ACS Chemical .
NeurOSCIence pubs.acs.org/chemneuro

a-Synuclein Insertion into Supported Lipid Bilayers As Seen by in
Situ X-ray Reflectivity
Hendrik H'aihl,'r’” Isabelle Moller,” Trena Kiesel, ¥ Silvia Campioni,§ Roland Riek,® Dorinel Verdes,

and Stefan Seeger*’Jr

TDepartment of Chemistry, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland
*Fakultit Physik/DELTA, Technische Universitit Dortmund, 44221 Dortmund, Germany

SLaboratory of Physical Chemistry, Department of Chemistry and Applied Biosciences, Swiss Federal Institute of Technology Zurich,
Wolfgang-Pauli-Str. 10, 8093 Zurich, Switzerland

ABSTRACT: Large aggregates of misfolded a-synuclein inside neuronal
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cells are the hallmarks of Parkinson’s disease. The protein’s natural function £ \L\gk . 5
. . . . . = —— o-synuclein
and its supposed toxicity, however, are believed to be closely related to its 7 20
interaction with cell and vesicle membranes. Upon this interaction, the 32 888 a lipid 888& ’8888
protein folds into an a-helical structure and intercalates into the membrane. *g gggg bilayer gggg gg
In this study, we focus on the changes in the lipid bilayer caused by this £ N g
intrusion. In situ X-ray reflectivity was applied to determine the vertical 2 silicon
S substrate |

density structure of the bilayer before and after exposure to a-synuclein. It ~ electron density
was found that the a-synuclein insertion, wild type and ES7K variant,
caused a reduction in bilayer thickness. This effect may be one factor in the membrane pore formation ability of a-synuclein.
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eurodegenerative age-related diseases like Parkinson’s upon incorporation of a-synuclein and its development

disease are increasingly common. Parkinson’s disease is thereafter. In addition to the wild type form of a-synuclein,
pathologically marked by the development of Lewy bodies, that we also utilized its strongly toxic mutant ES7K."* The structure
is, proteinaceous inclusion bodies in intracerebral neurons.' of the membrane before and after a-synuclein incorporation
These inclusion bodies are enriched in distinct proteins, with was probed via X-ray reflectometry (XRR). With this technique,
their major component being a-synuclein.” Therefore, a- it is possible to probe the vertical density structure of stratified
synuclein is believed to be involved in the pathogenesis of this samples with angstrom resolution. Using high beam energies as
disease. This hypothesis is supported by the fact that several available at synchrotron light sources allows for a penetration of
point mutations of a-synuclein lead to a severe and early onset the beam through water and hence also enables in situ
form of the disease.” Nevertheless, the role of a-synuclein in the characterization of solid liquid interfaces. XRR could recently
pathogenesis of the disease as well as its normal function in be successfully applied in several in situ studies of biological
healthy cells is still under discussion: It is suspected that a- interfaces as protein films'*'* and lipid bilayers.">'® Here, it
synuclein plays a role in transmitter release, although it is not allows us to monitor the changes of lipid membranes due to the
clear whether promoting or inhibiting.* Additionally, it is interaction with a-synuclein.
believed to be involved in the whole process of synaptic vesicle
recycling.” B RESULTS AND DISCUSSION

a-Synuclein is a protein consisting of 140 amino acids with a
molecular weight of 14.5 kDa, is unstructured in solution, and
folds into a-helices upon interaction with membranes.” A
misfolding of the protein into a S-sheet structure leads to
aggregation into oligomers, protofibrils, and eventually to
mature filaments. The transition states between monomer and
filament are believed to be the toxic species involved in
Parkinson’s disease. Although it is still not clear what exactly
causes the toxicity, it seems to be intimately related to the
interaction of a-synuclein with the cell membrane. Upon this
interaction, the protein may cause a disruption or permeabiliza-
tion of the cell membrane, which then leads to a neuron

Reflectivity experiments were performed with wild type (WT)
a-synuclein as well as with the mutant ES7K. Moreover as a
reference, the development of a blank bilayer without protein
addition was recorded. The measured data are presented in
Figure la—c. The solid lines represent the calculated
reflectivities obtained from the model refinement. The model
electron density profiles (EDPs) corresponding to these
reflectivities are presented in panels d—f below the respective
data. To highlight changes in the bilayer structure, EDPs are
aligned at the bilayer center.

