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SUMMARY: 12 
Here, we present a detailed protocol for reconstitution of Msp1 extraction activity with fully 13 

purified components in defined proteoliposomes. 14 

 15 

ABSTRACT:  16 
As the center for oxidative phosphorylation and apoptotic regulation, mitochondria play a vital 17 

role in human health. Proper mitochondrial function depends on a robust quality control system 18 

to maintain protein homeostasis (proteostasis). Declines in mitochondrial proteostasis have been 19 

linked to cancer, aging, neurodegeneration, and many other diseases. Msp1 is a AAA+ ATPase 20 

anchored in the outer mitochondrial membrane that maintains proteostasis by removing 21 

mislocalized tail-anchored proteins. Using purified components reconstituted into 22 

proteoliposomes, we have shown that Msp1 is necessary and sufficient to extract a model tail-23 

anchored protein from a lipid bilayer. Our simplified reconstituted system overcomes several of 24 

the technical barriers that have hindered detailed study of membrane protein extraction. Here, we 25 

provide detailed methods for the generation of liposomes, membrane protein reconstitution, and 26 

the Msp1 extraction assay.  27 

 28 

INTRODUCTION:  29 
Proper cellular function depends upon a process called proteostasis, which ensures that 30 

functional proteins are at the correct concentration and cellular location1. Failures in proteostasis 31 

lead to compromised organelle function and are associated with many neurodegenerative 32 

diseases2–4. Membrane proteins present unique challenges to the proteostasis network as they 33 

must be targeted to the correct membrane while avoiding aggregation from the hydrophobic 34 

transmembrane domains (TMDs)5. Consequently, specialized machinery has evolved to shield 35 

the hydrophobic TMD from the cytosol and facilitate targeting and insertion into the proper 36 

cellular membrane6–15. 37 

 38 

Mitochondria are the metabolic hub of the cell and are involved in numerous essential cellular 39 

processes such as: oxidative phosphorylation, iron-sulfur cluster generation, and apoptotic 40 

regulation16,17. These endosymbiotic organelles contain two membranes, referred to as the inner 41 

mitochondrial membrane (IMM) and the outer mitochondrial membrane (OMM). Over 99% of 42 

the 1,500 human mitochondrial proteins are encoded in the nuclear genome and need to be 43 

translocated across one or two different membranes18,19. Proper mitochondrial function thus 44 

depends on a robust proteostasis network to correct any errors in protein targeting or 45 

translocation. 46 
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 47 

Our lab focuses on a subset of mitochondrial membrane proteins called tail-anchored (TA) 48 

proteins, which have a single transmembrane domain at the very C-terminus20–24. TA proteins are 49 

involved in a number of essential processes, such as apoptosis, vesicle transport, and protein 50 

translocation25. The unique topology of TA proteins requires post-translational insertion, which 51 

occurs in the endoplasmic reticulum (ER) by the Guided Entry of Tail-anchored (GET) or 52 

Endoplasmic reticulum Membrane protein Complex (EMC) pathways or into the OMM by a 53 

poorly characterized pathway20,26–28. The biophysical properties of the TMD are necessary and 54 

sufficient to guide TA proteins to the correct membrane29. The recognition of biophysical 55 

characteristics rather than a defined sequence motif limits the fidelity of the targeting pathways5. 56 

Thus, mislocalization of TA proteins is a common stress for the proteostasis networks. Cellular 57 

stress, such as inhibition of the GET pathway, causes an increase in protein mislocalization to the 58 

OMM and mitochondrial dysfunction unless these proteins are promptly removed30,31. 59 

 60 

A common theme in membrane proteostasis is the use of AAA+ (ATPase Associated with 61 

cellular Activities) proteins to remove old, damaged, or mislocalized proteins from the lipid 62 

bilayer1,32–38. AAA+ proteins are molecular motors that form hexameric rings and undergo ATP 63 

dependent movements to remodel a substrate, often by translocation through a narrow axial 64 

pore39,40. Although great effort has been devoted to studying the extraction of membrane proteins 65 

by AAA+ ATPases, the reconstitutions are complex or involve a mixture of lipids and 66 

detergent41,42, which limits the experimental power to examine the mechanism of substrate 67 

extraction from the lipid bilayer. 68 

 69 

Msp1 is a highly conserved AAA+ ATPase anchored in the OMM and peroxisomes that plays a 70 

critical role in membrane proteostasis by removing mislocalized TA proteins43–47. Msp1 was also 71 

recently shown to alleviate mitochondrial protein import stress by removing membrane proteins 72 

that stall during translocation across the OMM48. Loss of Msp1 or the human homolog ATAD1 73 

results in mitochondrial fragmentation, failures in oxidative phosphorylation, seizures, increased 74 

injury following stroke, and early death31,49–56. 75 

 76 

We have shown that it is possible to co-reconstitute TA proteins with Msp1 and detect the 77 

extraction from the lipid bilayer57. This simplified system uses fully purified proteins 78 

reconstituted into defined liposomes which mimic the OMM (Figure 1)58,59. This level of 79 

experimental control can address detailed mechanistic questions of substrate extraction that are 80 

experimentally intractable with more complex reconstitutions involving other AAA+ proteins. 81 

Here, we provide experimental protocols detailing our methods for liposome preparation, 82 

membrane protein reconstitution, and the extraction assay. It is our hope that these experimental 83 

details will facilitate further study of the essential but poorly understood process of membrane 84 

proteostasis.  85 

 86 

PROTOCOL:  87 
 88 

1. Liposome Preparation 89 
 90 

1.1. Combine chloroform stocks of lipids in appropriate ratios to mimic the outer 91 

mitochondrial membrane.  92 



   

 93 

1.1.1. Prepare 25 mg of lipid mixture. We use a previously established mixture of lipids that 94 

mimic mitochondrial membranes, consisting of a 48:28:10:10:4 molar ratio of chicken egg 95 

phosphatidyl choline (PC), chicken egg phosphatidyl ethanolamine (PE), bovine liver 96 

phosphatidyl inositol (PI), synthetic 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), and 97 

synthetic 1',3'-bis[1,2-dioleoyl-sn-glycero-3-phospho]-glycerol (TOCL)58,59. Sample calculations 98 

are shown in Table 1.  99 

 100 

1.1.2. Bring all lipid stocks to room temperature before opening as this will limit condensation. 101 

As most labs do not have a precise way to measure the concentration of the lipids, any water 102 

absorbed by the chloroform stock will change the concentration of the lipid stock and thus the 103 

ratio of lipids used in the assay. 104 

  105 

1.1.3. As lipid stocks come in glass ampules, transfer the required amount of lipid to a glass vial 106 

using a 1 mL syringe. Add 2 mg of dithiothreitol (DTT) to the vial to prevent lipid oxidation. 107 

Work quickly as evaporation of chloroform will change the concentration of the lipid.  108 

