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SUMMARY: 19 
This fractionation protocol will allow researchers to isolate cytoplasmic, nuclear, mitochondrial, 20 
and membrane proteins from mammalian cells. The latter two subcellular fractions are further 21 
purified via isopycnic density gradient. 22 
 23 
ABSTRACT: 24 
This protocol describes a method to obtain subcellular protein fractions from mammalian cells 25 
using a combination of detergents, mechanical lysis, and isopycnic density gradient 26 
centrifugation. The major advantage of this procedure is that it does not rely on the sole use of 27 
solubilizing detergents to obtain subcellular fractions. This makes it possible to separate the 28 
plasma membrane from other membrane-bound organelles of the cell. This procedure will 29 
facilitate the determination of protein localization in cells with a reproducible, scalable, and 30 
selective method. This method has been successfully used to isolate cytosolic, nuclear, 31 
mitochondrial, and plasma membrane proteins from the human monocyte cell line, U937. 32 
Although optimized for this cell line, this procedure may serve as a suitable starting point for the 33 
subcellular fractionation of other cell lines. Potential pitfalls of the procedure and how to avoid 34 
them are discussed as are alterations that may need to be considered for other cell lines. 35 
 36 
INTRODUCTION: 37 
Subcellular fractionation is a procedure in which cells are lysed and separated into their 38 
constituent components through several methods. This technique can be used by researchers to 39 
determine protein localization in mammalian cells or for enrichment of low-abundance proteins 40 
that would otherwise be undetectable. While methods for subcellular fractionation currently 41 
exist, as do commercial kits that can be purchased, they suffer from several limitations that this 42 
procedure attempts to overcome. Most cell fractionation methods are exclusively detergent-43 
based1,2, relying on the use of buffers containing increasing amounts of detergent to solubilize 44 
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different cellular components. While this method is rapid and convenient, it results in impure 45 
fractions. These are designed to allow researchers to easily isolate one or two components of the 46 
cell, but are not complex enough to isolate multiple subcellular fractions from a sample at the 47 
same time. Relying solely on detergents usually results in membrane-enclosed organelles and the 48 
plasma membrane being indiscriminately solubilized, making separation of these components 49 
difficult. An additional complication from the use of these kits is the inability of researchers to 50 
alter/optimize them for specific applications, as most of the components are proprietary 51 
formulations. Finally, these kits can be prohibitively expensive, with limitations in the number of 52 
uses that make them less than ideal for larger samples.  53 
 54 
Despite the availability of kits for the isolation of mitochondria that do not rely on detergents, 55 
they are not designed to isolate the plasma membrane and yield significantly lower amounts of 56 
sample than standard isolation protocols3,4. While differential centrifugation methods are more 57 
time-consuming, they often result in distinct fractions that cannot be obtained with exclusively 58 
detergent-based kits1. Separation without the sole use of solubilizing detergents also allows 59 
further purification using ultracentrifugation and isopycnic density gradients, resulting in less 60 
cross-contamination. This fractionation protocol demonstrates the isolation of subcellular 61 
fractions from U937 monocytes using a combination of detergent- and high-speed 62 
centrifugation-based approaches. This method will facilitate the isolation of the nuclear, 63 
cytoplasmic, mitochondrial, and plasma membrane components of a mammalian cell with 64 
minimal contamination between the fractions. 65 
 66 
PROTOCOL: 67 
 68 
1. Prepare buffers and reagents 69 
 70 
1.1. Prepare fresh solutions of phosphatase and protease inhibitors. 71 
 72 
1.1.1. Add 17.4 mg of phenylmethanesulfonyl fluoride (PMSF)to 1 mL of 100% ethanol to prepare 73 
a 100 mM stock.  74 
 75 
NOTE: Wear protective equipment when handling PMSF as it is hazardous when ingested or 76 
inhaled and upon contact with skin or eyes. It is corrosive to eyes and skin.  77 
 78 
1.1.2. According to the manufacturer’s instructions, prepare a commercially available protease 79 
inhibitor cocktail (100x). 80 
 81 
1.1.3. Add 91.9 mg of sodium orthovanadate (SOV) to 1 mL of deionized water to prepare a 500 82 
mM stock.  83 
 84 
NOTE: Wear protective equipment when handling SOV as it is hazardous if ingested, inhaled, or 85 
upon contact with eyes. Severe overexposure may result in death. 86 
 87 
1.2. Prepare lysis buffer A, cytoplasmic isolation (CI) buffer, cell solubilization (CS) buffer, nuclear 88 
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lysis (NL) buffer, lysis buffer B, cell homogenization (CH) buffer, iodixanol diluent, and detergents. 89 
 90 
1.2.1. Add 8.7 g of sodium chloride (NaCl) and 50 mL of 4-(2-hydroxyethyl)-1-91 
piperazineethanesulfonic acid (HEPES, 1 M, pH 7.4) to 950 mL of deionized water to prepare lysis 92 
buffer A (final concentrations of 150 mM NaCl and 50 mM HEPES). 93 
 94 
1.2.2. Prepare stock solutions of detergents as follows: add 0.1 g of sodium dodecyl sulfate (SDS) 95 
to 10 mL of lysis buffer A (final concentration of 1% SDS), add 0.1 g of sodium deoxycholate to 10 96 
mL of lysis buffer A (final concentration of 1%), add 2.5 mg of digitonin to 10 mL of lysis buffer A 97 
(final concentration of 250 µg/mL), and add 1 mL of non-ionic, non-denaturing detergent (see 98 
the Table of Materials) to 9 mL of lysis buffer A (final concentration of 10% (v/v)). 99 
 100 
1.2.3. Prepare CI buffer by adding 10 µL of PMSF stock (100 mM), 10 µL of protease inhibitor 101 
(100x), 2 µL of SOV stock (500 mM), and 100 µL of stock digitonin (250 µg/mL) to 878 µL of lysis 102 
buffer A (final concentrations of 1 mM PMSF, 1x protease inhibitor, 1 mM SOV, and 25 µg/mL 103 
digitonin). Keep the solution on ice until addition to cell pellet. 104 
 105 
1.2.4. Prepare CS buffer by adding 10 µL of PMSF stock (100 mM), 10 µL of protease inhibitor 106 
(100x), 2 µL of SOV stock (500 mM), 100 µL of non-ionic, non-denaturing detergent stock (see the 107 
Table of Materials) (10%), and 118 µL of hexylene glycol stock (8.44 M) to 760 µL of lysis buffer 108 
A (final concentrations of 1 mM PMSF, 1x protease inhibitor, 1 mM SOV, 1% non-ionic, non-109 
