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INTRODUCTION

α-Synuclein (aS) is a small protein implicated in the devel-
opment of Parkinson’s disease (PD) and is found abundantly 
in the human brain [1,2]. Recently, evidence was found 
that aS might be involved in regulating the size of synap-
tic vesicle pools [3–5]. One observation which leads to the 
hypothesis that the aggregation of aS is related to the devel-
opment of PD is that there are three disease-related point 
mutations in the protein, A30P [6], E46K [7], and A53T [8], 
all of which have an impact on aggregation and fibrilliza-
tion [9–13]. However, all disease-related mutants bind to 
phospholipid vesicles with a higher affinity to anionic lipids 
because of the positive net charge of the N-terminal region. 
A30P has a lower affinity for lipid vesicles when compared 
to the wild-type and the other two aS mutants because of the 
mutation in the N-terminus, which causes local disorder in 
the α-helix [14–17].

During disease progression, aS initially forms soluble 
oligomers which eventually self-assemble into amyloid 
fibrils in which the protein adopts a cross-β structure – a 
structure in which the β-strands are oriented perpendicular to 
the fibril’s axis [18,19]. These fibrils accumulate in cytosolic 
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inclusions, called Lewy bodies, which are the pathologic 
hallmark of PD [20–23]. As fibrils and prefibrillar oligomers 
seem to be the toxic species causing neuronal loss in PD, the 
characterization of fibrils of wild-type aS or the PD-related 
variants may yield valuable insight into processes involved in 
surface interactions and mechanical stability [24,25].

Atomic force microscopy (AFM) has proven to be ide-
ally suited to investigate the nanoscale properties of these 
amyloid fibrils. In previous studies we have studied exten-
sively the morphology of the aS fibrils, mainly focused on 
differences in the height of the fibrils, and the periodicity 
of height modulation along the length of the fibrils [26,27]. 
From these and other detailed AFM studies of amyloid fibril 
morphologies, structural models of amyloid fibril structure 
and assembly have been developed [28,29]. In order to get 
AFM images of amyloid fibrils representative of the fibril 
structure in solution, and extract accurate nanoscale proper-
ties, a proper choice of the underlying substrate is essential. 
The surface is obviously needed to attach and support the 
fibrils in order to enable AFM imaging, but the interaction of 
the surface with the fibrils must be such that the structure and 
the conformation of the fibrils are not influenced or altered.
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FIGURE 29.1  Tapping-mode AFM topography images of E46K fibrils deposited on five different substrates.
We report here a quantitative assessment of the 
nanoscale morphologic and mechanical properties of aS 
fibrils formed from the wild-type and three disease mutant 
proteins on various surfaces. Initially, we studied E46K 
disease-mutant fibrils deposited on mica, HOPG, glass, 
quartz and gold. Differences in apparent adhesion to 
the surface, as well as the average length of the fibrils, 
were observed to depend on the supporting substrate. As 
a next step, we studied the morphology of the wild-type 
and three disease-mutant aS fibrils on two different sup-
ported bilayer surfaces. The motivation to study these lipid 
bilayer surfaces is two-fold. First, the bilayer is considered 
as a more physiologically relevant surface for the amyloid 
fibrils, and second, the interaction between fibrils and lipid 
bilayers is thought to be a key factor in modulating cellular 
toxicity. We observed that, in contrast to monomeric aS, 
the fibrils do bind to the zwitterionic lipid (POPC) bilayer. 
We found that the fibrils formed with the disease mutant 
A30P had less affinity for the POPC lipid membranes, as 
inferred from the lower density of fibrils per unit area. All 
fibril samples formed large film-like patches of fibrils on 
the membrane, clearly indicating an attraction between 
individual fibrils. The absence of movement of the fibrils 
on the POPC–POPG lipid bilayer, combined with the ∼3 
nm lower height measured on this bilayer, suggests that 
the fibrils are incorporated in the membrane.

aS FIBRILS ON DIFFERENT SOLID 
SURFACES

Most reported AFM studies of amyloid fibrils, including aS, 
are carried out on a mica surface [26–28,30]. In most cases 
it is assumed that mica does not affect the conformation and 
structure of amyloid fibrils when they are deposited on the 
surface. Hoyer et al have shown – using in situ AFM – that, 
during fibril growth on a mica substrate, the underlying 
crystal structure of the mica can serve to template amyloid 
growth [31]. To validate the assumption that the substrate 
does not affect fibril structure, we deposited 50 μL of fibril 
solution on mica, HOPG, glass, quartz and gold substrates. 
After leaving the E46K aS fibrils on the surface for 1 hour, 
the surface was rinsed with 200 μL buffer, and subsequently 
50 μL buffer was added to allow imaging in liquid.

