
 
Analysis of protein complex formation, microtubules and cytoskeleton 

 
 OptiPrep is a 60% (w/v) solution of iodixanol in water, density = 1.32 g/ml 
 To access other Application Sheets referred to in the text: return to the 2020Macroapp file and 

select the appropriate M-number. 
 
1. Background 

Determination of the sedimentation coefficient of a protein, traditionally in a 5-20% sucrose 
gradient, in order to determine its molecular mass, is a technique that was developed many years ago. 
Although alternative methods, notably polyacrylamide gel electrophoresis, have achieved a wide 
popularity, there are certain situations that are better suited to density gradients, for example the 
analysis of heavily glycosylated proteins, which run anomalously on gels. Another area that may be 
better suited to density gradient analysis is the study of protein-protein interactions. 

 
The standard sucrose gradient analysis, which is carried out in swinging-bucket rotors for 4-16 h, 

may be less than ideal for determining protein-protein interactions. Macromolecular complexes may be 
insufficiently stable to survive these long centrifugation times and they may be intolerant of the high 
hydrostatic pressures generated in a swinging-bucket rotor [1,2]. In addition Timasheff [3] pointed out 
that solutions of low water activity (high osmolality) can remove bound water from proteins and could 
cause changes in stability of the protein and its propensity to aggregate. The use Nycodenz will 
reduce the osmolality (raise the water activity) of gradients considerably, while with iodixanol 
gradients can be made isoosmotic throughout the entire useful density range. Gradient made from one 
or other of these solutes may therefore be an important advantage in studying protein-protein 
interactions in density gradients. Some reports also highlight the functional problems associated with 
sucrose gradients; for example these caused proteolysis of a kinesin-related motor protein, while in 
iodixanol gradients there was no proteolysis whatsoever [4]. This Application Sheet covers the 
following topics: 

 
 Section 2: Alzheimer’s A peptide and other neurodegenerative disease-associated proteins 
 Section 3: Non-muscle myosin II (NMII) 
 Section 4: Dimerization of the kinesin-related motor protein KIF1A 
 Section 5: -Synuclein aggregation 
 Section 6: Microtubule fragment size analysis 
 Section 7: Cytoskeleton analysis 
 Section 8: Prion proteins and fibrils 
 Section 9: Association of Drosophila proteins with lipophorin 
 Section 10: Hepatitis and Herpes virus proteins 
 Section 11: Other recent applications 
 
2. Alzheimer’s disease amyloid-beta (A) peptide 
2a. Aggregation (oligomerization) studies 
2a-1. Introduction 

Moir et al [5] studied the aggregation of the A peptide by Zn2+, Cu2+, EDTA or a pH 5.5 buffer. 
The incubations were simply layered over a series of Nycodenz barriers of increasing density; the 
concentrations were 43%, 44%, 44.6%, 46.8% and 47% (w/v) in microcentrifuge tubes and centrifuged 
at 16,000 g for 10 min. Tubes were then analyzed by rapid freezing to -170C for 1 h and 
“fractionated” by cutting the tube. All the treatments, except EDTA, allowed the aggregates to 
sediment through the 43 and 44% barriers but only the Zn2+ induced aggregates sedimented through the 
44.6 and 46.8% barriers. 
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The analysis of oligomerization of the -amyloid A peptide in iodixanol gradients, using a high 
performance near-vertical rotor, developed by Ward et al [6], may be applicable to any protein 
oligomerization studies and is thus given here in some detail. The short sedimentation path length of 
the rotor (18 mm) means that the centrifugation time can be reduced to 3 h and the hydrostatic pressure 
is correspondingly low. The authors used the gradients to analyze the interactions of the -amyloid 
(A) peptide that is implicated in Alzheimer’s disease, but the strategy could be used or adapted to any 
protein oligomerization or protein-protein interaction study. The protocol described below is adapted 
from ref 6. For Notes see Section 2a-5 
 
2a-2. Solutions required 
A. OptiPrep  
B. OptiPrep diluent: for the study of the oligomerization of -amyloid (A) peptide [6] the diluent 

used was phosphate-buffered saline (PBS), but any diluent compatible with the protein-protein 
interaction may be used (see Note 1). Include protease inhibitors in solutions as required. 