denaturing detergent, and 1 M hexylene glycol). Keep the solution on ice until addition to cell 110 
pellet. 111 
 112 
1.2.5. Prepare NL buffer by adding 10 µL of PMSF stock (100 mM), 10 µL of protease inhibitor 113 
(100x), 2 µL of SOV stock (500 mM), 50 µL of sodium deoxycholate stock (10%), 100 µL of SDS 114 
stock (1%), and 118 µL of hexylene glycol stock (8.44 M) to 710 µL of lysis buffer A (final 115 
concentrations of 1 mM PMSF, 1x protease inhibitor, 1 mM SOV, 0.5% sodium deoxycholate (v/v), 116 
0.1% SDS (w/v), and 1 M hexylene glycol). Keep the solution on ice until addition to nuclear pellet. 117 
 118 
1.2.6. Add 20 mL of HEPES (1 M, pH 7.4), 0.74 g of potassium chloride (KCl), 0.19 g of magnesium 119 
chloride (MgCl2), 2 mL of ethylenediaminetetraacetic acid (0.5 M EDTA), 2 mL of ethylene glycol-120 
bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (0.5 M EGTA), 38.3 g of mannitol, and 23.9 g 121 
of sucrose to 980 mL of deionized water to prepare lysis buffer B (final concentrations of 20 mM 122 
HEPES, 10 mM KCl, 2 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 210 mM mannitol, and 70 mM 123 
sucrose). 124 
 125 
1.2.7. Prepare CH buffer by adding 10 µL of PMSF stock (100 mM) and 2 µL of SOV stock (500 126 
mM) to 988 µL of lysis buffer B (final concentrations of 1 mM PMSF and 1 mM SOV; adjust the 127 
final volume to accommodate the number of cells being lysed). Keep the solution on ice until 128 
addition to cell pellet.  129 
 130 
1.2.8. Prepare iodixanol diluent by addition of 12 mL of HEPES (1 M, pH 7.4), 447 mg of KCl, 114 131 
g of MgCl2, 1.2 mL of 0.5 M EDTA, 1.2 mL of 0.5 M EGTA, 21.3 g of mannitol, and 14.4 g of sucrose 132 
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to 88 mL of deionized water (final concentrations of 120 mM HEPES, 60 mM KCl, 12 mM MgCl2, 133 
6 mM EDTA, 6 mM EGTA, 1200 mM mannitol, and 420 mM sucrose). 134 
 135 
1.2.9. Store buffers at 4 °C and digitonin at -20 °C. 136 
 137 
2. Cytosolic protein isolation 138 
 139 
NOTE: The following steps will allow for the growth and expansion of U937 cells followed by 140 
extraction of cytosolic proteins. At the concentration used, digitonin will permeabilize the plasma 141 
membrane without disrupting it, allowing for the release of cytosolic proteins and retention of 142 
other cellular proteins.   143 
 144 
2.1. Culture the cells in RPMI 1640 with 10% fetal bovine serum at 37 °C and 5% CO2. Ensure that 145 
the cells are grown to a final total of 6 x 108 cells. 146 
 147 
NOTE: In this protocol, cells were counted using a standard hemocytometer and microscope. 148 
 149 
2.2. Centrifuge the cultured cells at 400 × g for 10 min. After discarding the supernatant, 150 
resuspend the cell pellet in room temperature phosphate-buffered saline (PBS) at a final 151 
concentration of 4 × 106 cells/mL, and pipette gently to break up clumps. 152 
  153 
2.3. Centrifuge the cell suspension at 400 × g for 10 min to pellet the cells. Discard the 154 
supernatant, and resuspend the cell pellet in ice-cold lysis buffer A (prepared in step 1.2.1) at a 155 
final concentration of 2 × 107 cells/mL.  156 
 157 
2.4. Remove 7.5 mL of the cells suspended in lysis buffer A (3 × 107 cells), and keep on ice for 158 
nuclear protein extraction (section 6). Centrifuge the cell suspension at 4 °C, 400 × g for 10 min 159 
to pellet the cells. 160 
 161 
NOTE: Perform all subsequent steps at 4 °C or on ice, and prechill all buffers. 162 
 163 
2.5. Discard the supernatant, resuspend the cell pellet in CI buffer at a final concentration of 2 × 164 
107 cells/mL, and pipette gently to break up clumps. Rotate the cell suspension end-over-end at 165 
4 °C for 20 min. 166 
 167 
2.6. Centrifuge the cell suspension at 4 °C, 400 × g for 10 min, and transfer the supernatant to a 168 
clean centrifuge tube. Save the cell pellet, and store on ice. Centrifuge the collected supernatant 169 
at 4 °C, 18,000 × g for 20 min to pellet cellular debris.  170 
 171 
NOTE: This high-speed centrifugation step is critical for preventing contamination of the cytosolic 172 
fraction with organelle and membrane-bound proteins. 173 
 174 
2.7. Discard the pellet after transferring the supernatant to a clean centrifuge tube. Repeat both 175 
centrifugation steps in step 2.6 until no pellet is obtained following centrifugation. 176 
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 177 
2.8. Collect the supernatant, which is the cytosolic fraction. For short-term storage (1 month), 178 
ensure that the supernatant is stored at 4 °C. For long-term storage (>1 month), combine the 179 
supernatant with 1x Laemmli buffer containing 1x reducing agent, heat at 95 °C for 7 min, and 180 
store at -20 or -80°C. 181 
 182 
2.9. Resuspend the cell pellet (from step 2.6) in lysis buffer A at a final concentration of 4 × 106 183 
cells/mL; pipette gently to break up clumps. 184 
 185 
3. Cell homogenization 186 
 187 
NOTE: The following steps will allow for the mechanical homogenization of digitonin-treated cells 188 
(from step 2.9), which is necessary for the isolation of the mitochondrial and membrane protein 189 
fractions.  190 
 191 
3.1. Centrifuge the cell suspension in lysis buffer A (prepared in step 2.9), save the pellet, and 192 
discard the supernatant to remove excess digitonin and cytosolic contaminants from the cell 193 
pellet.  194 
 195 
NOTE: Repeated washes in lysis buffer A may be performed to remove excess cytosolic 196 
contaminants. 197 
 198 
3.2. Resuspend the cell pellet in ice-cold CH buffer (prepared in step 1.2.7) at a final 199 
concentration of 4 × 106 cells/mL. Incubate the cell suspension on ice for 30 min.  200 
 201 
3.3. If using a bead-based method for mechanical lysis, place 30 g of prewashed stainless steel 202 
3.2 mm beads into a 50 mL skirted tube, fill with 15 mL of lysis buffer B, and place on ice to chill. 203 
If using a Dounce homogenizer (with a tight-fitting B pestle), fill with an appropriate volume of 204 
lysis buffer B, insert the pestle, and place on ice to chill.  205 
 206 
3.4. Following incubation (step 3.2), discard lysis buffer B from the bead tubes (or Dounce 207 
homogenizer), and transfer 15 mL of the cell suspension to the bead tube (or an appropriate 208 
volume to the homogenizer).  209 
 210 
3.5. If using the bead-based method, place the skirted bead tubes containing the cell suspension 211 
in the blender device, and configure to run for 5 min at speed 8. If using a Dounce homogenizer, 212 
keep it on ice, and perform 40 passes with the pestle using slow, even strokes (or utilize an 213 
alternative method of mechanical cell lysis as detailed in the discussion section). 214 