The obtained profiles display clearly the features of a lipid

loss. 311 bilayer: regions of higher electron density symmetrically at
To further elucidate the interactions of a-synuclein with lipid
membranes, we aim at measuring the changes of the bilayer Published: December 19, 2014

ACS Publications  © 2014 American Chemical Society 374 DOI: 10.1021/cn5002683
3 ACS Chem. Neurosci. 2015, 6, 374—379


pubs.acs.org/chemneuro
http://dx.doi.org/10.1021/cn5002683

ACS Chemical Neuroscience

a) 35
3.0

mm 2.0
~
X 15¢f
1.0
05F
o

——23h
——38h
—59h

——0 h (pure bilayer)
after protein addition:

T T T

——0 h (pure bilayer)
after protein addition: |
——25h

72h
——34h

—56h

0.0 0.1

.5 .5
07 Yo7 7 f) ;
d ) e e ——0 h (pure bilayer) f 0 h (pure bilayer)
. \ - after pzr%tiin addition: - after protein addition:
< osf < 06 e 1 < - ]
[ [0} —-—59h (5} 34h
~ 05f ~ 05 1 0~ =2=56h 1
2 2 2
S 04f G 04 1 5 ]
© © © !
c c c = -
go3f go3 1 £ .. 77 ]
g sisio, 2 3 ks AN
® 02 ) ork e | oo | © ol i -
40 -30 20 10 O 10 20 30 40 40 -30 20 10 0O 10 20 30 40 40 -30 20 10 O 10 20 30 40
zIl A zIl A z/l A

Figure 1. (a—c) Recorded reflectivity data normalized to the Fresnel reflectivity R of an ideal flat silicon substrate: (a) blank bilayer, (b) with wild
type a-synuclein, and (c) with ES7K variant. Subsequent measurements are shifted along the ordinate for better readability. (d—f) EDPs as received
from the refinement procedure of the respective data presented above. The profiles were shifted along the abscissa to align the bilayer center. In the
background of (d), the layer system used for data modeling is illustrated.

distances of ca. 15—24 A from the bilayer center, representing
the lipid head groups including phosphate group, functional
group, water molecules, and counterions. From ca. 3 to 15 A,
regions with electron densities lower than the one of the
surrounding buffer represent the hydrocarbon tails of the lipid.
At the bilayer center, a region of even more decreased electron
density exists, where the electron poor CH; end groups come
into contact (cf. Figure 1d). The thickness of the whole bilayer
directly after the preparation varies slightly for each experiment
with a mean value of 49.3(9) A. Thereby the thickness is
measured as the distance between the inflection points in the
profiles representing the upper/lower boundary of the upper/
lower headgroup. Overall, the obtained profiles agree well with
results from simulations™ and from similar experiments.”**®
The errors for the individual electron density and thickness
values determined as descried above were typically about 1%
and 2%, respectively, and thus smaller than the differences
between separate experiments. The magnitude of the errors
compares well with results from other XRR studies of biological
samples.'>' %3

The most obvious change in the EDPs over time for all
experiments is the decrease in the electron density in the tail
group region of the bilayer, that is, about +15 A around the
bilayer center. To quantify this decrease, the integral of the
EDPs over the tail group region was calculated. As boundaries
for these integrals, the inflection points in the EDPs, which
represent the interface between lipid head groups and tail
groups, were chosen. The result of this calculation is the
number of electrons per area in the tail group region.
Comparing these values with the theoretical number of
electrons of one lipid tail group, that is, 270, the average area
per lipid can be calculated. These values are presented in Figure
2. The overall trend for all experiments is the same: The area
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Figure 2. Area per lipid as calculated from the number of electrons in
the tail group regions of the EDPs. Time is set to zero for the first
measurement. The errors along the time axis indicate the length of one
measurement (ca. 30 min). The asterisks mark the time of the protein
injection. The inset shows the data normalized to their initial value.

per lipid increases continuously without much difference
between the individual experiments. It should be noted that
this method of calculating the lipid density assumes that only
lipid tails contribute to the measured electron density.
Especially a potential intrusion of parts of the protein is
neglected. The small differences between the values of separate
experiments and their course over time, however, justifies this
assumption and moreover shows that there is no or only a
nondetectable intrusion of the protein between the lipid tail
groups.

