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Abstract

The synucleins are a family of proteins involved in numerous neurodegenerative pathologies [a-
synuclein and p-synuclein (BS)], as well as in various types of cancers [y-synuclein (yS)]. While
the connection between a-synuclein and Parkinson's disease is well established, recent evidence
links point mutants of BS to dementia with Lewy bodies. Overexpression of ¢S has been
associated with enhanced metastasis and cancer drug resistance. Despite their prevalence in such a
variety of diseases, the native functions of the synucleins remain unclear. They have a lipid-
binding motif in their N-terminal region, which suggests interactions with biological membranes
in vivo. In this study, we used fluorescence correlation spectroscopy to monitor the binding
properties of BS and yS to model membranes and to determine the free energy of the interactions.
Our results show that the interactions are most strongly affected by the presence of both anionic
lipids and bilayer curvature, while membrane fluidity plays a very minor role. Quantifying the
lipid-binding properties of S and yS provides additional insights into the underlying factors
governing the protein-membrane interactions. Such insights not only are relevant to the native
functions of these proteins but also highlight their contributions to pathological conditions that are
either mediated or characterized by perturbations of these interactions.
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Introduction

The synuclein family of proteins is composed of a-synuclein (aS), p-synuclein (BS), and -
synuclein (yS). They are expressed predominantly in neurons, although their localization
within the cell varies. Both a.S and BS are found ubiquitously in presynaptic terminals
throughout the brain, while yS tends to be localized in more differentiated nerve cells, and
away from the forebrain.! The synucleins have also been found in other various cell types
including liver (yS), skeletal muscle (aS, BS, and yS), and lung (a.S) cells.? aS is the most
well studied of the synuclein family primarily due to its link to Parkinson's disease.3*
Despite their similarities to a.S, significantly less is known about S and yS. However,
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recent studies found that mutations of S were linked directly to learning deficits and motor
dysfunction as well as being capable of enhancing the pathogenic state of a S, thereby
promoting further neurodegeneration as seen in a-synucleopathies.® In fact, two variants of
BS, carrying either a V70M or a P123H mutation, have been independently identified in
cases of dementia with Lewy bodies (DLB).® Alternatively, wild-type (WT) BS is known to
have an inhibitory effect on a.S aggregation,’ a property that can be exploited in the
development of novel therapeutics against various neurological pathologies. The synucleins
are not only associated with neurodegenerative disorders. Several studies implicate -yS in
various types of cancers. Most notably, the role of -yS has been investigated in breast
carcinomas where it was shown that it was capable of conferring drug resistance to the
cancerous cells and of promoting metastasis.8~10 Consequently, the interest in all the
synucleins for their potential roles in a broad array of physiological functions and in
pathogenic mechanisms is growing rapidly.

The synucleins have generally been described as intrinsically disordered proteins or IDPs,
although recent studies suggest that, at least, a. S might exist in a partially structured
conformation under physiological conditions.11-13 Their primary sequence can be divided
into two segments: (1) an N-terminal region rich in basic amino acid residues, which
mediates interactions with membranes, and (2) a net negatively charged C-terminal region
that has no well-established function, though there have been reports of its involvement in
protein—protein interactions and of it possessing anti-aggregation propertiest415 (Fig. 1).
Further sequence analyses of the synucleins indicate the presence of several repeat motifs in
their N-terminal region that share significant similarities with lipid-binding motifs found in
apolipoproteins.16:17 Those motifs, imperfect repeats of KTKEGV, are unevenly distributed
among the synucleins: aS and yS each have six, while BS has only five. Other sequence
differences include the central region of BS, which lacks a stretch of 11 residues,
corresponding to residues 73-83 of the non-amyloid p component region of aS218 (Fig. 1).
Furthermore, -yS has a shorter C-terminal region, resulting in a slightly less negative tail.
These sequence variations may be responsible for differing native functions of the
synucleins.