Tapping-mode topography images of the aS fibrils are 
shown in Figure 29.1.

From the AFM images, the heights, lengths and period-
icities of each fibril were determined with a custom written 
script in Matlab using the DIPimage toolbox (version 2.3, 
TU Delft, Delft, The Netherlands). The means and standard 
deviations of these fibril characteristics, measured for ∼100 
fibrils for each substrate, are presented in Figure 29.1. Each 
of the five surfaces was prepared in the same way, that is, 
exposed to 50 μL fibril solution derived from the same stock 
solution for an hour, after which it was rinsed. The density 
of aS fibrils on the surface is thus a relative measure of the 
affinity of these fibrils to the surface. For both mica and 
HOPG this surface coverage is relatively high (7.1 and 10.5 
fibrils per μm2) [30]. For the gold surface, this affinity is 
four times lower, and for glass and quartz the density, and 
thus affinity, is more than 10 times lower. The heights and 
periodicities of the fibrils are relatively similar, except that 
on glass the fibrils appear to be roughly 1 nm higher, most 
probably due to a difference in the interaction of the tip with 
the remaining surface [32]. When deposited on HOPG, the 
fibrils do have an average length that is about half that of 
those deposited on mica, glass or gold. This suggests that 
the interaction of the fibril with HOPG likely influences its 
structure, an observation that has been made with other bio-
logic molecules and fibrillar structures deposited on HOPG 
[33,34]. Deposition on quartz appears to severely affect the 
structure of the fibrils. The density of fibril fragments that 
attach is very low, but, most importantly, the fibrils appear 
to be fragmented, most likely due to their interaction with 
the quartz substrate. The similar heights, lengths and peri-
odicities demonstrated by the fibrils deposited on mica, 
glass and gold suggest that mica (and the other two sub-
strates) do not significantly influence the fibril morphology 
as it is present in solution.
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FIGURE 29.2  Fluorescence and corresponding light microscopy images of the POPC bilayer on mica. The layer contains 1% fraction DOPE labeled 
with rhodamine. (A) Fluorescence microscopy image clearly shows the transition from mica (left) to the lipid bilayer (right), where, in the corresponding 
white light image (B), no transition is to be seen. (C) shows a uniform fluorescent POPC bilayer (with corresponding white light image (D)) with three 
small defects (black circles). Scale bars are 100 μm. Images were recorded using a 40× objective on a Nikon Eclipse TE-2000-U (Nikon Corporation, 
Tokyo, Japan). Rhodamine fluorescence was excited at 530±20 nm and recorded at 617±36.5 nm (dichroic mirror cut-off at 562 nm).
PREPARATION OF SUPPORTED LIPID 
BILAYERS ON MICA

To prepare the supported lipid bilayers, we have used 
1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) and 
1-palmitoyl-2-oleoyl phosphatidylglycerol (POPG) stock 
solutions in chloroform (Avanti Polar Lipids Inc, Alabaster 
AL, USA). In this study we have made 100% POPC bilay-
ers, and a mixed bilayer consisting of 65% POPC and 35% 
POPG. The first step is to make a solution of lipid vesi-
cles. By drying the phospholipid solution under a stream 
of nitrogen in a glass vial, a thin lipid film was formed. 
The POPC films were rehydrated in 10 mM Tris-HCl buffer 
with 150 mM KCl, pH 7.4, and the POPC–POPG mixture 
film was rehydrated in 50 mM NaCl, both to yield a total 
lipid concentration of 1 mM. In a next step, large unilamel-
lar vesicles were prepared by extruding this vesicle solution 
eleven times through a 100 nm polycarbonate membrane 
filter (Isopore™ Membrane Filters, Millipore, Billerica 
MA, USA).

For preparing the supported bilayer on mica, 200 μL of 
the vesicle solution was deposited on freshly cleaved mica 
and was left to adsorb for 30 minutes. In the case of the 
mixed POPC–POPG vesicles, the ion concentration was 
increased from 50 mM to 1 M NaCl immediately after 
deposition on the freshly cleaved mica surface. Subse-
quently, the substrate was gently washed with fresh 50 mM 
NaCl buffer to remove any remaining vesicles in solution.

The unilamellar POPC vesicles that were attached to 
the mica surface fused to form a flat uniform supported 
lipid bilayer, which remained fluidic. This was verified by 
scratching the bilayer with the AFM tip and imaging the 
self-repairing capability of the bilayer. After scratching  
the surface with a considerable force we did not observe 
the scratch when imaging the same area subsequently. The 
uniformity of the layer on mica was also verified on a larger 
length scale using fluorescence microscopy (Figure 29.2). 
For this sample the POPC was mixed with 1% rhodamine-
labeled DOPE.

