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SUMMARY:  30 

Gram-negative bacteria produce two spatially segregated membranes. The outer membrane is 31 

partitioned from the inner membrane by a periplasm and a peptidoglycan layer. The ability to 32 

isolate the dual bilayers of these microbes has been critical for understanding their physiology 33 

and pathogenesis.  34 

 35 

ABSTRACT:  36 

This method works by partitioning the envelope of Gram-negative bacteria into total, inner, and 37 

outer membrane (OM) fractions and concludes with assays to assess the purity of the bilayers. 38 

The OM has an increased overall density compared to the inner membrane, largely due to the 39 

presence of lipooligosaccharides (LOS) and lipopolysaccharides (LPS) within the outer leaflet. 40 

LOS and LPS molecules are amphipathic glycolipids that have a similar structure, which consists 41 

of a lipid-A disaccharolipid and core-oligosaccharide substituent. However, only LPS molecules 42 

are decorated with a third subunit known as the O-polysaccharide, or O-antigen. The type and 43 

amount of glycolipids present will impact an organism’s OM density. Therefore, we tested 44 
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whether the membranes of bacteria with varied glycolipid content could be similarly isolated 45 

using our technique. For the LPS-producing organisms, Salmonella enterica serovar 46 

Typhimurium and Escherichia coli, the membranes were easily isolated and the LPS O-antigen 47 

moiety did not impact bilayer partitioning. Acinetobacter baumannii produces LOS molecules, 48 

which have a similar mass to O-antigen deficient LPS molecules; however, the membranes of 49 

these microbes could not initially be separated. We reasoned that the OM of A. baumannii was 50 

less dense than that of Enterobacteriaceae, so the sucrose gradient was adjusted and the 51 

membranes were isolated. The technique can therefore be adapted and modified for use with 52 

other organisms. 53 

 54 

INTRODUCTION:  55 

Gram-negative bacteria produce two membranes that are separated by a periplasmic space and 56 

a peptidoglycan cell wall1. The inner membrane (IM) encases the cytosol and is a symmetric 57 

bilayer of phospholipids. Peptidoglycan protects against turgor pressure and provides the 58 

bacterium with a cell shape, and is attached to the outer membrane (OM) by lipoproteins2,3. 59 

The OM surrounds the periplasm and is predominantly asymmetric. The inner leaflet consists of 60 

phospholipids and the outer leaflet consists of glycolipids known as lipooligosaccharides (LOS) 61 

or lipopolysaccharides (LPS)4,5. The lipid asymmetry and the biochemistry of the LOS/LPS 62 

molecules in the outer leaflet confer barrier properties to the cell surface that protect the 63 

bacterium against hazards in its environment6,7.  64 

 65 

LPS molecules are comprised of three constituents: the lipid A disaccharolipid, the core 66 

oligosaccharide, and the O-polysaccharide or O-antigen. Lipid A is a multiply acylated 67 

disaccharolipid. Core-oligosaccharides consist of 10–15 sugars known as rough LPS or R-LPS. 68 

The core is subdivided into the inner region, composed of 2-keto-3-deoxy-D-manno-octulosonic 69 

acid (kdo) and one or more heptose residues, and an outer region that consists generally of 70 

hexoses (glucose or galactose) and heptoses, or acetamido sugars5. The outer core region is 71 

more variable in its components and structure than the inner core. In Salmonella spp., only one 72 

core structure has been described; however, in Escherichia coli there are five different core 73 

structures (designated K-12, R1, R2, R3, and R4)8. E. coli K-12 DH5α, which we use in this 74 

procedure carries a mutation that results in production R-LPS9. The R-LPS molecules lack the O-75 

antigen moiety and have a similar molecular weight to LOS molecules. 76 

 77 

The addition of O-antigen to R-LPS turns this molecule into smooth LPS, or S-LPS. The O-78 

antigens are built from short 3-4 carbohydrate subunits and consist of multiple modalities with 79 

varying chain lengths10. Some LPS-producing bacteria, like Salmonella enterica serovar 80 

Typhimurium (S. Typhimurium), display a trimodal distribution of LPS molecules on their 81 

surface10,11. Very-long chain O-antigens can contain over one hundred subunits and weigh over 82 

one hundred kilodaltons. The O-antigens provide surface properties to the bacterium that are 83 

necessary to resist antibiotics, evade predation by bacteriophages, and cause disease. 84 

 85 

Species of Campylobacter, Bordetella, Acinetobacter, Haemophilus, Neisseria and others 86 

generate LOS molecules instead of LPS molecules on their surface12. LOS molecules consist of 87 

lipid A and core oligosaccharides but lack the O-antigen. These types of Gram-negative bacteria 88 



 

modify their core oligosaccharides with additional sugars and combinations of sugars to alter 89 

surface properties12. Both LOS and LPS-producing microbes derivatize the phosphates on lipid A 90 

and core molecules with cationic moieties7. These additions include phosphoethanolamine, 91 

galactosamine and aminoarabinose substitutions, which function by neutralizing anionic surface 92 

charge and thereby protecting against cationic antimicrobial peptides. Gram-negative bacteria 93 

also modify the core oligosaccharide structure with variable non-stoichiometric substitutions of 94 

sugars, or extra kdo molecules, and alter the number of acyl chains on lipid-A disaccharolipids7.  95 

 96 

The ability to isolate the IM from the OM of Gram-negative bacteria has been instrumental for 97 

understanding the role of the cell envelope in antimicrobial resistance and disease 98 

pathogenesis11,12. Derivations of this approach have been used to deduce mechanisms of 99 

assembly, maintenance, and remodeling of the protein, phospholipid, and glycolipid 100 

constituents for the OM.  101 

 102 

Our lab routinely performs bacterial lipidomic analyses to study protein-mediated lipid 103 

regulation and lipid function in a variety of Gram-negative species. The volumes used in the 104 

protocol reflect the routine use of this procedure to analyze non-radiolabeled phospholipids by 105 

thin layer chromatography and liquid chromatography tandem mass spectrometry13,14.   106 

