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SUMMARY
Protein aggregation is strongly associated with accelerated ageing and (neuro)degeneration, 

and considerable effort is directed towards studying this process in vivo. Reliable, unbiased 

quantification and analysis of endogenous, insoluble protein aggregates requires their 

specific isolation from the total proteome. Here, we describe a user-friendly differential

detergent fractionation method to sequentially extract increasingly insoluble proteins from 

cultured cells. We also discuss options for downstream quantification and analysis. The use 

of a benchtop centrifuge instead of ultracentrifugation makes this method simple and cost-

effective
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BACKGROUND
A loss of protein homeostasis can have dramatic consequences, resulting in a dysregulation 

of cellular pathways and functional impairment, degeneration and ultimately cell death 
1,2. In humans, a loss of protein homeostasis is associated with several neurodegenerative 

disorders like Alzheimer’s, Parkinson’s and Huntington’s diseases 3, but also with a range of 

other (age-related) disorders, including (but not limited to) several (cardio)myopathies 4,5 

and diabetes 6, underlining that a destabilization of the proteome can drive a wide range of 

(degenerative) pathologies. Importantly, a loss of protein homeostasis is widely recognized 

as one of the primary hallmarks of ageing itself 1,3,7,8.

A loss of protein homeostasis is hallmarked by the accumulation of insoluble protein 

aggregates (see also Chapter 1). Studying the nature and composition of these aggregates 

sheds light on the underlying protein homeostasis collapse in a particular cell type, as well 

as (overlapping) constituents, and general principles of protein aggregation. For example, 

previous studies have found that many protein aggregates are formed by (often newly 

synthesized) proteins that adopt an amyloid-like structure 9, that aggregation differsbetween 

different cell types 10, and that the process of aggregation (also during ageing) is strongly 

dependent on protein abundance exceeding its solubility limits (i.e. ‘supersaturation’) 11,12. 

In addition, through studying the make-up of protein aggregates, we now appreciate that 

aggregation (and co-aggregation) is a universal process in biology that likely occurs through 

various biochemical cascades 11,13,14, often involving similar subcellular components in systems 

as diverse as plants, bacteria, and eukaryotes 15–20.

Protein aggregation can be studied using biochemical fractionation methods that allow the 

researcher to isolate insoluble protein content from cells or organisms. A common method is 

to sequentially extract proteins using different buffers and increasingly stringent detergents, 

combined with ultracentrifugation to separate soluble and insoluble protein fractions 21. 

However, the use of an ultracentrifuge can make these methods expensive and laborious. 

Here, we describe a simplified fractionation procedure for human cells relying on the use of a 

benchtop centrifuge. This protocol can be easily adjusted for other model systems, including 

mammalian tissue and small organisms like C. elegans and D. melanogaster.

Instead of sonication, which has been shown to affect protein aggregation in cell lysates 22,23, 

this method relies on chemical lysis and needle shearing. To ensure proper homogenization, 

cell lysis is performed in an excess of buffer of a mild detergent (1% igepal CA-630), on ice, in 

the presence of a nuclease to digest the bulk of all nucleic acids, eliminating their confounding 

effectson protein extraction. After lysis, total protein yield is calculated, after which protein 

concentrations can be equalized across samples. A whole cell extract (WCL) serves as a loading 
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control. Using a series of differential solubilization and centrifugation steps, this method 

allows for the sequential isolation of increasingly insoluble proteins (Figure 1). It yields a total 

of three subcellular protein fractions (Figure 1). WCL contains all lysed and suspended cellular 

components and therefore serves as assay input (i.e. loading control). Fraction U, the final

1% SDS insoluble protein fraction, is enriched for metastable proteins (see also Figure 2). This 

fraction requires the high chaotropic conditions of 8 M urea to be fully solubilized.

Figure 1. Simplified schematic overview of cell fractionation procedure.
(1) Cells are lysed and protein content is equalized across samples. From this, a whole cell extract (WC) is taken 
which serves as input control (steps 1-4). 
(2) Equalized homogenates are centrifuged, from the supernatant the 1% igepal-CA630 soluble protein fraction 
is prepared, containing all water-soluble, organelle- and plasma membrane (PM) bound proteins (steps 5-7).
(3) The remaining protein pellet is washed and then dissolved in 1% SDS containing buffer S. After complete 
dissolution of the pellet, a total 1% igepal-CA630 insoluble protein fraction can be taken if required (steps 8,9).
(4) Samples are centrifuged. From the supernatant the 1% SDS soluble protein fraction is prepared, containing 
the remaining cytoskeletal and nuclear envelope-bound proteins, as well as misfolded proteins coalesced as 
structurally disordered protein aggregates (steps 10-12).
(5) The � nal protein pellet is washed and then dissolved in 8 M urea containing bufferU. This fraction contains 
all 1% SDS insoluble, structurally ordered protein aggregates (step 13,14).