AFM imaging of the supported POPC bilayer revealed 
small lipid patches on top of the bilayer (few hundreds of 
nanometers in size), but otherwise the layer was uniform. 
These lipid patches were typically around 4 nm in height 
(Figure 29.3). In contrast, the POPC-POPG membrane had 
multiple layers. From the height differences the thickness 
of these layers was found to be ∼4 nm corresponding to the 
thickness of lipid bilayers and not monolayers. Due to the 
fluidity and self-repairing capabilities of the membrane it 
was not possible to measure the height of the uniform lipid 
layer by AFM.



PART | III  Polymorphism of Protein Misfolding and Aggregated Species312

FIGURE 29.3  (Top) Topography image of aS fibril on supported POPC bilayer, showing occasionally small patches. From the line section it is clear that 
they are 4–5 nm in height. (Bottom) Topography image of the supported POPC–POPG bilayer (no fibrils), clearly showing that large multilayered parts 
were found. Height differences between the different layers are about 4–5 nm, suggesting that they are bilayers.
α-SYNUCLEIN MONOMERS ON 
SUPPORTED BILAYERS

The interaction of aS with lipid membranes plays an impor-
tant role in the exertion of the physiologic function of the 
protein when bound to synaptic vesicles. For that reason, 
the binding of aS to lipid vesicles composed of different 
lipids and various sizes has been studied previously. In 
these studies the lipid bilayers always exhibited a curvature 
due to the spherical shape of the vesicles. To verify that the 
binding behavior of aS monomers is unaltered for flat sup-
ported lipid bilayers, we have added monomeric aS in the 
surrounding medium while imaging the POPC and POPC–
POPG membrane continuously for at least an hour.

At t = 0, a solution of monomeric aS is injected, resulting 
in a final protein concentration of 30 μM. The AFM height 
images recorded at different time intervals are displayed in 
Figure 29.4. There is no significant aS monomer adsorption 
observed for the POPC layer, while protein monomers are 
seen to adsorb readily onto the POPC–POPG bilayer (65% 
POPC and 35% POPG in molar ratios), which is consistent 
with literature reports [16,35–37]. This corroborates that 
monomeric aS does not show affinity for membranes solely 
composed of zwitterionic lipids, but does exhibit affinity 
for negatively charged lipids. The adsorption on the mixed 
POPC–POPG bilayer is a very rapid process because pro-
tein nanostructures are already present on the membrane 
at time point zero. The adsorption of monomers seems to 
occur within 30 minutes because the image at t = 60 min-
utes reveals a similar density of attached protein monomers 
compared to the image at t = 30 minutes.

α-SYNUCLEIN FIBRILS ON POPC-
SUPPORTED BILAYERS

aS fibrils are the main constituents in the Lewy Bodies asso-
ciated with advanced stages of PD [20–23]. As the length 
of these fibrils is comparable to the diameter of mammalian 
cells, it is reasonable to assume that the accumulation of 
fibrils has consequences for interactions with the cell cyto-
skeleton and other cellular components, leading to changes 
in the mechanical properties of the cells. It is thus of great 
interest to characterize fibril mechanical properties, such as 
their flexibility, which is expressed as the persistence length. 
In order to measure this flexibility correctly, it is essential to 
know how the fibril is deposited on the substrate. The mode 
of deposition determines how the observed curvature (in the 
2D AFM image) of the protein fibril is related to its flexibility 
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FIGURE 29.4  AFM height images of wild-type aS on POPC (top row) and POPC–POPG supported lipid bilayers at different times after addition of the 
protein (bottom row). Image size is 2×2 μm for all images and the z-range is 2 nm for the upper row and 5 nm for the lower row.
in solution. In all studies determining the persistence length 
of amyloid fibrils from AFM images it is implicitly assumed 
that, before the fibrils firmly attach to the surface, the amyloid 
fibril is able to equilibrate on the 2D surface. If this deposition 
model is correct, the curvature observed in the AFM images is 
indeed the curvature the fibril has when free in solution, and 
subsequently its persistence length can be readily determined 
using the appropriate methods. If, due to strong interaction 
forces, the fibril is pulled towards the surface without having a 
chance to equilibrate, this does not hold, and it becomes more 
difficult to unequivocally determine its persistence length.