 107 

The protocol begins by exposing a chilled suspension of Gram-negative bacteria to a high 108 

osmolar solution of sucrose and adding lysozyme to dissociate the OM from the underlying 109 

peptidoglycan layer (Figure 1)12. EDTA is then added to facilitate penetration of the lysozyme, 110 

since divalent cation sequestration disrupts the lateral electrostatic bridging interactions 111 

between adjacent LOS/LPS molecules15. The original protocol from which ours has been 112 

adapted required the formation of spheroplasts, a Gram-negative bacterial cell form that 113 

consist of a plasma membrane and cytosol, but lacks the peptidoglycan layer and an OM. It is 114 

possible that spheroplasts are produced by the adapted method; however, the technique does 115 

not rely or intend on their formation for success. Instead, the lysozyme-EDTA treated bacteria 116 

are rapidly harvested by centrifugation and re-suspended in a sucrose solution of lesser 117 

concentration before pressurized lysis. The OMs that might have been released by forming 118 

spheroplasts should in theory be harvestable from the supernatants of the treated cells, but 119 

this approach is not detailed herein. Ultimately, the treated cells are subjected to conventional 120 

homogenization and lysis, which enhances the efficiency and reproducibility of the membrane 121 

separation procedure16.  122 

 123 

After lysis, the total membranes are collected by ultracentrifugation and applied to a 124 

discontinuous sucrose density gradient to fractionate the IMs and OMs. The classical approach 125 

uses a more continuous gradient that consists of at least five different sucrose solutions11,12. 126 

The discontinuous gradient in our protocol consists of three sucrose solutions and partitions the 127 

bilayers into two distinct fractions17. The LOS and LPS molecules within the OMs of Gram-128 

negative bacteria drive the envelope to partition into an upper brown low-density IM fraction 129 

and a lower white high-density OM fraction (Figure 1 and Figure 2).  130 

 131 



 

Acinetobacter baumannii are important multidrug resistant human pathogens that produce LOS 132 

molecules in their OM and erect a cell envelope that is difficult to separate18,19. Recent work 133 

suggests that a derivation of the protocol we present here can be used to partition the bilayers 134 

of these organisms20. Therefore, we tested our protocol on A. baumannii 17978. Initially, the 135 

procedure was inadequate. However, we modified the sucrose concentration of the middle 136 

density solution and greatly improved separation (Figure 2). An NADH dehydrogenase assay 137 

and a LOS/LPS extraction and detection procedure was used to confirm separation for A. 138 

baumannii, wild-type S. Typhimurium and two O-antigen deficient enterobacterial genotypes; 139 

namely, galE-mutant S. Typhimurium and a laboratory strain, E. coli DH5α (Figure 3 and Figure 140 

4).  141 

 142 

The intent of this work is to supply a streamlined approach for reproducibly isolating the 143 

membranes of Gram-negative bacteria. The protocol can be used to study many types of 144 

membrane-associated molecules for these microbes.  145 

 146 

PROTOCOL: 147 

 148 

1. General reagents and media preparation for membrane extraction 149 

 150 

1.1. Bacterial growth media: Prepare and sterilize 1 L of broth media in a thoroughly cleaned 151 

and autoclaved 2 L flask. 152 

 153 

1.2. General resuspension buffer (1 M Tris Buffer pH 7.5; 50 mL): Dissolve 6.05 g of Tris base 154 

in 30 mL of H2O. Adjust pH to 7.5 with 5 M HCl. Adjust final volume to 50 mL with ultrapure 155 

H2O.  156 

 157 

1.3. Master stock of divalent cation chelation solution (0.5 M EDTA pH 8; 100 mL): Add 18.6 158 

g of disodium ethylene tetraacetate·2H2O to 80 mL of H2O. Stir vigorously and adjust pH to 8.0 159 

with NaOH. Adjust final volume to 100 mL with ultrapure H2O.  160 

 161 

NOTE: The disodium salt of EDTA will not dissolve until the pH of the solution is adjusted to ~8.0 162 

by the addition of NaOH. 163 

 164 

1.4. Osmotic buffer A (0.5 M sucrose, 10 mM Tris pH 7.5; 1 L): Weigh 171.15 g of sucrose and 165 

transfer to a 1 L cylinder. Add 10 mL of 1 M Tris pH 7.5. Adjust to a final volume of 1 L with 166 

ultrapure H2O. Store at 4 °C. 167 

 168 

1.5. Lysozyme (10 mg/mL; 5 mL): Weigh 50 mg of (chicken egg-white) lysozyme and dissolve 169 

in 5 mL ultrapure H2O. Store at 4 °C. 170 

 171 

1.6. Diluted divalent cation chelation solution (1.5 mM EDTA; 500 mL): Add 1.5 mL of 0.5 M 172 

EDTA (Step 1.3) to 497.5 mL ultrapure H2O. Store at 4 °C. 173 

 174 

1.7. Osmotic buffer B (0.2 M sucrose, 10 mM Tris pH 7.5; 2 L): Weigh 136.8 g of sucrose and 175 



 

transfer to a 2 L cylinder. Add 20 mL of 1 M Tris pH 7.5. Adjust final volume to 2 L with ultrapure 176 

H2O. Store at 4 °C. 177 

 178 

1.8. Nuclease co-factor (1 M MgCl2; 10 mL): Dissolve 2.03 g of MgCl2·6H2O in 8 mL of 179 

ultrapure H2O. Adjust volume to 10 mL. Store at room temperature. 180 

 181 

1.9. Nuclease solution cocktail including RNase and DNase enzymes: See Table of Materials. 182 

Store at -20 °C. 183 

 184 

1.10. Protease inhibitor cocktail: See Table of Materials. Store at 4 °C. 185 

 186 

1.11. Low-density isopycnic sucrose gradient solution (20% w/v sucrose, 1 mM EDTA, 1 mM 187 

Tris pH 7.5 Solution; 100 mL): Weigh 20 g of sucrose and transfer to a 200 mL cylinder. Add 100 188 

