

min at 30 °C at 180 rpm (see Note 19).

9. Add 1 mL of 0.5 M IPTG (1 mM final) to each flask to induce expression of both 

the proteins of interest and the synthetase. Let induce at 30 °C for 5 h and then 

16 °C overnight.

10. Spin down the culture in two 1 L centrifuge bottles for 15 min at 3500 rcf at 

4 °C, pour off the supernatant, and resuspend the pellets in cold NiA buffer + 

protease inhibitors and Benzonase (1 μg/mL aprotinin, 1 μg/mL pepstatin, 1 

μg/mL leupeptin, 174 μg/mL PMSF, 50 units of Benzonase). The final volume of 

the combined, resuspended pellets should be 75 mL. The pellets can be 
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transferred to 50 mL conical tubes and stored at –80 °C or carried on directly to 

the purification.

3.3.2 Purification of the Base

1. Follow steps 1–11 of Subheading 3.1.2. In brief, the protein should be purified 

using Ni2+ affinity and anti-FLAG affinity columns and then concentrated to 400 

μL (see Note 20).

2. To protect surface-exposed cysteines, add DTNB to 150 μM final concentration 

from a freshly made 5 mM stock, incubate at 22 °C for 10 min (solution will turn 

yellow), and then cool the protein back down to 4 °C (see Note 21).

3. Add the DBCO-fluorophore to a final concentration of 300 μM and incubate at 

4 °C overnight (see Note 22).

4. Quench the reaction with 1 mM AzF from a 100 mM stock, then add DTT to a 

final concentration of 5 mM from a 1 M stock to de-protect the cysteines and 

resolve any inter-protein disulfide bonds.

5. Follow steps 12–16 of protocol Subheading 3.1.2 to run the protein over the size-

exclusion column. See Fig. 4 for examples of labeling specificity. Typical yields 

are about half of the yield for unlabeled complexes.

4 Notes

1. It is important to use properly prepared electrocompetent cells. The protocol 

from Seidman et al. (2001) can be followed as a reference [29]. Chemically 

competent cells are not efficient at taking up the large plasmids used here. It is 

possible to make electrocompetent cells from BL21 Star (DE3) E. coli already 

transformed with pAM83. This is advantageous because the efficiency of a 

double transformation is much higher than that of the triple transformation. For 

protocol Subheading 3.3.1 it is necessary to make electrocompetent cells 

containing pAM87 or another plasmid because quadruple transformations are not 

feasible.

2. The wash step is important to remove any secreted β-lactamase in the media, 

which would diminish selection for the ampicillin resistance containing plasmid 

pAM81.

3. The minimum recommended volume to prep is three liters, though the protocol 

can be scaled up.

4. The proper sonication conditions will vary depending on the instrument used and 

should be optimized to maximize lysis without heating the sample. Other 

methods of cell lysis such as using a French press will also work.

5. The purification can also be performed using Ni-NTA agarose. Modify the 

procedure by batch binding 5 mL of Ni-NTA beads with the cleared lysate for 45 

min and then transferring to a gravity drip column for the wash and elution.
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6. The purification can be monitored using Bradford reagent. Aliquot 40 μL of 

Bradford reagent into the wells of a 96-well plate. Then take 5 μL of column 

eluate and mix thoroughly with the Bradford reagent. The presence of protein 

will be indicated by a color change from brown to blue. After 50 mL of washing, 

the eluate from the HisTrap may still react with Bradford, but you should 

nevertheless continue to the elution step. Excessive washing of the nickel column 

reduces yield of the final complex.

7. FLAG agarose must be regenerated before the first use by following the 

manufacturer’s recommended protocol. The resin can then be reused by 

regenerating after each purification.

8. The amount of FLAG agarose used is often the limiting factor for the final yield 

of base. Fresh FLAG agarose has higher binding capacity than used and 

regenerated resin. It is recommended to confirm good depletion of FLAG-Rptl. If 

FLAG- Rptl is still visible in the flow-through of the FLAG column, the FLAG 

binding, washing, and eluting steps (Subheading 3.1.2, steps 7–10) can be 

repeated with freshly regenerated FLAG agarose.

9. Be sure to use 3 × FLAG peptide (MDYKDHDGDYKDHDI- DYKDDDDK), as 

1 × FLAG peptide does not effectively compete off the FLAG-Rptl.

10. To prevent aggregation at the bottom of the concentrator, mix the sample by 

inverting the concentrator every 5–10 min.

