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Membrane association of �-synuclein (�-syn), a neuronal
protein associated with Parkinson’s disease (PD), is involved in
�-syn function and pathology. Most previous studies on �-syn–
membrane interactions have not used the physiologically rele-
vant N-terminally acetylated (N-acetyl) �-syn form nor the most
naturally abundant cellular lipid, i.e. phosphatidylcholine (PC).
Here, we report on how PC membrane fluidity affects the confor-
mation and aggregation propensity of N-acetyl �-syn. It is well
established that upon membrane binding, �-syn adopts an �-heli-
cal structure. Using CD spectroscopy, we show that N-acetyl �-syn
transitions from �-helical to disordered at the lipid melting tem-
perature (Tm). We found that this fluidity sensing is a robust char-
acteristic, unaffected by acyl chain length (Tm � 34–55 °C) and
preserved in its homologs �- and �-syn. Interestingly, both
N-acetyl �-syn membrane binding and amyloid formation trended
with lipid order (1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) > 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/
sphingomyelin/cholesterol (2:2:1) > DOPC), with gel-phase vesi-
cles shortening aggregation kinetics and promoting fibril forma-
tion compared to fluid membranes. Furthermore, we found that
acetylation enhances binding to PC micelles and small unilamellar
vesicles with high curvature (r �16–20 nm) and that DPPC bind-
ing is reduced in the presence of cholesterol. These results con-
firmed that the exposure of hydrocarbon chains (i.e. packing
defects) is essential for binding to zwitterionic gel membranes. Col-
lectively, our in vitro results suggest that N-acetyl �-syn localizes to
highly curved, ordered membranes inside a cell. We propose that
age-related changes in membrane fluidity can promote the forma-
tion of amyloid fibrils, insoluble materials associated with PD.

Parkinson’s disease (PD)2 is a chronic neurodegenerative dis-
order that is projected to affect up to 9 million people around

the world by 2030 (1). One of the pathological hallmarks of PD
is the presence of Lewy bodies, which are intracellular aggre-
gates primarily composed of the protein �-synuclein (�-syn)
(2). Mutations in SNCA, the gene that encodes �-syn, have also
been associated with PD (3); therefore, studying the structure,
function, and behavior of �-syn may provide molecular insights
into the disease mechanism of PD. Although the exact physio-
logical function of �-syn remains to be defined, previous studies
have shown that it localizes to the pre-synaptic terminal of
dopaminergic neurons (4) and helps regulate synaptic vesicle
homeostasis and transmission (5, 6). Notably, many have
described interactions between �-syn and cellular membranes
as part of the pathology of PD, citing evidence of membrane
disturbance and organelle dysfunction in the Golgi (7), lyso-
some (8), and mitochondria (9).

Substantial research over the last 20 years has been devoted
to understanding the biophysics of �-syn membrane binding
and structurally characterizing its membrane-bound confor-
mations (10 –13). It is well established that upon association
with lipid membranes, �-syn adopts an �-helical conformation
(14 –16), which can be easily monitored using circular dichro-
ism (CD) spectroscopy (17–22), a probe of secondary structure.
Numerous studies have investigated membrane properties that
drive �-syn binding, including vesicle curvature (23, 24), phos-
pholipid composition (25–27), and packing defects (28, 29).

The influence of membrane fluidity on �-syn–phospholipid
interactions (14, 24, 28 –31) is of particular interest because PD
is an age-related disease, and membranes decrease in fluidity
as cells age (32). Specifically, saturated fatty acids increase
in abundance during aging, whereas polyunsaturated lipids
decrease (33, 34), making the membrane overall more rigid. In
vitro, �-syn behaves as expected for anionic saturated phospho-
lipids such as 1,2-dipalmitoyl-sn-glycero-3-phospho-(1�-rac-
glycerol)) (24, 30, 31), preferring disordered lipids that exhibit
both lateral and rotational movements in the fluid phase (35).
Contrastingly, �-syn binding to the saturated phospholipid 1,2-
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dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) is nearly
abolished when the membrane is fluid (28, 30). Instead, �-syn
appears to favor the ordered gel phase in vitro (14, 28, 29).
These results for PC lipids are unusual because proteins typi-
cally do not bind to highly ordered membranes, where phos-
pholipids have restricted motion and lipid acyl chains are fully
extended, as in the case of the gel phase (35).

The close packing of lipids that occurs in the gel phase mim-
ics the lipid ordering found in cellular lipid rafts, which are rich
in cholesterol (Chol) and sphingomyelin (SM) (36, 37). Lipid
rafts are proposed to be small, ordered regions found in cellular
membranes that are involved in specialized functions such as
trafficking and signaling (37). In the literature, there lacks a
consensus whether �-syn interacts with the liquid-ordered
phase found in lipid rafts, but available data (29, 31, 38 – 40)
indicate that binding likely depends on the specific lipid com-
positions examined (i.e. choice of unsaturated phospholipid,
relative amounts of SM and Chol, and the presence of anionic
lipids).