µL of 1 M Tris Buffer pH 7.5 and 200 µL of 0.5 M EDTA pH 8. Adjust final volume to 100 mL with 189 

ultrapure H2O. Store at room temperature. 190 

 191 

1.12. Medium-density isopycnic sucrose gradient solution (53% w/v sucrose, 1 mM EDTA, 192 

1mM Tris pH 7.5 Solution; 100 mL): Weigh 53 g of sucrose and transfer to a 200 mL graduated 193 

cylinder. Add 100 µL of 1 M Tris Buffer pH 7.5 and 200 µL of 0.5 M EDTA pH 8. Adjust final 194 

volume to 100 mL with ultrapure H2O. Store at room temperature. 195 

 196 

NOTE: Prepare this solution in a graduated cylinder to ensure accuracy due to the high 197 

percentage of sucrose. Add a magnetic stir bar and stir until the sucrose is completely dissolved 198 

in solution. This process may take several hours. 199 

 200 

1.13. High-density isopycnic sucrose gradient solution (73% w/v sucrose, 1 mM EDTA, 1 mM 201 

Tris pH 7.5 Solution; 100 mL): Weigh 73 g of sucrose and transfer to a 200 mL graduated 202 

cylinder. Add 100 µL of 1 M Tris Buffer pH 7.5 and 200 µL of 0.5 M EDTA pH 8. Adjust final 203 

volume to 100 mL with ultrapure H2O. Store at room temperature. 204 

 205 

NOTE: Prepare this solution in a graduated cylinder to ensure accuracy due to the high 206 

percentage of sucrose. Add a magnetic stir bar and stir until the sucrose is completely 207 

dissolved. This process may take several hours. 208 

 209 

1.14. Isolated-membrane-storage buffer (10 mM Tris Buffer pH 7.5; 1 L): Add 1 mL of 1 M Tris 210 

Buffer pH 7.5 to a 1 L flask and adjust the final volume to 1 L with ultrapure H2O. 211 

 212 

1.15. -Nicotinamide adenine dinucleotide (NADH) (10 mg/mL solution): Resuspend 10 mg of 213 

NADH in ultrapure H2O. Prepare fresh stocks, weekly. Store at -20 °C. 214 

  215 

1.16. Phenol solution equilibrated with 10 mM Tris HCl, pH 8.0, 1 mM EDTA: See Table of 216 

Materials. Store the solution at 4 °C.  217 

 218 

1.17. Lipopolysaccharide gel stain kit: See Table of Materials. 219 



 

 220 

1.18. Bradford reagent: See Table of Materials. 221 

 222 

NOTE: All solutions and media should be prepared within the week of performing the assay to 223 

ensure consistent results. 224 

 225 

2. Preparation of bacteria for membrane extraction 226 

 227 

2.1. Streak the bacteria from frozen glycerol stocks onto fresh agar plates. Store the plates at 228 

4 °C once colonies develop. Inoculate a single colony into a 5 mL tube filled with broth media 229 

and culture the bacteria as desired overnight.  230 

 231 

2.2. Back-dilute the overnight bacterial culture into 1 L of preferred broth media and culture 232 

the bacteria until the desired optical density is achieved.  233 

 234 

NOTE: Inoculating a single bacterial colony into 1 L of broth media is recommended for mutant 235 

genotypes that are prone to suppressing growth phenotypes, but some Gram-negative bacteria 236 

simply grow slower than others. If it is not possible to achieve a sufficient culture density by 237 

single-colony inoculation, back diluting an overnight culture into 1 L of media is one strategy to 238 

synchronize growth. Bacterial-membrane composition varies depending upon the growth phase 239 

of the culture (logarithmic vs stationary phase)13. Growth curves measuring the change in 240 

optical density for the bacterial cultures as a function of time should be performed with all 241 

strains to correlate culture density with growth phase. 242 

 243 

2.3. Set the flasks containing the broth cultures on ice. Read the optical density at 600 nm 244 

(OD600) and calculate the volume of culture that is equivalent to between 6.0 and 8.0x1011 245 

bacterial colony forming units (cfu). For S. Typhimurium, this corresponds to 1 L of culture at an 246 

OD600 of between 0.6-0.8, since an OD600 of 1.0 is equal to roughly 1.0x109 cfu/mL. Add this 247 

volume to a centrifuge tube and ensure that the remaining cultures stay on ice until they are to 248 

be used. 249 

 250 

2.4. Pellet the bacteria by centrifugation at 4 °C at 7,000-10,000 x g in a fixed angle high-251 

speed centrifuge for 10 min.  252 

 253 

NOTE: Pre-cool and maintain the centrifuges at a low temperature. Maintain the samples on ice 254 

during the entire procedure.  255 

 256 

2.5. Decant and discard the supernatant carefully.  257 

 258 

NOTE: The pellet can be flash frozen and/or stored at -80 °C if the membrane fractions are not 259 

going to be extracted immediately. However, it is recommended to proceed directly with 260 

plasmolysis on the same day the cells are harvested, and is especially recommended for non-261 

enterobacterial species. 262 

 263 



 

3. Dissociation of the outer membrane and plasmolysis 264 

 265 

3.1. Thaw the cell pellets on ice if previously stored at -80 °C and retain the samples on ice 266 

for the remainder of the procedure. Resuspend each cell pellet within the centrifuge tube in 267 

12.5 mL of buffer A. Add a magnetic stir bar to the suspension of cells. 268 

 269 

3.2. Add 180 µL of 10 mg/mL lysozyme (final concentration of 144 g/mL) to each cell 270 

resuspension. Keep the samples on ice while stirring for 2 min.  271 

 272 

3.3. Add 12.5 mL of 1.5 mM EDTA solution to each cell resuspension and continue stirring on 273 

ice for an additional 7 min.  274 

 275 

3.4. Decant the suspension into a 50 mL conical tube and centrifuge at 9,000-11,000 x g for 276 

10 min at 4 °C. 277 

 278 

3.5. Discard supernatants into a biohazard waste container and retain the pellets on ice.  279 

 280 

3.6. Add 25 mL of buffer B to the cell pellet. 281 

 282 

3.7. Add 55 µL of 1 M MgCl2, 1 µL of RNase/DNase nuclease reagent (to avoid viscosity 283 

problems associated with bacteria undergoing plasmolysis prior to homogenization), and 1 µL 284 

of protease inhibitor cocktail to the volume of buffer B that sits atop the cell pellet 285 