 215 
Note: If using a blender device different from the one used here, speed and time may need to be 216 
determined empirically. 217 
 218 
3.6. Transfer the homogenate to a clean centrifuge tube, and centrifuge it at 400 × g for 10 min 219 
at 4 °C. Transfer the supernatant to a clean centrifuge tube and save; discard the pellet.  220 
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 221 
NOTE: The protocol may be paused here and the homogenate stored at 4 °C for the short term 222 
(24 h). 223 
 224 
4. Debris removal and isolation of crude mitochondrial and membrane fractions 225 
 226 
NOTE: The following steps will allow for the removal of cellular debris by centrifuging the 227 
homogenate at increasing speeds. This is followed by differential centrifugation for the isolation 228 
of crude mitochondrial and membrane fractions. 229 
 230 
4.1. Centrifuge the homogenate (from step 3.6) at 500 × g for 10 min at 4 °C. Transfer the 231 
supernatant to a clean centrifuge tube, and discard any pellet. 232 
 233 
4.2. Centrifuge the supernatant (from step 4.1) at 1,000 × g for 10 min at 4 °C. Transfer the 234 
supernatant to a clean centrifuge tube, and discard any pellet. 235 
 236 
4.3. Centrifuge the supernatant (from step 4.2) at 2,000 × g for 10 min at 4 °C. Transfer the 237 
supernatant to a clean centrifuge tube, and discard any pellet. 238 
 239 
4.4. Centrifuge the supernatant (from step 4.3) at 4,000 × g for 20 min at 4 °C. Transfer the 240 
supernatant to a clean centrifuge tube, and save the pellet, which is the crude mitochondrial 241 
fraction.  242 
 243 
4.5. Centrifuge the supernatant (from step 4.4) at 18,000 × g for 1 h at 4 °C. Discard the 244 
supernatant, and save the pellet, which is the crude membrane fraction. 245 
 246 
NOTE: The protocol may be paused here, and the pelleted samples stored at 4 °C for the short-247 
term (24 h). 248 
 249 
5. Isopycnic density gradient purification 250 
 251 
NOTE: The following steps utilize isopycnic density gradient centrifugation to purify the crude 252 
mitochondrial and membrane fractions. 253 
 254 
5.1. Prepare a 50% (v/v) working solution of iodixanol by mixing 1 part diluent (prepared in step 255 
1.1.3) to 5 parts iodixanol (60% stock solution (w/v)). Prepare 10%, 15%, 20%, 25%, 30%, and 35% 256 
iodixanol solutions (v/v) by mixing 50% working solution (v/v) with lysis buffer B in appropriate 257 
quantities. 258 
 259 
5.2. Resuspend the crude mitochondrial and membrane pellets (from steps 4.4 and 4.5) each in 260 
200 µL of lysis buffer B. Adjust to 45% iodixanol (v/v) by adding 1800 µL of working iodixanol 261 
solution (50% (v/v)) to 200 µL of the resuspended pellet. 262 
 263 



