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Abstract

The spontaneous self-assembly of a-synuclein (a-syn) into aggregates of different morphologies
is associated with the development of Parkinson’s disease. However, the mechanism behind the
spontaneous assembly remains elusive. The current study shows a novel effect of phospholipid
bilayers on the assembly of the a-syn aggregates. Using time-lapse atomic force microscopy, it
was discovered that a-syn assembles into aggregates on bilayer surfaces, even at the nanomolar
concentration range. The efficiency of the aggregation process depends on the membrane
composition, with the greatest efficiency observed for of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-L-serine (POPS). Importantly, assembled aggregates can dissociate from the surface,
suggesting that on-surface aggregation is a mechanism by which pathological aggregates may be
produced. Computational modeling revealed that dimers of a.-syn assembled rapidly, through the
membrane-bound monomer on POPS bilayer, due to an aggregation-prone orientation of a-syn.
Interaction of a-syn with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) leads to a
binding mode that does not induce a fast assembly of the dimer. Based on these findings, we
propose a model in which the interaction of a-syn with membranes plays a critical role initiating
the formation of a-syn aggregates and the overall aggregation process.
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Introduction

Self-assembly of amyloidogenic peptides and proteins is associated with the development of
a large number of neurodegenerative diseases, including Parkinson’s disease (PD). PD is
associated with the presence of cytosolic inclusions, named Lewy bodies (LBs), that contain
amyloid-type fibrils typically localized to presynaptic terminals. [1] These fibrils are
assembled from the a-synuclein (a-syn) protein, which can spontaneously self-assemble
into amyloid aggregates in solution. [2] In addition to PD, a.-syn is associated with the
development of several other neurodegenerative diseases, including LB dementia and
Alzheimer’s disease; however, the aggregation mechanism leading to the disease-prone state
remains elusive. [3-5].

The self-assembly process of amyloid proteins, including a-syn, has led to the amyloid
cascade hypothesis (ACH), which posits that the spontaneous assembly of amyloidogenic
polypeptides is the key feature defining the disease state. [6—8] Numerous data support the
ACH hypothesis, and it remains the theory on which /n vitro and in vivo studies related to
the molecular mechanisms of amyloid aggregation are performed. However, there is a
serious complication in translating the current knowledge on amyloid aggregation /in7 vitroto
the aggregation process /n vivo. Namely, the concentrations of amyloidogenic polypeptides
dramatically differ in vitro compared to /n vivo. For example, the critical concentration for
the spontaneous aggregation of a-syn /n vitrois in the high micromolar range, in stark
contrast to the picomolar concentration range for a-syn in the cerebrospinal fluid (CSF). [9]
While a-syn is indeed an abundant protein in presynaptic vesicles, evidence is missing that
proves the disease state is initiated in this segment of neurons. The immunohistochemical
stains of LB dementia and PD brain samples show accumulation of aggregated a.-syn in the
entire neuronal body, where the a.-syn concentration would resemble the average
concentration in the brain, ~10 nM. [10] Furthermore, we discovered a novel aggregation
pathway that essentially eliminates the disparity between /in vivo and in vitro concentrations
found in ACH; in the presence of a surface, using time-lapse atomic force microscopy
(AFM), we observed the spontaneous assembly of amyloid beta (AB) peptides and a-syn
proteins in the nanomolar concentration range. [11] Based on our findings, we hypothesized
that a similar on-surface aggregation mechanism is possible on membrane surfaces.

Monomeric a-syn interacts with membranes by binding to phospholipid molecules as part of
its normal function. [12, 13] Past reports suggest that the normal membrane-binding
function of a-syn is related to regulation of synaptic vesicle trafficking. [12-14] The
interaction of a-syn with lipid membranes has been shown to elicit changes in the protein
structure. [13, 15-19] The a-syn protein has also been shown to undergo accelerated
aggregation when incubated in the presence of phospholipid vesicles at high protein-to-lipid
ratios. [20-22] Additionally, the ability of aggregates to induce changes in the properties of
cellular membrane is considered a mechanism underlying the development of PD. [23] One
current model posits that neurotoxic effects are associated with membrane permeability, and
cell death is mediated by interactions with oligomeric a-syn. [24-29] The key role that
membrane-induced a-syn aggregation plays in neurotoxicity, [22] potentially via a
mechanism involving membrane permeabilization, [30-33] is in line with our recent finding
that surface interactions dramatically facilitate the aggregation process of amyloidogenic
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proteins, including a-syn. [11] Together, these findings suggest that self-assembly on the
surface of cellular membranes is the mechanism by which potentially neurotoxic oligomers
are assembled at physiologically relevant protein concentrations. [11].

In the current study, the above hypothesis is tested by direct visualization of a-syn
aggregation on the surfaces of supported lipid bilayers (SLBs) using time-lapse AFM. [34]
We demonstrate that SLBs catalyze the aggregation of a-syn at concentrations as low as 10
nM, which corresponds to the concentration range of the CSF. [9] The aggregation kinetics
were also found to be dependent on the SLB composition, being considerably greater for a
bilayer composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) than 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). The assembled aggregates were
not strongly bound to the surface and were capable of spontaneous dissociation into
solution. Importantly, the self-assembly process did not cause damage to the surface, as no
defects were detected after the aggregates dissociated. Computational modeling suggested
that a.-syn monomers change conformation upon interaction with the bilayers, and these
interactions are dependent on the composition of the bilayer. The conformations of a-syn
after binding to POPS dramatically facilitated assembly into the dimer, a property that is in
contrast with POPC and in line with experimental data.