While monomer proteins are unstructured in solution, the N-terminal region of all of the
synucleins undergoes a conformational change to a-helical structure upon binding to lipid
bilayers1® (Fig. S1). Thus, with their conformational conservation, their high level of
sequence similarity, and the overlap in their expression pattern, the synucleins may carry out
redundant physiological roles. Interestingly, relative to single and double aS, BS, and yS
knockout models, triple-knockout mice exhibited more severe phenotypes.20:21 Particularly,
loss of the three synuclein isoforms had a significant effect on synapse morphology and the
size of the synaptic terminal.2 Yet, despite this, existing studies of the interactions of BS
and -yS with model membranes are relatively sparse and they have thus far only explored the
qualitative nature of these interactions.1? In this study, we use fluorescence correlation
spectroscopy (FCS) to monitor the interactions of S and yS with liposomes. As with a.S,
both S and yS displayed a significant preference for highly curved lipid bilayers.
Moreover, both proteins show increased affinity for liposomes with higher anionic content,
emphasizing the importance of electrostatics in mediating the protein-membrane
interactions. However, weak interactions are also observed with liposomes formed only with
neutral lipids, supporting that other factors contribute to the stabilization of these
interactions. Modifying the bilayer fluidity by introducing nonlamellar-prone lipids has only
moderate effects on the binding affinity of the proteins for the liposomes. Interestingly, we
find a 5-fold increase in the partitioning free energies of BS disease mutants relative to WT
BS, suggesting that the stimulated neurodegeneration attributed to those mutants may be
linked to an increased association with biological membranes.

J Mol Biol. Author manuscript; available in PMC 2013 November 02.
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Results and Discussion

Variation of liposome surface charge
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Both proteins were site-specifically labeled at residue 9 with Alexa 488 fluorophore. The
liposomes were unlabeled so that they are only visible when protein is bound to them. Free
BS and -yS in solution have fast diffusion times (~530+3.2 us and ~511.4+4.6p.s,
respectively) relative to the large liposomes (~5.5 ms for ~90-nm-diameter liposomes) (Fig.
S3). This difference was exploited to detect protein—liposome interactions using FCS;
binding of protein to the liposomes resulted in a shift to the right of the autocorrelation curve
relative to that of the free protein (Fig. 2a). Binding curves were generated by fitting the
autocorrelation curves to determine the fraction of free protein for each lipid concentration
and then plotting the fraction bound as a function of lipid concentration (Fig. 2b and
Supplemental Data).

We investigated the role of electrostatics in membrane binding of BS and -yS by measuring
their affinity for liposomes made of varying ratios of zwitterionic 1-palmitoyl-2-oleoyl- s
glycero-3-phosphocholine (POPC) and anionic 1-palmitoyl-2-oleoyl-sr-glycero-3-
phosphoserine (POPS) lipids. For both proteins, the affinity of the binding interaction
decreased with decreasing amounts of anionic lipids (Fig. 3a and Table 1). This is not
unexpected as modifying the membrane surface potential, which scales linearly with
membrane anionic content, can affect the interactions of peripheral proteins with the lipid
bilayer.22:23 Here, we found that the partitioning of both proteins into liposomes increased
significantly when the anionic content was increased from 25% to 75% (Fig. 3). A similar
dependence on membrane anionic content has been noted for aS,24 and it is generally
observed for binding of peripheral proteins mediated by electrostatics.2>26 The free energy
of partitioning scales linearly with the surface potential (V) [Eq. (S3)] as the anionic
content of the liposomes is increased from 25% to 75%, but it deviates from linearity at
V=0 (Fig. 3c). Strikingly, the free energy of binding for 100% POPC liposomes indicates a
significantly stronger interaction than predicted by a linear extrapolation of the higher-
anionic-content curve to 0 (~2 kcal/mol higher; Fig. 3c). The magnitudes of the binding
energies for S and yS for 100% POPC liposomes are consistent with our previous report
for aS27 and suggest that, in addition to electrostatic and hydrophobic interactions, other
factors contribute to the binding energy for the synuclein proteins (see Supplemental Data
for more details).

