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SUMMARY

Mutant protein kinase A catalytic subunit (PKAc) drives adrenal Cushing’s syn-
drome, though its signaling interactions remain unclear. This protocol details
steps to use live-cell proximity labeling to identify subcellular compartments
and proteins closely associated with variants of PKAc in human adrenal cells.
We include instructions for clonal cell line generation, live biotin labeling of prox-
imal proteins, isolation of biotinylated proteins, and sample processing for pro-
teomic analysis using the biotin ligase miniTurbo with wild-type and mutant
PKAc.1,2

For complete details on the use and execution of this protocol, please refer to
Omar et al. (2022).3

BEFORE YOU BEGIN

This protocol describes the specific steps to label proteins proximal to a miniTurbo-tagged protein

kinase A catalytic subunit (PKAc-miniTurbo) in NCI-H295R adrenal cells.3 Slight variations of this pro-

tocol have also been used for labeling proteins associated with AKAP18 variants in HEK cells and

PKAc fusion proteins in AML12 hepatocytes.2

Preparation of Tris-HCl buffers

Timing: Prepare in advance. Allow �1 h

1. Prepare 1 M stock Tris-HCl solutions from Tris-HCl powder.

a. Weigh and dissolve the appropriate amount of Tris-HCl powder into �90% final volume of

ddH20.

b. Bring solutions to the appropriate pH with NaOH or HCl.

c. Finalize the volume with additional ddH20.

d. Sterile filter through a 0.2 mm membrane.

2. Use these stocks to make specific dilutions needed throughout the protocol.

Cell culture conditions

Timing: Ongoing
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3. Grow HEK293T cells used for generation of lentiviral particles at standard mammalian conditions

(37�C and 5% CO2) using Dulbecco’s modified eagle medium + 10% fetal bovine serum.

4. Grow NCI-H295R cells at 37�C and 5% CO2 in Dulbecco’s Modified Eagle Medium/Nutrient

Mixture F-12 (DMEM/F12) with 2.5% NuSerum I and 1% insulin, transferrin, selenium plus

(ITS+) supplement.

5. Allow cells one or two passages after thaw to grow at normal rates. Healthy HEK293T cells will

double every 22 h or so. NCI-H295R cells grow somewhat slower with a doubling time near

two days.

Lentiviral production

Timing: A week or two prior to viral line generation

6. Clone lentiviral tet-responsive vectors containing PKAc-miniTurbo variants.

a. Use Addgene plasmid 80921 or similar. This vector contains resistance to blasticidin, which is

superior to puromycin for selection of NCI-H295R cells. Our cloning conditions were optimal

when using NEB Stable or Invitrogen Stbl3 competent bacteria and 30�C growth conditions.

7. Produce lentivirus in HEK293T cells using pMD2.G (Addgene 12259) and psPAX2 (Addgene

12260). Our protocol uses viral supernatant from a 10 cm dish. The steps to viral production

are as follows:

a. Transfect HEK293T cells at �60% confluence using Mirus Trans-IT LT and following manufac-

turer recommendations. Our protocol uses 2 mg pMD2.G, 6 mg psPAX2, and 6 mg of the viral

vector.

b. After 6–16 h, change media to remove transfection reagents.

c. Harvest media 24 h after media change, and again at 48 h if desired.

d. Spin viral media at 500 3 g for 5 min and take supernatant.

e. Use acutely or aliquot and store frozen at -80�C.

Note: For viral production from HEK293T cells, we use destination cell growth medium

(H295R) for media change after transfection. This helps to avoid introducing FBS and variation

in media percentage at the time of infection. Alternatively, viral particles can be concentrated

and resuspended in PBS with 25 mM HEPES.

Biotin stock solution preparation

Timing: Can be done well ahead of time or same day

8. Measure and dissolve biotin in DMSO to 100 mM.

9. Aliquot and store at -20�C.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

V5-Tag; 1:800 dilution Thermo Fisher R96025
RRID: AB_2556564

Alexa Fluor� 488, donkey anti-mouse; 1:1000 dilution Thermo Fisher A21202
RRID: AB_141607

Purified Mouse Anti-PKA[C]; 1:2000 dilution BD Biosciences 610981
RRID: AB_398293

Pierce� High Sensitivity NeutrAvidin�-HRP; 1:4000 dilution Thermo Fisher 31030

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Stable competent cells NEB C3040I