   

 

1 
 

5.3. Create an iodixanol discontinuous gradient as follows (adjust the volumes as appropriate for 264 
the capacity of the ultracentrifuge tube): Add 1 mL of 15% iodixanol (v/v) to the bottom of an 8 265 
mL, open-top, thin-walled ultracentrifuge tube, place 1 mL of 20% iodixanol (v/v) below the first 266 
layer (by the underlaying technique), followed by underlaying 1 mL of 25%, 1 mL of 30%, and 1 267 
mL of 35% iodixanol (v/v).  268 
 269 
NOTE: There should be 2 gradients created at this step, 1 for the mitochondrial fraction and 1 for 270 
the membrane fraction. 271 
 272 
5.4. In 1 gradient, add the 2 mL of the crude mitochondrial pellet (suspended in 45% iodixanol 273 
(v/v)) using the underlay technique to the bottom of the tube below the 35% iodixanol (v/v). In 274 
the other gradient, add the 2 mL of the crude membrane pellet (suspended in 45% iodixanol 275 
(v/v)) using the underlay technique to the bottom of the tube below the 35% iodixanol (v/v). 276 
 277 
5.5 Add 1 mL of 10% iodixanol (v/v) to the top of each gradient tube by overlaying it on top of 278 
the 15% layer. Balance the tubes within 0.1 g of each other by the addition of 10% iodixanol (v/v). 279 
 280 
5.6. Spin the density gradient tubes at 4 °C for 18 h at 100,000 × g. Be sure to set acceleration 281 
and deceleration to the minimum values for the ultracentrifuge being used.  282 
 283 
NOTE: In the mitochondrial gradient, there will be a visible band at the interface between 25% 284 
and 30% iodixanol (v/v). This is the pure mitochondrial fraction. In the membrane gradient, there 285 
will be a visible band in the 15% iodixanol (v/v) fraction. This is the pure membrane fraction. 286 
There may be additional bands in the 25% and 30% iodixanol (v/v) fractions in the membrane 287 
gradient. This is mitochondrial contamination. 288 
 289 
5.7. Collect fractions from the top of the tube in 1 mL aliquots, being careful to minimize the 290 
volume of the fraction containing the visible bands and changing the pipette tip after each layer 291 
is collected. Alternatively, puncture the side of the thin-walled tube with a needle, and collect 292 
the visible bands. 293 
 294 
5.8. Store the samples as described in step 2.8 until verification by protein assay and western 295 
blot. 296 
 297 
6. Nuclear protein isolation 298 
 299 
NOTE: Using ionic and non-ionic detergents as well as techniques such as sonication and 300 
centrifugation, the following steps will solubilize all cellular membranes and allow for the 301 
isolation of nuclear proteins. 302 
 303 
6.1. Centrifuge the 7.5 mL aliquot of cells suspended in lysis buffer A (from step 2.4), and discard 304 
the supernatant. Add 800 µL of ice-cold CS buffer (prepared in step 1.2.4), and resuspend the 305 
pellet by pipetting and vortexing. Incubate the samples on ice (or at 4 °C) for 30 min to disrupt 306 
the plasma and organelle membranes while protecting the nuclear proteins. 307 
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 308 
6.2. Centrifuge the cell suspension at 7,000 × g for 10 min at 4 °C, and discard the supernatant. 309 
Add 800 µL of ice-cold NL buffer (prepared in step 1.2.5) to the nuclear pellet after inclusion of 310 
1U/µL benzonase. Resuspend the pellet by gently pipetting. Incubate on an end-over-end rotator 311 
for 30 min at 4 °C to disrupt the nuclear membrane. 312 
 313 
6.3. Sonicate for 5 s at 20% power with sample tubes cooled in an ice bath (3x, with 5 s pauses in 314 
between pulses), which along with benzonase (added in step 6.2), will shear the nucleic acids. 315 
 316 
6.4. Centrifuge the sonicate at 7,800 × g for 10 min at 4 °C. Collect and save the supernatant, 317 
which is the nuclear fraction. Be sure to not disturb the insoluble pellet while collecting the 318 
supernatant. For storage, samples can be prepared as described in step 2.8. 319 
 320 
7. Protein quantification and western blot analysis 321 
 322 
NOTE: The following steps will quantify total protein in each fraction and confirm the purity of 323 
the subcellular fractions. 324 
 325 
7.1. Perform a standard Bradford assay to quantify total protein in each fraction. Refer to Table 326 
1 for expected protein yields. 327 
 328 
Note: Other protein assays such as bicinchoninic acid (BCA) assay or absorbance at 280 nm may 329 
be used to measure total protein in place of a Bradford assay. 330 
 331 
7.2. Combine fractions with 1x Laemmli buffer containing 1x reducing agent, and heat at 95 °C 332 
for 7 min. Load 10 µg of each fraction into a standard SDS-polyacrylamide gel electrophoresis 333 
(PAGE) gel, and run the gel at 20 mA for 1 h. 334 
 335 
7.3. Transfer the resolved proteins to a polyvinyldifluoride (PVDF) membrane by performing a 336 
standard immunoblot transfer at 100 V for 30 min. Block the PVDF membrane with 5% milk in 1x 337 
Tris-buffered saline (TBS) containing 0.1% of a non-ionic detergent (v/v) for 30 min at room 338 
temperature. 339 
 340 
7.4. Add the appropriate primary antibodies to detect housekeeping proteins specific to each 341 
subcellular fraction, and incubate overnight at 4 °C. Wash the membrane with 5% milk in 1x TBS 342 
containing 0.1% of the non-ionic detergent (v/v) for 10 min at room temperature. 343 
 344 
NOTE: For this protocol, antibodies against glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 345 
1:10000), histone H3 (1:2000), voltage-dependent anion channel (VDAC, 1:1000), and Na,K+-346 
ATPase were used for cytosolic, nuclear, mitochondrial, and membrane fractions, respectively. 347 
 348 
7.5. Add the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies to the 349 
membrane (dilute according to the manufacturer’s instructions), and incubate at room 350 
temperature for 1 h. Wash the membrane with 5% milk in 1x TBS containing 0.1% of the non-351 
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ionic detergent (v/v) for 10 min at room temperature. Develop the blot using standard 352 
chemiluminescence. 353 
 354 
REPRESENTATIVE RESULTS: 355 
A schematic flow chart of this procedure (Figure 1) visually summarizes the steps that were taken 356 
to successfully fractionate U9375 cells grown in suspension. Fractions collected from the top of 357 
the isopycnic density gradient in equal volumes (1 mL) show the purification of the mitochondrial 358 
and membrane fractions (Figure 2). Utilizing an antibody against VDAC, a protein localized to the 359 
outer mitochondrial membrane6, shows that the mitochondrial fraction migrated to the 25% and 360 
30% iodixanol (v/v) fractions (Figure 2A). Using an antibody against the Na,K+-ATPase α1 subunit, 361 
part of an integral membrane heterodimer found primarily in the plasma membrane7, shows the 362 
separation of membrane contamination from the pure mitochondrial fraction (Figure 2A). The 363 
pure membrane fraction migrated to the least dense fractions, 10% and 15% iodixanol (v/v) 364 
(Figure 2B). Mitochondrial contamination of the membrane fraction was separated by the 365 
gradient.  366 
 367 
A western blot8 performed with the additional localization markers (referenced in step 7.4) shows 368 
the purity of the cytosolic and nuclear fractions, while additionally verifying that the 369 
mitochondrial and membrane samples are free from contamination by proteins from other parts 370 
of the cell (Figure 3). Using an antibody against GAPDH, normally localized to the cytoplasm of 371 
the cell9, shows that this protein is only found in the cytosolic fraction (Figure 3A, Lane 1, first 372 
panel), and that no contamination is observed in the extracted nuclear proteins, the density-373 
purified mitochondria, or membrane fractions (Figure 3A; Lanes 2, 3, and 4; first panel). Probing 374 
for histone H3, a protein found in the nucleus and involved in chromatin structure10, shows a 375 
successful nuclear extraction (Figure 3A, Lane 2, second panel), with some minimal detection in 376 
the cytoplasmic fraction and no cross contamination in the mitochondrial or membrane fractions.  377 
 378 
Probing for VDAC in all fractions shows the presence of this protein in the pure mitochondrial 379 
fraction (Figure 3A, Lane 3, third panel), and that no cross contamination exists in the other 380 
fractions (Figure 3A; Lanes 1, 2, and 4; third panel). Probing for the Na/K-ATPase α1 subunit 381 
similarly shows that this protein is located only in the pure membrane fraction (Figure 3A, Lane 382 
4, fourth panel). These fractions were analyzed by densitometry to confirm reproducibility and 383 
statistical significance (Figure 3B–E). In contrast to the results from the successful fractionation 384 
(Figure 3), improper execution of this method (or failure to adhere to all recommended steps) 385 
can result in cross-contamination of cellular components (Figure 4). A high concentration of 386 
histone H3 in the cytosolic fraction (Figure 4, Lane 1, second panel) can result from a failure to 387 