 109 

1.1.4. Transfer any remaining lipid to a separate glass vial and fit with a PFTE septa. Add 2 mg 110 

of DTT to the vial, wrap with parafilm and store at -20 °C to prevent lipid oxidation. Try to use 111 

the lipids within 3 months of transfer to the vials. To prevent potential contamination of the 112 

chloroform stocks by marker runoff, transfer the stickers from the original ampules to the glass 113 

vials rather than label with marker. 114 

 115 

1.2. Evaporate chloroform under a very gentle stream of nitrogen while spinning the glass vial 116 

continuously by hand in a fume hood, essentially acting as a manual rotovap. Spin the vial at 117 

a consistent speed (20-40 rpm) by hand to keep the lipids moving. The goal is to evaporate 118 

all the chloroform and get an even coating of lipids over the entire glass vial.  119 

 120 

CAUTION: Chloroform is neurotoxic, and this step should be performed in the fume hood. 121 

 122 

1.2.1. Attach a fresh Pasteur pipette to the nitrogen tube. Do not let any of the lipids splash out 123 

of the vial or onto the Pasteur pipette. Aim the tip at the bottom of the vial so the air bounces off 124 

the bottom and pushes the lipids up towards the center of vial. Get an even coating over the 125 

entire vial while avoiding any accumulation in the corners or by the cap. This whole process 126 

takes about 5 minutes. 127 

 128 

1.2.2. As the mixture thickens into a “bead” of lipids, guide it into the center of the vial by 129 

changing the angle of the vial. Once the bead starts to become smaller, turn up the nitrogen 130 

stream slightly to disperse the bead, ensuring that none of the lipids blow out of the vial. 131 

 132 

1.3. Remove any remaining chloroform under vacuum.  133 

 134 

1.3.1 Put the glass vial on a house vacuum or diaphragm vacuum pump for 1 hour to remove 135 

the majority of residual chloroform. These vacuums are generally not strong enough to remove 136 

all of the chloroform, but they can tolerate small amounts of solvent better than rotary-vain 137 

vacuums.  138 



   

 139 

1.3.2. Put vial on a strong vacuum (<1 mTorr) for 12-16 h to remove all residual chloroform. 140 

Be sure to avoid bumping of the vial during this process. 141 

 142 

1.4. Resuspend the lipids in 1.25 mL of liposome buffer (50 mM HEPES KOH pH 7.5, 15% 143 

glycerol, 1 mM DTT). As we started with 25 mg of lipids, this results in a concentration of 20 144 

mg/mL. Fully resuspend the lipids with no visible chunks. If the lipids pooled in the corner of the 145 

vial, this can be a lengthy process. 146 

 147 

1.4.1.  Vortex the vial vigorously until the sample is milky smooth. We find that if the 148 

chloroform evaporation was done properly the night before, this process takes about 5-10 149 

minutes. 150 

 151 

1.4.2. To ensure complete resuspension of the lipids, rotate on a wheel at room temperature for 152 

3 hours at ~80 rpm. Remove vial from the wheel once every hour for 1 minute of vortexing to 153 

ensure even mixing. 154 

 155 

1.5 Transfer lipids carefully to a clean 1.5 mL microcentrifuge tube. Perform 5 freeze-thaw 156 

cycles using liquid nitrogen to freeze and a 30 °C heat block to thaw. This step helps to convert 157 

multilamellar vesicles to unilamellar vesicles. 158 

 159 

1.6 Extrude the lipids. 160 

 161 

1.6.1. During the freeze thaw cycles, prepare the mini-extruder. Assemble the mini-extruder 162 

with 10 mm filter supports and a polycarbonate membrane of the desired pore size (we use 200 163 

nm). The size of the filter will affect the size of the liposome, which will affect the concentration 164 

of proteins required for the reconstitution (Step 2.3). 165 

 166 

1.6.2 Place the mini-extruder onto a hot plate and bring the extruder temperature up to 60 °C. 167 

 168 

1.6.3 Draw up the lipids into a 1 ml gas-tight glass syringe and carefully place into one end of 169 

the mini-extruder. Place the empty gas-tight syringe into the other side of the mini-extruder. 170 

Allow the lipids to equilibrate to the extruder stand temperature for 5-10 minutes. 171 

 172 

1.6.4 Transfer the lipids to the alternate syringe by gently pushing the plunger of the filled 173 

syringe. Push the solution from the alternate syringe into the original syringe. Repeat this back-174 

and-forth process 15 times, so that at the 15th pass the lipids end in the alternate syringe. Monitor 175 

the volume in each pass to make sure that there are no leaks. 176 

 177 

1.7. Prepare single use aliquots of the lipids, flash freeze in liquid nitrogen and store at -80 °C. 178 

The liposomes are stable at -80 C for several months. The reconstitutions require 10 L of lipid 179 

at a time (Step 2.3.4), so it is convenient to prepare 10 L or 20 L aliquots. 180 

 181 

2 Reconstitution of Msp1 and Model TA protein 182 
 183 



   

2.1. Prepare the reconstitution buffer: 50 mM HEPES pH 7.5, 200 mM potassium Acetate, 7 mM 184 

magnesium acetate, 2 mM DTT, 10% sucrose, 0.01% sodium azide, 0.2-0.8% Deoxy Big Chaps 185 

(DBC). Do not drop the concentration of DBC below the critical micelle concentration (CMC) of 186 

0.12%. 187 

 188 

2.1.1. Optimize reconstitution conditions for the new batch of liposomes. The concentration of 189 

DBC and biobeads required for optimal reconstitution varies depending on the batch of 190 

liposomes used. To limit prep to prep variability, use the same lot of DBC for all experiments. 191 

When changing lots of DBC, repeat the optimization process. 192 

 193 

2.1.2. Set up a series of reconstitutions with different concentrations of DBC (0.2% - 0.8%) and 194 

biobeads (25 mg – 100 mg) each time a new batch of liposomes is prepared. It is important to not 195 

drop the DBC below the critical micelle concentration (~0.12%). Once conditions are optimized, 196 

we recommend collecting all data using the same liposome prep and reconstitution conditions. 197 