 
2a-3. Ultracentrifuge rotor requirements 

A near-vertical (e.g. Beckman NVT100, NVT90 or NVT65.2) or vertical (e.g. Beckman VTi90, 
VTI65.2 or Sorvall TV1665 or 70V6) rotor: all these rotors accommodate tubes for approx 5 ml total 
volume (see Note 2). 
 
2a-4. Protocol 
1. Carry out all operations at 0-4C or any temperature compatible with the interactions under 

investigation. 
 
2. Dilute OptiPrep with PBS to produce the solutions used in the next step (see Note 1). 
 
3. Layer sequentially in tubes for the chosen rotor: 0.65 ml of 50%, 40% and 30% (w/v) iodixanol, 

1.95 ml of 20%, 0.65 ml of 10% and 0.3 ml of 5% (w/v) iodixanol (see Note 3) 
 
4. Layer 0.3 ml of the protein solution on top and centrifuge at 350,000 g for 3 h at 0-4C, using 

controlled acceleration and deceleration over the 0-2000 rpm range (see Note 4). 
 
5. Collect the gradient in 0.3-0.35 ml fractions either by upward displacement with Maxidens and 

an Axis-Shield Gradient Collector, tube puncture or by automatic aspiration from the meniscus 
using a Labconco Auto Densi-flow (see Notes 5 and 6). 

 
 See Notes 7-11 for other examples of the use of iodixanol gradients for A peptide studies 
 
2a-5. Notes 
1. If it is important to maintain a constant background of buffer concentration (e.g. 20 mM Tris-HCl, 

pH 8.0) and low concentration of some other additive (e.g. 1 mM EDTA and 1 mM DTT); then a 
50% (w/v) iodixanol working solution (WS) should first be prepared by mixing 5 vol. of 
OptiPrep with 1 vol. of 6 mM EDTA, 6 mM DTT, 120 mM Tris-HCl, pH 8.0. Further dilutions 
are then obtained by dilution of the WS with 20 mM Tris-HCl, pH 8.0, 1 mM DTT, 1 mM EDTA. 
All gradient solutions will then contain the requisite concentration of buffer and additive. For more 
information on the preparation of density gradient solutions see Application Sheet M01. 

2. Vertical or near-vertical rotors are ideal for sedimentation velocity separations because, (a) the 
sample layer achieves a very narrow zone-width after reorientation and (b) the sedimentation path 
length is short. If other rotors (fixed-angle or swinging-bucket) are used the sample volume must 
never be greater than 10% of the gradient volume and the centrifugation time will need increasing 
to take account of the longer sedimentation path length (particularly in larger volume swinging-
bucket rotors). 
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3. Because of the short path length, the gradient will 
become more or less continuous within 30 min. 
An alternative approach may be to produce a 
linear continuous gradient in the centrifuge tube 
before layering the sample (see Application 
Sheet M02); however the irregular density profile 
achieved by using the non-uniform layer volumes 
described in Step 3 of the Protocol will be lost. 
The consequences of this are not clear.  

4. If the method is being used to study the 
oligomerization of other proteins the RCF or 
centrifugation time may need modulation 
according to the size of the protein particles. 

5. An example of the resolution, which is achievable 
with this gradient system, is given in Figure 1. 
Freshly-prepared hexafluoro-2-propanol (HFIP) 
treated -amyloid (A) peptide oligomerizes 
during incubation at 35C and the distribution of 
this peptide across the gradient was analyzed by SDS-PAGE after 0 min, 30 min, 18 h and 18 days 
of incubation at this temperature. The position of the peptide in the gradient reflects the extent and 
type of association of the peptide monomers. 