properly clarify the cytosolic fraction (referenced in step 2.6). This can occur if not enough 388 
clarification centrifuge spins are performed, or if the cytosolic fraction is not clarified quickly. If 389 
the cytosolic fraction is not clarified quickly enough, it may result in lysis of cell fragments, leading 390 
to contamination of the cytosolic fraction.  391 
 392 
Failure to perform the isopycnic density purification step will result in contamination of the 393 
membrane fraction (Figure 4, Lane 4, all panels), depending on how heterogenous the sample is 394 
prior to density purification. Proper adherence to all steps of the protocol is critical to obtaining 395 
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the desired separation of the subcellular fractions. When quantified using a Bradford assay, 396 
protein yield for each fraction can be determined. Expected protein yield per fraction is reported 397 
in Table 1. It is useful to perform a protein quantification assay prior to performing western blots 398 
for several reasons. First, it confirms that fractions indeed contain protein; second, it allows 399 
loading of SDS-PAGE gels based on protein quantity; and finally, assuming protein yields are 400 
similar to those expected (Table 1), it confirms proper execution of the procedure. 401 
 402 
FIGURE AND TABLE LEGENDS: 403 
 404 
Figure 1: Diagram of the cell fractionation procedure. An overview of the cell fractionation 405 
protocol represented as a flow chart. Abbreviations: PBS = phosphate-buffered saline; CS = cell 406 
solubilization; NL = nuclear lysis.  407 
 408 
Figure 2: Isopycnic density purification of crude mitochondrial and membrane fractions. (A) 409 
Representative western blot of all fractions collected after density gradient purification of the 410 
crude mitochondrial fraction. (B) Representative western blot of all fractions collected after 411 
density gradient purification of the crude membrane fraction. Both density gradient purifications 412 
show migration of the mitochondrial marker, VDAC, for the 25% and 30% iodixanol (v/v) fractions 413 
and migration of the membrane marker, Na,K+ ATPase, for the 10% and 15% iodixanol (v/v) 414 
fractions. Abbreviation: VDAC = voltage-dependent anion channel. 415 
 416 
Figure 3: Successful isolation of U937 cytosolic, nuclear, mitochondrial, and membrane 417 
fractions. (A) Representative western blots of cell fractions isolated from a U937 cell culture with 418 
this technique and probed for markers of cytoplasm (GAPDH, first panel), nucleus (Histone H3, 419 
second panel), mitochondria (VDAC, third panel), and membrane (Na,K+ ATPase α1, fourth 420 
panel). (B–E) Densitometry of western blots of cell fractions isolated from U937 cell cultures with 421 
this technique. Results are from 3 independent experiments. Error bars represent standard 422 
deviation. One-way ANOVA. ***p<0.001. Abbreviations: GAPDH = glyceraldehyde-3-phosphate 423 
dehydrogenase; VDAC = voltage-dependent anion channel; cyto = cytosolic; nuc = nuclear; mito 424 
= mitochondrial; mem = membrane.  425 
 426 
Figure 4: Incomplete fractionation of U937 cell components. Representative western blots of 427 
cell fractions isolated from a U937 cell culture showing contamination of the cytosolic fraction 428 
with histone H3 (Lane 1, second panel) due to improper clarification of this fraction and a crude 429 
membrane fraction that was not subjected to isopycnic density gradient purification (Lane 4, all 430 
panels). Abbreviations: cyto = cytosolic; nuc = nuclear; mito = mitochondrial; mem = membrane.  431 
 432 
Table 1: Protein yield for each subcellular fraction.  433 
 434 
DISCUSSION: 435 
This method is a modified version of a previously published approach to subcellular fractionation 436 
without the use of high-speed centrifugation11. This modified method requires more specialized 437 
equipment to achieve the best results, but is more comprehensive and consistently reproducible.  438 
The development of the initial protocol was necessary due to an inability to separate 439 
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mitochondrial and membrane samples for the analysis of protein localization during 440 
necroptosis12. Attempts to use the exclusively detergent-based methods found in most 441 
commercially available kits resulted in a homogeneous mixture containing the plasma membrane 442 
and all membrane-enclosed organelles in the cell. Other limitations of these kits include an 443 
inability to make alterations to the procedure, cost per sample, volume restrictions, and number 444 
of samples that can be processed. The procedure presented here may be altered to any scale, 445 
changed to isolate fewer fractions, and can be performed without the use of expensive reagents. 446 
Fraction yields can be increased by utilizing more cells; steps can be tailored to the research being 447 
performed; and execution of the method is flexible. For example, if researchers are not examining 448 
a particular subcellular fraction, they do not need to isolate that sample in the course of the 449 
procedure.  Likewise, the addition of particular inhibitors or reagents can be omitted if the 450 
researcher does not plan on studying the phosphorylation state of proteins (sodium 451 
orthovanadate) or is not concerned about denaturing proteins (hexylene glycol).  452 
 453 
The use of iodixanol as the density gradient solution is optional; however, this reagent does not 454 
interfere with subsequent examination of samples via western blotting. It is also possible to 455 
remove the iodaxanol from samples by dilution and centrifugation to recover the mitochondria 456 
or membrane, although this will affect the final yield. Other alternative density gradient solutions 457 
can be used, including sucrose. To obtain optimal results and pure fractions, there are several 458 
factors to consider, and particular critical steps in the protocol that need careful attention. This 459 
protocol is optimized for the fractionation of U937 cells, and the concentration of cells 460 
recommended at particular points in the protocol are specific to this cell line. These values were 461 
determined empirically and will most likely need to be adjusted for different types of cells, 462 
particularly, if suboptimal results are obtained when executing the protocol.  463 
 464 
Clarification of the cytoplasmic sample should occur as soon as possible to remove unbroken cells 465 
and debris that might result in cross-contamination by proteins from other subcellular fractions 466 
(Figure 4, Lane 1, second panel). Homogenization can be accomplished with any form of 467 
mechanical lysis, although results presented here were obtained using a bead-based method and 468 
blender device. Alternative manual forms of homogenization (a Dounce homogenizer or passage 469 
through a small gauge needle) can also be utilized, but may result in reproducibility issues due to 470 
variability of technique by the individual performing the procedure. This group’s interest is 471 
primarily in circulating leukocytes, which is why U937 cells are used in this procedure. However, 472 
this procedure may be applied to other suspension cell lines with likely little need for alteration. 473 
Portions that may need to be adjusted to accommodate another suspension cell line include cell 474 
concentrations used throughout the procedure as well as the concentration of digitonin used to 475 
extract the cytosolic fraction.  476 
 477 
While not optimized for adherent cell lines, this procedure may serve as a starting point to which 478 
adjustments can be made to accommodate adherent cells. These adjustments include cell 479 
concentration, concentration of digitonin, and homogenization time. In addition, adherent cells 480 
are limited by surface area while suspension cells are limited by volume; this makes scaling up of 481 
suspension cells simpler. To scale up adherent cells, tissue culture plates with a large surface area 482 
(>500 cm2) must be utilized. This procedure is a cost-effective, reproducible subcellular 483 
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fractionation with the ability to separate cytosolic, nuclear, mitochondrial, and membrane 484 
fractions with great purity. One of the biggest advantages of this procedure is the separation of 485 
mitochondrial from the membrane fraction. This is not possible in exclusively detergent-based 486 
procedures. Although detergents are used in this procedure, they are used to permeabilize, but 487 
not disrupt the plasma membrane (digitonin) and to obtain the nuclear fraction after the isolation 488 
of the mitochondrial and membrane fractions.  489 
 490 
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Name of Material/ Equipment Company Catalog Number Comments/Description