It is important to note that all of the abovementioned studies
used recombinant �-syn purified from Escherichia coli; how-
ever, N-terminal acetylation is a common post-translational
modification in eukaryotes, occurring in over 80% of proteins
(41). In fact, MS analysis of healthy human brains and Lewy
bodies from PD patients confirmed N-terminally acetylated
(N-acetyl) �-syn as the predominant form (42, 43). In yeast, a
model eukaryote, N-terminal acetylation was shown to be cru-
cial for the cellular localization of �-syn. Upon knockdown of
N-acetyltransferase B, �-syn was observed to redistribute from
the plasma membrane to the cytosol (44). Furthermore, the
N terminus of �-syn is generally recognized as the mem-
brane-binding region (12). In fact, the first 15 residues nearly
recapitulated the binding properties of the full-length pro-
tein (20), suggesting that the N terminus serves as a mem-
brane anchor. Therefore, N-terminal acetylation is antici-
pated to impact �-syn lipid binding. Indeed, NMR studies
showed that N-acetyl �-syn exhibited stronger membrane
binding than unacetylated �-syn (45, 46). However, others
have reported no effect (47).

The aim of our work is to understand the molecular basis of
N-acetyl �-syn interactions with physiologically-relevant cellu-
lar membranes. Toward this goal, we carried out a detailed in
vitro study monitoring the conformational change of N-acetyl
�-syn upon binding to gel and liquid-ordered phases, two areas
where less attention has been given in the literature. Specifi-
cally, we sought to evaluate secondary structural changes of
N-acetyl �-syn in the presence of PC lipids (Fig. 1). It is essential
to study PC lipids because they are the most common lipid type
found in animal cells. Furthermore, the literature on �-syn
interactions with zwitterionic membranes currently lags far
behind that of anionic lipids, in part due to their weak binding
to �-syn compared with anionic phospholipids. Here, we used
small unilamellar vesicles (SUVs) and CD spectroscopy to sys-
tematically probe the effects of PC lipid acyl chain length, tem-
perature (i.e. membrane fluidity), Chol (i.e. packing defects),
and membrane curvature on the �-helicity of N-acetyl �-syn.
Finally, the aggregation propensity of N-acetyl �-syn was inves-
tigated in the presence of biologically-relevant lipid raft mix-

tures and compared with fluid-phase 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) and gel-phase DPPC membranes to
probe the complex relationship surrounding lipid order, �-hel-
ical conformation, and amyloid formation kinetics.

Results

DPPC fluidity sensing by �-, �-, and �-syn

Previous studies have shown that �-syn binds with greater
�-helical content to saturated PC SUVs in the gel phase com-
pared to the fluid phase (28, 29). It is unknown, however,
whether this behavior is preserved for the two other natural-
ly-occurring human synuclein homologs, �-syn and �-syn.
In particular, we are interested in membrane binding that is
coupled to the promotion of �-helical polypeptide confor-
mation. Here, we rely on CD spectroscopy to capture the
secondary structural changes of the protein in response to
membrane fluidity.

First, we repeated the CD spectroscopic experiments by
Nuscher et al. (28). In accordance with previous results, �-syn
transitioned from disordered–to–�-helical as DPPC SUVs
were added, as seen by the appearance of double-negative peaks
at 208 and 222 nm (Fig. 2A, inset). The observed �-helical con-
tent was stronger at 20 °C (gel) compared to 50 °C (fluid) (Fig.
2A). These results indicate stronger membrane association
based on the enhancement of �-helical content. To corroborate
this assertion, we used an orthogonal method, isothermal calo-
rimetry, to confirm that binding measured by the release of heat
was greater at 20 °C and negligible at 50 °C (Fig. S1), consistent
with results by Nuscher et al. (28).

Importantly, the conformation of �-syn ([�]222 nm) exhibited
exquisite sensitivity to the transition melting temperature of
DPPC (Tm � 39 °C), remaining �-helical at T � Tm and unfold-
ing beyond Tm (Fig. 2B). This gel-phase preference was main-
tained over a wide range of lipid-to-protein (L/P) molar ratios

Figure 1. Chemical structures of phospholipids used in this study.
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(Fig. S2). Interestingly, the ability to sense DPPC membrane
fluidity was conserved across the human synuclein family; both
�-syn and �-syn transitioned from �-helical to disordered
around the Tm (Fig. 3A). Temperature scans were performed at
a L/P ratio near saturation based on CD titration curves (Fig.
S3). Compared with �-syn, �-syn lacks 11 residues in the cen-
tral region, and �-syn has a shortened C-terminal tail (Fig. 3B),
indicating that neither of these regions are responsible for flu-
idity sensing. Instead, membrane fluidity sensing is likely dom-
inated by the N-terminal portion, where the sequences are
nearly identical in the first 44 residues (95.5 and 84% for �- and
�-syn, respectively).

Finally, the effect of N-terminal acetylation was examined.
The promotion of �-helicity and fluidity sensing by N-acetyl
�-syn were indistinguishable from that of unacetylated �-syn
(Figs. 3A and Fig. S3). Therefore, N-terminal acetylation does
not seem to play a significant role in fluidity sensing.

Effect of membrane thickness on fluidity sensing by N-acetyl
�-syn

Because biological membranes are complex and have different
membrane thicknesses, we investigated whether fluidity sensing
by N-acetyl �-syn extends to zwitterionic membranes with varying
acyl chain lengths: 15:0 PC (1,2-dipentadecanoyl-sn-glycero-3-
phosphocholine), 16:0 PC (DPPC), and 18:0 PC (1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC)), although we expected little
effect as �-syn inserts shallowly into the outer leaflet of the bilayer
(18, 20, 48). In accord, minor differences in �-helicity were found
in response to 15:0, 16:0, and 18:0 PC vesicles in the gel phase for
both unacetylated and N-acetyl �-syn (Fig. S4). We note that these
similarities solely reflect gross �-helical content and do not
exclude the existence of affinity differences and/or unstructured
proteins bound to the membrane.