6. For more information on methods of harvesting gradients see Application Sheet M04. 
7. The method has also been adapted to small volume swinging-bucket rotors: Rzepecki et al [7] used 

a similar gradient, which was scaled down to use in a Beckman TLS55 (2.2 ml tubes) with 
centrifugation at 259,000 g for 4 h and Lockhart et al [8] used a Beckman MLS50 (5 ml tubes) for 
studying the formation of -amyloid fibrils at 268,000 g for 3 h. The Rzepecki et al [7] gradient 
was also used by Funke et al [9] to study the effect of the D-enantiomeric peptide D3, which 
caused a shift of the A peptide from an oligomeric form to much larger aggregates and the A 
binding peptide L3 [10]. 

8. More recent studies of the oligomerization procedure [11-13] have also used the TLS55 rotor 
under more or less similar centrifugation conditions; the gradients were however slightly modified; 
a discontinuous gradient of 0.26 ml each of 50%, 40% and 30% iodixanol, 0.78 ml of 20%, 0.26 
ml of 10% and 0.1 ml of 5% iodixanol. The gradients were used to analyse Aβ (1-42) aggregates 
using 100l of samples, which was layered on top. The gradient system described by Brener et al 
[11] has been used to show the preferential binding of monomeric Aβ to D-peptides [13-16] and 
GM1 [17]. 

9. Sehlin et al [18] used an iodixanol gradient similar to that of Ward et al [6] each step was 0.65 ml 
except for the 30% (w/v) iodixanol (1.95 ml) and omitted the 5% layer. The gradient effectively 
resolved A peptide aggregates of different sizes. 

10. A prions have also been extensively purified in a multi-step method. In the primary fractionation 
of a brain homogenate the latter was adjusted to 18% (w/v) iodixanol and layered over 30% and 
35% iodixanol. After centrifugation at 60,000 g for 20 min the top lipid layer was discarded and 
the material within the denser two layers collected. After dilution with buffer, this was layered 
over a second gradient of 26% and 35% iodixanol and centrifuged at the same speed for 40 min. 
Again the top layer was discarded and the material in the two denser layers recovered prior to 
further processing [19]. 

11. More recently a simple discontinuous flotation gradient (36%, 24% and 0% iodixanol) centrifuged 
at 54,000 g for 3 h was used to separate less dense LDL-bound Aβ from Aβ [20]. 

12. Iodixanol gradients have recently been used to purify metal nanoparticle-conjugated Aβ-specific 
ligands to increase binding affinity [21].  

 

Fraction numberIncubation time
at 35°

30 min

0 min

18 h

18 days

Figure 1: Iodixanol gradient sedimentation velocity 
analysis of -amyloid (A) peptide oligomerization: 
effect of time of incubation (low density on left). For 
more details see text. Reproduced from ref 6 with kind 
permission of the authors, The Biochemical Society 
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2b. Other neurodegenerative disease-related protein studies 
2b-1. Fibrillar structures 

Levy et al [22] adapted the method described in Section 2 to an analysis of islet amyloid fibril 
formation using a 3 ml pre-formed continuous 0-60% (w/v) iodixanol gradient, generated from equal 
volumes of OptiPrep and water (pH 2) in tubes for a Beckman SW60Ti swinging-bucket rotor. The 
gradients were loaded with 0.6 ml of sample and centrifuged at 150,000 g for 24 h. The gradient 
separated a series of low molecular mass pre-fibrillar assemblies in the top half of the gradient from the 
fibrils at the bottom. More recently Frenzel et al [23] separated fibrils from smaller aggregates and 
monomers by iodixanol density gradient centrifugation. The gradient comprised layers of 50%, 40%, 
30%, 20%, 10% and 5% (v/v) OptiPrep iodixanol in 10 mM phosphate buffer pH 7.4; the sample 
was top-loaded. Centrifugation in a small volume (2.2 ml tubes) swinging-bucket rotor for 3 h at 
259,000 g, resolved the three forms of the protein. 
 
 See Section 3 for a related method for separating monomeric and filamentous protein forms.  
 