Benzonase Nuclease Sigma-Aldrich E1014

Bullet Blender Tissue Homogenizer Next Advance 61-BB50-DX

digitonin Sigma D141

end-over-end rotator ThermoFisher

Ethylenediaminetetraacetic acid (EDTA) Sigma E9884

ethylene glycol-bis(β-aminoethyl ether)-

N,N,N',N'-tetraacetic acid (EGTA) Sigma E3889

GAPDH (14C10) Cell Signalling Technologies 2118

HEPES VWR 97064-360

Hexylene glycol Sigma 68340 

Igepal Sigma I7771 Non-ionic, non-denaturing detergent
KCl Sigma P9333

Mannitol Sigma M9647

MgCl2
Sigma M8266

NaCl Sigma S9888

Na, K-ATPase a1 (D4Y7E) Cell Signalling Technologies 23565

Open-Top Polyclear Tubes, 16 x 52 mm Seton Scientific 7048

OptiPrep (Iodixanol) Density Gradient 

Medium Sigma D1556-250ML

phenylmethanesulfonyl fluoride (PMSF) Sigma P7626

Protease Inhibitor Cocktail, General Use VWR M221-1ML

refrigerated centrifuge ThermoFisher

S50-ST Swinging Bucket Rotor Eppendorf

Sodium dodecyl sulfate (SDS) Sigma 436143

Sodium deoxycholate Sigma D6750 

sodium orthovanadate (SOV) Sigma 567540

sonicator ThermoFisher

Sorvall MX120 Plus Micro-Ultracentrifuge ThermoFisher

Stainless Steel Beads 3.2 mm Next Advance SSB32

Sucrose Sigma S0389
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Tris-buffered Saline (TBS) VWR 97062-370

Tween 20 non-ionic detergent in western blotting buffers 

VDAC (D73D12) Cell Signalling Technologies 4661





non-ionic detergent in western blotting buffers 



Editorial comments: 
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. Please define all abbreviations at first use. 

We have done this. 

2. Please revise the following lines to avoid overlap with previously published work: 37-39; 52-

55; 61-79; 87-104; 111-161; 173-178, 222-232, 246-264, 278-284, 288-292, 296-302, 425-428. 

We have made an effort to revise these lines.  

3. Please provide an email address for each author. 

We now provide this. 

4. 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 and Reagents. 

For example: OptiPrep; Bullet Blender, etc 

We have now corrected this. 

5. 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. Please include all safety procedures and use of hoods, etc. 

We have ensured this. 

6. 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 add more details to your 

protocol steps. 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. Please add more specific details (e.g., button clicks for software actions, numerical values 

for settings, etc) to your protocol steps. There should be enough detail in each step to supplement 

the actions seen in the video so that viewers can easily replicate the protocol. 

We have made sure to provide sufficient detail. 

7. Please move the information in 1.3 to the Table of Materials and delete it from the protocol. 

We have moved this. 

8. 2.1.1: If these are the centrifugation conditions to be used for many steps, please delete the 

word “example” and use the actual conditions at the very first mention of these conditions. 

Afterwards, please say “Centrifugation was performed as in step X.Y.Z”. 

We have now done this. 

9. Please format the manuscript as: paragraph Indentation: 0 for both left and right and special: 

none, Line spacings: single. Please include a single line space between each step, substep, and 

note in the protocol section. Please use Calibri 12 points and one-inch margins on all the side. 

Please include a one line space between each protocol step and then highlight up to 3 pages of 

protocol text for inclusion in the protocol section of the video. 

We have done this. 

10. As we are a methods journal, please add limitations of the technique to the Discussion. 

We have now done this.  