One Shot� Stbl3� Competent Cells Invitrogen C737303

Chemicals, peptides, and recombinant proteins

Polybrene Santa Cruz sc-134220

Blasticidin S HCl Invitrogen 46-1120

DMEM: F-12 medium ATCC 30-2006

DPBS (PBS) Thermo Fisher 14190144

0.25% Trypsin-EDTA, phenol red Thermo Fisher 25200056

Paraformaldehyde, 16% solution, EM grade Electron Microscopy Sciences 15710

Albumin, bovine (BSA) VWR 0332

Triton� X-100 Sigma T9284

Doxycycline hyclate Sigma D9891

Biotin Sigma B4501

DMSO Sigma D2438

NanoLink� magnetic streptavidin beads Tri-link Biotechnologies, Vector Labs M-1002-020

Urea Fisher Scientific BP169-10

Tris HCl powder Fisher Scientific H5123

TCEP-HCl Goldbio TCEP25

2-Chloroacetamide (CAM) Sigma C0267

Triethylammonium bicarbonate buffer, 1 M, pH 8.5 Sigma T7408

Endoproteinase LysC NEB P8109S

Pierce� Trypsin protease, MS-grade Thermo Fisher 90057

Sodium fluoride Sigma S7920

Tergitol (NP-40) Sigma NP-40

Sodium deoxycholate Sigma D6750

Sodium dodecyl sulfate Fisher BP166-500

AEBSF Sigma A8456

Benzamidine hydrochloride hydrate Sigma B6506

Leupeptin Sigma L2884

Pepstatin A MP Biomedicals 195368

B-Glycerophosphate Sigma G6251

Cellstar Easystrainers 40 mm VWR 89508-342

DAPI (1 mg/mL); 1:5000 dilution Life Technologies 62248

TBST (103) Cell Signaling Technologies 9997S

Sodium hydroxide Fisher S318-500

Hydrochloric acid Fisher A144S-500

0.2 mm sterile filter Fisher 09-741-04

GemCell Fetal Bovine Serum Gemini 100-500

DMEM Life Technologies 11965-118

NuSerum I VWR 47743-700

Corning ITS+ Fisher 354352

Mirus Trans-IT LT Mirus Bio MIR 2305

HEPES sodium salt Sigma H7006-100

Sodium chloride Fisher S671-3

EDTA Invitrogen 15576-028

Acetic acid, glacial Fisher Scientific 0714

Formic acid Sigma F4636

Critical commercial assays

Pierce� BCA Protein Assay Kit Thermo Fisher PI23227

Deposited data

Proximity biotinylation mass spectrometry proteomics MassIVE (deposited) MSV000088654

(Continued on next page)
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MATERIALS AND EQUIPMENT

STEP-BY-STEP METHOD DETAILS

Clonal cell line generation

Timing: Start several weeks prior to labeling experiment

Proximity labeling to identify physiologically associated proteins requires normal (similar to endog-

enous) localization of the bait protein. To avoid localization artifacts due to strong or variable

overexpression, we used clonal NCI-H295R cell lines with doxycycline-inducible PKAc-miniTurbo

variants. This strategy allows for titration to achieve uniform, subtle expression levels of the exoge-

nous kinase (�20% of endogenous PKAc) and matched expression of variants across experimental

conditions (Figure 1).

1. H295R lentiviral transduction.

a. Plate approximately 300,000 cells in 6-well plate 2 days before applying virus. Plan for 70%

confluence at time of transduction.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

HEK293T cell line GE Lifesciences HCL4517

NCI-H295R cell line ATCC CRL-2128

Recombinant DNA

pCW57-MCS1-P2A-MCS2 (Blast) Adam Karpf; http://n2t.net/addgene:80921 80921; RRID: Addgene_80921

pMD2.G Didier Trono; http://n2t.net/addgene:12259 12259; RRID: Addgene_12259

psPAX2 Didier Trono; http://n2t.net/addgene:12260 12260; RRID: Addgene_12260

Software and algorithms

ImageJ (FIJI) https://imagej.net/downloads N/A

Other

DynaMag�-2 Magnet Thermo Fisher 12321D

Thermo Scientific� Low Protein Binding Collection Tubes, 1.5 mL Thermo Fisher 90410