Nevertheless, N-acetyl �-syn detected changes in membrane
fluidity via the loss of �-helicity at or before the Tm (Fig. 4) for
all three lipids, despite the Tm varying from 34 to 55 °C (Fig. S5).
Our data suggest that despite the protein residing on the
periphery of the vesicle, �-syn can respond to lipid rearrange-
ments that occur during the gel-to-fluid phase transition.

Interestingly, when comparing CD titrations of 15:0 PC ves-
icles with high curvature (r � 19.7 nm), N-acetyl �-syn exhib-
ited a noticeably enhanced CD signal compared to the unacety-

Figure 2. Secondary structural changes of �-syn upon binding to DPPC
vesicles in the gel (20 °C) and fluid (50 °C) phases probed by CD spectros-
copy. A, binding curves from mean residue ellipticity ([�]222 nm) at 20 versus
50 °C. Fits to a two-state equilibrium are shown as solid and dashed lines (Kp �
700 � 200 and 100 � 200 M

�1 for 20 and 50 °C, respectively). Inset, represen-
tative CD spectra of �-syn (5 �M) as a function of increasing vesicles (0 –3.2 mM

DPPC, shown as light-to-dark blue traces) at 20 °C. B, effect of increasing tem-
peratures on the �-helical content ([�]222 nm) of �-syn in the presence of DPPC
vesicles (dark blue, L/P � 640). Gray dashed line indicates the gel-to-fluid–
phase transition temperature of DPPC (Tm � 39 °C) as determined by DSC.
Lipid (light blue, [DPPC] � 3.2 mM) and protein (black, [�-syn] � 5 �M) alone
controls are also shown. Scan rate � 	20 °C/h.

Figure 3. DPPC fluidity sensing by synuclein variants. A, fluidity sensing by
N-acetyl �-syn (magenta), �-syn (green), �-syn (blue), and �-syn (purple) as
determined by changes in [�]222 nm in the presence of DPPC vesicles (L/P �
640 – 890, [protein] � 5 �M). Data were normalized for the ease of compari-
son. Gray dashed line indicates the Tm of DPPC. Scan rate � 	20 °C/h. B, amino
acid sequence alignments of the human synuclein family. Basic, acidic, and
aromatic residues are marked as blue, red, and bold, respectively. Sequence
differences are denoted with a green or black asterisk when the charge was
changed or conserved, respectively. The program ALIGN was used (https://
www.uniprot.org/align) (Please note that the JBC is not responsible for the
long-term archiving and maintenance of this site or any other third party
hosted site).

Fluidity sensing by N-acetylated �-synuclein

J. Biol. Chem. (2018) 293(28) 11195–11205 11197

http://www.jbc.org/cgi/content/full/RA118.002780/DC1
http://www.jbc.org/cgi/content/full/RA118.002780/DC1
http://www.jbc.org/cgi/content/full/RA118.002780/DC1
http://www.jbc.org/cgi/content/full/RA118.002780/DC1
http://www.jbc.org/cgi/content/full/RA118.002780/DC1
http://www.jbc.org/cgi/content/full/RA118.002780/DC1
https://www.uniprot.org/align
https://www.uniprot.org/align


lated form (Fig. 5), suggesting that the effect of N-terminal
acetylation on vesicle association is curvature-dependent.

Effect of N-terminal acetylation on �-syn binding to PC
micelles

To further probe the importance of membrane curvature on
N-acetyl �-syn binding, we compared the binding of unac-
etylated and N-acetyl �-syn using two zwitterionic micelles
with varying chain lengths: 12:0 lyso-PC (1-lauroyl-2-hydroxy-
sn-glycero-3-phosphocholine) and 16:0 lyso-PC (1-palmitoyl-
2-hydoxy-sn-glycero-3-phosphocholine). Micelles were made
at concentrations (25 mM) significantly higher than the critical
micelle concentrations (49) of the lysolipids to ensure that there
was an excess number of micelles. Consistent with our highly
curved 15:0 PC vesicle data, greater �-helicity by the N-acetyl
form of �-syn was observed for the lyso-PC micelles (Fig. 6).
Additionally, �-helical formation by unacetylated and N-acetyl
�-syn was increased for 16:0 lyso-PC micelles compared with
12:0 lyso-PC (Fig. 6), suggesting that �-helical structure stabi-
lization is influenced by lipid acyl chain length. Taken together,
our data suggest that N-terminal acetylation promotes the for-
mation of �-helical structure in the presence of membranes
with high curvature.

Effect of cholesterol on DPPC binding and fluidity sensing by
N-acetyl �-syn

Packing defects are defined as areas in the membrane where
hydrophobic acyl chains are solvent-exposed due to the geo-
metrical misalignment of phospholipids in a spherical vesicle
(50). Packing defects underlie one of the major mechanisms
proposed for �-syn binding to both gel and fluid phases. In
addition, it has been well documented that packing defects
increase in number as the radius of a vesicle decreases (50, 51).

To test this mechanism, we added increasing amounts of
Chol to DPPC to block defects in the membrane. Equilibrium
binding curves revealed that small quantities of Chol (5, 10, and
20%, Fig. 7A) weakened the binding of N-acetyl �-syn to DPPC
vesicles, whereas larger amounts of Chol (30%) abolished it (Fig.
S6), supporting the packing defect binding mechanism. A sim-

ilar effect of Chol on binding behavior was also measured for
unacetylated �-syn (Fig. S6).