We started out by studying aS fibrils deposited on sup-
ported lipid bilayers formed by POPC, as these membranes 
have been demonstrated to remain fluidic when formed on 
a mica substrate because of the thin water layer trapped 
between the mica and the membrane [38]. The fluidity of 
the membrane, combined with the low affinity of aS for 
POPC membranes, is expected to allow fibril movement 
on the substrate [16,35–37]. Under these conditions it is 
expected that the fibrils are thermally equilibrated on the 
surface before adhering more strongly, without having to 
consider any trapping effects [39].

In strong contrast to aS fibrils on mica, in which the 
fibrils are firmly attached, consecutively recorded AFM 
images of these fibrils on the POPC substrate demonstrated 
that the fibrils adsorb on membrane POPC bilayer, yet are 
still able to move around (Fig. 29.5). This may be due to 
the relatively weak interaction of the fibrils with the POPC 
bilayer, but may also be caused by the fluidity of the lipid 
layer itself. Fibrils in the topography images appear some-
what fragmented, which is probably an artifact of the scan-
ning. Due to the weak interaction between the fibrils and 
lipids, or the lipids and the underlying substrate, the AFM 
tip was able to push the fibrils back and forth as it is scan-
ning across the surface. This is corroborated by the observa-
tion that fibrils which appear fragmented in one image may 
appear intact in a consecutive scan. Some images further-
more show horizontal stripes because of the fluidity of the 
membrane. This effect can also be seen in Figure 29.4 for 
POPC only bilayers.

In order to characterize the impact, if any, on fibril adhe-
sion to the substrate of the point mutations associated with 
hereditary forms of PD, for each aS variant AFM topog-
raphy images were recorded in air (images not shown), in 
liquid on mica, and in liquid on the POPC-supported bilayer 
to systematically analyze fibril characteristics in differ-
ent environments and on different surfaces. On the POPC 
bilayer, 40 AFM images were recorded for every variant to 
determine the affinity of the four variants to POPC. Wild-
type fibrils and the E46K mutant fibrils on the POPC layer 
showed no clear differences in number of fibrils. The same 
number of fibrils (little over 70 fibrils, see also Table 29.1) 
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FIGURE 29.5  Consecutively recorded AFM height images of wild-type fibrils on mica (upper row) and on the POPC supported bilayer (lower row). 
On the mica surface the fibrils appear intact and fixed onto the surface. On POPC the fibrils appear fragmented and loosely bound to the surface. They are 
able to move around, as indicated by the white arrows. AFM images were made in aqueous buffer, scan size 2×2 μm, z-range 17 nm.

TABLE 29.1  Fibril Heights of α-Synuclein Variants

Mica (in air) Mica (in liquid) POPC (in liquid) Density (on POPC)

Heighta (nm) N Height (nm) N Height (nm) N Nr per 1000 μm2

Wild-type 9.0 ± 1.2 42 9.3 ± 1.1 70 8.4 ± 0.8 76 76

E46K 8.0 ± 0.8 30 8.4 ± 0.9 51 6.2 ± 1.2 77 77

A30P 7.9 ± 0.7 62 9.0 ± 0.4 48 6.7 ± 0.9 21 21

A53T 8.8 ± 0.9 60 9.1 ± 1.0 49 8.7 ± 0.7 70 70b

aFibril heights of the four different aS variants (wild-type, E46K, A30P and A53T) measured on a mica substrate in air and liquid. The decrease in fibril height 
from liquid to air was between 10% and 20%. The last column shows the relative surface coverage expressed as number of fibrils heights on 1000 μm2 
POPC membrane in liquid conditions.
bFor A53T a 10 times more concentrated protein solution was needed to observe the 70 fibrils on 40 images.
was found in 40 AFM images; these fibrils met the inclu-
sion criteria of being longer than 1 μm and appeared not 
to be fragmented. However, the A30P mutant showed sig-
nificantly less binding to the POPC substrate. Here, in 40 
images. only 21 fibrils were found. Many of the A30P fibrils 
appear fragmented, which we attribute to a lower affinity to 
the POPC-bilayer, leading to a propensity for the fibrils to 
slip upon contact with the AFM tip during imaging. A53T 
fibrils showed even less affinity for the POPC substrate. 
We needed a 10 times higher concentrated protein fibril 
solution to observe a similar number of fibrils (namely, 70 
fibrils, see Table 29.1) on the POPC surface. Typical AFM 
topography images are displayed in Figure 29.6.