Eppendorf ThermoMixer� F1.5 Eppendorf 5384000020

RIPA Buffer

Reagent Final concentration Amount

Tris-HCl buffer pH 7.5 (1 M) 20 mM 0.5 mL

Sodium chloride (2.5 M) 130 mM 1.3 mL

EDTA (500 mM) 2 mM 0.1 mL

Sodium fluoride (500 mM) 20 mM 1 mL

NP-40 (25% v/v) 1% v/v 1 mL

Sodium deoxycholate (10% w/v) 0.5% v/v 1.25 mL

Sodium dodecyl sulfate (20% w/v) 0.1% v/v 0.125 mL

4-benzenesulfonyl fluoride hydrochloride (AEBSF) (200 mM) 1% v/v 0.25 mL

Benzamidine (1 M) 0.1% v/v 0.025 mL

Leupeptin/pepstatin (2 mg/mL) 0.1% v/v 0.025 mL

B-glycerophosphate (1 M) 1% v/v 0.25 mL

ddH2O N/A 19.175 mL

Total N/A 25 mL

Note on storage conditions: Make fresh and use same day. Keep on ice or at 4�C.
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b. Plan for different viral amount conditions: No virus, low, mid, and high. Transduction

media for a 6-well plate well totals 1 mL. It is composed of 1) harvested lentiviral superna-

tant from HEK293T viral production cells, 2) 5 mg/mL polybrene, and 3) fresh H295R media

to bring volume up to 1 mL. For our experiments and titers, low = 10–50 mL virus-containing

supernatant, medium = 50–150 mL, and high = 250–450 mL. Combine these in 1.5 mL

tubes in a sterile biosafety cabinet just prior to transduction. An example setup is shown

in Table 1.

c. Aspirate old media and apply the viral transduction mixture.

d. Incubate 6–8 h in cell culture incubator.

e. Add 1.5 mL fresh media (do not aspirate viral media) and continue incubating overnight

(�12–16 h).

2. Administer selection agent.

a. After at least 24 h (and up to 48), change media and add selection agent (blasticidin, 5 mg/mL

final concentration).

b. Monitor cells for several days, changing media every 2–3 days to keep antibiotic fresh. There

should be increasing death in the no virus control well. The low, medium, and high infections

should demonstrate a dosage-dependent survival curve. Control cells should be completely

dead within a week. Troubleshooting problem 1 and problem 2.

c. Expand well of best condition to 10-cm plate and continue selection.

d. This is your population cell line. Grow enough of this cell line to freeze downmultiple tubes for

a backup cache.

Note: When deciding which conditions to expand, consider the viral impact on the cell

genome. A linear increase in cell viability from low to high would suggest no over-saturation

in the high condition. A plateau between medium and high conditions, however, would

suggest the high condition contains excess copies of virus per cell. This may increase the

genomic disruption as more copies of viral DNA are being integrated into the

chromosomes.

Figure 1. Optimizing expression levels of exogenous miniTurbo fusion proteins in NCI-H295R cells

(A) Immunoblot of PKAc expression after 48 h of doxycycline induction. Top bands represent exogenous miniTurbo-

tagged WT PKAc (lane 1), PKAc mutant 1 (lane 2), and PKAc mutant 2 (lane 3). Bottom bands represent native PKAc.

(B) Quantitation of immunoblot in A. Percent expression calculated according to Figure 6. Data are represented as

mean G SEM. No significant differences across conditions by 1-way ANOVA. n R 3. Adapted from Omar et al.3

Table 1. Example viral transduction conditions

No virus Low Medium High

Virus media 0 mL 50 mL 150 mL 450 mL

Polybrene (1 mg/mL) 5 mL 5 mL 5 mL 5 mL

Fresh H295R media 995 mL 945 mL 845 mL 545 mL
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3. Isolating clones.

Note: There are two main options for clonal isolation: FAC sorting and dilution plate colony

picking. If the viral vector includes a fluorescent protein, FACS is ideal to separate cells based

on predicted expression level. Even without a fluorescent marker, FACS combined with single

cell plating is a good way to isolate clones. If FACS is not possible, diluting to very low cell

density and picking colonies after growth is a viable option. This is detailed here.

a. Wash a confluent plate of cells with PBS.

b. Aspirate and add 1 mL 0.25% trypsin-EDTA.

c. Place in incubator for �5 min (monitor cell rounding on microscope).

d. Thoroughly dissociate cells by pipetting up and down with 9 mL cell media using a 10-mL

pipet.