SupernatantPellet

whole cell extract (WCL)

1% igepal-CA630 soluble (I)

1% SDS soluble (S)

1% SDS insoluble (U)

SupernatantPellet

Lysis in buffer I (1% igepal-CA630)

Dissolve in buffer S (1% SDS)

Dissolve in buffer U (8 M urea)

centrifugation 14,000g

centrifugation 14,000g

Optional: 1% igepal-CA630
  insoluble

1

2

3

4

5
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MATERIALS AND EQUIPMENT

Reagent or resource Source Identifie

Chemicals

Igepal CA-630 N/A N/A

cOmplete EDTA free protease inhibitor cocktail Roche Cat#11836170001

Benzonase nuclease, Purity > 90% Merck Millipore Cat#70746

Critical Commercial Assays

Detergent compatible protein quantification assay: 
e.g. DC protein microassay

Bio-Rad Cat#5000116

Software and Algorithms

ImageJ 24 https://imagej.nih.gov/ij/

Other

Vortex N/A N/A

Refrigerated benchtop microcentrifuge N/A N/A

Dry block thermoshaker N/A N/A

Bright mini-LED N/A N/A

30G needles (e.g. B Braun Sterican 30G) N/A N/A

1 ml syringes (e.g. B Braun Omnifix-F Solo) N/A N/A

KEY RESOURCES

Reagent Final concentration Stock concentration Volume (per ml)

HEPES, pH = 7.4 125 mM 0.5 M 250 µl

NaCl 500 mM 2 M 250 µl

MgCl2 5 mM 0.5 M 10 µl

MilliQ 490 µl

Total 1000 µl

BUFFER A
Buffer A is the 5X primary buffer stock solution. Make in advance and store at 4 °C for up to 

4 weeks.
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Reagent Final concentration Stock concentration Volume (per ml)

Buffer A 1X 5X 200 µl

Igepal CA-630 1% (v/v) 20 % (v/v) 50 µl

cOmplete EDTA free protease 
inhibitor cocktail

1X 50X 20 µl

Benzonase nuclease ~50 U/ml 25-29 U/µl 2 µl

MilliQ 728 µl

Total 1000 µl

BUFFER I

BUFFER U
We recommend that buffer U is prepared in advance, and stored as one-time-use aliquots. 

In solution, urea is more stable at lower temperatures, so store aliquots at -80 °C for up to 

3 months. Note: Buffer U can be challenging to make, because 8 M is close to the solubility 

limit of urea. In addition, the urea usually constitutes a large volume by itself. We recommend 

preparing at least 50 ml buffer U in advance. Add SDS, DTT and Tris solutions to urea and 

carefully add MilliQ to reach the desired volume. Adding moderate heat (20-25 °C) while 

stirring will accelerate the endothermic dissolution of urea in water. However, don’t increase 

heat further, as it will lead to the decomposition of urea into reactive cyanate ions.

Reagent Final concentration Stock concentration Volume (per ml)

Buffer A 1X 5X 200 µl

SDS 1% (v/v) 20 % (v/v) 50 µl

MilliQ 750 µl

Total 1000 µl

BUFFER S

Reagent Final concentration Stock concentration Volume (per ml)

Buffer A 1X 5X 200 µl

MilliQ 800 µl

Total 1000 µl

WASH BUFFER EB
We recommend that buffers EB, I and S are prepared fresh from stock solutions on the day 

of the experiment.
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Reagent Final concentration Stock concentration Volume (per ml)

Urea 8 M - -

SDS 2% (v/v) 20 % (v/v) 100 µl

DTT 50 mM 1 M 50 µl

Tris pH 7.4 100 mM 2 M 50 µl

MilliQ 728 µl

Total 1000 µl

Reagent Final concentration Stock concentration Volume (per ml)

SDS 8 % (w/v) 20% (w/v) 400 µl

Tris pH 6.8 250 mM 2 M 125 µl

DTT 200 mM 1 M 200 µl

Bromophenol blue 0.025% (w/v) 0.5% (w/v) 50 µl

Glycerol 20% (v/v) 100% 200 µl

MilliQ 25 µl

Total 1000 µl

4X DTT SB
4X DTT sample buffer (4XSB) can be prepared in advance, aliquoted for one-time-use and 

stored at -20 °C for up to a year.