Results

2.1 Experimental AFM studies of a-syn aggregation on lipid bilayers

Lipid bilayers were assembled on the surface of freshly cleaved mica to directly visualize
interactions between the protein and bilayer over many hours with AFM (see Methods
section for details). Based on their prevalence in neuronal cellular membranes, the following
three types of bilayers were used, as shown in Figure 1a: POPC, POPS, and an equimolar
mixture of the two. Time-lapse AFM studies require that the bilayers are stable during the
entire multi-hour AFM experiments. Additionally, the surface needs to be smooth to allow
for detection of protein aggregates while they are formed. We developed a procedure to
assemble POPC and POPS bilayers, with no defects, over areas of at least 4 pm x 4 um (Fig.
1b and Fig. S1). Each surface was tested for smoothness and stability prior to AFM studies
for the a-syn-membrane interactions, as illustrated in the AFM topographic image in Fig.
S1. Only similarly smooth surfaces were used to conduct time-lapse AFM experiments.

2.2 a-Syn aggregation on the POPC bilayer

First, we determined how the presence of a POPC bilayer affects the a-syn aggregation. A
10 nM a-syn solution was exchanged with the buffer on a smooth POPC SLB and the
bilayer was visualized by time-lapse AFM imaging. Aggregation of a-syn on supported
POPC bilayers was investigated over a period of five hours, as shown in Figure 1. Further,
Figure 1b shows the POPC surface immediately after exchange of buffer with an a-syn
solution at a concentration of 10 nM. Aggregates appeared after three hours of incubation,
indicated by arrows in Figure 1c. More aggregates appeared over the next two hours of
observation, accompanied by an increase in their sizes (volumes), as shown in Figures 1d
and 1e. The number and volume of aggregates were measured and revealed that both
parameters gradually increase over time, as shown in Figure 1f. Note that 10 nM solution of
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a-syn incubated under the same conditions but in the absence of a phospholipid bilayer or
mica surface (Fig. S2 a and b) did not show a large number of aggregates. Importantly, this
suggests the formation of a-syn dimers due to S-S bonds between C-terminal Cys residues
are unlikely because the histograms are essentially identical; the volume of the protein
remains indistinguishable from its monomeric form. [35] For further verification, on-surface
aggregation (on aminopropyl silatrane, APS- functionalized mica) experiment was
performed in presence and absence of dithiothreitol (DTT) (Fig. S2¢). The volume of the a-
syn aggregates remains essentially similar in both situations, thereby indicating that the on-
surface formation of dimers through terminal Cys residues is not likely in our experimental
setup.

These results were also compared with the aggregation of a-syn on APS-functionalized
mica in which the catalytic effect of surfaces was initially demonstrated. [11] These data are
shown in Figure S3. Aggregates formed on APS-mica appeared after three hours of
incubation, which was also the case for aggregates formed on the POPC bilayer (Fig. S3e).
However, qualitatively, aggregation on APS was less efficient compared to POPC, as
measured by the number and size of aggregates (Fig. S3h and Fig. S4).

2.3 a-Syn aggregation on the POPS bilayer

Next we tested how the composition of the bilayer affects the aggregation of a-syn by
performing experiments with POPS bilayers. Both POPC and POPS bilayers are composed
of hydrocarbon chains, but POPS has a serine head group that renders the surface negatively
charged at physiological pH, while POPC has a net neutral charge. AFM images, shown in
Figure 2, demonstrate that aggregates appear after one hour of incubation with POPS (Fig.
2a), and the surface is densely covered with a.-syn aggregates after five hours incubation
(Figs. 2b-2d). Quantitative analysis demonstrated the number of aggregates and their size
increase over time (Fig. 2e). Histograms for the volume distribution at each time point are
shown in Figure S4 (for more data, see Table 1). Compared with POPC, aggregation on
POPS bilayers was accelerated, with the first detectable aggregates appearing after one hour
on POPS bilayers compared with three hours on POPC bilayers. Additionally, at the end of
the 5 h experiment, the number of aggregates was more than double for POPS (n = 404)
compared to that of POPC (n = 190). Furthermore, aggregates formed in the presence of
POPS had a larger mean volume (417 nm3 for POPS vs. 276 nm?3 for POPC; Fig. S4 and
Table 1).

a-Syn aggregation on the POPS:POPC bilayer—The effect of the bilayer
composition on the aggregation of a-syn was also examined by using an equimolar mixture
of POPC and POPS; the results are shown in Figure 3. For the mixture, aggregates appeared
after two hours (Fig. 3a), and their number increase over time (Figs. 3a—3d). Quantitative
analysis showed that the number and size of the aggregates grew monotonically over time
(Fig. 3e). Although the number of aggregates on POPC:POPS bilayer was close to that of
POPS (372 vs 404), the average size of aggregates was much smaller (see panel ‘Experiment
1’ in Table 1; mean volume value of 312 nm3 on POPC:POPS versus 417 nm3 on POPS).
Furthermore, the first appearance of aggregates on the equimolar mixture of the
POPC:POPS SLB occurred one hour later than for the POPS SLB. The volume distributions
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at each time point for the POPC:POPS SLB is shown in Figure S4 and Table 1. Direct
comparison of aggregates on the different bilayer surfaces reveals that the general
aggregation propensity follows this order: POPS > POPC:POPS > POPC (Table 1). Changes
in the volume and number of aggregates assembled on the POPC, POPS and POPC:POPS
bilayer surfaces are graphically shown in Figure S5.