CRITICAL: Greater percentage of single cells vs. multiple cells equals greater percentage

of true clones upon picking colonies.

e. Dilute 20 mL into 2 mL media.

f. Filter out large multi-cell aggregates by passing through a 40-mm cell strainer.

g. From the strained cells, plate 100 mL and 200 mL in 10-cm dish with 10 mL media. This will yield

1:10,000 and 1:5,000 dilution colony plates, respectively. Due to dilutions and straining out

aggregate cells, approximate cell numbers plated should be somewhat less than 500 and

1000 per plate, respectively. Factors such as failure to attach or grow will reduce these

numbers to a manageable number of cell colonies well-spaced for discrete picking and trans-

fer.

h. Change 5 mL media every 4–5 days. Grow until most colonies are between 0.5 and 2 mm in

diameter.

4. Transferring colonies.

a. Once the clonal colonies have grown to appropriate size, they must be isolated.

b. In a fresh 24-well plate, add 60 mL 0.25% trypsin-EDTA in each well and keep in hood.

c. Also, have a new, empty 24-well plate adjacent.

d. Replace media in either the low or high-dilution colony plate with 15 mL serum-free media.

e. Place colony plate on a tissue culture or dissection microscope and use a low magnification

objective (2.53 – 43) to see multiple colonies at once.

Note: Reduce traffic in the area and minimize air flow in area around microscope to decrease

chance of contamination. While we have not experienced contamination in the 24-well plate,

fungal contaminants have occurred in retained 10 cm colony plates after transferring colonies

outside a laminar flow hood.

f. While observing through the eye pieces, use a 1,000 mL pipette with tip to manually

scrape and aspirate each desired colony. Only take up the smallest volume possible, �20–

100 mL.

g. Expel cells into the 0.25% trypsin-EDTA of the 24-well plate well.

h. Continue picking in this manner. After 5–10 min of trypsin incubation, pipette cells up and

down 10–203 with a 200 mL pipette.

i. Add 1 mL H295R cell culture media (complete with NuSerum and ITS+), pipet to mix, and

move 500 mL to the corresponding well in adjacent clean 24-well plate. This duplicate plate

will be tested when screening clones.

j. Once all colonies are picked, add extra 1 mL of complete media to each well in order to dilute

trypsin.

k. Change media the next day.
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Note: Depending on your expected success rate, you will need multiple 24-well plates of

clones to ensure success. We generally screen 48–96 colonies per condition.

5. Screening clones.

a. Once cells have grown sufficiently to evaluate heterogeneity, they can be screened via cell

staining.

b. For each duplicate 24-well clone plate, replace media with fresh media containing 1 mg/mL

doxycycline.

c. Grow cells in doxycycline-containing media for 48 h.

d. Aspirate media and add 4% paraformaldehyde in 13 PBS. A volume of 250–300 mL should be

sufficient to cover cells.

e. Incubate covered at room temperature (RT, �25�C) for 15 min.

f. Wash 3 3 5 min in 500 mL 13 PBS.

g. Block with 3% BSA and 0.3% Triton X-100 in PBS for 30 min at RT (�25�C).
h. Replace solution with Invitrogen anti-V5 tag antibody at a dilution of 1:800 in blocking solu-

tion.

i. Incubate at 4�C overnight (�12–16 h).

Note: If reducing the total amount of needed antibody is desired, plates can be stained

sequentially, reusing the diluted antibody for each plate. In this case, fixed and washed

plates can be stored, sealed with parafilm around the edges to avoid dehydration, for up

to three weeks at 4�C.

j. Next day, wash 3 3 5 min with 13 PBS.

k. Add Alexa Fluor� 488-conjugated donkey anti-mouse secondary antibody at 1:1000 and

DAPI at 1:5000 in blocking solution.

l. Protect from light and incubate at RT (�25�C) for 1 h.

m. Wash 1–23 with 13 PBS.

n. Cells can now be imaged using a fluorescent microscope.

o. Ideal clones would have 100% of cells expressing construct at close to equal levels (with

variance during the cell cycle). See ‘‘expected outcomes’’ and Figure 5. Troubleshooting

problem 3.