Name Instructions

HEPES, NaCl, MgCl2 stocks Make in advance using milliQ, and store at 4 °C for up to 6 months.

cOmplete EDTA free protease 
inhibitor stock

Dissolve one tablet in 1 ml milliQ to make a 50X stock solution. 
Aliquot per 20 µl (i.e. one-time-use for 1 ml buffer I), and store at -20 
°C for at least 12 weeks.

Benzonase nuclease
Aliquot per 50 units (i.e. one-time-use for 1 ml buffer I), and store at 
-20 °C for up to 3 years.

DTT
Make fresh when needed using milliQ. 
Alternatively, make in advance, aliquot for one-time-use, and store 
at -20 °C for up to a year.

Bromophenol blue (0.5% w/v)
Make in advance by adding 5 mg of bromophenol blue into 1 ml 
milliQ and dissolve. Store at -20 °C for up to a year.

OTHER SOLUTIONS
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ALTERNATIVES
• HEPES is preferred as buffering agent in buffer A because of its pH range (6.8-8.2) 

and a more stable pKa at lower temperatures. Tris can be used in buffer A as well 

(preferably in a 250 mM final concentration), but make sure to check the pH of your 

buffer at 4 °C before use.

• cOmplete EDTA free protease inhibitor can be replaced with any other commercially 

available protease inhibitor, as long as it does not contain EDTA in a concentration 

greater than 1 mM, as this will inhibit benzonase activity. It can also be replaced by 

adding a combination of pepstatin A (1.5 µM), leupeptin (2 µM) and PMSF (2 mM).

• Benzonase nuclease can be replaced with other commercially available nucleases like 

DENARASE. Concentrations may need to be optimized when using a differentnuclease.

• In buffer U, 8 M urea can be replaced with 6 M urea + 2 M thiourea when stronger 

chaotropic conditions are needed to increase final protein solubilization even further.

STEP-BY-STEP METHOD DETAILS 
For simplicity, this protocol is written for lysis of one well of 6-well culture plate, followed 

by 250 µg of protein as starting material per sample. This can be adjusted to your needs. The 

optimal range of starting material for this assay is around 150-500 µg of total protein content 

per sample. For many stable cell lines this translates to one well of a 6-well culture plate, at 

70-90% confluency, but this needs to be verified for your specific set-up. 

PREPARATION OF CELL SAMPLE
Timing: 0.5 – 2 hours

1. Prepare cell culture starting material according to your research question. 

a. Harvest cells via scraping in ice-cold PBS.

b. Pellet cells in 1.5 microcentrifuge tubes via low-speed centrifugation in a pre-

cooled benchtop centrifuge (5 minutes, 500 x g, 4 °C).

c. Discard supernatant.

[Pause point] Cell pellets can be frozen in liquid nitrogen and stored at -80 °C

2. Prepare assay buffers as needed. 

a. Prepare buffer A.

i. Prepare a minimum of 120 µl + (100 µl per 500 µg expected protein yield from 

lysis) bufferA per sample. Example: for one well of a 6-well culture plate, with 

HEK293T cells at 90% confluency, the expected total protein yield after lysis 

would be 400-500 µg. If three samples will be generated from one well each, 

prepare 3 x (120 + 100) = 660 µl of buffer A.
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b. From buffer A, prepare buffers EB, I and S.

ii. Prepare 550 µl wash buffer EB per sample.

iii. Prepare 200 µl of both buffer I and buffer S per sample.

c. Prepare buffer U.

CELL LYSIS AND EQUALIZATION OF PROTEIN CONTENT 
Timing: 1-1.5 hours

To ensure proper homogenization, cell lysis is performed in an excess of buffer I, on ice, for a 

total of ~45 minutes. This also allows the Benzonase nuclease to digest the bulk of all nucleic 

acids, eliminating their confounding effects on protein extraction. After lysis, total protein 

yield is calculated, after which protein concentrations can be equalized across samples.

Notes: 

Steps 1-3 need to be executed on ice with ice-cold buffers and a pre-cooled benchtop 

centrifuge.

• For each experiment, equalize protein content to a fixed total amount to minimize 

variability between experimental repeats. We generally aim for a concentration of 2 

g per µl.