 198 

2.1.3 Assay the effectiveness of the various reconstitution conditions by using the extraction 199 

assay described in Step 3.  200 

 201 

2.2. Prepare biobeads at a final concentration of 250 mg/mL. 202 

 203 

2.2.1. Weigh out 2.7 g of dried biobeads and resuspend in a 50 mL centrifuge tube of 100% 204 

methanol (about 45 mL) to wet the beads. Initially wet the biobeads in methanol to prevent air 205 

from being trapped in the pores of the beads. Once in methanol, keep the biobeads wet as any air 206 

trapped by the biobeads will alter their ability to absorb detergent. 207 

 208 

2.2.2. Remove methanol by washing the beads 8x with about 45 mL of ultrapure water (18.2 209 

m𝛀), hereafter referred to as ddH2O. Pellet beads by spinning at 3,200 x g for 1 minute. Decant 210 

the liquid and resuspend in ddH2O. 211 

 212 

2.2.3. After washing, resuspend in 10 ml of ddH2O with 0.02% sodium azide and store at 4°C. 213 

Biobeads can be stored at 4°C for several months. This stock is 250 mg/mL as it is assumed ~0.2 214 

g is lost during the wash steps.  215 

 216 

2.3. Calculate the size of the liposome and the desired number of molecules of TA protein and 217 

Msp1 per liposome. This will determine the concentration of Msp1 and TA protein required for 218 

the reconstitution. 219 

 220 

2.3.1. First, calculate the number of lipid molecules per unilamellar liposome (Ntotal) using the 221 

equation 𝑁𝑡𝑜𝑡𝑎𝑙  =
[4𝜋(

𝑑

2
)

2
+ 4𝜋[

𝑑

2
−ℎ]

2
]

𝑎
 where d is the diameter of the liposome, h is the thickness of 222 

the bilayer, and a is the lipid headgroup area.  223 

 224 

2.3.1.1. Measure the liposome diameter by DLS. In our example, a value of 70 nm for the 225 

liposome diameter (d) was obtained. 226 

 227 



   

2.3.1.2. Use a value of 5 nm for h and 0.71 nm2 for a, which is the headgroup size for 228 

phosphatidylcholine. In this particular situation, Ntotal is 37,610. 229 

 230 

2.3.2. Next, calculate the molar concentration of lipid MLipid using the average molecular weight 231 

of the lipids in the mixture. In this example, the concentration of lipids is 20 mg/mL (Step 1.4) 232 

and the average molecular weight of lipids is 810 g/mol (Table 1). This results in a value of 233 

0.0247 M for MLipid.  234 

 235 

2.3.3. Next, calculate the molar concentration of liposomes, MLiposome, using the equation 236 

𝑀𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒 =  
𝑀𝐿𝑖𝑝𝑖𝑑

𝑁𝑇𝑜𝑡𝑎𝑙
 where MLipid is the molar concentration of lipid from Step 2.3.2, and Ntotal is 237 

the total number of lipids per liposome calculated in Step 2.3.1. In this example, the 20 mg/mL 238 

stock concentration of liposomes is approximately 660 nM. 239 

 240 

2.3.4. Calculate the amount of Msp1 and TA protein required for a 100 L reconstitution 241 

reaction.  242 

 243 

NOTE: The final concentration of lipids in the reconstitution is 2 mg/mL, which is a 10x dilution 244 

of the liposome stock. This gives a final liposome concentration of 66 nM. The final 245 

concentration of Msp1 is 792 nM, which gives an average of 12 total copies (2 functional 246 

hexamers) per liposome. The final concentration of TA protein is 660 nM, which gives an 247 

average of 10 copies per liposome. 248 

 249 

2.4. In a PCR tube, mix together purified Msp1, TA protein, and liposomes in reconstitution 250 

buffer. The order of addition is buffer, proteins, and liposomes last. The total volume is 100 L. 251 

Allow the mixture to sit on ice for 10 minutes. Purify the Msp1 and TA protein as previously 252 

described57. 253 

 254 

2.4.1. Use the well-characterized model TA protein His-Flag-Sumo-Sec22 as a positive control 255 

substrate when first establishing the assay. This construct has a His-tag for easy purification, 3x-256 

Flag tag for detection by western blot, a Sumo domain for increased solubility, and the TMD of 257 

the ER-TA protein Sec22 for reconstitution and recognition by Msp1. 258 

 259 

2.4.2. Ensure that stock solutions of both Msp1 and the TA protein are approximately 100 M 260 

to minimize the effect of N-Dodecyl -D-maltoside (DDM) from the protein purification on the 261 

reconstitution. Purified Msp1 is in 20 mM HEPES pH 7.5, 100 mM sodium chloride, 0.1 mM 262 

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 0.05% DDM whereas the purified TA 263 

protein is in 50 mM Tris pH 7.4, 150 mM sodium chloride, 10 mM magnesium chloride, 5 mM 264 

-mercaptoethanol, 10% glycerol, 0.1% DDM. Stock solutions of approximately 100 M TA 265 

protein and Msp1 monomer ensures that these components will make up < 5% of the final 266 

reconstitution volume, resulting in a dilution of DDM below the CMC. 267 

 268 

2.5. Add the desired amount of biobeads to the sample to remove detergent.  269 

 270 

2.5.1. Cut the tip of a p200 pipette tip to about 1/8th inch in diameter so that beads can fit 271 

through the tip. Vortex the biobeads tube thoroughly to obtain a uniform mixture and quickly 272 



   

remove the lid and pipette up the volume before the biobeads settle. Transfer the biobeads to an 273 

empty PCR tube. 274 

 275 

2.5.2. When the reconstitution has finished its 10-minute incubation on ice, use an uncut pipette 276 

tip to remove all of the liquid from the biobeads. Then transfer the 100 L reconstitution into the 277 

tube with the biobeads. This must be done quickly so that the biobeads do not trap air, which will 278 

cause the beads to float. 279 

 280 

2.6. Allow the reconstitution to rotate on a wheel at ~80 rpm for 16 hours at 4°C.  281 

 282 

2.7. Remove reconstituted material from biobeads. Do a quick spin in a picofuge to pellet the 283 

biobeads, and then use an uncut pipet tip to transfer the reconstituted material to a clean PCR 284 

tube. Repeat this process 1-2 times until there are no biobeads left in the sample. Keep 285 

reconstitution on ice. 286 

 287 

2.8. Pre-clear the reconstituted material to remove any proteins which failed to reconstitute 288 

into the liposomes. 289 

 290 

2.8.1. Prepare Extraction Buffer: 50 mM HEPES pH 7.5, 200 mM potassium acetate, 7 mM 291 

magnesium acetate, 2 mM DTT, 100 nM calcium chloride.  292 

 293 

2.8.2. Equilibrate the glutathione spin columns with Extraction Buffer according to the 294 

manufacturer’s directions. This typically involves 3-rounds of washing with 400 L of buffer 295 

and then centrifuging at 700 x g for 2 minutes at room temperature to remove the buffer. 296 

 297 

2.8.3. Add 5 M of each chaperone (GST-SGTA and GST-Calmodulin) to the reconstituted 298 

material. These chaperones will bind to the TMD of any proteins which failed to reconstitute into 299 

the liposomes. Purification of chaperones was described previously6,57.  300 

 301 

NOTE: These chaperones are commercially available, but we prefer to purify in house to control 302 

for cost and quality. Both proteins are in 20 mM Tris pH 7.5, 100 mM sodium chloride, and 0.1 303 

mM TCEP, and have a stock concentration around 160 M. SGTA recognizes substrates with a 304 

highly hydrophobic TMD whereas Calmodulin binds TMDs with moderate hydrophobicity6,29. 305 