Furthermore, DPPC fluidity sensing by N-acetyl �-syn was
preserved when 5 or 10% Chol was present (Fig. 7B). By differ-
ential scanning calorimetry (DSC), the Tm of DPPC shifted
from 39 to 41 °C upon the addition of Chol (Fig. S7), and instead
of N-acetyl �-syn sensing the main lipid transition at 41 °C, it
began changing conformation from �-helical to disordered
at T �38 °C (Fig. 7B). This earlier transition measured by CD
corresponds to a minor peak to the left of the main transition
on the DSC thermogram (Fig. S7). This minor peak became
more prominent as more Chol was added, and we interpret
this to be the ripple phase. The ripple phase, also called the
pretransition, occurs between the transition from the gel
phase to the fluid phase (35). Therefore, N-acetyl �-syn
seems to become sensitive to the ripple phase as Chol is
added to DPPC SUVs.

N-Acetyl �-syn binding to zwitterionic liquid-ordered phase
vesicles

Next, the conformational change of N-acetyl �-syn was stud-
ied using a more physiologically-relevant lipid composition.
We chose to model the liquid-ordered phase found in lipid rafts
by mixing DOPC, SM, and Chol in a 2:2:1 ratio, respectively
(52). We observed direct evidence that N-acetyl �-syn interacts

Figure 4. Effect of lipid acyl chain length on fluidity sensing by N-acetyl
�-syn. Changes in [�]222 nm of N-acetyl �-syn (5 �M) in the presence of 15:0 PC
(orange, L/P � 370), 16:0 PC (blue, L/P � 510), and 18:0 PC (green, L/P � 410)
vesicles are shown. Gray dashed lines mark the melting temperatures of 15:0
PC (Tm � 34 °C), 16:0 PC (Tm � 39 °C), and 18:0 PC (Tm � 55 °C), respectively, as
determined by DSC. Data were normalized for the ease of comparison. Scan
rate � 	20 °C/h.

Figure 5. Impact of N-terminal acetylation on the secondary structure of
�-syn in the presence of 15:0 PC vesicles. CD spectra of �-syn (left) and
N-acetyl �-syn (right) as a function of increasing vesicles ([15:0 PC] � 0 – 4.8
mM, [protein] � 5 �M) at 20 °C are shown as red-to-blue traces. Average hydro-
dynamic radius was 19.7 nm by DLS.

Figure 6. CD comparison of �-syn and N-acetyl �-syn in the presence of
zwitterionic micelles. Representative CD spectra of �-syn (black) and
N-acetyl �-syn (magenta) in the presence of 12:0 lyso-PC (dotted trace) and
16:0 lyso-PC (solid trace) micelles ([lyso-PC] � 25 mM and [protein] � 5 �M) at
20 °C are shown.
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with DOPC/SM/Chol vesicles in a curvature-dependent man-
ner (Figs. 8A and Fig. S8), where greater helical content is
observed in the presence of vesicles with smaller average hydro-
dynamic radii. In addition, compared to the unacetylated form,
N-terminal acetylation enhanced the �-helical content of �-syn
in the presence of lipid raft SUVs with high curvature (r � 16
nm) (Fig. S9), consistent with our previous observations for 15:0
PC SUVs (Fig. 5) and lyso-PC micelles (Fig. 6). However, unlike
what we presented earlier for DPPC (Figs. 3B and 4), N-acetyl
�-syn remained �-helical in the presence of DOPC/SM/Chol
from 25 to 50 °C (Fig. S10), indicating that it is stably bound at
physiological temperatures.

As both fluid and liquid-ordered phases coexist in DOPC/
SM/Chol vesicles (52), we used CD to measure secondary struc-
tural changes of N-acetyl �-syn upon binding to DOPC (Tm �
�17 °C) and compared it with DPPC (Tm � 39 °C) to determine
whether N-acetyl �-syn is bound to the fluid- or liquid-ordered
phase. We found that the �-helicity of N-acetyl �-syn is
decreased with fluid DOPC compared to gel DPPC vesicles (Fig.
8B). Because binding to DOPC/SM/Chol was in between that of
DOPC and DPPC, we infer that N-acetyl �-syn is bound to the
liquid-ordered phase in the lipid raft mixture with the underly-
ing assumption that �-syn must be lipid-bound to adopt an
�-helical conformation.

N-Acetyl �-syn amyloid formation in the presence of gel-,
fluid-, and liquid-ordered vesicles

To determine whether membrane fluidity influences N-acetyl
�-syn amyloid formation, monomers were mixed with either
gel-phase DPPC, lipid raft mixture DOPC/SM/Chol, or flu-
id-phase DOPC SUVs and monitored over time at 37 °C
using thioflavin T (ThT) (Fig. 9A), which increases in fluo-
rescence intensity in the presence of amyloid fibrils. Typical
aggregation kinetics follow a sigmoidal trend: an initial lag
phase, followed by a rapid intensity increase known as the
growth phase, and a stationary phase. Transmission EM
(TEM) and CD were obtained before (Fig. S11) and after
aggregation to visualize fibril morphology (Figs. 9B and Fig.
S12) and detect �-sheet structure associated with amyloid
formation (Fig. 9C), respectively.