 286 

3.8. Resuspend the pellet in the buffer B mixture. Vigorously pipet and vortex until observing 287 

a homogenous solution. 288 

 289 

NOTE: It is very important to have a homogenous solution before proceeding to Step 4 of this 290 

protocol. The resuspended cells should have a viscous cake-batter like appearance and 291 

consistency.  292 

 293 

3.9. Vortex each sample for 15 s. Retain pellets on ice and proceed to Step 4. 294 

 295 

4. Pressurized homogenization and lysis 296 

 297 

NOTE: Several methods can be used for lysis. Sonication is not ideal due to the generation of 298 

heat. Osmotic lysis can be achieved but is often inefficient. Therefore, we recommend high-299 

pressure lysis. High pressure lysis can be achieved using a variety of instruments. We suggest 300 

homogenization machines, such as the French Press or the Emusliflex. We work with many 301 

types of Gram-negative bacteria whose response to high osmolar sucrose solutions varies. The 302 

high-pressure homogenization step improves efficiency, reproducibility, and yield. 303 

 304 

4.1. Prechill the French Press cell at 4 °C or insert the metal coil from the homogenizer 305 

machine on ice. 306 

 307 



 

4.2. Pour the sample into the French-pressure cell or the homogenizer-sample cylinder and 308 

bring the cell under the desired homogenization pressure (10,000 psi should be adequate when 309 

using a French Press or 20,000 psi when using a homogenizer). 310 

 311 

4.3. Adjust the outlet flow rate to approximately one drop per second while maintaining the 312 

pressure if utilizing a French Press.  313 

 314 

4.4. Collect the cell lysate in 50 mL conical tubes while keeping samples on ice. 315 

 316 

4.5. Repeat steps 4.2-4.4 three to five times to achieve complete lysis, typically indicated by 317 

gradual increase in transparency of sample. 318 

 319 

NOTE: The sample chamber should be washed and equilibrated with Buffer B in between 320 

samples. 321 

 322 

4.6. Keep lysed cells on ice. 323 

 324 

5. Total membrane fractionation 325 

 326 

5.1. Centrifuge the lysed bacterial samples at 6169 x g for 10 min at 4 °C to pellet remaining 327 

intact cell material. (e.g., unlysed bacterial cells). 328 

 329 

5.2. Distribute the remaining portion of the supernatant, which now contains the 330 

homogenized membranes into a polycarbonate bottle for ultracentrifugation.  331 

 332 

CAUTION: If needed, cell samples can be balanced by diluting with buffer B.  333 

 334 

5.3. Ultracentrifuge the cell lysates at 184,500 x g for at least 1 h, at 4 °C. This step can be 335 

performed overnight without affecting the quality of the membranes.  336 

 337 

5.4. Discard remaining supernatant present in the ultracentrifuge tube and retain membrane 338 

pellets on ice (Figure 1). 339 

 340 

5.5. Resuspend the membrane pellets in 1 mL of the low-density isopycnic-sucrose gradient 341 

solution using a glass-dounce homogenizer. Use a glass Pasteur pipette to transfer the sample 342 

homogenate to a 1.5 mL microcentrifuge tube and retain on ice.  343 

 344 

NOTE: If only total membrane composition analysis is desired, substitute 1 mL of low-density 345 

isopycnic-sucrose gradient solution for 1 mL of isolated-membrane storage buffer. Step 5.5 is 346 

the endpoint of isolation if only total-bacterial membrane samples are desired. Store samples at 347 

-20 °C until further downstream analysis is required. 348 

 349 

6. Density gradient ultracentrifugation to separate the dual membranes 350 

 351 



 

6.1. Gather the appropriate number of 13 mL polypropylene or ultra-clear open-top tubes 352 

specified for a swinging bucket rotor and ultracentrifuge. 353 

 354 

6.2. Hold the tube in a slightly tilted position and prepare the sucrose gradient by slowly 355 

adding sucrose solutions from higher density to lower density in the following order:  356 

2 mL of 73% w/v sucrose,1 mM EDTA, 1 mM Tris pH 7.5  357 

4 mL of 53% w/v sucrose, 1 mM EDTA, 1 mM Tris pH 7.5  358 

 359 

6.2.1. Next, add the total membrane fraction (1 mL), which has been resuspended in the 20% 360 

w/v sucrose solution (step 5.5). Avoid mixing the membrane fraction with the sucrose solution 361 

that lies beneath it. Divisions should be visible between each of these layers.  362 

 363 

6.2.2. Finally, fill the tube with the low-density isopycnic-sucrose gradient solution (approx. 6 364 

mL). Polypropylene and ultra-clear open-top tubes should be filled as full as possible (2 or 3 mm 365 

from the tube top) for tube support. 366 

 367 

6.3. Adjustment for Acinetobacter baumannii 17978 368 

 369 

6.3.1. Adapt an adjusted sucrose gradient for use with different bacterial specimens. For A. 370 

baumannii, the following sucrose gradient afforded more complete separation of the 371 

membranes (Figure 2).  372 

2 mL of 73% w/v sucrose, 1 mM EDTA, 1 mM Tris pH 7.5  373 

4 mL of 45% w/v sucrose, 1 mM EDTA, 1 mM Tris pH 7.5 374 

 375 

6.3.2. Next, add the total membrane fraction (1 mL), which has been resuspended in the 20% 376 

w/v sucrose solution (step 5.5). Avoid mixing the membrane fraction with the sucrose solution 377 

that lies beneath it. Divisions should be visible between each of these layers.  378 

 379 

6.3.3. Finally, fill the tube with low-density isopycnic-sucrose gradient solution (approx. 6 mL). 380 

Polypropylene and ultra-clear open-top tubes should be filled as full as possible (2 or 3 mm 381 

from the tube top) for tube support. 382 

 383 

6.4. Ultracentrifuge the samples using a swinging-bucket rotor at 288,000 x g and 4 °C 384 

overnight.  385 

 386 

NOTE: For the volumes used in the previous steps, we recommend centrifugation times 387 

between 16 h and 23 h. 388 

 389 

6.5. Cut the end of a P1000 pipette tip about 5 mm from the point. Remove the upper-390 

brown IM layer using the pipette. Transfer the IM fraction into a polycarbonate bottle for 391 

ultracentrifugation.  392 

 393 

6.6. Leave about 2 mL of the sucrose solution above the 53-73% interface to ensure that the 394 

lower white OM is not cross contaminated with the IM fraction. Repeat the pipetting procedure 395 