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

Rebuttal Letter Click here to access/download;Rebuttal Letter;McCaig Jove
2020 - reviewer comments.docx

https://www.editorialmanager.com/jove/download.aspx?id=1288155&guid=08d16055-130c-447a-9559-2d82928b41d3&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1288155&guid=08d16055-130c-447a-9559-2d82928b41d3&scheme=1


We have now done this. 

 

 

____________________________________ 

Reviewers' comments: 

Reviewer #1:  
Manuscript Summary: 

The manuscript describes a multi-step protocol to separate and isolate sub-cellular compartments 

(cytosol, nuclei, mitochondria, membrane) from U937 cells using regular and isopycnic density 

gradient centrifugation steps. The method is optimized specifically for use with U937 cells as 

written. 

 

Major Concerns: 

1. The limitation of the technique is that it is very complex and specifically meant and optimized 

for U937 cells. Thus it is not widely applicable, although on the other hand it may be a starting 

point to use for others to optimize. 

Our laboratory works primarily with suspension cells and we mainly work with U937 cells. We 

intend for this to be a potential starting point for fractionations with other cell types. We have 

now clarified this in the text. 

 

2. The title is somewhat unclear. What is meant by "enhanced" Enhanced in comparison to what? 

The authors have published a previous JoVE paper in 2019 where they outlined a cell 

fractionation protocol using the same cells in the absence of high speed centrifugation steps. 

We have changed the title in order to clarify it. 

 

3. The methods and reagents for measuring the purity of the isolated fractions by Western blot 

(Figs. 2-4) were not provided. The figure legends for the same are not informative enough. The 

Western blots show only a narrow band in the region of interest and there are no molecular 

weight markers. The results are representative of a single isolation. There are no data on the 

reproducibility of the procedure. 

We now include the methods for western blot detection. We also include MW markers now. 

Regarding reproducibility, Fig 3 now contains densitometry analysis of 3 independent western 

blots along with one-way ANOVA for statistical analysis.  

 

4. The paper sections and protocol in particular as written are quite difficult to read and 

understand. I will try to summarize some of my concerns/questions as follows: 

a) Introduction: What is meant by "...it suffers from a lack of specificity (for what?) and an 

inability to separate fractions with 'similar biochemical properties'." As there are many diverse 

'biochemical properties'...what is exactly meant here? Should all proteins extracted within a 

specific subcellular fraction exhibit these (which?) properties? 

We have clarified the text in the Introduction. 

 

b) please give some references for the section in lines 48-49 "Methods that utilize differential 

centrifugation" 

We now provide this reference. 



 

c) Line 53 says that the method will allow isolation of subcellular fractions without the use of 

solubilizing detergents, however, several detergents are indeed used in the protocol. 

You are correct. We mean to say the sole use of solubilizing detergents. We have clarified this 

now. 

 

d) Protocol. Please give full chemical/salt names with hydration status (ie. xH2O) as weights 

were given to measure out. This will enhance reproducibility by others. 

We have now done this 

 

e) Do not capitalize reagent names. 

We have corrected this 

 

f) Define and label all % concentrations as either w/v or v/v. 

We have now done this 

 

g) name the protease inhibitor cocktail and source you used in the protocol itself. 

We would be happy to do this but the editor has instructed us to remove all commercial language 

from the manuscript. This information can be found in the Table of Materials, however. 

 

h) all centrifuge speeds should be written in full and consistently. ie. 18,000g; 100,000g etc. 

We have corrected this 

 

i) A major difficulty is that the sections of the protocol do not have the best titled sections and 

the flow of the steps is not obvious from reading the given section headings. For example 'Cell 

Homogenization' appears as section 5(!). There is no clear section that describes 'digitonin 

permeabilized cells' per se. Improving the section names and general organization and order of 

sections will help. Also a brief preamble paragraph that describes how the major steps to follow 

fit together to yield which particular fraction (with ref. to Figure 1) will help. 

We have made an effort to reorganize these steps and make the instructions clearer and more 

succinct. We include preamble paragraphs that describe the intent of the following steps. Thank 

you for this suggestion. We believe it has strengthened the manuscript. 

 

j) Give the number of cells (or a range) to start that will result in the ability to provide all the 

fractions to be had from this protocol. 

We now include this information. 

 

k) 3.2.1 refers to 3.1.4...but do you mean 3.1.5? 

Yes, but this has now changed after we have reorganized the manuscript. 

l) Is step 5.1 done in the absence of PMSF and other protease inhibitors? 

No. There is PMSF. 

 

m) 6.1.1. There is no step 4.1.8! 

It was 5.1.8 but this has now changed after we have reorganized the manuscript. 

 



n) The number and extent of these issues make it seem that the protocol may not be useful nor 

reproducible by others. 

We have addressed these issues. Please see above. 

 

o) Representative Results. Please use paragraphs (also for the Discussion). Line 361 states 

Fractions 7-8 but there is no Fraction 8 in the figure. 

We have now corrected this. 

 

p) Figure 4 is not very useful not knowing what was done improperly to yield such a result. 

We have elaborated on what was done improperly to yield this result. 

 

q) The Discussion needs clear paragraphs and a clear concluding paragraph that wraps up the 

paper. It now ends on a technical detail. 

We have added a concluding paragraph. 

 

Minor Concerns: 

Please use page number and a header for all manuscript pages. 

We now include this. 

 

 

Reviewer #2: 
Manuscript Summary: 

The authors of this paper describe a protocol to obtain subcellular protein fractions from 

eukaryotic cells. The method described in this manuscript can help provide researchers with an 

alternative method to fractionation of cellular organelles in the endomembrane system since 

commercially available kits rely on the use of detergents which solubilize membranes. The 

authors were able to successfully fractionate the cell and were demonstrated by Western 

immunoblotting. 

 

Major Concerns: 

None. 

 

Minor Concerns: 

Comment 1. Figure 1 was a bit distorted. I am not sure if it is the resolution of the paper for 

review, but a higher resolution image is needed here. 

We have provided a higher resolution image. 

Comment 2. Manuscript may need some minor copy editing. Throughout the manuscript it 

seemed many words were capitalized that did not need to be. 

This has now been addressed. 

 

 

Reviewer #3:  
Manuscript Summary: 

This manuscript presents a protocol for subcellular protein fractionation from eukaryotic cells. 