•  Homogenate can be frozen in liquid nitrogen and stored at -80 °C until further use. In 

this way, excess homogenate can also be stored and used for additional experiments.

•  Lysis has to be complete, as any cell clumps that remain will transfer together with 

insoluble proteins to the next protein fraction, skewing data. The use of a bright LED 

to visually check samples for floating cell clumps and for precipitate at the bottom 

of the microcentrifuge tube is recommended. Only proceed when suspension is 

homogenous and transparent, otherwise extend the lysis time on ice with intermittent 

vortexing.

1.  Lyse pelleted cells in 1.5 ml microcentrifuge tubes in 150 µl ice-cold buffer I.

a. Vortex cell pellets in buffer I until dissolved completely, then put tubes on ice.

b. Vortex cell pellets 5-10 seconds every 10 minutes for 30 minutes.

c. Homogenize cell lysates further with a 1 ml syringe and 30G needle (5 strokes).

d. Vortex homogenates 5-10 seconds, leave on ice for another 10 minutes.

e. Visually verify that cell lysis is complete (no cell clumps left).

2.  Perform protein measurement, preferably using a detergent compatible 

protein quantification method (e.g. DC protein assay, Bio-Rad) and performing 

measurements in triplicate.

3.  Equalize protein concentration between samples using remaining buffer I. Equalize 

to 250 µg of total protein per sample (total volume = volumestart).
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CELL FRACTIONATION AND DIFFERENTIAL PROTEIN AGGREGATE EXTRACTION
Timing: 4-5 hours + overnight solubilization.

Notes: 

• Steps 4-8 need to be executed on ice with ice-cold buffers and a pre-cooled benchtop 

centrifuge.

• At all times, pipetting needs to be performed with great caution as to not disturb or 

lose insoluble protein material. We recommend the use of a bright LED to visually 

check samples whilst pipetting.

• Steps 9-14 need to be executed at room temperature to prevent precipitation of SDS.

• In step 14, fraction U can also be dissolved in 2xSB (+ 10 minutes boiling), but this can 

result in a suboptimal dissolution of the insoluble protein pellet.

4.  Take desired volume (volumeWCL) from the equalized homogenate to serve as WCL.

a. Take 15-25 µg for simple assay verification (e.g. staining, Western blotting), take 

more for multiple downstream analyses.

b. Add 4XSB into homogenate in a 1:3 ratio. Mix by brief vortexing.

c. Boil (5 min, 95 °C).

d. Store at -20 °C.

5. Centrifuge remaining homogenate in a pre-cooled (4 °C) benchtop centrifuge at 

14,000 x g for 45 minutes.

6. Take desired volume (volumeI) from supernatant to serve as fraction I

a. Add 4XSB into supernatant in a 1:3 ratio. Mix by brief vortexing.

b. Boil (5 min, 95 °C).

c. Store samples at -20 °C.

7. Carefully take off the rest of the supernatant, discard.

8. Wash the protein pellet.

a. Add 250 µl ice-cold wash buffer EB without disturbing the protein pellet.

b. Centrifuge in a pre-cooled (4 °C) benchtop centrifuge at 14,000 x g for 15 minutes

c. Take off the supernatant, discard.

9. Dissolve the 1% igepal-CA630 protein pellet in buffer S.

a. Add appropriate volume of buffer S (volumeS = volumestart - volumeWCL - volumeI) 

at room temperature.

b. Break up the protein pellet using a p200 pipettip.
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c. Put the tube in a dry block heating shaker at room temperature, shaking at 1000-

1200 rpm for 1 hour.

d. Check if protein pellets are completely dissolved. If not, extend shaking time.

Optional: To get a measure of the total intracellular protein aggregation, take an additional 

sample before step 10, after the 1% igepal-CA630 insoluble protein pellet has been dissolved 

(Figure 1). This sample reflects the in toto pool of insoluble proteins, with a variable load of 

protein aggregates. For primary analysis take of this fraction (e.g. staining, Western blotting), 

take 10-15 µl, take more for multiple downstream analyses. Proceed by adding 4XSB in a 1:4 

ratio, vortex, boil and store at -20 °C.

10. Centrifuge the protein suspension in a benchtop centrifuge at 14,000 x g for 45 

minutes at room temperature.

11. Take desired volume from supernatant to serve as fraction S.

a. Add 4XSB into supernatant in a 1:3 ratio. Mix by brief vortexing.

b. Boil (5 min, 95 °C).

c. Store samples at -20 °C.