 

from step 6.4 for the OM fraction (Figure 1).  396 

 397 

NOTE: The membranes can also be collected by puncturing the centrifuge tubes at the bottom 398 

using a needle and collecting the membranes as fractions dropwise. 399 

 400 

6.7. Fill the remaining void of the ultracentrifuge tube with isolated-membrane storage 401 

buffer and mix by inversion or pipetting. Retain the samples on ice. 402 

 403 

6.8. Collect the now washed and isolated membranes by ultracentrifugation at 184,500 x g 404 

for 1 h and 4 °C.  405 

 406 

6.9. Discard the supernatant and resuspend the membranes by dounce-homogenization. 407 

Add 500-1000 L of storage buffer. Collect samples in 2 mL microcentrifuge tubes. 408 

 409 

6.10. Store the bacterial membrane samples at -20 °C. 410 

 411 

7. Confirming separation of the bilayers 412 

 413 

NOTE: Incomplete separation of the bilayers can occur due to technical error or the unique cell 414 

envelope composition of some species. To confirm separation, we advise using two 415 

independent assays to quantify the degree of cross contamination between the bilayers. The 416 

first assay detects the enzymatic activity of NADH dehydrogenase, which exists exclusively in 417 

the IM. The second assay detects the presence of LOS or LPS, which predominantly exists in the 418 

OM.  419 

 420 

7.1. Confirming that the OMs are isolated from the IMs 421 

 422 

7.1.1. Measure the protein concentration in each isolated membrane fraction using a Bradford 423 

protein assay.  424 

 425 

7.1.2. Add the volume of sample corresponding to between 50 and 500 µg of protein to an 426 

empty 2 mL microcentrifuge tube. The concentration will vary depending upon the species, but 427 

50 µg is typically sufficient for Enterobacteriaceae. Add the appropriate volume of 10 mM Tris-428 

buffer to achieve a total volume of 990 L. Transfer the content to a cuvette for 429 

spectrophotometry. 430 

 431 

7.1.3. Add 10 L of a 10 mg/mL solution of NADH to the sample and measure the initial 432 

absorbance at 340 nm. 433 

 434 

7.1.4. Continue measuring the absorbance every 30 s for 5 min.  435 

 436 

7.1.5. Compile the data and graph the change in absorbance (y-axis) vs. the change in time (x-437 

axis) for each membrane fraction (Figure 3). 438 

 439 



 

7.2. Confirming that the IMs are isolated from the OMs 440 

 441 

7.2.1. Add the volume of sample corresponding to between 50 and 500 µg of protein to an 442 

empty 2 mL microcentrifuge tube. The concentration will vary depending upon the bacterial 443 

species, but 50 µg is typically sufficient for Enterobacteriaceae. Fill to a final volume of 100 L 444 

with phosphate buffered saline, which is hereafter referred to as the aqueous phase. 445 

 446 

7.2.2. Add 5 L of Proteinase K (stock 800 U/mL) to the aqueous phase and incubate overnight 447 

at 59 °C. 448 

 449 

7.2.3. Warm a 10 mL aliquot of Tris-saturated Phenol for 10 min at 68 °C. 450 

 451 

7.2.4. Spin down the aqueous phase samples that were treated with the Proteinase K and add 452 

the “hot” Tris-saturated Phenol at a 1:1 ratio with the aqueous phase, vortex vigorously and 453 

incubate at 68 °C for 10 min. 454 

 455 

7.2.5. Transfer the now milky-white samples from 68 °C to an ice-water bath and incubate for 456 

10 min.  457 

 458 

7.2.6. Centrifuge the samples at 2,100 x g for 10 min at 4 °C. 459 

 460 

7.2.7. Transfer the upper aqueous phase to a new tube and store the tube at -20 °C if the 461 

sample is not to be used immediately. 462 

 463 

7.2.8. Dilute samples in SDS-loading buffer and load the wells of a 4-20% Tris-glycine gradient 464 

gel.  465 

 466 

7.2.9. Electrophorese for 45 min or until the dye-front is at the bottom of the gel. 467 

 468 

7.2.10. Stain the gel using the LPS staining kit following manufacturer’s instructions. 469 

 470 

REPRESENTATIVE RESULTS:  471 

This technique provides an effective means to isolate the IMs and OMs for Gram-negative 472 

bacteria. An outline of the entire procedure is illustrated (Figure 1). In general, the 473 

normalization of cultures to an OD600 of 0.6-0.8 in 1 L of media, or harvesting between 6.0 and 474 

8.0 x 1011 bacterial cells will ensure that the appropriate amount of membrane material is 475 

collected for subsequent separation. 476 

 477 

Upon lysing the bacteria and ultracentrifuging the lysate, a sticky brown total membrane pellet 478 

will be visible at the bottom of the ultracentrifuge tube. After scraping, dounce-homogenizing, 479 

and ultracentrifuging the membrane over the discontinuous sucrose density gradient, the IM 480 

and OM should be separated as depicted (Figure 2). We found that the 20%/53%/73% (w/v) 481 

sucrose-density gradient was insufficient to partition the envelope of A. baumannii, while a 482 

20%/45%/73% w/v gradient was sufficient (Figure 2). 483 



 

 484 

Various analytical methods can be used to assess the quality and purity of each membrane 485 

fraction. NADH-dehydrogenase is an inner membrane enzyme that catalyzes NADH oxidation to 486 

NAD (Figure 3). Given its cellular localization, it can be used to determine cross contamination 487 

between IMs and OMs. According to the absorbance spectra of both molecules, NAD and NADH 488 

each have a peak absorbance at 260 nm, while only NADH has a maximum absorbance at 340 489 

nm. Thus, a decrease in the absorbance at 340 nm would be indicative of oxidation of NADH to 490 

NAD and therefore the presence of the enzyme in the sample. If the membranes separate 491 

properly, this change in absorbance should only occur in IM samples (Figure 3). A decrease in 492 

absorbance in OM samples would indicate cross contamination with IM materials. For A. 493 

baumannii, three times the amount of membrane, or 150 µg of protein equivalents, was 494 

needed to demonstrate similar levels of NADH dehydrogenase activity to what was measured 495 

for the enterobacterial strains (Figure 3). Therefore, it is possible that the levels of NADH 496 

oxidase are lower for A. baumannii or that the specific activity of the enzyme is decreased.  497 