Together, this chaperone cocktail can recognize a broad range of substrates.  306 

 307 

2.8.4. Add 100 L of extraction buffer to the reconstituted material, bringing the volume up to 308 

200 L. Add this to the equilibrated glutathione spin columns. Note that the glutathione spin 309 

columns provide the highest sample recovery when the pre-clearing volume is 200 – 400 L.  310 

 311 

2.8.5. Plug the spin columns and rotate at ~80 rpm at 4°C for 30 minutes to allow chaperones 312 

to bind to resin.  313 

 314 

2.8.6. Spin the columns at 700 x g for 2 minutes at room temperature. The flow through is pre-315 

cleared material that is depleted of aggregated proteins. Keep material on ice and proceed 316 

directly with extraction assay.  317 

 318 



   

3. Extraction Assay 319 
 320 

3.1 Prepare tubes for SDS PAGE analysis. Each reaction will have 4 tubes: INPUT (I), 321 

FLOW THROUGH (FT), WASH (W), and ELUTE (E).  322 

 323 

3.1.1. Add 45 L of ddH2O sample to the INPUT tube, 40 L of ddH2O to the FLOW 324 

THROUGH tube, and 0 L to the WASH and ELUTE tubes.  325 

 326 

NOTE: The best signal to noise ratio in this assay is obtained when the WASH and ELUTE 327 

samples are 5x concentrated relative to the INPUT and FLOW THROUGH samples. Due to the 328 

dilutions during the assay, this requires taking 5 L of sample for the INPUT sample, 10 L of 329 

sample for the FLOW THROUGH sample, and 50 L of sample for the WASH and ELUTE 330 

samples.  331 

 332 

3.1.2. Add 16.6 L of 4x SDS PAGE Loading Buffer to each tube. The total volume of each 333 

sample is 50 L before SDS PAGE Loading Buffer. The final volume is 66.6 L (50 L sample 334 

+ 16.6 L of 4x SDS PAGE Loading Buffer). 335 

 336 

3.2. Assemble the extraction assay. 337 

 338 

3.2.1. Prepare the extraction reaction containing 60 L of pre-cleared proteoliposomes, 5 M of 339 

GST-SGTA, 5 M of GST-Calmodulin, and 2 mM ATP. Combine all reagents except ATP, 340 

which is used to initiate the reaction. Bring to a final volume of 200 L with Extraction Buffer.  341 

 342 

NOTE: As 60 L of sample are used for each extraction assay, one reconstitution can be used for 343 

three different extraction assays. Perform positive and negative controls (+ATP and -ATP) on 344 

material from the same reconstitution. 345 

 346 

3.2.2. Pre-warm extraction assay in 30°C heat block for 2 minutes.  347 

 348 

3.3. Initiate the extraction assay by adding ATP to final concentration of 2 mM and start 349 

timer.  350 

 351 

3.3.1. Give a 5 second spin in a picofuge to mix ATP into the reaction. Incubate reaction at 352 

30°C for 30 minutes. 353 

 354 

3.3.2. During the incubation, take 5 L of the reaction and add to the INPUT tube. The timing 355 

of this is flexible.  356 

 357 

3.3.3. During this incubation period, equilibrate one glutathione spin column for each sample in 358 

the extraction assay. 359 

 360 

3.4. Perform pull down on chaperones to isolate extracted material. 361 

 362 



   

3.4.1. Once the 30-minute incubation is finished, add 200 l of extraction buffer to the tube to 363 

bring total volume to 400 L. Add to equilibrated glutathione resin and allow to bind on wheel at 364 

4 C for 30 minutes.  365 

 366 

3.4.2. Spin the columns at 700 x g for 2 minutes at room temperature to collect the flow 367 

through. Take 10 L for the FLOW THROUGH tube. This sample contains substrates which are 368 

still integrated in the lipid bilayer. 369 

 370 

3.4.3. Wash resin twice with 400 L of extraction buffer, discarding the flow through. On the 371 

third wash, keep the flow through and take 50 L for the WASH tube. 372 

 373 

3.4.4 Prepare 5 mL of Elution Buffer by adding reduced glutathione to a final concentration of 374 

5 mM in Extraction Buffer. Prepare this buffer fresh each time. 375 

 376 

3.4.5. Add 200 L of Elution Buffer to the spin column. Incubate at room temperature for 5 377 

minutes. Spin at 700 x g for 2 minutes at room temperature to elute. Keep the flow through. 378 

Repeat the process a second time so that the total elution volume is 400 L. 379 

 380 

3.4.6. Take 50 L of sample from the Elution sample and add it to the ELUTE tube. 381 

 382 

3.5.  Analyze extraction activity using SDS-PAGE and Western blot.  383 

 384 

NOTE: As a western blot is a fairly standard procedure, a basic protocol is provided that 385 

highlights a few of the details unique to this assay. 386 

 387 

3.5.1.  Load samples into a stain free polyacrylamide gel (4% stacking, 15% separating) and run 388 

at 200 V for 50 minutes in Tris-glycine buffer. If space permits, use both an unstained and 389 

stained ladder to permit visualization on stain-free gel imager and transfer to PVDF membrane 390 

respectively. The stain free gel allows quantitative visualization of tryptophan containing 391 

proteins upon activation with ultraviolet light, while still allowing the gel to be used for a 392 

western blot. 393 

 394 

3.5.2. Image the stain free gel to confirm that there is equal loading across all samples. This is 395 

an essential control that ensures any changes in signal detected by western blot are not a result of 396 

variable protein loading. There should only be visible bands for the chaperones (GST-calmodulin 397 

and GST-SGTA) in the INPUT and ELUTION samples. Recall that the ELUTE sample will be 398 

more concentrated than the INPUT sample. 399 

 400 

3.5.3.  Assemble a Western blot cassette using a 45 um PVDF membrane. Transfer at a constant 401 

current of 300 mA for 60 minutes. 402 

 403 

3.5.4.  After blocking the membrane, bind to the primary antibody for 16 h at 4°C with gentle 404 

shaking ~15 rpm. Blot for substrate with rabbit Anti-FLAG at a 1:1,000 dilution.  405 

 406 

NOTE: The primary and secondary antibodies used will be substrate specific and the 407 

concentration for use may need to be optimized. 408 



   

 409 

3.5.5. Wash membrane and incubate with secondary antibody, goat anti-rabbit at a 1:10,000 410 

dilution, with gentle shaking for 1 hour at room temperature. 411 

 412 

3.5.6. Wash membrane and image for analysis using western blotting detection agent. 413 

 414 

REPRESENTATIVE RESULTS: 415 
To properly interpret the results, the stain free gel and the western blot must be viewed together. 416 

The stain free gel ensures equal loading across all samples. When viewing the stain free gel, the 417 

chaperones (GST-calmodulin and GST-SGTA) will be visible in the INPUT (I) and ELUTE (E) 418 

lanes. Double check that the intensity of these bands is uniform across all of the INPUT samples. 419 