6. Doxycycline induction optimization.

a. Grow up selected clones and maintain a passage plate/freeze down tubes for backup.

b. Split cells into a 12-well plate to test doxycycline response. Four wells per clone, including 0,

250, 500, and 1,000 ng/mL doxycycline conditions.

c. Next day, add appropriate doxycycline and incubate for 48 h in tissue culture (TC) incubator.

d. After incubation, scrape cells and perform western blot analysis with antibody to PKAc. Typical

dilution factor for BD PKAc antibody is 1:2000. Troubleshooting problem 4.

e. Use ImageJ software to calculate PKAc-miniTurbo (65 kDa) induction curve as a percentage of

endogenous PKAc (40 kDa) (Figures 1 and 6).

f. Once ideal clones and doxycycline induction parameters are established, plate H295R cells in

10-cm dishes and allow to grow until 60–70% confluent in preparation for live cell labeling.

CRITICAL: When working with lentivirus or low-passage lentiviral cell lines, follow safety

protocols, work in appropriate biosafety cabinet, avoid aerosol production, and use

proper bleach disinfectant methods.

Live-cell labeling and sample preparation

Timing: Start 2 days before cell lysis. Labeling: �1–2 h. Sample prep: �1 h
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Once 10-cm plates are 60–70% confluent, you can induce expression of the bait protein and bio-

tinylate. Consider appropriate controls when setting up experiment. For instance, ‘‘no biotin’’ and

‘‘no doxycycline’’ conditions are two slightly different methods to control for non-specific binding

in the pulldown. In addition, further validation of labeling efficiency and specificity are recommen-

ded as detailed in Hung et al.4 An example of the impact of increased doxycycline concentration on

PKAc-miniTurbo expression and the resulting biotin labeling efficiency is shown in Figure 2A.

7. Biotinylate proximal proteins.

a. Add biotin (100 mM stock in DMSO) to cell media at 50 mM. Gently rock plate to mix.

b. Incubate in TC incubator for 1 h at 37�C. This time can be increased or decreased to address

different labeling objectives.

Note: Results from an experiment testing how increased biotin (Figure 2B) and labeling time

(Figure 2C) affect biotinylation extent are shown in Figures 2B and 2C. While increased label-

ing will yield more peptides detected by mass spectrometry, thereby decreasing false nega-

tives, high amounts of labeling will likely increase false positives. The parameters used in this

protocol aim to strike a balance between these two undesirable results. If increased bio-

tinylation is needed, longer labeling time is favorable to higher doxycycline (increased

PKAc-miniTurbo expression) as the latter will likely result in mislocalized bait protein.

8. Sample preparation.

a. Wash cells in 10 mL RT (�25�C) 13 PBS twice for 1 min each to remove excess biotin.

b. Aspirate thoroughly.

c. Lyse and scrape cells in 750 mL RIPA buffer containing protease and phosphatase inhibitors.

Figure 2. Testing labeling variables

(A) Immunoblot showing effect of doxycycline concentration on PKAc-miniTurbo expression and biotin labeling efficiency.

(B) Immunoblot exhibiting effect of biotin concentration on labeling efficiency.

(C) Immunoblot demonstrating effect of biotin incubation time on labeling efficiency. For PKAc panels (middle) in (A–C), the bottom bands represent

native PKAc while the top bands represent exogenous miniTurbo-tagged PKAc. Standard conditions for this protocol are designated by green text in all

three experiments.
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d. Move to a 1.5-mL tube on ice.

e. Pipette up and down several times.

f. Let lyse for 5 min on ice.

g. Centrifuge at 15,000 3 g for 8 min in cold room or refrigerated centrifuge set to 4�C.
h. Move supernatant to a clean 1.5-mL tube on ice.

i. Determine sample protein concentration (e.g., using Pierce� BCA).

9. Run 15–25 mg of experimental and any control samples on western blot to test for biotin labeling

(Figure 3). Neutravidin�-HRP is used overnight (�12–16 h) at 4�C. The typical dilution is 1:4000

in azide-free 5% BSA TBST. Troubleshooting problem 5.

10. Proceed to pulldown or freeze down samples in liquid nitrogen and store in -80�C freezer.

Streptavidin pulldown

Timing: 2–3 h

Once proteins proximal to your bait have been labeled with biotin, they can be biochemically

isolated by exploiting biotin-avidin affinity. This is an especially strong non-covalent interaction

and allows for harsh washing conditions to minimize non-biotinylated proteins in your isolated

samples.