After injecting the protein, a clear effect of the protein on the
bilayer can be observed: Already in the reflectivity data, a
wavelength shift in the oscillations indicates a reduction of the
film thickness. Extracting the thickness of the bilayer from the
EDPs, this reduction can be quantified (see Figure 3): About 1
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Figure 3. Development of the bilayer thickness with time. Errors in
time and asterisks have the same meaning as in Figure 2. The inset
shows the data normalized to their initial value. A clear reduction in
thickness can be seen after protein injection.

h after the protein injection, the bilayer thickness decreases
around 5% and 7% for the WT and the ES7K, respectively.
Interestingly, the thickness of both bilayer leaflets decreases.
Such a thickness reduction does not occur for the blank bilayer.
More than 2 days after the bilayer preparation, all bilayers
tended to increase in thickness again, yet a clear difference
between the bilayers with protein and the blank bilayer
remained. Particularly, the thickness of bilayers with incorpo-
rated a-synuclein did not exceed its initial value in the course of
the experiments. A reduction of the bilayer’s thickness was also
inferred by Pfefferkorn et al.”* and Hellstrand et al.*® from
neutron reflectometry measurements, yet with a smaller value
for the reduction as well as a considerable higher uncertainty.

The effect of a@-synuclein on the thickness of the lipid bilayer
may be explained by the following model: As the thickness
reduction is found for both leaflets of the bilayer, the most
plausible explanation for this observation is a flattening or
smoothing of the bilayer: Assuming the protein does not extract
lipids upon its insertion (since there is no density reduction
purely associated with the insertion process), there has to be an
increase in lipid density locally around the protein. This higher
density should induce better packing and hence better lateral
ordering of the lipid tails, which would also be accompanied by
better vertical ordering. Additionally, the space beneath the
protein may be filled by hydrocarbon chains from the
neighboring lipids undergoing gauche—trans conformations or
by lipids from the lower leaflet interdigitating into the upper
leaflet (cf. Figure 4). These effects were also recently proposed
by Ouberai et al.* Yet, the notion that the decreased thickness

e

Figure 4. Model for the change in bilayer structure after a-synuclein
insertion: The protein inserts deeply into the lipid head groups and
thereby increases the local lipid density and hence the ordering of the
lipids. Below the protein, a void is created that may be filled by
neighboring lipid tails and/or interdigitating lipids from the lower
leaflet. In sum, the average thickness of the bilayer is reduced.
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is merely an average value and might be much big%er at the
protein sites (as, e.g, proposed by Pfefferkorn et al.**) is not
supported by our data as this would translate into an EDP
smeared out at the interface between lipid heads and tails.
Instead, the data and the obtained EDPs rather hint at a
decreased interfacial roughness after protein insertion. Thus, a
small but spacious thickness reduction or just a smoothing of
the bilayer is a better interpretation of the results. An increase
in lipid packing density around the inserted protein, however, is
yet a hypothesis remaining to be tested with different methods.
Nonetheless, it might explain the ability of a-synuclein to affect
the membrane curvature: In the case of unsupported bilayers or
vesicles, the lipids could restore their former density by an
increase in curvature.’® In our experiment, the attractive forces
to the substrate® may inhibit this behavior.

The thickness decrease of the bilayer could also play a role in
the pore formation process and bilayer leakage reported after a-
synuclein insertion.”** At and around the protein insertion site,
particularly if lower leaflet lipids interdigitate, a penetration of
the bilayer may be facilitated especially upon oligomerization.
The ES7K variant is known to be more prone to
oligomerization and thus more toxic than the wild type a-
synuclein.'” In the experiments presented here, a slightly higher
value for the bilayer thickness reduction than caused by the
wild type is found. Different effects could lead to this
observation: A true larger reduction in bilayer thickness
where the protein is inserted caused by deeper interdigitation
of lipids from the lower leaflet, a larger ordered and smoothed
area around the protein, or a larger adsorbed amount of
protein. Although it cannot be decided which of these effects or
even a combination applies here, all of them may enhance the
probability of pore formation and hence the higher toxicity of
the ES7K variant may at least be partly explained.