Likewise, ensure that the intensity is uniform across the ELUTE samples. The ELUTE is 5x 420 

more concentrated than the INPUT and this difference in intensity will be visible in the gels. 421 

 422 

After using the stain free gel to confirm proper loading, examine the western blot to determine 423 

extraction activity. Measure extraction activity by comparing the amount of substrate in the 424 

ELUTE (E) fraction relative to the INPUT (I) fraction. The signal in the Flow Through (FT) 425 

shows some variability, but is generally similar to the INPUT fraction. There should be no signal 426 

in the WASH (W) fraction. Typically, there is ~10% extraction efficiency for the positive control 427 

and 1-2% extraction efficiency in the negative control (Figure 2). Recall that the ELUTE 428 

fraction is 5x as intense as the INPUT fraction, so this needs to be taken into account when 429 

judging extraction efficiency. If reconstitution conditions are not optimized, there is typically 430 

comparable extraction levels in both the + ATP and - ATP samples (Figure 3). This result is 431 

attributed to a failure of Msp1 to efficiently reconstitute, resulting in numerous proteoliposomes 432 

without a functional Msp1 hexamer.  433 

 434 

FIGURE AND TABLE LEGENDS:  435 
Table 1: Sample calculations for liposome preparation. The key goals of this table are to 436 

calculate the concentration corrected average molecular weight of the lipid mixture (cell E8) and 437 

the volume of each lipid stock required to make the liposomes (column H). Columns A, B, C, 438 

and G are either taken from product labels (MW or stock concentration) or determined by user 439 

(lipids and mole %). 440 

 441 

Figure 1: Cartoon of extraction assay and list of key steps. 442 

 443 
Figure 2: Representative data showing a properly functioning assay. Extraction efficiency is 444 

determined by comparing the amount of substrate in the ELUTE fraction with the INPUT 445 

fraction. Recall that the gel has 5x higher loading of the ELUTE fraction relative to the INPUT 446 

fraction. 447 

 448 
Figure 3: Representative data of a failed reconstitution and extraction assay. Here, the 449 

activity in the + ATP sample is comparable to the activity in the – ATP sample. 450 

 451 

DISCUSSION: 452 
Proper mitochondrial function depends upon a robust protein quality control system. Due to 453 

inherent limits in the fidelity of the TA protein targeting pathways, mislocalized TA proteins are 454 



   

a constant source of stress for mitochondria. A key component of the mitochondrial proteostasis 455 

network is Msp1, which is a membrane anchored AAA+ ATPase that removes mislocalized TA 456 

proteins from the OMM. Here, we have described how to prepare proteoliposomes, co-457 

reconstitute Msp1 and a model TA protein, and perform an extraction assay. We previously used 458 

this assay to demonstrate that Msp1 directly recognizes mislocalized TA proteins and is capable 459 

of extracting these proteins from a lipid bilayer without any accessory proteins or cofactors57. 460 

 461 

A drawback of the assay is that there is some variability in the reconstitution process. To control 462 

for prep-to-prep variability, we always include a positive and negative control on the same 463 

gel/western blot to ensure that our assay is working as intended. We avoid making comparisons 464 

between reconstitutions that were done on different days or drawing comparisons between 465 

different western blots. The only comparisons we make are for samples reconstituted in parallel 466 

and run on the same gel/western blot. We are also quite conservative in our data interpretation. 467 

Although it is possible to quantify extraction efficiency using ImageJ, we typically describe our 468 

experiments as having full activity, intermediate activity, or no activity.  469 

 470 

One source of variability is the total amount of protein reconstituted. While the majority of 471 

unincorporated proteins are removed by the pre-clearing process, the less than perfect 472 

reconstitution efficiency of Msp1 can have an outsized effect on the observed efficiency of 473 

substrate extraction. This effect arises from the fact that Msp1 functions as a homohexamer, but 474 

purifies as a monomer57. Liposomes containing anything other than 6x copies of Msp1 will be 475 

inactive. For example, a liposome with only 5 copies of Msp1 will be inactive. The only way to 476 

form stable full-length Msp1 hexamers is to inactivate ATPase activity with non-hydrolyzable 477 

ATP analogs (ATPS) or the inactivating E193Q Walker B mutant, neither of which are 478 

compatible with an activity assay. Overcoming this technical hurdle is an area of active research 479 

in our lab.  480 

 481 

Another area of active research focuses on making the extraction assay more quantitative. The 482 

current method relies on pull downs and western blotting for signal detection, both of which are 483 

only semi-quantitative and show assay to assay variability. Covalent modification of extracted 484 

substrates would eliminate the variability that arises from the pull downs. Likewise, use of 485 

radioactive or fluorescent labels on substrates would eliminate the need for western blots and the 486 

associated variability. 487 

 488 

A major strength of the assay is that the system is completely defined. The membrane proteins 489 

are recombinantly expressed and purified and it is possible to make defined mutants in both 490 

Msp1 and the substrate to study specific aspects of the reaction. The role of the lipid 491 

environment in proteostasis has been largely ignored due to the technical challenges of studying 492 

this in a detailed manner. Because our assay uses liposomes with a defined lipid composition, 493 

this allows for full experimental control of the lipid environment. We can easily modulate factors 494 

such as: lipid fluidity, bilayer thickness, headgroup identity, and liposome size. We are actively 495 

working to use our assay to examine the role of the lipid environment on Msp1 activity. It is our 496 

hope that the in vitro reconstitution and extraction assay described here can serve as a simplified 497 

model system to study the common cellular process of AAA+ ATPase mediated extraction of 498 

membrane proteins from a lipid bilayer. 499 

 500 



   

ACKNOWLEDGMENTS:  501 
MLW developed part of this protocol during his postdoctoral studies with Dr. Robert Keenan at 502 

the University of Chicago. 503 

 504 

This work is funded by NIH grant 1R35GM137904-01 to MLW.  505 

 506 

DISCLOSURES:  507 
None 508 

 509 

REFERENCES:  510 
1. Song, J., Herrmann, J. M. & Becker, T. Quality control of the mitochondrial proteome. Nature 511 

Reviews Molecular Cell Biology. 22, 54–70 (2021). 512 

2. Phillips, B. P. & Miller, E. A. Membrane protein folding and quality control. Current Opinion 513 

in Structural Biology. 69, 50–54 (2021). 514 

3. Jiang, H. Quality control pathways of tail-anchored proteins. Biochimica et Biophysica Acta - 515 

Molecular Cell Research. 1868, 118922 (2020). 516 

4. McKenna, M. J. et al. The endoplasmic reticulum P5A-ATPase is a transmembrane helix 517 

dislocase. Science (New York, N.Y.).  369, (2020). 518 

5. Hegde, R. S. & Zavodszky, E. Recognition and Degradation of Mislocalized Proteins in 519 

Health and Disease. Cold Spring Harbor Perspectives in Biology. 11, a033902 (2019). 520 