2.4 Time-lapse observation of the on-surface dynamics of a-syn aggregates

The data from the time-lapse experiments allows us to follow the dynamics of individual
aggregates. Figure 4 shows scans of the same area taken during a 30-minute interval on the
POPS surface. The aggregates are highlighted with different colored arrows to indicate
different types of aggregate dynamics. New aggregates appearing in panel B are highlighted
with green arrows. Aggregates that did not change between panels A and B are marked with
transparent black arrows. One aggregate on panel A dramatically increased in size in panel B
and is highlighted with a yellow arrow. Interestingly, several aggregates highlighted in blue
in panel A are not found in panel B, suggesting these aggregates spontaneously dissociated
from the surface during the 30-minute interval. Importantly, the surface remained smooth,
indicating that no damage occurs to the bilayer surface following dissociation of the
aggregates.

The same spontaneous dissociation was also observed for aggregates assembled in presence
of POPC bilayers (Fig. S6). Thus, aggregates assembled on the surface were able to
dissociate back into solution, suggesting that aggregates should appear in the bulk solution
above the bilayer. This assumption was tested by directly measuring the time-dependent
accumulation of a.-syn aggregates in the bulk solution above the bilayer surface. To this end,
aliquots were taken from the bulk solution, deposited on mica, imaged with AFM, and
analyzed for the presence of aggregates. AFM images in Figure S7 clearly demonstrate the
accumulation of aggregates in the bulk solution; these data are quantitatively shown in
Figure 5. The presence of the bilayers produced significantly more aggregates (solid black
bars) compared with the control (dashed bars). These results support the conclusion that
aggregates assembled on the lipid bilayer can dissociate into the bulk solution. Note that a
similar effect was observed in our recent study, [11] in which the assembly of a-syn
aggregates on a mica surface was studied.

2.5 Computational modeling of the interaction of a-syn with lipid bilayers

To obtain insight into the underlying molecular mechanism behind the aggregation of a-syn
on the bilayer surface, molecular dynamics (MD) simulations were performed to identify
interactions of a-syn with the POPC and POPS bilayers. Briefly, a monomer of a-syn was
placed 6 nm above the center of a 13 nm x 13 nm bilayer patch (512 lipids), and interactions
with the bilayer were then simulated. A few selected snapshots illustrating the dynamics of
the interaction of a-syn with the POPC bilayer are shown in Figure 6a. The set of data for
the interaction with POPC is assembled as a movie (Movie S1). According to Figure 6a, a-
syn initially bound to the POPC membrane through its N-terminal segment (frame (ii)). Over
time, the length of the protein segment in contact with the POPC surface increased, so that
the non-Ap component (NAC) segment approached the surface as well (frames (iii-iv)).
Graphically, this change in binding is illustrated by the kymograph shown in Figure S8a and
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b for POPC and POPS, respectively. In fact, a-syn can undergo multiple association-
dissociation events, as evidenced by the fluctuations in the number of contacts over time
(Fig. S8c). Eventually (after ~1.5 s, seen as a jump in the graph), the protein strongly
interacted with the bilayer and remained bound to the surface until the end of the simulation.
Throughout the simulation, the end-to-end distance and the radius of gyration of the a-syn
molecule experienced minor fluctuations (Figs. S8d and e).

A similar analysis was performed for a-syn interactions with a POPS bilayer. A few selected
frames are shown in Figure 6b, and the full set of data for the interaction is assembled as
Movie S2. Similar to the data obtained for the POPC bilayer, the N-terminal segment of a-
syn bound to the membrane surface, but unlike POPC, the interaction with POPS was
limited to a short central region (G36-K58) of the protein, graphically illustrated in Figure
S8h. As a result, the protein remained extended out of the plane of the POPS surface.

To account for the structural diversity reported for a-syn, we performed MD simulations
using two additional conformations of a-syn, obtained from all-atom discrete MD (DMD)
simulations [36] and from coarse-grained simulations using a random coil criterion (see
methods), Figure S9a (i) and (ii) respectively. The DMD structure is similar to the previous
structure, but with a more extended a-helical region as well as a more flexible C-terminal;
these two factors contribute to the rapid interaction with both POPC and POPS, Figure
S9h(i) and c(i) respectively. However, unlike the previous simulations with POPC, the a.-syn
monomer only interacts with the bilayer through a small section of the N-terminus and
assumes an orientation similar to that for POPS (on Figure 6), Figure S9b(i) and Movie S3.
Interactions with POPS are initiated through the same N-terminus region as interactions with
POPC but later grow to include the entire N-terminal region as well as the NAS, Figure
S9c(i) and Movie S4. These interaction lead to the insertion of the monomer into the bilayer
interfacial region with the C-terminal region extending out of the bilayer, Movie S5.