 498 

The outer leaflet of the OM is mainly composed of LOS or LPS molecules. Therefore, the 499 

extraction of LPS/LOS from the IM and OM samples with subsequent electrophoresis and 500 

visualization by LPS staining will reflect the enrichment of these structures in the OM compared 501 

to the IM fractions. Synthesis of LOS and LPS molecules begins in the cytoplasm and is 502 

completed at the surface of the IM5. LOS and LPS structures are unidirectionally transported to 503 

the OM and inserted into the outer leaflet. Since biosynthesis involves precursor attachment to 504 

the IM, a faint banding pattern is always observed for the IM fractions. However, the intensity 505 

of the molecules in the OM fraction is much greater than in the IM fraction, due to the 506 

enrichment of the LOS/LPS structures (Figure 4). The amount of membrane obtained was 507 

measured by determining the protein concentration in the suspension. Six times the amount of 508 

membrane was necessary to extract and detect LOS from A. baumannii compared to the 509 

amount necessary to detect LPS molecules from the enteric organisms (Figure 4). We reason 510 

that this might reflect a decreased level of LOS molecules in the OM for these organisms 511 

compared to protein levels, but have not pursued this hypothesis in detail. 512 

 513 

FIGURES AND TABLE LEGENDS: 514 

Figure 1. A schematic depicting the Gram-negative bacterial membrane isolation procedure 515 

described in this methods article. Shown is the procedure used for collecting bacterial cells and 516 

isolating the total, inner (IM), and outer membranes (OM). The approach relies upon the 517 

increased density of the OM bilayer for these microbes compared to density of the IM bilayer. 518 

 519 

Figure 2. Representative results for different Gram-negative species whose membranes were 520 

isolated using the standard and the modified sucrose density gradients described in this 521 

article. Images of discontinuous sucrose density gradients post isopycnic centrifugation for (A) 522 

wild-type Salmonella enterica serovar Typhimurium 14028s, (B) galE-mutant S. Typhimurium 523 

LT2, which produces LPS molecules that are devoid of O-antigens, and (C) Escherichia coli K-12 524 

DH5, which also produces LPS molecules that lack O-antigens. The inner membrane (IM) is 525 

separated from the outer membrane (OM) and localizes to the 20-53% sucrose interface as a 526 

brown material. The white OM layer localizes to the 53-73% sucrose interface due to the higher 527 



 

density of this fraction. (D) The total membranes of the wild-type Acinetobacter baumanii 528 

17978 did not separate using 20%/53%/73% (w/v) sucrose gradient, (E) but did separate using 529 

the 20%/45%/73% (w/v) sucrose gradient. 530 

 531 

Figure 3. Representative results for the NADH dehydrogenase assay to test outer membrane 532 

(OM) purity. The presence of the enzyme, NADH-dehydrogenase, was tested in inner (IM) and 533 

OM samples to test the efficiency of the separation. (A) The oxidation of NADH to NAD is 534 

catalyzed by an enzyme located in the bacterial IM. The reaction substrate (NADH) has a 535 

maximum absorbance at 340 nm; therefore, a decrease in optical density at this wavelength is 536 

indicative of the presence of the enzyme in the sample. The IMs and OMs were measured for 537 

(B) wild-type S. Typhimurium, (C) E. coli K-12 DH5 and (D) galE-mutant S. Typhimurium. These 538 

membranes were isolated using an isopycnic sucrose density gradient of 20%/53%/73% w/v 539 

sucrose. For A. baumannii, the membranes were isolated using a gradient of 20%/45%/73% w/v 540 

sucrose. The NADH assay to test the purity of membranes was done using (E) 50 g for the 541 

enterobacterial organisms and (F) 150 g of total proteins for A. baumannii. A higher 542 

concentration of protein was added in (F), since the curve for (E) suggested that the relative 543 

levels of NADH dehydrogenase compared to total protein were less for A. baumannii than for S. 544 

Typhimurium and E. coli. 545 

 546 

Figure 4. Representative results for the LPS and LOS extraction and visualization procedure to 547 

test inner membrane (IM) purity. The volume of membrane sample corresponding to 50 g of 548 

total protein was used to extract LPS from the IM and outer membrane (OM) of S. Typhimurium 549 

and E. coli DH5-alpha. The volume of membrane sample corresponding to 300 g of total 550 

protein was used to extract LPS from the membranes of A. baumannii. The volumes were 551 

normalized to 100 l with endotoxin-free water and treated with Proteinase K. LPS or LOS were 552 

extracted by hot-phenol extraction (1:1 water:phenol) and 21 l of the extracts were loaded 553 

onto a 4-20% gradient polyacrylamide gel and visualized by PRO-Q Emerald 300 staining to 554 

assess the cross contamination of IM fractions with OM materials.  555 

 556 

DISCUSSION: 557 

This method will continue to aid researchers in understanding the role of the cell envelope in 558 

bacterial physiology and pathogenesis. Following the sequential ultracentrifugation steps a 559 

purified total, inner, and OM fraction can be obtained. These membranes can be assayed in 560 

isolation to test hypotheses related to membrane protein localization and function, transport 561 

and trafficking across the periplasm, and the composition of the individual bilayers under 562 

various environmental conditions. Biological studies exploring the involvement of individual OM 563 

components in pathogenesis, such LOS/ LPS and OM proteins, can also be conducted in animal 564 

and cellular models using isolated membrane fractions collected by this technique.  565 

 566 

Our procedure has been optimized for use with Enterobacteriaceae, specifically S. 567 

Typhimurium, which produces LPS molecules that contain O-antigens of variable chain length. 568 

This protocol also works for the model bacterium, E. coli K-12, which has lost the genetic ability 569 

to synthesize O-antigens. Using wild type and O-antigen deficient S. Typhimurium 14028s and E. 570 



 

coli K-12 strain DH5α, we show that the ability to separate the membranes for these microbes 571 

is not substantially influenced by the presence of the O-antigens. However, to separate the 572 

envelope of the LOS-producing bacterium, A. baumannii 17978, we had to reduce the 573 

concentration of the middle-density sucrose solution in the discontinuous gradient to isolate 574 

the bilayers (Figure 2). In particular, shifting the concentration of the middle-density solution 575 

from 53 to 45% was sufficient to allow the OM to partition to the 45-73% interface in the 576 

adapted gradient. When using the 53-73% gradient for A. baumannii, the majority of the OM 577 

material was often observed slightly below the IM fraction at the 20-53% interface (Figure 2). 578 