Fibrils prepared from all four aS variants showed affin-
ity for the POPC membrane; however, for A53T, we needed 
significantly more fibrils to get the same surface coverage 
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FIGURE 29.6  Typical AFM height images of fibrils made from wild-type and three different aS disease-related variants on mica substrate (left column) 
and POPC bilayer (right column). AFM images were recorded in aqueous buffer, scan size 5×5 μm, z-range 20 nm. For wild-type, E46K and A30P the 
same protein concentration is used, for A53T the sample was 10 times more concentrated compared to the other three variants (see also Table 29.1).
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FIGURE 29.7  Clusters of aS fibrils found on the POPC bilayer, image size 5×5 μm, z-range 20 nm.
(2 times diluted compared to 10 or 20 times for the other 
variants). The binding to the membrane was, for all four 
variants, only loose, allowing for slippage during scanning 
as seen by the apparently fragmented fibrils observed on 
POPC bilayers. Just as in monomeric aS, A30P fibrils had 
a lower affinity for lipids when compared with the other 
three variants. This resulted in a lower number of fibrils on 
POPC bilayers for the analysis. This observation suggests 
that, also in fibrillar form, the structure of the N-terminus 
plays a role in lipid binding. The affinity of the wild-type 
fibrils for POPC–POPG is comparable to that for the POPC 
membrane (31 fibrils on 20 images compared to 76 fibrils 
on 40 images). However, all fibrils were firmly bound, that 
is, no fragmented fibrils were observed and all fibrils were 
considerably lower in height.

In some places on the surface, patch-like clusters of 
fibrils on the POPC membrane were found for the wild-
type protein and the three mutants (Fig. 29.7). The ability of 
the fibrils to move on the lipid surface in combination with 
attractive fibril–fibril interactions most probably leads to 
the clustering of the fibrils. The clusters had heights similar 
to those measured on individual fibrils, indicating a mono-
layer of fibrils. The fluidity of the POPC membrane, either 
alone or combined with the low adsorption of the fibril to 
the membrane, most probably allows the fibrils to move 
around. This movement of the fibrils on the membrane cre-
ated a monolayer of fibrils. This observation suggests that 
fibrils may cluster into higher ordered assemblies in close 
proximity of membranes. Clustering and alignment of pro-
tein fibrils on different kinds of surfaces has been seen pre-
viously [40].

The heights and periodicities of the fibrils were ana-
lyzed. Fibril heights were consistently higher when mea-
sured in liquid on mica as compared to the heights measured 
in ambient conditions (see Table 29.1). The heights of the 
fibrils on the supported membrane were consistently lower 
when compared to the heights obtained on mica for all fibril 
variants. This could suggest that the fibrils are somewhat 
incorporated in the membrane. Periodicities of the fibrils 
of all variants ranged from 65 to 140 nm. The periodicities 
of each fibril species did not change when measured on the 
different surfaces or under different environmental condi-
tions.

Morphologic analysis of the fibrils on mica and on the 
POPC membrane showed no significant differences com-
pared to previous studies [26,27,29,41]. Periodicities are 



317Chapter | 29  AFM Studies of α-Synuclein Amyloid Fibrils
FIGURE 29.8  (A) Representative AFM topography image of E46K fibrils (left) and a set of contours (right) extracted from the image. (B) Complete set 
of contours extracted from a set of AFM images. (C,D) Schematic representations of how the curvature is analyzed by determining the deviation of the 
midpoint of the fibril segment from its secant line (C), and by determining the end-to-end distance (D).
slightly different compared to other studies; in particular, 
the E46K variant showed a larger periodicity (∼70 nm) 
compared to the often-measured 45 nm. However, the 
aggregation conditions (70o Celsius and no extra ions) 
deviated from other studies [26,27,29], which might 
explain this difference. Recently, Adamcik et  al showed 
periodicity differences for amyloid fibrils when aggre-
gated or adsorbed on the surface with different ion con-
centrations [42]. Yet the fibril heights are comparable to 
previous studies; also, the height differences measured 
in liquid versus air (20%) have been observed previously 
[26,27,43,44]. There is a slight height difference between 
fibrils measured in liquid on mica compared to those on 
POPC bilayers. However, this height difference is below 1 
nm, a difference that could also be attributed to the AFM 
settings, as, for instance, the force setpoint, or environ-
mental conditions [32,43].

INFERRING THE MECHANICAL PROPERTIES 
OF FIBRILS FROM IMAGES

Determination of the mechanical properties of amyloid 
fibrils, such as the bending rigidity or persistence length, 
can be done by analyzing the contours of the fibrils as they 
appear in the AFM topography images. As a first step, a 
custom-written Matlab script has been used to isolate and 
trace the fibril contours (see Fig. 29.8A), which are at least 1 
μm in length and do not cross other protein fibrils. The fibril 
contours are exported as arrays of x and y coordinates of the 
pixels making up the fibril. A collection of these contours 
representing aS fibrils is presented in Figure 29.8B. These 
data are then further analyzed using two different methods to 
get the persistence length of the fibrils (Fig. 29.8, C and D).