The a-syn conformation obtained through coarse-grained simulation is largely unstructured
and has a compact shape and, unlike previous simulations, rarely interacts with POPC
(Figures S9a(ii) and b(ii)). Similar decrease in interaction is seen in presence of POPS, and
although initial interactions happen through the same N-terminal region (residues 30-50)
neither the full N-terminal region nor the NAC region remain in contact with the membrane
as previous (Figure S9c(ii)). To determine the underlying cause, we performed all-atom
simulations using the same initial structure and the results are shown in Figure S10. In
presence of POPC, the a-syn monomer sporadically interacts with the bilayer and undergoes
structural change, initially adopting small helical segments in the N-terminal region before
gaining small B-strands, as well as changes shape, becoming more elongated, Movie S6 and
S7. On the other hand, in presence of POPS, once the monomer interacts with the bilayer,
through the N-terminal region, it stays connected and undergoes similar change as was seen
on POPC, Movie S8. Furthermore, the monomer orientation on POPS is similar to that on
Figure 6.

The interaction of membrane-bound a.-syn was then modeled using a second free-a-syn
molecule; the results are shown in Figure 7. Frame (i) in Figure 7a shows the second protein
floating around the a.-syn bound to the POPC surface, but later (frame ii) it moves away
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from the bound protein and binds to the other side of the bilayer, gradually increasing the
number of segments interacting with the bilayer, as shown in frames (iii) to (iv). An
animation of the dynamics is assembled as Movie S9.

Similar MD simulations with the POPS bilayer produced entirely different results compared
with POPC. As described in Figure 7b, a free protein, shown in frame (i), rapidly binds to
membrane-bound extended a-syn, and the dimer is rapidly formed, after only 15 ns, shown
in frame (ii). These events occurred due to interactions of the NAC segments of the two
proteins as well as by interactions of the NAC-C-terminal. The proteins in frame (iii)
rearranges into a parallel orientation with an extended NAC-NAC interaction interface
(frames (iv)-(Vv)), and the dimer remains stable for the remainder of the simulation. The
center of mass (CoM) distance plot, Figure 7c, further corroborates these observations, with
the distance for POPS quickly stabilizing to approximately 2.5 nm, while the distance for
POPC is large and fluctuates around 7 nm, which is equal to the thickness of the bilayer plus
contributions from the position on the bilayer surface (2D diffusion). This dynamic process
is presented as Movie S10. Furthermore, geometric analysis of the proteins (Fig. S11)
demonstrates that interactions within the dimer (on POPS) primarily occurs between the
NAC and C-terminal segments of the membrane-bound protein and the second a-syn
molecule.

3. Discussion

Overall, our studies demonstrate that phospholipid bilayers catalyze the aggregation of a-
syn at conditions where no aggregates are assembled in bulk solution. The aggregation
process was directly observed using time-lapse AFM, which showed that the number and
size of aggregates increase gradually with the incubation time. The efficient assembly of
aggregates on phospholipid bilayers is in line with other studies, [37-39] which reported
accelerated formation of a-syn fibrils on phospholipid vesicles, although much larger
concentrations of a-syn were typically used. Moreover, our studies reveal a number of
important features for the self-assembly process catalyzed by the membrane bilayers.

The aggregation efficiency is dependent on the phospholipid composition, with the general
aggregation propensity conforming to the following order: POPS > POPC:POPS > POPC
(Table 1 and Fig. S5). POPS is an anionic phospholipid, which suggests electrostatic
interactions between the negatively charged surface and the positively charged lysine-rich
segment of a-syn can contribute to the catalytic effect this surface, which is in line with
previously reported data. [23] In turn, this initial interaction increases the local concentration
of the protein on the bilayer surface and accelerates the aggregation process. Importantly,
previously reported findings suggest that the levels of anionic lipids in the brain increase
with age [40] and that the ratio of acidic to zwitterionic phospholipids further increases in
the PD brain. [41] Based on these data and our observations, we hypothesize that
amyloidogenic aggregates of a-syn assemble on cellular membranes and that the membrane
composition is the factor that controls the aggregation process. [22, 33] Recent studies are in
line with our observation, where the role of membrane composition has been identified as a
major factor for different types of amyloid proteins towards disease development. The
specific role of GM1 ganglioside as a binding target of a-syn and, at the same time fibril
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formation inhibitor, along with the other results (reviewed in [42]) reveal the importance of
membrane composition for PD neuropathology. The presence of GM1 ganglioside has been
shown to also induce formation of toxic Ap42 oligomers [43]. Additionally, interactions of
GM1 with HypF-N oligomers has been shown to lead the cytotoxicity[44].