6. Shao, S. & Hegde, R. S. A calmodulin-dependent translocation pathway for small secretory 521 

proteins. Cell. 147, 1576–1588 (2011). 522 

7. Samuelson, J. C. et al. YidC mediates membrane protein insertion in bacteria. Nature. 406, 523 

637–641 (2000). 524 

8. Anghel, S. A., McGilvray, P. T., Hegde, R. S. & Keenan, R. J. Identification of Oxa1 525 

Homologs Operating in the Eukaryotic Endoplasmic Reticulum. Cell Reports. 21, 3708–3716 526 

(2017). 527 

9. Aviram, N. et al. The SND proteins constitute an alternative targeting route to the 528 

endoplasmic reticulum. Nature. 540, 134–138 (2016). 529 

10. Voorhees, R. M. & Hegde, R. S. Structure of the Sec61 channel opened by a signal sequence. 530 

Science (New York, NY). 351, 88–91 (2016). 531 

11. Cichocki, B. A., Krumpe, K., Vitali, D. G. & Rapaport, D. Pex19 is involved in importing 532 

dually targeted tail-anchored proteins to both mitochondria and peroxisomes. Traffic 533 

(Copenhagen, Denmark). 19, 770–785 (2018). 534 

12. Mateja, A. et al. Protein targeting. Structure of the Get3 targeting factor in complex with its 535 

membrane protein cargo. Science (New York, NY). 347, 1152–1155 (2015). 536 

13. Chacinska, A., Koehler, C. M., Milenkovic, D., Lithgow, T. & Pfanner, N. Importing 537 

mitochondrial proteins: machineries and mechanisms. Cell. 138, 628–644 (2009). 538 

14. Chitwood, P. J. & Hegde, R. S. An intramembrane chaperone complex facilitates membrane 539 

protein biogenesis. Nature. (2020) doi:10.1038/s41586-020-2624-y. 540 

15. Chitwood, P. J., Juszkiewicz, S., Guna, A., Shao, S. & Hegde, R. S. EMC Is Required to 541 

Initiate Accurate Membrane Protein Topogenesis. Cell. 175, 1–30 (2018). 542 

16. Bock, F. J. & Tait, S. W. G. Mitochondria as multifaceted regulators of cell death. Nature 543 

Reviews Molecular Cell Biology. 21, 85–100 (2020). 544 

17. Pfanner, N., Warscheid, B. & Wiedemann, N. Mitochondrial proteins: from biogenesis to 545 

functional networks. Nature Reviews Molecular Cell Biology. 20, (2019). 546 



   

18. Bykov, Y. S., Rapaport, D., Herrmann, J. M. & Schuldiner, M. Cytosolic Events in the 547 

Biogenesis of Mitochondrial Proteins. Trends in Biochemical Sciences. 45, 650–667 (2020). 548 

19. Pfanner, N., Warscheid, B. & Wiedemann, N. Mitochondrial proteins: from biogenesis to 549 

functional networks. Nature Reviews Molecular Cell Biology. 427, 1135 (2019). 550 

20. Borgese, N., Coy-Vergara, J., Colombo, S. F. & Schwappach, B. The Ways of Tails: the 551 

GET Pathway and more. The Protein Journal. 1–17 (2019) doi:10.1007/s10930-019-09845-4. 552 

21. Mateja, A. & Keenan, R. J. A structural perspective on tail-anchored protein biogenesis by 553 

the GET pathway. Current Opinion in Structural Biology. 51, 195–202 (2018). 554 

22. Chio, U. S., Cho, H. & Shan, S. Mechanisms of Tail-Anchored Membrane Protein Targeting 555 

and Insertion. Annual review of cell and developmental biology. 33, 417–438 (2017). 556 

23. Denic, V. A portrait of the GET pathway as a surprisingly complicated young man. Trends in 557 

biochemical sciences. (2012) doi:10.1016/j.tibs.2012.07.004. 558 

24. Hegde, R. S. & Keenan, R. J. Tail-anchored membrane protein insertion into the endoplasmic 559 

reticulum. Nature Reviews Molecular Cell Biology. 12, 787–798 (2011). 560 

25. Kalbfleisch, T., Cambon, A. & Wattenberg, B. W. A bioinformatics approach to identifying 561 

tail-anchored proteins in the human genome. Traffic (Copenhagen, Denmark). 8, 1687–1694 562 

(2007). 563 

26. Doan, K. N. et al. The Mitochondrial Import Complex MIM Functions as Main Translocase 564 

for α-Helical Outer Membrane Proteins. Cell Reports. 31, (2020). 565 

27. McDowell, M. A. et al. Structural Basis of Tail-Anchored Membrane Protein Biogenesis by 566 

the GET Insertase Complex. Molecular Cell. 80, (2020). 567 

28. Guna, A., Volkmar, N., Christianson, J. C. & Hegde, R. S. The ER membrane protein 568 

complex is a transmembrane domain insertase. Science (New York, NY). 591, eaao3099-9 (2017). 569 

29. Rao, M. et al. Multiple selection filters ensure accurate tail-anchored membrane protein 570 

targeting. eLife. 5, e21301 (2016). 571 

30. Schuldiner, M. et al. The GET complex mediates insertion of tail-anchored proteins into the 572 

ER membrane. Cell. 134, 634–645 (2008). 573 

31. Chen, Y.-C. et al. Msp1/ATAD1 maintains mitochondrial function by facilitating the 574 

degradation of mislocalized tail-anchored proteins. The EMBO journal. 33, 1548–1564 (2014). 575 

32. Wu, X. & Rapoport, T. A. Translocation of Proteins through a Distorted Lipid Bilayer. 576 

Trends in Cell Biology. (2021) doi:10.1016/j.tcb.2021.01.002. 577 

33. Phillips, B. P., Gomez-Navarro, N. & Miller, E. A. Protein quality control in the endoplasmic 578 

reticulum. Current Opinion in Cell Biology. 65, 96–102 (2020). 579 

34. Weijer, M. L. van de et al. Quality Control of ER Membrane Proteins by the 580 

RNF185/Membralin Ubiquitin Ligase Complex. Molecular Cell. 79, (2020). 581 

35. Weir, N. R., Kamber, R. A., Martenson, J. S. & Denic, V. The AAA protein Msp1 mediates 582 

clearance of excess tail-anchored proteins from the peroxisomal membrane. eLife. 6, e28507 583 