To further investigate the role of electrostatics, we determined the influence of the C-
terminal region on binding by creating truncated constructs of both proteins that spanned
their putative membrane-binding domains (S1_gp and -ySy_101) and measured their
partitioning into POPC:POPS liposomes (075 mol% POPS) (Fig. 3b). As seen with the
full-length proteins, the affinity of truncated BS and -yS decreases with decreasing anionic
lipid content. Notably, the free-energy difference between full-length protein and truncated
protein is positive, indicating that the C-terminus has a destabilizing effect on the protein—
liposome interactions (Table 2 and Materials and Methods), despite the fact that the C-
terminal domain of the proteins is not directly involved in protein-membrane
interactions.19:28-30 We observed a nearly 2-fold difference between the energetic
contribution of the C-terminal domain of BS relative to that of yS. The C-terminus of S is
longer and more negatively charged than that of yS (net charge of the removed C-terminal
segment: —16 and -5 for BS and yS, respectively), and these results suggest that it may exert
a greater electrostatic repulsion near the liposome surface, thereby influencing the protein
partitioning in the membrane. As with the full-length proteins, the relationship between free
energy of binding and ¥, is linear for truncated constructs and liposomes consisting of 25—
75% POPS (Fig. 3c), deviating from this relationship as ¥ ,—0 (100% POPC liposomes)
(Fig. 3c). If we consider the linear parts of the curves to represent the primarily electrostatic
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contribution to the binding energy, then we would expect the slopes of these lines to scale
roughly with the charge of the protein multiplied by the Faraday constant3! (Supplemental
Data for details). However, while the charges of the full-length and truncated proteins are
significantly different (actual charges: pS=-14.8, pS1_g0=1.2, yS=-6, and yS1_191 =—0.1),
the slopes of these lines are very similar (~0.03). Moreover, with the exception of S;_go,
the effective charge of each of the constructs derived from the linear fit (effective charges:
BS=1.4, BS1_g90=1.2, yS=1.1, and yS1_101 = 1.7) is very similar in magnitude and does not
correspond to the actual charge. While an effective charge that differs from the actual charge
is not unexpected,31-33 it suggests that, while the anionic C-terminus alters the actual
magnitude of the binding interaction, the N-terminus of the protein is largely responsible for
the response of BS and -yS to changes in the anionic content of the liposomes.

In order to gain additional insight into the electrostatics-mediated interactions of BS and yS
with the lipid bilayer, we constructed an 11/3 helical wheel projection model for the lipid-
binding regions of both proteins (Fig. 4a and b), based on a similar model constructed for
aS.26:34 When projected onto the 11/3 model, the residue distribution results in polar and
nonpolar residues confined to opposite sides of the helix, the two sides separated by a string
of positively charged residues, as noted for the lipid-binding region of certain
apolipoproteins.26 In both models, there is a stretch of threonine residues located on the
hydrophobic side of the amphipathic helix, a motif identified in oS as important both for
curvature-sensing ability and for anionic lipid binding.3®> The N-terminus/liposome contact
in both BS and S is similarly mediated by positively charged residues lining the polar/
nonpolar interface of the amphipathic helix.

The initial step in membrane binding of an amphipathic helix is thought to be via long-range
electrostatic interactions,38 whereby the positively charged segment of the protein is
attracted to negatively charged regions on the target membrane. Therefore, it is a
mechanistic advantage to possess a quantitative description of this mandatory step in the
protein-membrane interactive process. There is a strong dependence of the binding affinity
on electrostatics, as the affinity of the proteins is highest for liposomes containing the
highest anionic lipid content. However, weak interactions are observed with electrically
neutral liposomes (~1 mM), suggesting the contributions of additional factors to the protein—
membrane interactions. Thus, in the absence of surface charge, other major factors
modulating these interactions can be the physicochemical characteristics of the interacting
species,3” such as hydrophobicity, 2538 steric hindrance, presence of defects in the
membranes,38-41 or folding of the protein upon binding to the liposome.#243 In that context,
it is interesting that the fact that BS lacks an 11-residue stretch, essentially hydrophobic, in
its lipid-binding region does not impair its binding to POPC-only vesicles relative to that of
aSand yS.

Recently, two variants of BS have been identified in two independent cases of DLB.® Those
two mutants, BS V70M and BS P123H, have been linked directly to lysosomal pathologies.
Particularly, the P123H mutant transfected into murine brain caused neurodegeneration and
also enhanced a.S aggregation.® To determine whether the pathogenic quality of these
mutants was associated with membrane-binding affinity, we compared WT BS with the
disease mutants by also monitoring the partitioning of these mutants into 50:50 POPC:POPS
liposomes (Fig. 3a). There was an approximately 5-fold increase in the binding affinities of
both mutants compared to WT BS (36.8+13.2uM for V70M, 43.9+12.6 pM for P123H, and
212+58uM for WT). Notably, a similar increase in binding affinity was observed for the
DLB-linked a.S mutant E46K relative to WT.27 While it was not unexpected that the VV70M
mutation located within the membrane-binding domain of BS altered the binding affinity, the
increase cannot simply be explained by differences in membrane partitioning, as the
energetics (AG)ofvaline relative to methionine are comparable.** However, the linear side
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chain of methionine, as opposed to the branched valine, allows stronger van der Waals
interactions with the bilayer core. Moreover, valine has a higher conformational entropy cost
relative to methionine (0.39 versus 0.13kcal/mol, respectively) for localization in an a-
helix.*> The combination of these factors could explain the observed increase in affinity for
the V70M construct. Experimental studies based on spin-labeling analysis, as well as
computational studies, have identified the V70 residue in aS as penetrating the hydrocarbon
core of the bilayer,2%46 supporting that a methionine substitution could result in an enthalpy-
driven increase in affinity, in agreement with the nonclassical membrane binding of an
amphipathic moiety.#”48 The change in affinity due to the C-terminal P123H mutation is
less intuitive, as it is not located in the region of the protein that interacts directly with the
lipid bilayer. However, we have recently observed that C-terminal modifications to aS were
capable of altering its affinity for lipid bilayers via a non-electrostatic mechanism#?; thus, it
is possible that this is a general mechanism for modulating membrane interactions for the
synuclein proteins. The noted increase in lipid-binding affinity for both disease mutants may
be relevant to their observed ability to enhance synucleopathies and to their reported toxic
gain of function characterized by a higher propensity to self-aggregate both /n vivoand in
vitro.55051 Indeed, numerous studies have looked into the role of lipid bilayers, or lipids in
general, which are readily accessible in the intracellular environment, in fostering protein
aggregation.52-55