After 63 h, amyloid fibrils were present in all samples; how-
ever, the kinetics and total �-sheet content were lipid compo-

Figure 7. Concentration dependence of cholesterol on the binding of
N-acetyl �-syn to DPPC vesicles. A, equilibrium binding curves from
[�]222 nm for N-acetyl �-syn (5 �M) binding to DPPC (black, global fit) and DPPC
with 5% (red, n � 2), 10% (orange, n � 2), and 20% (green, n � 3) cholesterol
(Chol) at 20 °C. Global fits to a two-state equilibrium are shown as solid lines,
and Kp values were 400 � 200, 200 � 100, and 80 � 60 M

�1 for 5, 10, and 20%
Chol, respectively. B, effect of increasing temperatures on N-acetyl �-syn
[�]222 nm in the presence of DPPC 	 5% (red, L/P � 456) and 10% Chol (orange,
L/P � 501). Scan rate � 	20 °C/h. Figure 8. Binding of N-acetyl �-syn to the liquid-ordered phase as deter-

mined by CD spectroscopy. A, effect of vesicle size on N-acetyl �-syn (5 �M)
binding to DOPC/SM/Chol (2:2:1) vesicles. Average hydrodynamic radius
ranged from either 19 to 22 nm (circles, n � 2) or 35 to 49 nm (triangles, n � 2).
Data were fit to a two-state equilibrium shown as black solid lines, and Kp
values were 300 � 100 and 1500 � 500 M

�1 for small and large vesicles,
respectively. B, equilibrium binding curves generated at 20 °C from [�]222 nm
for N-acetyl �-syn (5 �M) to DOPC (teal, n � 3) and DPPC (dark blue, n � 2). For
ease of comparison, the data for DOPC/SM/Chol (2:2:1) (pink, n � 2) from
panel A are shown again. Global fits to a two-state equilibrium are shown as
solid lines, and Kp values were 100 � 100, 300 � 100, and 700 � 200 M

�1 for
DOPC, DOPC/SM/Chol (2:2:1), and DPPC, respectively.
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sition- and concentration-dependent. When stoichiometric
amounts of lipids were present (L/P � 1), little or no effect on
aggregation kinetics was observed for all samples compared
with the protein alone (Fig. 9A, top panel). Similar lag and
growth phases were observed, and t1⁄2 (time required to reach
half the maximum ThT intensity) values were within one stan-
dard deviation of the protein in buffer (34 � 6 h). However, as
the amount of vesicles increased (L/P � 10), both DOPC/SM/
Chol and DOPC suppressed amyloid formation (t1⁄2 � 45 � 0.6
and 48 � 0.6 h, respectively, see Fig. 9A, bottom panel). In con-
trast, DPPC had a minimal effect on the aggregation kinetics,
where t1⁄2 remained similar (36 � 2 h) to the protein alone (34 �
6 h) at L/P � 1 (38 � 4 h). We note that while the absolute t1⁄2
varied from plate to plate, the relative trends were consistent
and reproducible (n � 7 plates, see Fig. S13 for another data
set).

Significantly less amyloid fibrils were formed at L/P � 10 as
indicated by the presence of higher levels of soluble protein
after aggregation (Fig. S14). This was also corroborated by CD,
in which lower absorption was observed for L/P � 10 compared
with L/P � 1 at 218 nm, characteristic of �-sheet content (Fig.
9C). Interestingly, there were noticeable differences in the
�-sheet content among the lipid compositions at L/P � 10;
DPPC had the highest �-sheet content, followed by the raft and
DOPC, providing further evidence that amyloid formation is
supported the strongest by gel-phase DPPC (Fig. 9C). These CD
trends were also confirmed using samples aggregated in the
absence of ThT (Fig. S15). In addition, we checked whether
amyloid formation can occur at a much higher lipid concentra-
tion (L/P � 100). For all three lipid compositions, amyloid
fibrils were visualized by TEM (Fig. S16), which contrasts with
previous work that showed complete inhibition of �-syn aggre-
gation by POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline) (17). Collectively, our results indicate that N-acetyl
�-syn aggregation is modulated by the fluidity of the mem-
brane, preferring more ordered vesicles as a surface for amyloid
formation compared with fluid membranes.

Discussion

Focusing on the effect of lipid order, we performed a series of
in vitro experiments exploring the impact of PC phospholipids
and zwitterionic lipid raft mixtures on N-acetyl �-syn confor-
mation and aggregation. First, we studied membrane fluidity
sensing from the perspective of the protein, monitoring the loss
of �-helicity as the lipid phase transitioned from gel-to-fluid.
All three members of the synuclein family (�-, �-, and �-syn)
transitioned around the Tm of DPPC as observed by CD (Fig.
3A). Therefore, we propose that the highly homologous N-ter-
minal amphipathic region is a major determinant of this shared
behavior. However, because �-helicity is a global measure, it is
unknown to what extent structural heterogeneity and subpopu-
lations exist, and further study using high resolution methods
are needed to address this question.

Because the greatest sequence similarity among the homo-
logs is found in the first 44 residues, we expected that N-termi-
nal acetylation of �-syn would enhance binding, which others
have reported using CD and NMR with anionic vesicles (45, 46).
Here, we observed that N-terminal acetylation increased the
�-helical content of �-syn in the presence of lyso-PC micelles
(Fig. 6) and PC SUVs with high curvature (r �16 –20 nm) (Figs.
5 and 8A). From a biological perspective, preferential binding to
small vesicles could help N-acetyl �-syn localize to synaptic
vesicles (r �20 nm) over other flat membrane surfaces inside a
cell.