The first method measures the deviation of the fibril 
shape in AFM topography images from a secant line con-
necting its ends (Fig. 29.8C). The average of the squared 
value of this deviation, which is the variance of the distribu-
tion of the deviation itself, is directly related to the persis-
tence length (Eq. 1).

	
P =

C3

48 〈v2 (x)〉	
(1)

This method has been used for several amyloid fibrils, 
such as insulin fibrils [45], aS fibrils [44], and HypF-N 
fibrils [46]. This method is valid only for segments of length 
L that are much shorter than the persistence length of the 
fibril. If this is not the case, smaller parts of the contours 
can be taken and analyzed. For the analysis of the aS fibrils 
in this study we have analyzed segments of different lengths 
between 50 and 300 nm, and the average is taken of the per-
sistence lengths determined for each length.

For the second method, the end-to-end distance and the 
contour length is determined for each fibril (Fig. 29.8D). 
After plotting the squared value of the end-to-end distance 
versus the contour length, the curve can be curve-fitted with 
Eq. 2 in order to determine the persistence length.

	
〈 E2 〉 2D = 4PC

(
1 −

2P

C

(
1 − e − C

2P

))

	
(2)
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ABLE 29.2  Persistence Lengths of α-Synuclein Fibrils

ibril Surface P (method 1) P (method 2) N

ild-type Mica 8.1 ± 1.0 mm 3.9 ± 0.3 mm 70

POPC 5.3 ± 1.4 mm 3.5 ± 0.3 mm 76

46K Mica 5.6 ± 0.8 mm 6.2 ± 0.5 mm 51

POPC 6.1 ± 1.7 mm 11.9 ± 1.8 mm 77

53T Mica 7.1 ± 0.8 mm 6.9 ± 2.2 mm 49

POPC 5.3 ± 1.0 mm 5.4 ± 0.8 mm 70

30P Mica 5.3 ± 0.8 mm 5.0 ± 1.3 mm 48

POPC 3.4 ± 1.0 mm 3.3 ± 0.9 mm 21
This method has no limitation in the length of the 
contours used. We have analyzed for each fibril the 
end-to-end distance and contour length, resulting in 
one datapoint per fibril, but it is also possible to take 
shorter segments (parts of fibril) and perform the same 
analysis. This method has, for example, been applied for 
determining the persistence length of beta-lactoglobulin 
fibrils [42].

Both methods are based on the worm-like chain model 
and, as already mentioned earlier, the Eq 1 and 2 yield the 
correct persistence length only if the fibrils are in thermal 
equilibrium when adsorbing on the surface. This means that 
before attaching firmly to the surface, the amyloid fibril is 
able to equilibrate on the 2D surface, such that the curvature 
observed in the AFM height image is indeed the curvature it 
would have in its 3D conformation. If this condition is not 
completely fulfilled, and the fibril attaches directly from its 
3D conformation onto the surface, and the appearance of 
the fibril on the surface is more or less the 2D projection of 
its 3D conformation, then the observed persistence length 
using the above methods is expected to be lower. Mucke 
et  al [47] have shown that, when the 3D conformation is 
effectively flattened into a 2D conformation, the observed 
persistence length is half that of its real value.

In many cases, however, the mode of deposition onto the 
surface is not clear. Considering the mobility of the fibrils 
observed on the POPC monolayer, the fibrils are clearly 
able to move along the substrate, either because the adhe-
sion of the fibril to the bilayer is not that strong, or because 
the lipids in the bilayer are free to move. These are the nec-
essary conditions for the fibril to equilibrate in 2D, and thus 
can the persistence length be determined using the above 
equations.

Using both methods, the average persistence lengths of 
fibrils from the four protein variants, on mica and on the 
POPC bilayer, are analyzed (see Table 29.2). The persis-
tence lengths found are within the range of 3.3 to 7.1 μm, 
which corresponds with a bending rigidity of 1.3 to 2.9 ⋅ 
10−26 Nm2. This is within the range of bending rigidities 
found for other amyloid structures [48].