Variation of liposome size

Membrane curvature is an important parameter of the lipid membrane that often influences
interactions between amphipathic proteins and lipid bilayers.26:40 The ability of the lipid
membrane to form curved surfaces is exploited in various biological processes, such as
protein transport, which requires high-curvature transport vesicles, or vesicle fusion and
fission.3” We determined the sensitivity of BS and S to liposome curvature by monitoring
the effect of liposome size on the protein—-membrane interactions by comparing binding to
small (~46 nm diameter) relative to large (~100 nm diameter) liposomes made of 50:50
POPC:POPS. Both BS and yS showed similar affinities to the 100-nm liposomes (212+58
M and 199.8+69.1M, respectively) and to the 46-nm liposomes (7.9+0.2uM and
15.5£1.9uM, respectively), with a significantly larger affinity for the small liposomes (Fig.
3a) as has been observed previously for a.S.2” We do note that small sonicated liposomes are
not directly comparable to the larger liposomes formed by extrusion because they are
nonequilibrium structures that may be problematic for thermodynamic measurements.26-7
We found no evidence of large-scale instability such as liposome fusion or aggregation in
our assays (Supplemental Data and Fig. S2); however, these approaches are not sensitive to
variable lipid packing found in these liposomes. Thus, the higher affinity may be attributed
not only to an intrinsic preference for more highly curved lipid surfaces but also due to the
nonequilibrium nature of the sonicated liposome bilayer. The synucleins are primarily
presynaptic proteins, where their function may potentially involve cellular events requiring
membrane remodeling, which often results in areas of high curvature. In fact, a study
recently reported on the ability of aS and BS to generate membrane curvature and yield
tubules and vesicles that have a similar morphology to structures produced by amphiphysin,
which is a known curvature-inducing protein with an active role in endocytosis.?®

Effect of membrane defects and fluidity

Previous studies have proposed that packing defects in the membrane promote protein—
membrane interactions by providing additional binding sites to the protein moieties.38:5% We
monitored the effect of membrane defects by introducing the neutral nonlamellar-prone 1-
palmitoyl-2-oleoyl-sr-glycero-3-phosphoethanolamine (POPE) into POPC: POPS mixtures.
Because of their unique geometry, phosphatidylethanolamine lipids tend to cause defects in
the bilayer. This results in changes in monolayer curvature or surface tension, which is
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required in regions of the membrane undergoing remodeling,6%-62 like during vesicle fusion
or fission. The anionic content of the liposomes was held constant at 25%, while the
POPC:POPE molar ratio was varied, with their total ratio maintained at 75%. Although the
resulting higher propensity to defects is expected to favor the amphipathic helix insertion
within the bilayer,51.63.64 increasing POPE concentration only resulted in a minor increase
in binding affinity of S and yS (Fig. 5a). This lack of or minor dependence on
phosphatidylethanolamine has also been observed for other peripheral proteins, including
GP or GRK2.61