11. Wash magnetic beads in the RIPA lysis buffer.

a. Resuspend stock supply of NanoLink�magnetic streptavidin beads by gently swirling or tap-

ping the bottle/tube.

b. Move enough beads for 25 mL per pulldown to a 1.5-mL tube. Take precaution when pipet-

ting by using a cut P200 pipette tip or a P1000 pipette tip.

c. Add 1 mL lysis buffer and mix by inverting.

d. Place on magnetic rack and wait 30 s–1 min for buffer to clear.

e. Aspirate buffer while on holder.

f. Move tube to non-magnetic rack and add 1 mL fresh lysis buffer.

g. Repeat steps d and e.

h. Move tube to non-magnetic rack and resuspend beads in original volume.

12. Prepare working concentrations.

a. Calculate the appropriate volume of lysis buffer and cell lysate to make 1 mL of 0.5 mg/mL

samples. Remember to account for 25 mL of beads.

Note: The amount of beads used depends on the amount of labeled proteins. The amount

stated above was sufficient for 1 h of labeling time with PKAc-miniTurbo expression at 20%

endogenous expression. Using a great excess of beads is not advised as it increases non-spe-

cific binding and the amount of streptavidin peptides post digestion.

Figure 3. Testing biotin labeling of PKAc-miniTurbo clonal line

Western blot of clonal cell line lysates in 4 conditions probing with

NeutrAvidin�-HRP at 1:4000 dilution. Protein biotinylation by

PKAc-miniTurbo occurs only when bait protein expression is

induced (+ doxycycline) and exposed to exogenous biotin (+

biotin) as shown in lane 4. Bands at �65 kDa and �130 kDa in lanes

1–3 are endogenous biotinylated proteins. Ponceau S

demonstrates equal protein loading. Doxycycline treatment was 48

h. Biotin incubation was 2 h.
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b. Aliquot the needed lysis buffer for each sample into low protein binding tubes.

c. Add 25 mL magnetic beads to each tube of lysis buffer using a cut P200 tip. Resuspend beads

before each pipetting to ensure equal bead allocation.

d. Finally, add the appropriate amount of cell lysate to their respective tubes.

13. Incubate to allow binding of biotinylated proteins to beads.

a. Place tubes on an orbital nutator or mechanical tube invertor and mix for 1 h at RT (�25�C).
14. During incubation, make urea solutions for washes and digestion.

a. 2 M Urea in 10 mM Tris-HCl buffer pH 8.0: Make enough for 400 mL per tube. For 5 mL, weigh

out 600.6 mg urea. Add 4 mL 10 mM Tris-HCl buffer pH 8 and mix. Once dissolved, bring to

5 mL with additional 10 mM Tris-HCl buffer pH 8. Keep at RT (�25�C) until use.
b. 8 M Urea in 100 mM Tris-HCl buffer pH 8.5: Make enough for 50 mL per tube. For

750 mL, weigh out 300.3 mg urea. Take caution not to add too much volume of 100 mM

Tris-HCl buffer pH 8.5. Measure final volume with P1000 pipette. Keep at RT (�25�C)
until use.

CRITICAL: To avoid significant carbamylation of protein samples, make urea solutions

fresh on day of use and avoid heating.

15. Wash samples.

a. Remove tubes from rotator and place in magnetic holder. Let sit 30 s.

b. Briefly invert tube rack and let sit another 30 s.

c. Remove supernatant from tubes using P1000 and save small amount (�50 mL) for diagnostic

assessment by western blot.

d. Move tubes to non-magnetic rack and add 1 mL lysis buffer to each.

Note: It is important to prevent drying of the beads. To minimize time the beads are out of

liquid, tubes can be aspirated, moved, and refilled one at a time.

e. Invert several times. Ensure beads are not clumping together. If so, you can gently pipette

up and down with a P1000 tip.

f. Place on magnet and let sit 30 s.

g. Briefly and gently invert tube rack and let sit another 30 s.

h. Aspirate lysis buffer.

i. Repeat wash steps d–h with 500 mL lysis buffer.

j. Aspirate and replace with 200 mL 2 M urea in 10 mM Tris-HCl buffer pH 8.0.