The observed increase in �-helical signal for 16:0 lyso-PC
compared with 12:0 lyso-PC (Fig. 5) could indicate that
N-acetyl �-syn has an acyl chain length preference. However,
because N-acetyl �-syn only inserts into the outer leaflet of the
bilayer (18, 20, 48), as seen by similar binding to vesicles com-
posed of different PC acyl chain lengths (Fig. S5), perhaps its
sensitivity is related to differences in the specific lipid-bound
conformation (13). �-Syn has been shown to adopt different
structures as a function of membrane curvature: a bent helix on
micelles (53) versus an extended �-helix on vesicles (48). Thus,

Figure 9. Aggregation kinetics of N-acetyl �-syn in the presence of gel,
liquid-ordered, and fluid-phase zwitterionic vesicles. A, amyloid forma-
tion of N-acetyl �-syn (50 �M) at 37 °C with shaking monitored by ThT fluo-
rescence (10 �M) at pH 7 (20 mM MOPS, 100 mM NaCl) in the absence (black) or
presence of DPPC (blue), DOPC/SM/Chol (2:2:1) (pink), and DOPC (teal) vesi-
cles at L/P � 1 (top) and L/P � 10 (bottom). ThT data were normalized and
averaged (n � 2). Error bars denote mean t1⁄2 � S.D. (protein alone � 34 � 6 h;
DPPC � 38 � 4 (L/P � 1) and 36 � 2 h (L/P � 10); raft � 41 � 6 (L/P � 1) and
45 � 0.6 h (L/P � 10), DOPC � 34 � 3 (L/P � 1), and 48 � 0.6 h (L/P � 10)). B,
representative TEM images of N-acetyl �-syn fibrils formed in the absence
(black) or presence of DOPC, DPPC, and DOPC/SM/Chol (2:2:1) vesicles (L/P �
10). Lipid compositions are colored as in A. Scale bars are as indicated. C, CD
spectra at 20 °C of post-aggregation samples at L/P � 1 (solid traces) and
L/P � 10 (dotted traces). Protein alone (black) is also shown in the left panel for
comparison. Lipid compositions are colored as in A.
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the increase in �-helicity may indicate that a longer helix can be
accommodated on a slighter larger PC micelle.

Interestingly, fluidity sensing by N-acetyl �-syn was pre-
served across different PC acyl chain lengths (Fig. 4), which was
remarkable because the Tm of the lipids ranged from 34 to 55 °C
(Fig. S4). Thus, fluidity sensing is a robust characteristic of
N-acetyl �-syn that is not affected by bilayer thickness or ele-
vated temperatures. Although DPPC bilayers have been shown
to thicken by �0.6 nm during its phase transition from fluid to
gel (54), our results suggest that preferential binding by
N-acetyl �-syn to the gel phase is not likely driven by membrane
thickness.

Instead, the observed Chol-dependent binding of N-acetyl
�-syn to DPPC (Fig. 7A) reaffirms that packing defects play a
pivotal role in the membrane-binding mechanism. Our expla-
nation is consistent with previous findings that described �-syn
binding as an exothermic process that “heals” packing defects
(28), alleviating the energetic cost of leaving the hydrophobic
acyl chains unprotected. Packing defects are particularly
important for binding to zwitterionic lipids due to the absence
of strong electrostatics, which dominate for anionic lipids (15,
25–27, 39).

Packing defects also have implications for the biological
function of �-syn. For example, defects increase stress on the
lipid bilayer, priming the membrane for fusion (55). This agrees
with current evidence that �-syn helps synaptic transmission
by interacting with the SNARE complex during exocytosis (56 –
58). Moreover, cellular localization of �-syn to synaptic termi-
nals has been attributed to lipid rafts with liquid-ordered
domains (59).

Despite studies reporting �-syn binding to the liquid-or-
dered phase, there is little consensus, particularly for zwitteri-
onic lipid raft mixtures, whether �-syn can interact (29, 31, 38,
39). Here, we present definitive CD data that show N-acetyl
�-syn binds with an �-helical conformation to DOPC/SM/Chol
in a curvature-dependent manner (Fig. 8A). Therefore, it is
unsurprising that little to no binding was seen in prior work
using large or giant unilamellar vesicles (GUVs) to model zwit-
terionic lipid rafts (31, 39).

One advantage, however, of using GUVs is the ability to visu-
alize phase separation and domain formation using fluores-
cence microscopy (31), which is not possible for SUVs. But,
according to phase diagrams, a 2:2:1 mixture of DOPC/SM/
Chol results in the co-existence of fluid and liquid-ordered
phases (52). Because the �-helical content observed in the pres-
ence of DOPC/SM/Chol was greater than that of fluid DOPC
but less than gel DPPC, we infer that the raft mixture had char-
acteristics in between that of gel and fluid membranes. Further-
more, because �-helical formation in the presence of DOPC/
SM/Chol (Fig. 8B) was enhanced compared with DPPC/Chol
containing the same proportion of Chol (20%, Fig. 7A), which
serves as a mimic for the liquid-ordered region of SM/Chol, we
hypothesize that N-acetyl �-syn would bind more favorably to
the interfacial regions rather than the Chol-enriched domains.
This proposal is reasonable as packing defects are likely abun-
dant at the interface between fluid and liquid-ordered phases.

Based on ThT fluorescence, CD spectroscopy, and TEM (Fig.
9), we conclude that N-acetyl �-syn aggregation also trends

with membrane fluidity. When the level of free �-syn is high,
like in the disease state, amyloid formation is observed (L/P �
1). However, as more lipid vesicles are added (L/P � 10), aggre-
gation is suppressed, especially by DOPC/SM/Chol and DOPC
(Fig. 9). This suppression is enhanced further at L/P � 50 and
100 (data not shown), where nearly all the proteins are lipid-
bound. This difference in aggregation propensity based on rel-
ative protein and lipid concentrations highlights an important
link between lipid-to-protein stoichiometry and the health of a
cell.