Computer modeling provides insights into differences for a-syn interactions with POPC and
POPS bilayers. According to Figures 6a and 6b, a-syn binds differently to both surfaces. In
the case of POPC, a-syn initially binds using its N-terminal segment, but it makes multiple
contacts with the surface by different segments “spreading” on it. On the contrary, a-syn
remains bound to POPS surface by its N-terminal segment “popping-out” from the surface
over entire simulation period. Similar interactions through the N-terminal region are seen for
different initial conformations of the a-syn monomer (Figure S9). However, while
interactions with POPC do occur, these conformations show more extended interactions with
the POPS surface. Common for all initial conformations of a-syn is the orientation of the
monomer on the bilayer surface, with interactions and binding primarily occurring through
the residues of the N-terminal region and leaving the C-terminal oriented away from the
surface and freely accessible. As a result of this arrangement, a second monomer can rapidly
find the membrane-bound a.-syn monomer and form a stable dimer (Fig. 7b and movie S9).
No such rapid interactions were detected for a-syn bound to the POPC surface (Fig. 7a and
movie S10). The POPC-bound monomer remains undetected by the second monomer as it
passes the periodic boundary and binds to the surface on the other leaflet, far from the first
monomer. Note that the initial distances between the monomers for POPC and POPS
simulations were the same. The different modes of a-syn interaction with lipid bilayers is in
line with past studies [17, 45-48] that examined a-syn binding to lipid vesicles.
Interestingly, an extended conformation with exposed NAC region has been reported, [46]
which is similar to the conformation of a-syn bound to POPS in our study. Thus, the binding
modes of a-syn to POPC and POPS can help explain differences in the aggregation
propensity for the protein on these two bilayers.

It has been widely discussed in literature that interactions of amyloid proteins, including a-
syn, with lipid bilayers are accompanied by changes in the bilayer structure and even the
disruption of the bilayer. [15, 49, 50] The formation of channel-like features assembled by
amyloid protein oligomers has also been reported. [26, 27] However, in the present study, we
did not observe such changes in the bilayers. As shown in Figure 4, aggregates highlighted
with blue dissociated and did not appear in frame B; however, no damage to the bilayer
surface is seen in the images prior to and after dissociation of the aggregate. An explanation
for this difference may be the concentration of the a-syn protein. For example, a-syn pores
were previously obtained [26] using a.-syn concentrations at six orders of magnitude greater
than in our experiments. Note as well, these pores were observed on bilayers assembled
from a mixture of lipids and protein (20:1 weight ratio). We used a very different approach -
our bilayers were assembled prior to addition of a-syn. This setup is designed to better
mimic the /n vivointeraction of a-syn with the cell membrane. In experiments by others
using preassembled bilayers, the a-synuclein concentration was also six orders of magnitude
greater than that of our studies. [51] As a result, micrometer-sized clusters were observed
that led to membrane damage. An additional explanation for the discrepancy could be the
presence of defects on the bilayer. For example, a-syn aggregates are reported to bind
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packing defects, and induce lateral expansion of lipid molecules that progress further to
bilayer remodeling by insertion of a-syn into the headgroup region. [52] In our study, we
developed a procedure by which the bilayers remain defect-free during the entire time-lapse
experiment (Fig. S1). This model is in line with the data of Chaudhary and coworkers, [53]
in which homogeneous bilayers remain intact despite the formation of a-syn oligomers.

We also find that the self-assembly of aggregates on the membrane bilayers is a dynamic
process. The aggregates grow gradually, and some of them can dissociate from the surface
into the bulk solution (Fig. 4). This process leads to the accumulation of aggregates in the
solution, as supported by direct measurements (Fig. 5). Thus on-surface aggregation is the
mechanism by which amyloid aggregates are assembled regardless of very low
concentration of the protein and delivered to the solution. This is the surface mediated
catalysis of amyloid aggregation that may have important biological significance. Note that
at our experimental conditions (low concentration of a-syn) the surface assembled
aggregates are oligomers, which are considered to be the most neurotoxic amyloid
aggregates.

4. Conclusion

In conclusion, our studies reveal the ability of membrane surfaces to catalyze the assembly
of a-syn aggregates at such low concentrations that no aggregation in bulk solution is
observed. Importantly, the aggregation catalysis of the bilayer surfaces depends on the
phospholipid type. Computational modeling revealed different modes of interactions
between a-syn and bilayers that may explain the elevated catalytic activity of POPS
compared with POPC surface. The aggregates assembled on the membrane surfaces can
dissociate into solution suggesting that on-membrane aggregation is the mechanism by
which the overall aggregation process may not only be initiated, but rather the aggregation
process is further maintained by the on-membrane production of amyloid aggregates. The
observation that aggregation occurs at low concentrations of a-syn, which eliminates
potential need for the high concentration of the protein, as it is required for experiments /in
vitro. Altogether, based on the data obtained we hypothesize that the membrane aggregation
is the mechanism by which the disease-prone state is initiated. We also posit that the change
of the membrane composition to one that facilitates the on-surface aggregation process is a
factor that may contribute to triggering of the disease state. Although this hypothesis is
supported by the data on the age-related change of the membrane composition towards
increase POPS concentration, [40, 41] direct data are needed to prove the proposed model.