Sparse OM material was present at the 53-73% interface for A. baumannii. These results 579 

suggested that the 20%/53%/73% gradient is inadequate for separating the bilayers of A. 580 

baumannii under these conditions.  581 

 582 

In summary, adjustments can be made to the density gradient to accommodate organisms with 583 

varied OM-glycolipid content and level, and the approach can be adapted for other Gram-584 

negative bacteria. 585 
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Name of Material/ Equipment

1 L Centrifuge bottles, PC/PPCO, super speed, with sealing cap, Nalgene

1 L Pyrex Media Storage Bottle with High Temperature Cap

2000 mL Erlenmeyer Flask, Narrow Mouth

4-20% mini PROTEAN Precast Protein Gels, 12 well

4x Laemmli Sample Buffer 10 mL

50 mL sterile polypropylene centrifuge tubes

7 mL Dounce Tissue Homogenizer with Two Glass Pestles

70 mL polycarbonate bottle assembly

Agar Powder 

B10P Benchtop pH Meter with pH Probe

Barnstead GenPure xCAD Plus UV/UF - TOC (bench version)

Benzonase Nuclease 

EDTA disodium salt dihydrate 99.0-101.0%, crystals, ultrapure Bioreagent Molecular biology grade, J.T. Baker

EmulsiFlex-C3

Fiberlite F13-14 x 50cy Fixed Angle Rotor

Hydrochloric acid 6.0 N

IBI Scientific Orbital Platform Shaker

LB Broth Miller

Lysozyme, Egg White, Ultra Pure Grade

Magnesium chloride hexahydrate

NADH

Optima XPN-80 - IVD

Pharmco Products PURE ALCOHOL 200 PROOF GL 4/CS 

Phenol Solution, Equilibrated with 10 mM Tris HCl, pH 8.0, 1 mM EDTA, BioReagent, for molecular biology

Pierce Coomassie Plus (Bradford) Assay Kit

Pro-Q emerald 300 Lipopolysaccharide Gel Stain Kit 

Proteacease -50, EDTA free

Proteinase K, Molecular Biology Grade

Sodium hydroxide ≥99.99% 

Sorval RC 6 Plus Centrifuge

Sucrose
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SW 41 Ti Swinging-Bucket Rotor

Tris(hydroxymethyl)aminomethane (TRIS, Trometamol) ≥99.9% (dried basis), ultrapure Bioreagent Molecular biology grade, J.T. Baker

Type 45 Ti Fixed-Angle Titanium Rotor

Ultra-Clear Tube ,14 x 89mm

Vortex-Genie 2



Company
Catalog 

Number
Comments/Description

VWR 525-0466

VWR 10416-312

VWR 10545-844

BIORAD 4561095

BIORAD 1610747

VWR 89049-174

VWR 71000-518

Beckman Coulter Life Sciences 355622

VWR A10752

VWR 89231-664

ThermoFisher Scientific 50136146

MilliporeSigma 70746-3

VWR 4040-01

Avestin, Inc. 

ThermoFisher Scientific 75006526

VWR BDH7204

Fischer Scientific 15-453-211

VWR 214906

VWR VWRV0063

Sigma Aldrich M2670

Sigma Aldrich 10107735001

Beckman Coulter Life Sciences A99839

Fischer Scientific NC1624582

Sigma - Millipore P4557

Thermofisher 23238
Thermofisher P20495

G Biosciences 786-334

New England Biolabs P8107S

VWR AA45780-22

ThermoFisher Scientific 36-101-0816

MilliporeSigma SX1075-3



Beckman Coulter Life Sciences 331362

VWR JT4109-6

Beckman Coulter Life Sciences 339160

Beckman Coulter Life Sciences 344059

VWR 102091-234
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Rebuttal: JoVE60517R1 "Separating the Gram-negative bacterial cell envelope into inner and 
outer membrane fractions with technical adjustments for Acinetobacter baumannii.,"  

“The following comments need to be addressed. Note that editorial comments address both 
requirements for video production and formatting of the article for publication. Please track 
the changes within the manuscript to identify all of the edits.” 
 
After revising and uploading your submission, please also upload a separate rebuttal document 
that addresses each of the editorial and peer review comments individually. Please submit each 
figure as a vector image file to ensure high resolution throughout production: (.psd, ai, .eps., 
.svg). Please ensure that the image is 1920 x 1080 pixels or 300 dpi. Additionally, please upload 
tables as .xlsx files. 
 
Your revision is due by Dec 30, 2019. 
 
Editorial comments: 
1. Please shorten the summary to be 50 words or less. 

The summary has been shortened to 42 words. 
 
Reviewers' comments: 
 

Reviewer #1: 
Manuscript Summary: 
We commend the authors for this significantly improved protocol which we think will be of 
help to the field. By and large, our comments have been sufficiently addressed save for the 
following. 
 
Major Concerns: 
Line 400 - References a Fig X. Unclear what this is in reference to. 

Thank you for pointing this out, we have added the Fig. 3 reference and have corrected a few 
other instances of mis-referencing figures. 

Reviewer #3: 
 
Are the title and abstract appropriate for this methods article? Yes 
Are there any other potential applications for the method/protocol the authors could discuss? 
No 
Are all the materials and equipment needed listed in the table? Yes 
Do you think the steps listed in the procedure would lead to the described outcome? Yes 
Are the steps listed in the procedure clearly explained? Yes. I have a few remarks (see below) 
to clarify a few points. 
Are any important steps missing from the procedure? No 
Are appropriate controls suggested? yes 
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Are all the critical steps highlighted? yes 
Are the anticipated results reasonable, and if so, are they useful to readers? Yes. 
 
The authors describe a procedure that should be useful to partition the outer and inner 
membranes of various Gram-negative bacteria. Prior to bacterial lysis they treat the bacteria 
with lysozyme in a high sucrose concentration and in the presence of EDTA. This additional 
step facilitates dissociation of the outer membrane from the peptidoglycan and appears to 
improve membrane separation on sucrose density gradients. The sucrose density gradient step 
is also simplified relative to earlier protocols, as the authors use a discontinuous rather than a 
continuous gradient. The authors adjusted their procedure to separate the membranes of 
Acinetobacter baumannii. Thus, the readers could similarly adjust the protocol to separate the 
inner and outer membranes of their favorite Gram-negative bacterium, irrespective of the OM 
composition (LOS rather than LPS). This is a useful protocol to display by JOVE. 
 