The experimental conditions are disease-relevant because an
abundance of �-syn is genetically associated with PD in familial
cases of SNCA (�-syn) gene duplication and triplication (60,
61). Furthermore, elevated levels of �-syn mRNA have been
documented in PD patients (62), and �-syn protein levels are
recognized to play a role in its cytotoxic potential (63).

Amyloid fibril formation was supported the strongest by
DPPC, followed by DOPC/SM/Chol and DOPC. This trend was
unanticipated as one might have expected that fluid mem-
branes would better facilitate protein conformational dynamics
and promote interprotein encounters on the vesicle through
increased lipid mobility. On the other hand, perhaps stronger
binding to DPPC could lead to more recruitment and accumu-
lation of proteins on the membrane, promoting protein–
protein interactions on a two-dimensional surface. The immo-
bilized proteins could then serve as interaction sites for free
monomers to initiate aggregation, thereby enhancing primary
nucleation. These results suggest that lipid rafts and other
ordered regions found in biological membranes could serve as
locations for enriched amyloid formation as opposed to fluid
membranes. Interestingly, membrane fluidity also has been
shown to influence �-syn aggregation for anionic phospholip-
ids, in which different stimulation effects were seen for satu-
rated versus unsaturated lipid membranes (64).

Amyloid formation in the presence of DOPC vesicles (Fig.
S16) was also surprising because strong inhibition by POPC
vesicles was previously observed (17). However, molecular sim-
ulations report a higher number of packing defects for DOPC
compared with POPC due to the additional double bond (50),
suggesting that the presence of membrane defects (i.e. enhanced
protein association) could be related to aggregation propensity.
Although speculative, this hypothesis is similar to that offered by
others who favor protein crowding on the membrane surface as a
mechanism (64). Additional work on detecting oligomeric forms
and characterizing their specific intermolecular contacts facili-
tated by distinct phospholipid compositions is needed to support
these proposals.

In conclusion, our work provides evidence that membrane
fluidity is directly related to the propensity of N-acetyl �-syn to
bind zwitterionic membranes and form amyloid fibrils. We sug-
gest that fluid lipid membranes play a key role in �-syn home-
ostasis by preventing the protein from aggregating. However,
depending on the lipid composition (e.g. saturated lipids and
Chol) as well as lipid-to-protein levels, the balance can be per-
turbed and hence a disease risk factor. Consistent with our
assertion, PD patients were observed to have increased levels of
saturated lipids in the frontal cortex compared with controls
(33), and cell culture experiments showed that membranes

Fluidity sensing by N-acetylated �-synuclein

J. Biol. Chem. (2018) 293(28) 11195–11205 11201

http://www.jbc.org/cgi/content/full/RA118.002780/DC1
http://www.jbc.org/cgi/content/full/RA118.002780/DC1
http://www.jbc.org/cgi/content/full/RA118.002780/DC1


become more rigid as they age due to increases in Chol (32–34).
Taken together, our results suggest that changes in mem-
brane fluidity can alter the equilibrium of free versus mem-
brane bound �-syn, and therefore impact the aggregation of
�-syn into amyloid fibrils, insoluble materials associated
with neurodegeneration.

Experimental procedures

Materials

ThT, sodium chloride (�99.5%), L-ascorbic acid (�99%),
hydrogen peroxide (�30%), ammonium molybdate (�99.98%),
MOPS (�99.5%), SDS (�99%), and sodium phosphate dibasic
standard (1000 � 4 mg/liter) were purchased from Sigma.
All lipids (DPPC (16:0 PC), 1-lauroyl-2-hydroxy-sn-glycero-3-
phosphocholine (12:0 lyso-PC), 1-palmitoyl-2-hydroxy-sn-
glycero-3-phosphocholine (16:0 lyso-PC), 1,2-dipentade-
canoyl-sn-glycero-3-phosphocholine (15:0 PC), DSPC (18:0
PC), DOPC, and egg SM) and ovine Chol were purchased from
Avanti Polar Lipids (Alabaster, AL). All materials were used as
received.

Protein expression and purification

The cDNAs corresponding to �-syn and �-syn were obtained
from GenScript (Piscataway, NJ). Both were subcloned into a
pET-22b vector (Novagen-EMD Millipore) using NdeI and
BamHI restriction sites with primers (Eurofins MWG Operon)
encoding the initiation codon (GGA ATT CCA TAT GGA
CGT GTT CAT GAA GGG C and GGA ATT CCA TAT GGA
TGT CTT CAA GAA GGG C for �- and �-syn, respectively)
and primers containing an opal stop codon (GTA TGA GCC
AGA GGC GTA GGA TCC GCG and CCA GAG TGG GGG
AGA CTA GGA TCC GCG, for �- and �-syn, respectively). The
entire coding regions of the proteins were sequenced (Macro-
gen USA) to confirm the constructs.

Recombinant human �-, �-, and �-syn were expressed and
purified according to previous methods (21). �-, �-, and �-syn
eluted in the ranges of �210 –260, �230 –310, and �130 –140
mM NaCl, respectively, on a Mono Q column (16/10, Amer-
sham Biosciences). Protein concentrations for �-syn and �-syn
were determined using a molar extinction coefficient (�280 nm �
5120 M�1 cm�1) estimated based on amino acid content and a
spectrophotometer (Cary 300 Bio). Because of the small molar
extinction coefficient for �-syn (�280 nm � 1280 M�1 cm�1),
protein concentrations were determined using the Micro BCA
Protein Assay (ThermoFisher Scientific, Waltham, MA) and a
microplate reader (Tecan Infinite M200 Pro).