Please note that the error given in the table is determined 
by the curve-fitting procedure. There is, however, another 
uncertainty that plays a role. In method 1, the accuracy in 
determining the persistence length is basically set by the 
uncertainty in the determination of <v2>. What is important 
to realize is that v is Gaussian distributed around zero. <v2> 
in this context is then the variance of this Gaussian distribu-
tion. If more data points (N) are included in the distribution, 
the variance can be determined more accurately. In order to 
determine this accuracy, we have done some simulations. 
We have drawn N numbers from a normal distribution, 
and determined <v2> from these drawn numbers. If one 
does this 106 times, one can determine the accuracy with 
which the variance, and thus the persistence length, can 
be determined. The accuracy is calculated in percentages 
of the mean value. From this simple simulation it becomes 
directly clear that the accuracy increases as N increases. For 
N = 30 this uncertainty is about 30%, and for N = 100 this 
uncertainty is about 15% of the value. The uncertainty in 
method 2, using the end-to-end distance versus the contour 
length, is also determined by the variance of a distribution 
(this one is not Gaussian, and not centered around zero) and 
a similar simulation has been done to determine its accu-
racy. For N = 30 this is about 16%, and for N = 100 this 
uncertainty is about 9%.

The differences in persistence lengths measured on 
mica and POPC for the four aS mutant fibrils are quite 
small. For the wild-type and E46K, if both methods are 
taken into account, there is hardly any difference. For 
A53T and for A30P, the persistence length on POPC seems 
to be systematically slightly lower than when measured 
on mica (20% and 45% respectively). It is interesting to 
note that, based on the observation of fibril movement on 
POPC, we can conclude that the necessary conditions for 
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FIGURE 29.9  Typical AFM image of wild-type fibrils on a POPC–POPG-supported bilayer with corresponding height profile of the fibril indicated 
with an arrow. Image size is 5×5 μm, and the z-range is 10 nm.
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 equilibration is fulfilled. The question we set out to 
dress is whether this situation also holds for deposition 
 mica. If this mode of fibril deposition is also valid for 
position on mica, the apparent persistence lengths would 
 the same, as we can see for the wild-type and E46K. 
owever, if aS fibrils were to be irreversibly trapped onto 
e mica surface, the apparent persistence length would be 
wer than that compared to the 2D equilibrated situation. 
e opposite has been observed for the mutant A30P and 

53T fibrils.
One possible explanation for the lower apparent per-

stence of fibrils deposited on POPC may be the fact 
at they are still able to move during scanning, as has 
en shown earlier (Fig. 29.2). As the fibril is moving 
ring scanning, the AFM image of the fibril is slightly 
formed. It is not very straightforward to see what influ-
ce this image deformation has on the persistence length, 
t because the fibrils appear as relatively stiff features 
s compared to DNA, which is much more flexible), it is 
ely that the movement of the fibril will introduce larger 
rvatures in the deformed contour, when compared to a 
n-moving fibril. This will offset the persistence length 
 lower values. In connection with this argument, it is 
teworthy to mention the correlation between the affin-
 of the fibrils to the surface and the difference in per-

stence length when fibrils deposited on mica and POPC 
e compared. Both A53T and A30P fibrils have a lower 
finity for the POPC layer when compared to the other 
utants, and are, for that reason, expected to be more 
obile, which then leads to a slight underestimation of 
e persistence length.

In conclusion, because the persistence lengths of most 
 the deposited fibrils on either mica or POPC are compa-
ble, we can conclude that there is no trapping effect for 
 fibrils on mica, as we and others have hypothesized in 
rlier studies [44,45,48,49].
WILD-TYPE FIBRILS ON A POPC–POPG 
SUPPORTED BILAYER

In the previous section we described the analysis of aS 
fibrils deposited on POPC-supported lipid bilayers. Besides 
determining the morphologic characteristics of the protein 
fibrils, such as height, length, and periodicity in height 
modulation along the fibril, we have determined the flex-
ibility expressed in terms of persistence length. POPC is 
zwitterionic and therefore neutrally charged under the con-
ditions used in this study, such that the fibrils are expected 
to be only weakly bound to the bilayer. In a cellular environ-
ment membranes are not simply composed of neutral phos-
pholipids, but of mixtures of many lipids, of which a certain 
fraction are anionic lipids. To explore the interactions of aS 
fibrils to more native membranes, which are partly nega-
tively charged, we have deposited wild-type aS fibrils on a 
mixture of POPC and POPG.

Wild-type aS fibrils showed similar affinity for the 
POPC–POPG bilayer as compared to the POPC-only 
bilayer. Analysis of 20 images of POPC–POPG bilay-
ers showed the presence of 31 bound fibrils, compared to 
76 bound fibrils in 40 images for the POPC membrane. 
However, no fibril movement was observed on the POPC–
POPG surface, which could indicate a different, most likely 
stronger, interaction. The average height of the fibrils on 
this mixed bilayer is 5.1 ± 1.5 nm (N = 31), which is con-
siderably lower than the height obtained on mica (9.3 nm) 
and POPC (8.4 nm) surfaces. A typical height image of 
wild-type fibrils on a POPC–POPG membrane is shown in 
Figure 29.9, including a line section, clearly showing the 
reduced height of the fibrils. This reduced apparent fibril 
height on the mixed POPC–POPG bilayer could imply that 
the fibrils are incorporated in the core of the membrane.