Note:Do not invert tubes at this point. After the first two lysis buffer washes, avoid all unnec-

essary contact between beads and plastic surface area. Absence of detergent in the buffer

leads to adhesion of beads on side walls of the tube.

k. Tap gently to mix. If beads are clumping together, use a wide-bore tip to pipette up and

down minimally.

l. Place on magnet and wait 1 min before aspirating with P200 or P1000/P200 pipette tips

(see Figure 4).

m. Repeat steps j–l for a total of 2 urea washes.

Figure 4. P1000/P200 pipette tip stacking for careful aspiration following urea washes
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n. Wash twice with 150 mL 20 mM Tris-HCl buffer pH 7.5 in same manner as urea washes. Move

directly to digestion steps. Troubleshooting problem 6.

Reduction, alkylation, and digestion of proteins

Timing: 3 h + overnight (�12–16 h) incubation

The high-affinity biotin-streptavidin interaction may complicate elution of labeled proteins from the

beads. To circumvent sample loss due to poor elution, we digest on the beads to prepare for liquid

chromatography-mass spectrometry analysis.

16. Reduction and alkylation.

a. Use wide-bore tip to resuspend beads in 50 mL 8 M urea in 100 mM Tris-HCl buffer pH 8.5

with 5 mM tris (2-carboxyethyl) phosphine hydrochloride (TCEP-HCl) and 10 mM chloroace-

tamide (CAM).

b. Incubate shaking at 1,000 rpm and 37�C for 30–60 min in ThermoMixer. Avoid heating urea

over 37�C as it will lead to increased protein carbamylation.

17. Digest.

a. Add 50 mL 100 mM triethylammonium bicarbonate buffer (or 100 mM tris-HCl buffer pH 7.8

or 100 mM ammonium carbonate).

b. Prepare LysC by dissolving in 100 mL double-distilled water to make 200 ng/mL LysC solution.

Add 1 mg LysC and incubate 2 h at 37�C, shaking at 1,000 rpm in ThermoMixer. Check pH of

digest to ensure pH is around 8.

c. Reconstitute MS-grade trypsin to 1 mg/mL in 50 mM acetic acid just before use.

d. Add 100 mL of the same buffer used in step 17a and add 1 mg trypsin. Recheck to ensure pH is

around 8.

e. Use ThermoMixer to shake overnight (�12–16 h) at 1,000 rpm, 37�C.
18. Acidify.

a. Next morning, add 200 mL 2% formic acid to new labeled tubes.

b. Place digested samples on magnet and wait 1 min.

c. Move supernatant to formic acid tubes and pipette up and down briefly to mix.

19. Samples can now be loaded onto StageTips for LC-MS analysis.5 If needed, samples can be

frozen until StageTip loading.

EXPECTED OUTCOMES

Lentiviral transduction and clonal isolation should successfully generate clones with even expression

of the miniTurbo-tagged construct. This expression will ideally be in every cell (suggesting a true

clonal line), however using the dilution plate method of isolation described above may yield mixed

colonies as a consequence of incomplete cell isolation. This will be evident when testing doxycy-

cline-treated cells by immunofluorescence (Figure 5). A mixed line will show variable expression,

possibly two or three clear tiers of expression (Figure 5A). True clonal lines will demonstrate a

more consistent staining pattern with all cells exhibiting signal (Figure 5B). For the purpose of prox-

imity biotinylation and mass spectrometry, if cells expressing PKAc-miniTurbo do so in an even

manner, the presence of non-expressing cells in a clonal line does not invalidate the experiment.

We would recommend at least 50% of cells demonstrating even expression. Non-expressing cells

increase the ratio of non-labeled to labeled proteins and therefore increase the possibility of

non-specific binding. Importantly, if using a cell line with <100% of cells expressing the construct,

one must divide by the estimated ratio of expression when determining percent overexpression

(see ‘‘quantification and statistical analysis,’’ below). Additionally, testing biotinylation within sam-

ples is strongly recommended. These western blots should show clear and strong labeling in the

doxycycline/biotin-exposed lanes and little to no biotin signal in the control lanes (Figure 3).
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QUANTIFICATION AND STATISTICAL ANALYSIS

To optimize expression levels in clonal viral lines, measure signal of inverted western blot in ImageJ

(Figure 6). Keeping the rectangle selection constant among measurements, measure integrated

density for each band and an adjacent background region (Figure 6A). Calculate percent overex-

pression for each lane using the equation in Figure 6B.