5. Experimental Section

Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine (POPS) were purchased from Avanti Polar Lipids, Inc,
(Alabaster, AL); Chloroform ((> 99.5%, Sigma—Aldrich Inc.); dry bath incubator (Fisher
Scientific); a 10 mM pH 7.4 sodium phosphate buffer (PBS, NaH,PO4¢H>0: NapyHPO,4 =
1:3.4 without additional salt) was prepared and filtered through a disposable Millex-GP
syringe filter unit (0.22 pm) before use. Deionized (DI) water (18.2 MQ, 0.22 um pore size
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filtered, APS Water Services Corp., Van Nuys, CA) was used for all experiments. Muscovite
mica (Asheville Schoonmaker Mica Co., Newport News, VA). 1-(3-aminopropyl)silatrane
was synthesized as previously described, [54] ImmEdge hydrophobic barrier pen (Vector
Laboratories, Inc. Burlingame, CA); Aron alpha industrial glue (Toagosei America, West
Jefferson, OH); S/P Brand Bev-L-Edge micro glass slides (Allegiance Healthcare
Corporation, McGaw Park, IL).

Preparation of a-syn solution

Preparation

Preparation

Wild-type A140C a-syn in which the C-terminal alanine was replaced with a cysteine was
prepared as described previously. [55] a-Syn solutions were freshly prepared by dissolving
0.4 to 0.8 mg of the lyophilized powder in 200 pL water (the pH was adjusted to 11 with
NaOH), in the presence of 1 puL of 1 M dithiothreitol (DTT) to break disulfide bonds,
followed by the addition of 300 uL of 10 mM sodium phosphate buffer (pH 7.4). The
solution was filtered through an Amicon filter with a molecular weight cutoff of 3 kDa at
14,000 rpm for 15 min. The filtration was repeated three times to completely remove free
DTT. The concentration of the stock solutions was determined by spectrophotometry
(Nanodrop® ND-1000, Wilmington, DE) using the molar extinction coefficients 1280 cm
~1.M~1 and 120 cm=1-M~1 for tyrosine and cysteine at 280 nm, respectively. In general,
freshly prepared stock solutions were used for all the experiments. No significant
dimerization was observed when 10 nM protein was kept incubated for 6 h in solution (Fig.
S2).

of APS-mica

Freshly cleaved mica strips (5.0 x 1.5 cm, LxW) were immersed in plastic cuvettes
containing 167 pM APS solution for 30 min, [35, 55] followed by rinsing with deionized
water and drying in argon flow. The APS-mica was stored in a vacuum chamber for use over
the following few weeks. [56] The APS-mica strips were cut into ~1.5 x 1.5 cm pieces and
glued to a glass slide for sample preparation.

of SLBs

We followed a published protocol with minor modifications. [57] Lipid powder (25 mg) was
first dissolved in 1 mL chloroform to make a 25 mg/mL stock solution. The stock solution
was aliquoted and stored at —20°C. The aliquoted solution (20 pL) was thawed and brought
to room temperature before it was blow dried with a gentle argon flow and vacuum
desiccated overnight. Next, a 1 mL solution of 10 mM sodium phosphate buffer (pH 7.4)
was injected into the glass container to make a 0.5 mg/mL solution, unless a different
concentration was stated. The solution was sonicated (Branson 1210, Branson Ultrasonics,
Danbury, CT) until mostly clear to obtain small unilamellar vesicles. A mica piece mounted
on a glass slide was then prepared for experiments by drawing around the perimeter of the
mica with a hydrophobic pen to prevent overflow. A range of 60 pL to 80 pL of the lipid
solution was deposited onto the freshly cleaved mica surface. The lipid solution was
incubated at 60°C while buffer was supplied periodically. After 1 h, excess lipids were
washed off by extensive gentle exchange of the lipid solution with buffer. The resulting SLB
was kept in buffer and imaged.
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In situ time-lapse AFM imaging in liquid
AFM imaging was conducted on an MFP-3D (Asylum Research, Santa Barbara, CA).
Tapping mode was used. A MSNL cantilever (Bruker, Santa Barbara, CA) with a nominal
spring constant of 0.1 N/m was used for imaging in liquid. The resonance frequency varied
between 7 kHz to 9 kHz.

SLBs were scanned at different magnifications to establish homogeneity before the final
scan size was set to 5 um x 5 pm and experiments commenced at 1 Hz scan rate. After the
bilayer surface was characterized, the buffer was exchanged with a solution containing 10
nM monomeric a-synuclein. For an area of 1 pm x1 um this approximately yields ~10°
phospholipid molecules and ~10 molecules of a-syn in the volume (1 um x 1 um x1 pm)
above the area. Images were acquired with 512 pixels per line resolution.

Buffer was injected periodically to keep the sample at a constant volume. 10 mM sodium
phosphate, pH 7.4 has been used in the time-lapse experiments, except in one situation,
where 1 mM DTT has been incorporated in the imaging buffer to find out the effect of DTT
(Fig. S2c). For in situ time-lapse AFM experiments, the images were acquired at different
time points. Between images, the AFM tip was placed on idle (electronically retracted,
approximately 4 um above the scan area) to ensure that it exerted minimum influence on the
sample.