On the POPC–POPG bilayer the fibrils were signifi-
cantly lower in height (more than 3 nm) when compared 



PART | III320

to the fibrils on the POPC bilayer. Compared to the fibrils 
on POPC there was almost no movement of the fibrils on 
the POPC–POPG membrane. This observation combined 
with the reduced fibril height suggests that the fibrils are 
incorporated in the membrane core. Previously, fibrils were 
found to be disruptive to POPG-only vesicles. Incorporation 
of fibrils in the membrane, thereby thinning the thickness of 
the hydrophobic core, could be the reason for this vesicle 
disruption [50]. Due to the strong interaction between the 
fibril and the lipids constituting the membrane, one can 
imagine that this induces a reorganization of the lipids in 
the bilayer leading to membrane thinning and even disrup-
tion. Additionally, the lack of movement of the fibrils on 
the membrane indicates that the lipids interacting with the 
fibrils do not diffuse freely any more. Presumably, the local 
enrichment of POPG and its interaction with fibrils leads to 
the formation of solid lipid domains, which also may impair 
the membrane’s integrity.

CONCLUSIONS

We have evaluated the effect of the supporting substrate 
on quantitative measures of amyloid fibril morphologies 
imaged with atomic force microscopy. We report a system-
atic morphologic and mechanical analysis of four different 
aS variants (wild-type, E46K, A53T and A30P) on various 
hard surfaces and supported lipid bilayers. Although the 
monomeric form of the protein does not bind to the POPC 
membrane, the fibrils do show affinity – but do not seem 
to be incorporated within the membrane. On POPG–POPC 
mixed membranes the fibrils do seem to be incorporated, 
as can be inferred from their reduced height and lack of 
movement on this mixed-lipid bilayer. These findings sug-
gest that the fibrils partially embed into the lipid bilayer, 
thereby locally reorganizing the lipids, which could impair 
membrane integrity.

The ability of the fibrils to move around on the POPC 
membrane gave the opportunity to investigate unequivo-
cally the persistence lengths of the aS fibrils (3.3 to 7.1 μm) 
without relying on any assumption on whether the fibrils 
are adsorbed in a thermal equilibrium state. This also made 
it possible to compare the persistence length values mea-
sured on mica to see whether the equilibrium assumption 
holds for mica surfaces. When comparing the persistence 
length of the fibrils obtained on the membranes with those 
on deposited on mica, we can conclude that there is no trap-
ping effect for aS fibrils on mica.

MATERIALS AND METHODS

α-Synuclein and Fibril Preparation

Recombinant expression and purification of wild-type, 
E46K, A30P and A53T variant aS protein was performed 
  Polymorphism of Protein Misfolding and Aggregated Species

as described previously [27]. To produce fibrils, 250 μM 
monomeric wild-type, E46K, A53T and A30P aS solutions 
in 10 mM Tris-HCl, pH 7.4, were incubated at 70°C in tubes 
under constant shaking for 24 hours.

Sample Preparation

For AFM imaging of protein structures on mica, the sample 
preparation was performed by placing 4 μl of a 20-times 
diluted protein solution on freshly cleaved mica and allow-
ing it to adsorb for 2 minutes. The sample was washed gen-
tly with 200 μl MilliQ water and dried carefully under a 
gentle stream of nitrogen gas. For imaging in liquid, the 
sample was washed with 200 μl of fresh buffer (10 mM 
Tris-HCl and 50 mM NaCl) and was not allowed to dry.

Atomic Force Microscopy

Tapping-mode AFM imaging in a liquid environment was 
performed on Bioscope Catalyst (Bruker, Santa Barbara 
CA, USA). All measurements were made with an MSCT 
silicon nitride probe (MSCT, tip F, k = 0.6 N/m, 10 nm nom-
inal tip radius (Bruker, Santa Barbara CA, USA)). Imag-
ing was performed in tapping mode with low force settings 
(80–90% of the free amplitude) to minimize interaction 
with the sample. The free amplitude in liquid was 2–3 nm 
compared to 100 nm in ambient air. The force settings dur-
ing imaging on the fluid lipid membranes were even lower 
(95–98% of the free amplitude).
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