(2017). 584 

36. Gardner, B. M. et al. The peroxisomal AAA-ATPase Pex1/Pex6 unfolds substrates by 585 

processive threading. Nature communications. 9, 135 (2018). 586 

37. Puchades, C. et al. Unique Structural Features of the Mitochondrial AAA+ Protease AFG3L2 587 

Reveal the Molecular Basis for Activity in Health and Disease. Molecular Cell (2019) 588 

doi:10.1016/j.molcel.2019.06.016. 589 

38. Castanzo, D. T., LaFrance, B. & Martin, A. The AAA+ ATPase Msp1 is a processive protein 590 

translocase with robust unfoldase activity. Proceedings of the National Academy of Sciences of 591 

the United States of America. 117, 14970–14977 (2020). 592 



   

39. Wang, L., Myasnikov, A., Pan, X. & Walter, P. Structure of the AAA protein Msp1 reveals 593 

mechanism of mislocalized membrane protein extraction. eLife. 9, (2020). 594 

40. Puchades, C., Sandate, C. R. & Lander, G. C. The molecular principles governing the activity 595 

and functional diversity of AAA+ proteins. Nature Reviews Molecular Cell Biology. 1–16 (2019) 596 

doi:10.1038/s41580-019-0183-6. 597 

41. Yang, Y. et al. Folding-Degradation Relationship of a Membrane Protein Mediated by the 598 

Universally Conserved ATP-Dependent Protease FtsH. Journal of the American Chemical 599 

Society. jacs.8b00832-10 (2018) doi:10.1021/jacs.8b00832. 600 

42. Baldridge, R. D. & Rapoport, T. A. Autoubiquitination of the Hrd1 Ligase Triggers Protein 601 

Retrotranslocation in ERAD. Cell. 166, 394–407 (2016). 602 

43. Fresenius, H. L. & Wohlever, M. L. Sorting out how Msp1 maintains mitochondrial 603 

membrane proteostasis. Mitochondrion. 49, 128–134 (2019). 604 

44. Wang, L. & Walter, P. Msp1/ATAD1 in Protein Quality Control and Regulation of Synaptic 605 

Activities. Annual Review of Cell and Developmental Biology. 36, 1–24 (2020). 606 

45. Dederer, V. et al. Cooperation of mitochondrial and ER factors in quality control of tail-607 

anchored proteins. eLife. 8, 1126 (2019). 608 

46. Matsumoto, S. et al. Msp1 Clears Mistargeted Proteins by Facilitating Their Transfer from 609 

Mitochondria to the ER. Molecular Cell (2019) doi:10.1016/j.molcel.2019.07.006. 610 

47. Li, L., Zheng, J., Wu, X. & Jiang, H. Mitochondrial AAA‐ ATPase Msp1 detects 611 

mislocalized tail‐ anchored proteins through a dual‐ recognition mechanism. EMBO Reports. 612 

20, (2019). 613 

48. Weidberg, H. & Amon, A. MitoCPR – a surveillance pathway that protects mitochondria in 614 

response to protein import stress. Science (New York, NY). 360, (2018). 615 

49. Okreglak, V. & Walter, P. The conserved AAA-ATPase Msp1 confers organelle specificity 616 

to tail-anchored proteins. Proceedings of the National Academy of Sciences of the United States 617 

of America. 111, (2014). 618 

50. Piard, J. et al. A homozygous ATAD1 mutation impairs postsynaptic AMPA receptor 619 

trafficking and causes a lethal encephalopathy. Brain (2018) doi:10.1093/brain/awx377. 620 

51. Zhang, J. et al. The AAA+ ATPase Thorase regulates AMPA receptor-dependent synaptic 621 

plasticity and behavior. Cell. 145, 284–299 (2011). 622 

52. Prendergast, J. et al. Ganglioside regulation of AMPA receptor trafficking. The Journal of 623 

Neuroscience. 34, 13246–13258 (2014). 624 

53. Umanah, G. K. E. et al. Thorase variants are associated with defects in glutamatergic 625 

neurotransmission that can be rescued by Perampanel. Science Translational Medicine. 9, 626 

eaah4985 (2017). 627 

54. Pignatelli, M. et al. Synaptic Plasticity onto Dopamine Neurons Shapes Fear Learning. 628 

Neuron. 93, 425–440 (2017). 629 

55. Zhang, J. et al. The AAA + ATPase Thorase is neuroprotective against ischemic injury. 630 

Journal of Cerebral Blood Flow and Metabolism. 271678X18769770 (2018) 631 

doi:10.1177/0271678x18769770. 632 

56. Umanah, G. K. E. et al. AMPA Receptor Surface Expression Is Regulated by S-Nitrosylation 633 

of Thorase and Transnitrosylation of NSF. Cell Reports. 33, 108329 (2020). 634 

57. Wohlever, M. L., Mateja, A., McGilvray, P. T., Day, K. J. & Keenan, R. J. Msp1 Is a 635 

Membrane Protein Dislocase for Tail-Anchored Proteins. Molecular Cell. 67, 194-202.e6 (2017). 636 

58. Lovell, J. F. et al. Membrane binding by tBid initiates an ordered series of events 637 

culminating in membrane permeabilization by Bax. Cell. 135, 1074–1084 (2008). 638 



   

59. Leshchiner, E. S., Braun, C. R., Bird, G. H. & Walensky, L. D. Direct activation of full-639 

length proapoptotic BAK. Proceedings of the National Academy of Sciences of the United States 640 

of America. 110, E986–E995 (2013). 641 

  642 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figures Combined Click here to access/download;Figure;JOVE_Figures_Final.docx

https://www.editorialmanager.com/jove/download.aspx?id=1345593&guid=7e876c2b-dfa5-497e-badc-3f85cbf77bc5&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1345593&guid=7e876c2b-dfa5-497e-badc-3f85cbf77bc5&scheme=1


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

Figure 1 Adobe Illustrator File

Click here to access/download
Video or Animated Figure

Figure1.ai

https://www.editorialmanager.com/jove/download.aspx?id=1345590&guid=61c39945-1df9-4ec6-bdb2-bac1b7dbcf9b&scheme=1


  

Figure 2 Adobe Illustrator File

Click here to access/download
Video or Animated Figure

Figure2.ai

https://www.editorialmanager.com/jove/download.aspx?id=1345591&guid=f39919b6-f304-4419-b188-4ae0a5c4e94f&scheme=1


  

Figure 3 Adobe Illustrator File

Click here to access/download
Video or Animated Figure

Figure3.ai

https://www.editorialmanager.com/jove/download.aspx?id=1345592&guid=0434202a-2895-4d83-9b6c-97c2575921a4&scheme=1


Lipid Mole % MW Avg. MW µmol in 25 mg mg in 25 mg

Chlor stock 
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PC 48% 770 369.6 14.82 11.41 25 456.4

PE 28% 746 208.88 8.64 6.45 25 258.0

PI 10% 902 90.2 3.09 2.78 10 278.5

DOPS 10% 810 81 3.09 2.50 10 250.1

TOCL 4% 1502 60.08 1.23 1.85 25 74.2

Conc. Corr Avg MW 809.76

µmol in 25 mg 30.87
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Thank you for the helpful comments on our manuscript. We have incorporated the 

comments and suggestions in our revised manuscript. A point-by-point response to all 

editorial and reviewer comments is below, with our responses in green text. If you have any 

questions, please do not hesitate to contact me. 