Data analysis

All AFM images were flattened and then processed using FemtoScan Online software
(Advanced Technologies Center, Moscow, Russia). The features on the bilayer surfaces were
visually inspected and analyzed using “Grain Analysis” in the software. The aggregate
volumes were arranged in histograms and fit with a Gaussian distribution using OriginPro
software (OriginLab, Northampton, MA), yielding mean + SD values. Scatter plots of
number/volume against incubation times were drawn with the Origin software.

Statistical analysis was performed using OriginPro; comparison was performed at each time-
point using the pooled data from three separate experiments and using ANOVA followed by
Tukey’s range test to determine significance differences.

Coarse-grained molecular dynamics simulations

Lipid bilayers of POPC and POPS were prepared using the /nsane.py script (available at
http://md.chem.rug.nl) using the MARTINI2.2refP [58] force field together with the
polarizable water [59] model. The MARTINI force field is widely used for computer
simulations of membranes [60] and is also suitable for simulations of relatively large
proteins such as a-synuclein. The initial bilayer was constructed using 512 lipids in total
placed randomly in a bilayer structure with 40 water molecules per lipid and 150 mM NacCl.
After energy minimization using the steepest decent algorithm, the bilayers were simulated
as an NPT ensemble for 500 ns using a 20 fs integration time step. The simulation employed
periodic boundary conditions with a semi-isotropic pressure coupling using the Parrinello-
Rahman barostat at 1 bar with a 12 ps coupling constant. The temperature was kept at 300 K
using the velocity rescaling algorithm. Electrostatic interactions were calculated using the
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particle mesh Ewald algorithm, with a real space cutoff of 1.1 nm. All simulations were
performed using the 2016 version of the GROMACS suite of programs. [61] Only the final
frame of each bilayer simulation was used for further simulations.

Several studies have shown interactions between a.-syn and POPC [62-64] but spectroscopic
studies did not show a significant change in secondary structure of a-syn during interaction
with the bilayer. Due to this, we selected three starting conformations of a-syn: 1) micelle-
bound a-syn (PDB ID: 1XQ8), 2) a conformation obtained from extensive all-atom DMD
simulations, [36] and 3) a conformation obtained by running 2 s coarse-grained MD
simulation using MARTINI and the 1XQ8 a-syn structure with all backbone definitions set
to random coil.

a-Synuclein-membrane interactions were then simulated using the relaxed bilayers and
coarse-grained a-syn structures, generated using the martinize.py script and the all-atom
PDB structures. The coarse-grained a-syn structure was placed at a CoM distance of 6 nm
from the bilayer core in a parallel orientation (along the long protein axis) to the bilayer. The
system was then solvated in a box of 13x13x18 nm3 water and 150 mM NaCl. The
simulation procedure was the same as previously described for bilayers alone.

Simulations with membrane-bound and additional free a-syn were conducted using the last
frame of the previous simulations and adding another a-syn at a CoM distance of 6 nm from
the membrane-bound a-syn. Orientation of the free a-syn was parallel to the bilayer using
the same protein conformation as the initial a-syn-bilayer simulation. Simulations for both
POPC and POPS were carried out for 2 us each using the previously described parameters.

All-atom molecular dynamics simulations

To evaluate the change in a-syn secondary structure during interaction with the bilayers, we
performed all-atom MD simulations using the a-syn conformation obtained by running 2 ps
coarse-grained MD simulation using MARTINI and POPC and POPS bilayers, consisting of
512 lipid molecules each, generated using CHARMM-GUI. [65] The bilayers were
constructed with 40 TIP3P waters [66] per lipid, neutralized and kept at 150 mM ionic
concentration using Na+ and Cl- counterions, and converted to AMBER format using the
lipid17 force field (an extension and refinement of lipid14 [67]). After which 150 ns NPT
MD simulations were performed using a 2 fs integration time step. The simulations
employed periodic boundary conditions with a semi-isotropic pressure coupling at 1 bar, a
constant temperature of 300 K, non-bonded interactions truncated at 10 A, and electrostatic
interactions treated using particle-mesh Ewald [68]. Simulations were performed using the
Amber16 package [69]. These relaxed bilayers were then used to investigate a-syn
interactions.

To investigate the interaction of a-syn monomer with the bilayers, we extracted the POPC
and POPS bilayers from the final frame of the pure bilayer simulations, added a.-syn at 6 nm
from the bilayer core, solvated with TIP3P water, neutralized with NaCl counter ions, and
maintained a final NaCl concentration of 150 mM. Proteins were described using the Amber
ff99SB-ILDN force field. [70] The systems were then simulated as an NPT ensemble for 50
ns (using the same parameters as previous bilayer simulations) before being submitted to the
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special purpose supercomputer Anton2 for long production runs. Simulations on Anton2
employed the multigrator algorithm and treated electrostatics using the Gaussian split Ewald
method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Time-lapse AFM images to characterize a-syn aggregation on the POPC supported
lipid bilayer (SLB).