The method developed by Ward et al [6] has been adapted to the slightly larger tubes (6 ml) of the 
Sorvall TV865 by Khlistunova et al [24] for studying the Tau protein; usually a soluble protein, but in 
some neurodegenerative diseases it forms  “paired helical filaments” and associates with microtubules. 
The gradient was generated from 0.85 ml of 50% and 40%, 2.2 ml of 30%, 0.85 ml of 10% and 0.3 ml 
of 5% (w/v) iodixanol. Sarcosyl-insoluble fractions from neuronal tissue have also been purified in an 
iodixanol gradient [25]. Gradients covering approx. the same density range (145,000 g for 12 h) have 
analyzed the association between Tau and a 14-3-3 protein [26]. 
 
3. Non-muscle myosin II (NMII) 

This investigation was reported by Shutova et al [27]. Detergent-soluble cell lysates was layered on 
to a discontinuous gradient of 50%, 25%, 12%, and 6% OptiPrep layers. After centrifugation at 
80,000 rpm for 1 h the gradient resolved monomeric and filamentous forms of NMII which had 
sedimentation coefficients of approx 7S and 16S respectively. The monomeric form was found to be 
increased to a greater extent in blebbistatin-treated cells. The same gradient was reported in ref 28.  
 
4. Kinesin-related motor protein KIF1A dimerization 

Rashid et al [4] used a 3.8 ml continuous gradient of 5-40% (w/v) iodixanol overlaid by 0.2 ml of 
sample in a Beckman SW60Ti swinging-bucket rotor at 100,000 gav for 16 h at 4C, to identify dimers 
of KIF1A. 
 
5. -Synuclein aggregation 

Rather larger protein aggregates of cytoplasmic -synuclein from COS7 cells have been analyzed 
in discontinuous gradients of 2.5%, 25% and 35% (w/v) iodixanol, centrifuged at only 50,000 g for 30 
min [29]. 
 
6. Microtubule fragment size analysis 

MacCormick et al [30] characterized a large protein complex containing a nerve-growth-factor-
activated ERK (extracellular-signal-regulated kinase) and MEK. Part of the fractionation process 
included the isolation of a non-ionic detergent insoluble fraction that also contained microtubule 
fragments that contained some bound kinases. Glycerol gradients were not effective in resolving the 
larger microtubule fragments; the following iodixanol gradient method devised by MacCormick et al 
[30] however provided excellent resolution of these particles. 
 
1. Permeabilize PC12 cells by a single passage through a ball-bearing homogenizer. 
2. Release the intracellular material by the permeabilization and separate from the residual “cells” by 

centrifugation at 1000 g for 10 min. 
3. Concentrate the supernatant material by pelleting at 100,000 g through a cushion of 10% (w/v) 

sucrose in 20 mM MOPS (pH 7.2) containing 1 mM EGTA and 1 mM Na3VO4. 
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4. Suspend the pellet in buffer containing potassium aspartate, potassium gluconate and potassium 
glutamate (all 38 mM), 20 mM MOPS, 10 mM potassium bicarbonate, 0.5 mM magnesium 
carbonate, 1 mM EDTA, 1 mM EGTA, pH 7.1. 

5. Prepare a 30% (w/v) iodixanol solution in the same buffer and make a continuous 0-30% iodixanol 
prepared using a two-chamber gradient maker or Gradient Master. If neither of these devices is 
available make up a discontinuous gradient from equal volumes of 0%, 10%, 20% and 30% (w/v) 
and allow to diffuse overnight at 4C. For more information about preparing continuous iodixanol 
gradients see Application sheet M02. 

6. Layer the sample on top of the gradient (sample volume <10% of total gradient volume). The 
gradient separation is a sedimentation velocity one, so its resolving power is inversely proportional 
to the sample volume. Centrifuge at 200,000 g for 1-3 h (turn off the brake during deceleration 
from 2000 rpm or use a controlled deceleration program). 

7. Collect the gradient either by tube puncture or collection from the meniscus. For more information 
about gradient fractionation see Application Sheet M05. MacCormick et al [30] collected the 
gradient in 27 fractions. 

 
 After a centrifugation for 1 h the microtubule fragments from PC12 cells has been resolved on the 

basis of size into four discrete fractions, as determined by the -tubulin distribution [30] but ERK 
was only associated with three of them. 