12. Carefully take off the rest of the supernatant, discard.

13. Wash pellet.

a. Add 250 µl wash buffer EB (room temperature) without disturbing the protein 

pellet.

b. Centrifuge in a benchtop centrifuge at room temperature, 14,000 x g for 15 

minutes.

c. Take off supernatant, discard.

14. Dissolve the 1% SDS insoluble protein pellet in buffer U

a. Add 35-50 µl buffer U to the protein pellets to ensure proper dissolution.

b. Put the tube in a dry block heating shaker at room temperature, shaking at 1000-

1200 rpm for 3 hours to overnight.

c. Check if pellet has dissolved properly. If not, extend shaking time.

d. Freeze samples in liquid nitrogen and store at -80 °C.

Note: Avoid heat greater than 25 °C when dissolving proteins in buffer U. 



90

Chapter 3

DOWNSTREAM QUANTIFICATION AND ANALYSES
Timing: 3-4 hours (+ optional: protein mass spectrometry)

PRIMARY ANALYSIS
Initial analysis of protein fractions can be performed using 2D SDS-PAGE, followed by in-

gel protein quantification. WC, I and S fractions can be run side-by-side and separated in a 

polyacrylamide gel. Fraction U contains 8 M urea which can affect the separation of other 

fractions, and should therefore be run separately for optimal result.

Notes:

• Instead of in-gel staining, imaging systems supporting stain-free (UV-based) imaging 

can also be used.

• If possible, run a dilution series (>3) of unstained protein ladder with known 

concentrations alongside your samples. This will allow you to later obtain a (rough!) 

approximation of absolute protein quantity.

• Excess sample can be stored again for later analysis (WCL, I, S in -20 °C; U in -80 °C).

• As an alternative to ImageJ, most imaging software packages offer user-friendly lane-

intensity quantification with automatic background subtraction which can be used.

• Staining of the WCL fraction should be comparable in all conditions, as protein 

concentrations were equalized at the start of the fractionation. This is your input 

control. WCL can also be used in Western blot to probe for housekeeping genes (e.g. 

actin, tubulin in mammalian cells) as an additional loading control.

15. Run WCL, I and S fractions on a polyacrylamide gel (precast or made in-house).

a. Load 3-5 ug of protein per sample. This is generally sufficient to obtain a good 

signal/noise ratio in staining or stain-free quantification.

16. Run U fractions separately on a polyacrylamide gel

a. Add 1 µl of 0.5% bromophenol blue to each sample.

b. Vortex, and briefly centrifuge

c. Load 25-50% of fraction U.

17. After separation, stain protein fractions using a method of your choice.

a. For simple analysis, we recommend colloidal Coomassie (G-250) staining for 

the WCL, S and I fractions. This offers user-friendliness, good sensitivity and 

reproducibility.

b. Fraction U generally contains very few proteins, so we recommend a highly 

sensitive Silver staining.
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18. Quantify stained protein fractions

a. Use imaging software to plot and measure whole lane intensities (e.g. with the 

freely available package ImageJ) to obtain a relative quantification between 

fractions.

b. When unstained ladder was included, normalize lane intensities to ladder 

intensities to get an approximate absolute quantification.

SOME RECOMMENDATIONS FOR SAMPLE PREPARATION FOR MS/MS ANALYSIS
For detailed identification and relative quantification of insoluble proteins, samples can be 

analyzed using label-free proteomics. Samples can either be prepared from the separated 

proteins in the polyacrylamide gel, provided they were stained using a mass spectrometry-

compatible staining method like SYPRO Ruby or ‘Blue Silver’ 25. Alternatively, stored remaining 

samples can be used. Importantly, 8 M urea can interfere with MS/MS sample preparation, in 

particular with tryptic digestion through carbamylation of arginine and lysine side-chains 26.

• We recommend adding ammonium chloride to bufferU to a final concentration of 25 

mM to prevent carbamylation of proteins.

• Urea can also be removed from the sample before sample preparation. An excellent 

tool for this are S-trap columns (http://www.protifi.com/s-trap ), which allow you to 

perform sample clean-up and tryptic digestion in one system.

Figure 2. Differ ntial extraction enriches for 
metastable proteins.
Data from Chapter 2. (A), (B) Camptothecin (CPT)-
treated HEK293T cells accumulate SDS-insoluble 
proteins. (C) SDS insoluble proteins (Fraction U) are 
enriched for supersaturated, metastable proteins 
that are vulnerable to aggregation.W
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