 

Major Concerns: 



-This protocol has been benchmarked only with a single type of cells, U937, which are 

suspending cells. The protocol should be validated with different types of cells, at least with 

adherent cells, to demonstrate the broad applicability. 

We primarily work with U937 cells which is why this cell line is used. We intend for this 

procedure to be a starting point for those working with adherent cell lines. We now discuss 

potential alterations that may need to be considered if attempting this procedure with adherent 

cells in lines 488-497. 

-In the introduction, the manuscript should elaborate the summary, highlights, differences, and 

improvements of the protocol in comparison to existing other protocols. It was not clear to me 

the advantage of "without the use of solubilizing detergents". 

We have made an effort to clarify this. The major advantage vs. kits that solely use solubilizing 

detergents is the separation of mitochondria from the plasma membrane and other membrane-

bound organelles. This is not possible with kits that rely solely on solubilizing detergents. 

 

Minor Concerns: 

-I see some values with too many significant figures like "8.766g NaCl", "0.746g KCl", "38.26g 

Mannitol", "23.96g Sucrose" and "91.95 mg". I wonder if such precise specifications are 

necessary for this protocol. I recommend reevaluating these numbers and providing values with 

appropriate significant figures to reproduce the protocol. 

We have now corrected this. 

 

 

Reviewer #4:  
Manuscript Summary: 

This is a useful method for fractionation of cultured cells into mitochondrial, nuclear, cytosolic, 

and membrane fractions with appropriate caveats regarding protocol optimization for use with 

cell lines other than U937. 

 

Minor Concerns: 

3.1.1-3.1.3 Is there a way to visually determine the appropriate volume to dilute cells--Should 

researcher expect the suspension to be opaque, cloudy, or clear? 

Unfortunately, there is not a reliable way to do this. 

3.1.7 note that pellet should be reserved for subsequent processing in step 3.2.1 

We have now corrected this. 

4.2.7 define 'short term'-- hours or days? is long term storage feasible and at what temperature, if 

not, please state that long term storage is not suitable 

We now define this and add parameters for long-term storage in lines 173-176. 

7.1.9- suggest examples of mitochondrial or membrane marker proteins to use for western blot 

assessments (lipoproteins or proteins expressed in multiple subcellular locations are likely 

inappropriate for use as markers) or reference appropriate figures 

We now include this in lines 355-359. 

An additional piece of information that the authors might include would be expected protein 

yield as a range of protein estimates (ug/ul when suspended in x ul of volume) for the fractions 

produced from U937 cells fractionated as described (starting with 2 x 10^7 cells/mL as 

recommended in step 2.1.4) as assessed by BCA or Bradford protein assay. Given that protein 

estimation may be a faster preliminary check on the efficacy of the protocol and is likely a 



necessary intermediate step (though not necessary to describe in detail in this manuscript) prior 

to western blot sample preparation. Unusually dilute or concentrated fractions identified by 

comparison to expected protein concentrations/yields may allow researchers to troubleshoot 

aspects of this protocol prior to execution of western blots, thus further conserving reagents and 

time necessary for optimization of this protocol using other cell lines. 

Thank you for this suggestion. We now include expected protein yield for each fraction in Table 

1. We believe this has strengthened the manuscript. 

 

 

Reviewer #5:  
Manuscript Summary: 

This protocol describes how to obtain subcellular fractions from eukaryotic cells, specifically 

monocyte cell line U937. The protocol is an extension/modification of a previously published 

protocol and requires the use of high-speed centrifugation. This method may be more useful than 

commercial kits as it allows optimalization. However the text and the figures need careful 

inspection. The protocols in generally should be clear and free of errors. 

 

Major Concerns: 

1) The protocol is not in agreement with the figure 1 that shows the flowchart. Therefore it is 

hard to follow. 

a) The centrifugation force needed after CS buffer incubation is specified as "400 x g" in the 

figure and "7000 x g" in the text. (see 4.2.2) 

b) The centrifugation force needed after NL buffer incubation is specified as "400 x g" in the 

figure and "7800 x g" in the text. (see 4.2.6) 

c) The references to the previous steps should be checked (for example see 6.1.1 - there is 

reference to step 4.1.8 that does not exist). 

e) The text says that you use the fraction of the homogenate that was treated with digitonin to 

isolate the nuclear proteins (see 4.1.2) but the figure shows something different. 

e) The text probably says that you use the fraction of the homogenate that was not treated with 

digitonin (see 5.1.1) for subsequent differential centrifugation and density gradients but the 

figure shows something different. 

Regarding points A-E above, we have corrected the Flowchart. 

 

2) The yield of the method is not specified in any way. 

We now specify the yield of each fraction in Table 1. 

 

Minor Concerns: 

1) Could you comment why you chose the technique of underlaying the sample below the 

density gradient? What is the benefit of it in contrast to the overlaying the sample above the 

gradient? 

Underlaying is performed when possible to minimize mixing of the different fractions. They are 

more prone to mixing if overlaying is performed. 

 

2) You can check the subcellular fractions and density gradients by enzyme assays instead of 

performing western blots. This enables you to have an overview of their content in shorter time. 



Thank you for this suggestion. Another reviewer suggested we include a Bradford assay which 

we now include in lines 340-341. Table 1 shows the expected yield for each fraction. 

 

3) You can check the percentage of the OptiPrep/sacharose by tabletop refractometer. 

Thank you for this suggestion 

 

4) The method/machine used for measuring the cell concentration is not described. 

A standard hemocytometer was used and cells were counted visually in a microscope. We now 

include this in the text in line 136. 

 

5) The caption of Figure 2 does not inform what sample (18k x g pellet or 4k x g pellet) was 

analysed in this case. According to the text (part "representative results", line 357) it was the 18k 

x g pellet. Could you show a similar analysis of 4k x g pellet? 

Originally, this figure just showed an analysis of the 18k pellet. We now include a similar 

analysis of the 4K pellet. 

6) More comments regarding the modifications of concentrations/centrifugation speed/time etc. 

would be useful for the optimalization that will be required if the protocol was applied to other 

cell lines. 

We now address considerations that may need to be taken when working with other cell lines in 

lines 488-497. 

 