As the effect of a-synuclein on the bilayer is clearly visible,
the question arises, where the protein is situated. From Figure
2, it is clear that there is no detectable portion of the protein in
the lipid tail group region. Yet, an intrusion of a-synuclein into
the bilayer is highly expected at least in the upper headgroup
region.2 26-28 Inspecting these regions in the EDPs (see Figure
le,f), it is obvious that their electron density does not decrease
as it is the case for the tail groups but stays constant or even
increases in the case of the WT data. However, calculating the
number of electrons per area in the headgroup regions, no clear
difference between blank bilayer and bilayer with protein can be
determined with our data. The reason for this might be the
small amount of inserted protein: The pure, unhydrated protein
has an electron density of ca. 0.57 e /A3 (as calculated from the
protein database entry 1XQ8>”), which is well above the head
groups electron density (determined here on average as
0.428(5) e7/A%). Thus, one should expect an increase in the
electron density and the number of electrons in the headgroup
region upon protein insertion, especially if the lipid density
does not change much, which is the case for the first
measurement after protein insertion. In recent studies, however,
the amount of adsorbed (or inserted) a-synuclein to lipid
bilayers similar to the one used in this study was determined. It
was found that the ratio of protein to lipid mass was around
0.025.2°%° From this value, an expected change in the electron
density can be calculated as around 0.8%. As this change is
smaller than the error in the electron density, it becomes
obvious that it is not possible to detect this change
unmistakably in the headgroup region. However, an intrusion
into the lipid tail groups or an adsorption on top of the bilayer
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should be visible due to the higher contrast but cannot be
inferred from the presented reflectivities: A replacement of lipid
tails by proteins or protein parts would increase the electron
density by more than 1% already for a protein fraction of only
1.2%. Similar values are obtained for the region above the head
groups. Moreover, the assumption of another layer on top of
the lipids did not lead to better fits of the data but rather
unphysical EDPs. Thus, the data show that the main part of a-
synuclein indeed inserts into the headgroup region of the lipids.
This is well in line with findings that the a-helical parts of a-
synuclein are well embedded in the lipid headgroup.”®”” From
recent neutron reflectometry studies, an additional layer on top
of the bilayer was proposed.”*** In accordance with QCM-D
measurements, this layer has a low density and a thickness of up
to 8 nm>® and is supposed to regresent the C-termini of a-
synuclein tangling in the solution.”® This is not in contradiction
with our data since the contrast in electron density of such a
layer to the surrounding water phase may not be large enough
to be detectable in our measurements.

Additionally to what has been discussed, what is not seen in
the data is also noteworthy: Even after 2 days, the bilayers seem
to be stable as no signs for destruction of the bilayer due to a-
synuclein insertion are visible in the data. Although a decrease
in lipid density is observed, this decrease is not clearly different
from the density decrease of the blank bilayer. Thus, a thinning
out of the bilayer due to a-synuclein insertion cannot be
supported by the data for the given experimental conditions.
Moreover, large holes in the bilayer with diameters in the
micrometer range can also be excluded. Such a scenario would
yield reflectivities composed as linear superposition of signals
from bilayer covered and clear substrate sites as, for example,
reported by Wang et al.'® Yet, it is not possible to explain the
recorded data with a superposition model. Partial or complete
bilayer destruction, however, was reported in other studies with
similar bilayer composition and similar or even lower a-
synuclein concentrations.'®*® There may be several reasons
why we do not observe membrane destruction in the presented
experiments: First of all, the bilayer’s lipid density as
determined from the data is quite high in the beginning. This
may lead to a lower incorporation of a@-synuclein molecules.
Since the lipid density is, however, not always given or
determined in many other studies, it is hardly possible to
compare. Moreover, we used a silicon wafer as support for the
bilayer, which provides hi§her attractive forces than the
common microscope slide'*>" and hence may further stabilize
the bilayer. Yet, most likely the reason lies with the protein
itself: It is widely believed that membrane instability, pore
formation, and fibrillation at the membrane are started by small
a-synuclein oligomers or protofibrils.” Using a thorough
purification protocol for the protein, we ensured that practically
only monomers were used in the measurements. Nevertheless,
the notion exists that the interaction with the membrane and
the locally increased concentration of a-synuclein might
facilitate dimerization and thus start the oligomerization.”"!
In our experiments, the protein concentration in the bilayer
might be too low even to start this process. Pores, however,
might be present. Yet, if no larger membrane destruction occurs
and the pores are not as numerous as to decrease the average
density of the bilayer measurably, these pores will not be visible
with reflectivity methods. Summarizing, this means that with
respect to the data we can definitely exclude a bilayer
destruction; pores in the bilayer may exist, yet.
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B CONCLUSION

In this study, XRR was applied to monitor the changes in the
structure of supported lipid bilayers upon exposure to a-
synuclein. It was found that a-synuclein inserts into the lipid
headgroup region of the bilayer. This insertion leads to a
decrease in the average thickness of the bilayer, whereas the
overall lipid density is not affected. This may be interpreted as a
flattening or smoothing of the bilayer. A change in stability of
the bilayer due to protein insertion, however, was not observed.

B METHODS

a-Synuclein Samples. The proteins (wild type a-synuclein and
the ES7K variant) were expressed, purified, and prepared as samples
for the experiments as described previously.'” The purity of the
proteins was at least 98%. They were prepared dissolved in PBS
(Sigma-Aldrich) with 0.05% NaN; with a concentration determined
individually for each sample via UV-vis absorbance measurements at 1
= 280 nm. The protein solutions were stored at 4 °C until usage. The
volume of the protein solution used for the experiments was adjusted
to yield a final protein concentration in the measurement cell of 10
UM.