LIMITATIONS

This protocol improves upon classical protein interaction and association techniques by assessing

characteristics in live cells. Two factors limit the physiologic relevance. First, the miniTurbo tag

may alter the behavior of the bait protein. One example is nuclear localization of the PKAc-L205R

variant, which is less prominent with the miniTurbo tag than with a small V5 epitope tag. This is likely

due to passive nuclear translocation limits near 40 kDa.6 Second, although this protocol addresses

tightly controlling expression by using induced viral overexpression, gene-editing of endogenous

alleles is an alternate approach that may better recapitulate total expression levels of PKAc. Addi-

tionally, the miniTurbo enzyme offers advantages and disadvantages when compared to other pro-

miscuous biotin ligases. While miniTurbo is smaller and more temporally specific than TurboID, the

latter is more stable and more efficient.1 Furthermore, recent developments have yielded a highly

efficient smaller (19.7 kDa) biotin ligase.7

TROUBLESHOOTING

Problem 1

Refers to protocol step 2b. No cell death.

Figure 5. Evaluating clonal PKAc-miniTurbo cell lines by immunofluorescent staining

(A and B) Immunofluorescence imaging of a mixed cell line demonstrating variable expression (A) and true clonal cell

line demonstrating consistent and ubiquitous expression (B) of PKAc-miniTurbo (green). DAPI stain (blue) indicates

presence of cells. Area of inset denoted by dashed box. Inset was brightened for clarity. Scale bars: large images,

100 mm; insets, 20 mm.

Figure 6. Quantification of PKAc-miniTurbo expression levels in clonal line

(A) Inverted immunoblot demonstrating expression of PKAc-miniTurbo in lysate samples from four biological

replicates. Color-coded rectangular selections indicate region of measured integrated density for each band (red and

green) and their corresponding background measurements (magenta and blue).

(B) Equation to calculate percent overexpression of exogenous miniTurbo-tagged proteins.
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Potential solution

Ensure cell line is not natively resistant to blasticidin, then do kill curve with blasticidin for specific

cell line.

Problem 2

Refers to protocol step 2b. All cells die, including conditions receiving virus.

Potential solution

You may not have succeeded in viral production, or the viral titer may not be high enough to suffi-

ciently infect your cells. Consider re-making virus and measuring viral titer.

Problem 3

Refers to protocol step 5o. No clones demonstrate 100% expression among cells.

Potential solution

This would most likely be due to poor single cell suspension prior to seeding dilution colony plates.

To avoid restarting the entire process, the best clonal line can be re-diluted and plated according to

the protocol. However, as stated in ‘‘expected outcomes,’’ a line with over 50% of cells

demonstrating even expression levels should suffice for experiments. This ratio of expressing to

non-expressing cells must be taken into account when calculating overexpression by western blot.

Problem 4

Refers to protocol step 6d. No western blot signal or wrong molecular weight for miniTurbo-tagged

construct.

Potential solution

Check doxycycline concentration and quality. Make new solution from powder. Check DNA

sequence of viral vector.

Problem 5

Refers to protocol step 9. Western blot does not demonstrate enhanced biotin signal in experi-

mental lanes versus controls.

Potential solution

Check for expression of miniTurbo-tagged construct. Check concentration and quality of biotin;

make a fresh dilution from powder. In the case of no signal, consider problems with the

NeutrAvidin�-HRP step. Importantly, when using an HRP conjugate, azide must be eliminated

from the solution.

Problem 6

Refers to protocol step 15n. Magnetic bead pellet appears inconsistent across samples.

Potential solution

This is likely due to differential loss of beads on the plastic surfaces. In buffers lacking detergent,

small beads stick more readily to plastic. Make sure you are using low protein binding tubes and

proper low-retention pipette tips. Work to minimize volumes and times you pipette up and down.

If you are tapping tubes to mix, prioritize small taps with more repetition versus large taps.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, John D. Scott (scottjdw@uw.edu).
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Materials availability

Plasmids and cell lines generated for this study are available upon request.

Data and code availability

The mass spectrometry proteomics data resulting from use of this protocol have been deposited to

MassIVE with the identifier MSV000088654, ftp://massive.ucsd.edu/MSV000088654/. These mass

spectrometry datasets and identifiers are also listed in the original Cell Reports paper: Omar

et al.3 All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
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