Like membrane defects, membrane fluidity has also been suggested to influence protein—
membrane interactions. Particularly, a preferential binding of a.S for gel-phase lipids has
been observed in previous studies.26:27:38:39 Here, cholesterol, a ubiquitous component of
biological membranes,5°:66 was used to modulate the fluidity of the bilayer and to monitor
the resulting effect on protein-membrane interactions. Starting with 50:50 POPC:POPS
liposomes, cholesterol was directly substituted for POPC over a range of 25-50%
cholesterol molar ratio. Both BS and yS were relatively insensitive to the presence of
cholesterol in the lipid bilayer (Fig. 5b). Similarly, we did not observe any change in affinity
in the presence of cholesterol when the cholesterol was added to a constant background of
100% POPS or 50:50 POPC:POPS liposomes (Fig. S7). Lastly, we evaluated the effect of
increasing 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG), which forms a gel phase
at room temperature in fluid-phase 1,2-dioleoyl-sn-glycero-3-phosphoglycerol bilayers.
Neither BS nor yS exhibited significant changes in binding affinity with increasing DPPG
content in the membrane (Fig. S8).

Cholesterol, when introduced in a fluid-phase bilayer, reduces its permeability by
intercalating between lipid molecules thereby decreasing the flexibility of the surrounding
acyl chains.® The insensitivity of both proteins to increasing cholesterol content interactions
would suggest a superficial insertion of these proteins within the bilayer upon contact.
Cholesterol can inhibit the formation of nonlamellar structures favoring defects in the
bilayer38:67.68 and, as such, would be expected to reduce the partitioning of the proteins into
the liposomes.

Conclusions and Biological Significance

Here, we have investigated the effects of several factors on the interactions of BS and yS
with model membranes (summarized in Table 3). Similar to a.S, an important factor in
initiating contact between BS and -yS with the model membranes was surface charge,
although we also observed low affinity binding to neutral membranes. Those observations
are in line with the cytosolic localization of the synucleins and the fact that the cytosol-
facing leaflet of biological membranes is particularly rich in negatively charged
phospholipids. We established and quantified the modulation of the synuclein-membrane
interactions by lipid composition and membrane curvature, both properties commonly
identified as important in mediating such interactions, as well as in facilitating the reversible
association of proteins with biological membranes. Though a common link among
amphipathic helices is their ability to bind lipid membranes, how they respond to variations
in parameters such as surface charge density and liposome size differs widely.

The interactions of S and yS with biological membranes are important to understand the
physiological functions of these proteins, as well as their potential contribution to the
pathogenesis of various neurological disorders. When compared to the MARCKS peptide,
which has a +13 charge and whose function involves direct interactions with negatively
charged PIP5 lipids, interactions between the synuclein proteins and anionic liposomes are
considerably weaker (for 25% POPS liposomes, Kj app~6001LM for synuclein compared to
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K4,app~0.1uM for MARCKS).2> Larger membrane-binding proteins actively involved in a
wide variety of cellular functions, including cell signaling processes, have also been
observed to bind with much higher affinities, for example, in the order of 0.01.M for
annexin V or 0.6uM for Src.59-72 However, a more relevant comparison may be with other
amphipathic peripheral membrane-binding proteins. For example, an amphipathic helix from
an N-BAR domain binds with similar affinities to anionic lipids as we have observed for BS
and yS.73 These relatively low affinities emphasize the transient nature of the protein—
membrane interactions for the synuclein proteins, which is consistent with the primarily
cytosolic localization of these proteins. Yet, the fact that the synucleins are soluble proteins
that possess lipid-binding abilities could suggest a role in signaling processes, where
transitory associations with biological membranes are often required. There are a number of
peripheral membrane-binding proteins known to be involved in signal transduction.
However, in contrast to the synucleins, they bind readily to liposomes made of only neutral
phospholipids and they showed no evidence of binding to negatively charged
phospholipids.6 Still, both S and S bind preferentially to smaller liposomes (~46nm),
which mimic the size of transport vesicles inside the cells. While it is somewhat speculative,
there is growing evidence to support a role for S and S in signaling events such as
neurotransmitter packaging and release, as suggested by their potential role in modulating
monoamine transporters’4 7> and their involvement in various signal transduction
pathways.8:76-78 Further studies need to be performed to establish the role of the synucleins
in such processes. Lastly, our data indicate that the fS disease mutants, V70M and P123H,
similar to DLB-associated E46K aS, have an increased affinity for lipid membranes relative
to WT, which could be a contributing factor to the stimulated neurodegeneration observed in
model systems carrying those mutations.