 
7. Cytoskeleton analysis 

Plasma membrane and cytoskeleton in Drosophila extracts have been effectively separated on 10-
40% (w/v) iodixanol gradients prepared by dilution of OptiPrep with 0.25 M Sucrose, 10 mM Tris-
HCl, pH 8.0 centrifuged at 250,000 g for 3 h [31]. It provided a very clear separation of the syntaxin 
1A (plasma membrane marker) the denser myosin II heavy chain (cytoskeleton marker). 
 

A widely used discontinuous sedimentation velocity gradient originally devised by Majoul et al 
[32], comprising 2.5%, 5%, 7.5%, 10%, 12.5%, 15%, 17.5%, 20%, and 30% (w/v) iodixanol was used 
by Chen et al [33] who studied the cytoskeleton structure in a 65,000 g (1 h) fraction from a post-
nuclear supernatant of a mouse spinal cord homogenate. The gradients were allowed to diffuse at 4C 
for 3-4 h solution before loading the fraction and centrifuging at 170,000 g for 90 min. Both actin and 
tubulin showed a biphasic distribution, being concentrated in the top quarter of the gradient but also 
demonstrating a sharp band about three-quarters of the way down the gradient. Mice deficient in a 
presenilin binding protein called “modifier of cell adhesion” (MOCA) lacked the sharp denser band. 
 

Cofilin-actin rods have been isolated from cultured nerve cells in a double gradient strategy [34]. 
All steps were performed at 4C. A low-speed supernatant was layered over 10% and 15% (w/v) 
iodixanol and centrifuged at 6,650 g for 10 min to band the rods above the interface between the two 
iodixanol layers. The collected fraction was diluted with 13% iodixanol (vol. ratio of approx 0.4:1.7) 
and centrifuged at 166,000 g for 2 h to create a self-generated gradient – a small volume vertical rotor 
is best suited to self-generated gradient formation (see OptiPrep Application Sheet M03 for more 
information on self-generated gradients). The rods band close to the bottom of the gradient. Once 
recovered, the rods in the fraction (after dilution with an equal volume of buffer) may be concentrated 
on a 25% iodixanol cushion at 5,000 g for 15 min [33]. Actin rods have also been analyzed on a two-
layer gradient (10% and 15% v/v OptiPrep, centrifuged at 6,600 g for 10 min [35].   
 

Phosphorylation of the vasodilator-stimulated phosphoprotein (VASP) controls its influence on F-
actin-related processes and Lin et al [36] studied them in Dictyostelium. A discontinuous iodixanol 
gradient of 5%, 10%, 15% and 20% (w/v) iodixanol centrifuged at approx 150,000 g for 18 h. WASP 
banded broadly in the bottom half of the gradient but in the presence of VASP, the WASP distribution 
shifted significantly to a higher density. 
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8. Prion proteins 
Tixador et al [37] solubilized the proteins from a mouse brain homogenate in a buffered solution of  

dodecyl--D-maltoside and N-lauryl sarcosine. The material was layered on top of a continuous 10-
25% (w/v) iodixanol gradient (4.8 ml total volume) and centrifuged 285,000 g for 45 min. The host-
encoded prion protein (PrPC) banded close to the top of the gradient, while the PrPSc, the multimeric 
misfolded conformer PrPSc banded about half-way down the gradient. Discontinuous iodixanol 
gradients have also been used as part of the procedure in the purification of prion fibrils from mouse 
brain [38]. Sarcosyl-containing 10-54% (w/v) iodixanol gradients (200,000 g for 1 h) have also been 
used to determine the size of aggregates containing prion protein [39]. 
 

An extensive study of the quaternary structure of prion proteins was carried out by Laferriè et al 
[40] using both sedimentation velocity and equilibrium iodixanol density gradients. Mouse brain 
homogenates were solubilized in a buffered saline containing EDTA, DTT, dodecyl--D-maltoside and 
N-lauryl sarcosine. 
 For sedimentation velocity analysis the samples were layered on top of a continuous 10–25% 

iodixanol gradient and centrifuged at 285 000 g for 45 min. In some studies the time was increased 
to 90 min; this provided additional resolution of the proteins. Rapidly- and slowly-sedimenting 
ovine strains were identified 

 For equilibrium gradients the sample was adjusted to 40% iodixanol and made part of a 
discontinuous gradient spanning the range 10-60% iodixanol and centrifuged at 115,000 g for 17 
hours. 