Substrate Preparation. As support for the lipid bilayers, pieces
from a silicon wafer (Si-Mat Silicon Materials, Kaufering, Germany)
with a native silicon oxide layer were used. The pieces (ca. 1.5 X 1.5
cm?) were cleaned in piranha solution (1:1 mixture of H,0, and
H,SO,) and rinsed afterward several times in boiling Milli-Q water.
Until use, these substrates were stored in Milli-Q water. For the bilayer
preparation as well as for the reflectivity experiments, the substrates
were put into a metallic sample cell. The cell was a hollow cube
covered with gold on the inner side with two facing windows covered
with kapton foil. A sample holder also covered with gold fixed the
substrate inside the cell. Thus, the only materials in contact with the
added fluid were gold, silicon, and the kapton of the cell windows.

Supported Lipid Bilayers. Supported lipid bilayers were prepared
following a modified protocol of Richter et al."® In short, 1,2-dioleoyl-
sn-glycero-3-phospho-L-serine (DOPS) and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) (Avanti Polar Lipids) in chloroform were
used as received and mixed at a ratio of 35:65. The lipid was dried
overnight under vacuum to remove the solvent and then resuspended
in Tris buffer (149 mM NaCl, S mM CaCl,, 10 mM Tris) to a final
concentration of 0.1 g/L. The resulting solution was extruded 29 times
through a membrane (pore size 0.1 m) to produce unilamellar vesicles.
The vesicle solution was put directly in the measurement cell
containing the silicon substrate. There the solution was left more than
1 h, whereafter it was replaced by the pure Tris buffer. Subsequently,
this solution was exchanged again by a Ca®* free Tris buffer (10 mM
Tris, 133 mM NaCl) containing S mM EDTA in order to remove the
Ca’" jons, and finally by PBS. All buffers contained 0.05% NaNj and
were adjusted to pH 7.4. A reflectivity measurement directly after the
completion of this protocol yielding a clear bilayer signature ensured
the successful buildup of the bilayer.

X-ray Reflectivity (XRR). XRR experiments were performed at the
beamline BL9 of the DELTA synchrotron radiation facility in
Dortmund, Germany.'” For the measurements, a photon energy of
27 keV was chosen balancing between flux and transmission through
water while reducing simultaneously the possible beam damage.'® The
specular reflectivity was determined as a function of the incident angle
6. The diffuse background was recorded after each scan using an offset
of 0.1° to the specular angle. Reflectivities could be recorded up to 8 =
1° with satisfying statistics. Each sample was measured before and after
protein injection and again in nonuniform time intervals of several
hours. Every measurement was repeated at least once to ensure a
steady state for the duration of the measurement and in order to
exclude possible changes due to beam damage. All experiments were
performed at room temperature.

Data Analysis. The obtained reflectivity data were background and
footprint corrected. They are presented here as a function of the
scattering vector
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Moreover, the data are normalized to the Fresnel reflectivity Rg, that is,
the theoretical reflectivity of the bare, ideal flat silicon substrate. Thus,
the strong decrease in the reflectivity (cxq,*), which ranges here over 7
orders of magnitude, is removed, and the oscillations that are
indicative for surface films are highlighted.

To obtain structural information, the electron density profile (EDP)
of the sample is modeled and its theoretical reflectivity is calculated.
The model can then be refined in order to fit its reflectivity to the data.
The applied model was generated employing the “effective density”
approach,*® which ensures continuous EDPs even in the case of high
interfacial roughness values compared to the respective layer thickness.
It consists of six layers accounting for “SiO, layer/lower lipid
headgroup/lower lipid tail group/depletion layer/upper lipid tail
group/upper lipid headgroup” (cf. Figure 1d). The parameters
describing this model (layer thickness, interfacial roughness, and
electron density for each layer) were then again refined using a least-
squared fitting routine (LSfit) to obtain the reflectivity best resembling
the experimental data. In this routine, the EDP is cut into roughness
free slices of less than 0.1 A thickness, on which then the Parratt
algorithm®" is applied. Electron densities of Si and SiO, were fixed to
their literature values (0.698 and 0.646 e /A%)*? Their interface
roughness and the SiO, film thickness were not varied after once
determined in the reference measurement. The errors for the obtained
parameter values were estimated as the changes in each parameter that
were necessary to increase the mean square variation )(2 of the
respective best fit by at least 5%.
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