Materials and Methods

Expression, purification, and labeling of recombinant (B/y)-synuclein

BS and -yS were expressed as His-tagged constructs with a tobacco etch virus cleavage site
separating the purification tag from the protein sequence from Escherichia coli as described
previously.28 The cell lysates were incubated with Ni-NTA agarose resin (Qiagen, Valencia,
CA) and then washed with increasing concentrations of imidazole to elute the proteins. The
His-tag was removed by incubation with tobacco etch virus protease at a 2:1 protein-to-
protease ratio at room temperature overnight. Cleaved proteins were separated from
uncleaved proteins by a second incubation with the Ni-NTA resin. The cleaved protein was
collected in the flow-through of the column and was separated from remaining contaminants
on a size-exclusion column (Superdex 75, GE Healthcare). Both labeling and disease
mutants were produced using a protocol based on the QuikChange mutagenesis kit
(Stratagene, La Jolla, CA). For site-specific labeling with the thiol-reactive Alexa 488
maleimide fluorophore, we introduced a cysteine residue at residue 9 for both proteins and
all variants studied here. Although a common polymorphism of yS (V110E) has been
reported previously,”® the recombinant yS used in this study retained a valine residue at
position 110.

Unilamellar liposomes preparation

The lipids used were POPS, POPC, POPE, 1,2-dioleoyl-sn-glycero-3-phosphoglycerol,
DPPG, and cholesterol (Avanti Polar Lipids, Alabaster, AL). Lipids were dissolved to 10—
20mg/mL in chloroform and stored at —20°C in glass vials. Aliquots were removed and
mixed at the desired ratio in a glass vial, dried to a thin film under a nitrogen stream, and
any residual chloroform was removed by placing the samples in a vacuum-evacuated
desiccator for at least 2 h. The resulting lipid film was rehydrated in Mops buffer [20mM
Mops, 147mM NaCl, and 2.7mM KCI (pH7.4)] for 1h at room temperature. Liposomes were
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prepared by extruding the rehydrated samples 21 times through two stacked 50-nm
polycarbonate membranes (Whatman Nuclepore Track Etch, Maidstone, UK) in a
Liposofast extruder (Avestin, Ottawa, Canada), resulting in average liposome diameters of
~100-130nm. Solutions containing DPPG were heated 5-10°C above its melting
temperature ( 7,=41°C) before extrusion.

To prepare the small liposomes, we first rehydrated the lipid film in 500p.L of working
buffer for 1h at room temperature. The total volume of the lipid solution was brought to 5
mL for a total lipid concentration of 500i.M. The mixture was sonicated on ice, with a flat
tip probe, for 30 min, pulsing and pausing for 5 s. After sonication, an 8000g spin for 15min
at 4°C was used to pellet large aggregates, the small liposomes remaining in the supernatant.
The stability of the small liposomes during the course of our experiments was monitored
using FCS (Supplemental Data and Fig. S2).

For all liposome preparations, the total lipid concentrations were determined by assaying the
lipid solutions for inorganic phosphate.8%:81 All lipid compositions are given as relative
percentages of the different components, based on molar concentrations. The size of the
liposomes was determined by dynamic light scattering (Supplemental Data and Table S1).

Fluorescence correlation spectroscopy

FCS measurements were taken using a laboratory-built instrument based around an inverted
microscope using an Olympus IX71 microscope as described previously,?” using a 488-nm-
wavelength laser as the excitation source. All measurements were made in eight-well
chambered cover glasses (Nunc, Rochester, NY) passivated with polylysine-conjugated
polyethylene glycol to prevent protein adsorption to chamber surfaces. Before their addition
to the liposomes, the protein samples were incubated for 5 min with tris(2-
carboxyethyl)phosphine to avoid cysteine-mediated dimer formation that could result from
incomplete labeling of the proteins. The protein—liposome samples were allowed to
equilibrate for 5 min before each measurement. All measurements were taken under
equilibrium conditions (Figs. S5 and S6) at room temperature (20.5+0.1 °C) in Mops buffer
(pH 7.0), 140 mM NaCl, and 2.7 mM KClI, in the presence of 2 mM tris(2-
carboxyethyl)phosphine. The reported data are from at least two separate binding
measurements collected under similar conditions. Twenty-five2® autocorrelation curves, at
10 s each, were measured for each sample and later averaged. Each average curve (Fig. 2a)
was fitted to Eq. (1), which describes the diffusion of two distinct species in a three-
dimensional Gaussian volume82.83:

6@ =[k]x{rx(+ [TM])

¥
><( [ free] +a X (1 -1 o)
y Z

(+ [z ) (e [ 2] ™)

where Nis the number of proteins, fis the fraction of protein free in solution, and a is the
average brightness of the liposomes relative to a single protein. As has been noted,2°:27:84 jn
general, the values of a derived from fitting do not appear to accurately reflect the actual
brightness of the liposomes. Thus, all binding curves were derived from the free protein
contribution to the autocorrelation curve, which is not directly dependent upon a (additional
discussion is in Supplemental Data).