11. Occasionally not all of the protein solution will go through the spin filter. If the 

filter has clogged, it may be necessary to switch to a fresh filter. Pool the filtered 

protein before running on the size-exclusion column.

12. Using BSA as a standard may result in concentrations inaccurate by as much as 

twofold due to the different reactivity of BSA with the Bradford reagent 

compared to the base proteins. For a more accurate concentration, the sample can 

be submitted for amino acid analysis. The molecular weight of the complex is 

652,000 kDa, including Rpt1–6, Rpn1, Rpn2, Rpn13, Nas6, Hsm3, and Rpn14. 

Nas2 does not stay bound.

13. It is recommended not to use a NanoDrop to measure the protein concentration 

as the high viscosity of the solutions interferes with accurate readings. Instead, 

measurements are typically taken in a 20 μL cuvette using a UV-Vis 

spectrophotometer.

14. The efficiency of incorporation seems to be dependent on the location of the 

amber codon within the protein, but this effect is difficult to predict [30]. 

Therefore, it is recommended to test out multiple locations within the protein to 

identify the ones that give the highest protein yields.

15. Another challenge is that some locations also yield truncated products, so it is 

also recommended to have a C-terminal tag or other means of selecting for full-

length products. In the case of the base, truncated products do not incorporate 

well into the complex and are thus not purified with fully assembled base.
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16. To ensure proper protein production, it is also necessary to replace any UAG 

codons that are being used as stop codons with either the ochre or opal stop 

codons.

17. The cells grow slowly under quadruple antibiotic selection, so it may be 

necessary to first inoculate a 5 mL culture, let that grow overnight, and then use 

it to inoculate the two 50 mL cultures at 1:500.

18. Concentrating the cells allows for a much higher cell density per liter of culture, 

allowing for more protein production for each gram of unnatural amino acid 

used.

19. This step gives the cells time to take up the AzF.

20. As AzF is sensitive to reducing agents, they should be avoided if possible until 

after the labeling step described in Subheading 3.3.2 step 3. It has been reported 

that the azide group is somewhat compatible with βME if reducing agent is 

required [31].

21. Enough DTNB should be added to be in excess of the estimated number of 

exposed cysteines in solution, which varies between protein complexes.

22. The optimal concentration of fluorophores varies between proteins due to 

differences in the accessibility of the AzF. It is recommended to optimize the 

concentration of DBCO- fluorophore. The efficiency of labeling can be 

calculated by the ratio of the concentration of fluorophore in the final protein 

solution (as measured by absorbance) to the concentration of protein. Specificity 

can be estimated by subjecting wild-type protein with no AzF incorporated to the 

same labeling conditions. The labeling was found to be significantly more 

specific at 4 °C than at room temperature.
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Fig. 1. 
(a) The 26S proteasome consists of three subcomplexes, the 20S core (gray), the base (blue, 

containing the AAA+ motor), and the lid (yellow, containing the deubiquitinating enzyme 

Rpn11 shown in green). (b, c) Maps of the plasmids used for expression of the base (b) and 

lid (c). Each plasmid was constructed by insertion of the respective proteasome-subunit 

genes from Saccharomyces cerevisiae S288C into a duet vector (pETDuet, pCOLADuet, 

pACYCDuet). The majority of genes are expressed with their own T7 promoter (indicated 

by an arrow at the beginning of the ORF), but there is only one T7 terminator per plasmid
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Fig. 2. 
(a) The trace from a typical size-exclusion run of purified base is shown. The peak between 

the void and the assembled base contains misassembled base and on a gel looks similar to 

properly assembled base. (b) Gel samples from a typical base purification run on a 10% 

NuPAGE gel in MOPS buffer and stained using Coomassie blue
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Fig. 3. 
(a) The trace from a typical size-exclusion run of purified lid is shown. The peak after the 

assembled lid contains mostly cleaved MBP. (b) Gel samples from a typical lid purification 

run on a 10% NuPAGE gel in MOPS buffer and stained using Coomassie blue
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Fig. 4. 
(a) Base with AzF incorporated at either Rpt1 or Rpt5 was labeled with Cy5-DBCO. Shown 

here are the Cy5 fluorescence channel and Coomassie staining of those samples run on an 

8% NuPAGE gel. (b) Lid with AzF incorporated into Rpn9 was labeled with Cy5-DBCO. 

As in A, the Cy5 fluorescence channel and Coomassie staining of those samples run on an 

8% NuPAGE gel are shown
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