I have a few minor comments. 
 
1° The authors say that their lysozyme/EDTA protocol does not cause spheroplasting. Have 
they checked that the supernatant of the centrifugation after lysozyme/EDTA treatment does 
not contain a significant proportion of OM? 

We agree with the reviewer and have tried to be more explicit in our language regarding forming 
spheroplasts. We have added the following text. 

Lines 104-112 “The original protocol from which ours has been adapted required the formation of 
spheroplasts, or Gram-negative bacterial cells that consist exclusively of a plasma membrane and 
cytosol, but lack the peptidoglycan layer and the OM bilayer. Spheroplasts might be produced by 
our adapted method; however, the technique does not rely or intend on their formation. Instead, 
we quickly harvest the lysozyme-EDTA treated by centrifugation and re-suspended them in a 
sucrose solution of lesser concentration before pressurized lysis. The OMs that have been released 
as a consequence of forming spheroplasts might be harvested from the supernatants of the 
treated cells, but this approach is not detailed herein.” 
 
Line 215. For Gram-negative bacteria that grow much more slowly than E. coli or Salmonella, it 
might be difficult to inoculate 1 L of liquid medium with a single colony. 

We agree with the reviewer. However, we had already included text to suggest that back diluting 
an overnight culture is an alternative approach. 

Lines 220-221 “2.2. Back-dilute the overnight bacterial culture into 1 L of preferred broth media 
and culture the bacteria until the desired optical density is achieved.”  

In the case that it was not clear, we added text to the Note that follows this step. 

Lines 223-230 “Note: Inoculating a single bacterial colony into 1 L of broth media is recommended 
for mutant genotypes that are prone to suppressing growth phenotypes, but some Gram-negtive 
bacteria simply grow slower than others. If it is not possible to achieve a suffucient culture density 



by single-colony innoculation, back diluting an overnight culture into 1 L of media is one strategy 
to synchronize growth. Bacterial-membrane composition varies depending upon the growth 
phase of the culture (logarithmic vs stationary phase) 13. Growth curves measuring the change in 
optical density for the bacterial cultures as a function of time should be performed with all strains 
to correlate culture density with growth phase.” 

Lines 241 and 244. How should stirring be performed, manually or with a magnetic bar? 

Thanks for pointing out this omission. We have now added text to explain that we are using a 
magnetic stir bar for stirring 

Line 256 “Add a magnetic stir bar to the suspension of cells.” 
 
Line 303. The use of a fixed-angle rotor is most likely not obligatory at this stage, as the goal of 
this step is to recover the membrane pellet at the bottom of the ultracentrifuge tubes. Same 
comment regarding step 6.8. 

The reviewer is correct, we have removed the term “fixed angle” to describe the rotor used for 
pelleting the isolated membrane fractions.  

Step 6.2. To avoid mixing the various sucrose layers or the sample with the solution 
underneath it, it can help to prepare the gradient in a cold (4°C) room. 
 

The specific directive for this comment is unclear. 

Step 7.1. Which procedure is recommended by the authors to determine total protein 
concentrations in the two fractions, which are suspensions rather than solutions? 

Thanks pointing out the fact that we omitted reagents to quantify the amount of total protein 
present in the isolated membrane fractions. We have added to the text 

Lines 411-412 “7.1 Measure the protein concentration in each isolated membrane fraction using 
a Bradford protein assay.”  

Lines 390-391. The authors may want to state in their protocol that the quantities of inner 
membrane fractions needed to perform the enzymatic assay must be adjusted for each 
bacterium. 

We agree with the reviewer and have added to the text. 

Lines 414-418 “7.2. Remove the volume of sample corresponding to between 50 and 500 µg of 
protein and add it to an empty 2 mL microcentrifuge tube. The concentration will vary depending 
upon the species, but 50 µg is typically sufficient for enterobacteriaceae. Add the appropriate 

volume of 10 mM Tris-buffer to achieve a total volume of 990 l. Transfer the content to a 
cuvette for spectrophotometry. 



” 
 
Lines 502-504. The NADH oxidase assay for A. baumannii suggested a lower concentration of 
this enzyme than in E. coli. An alternative explanation might be that the specific activity of the 
NADH oxidase of A. baumannii is lower. 

We agree with the reviewer and have rewritten the text. 

Lines 484-487 “For A. baumannii, three times the amount of membrane (150 µg) was needed to 
demonstrate similar levels of NADH dehydrogenase activity to what was measured for the 
enterobacterial strains (Fig. 3). Therefore, it is possible that the levels of NADH oxidase are lower 
for A. baumannii or that the specific activity of the enzyme is decreased.” 
 
Fig. 4. Which amounts of total proteins are taken from IM and OM fractions for LPS/LOS 
detection: 50 micrograms (as stated line 406) or 300 micrograms (line 507)? 

Sorry for the confusion here. Different bugs require different amounts of protein to extract, since 
the relative amount of lipids and proteins varies between organisms. We have attempted to make 
this clear by editing the text.  

Lines 541-544 “The volume of membrane sample corresponding to 50 g of total protein was 
used to extract LPS from the IM and outer membrane (OM) of S. Typhimurium and E. coli DH5-

alpha. The volume of membrane sample corresponding to 300 g of total protein was used to 
extract LPS from the membranes of A. baumannii.” 

Lines 541-542. The authors hypothesize that the decreased density of OM of A. baumannii 
reflects a decreased amount of LOS molecules and an increased amount of proteins. This 
explanation is surprising given that the density of proteins is estimated greater than 1 (1.35 
g/mL). Are the estimated densities of lipooligosaccharides or lipopolysaccharides higher than 
that of proteins? 

The reviewer is correct. We have eliminated the text and conclude with a new sentence. 

Line 597 “In summary, adjustments can be made to the density gradient to accommodate 
organisms with varied OM-glycolipid content and level, and the approach can be adapted for 
other types of Gram-negative bacteria.” 

 
Lines 544-545. The 1:1 ratio of protein to LPS in Salmonella OM membrane is presumably 
weight/weight ? This should be made clear. Were those ratios measured in the same manner 
for Salmonella and A. baumannii? 

We have eliminated the text and conclude with a new sentence (see comment immediately 
above) 