The structure factor, s, which is the ratio of the radial to axial dimensions of the focal
volume, was determined as a floating parameter from measurements of Alexa 488 hydrazide
(s=0.2) and fixed for all subsequent fitting. The diffusion times (tp), Tfree aNd Thound, fOr
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free protein and liposome-bound protein, respectively, were measured independently and
obtained by fitting the autocorrelation curves to Eqg. (2), which describes the diffusion of one
species in the focal volume. Briefly, ten 10-s-long autocorrelation curves were measured for
a solution containing 100nM protein, averaged, and fit with Eq. (2) to yield the translational
diffusion time of the free protein (tfee). The diffusion time of the slow-diffusing liposomes
(Thoung) Was determined with 100nM protein under saturating lipid concentrations,
collecting twenty-five 10-s-long autocorrelation curves.

)_1 1+

The averaged autocorrelation curve for each liposome concentration was fitted locally using
Eqg. (1), with fixed values of sand e and all other parameters (A, a, and tyoyng) floating
within set limits based on the experimental conditions.

1
X (1+ T
N T,

D

.
$Fx —

-0.5
G(1)= ) 2

Tp

Binding analysis

The fraction of free protein 7, independent of the brightness term a,, generated from Eq. (1)
was used to calculate the fraction of protein bound (1-f) (Supplemental Data). We used (1-
f), represented as yin Eq. (3), to construct binding isotherms (Fig. 2b). The binding curves
were fitted to Eq. (3), yielding an apparent dissociation constant, Kg app (Supplemental Data
and Fig. S4).

X
y:
Kd,app+x (

3)

X is the concentration of accessible lipids, which is equal to slightly more than half of the
total lipid concentration, considering that the liposomes were extruded through 50-nm pores,
as well as taking into account the dimensions of the bilayer and the lipid molecule. Details
of the calculations and fit equations were published previously.?” The K4 app Obtained was
used to calculate the molar partition coefficient, Kp, sz[Kdyappr"prA]_l and where vjjp
represents the volume of 1 mol lipid8® and A/ is Avogadro's number. The molar partition
coefficient, a dimensionless parameter, then allowed the calculation of the Gibbs free energy
of partitioning, A G, with A G=-R 7TInKp (Supplemental Data). Repeating measurements at
lipid concentrations corresponding to the region of the binding curve where 0.2</%0.8
allowed direct calculation of Kp relative to the fraction of free protein () and the total lipid
(Ltot) concentration, according to Eq. (4).

1

] ()

_a-n
Kp_[ f ]X Vip X Ny X Ly,

Another commonly used approach to calculate the free energy of partitioning is to use the
mole-fraction-based partition coefficient,>6 which is discussed in Supplemental Data (Table
S2). The surface potential of the liposomes, ¥, was calculated as described in
Supplemental Data.

Statistical analysis

All results are reported as meanzstandard error from at least two independent measurements.
The standard error (8) in Kg app as determined from fittinginOrig in (OriginLab,
Northampton, MA) was propagated in determining the error in Kp (8 xp), defined as
8Kp=8Kd,appx[(Kd,app)zxwiPXNA]‘l. The standard error in each Gibbs free energy was
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calculated as (R7/Kp)*x6 kp. In the caseswhere the Kp was determined from individual data
points, the standard error was calculated as o, where o is the standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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aS a-synuclein
BS B-synuclein
¥S y-synuclein
DLB dementia with Lewy bodies
FCS fluorescence correlation spectroscopy
DPPG 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol
POPC 1-palmitoyl-2-oleoyl-sr-glycero-3-phosphocholine
POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
POPS 1-palmitoyl-2-oleoyl-sr-glycero-3-phosphoserine
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Fig. 1.