(a) POPC and POPS were used in the present study, and their chemical structures are shown
(left). Schematic of an SLB on freshly cleaved mica (right) is shown only for displaying the
model for the SLB; it does not indicate any phase of the bilayer. (b) The image of the POPC
SLB surface immediately after buffer exchange with 10 nM a-syn solution. (c)-(e) Images
of the SLB surface taken at time points after adding the protein. Insets show zoomed images
of three representative aggregates. (f) A graphical illustration of the evolution of aggregate
quantity and mean volume with respect to time. Data are shown as the mean £ SD. The scale
bar in panels b-e is 1 um, while scale bars for the insets are 80 nm, and the Z-scale is shown
to the right of panel e.
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Figure 2. Enhanced aggregation kinetics of a-Syn when applied to a supported POPS bilayer.
(a-d) AFM images acquired at time-points after buffer exchange with 10 nM protein

solution. Insets show zoomed images of three representative aggregates for the selected
time-points. (e) A graph showing the time-dependent evolution of aggregate quantity and
mean volume. The data are shown as the mean + SD. The scale bar in panels (a-d) is 1 um,
while scale bars for the insets are 80 nm, and the Z-scale is shown to the right of panel d.
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Figure 3. The aggregation of a-syn on a POPC:POPS SLB.
(a) An AFM image of the initial bilayer immediately after the exchange. (b-d)

Corresponding images taken at 1-hour time intervals. Zoomed images of three representative
aggregates are shown on the right side of images. (e) A line plot showing the time-dependent
evolution of the quantity and mean volume of aggregates. Data are shown as the mean + SD.
The scale bar in panels a-d is 1 pm, while scale bars for the insets are 80 nm, and the Z-scale
is shown to the right of panel d.

Biochim Biophys Acta Proteins Proteom. Author manuscript; available in PMC 2020 September 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Lvetal. Page 21

Figure 4. The dynamics of a-syn aggregates on a POPS SLB.
(a-b) AFM image captured after 6 h and 6.5 h. Aggregates highlighted with black arrows are

features that did not change between frames and demonstrate the absence of drift. Blue
arrows in panel a correspond to aggregates that have dissociated in panel b. New aggregates
that appeared in panel b are highlighted with green. A growing aggregate is highlighted in
yellow. Scale bars are 500 nm.
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Figure 5. Accumulation of a-syn aggregates in solution above the POPC SLB.
A 10 nM a-syn solution was incubated in the presence of a POPC SLB. Aliquots of 5 ul of

the solution were taken out at different time points (6 h, 24 h, 48 h) and analyzed by AFM.
Solid black bars show the number of aggregates that appeared in the bulk solution above the
POPC SLB at different times. In a parallel experiment, a 10 nM a-syn solution was
incubated in a test tube; an aliquot of 5 pl was taken out at similar time-points and analyzed
by AFM to test aggregation in the absence of a POPC SLB (striped bars). Aggregates were
counted in 2 um x 2 pym AFM images.
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Figure 6. Molecular dynamics (MD) simulations of the interaction of a-syn with lipid bilayers
reveal distinct conformations.

(a-b) The results show stable binding of a-syn to POPC (a) and POPS (b) bilayers; time-
resolved stability is presented in Figure S8. (c) Top and side view shapshots are given for the
last frame, at 4 s, of the MD simulations for POPC and POPS, left and right respectively.
The a-syn N-terminal segment is colored blue; the NAC region is in green, and the C-
terminal segment is in red. N- and C-terminal residues are highlighted with a sphere. Lipid
tails are colored grey, while the POPC and POPS head groups are colored purple and blue,
respectively.
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Figure 7. Results of molecular dynamics (MD) simulations showing interaction between free and

membrane-bound a-syn.

(a) Binding of a free a-syn to the POPC membrane; the free a-syn traverses through the
periodic boundary to the inner leaflet and stably binds; the mode of interaction is similar to
the initial a-syn interaction shown in Figure 6a. (b) On the POPS membrane, the free a-syn
rapidly binds membrane-bound a-syn through NAC-NAC and NAC-C-terminal interactions.
(c) Center of mass distance between the two a.-syn molecules for the POPC and POPS
systems. For POPC, after the transition through the periodic boundary, the fluctuations in the
center of mass distance reflect the diffusion of the proteins in the XY-plane. The a-syn N-
terminal segment is colored blue; the NAC region is in green, and the C-terminal segment is
in red. N- and C-terminal residues are highlighted with a sphere. Lipid tails are colored grey,

while the POPC and POPS head groups are colored purple and blue, respectively.
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Summary of results from three independent experiments. The table shows the volume and number of
aggregates on POPC, POPS, and POPC:POPS surfaces at different time intervals.

POPC POPS POPC/POPS
Volume (nm?3) Number of Volume (nm3) Number of Volume (nm?3) Number of
aggregate aggregate aggregate
measured measured measured
1h - - 143+41 129 - -
2h - - 182+40 130 137437 82
Experiment1 3h 184459 95 255+94 141 187459 176
4h 223+46 149 387+140 324 248+87 291
5h 276+73 190 417+161 404 312+116 372
1h - - 123+48 116 - -
2h - - 169+42 120 112+48 71
Experiment2 3h 159+53 86 227+91 272 17673 166
4h 198+45 132 331+126 307 209+96 272
5h 228485 172 363165 383 289+136 351
1h - - 143+53 125 - -
2h - - 212+47 140 157+46 91
Experiment3 3h 179482 106 284195 153 200+67 187
4h 240+41 161 414+142 343 277+83 283
5h 319+96 206 460+163 425 347+113 356
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