 

Sincerely, 
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Changes to be made by the Author(s): 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 

are no spelling or grammar issues. Done 

2. Please revise the following lines to avoid previously published work: 24-26, 36-39, 176-

177. Done  

3. Please ensure that abbreviations are defined at first usage. For example, please define 

GET/EMC in Line 56. Done 

4. Please avoid the use of personal pronouns (you, your, etc.). Done 

5. JoVE cannot publish manuscripts containing commercial language. This includes 

trademark symbols (™), registered symbols (®), and company names before an instrument 

or reagent. Please remove all commercial language from your manuscript and use generic 

terms instead. All commercial products should be sufficiently referenced in the Table of 

Materials. Please sort the Materials Table alphabetically by the name of the material. Done 

6. The Protocol should be made up almost entirely of discrete steps without large 

paragraphs of text between sections. Please simplify the Protocol so that individual steps 

contain only 2-3 actions per step and a maximum of 4 sentences per step. Done 

7. Please ensure that all text in the protocol section is written in the imperative tense as if 

telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions 

should be described in the imperative tense in complete sentences wherever possible. Avoid 

usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. 

Any text that cannot be written in the imperative tense may be added as a “Note.” However, 

notes should be concise and used sparingly. Done 

8. Please note that your protocol will be used to generate the script for the video and must 

contain everything that you would like shown in the video. Please ensure you answer the 

“how” question, i.e., how is the step performed? Alternatively, add references to published 

material specifying how to perform the protocol action. There should be enough detail in 

each step to supplement the actions seen in the video so that viewers can easily replicate 

the protocol. Done 

9. Please add more details to your protocol steps.  

Step 1.2: Please specify the spinning speed. Done 
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Step 1.6.1: Please provide details regarding the filter support used, such as filter membrane 

and pore size. Please remove the commercial term from the Protocol step and add it to the 

table of Materials. Done 

Step 1.6.3: Please specify the syringe used. Done 

Step 1.3.4: How to ensure that the DBC is not below the critical micelle concentration? We 

have added information to step 2.1 to address this point. 

Step 2.2.1: Please use “centrifuge tube” instead of “Falcon tube.” Done 

Step 2.4/2.8.2: Please provide more details regarding the protein purification steps if this 

needs to be filmed. These steps do not need to be filmed. Full details on purification of 

these proteins would put the articles over the page limit and significantly shift the 

focus of the article. We have added some details regarding buffer composition and 

stock concentrations for these proteins to steps 2.4.2. and 2.8.3. 

Step 2.5.2: How to ensure that air is not trapped? Done 

Step 2.6/2.8.5: Rotation/spinning speed? Please mention. Done 

Step 2.8.6/3.4.2: Please mention the centrifugation temperature. Done 

Step 3.4: Please describe how the step is performed. This is detailed in steps 3.4.1-3.4.6. 

Step 3.5.4: Please specify the shaking speed. Done 

10. Please submit each figure individually as a vector image file to ensure high resolution 

throughout production: (.psd, ai, .eps.). Done 
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Reviewers' comments: 

Reviewer #1: 

Manuscript Summary: 

This is a nice methods review for Msp1 activity in removing tail-anchored proteins from 

defined liposome systems in vitro. Overall, the detail provided is sufficient to reproduce 

these experiments. In fact, I appreciate some of the finer points that are included that 

highlight little intricacies that are often missing in these methods papers. 

 

Major Concerns: 

Nothing too major, but I think addressing these concerns will provide clarity. 

 

1. What is the TA protein? This is not described in the paper. I know that is can be any 

protein of your choosing, but it would be nice to provide an example. Later, you can note 

the applicability of this method for other TA proteins. This will help later when you are doing 

analysis and probing for FLAG tag. We have added step 2.4.1 to address this point. 

 

2. Similarly, I know that there must be detergent in the isolated Msp1 and TA protein, but 

how much is there? Is there any consideration for the type of detergent used for this 

method? We have added step 2.4.2 to address this point.  



3. Can the chaperones be purchased? Or are these only available from the authors of the 

previous papers? And are these specific chaperones needed for this assay? We added a 

note to step 2.8.3. 

 

 

Minor Concerns: 

Mostly clarification or typos. 

Line 56 - Please define the GET or EMC pathways. Not familiar with them and additional 

information would help. Done 

Line 102 - rather than saying that your are preparing 25 mg of liposomes, I would be more 

specific and stat that you are prepare a total of 25 mg of the lipid mixture. Done 

Line 165 - You say to use a 200 nM polycarbonate membrane. I think you mean 200 nm. But 

I would also be less specific here and suggest using a polycarbonate membrane with a pore 

size of your choosing. This leads nicely into your next comment on the impact of liposome 

size. Done 

In step 2.2, what are the recommended volumes for methanol wetting and washes with 

ddH2O? Done 

 

 

Reviewer #2: 

Manuscript Summary: 

This manuscript describes a protocol to investigate quality control of tail-anchored proteins 

by the mitochondrial outer membrane ATPase Msp1. Reconstitution of Msp1-dependent 

tail-anchored protein extraction from synthetic liposomes was an important step forwrd in 

the field of membrane protein quality control and this assay is a very useful tool. Thus, it is 

of great interest to the field to have a detailed and accessible protocol and I fully support its 

publication. Below I list a few minor concenrs that may help improving the manuscript. 

 

Major Concerns: 

I have no major concerns 

 

Minor Concerns: 

1- Define Proteostasis. the term is used in the abstract and introduction but it is jargon and 

unlikely to be familiar to readers less familiar with the field. Defined in line 22. 

2- Line 40: transmembrane domains, the S is missing Done 

3- line 97. Which criteria was used for the lipid molar ratio to mimic mitochondria outer 

membrane? is this the standard in the field? are there other possibilities? Step 1.1.1. has 

been updated to reflect that this is a previously established mixture. In the discussion 

we mention the possibility of altering liposome composition as an area of active 

research. 

4- line 120. It should be noted that chloroform is neurotoxic. The reader should be made 

aware that these experiments should be performed in a fume hood. Done 



5- lines 249-253. it should be mention that these number are an estimate and that on 

average there will be 2 Msp1 hexamers and 10 TA molecules. Some background information 

on Msp1 oligomer formation would be useful. Done. Background on Msp1 

oligomerization is included in the discussion. 

6- line 255. Mention the buffer composition in which Msp1 and TAs are present We have 

added step 2.4.2 to address this point. 

7- line 368. Explain what stain-free gel is. Description added in step 3.5.1. 

8- Resolution of FLAG blot (in Figure 2) is poor. We have uploaded the vector image file 

for each figure. 

 