Schematic of the synuclein proteins. The N-terminal lipid-binding region of each protein is
represented by the gray box. The broken line in BS depicts the missing 11 residues within
the region corresponding to the non-amyloid f component portion (NAC, darker-gray box in
as).
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(a) Normalized FCS curves indicating binding of BS and -yS to small liposomes (SL) made
of 50:50 POPC: POPS. Free BS, black broken line; SL-bound BS, black continuous line; free
S, gray broken line; SL-bound -yS, gray continuous line. (b) By fitting the autocorrelation
curves with Eq. (1), we can calculate the fraction of bound protein and construct the binding
isotherm. BS (filled circles); -yS (open circles). Lines are fits to Eq. (3).
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Fig. 3.
Molar partition coefficients (Kp) of the interactions of BS and yS with respect to the
liposome surface charge and size. (a) Full-length constructs: WT BS (filled squares), WT -yS
(open squares), V70M BS (filled triangle), P123H BS (inverted open triangle), WT a.S (open
circles),2’ BS+SL* (SL: ~46nm liposomes) (filled diamond), and yS+SL* (open diamond).
(b) Truncated constructs: BS;_gg (filled squares) and yS1_101 (open squares). Continuous
and broken lines, linear fits of the corresponding data. (c) Dependence of the free energy of
partitioning on surface potential of the liposomes [Eq. (S3)]. WT BS (filled circles); WT
yS(open circles); BSi1_go (filled triangles); yS1_101 (open triangles). Lines are fits to Eq.
(S2).
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Fig. 4.

Model for topologies of S and yS upon liposome binding. Having a high extent of
sequence homology with a.S and with studies confirming their interactions with model
membranes, we expect the N-terminal segments of BS and yS to form a helix with a
topology similar to that of a.S. 11/3 helical wheel projection of the N-terminal region of S,
residues 1-84 (a), and S, residues 1-95 (b). The boldfaced “M” residue indicates the first
amino acid of each protein; blue circles designate the lysine residues delineating the
interface between the solvent-facing side of the helix rich in acidic residues (red circles) and
its membrane-facing side rich in highly hydrophobic residues (bold black circles).
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Fig. 5.

Variation of membrane fluidity. (a) Binding to POPE-containing liposomes. Broken lines,
linear fits of the corresponding data. BS, filled squares; yS, open squares. (b) Binding to
cholesterol-containing liposomes. The interactions of BS and yS with 50:50 POPC:POPS is
monitored at different molar ratios of cholesterol. Data are presented as the ratio of the
amount of protein bound in the presence of cholesterol to that bound in the absence of
cholesterol. Dark-gray bars, S; light-gray bars, yS.
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Table 1

Effect of liposome surface charge and size on binding

Kd.app (0M) AG (kcal/mal)
mol% POPS BS s BS ¥S
0 938+175 176526663 —4.3120.11 -3.98+0.15
25 502.8486.4 781432718  —4.5620.12 -4.17+0.22
33 26228227 8424218  -5.0520.05 -4.44%0.12
50 212458  199.8469.1  -5.27+0.08 -5.26+0.20
36.8+13.2 (V70M) ~6.36+0.10 (V70M)
43.9 12,6 (P123H) -6.25 +0.07 (P123H)

7.0:027  155:197  -7.1120.027 -6.73£0.07%

75 6054194  51.9+183  -5.96+0.08 -6.110.10

Apparent dissociation constants (Kd,app) were calculated from Eq. (3), and free energies of partitioning (A G) were calculated from A G=

-RTInKp.

a . .
Calculated for ~50-nm-diameter liposomes.
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Table 2

Energetic contribution of the C-terminus on binding

Bs
Mol% POPS  AGuunc (kcal/mol)  AAGc g (kcal/mol)  AGc.yrun (kcal/mol)  AAGc erm (Kcal/mol)
0 -5.46+0.08 1.15+0.14 -4.840.10 0.86:0.18
25 -6.15£0.15 1.59+0.19 -5.170.09 1.00£0.24
33 -5.76+0.08 0.71£0.09 -5.22+0.05 0.78+0.13
50 -6.54+0.15 1.27+0.12 -6.00£0.24 0.74+0.31
75 ~7.790.09 1.8320.12 -6.410.19 0.30£0.22

Page 21

The energetic contribution was calculated as AA GC-term=A GFL-A Gtrunc With AA GC-term>0 indicating that the C-terminus destabilizes

protein—liposome interactions. AA GC-term, energetic contribution of the C-terminal segment; A Gtrunc, free energy of partitioning of the

truncated constructs; A GFL, free energy of partitioning of the full-length proteins.
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Table 3

Summary of the effects of membrane and protein properties on protein—liposome interactions

Electrostatic/physicochemical changes BS ¥S
Decreasing anionic lipid content Decreases binding  Decreases binding
Increasing membrane curvature Increases binding  Increases binding
Increasing POPE content Minor effect Minor effect
Increasing cholesterol content No effect No effect
Increasing gel-phase content No effect No effect
Truncating C-terminus of protein Increases binding  Increases binding
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