 Similar sedimentation velocity gradients (5-25% iodixanol) were used by Coleman et al [41] in the 
identification of small soluble protease-sensitive prion proteins as the major source of infectivity 
in mouse brain. 

 Wenborn et al [42] were able to purify prion protein from brain homogenates that was devoid of 
ferritin and other contaminating proteins by a combination of filtration and a series of 
centrifugations through 17.5% (w/v) iodixanol at 16,100 g. 

 Herrmann et al [43] used 10-40% and 2-20% iodixanol gradients (52,000 rpm for 90 min) to show 
an impoverishment of the larger molecular weight prion proteins (from mouse brain) during drug 
treatment. 

 Sarkosyl-solubilized brain material has been analyzed [44] in a 7-28% OptiPrepTM gradient (18,000 
g for 20 min) and solubility assays were carried out in 15% OptiPrepTM at 18,000 g for 30 min [45, 
46]. 

 Most recently, sedimentation velocity analysis has been carried out on 150 μl of a sarkosyl-
solubilized fractions loaded on to 4.8 ml 10-30% iodixanol gradients centrifuged at 285,000 g for 
45 min [47]. 

 
9.  Association of Drosophila proteins with lipophorin 

This methodology was first reported by Eugster et al [48]: a homogenate of larvae was centrifuged 
at 120,000 g and the supernatant adjusted to adjusted to 50% (w/v) iodixanol and layered beneath 
gradients of 10%–20% to 35%–45% (w/v) iodixanol. They were centrifuged at 4C, at 285,000 g, for 
16 h in a swinging-bucket rotor (2.2 ml tube volume). There is no obvious reason why the separation 
cannot be scaled up. Proteins not bound to the lipophorin lipoprotein remained at the bottom of the 
gradient, while lipophorin- bound proteins floated into the top half of the gradient. The method was 
used to study the interaction of the lipophorin with various morphogens via heparan sulphate. Similar 
gradients for studying lipophorin interactions have been used by Palm et al [49, 50]. 

 
10. Hepatitis and Herpes virus proteins 

To isolate hepatitis B surface antigen (sHBsAg) particles from Leishmania cells the latter were 
sonicated in a detergent-containing buffer and clarified by centrifugation at 8000 rpm, for 35 min. After 
particle formation (16-24 h) the supernatant was layered on top of a gradient of 6%, 12%, 18%, 24% 
and 30% (v/v) OptiPrep and centrifuged at 27,000 rpm for 16 h at 4 °C [51]. Hepatitis C subunits E1 
and E2 have been analyzed on either sedimentation velocity or buoyant density gradients of 10-50% 
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iodixanol, centrifuhed at 160,000 gav for 16 h [52]. Herpes virus 8 interleukin 6 protein complexes were 
analyzed in gradients of 5, 10, 20, 30, 40 and 50% (w/v) iodixanol by centrifugation at 77,000 gav for 3 
h [53]. 

 
11. Other applications 

Iodixanol gradients have also been used to study the size of complexes formed by the Circadian 
clock PERIOD complex [54] and using a small volume step gradient of 20%, 15%, 10%, 5%, 
centrifuged for 18 h at approx 150,000 gav 4C, Lin et al [55] were able to demonstrate an association 
of VASP and GST-WASP proteins from Dictyostelium. The gradient would be continuous within about 
3 h of the centrifugation. 
 
Some more recent publications include the following studies: 
Alzheimers disease protein [56] 
β-Amyloid peptide – monomer separation [57] 
Francisella tularensis secretion system structure [58] 
Nicotiana benthamiana, protein expression in [59] 
ORF2 capsid protein [60] 
Prion proteins (intermolecular cross-linking) [61] 
  (assembly in Parkinson’s disease) [62] 
  (hydrophobic regions) [63] 
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