N-Acetyl �-syn was expressed by modifying our previous
method (65). The plasmids pRK172 (66) and pNatB (67) were
co-transformed into One Shot BL21(DE3) cells (Invitrogen)
under the selective pressure of carbenicillin (100 �g/ml) and
chloramphenicol (35 �g/ml). Overnight starter cultures (25 ml)
were grown in LB media at 37 °C with shaking and used to
inoculate 1 liter of TB media supplemented with 0.4% glycerol.
Upon reaching an OD600 nm of �0.5, the temperature was
reduced to 30 °C, and the cells were induced with 1 mM isopro-
pyl 1-thio-�-D-galactopyranoside for �15 h. The purification
protocol of N-acetyl �-syn was similar to previous protocols for
�-syn (65) but with additional steps of three freeze-thaw cycles

(dry ice and 37 °C water bath) and probe-tip sonication on ice
(Branson 450, output 4, 50% duty cycle, 4 min) to improve lysis
efficiency. N-acetyl �-syn eluted in the range of �210 –230 mM

NaCl on a Mono Q column (16/10, Amersham Biosciences).
Sample homogeneity and identity were evaluated for all pro-

teins using LC-MS and SDS-PAGE visualized by silver staining
(Pharmacia PhastGel 8 –25%). Based on MS, �-syn was 100%
acetylated with a small population (4%) of methionine-oxidized
species. All purified proteins were flash-frozen in liquid nitro-
gen and stored at �80 °C until use.

Lipid vesicle preparation

SUVs were prepared according to prior procedures (17) with
minor modifications. Lipids (�8 mM) dissolved in chloroform
were dried under flowing nitrogen gas and stored in a vacuum
oven (40 °C, �20 kPa) overnight. Lipid films were rehydrated in
buffer (20 mM MOPS, 100 mM NaCl, pH 7) and resuspended
using bath sonication (Branson 2510 Ultrasonic Cleaner). To
make SUVs, lipid solutions were probe-tip–sonicated for 45
min in a water bath (Branson 450, output 6, 50% duty cycle).
Water baths were set at a temperature above the transition
melting temperature of the lipid. Vesicles were centrifuged
(17,000 
 g, 20 min, room temperature) and syringe-filtered
through a 0.22-�m membrane to remove particulates.

Micelle stocks (200 mM) were produced by hydrating 12:0 or
16:0 lyso-PC in MOPS buffer and vortexing for 1 min. Stocks
were diluted to a working lipid concentration of 25 mM. Vesi-
cles and micelles were used immediately after preparation, and
all buffers were filtered through a 0.22-�m membrane
(Millipore).

Dynamic light scattering (DLS)

Light scattering was measured at 20 °C based on prior meth-
ods using Dynapro NanoStar (Wyatt Technology) (19). Auto-
attenuation of the laser power maintained the intensity at �1.0
to 2.5 
 106 counts/s, and 10 5-s acquisitions were collected.
Using the regularization fit and Rayleigh sphere model, the
average hydrodynamic radius was estimated using Dynamics
Version 7.0.2 software. Vesicle size was determined immedi-
ately after production.

Phosphorous quantification assay

Lipid concentration was determined using a colorimetric
assay (68) modified from Avanti Polar Lipids. Absorbance at
820 nm was measured on a Cary 300 Bio spectrophotometer
(2.0 s average time, 1.5-nm bandwidth). A standardization
curve was made daily using a sodium phosphate dibasic stan-
dard (1000 � 4 mg/liter).

Differential scanning calorimetry (DSC)

Thermograms were obtained using a Microcal VP-DSC cal-
orimeter (Malvern Instruments). Buffer and lipid samples (700
�l) were de-gassed for 10 min at 20 °C before injection into the
calorimeter. Prior to measurements, samples were equilibrated
at 20 °C for 20 min. Then, two scans were taken where the
temperature was increased at a scan rate of 20 °C/h. Final
graphs were obtained by subtracting the buffer thermogram
from the sample scan. Data analysis involved normalization to
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the lipid concentration and subtraction of the baseline. Tm was
extracted from fitting the data to a two-state model (Origin 7).

CD spectroscopy

Protein samples were exchanged into buffer (20 mM MOPS,
100 mM NaCl, pH 7) using a PD-10 column (GE Healthcare)
and allowed to equilibrate for 10 min at room temperature with
the SUVs. CD spectra were collected in 1-mm quartz cuvettes
using a Jasco J-715 spectropolarimeter (Jasco Analytical Instru-
ments) with the following settings: 200 –260 nm, continuous
mode, 100 nm/min scan rate, 1 nm bandwidth, 1 nm steps, and
three accumulations at 20 °C. To improve signal-to-noise for
some of the samples (DOPC and DOPC/SM/Chol), CD signals
at 222 nm were averaged over 1 min at 20 °C. Binding curves
were generated from mean residue ellipticity ([�]) and fit to a
two-state equilibrium where �-syn partitions between the ves-
icle and the solution, as described previously (19), using Igor
Pro 6.37 (WaveMetrics). In addition, temperature scans were
performed by first incubating the sample at the starting tem-
perature for 10 min. Then, data were collected at 222 nm using
the following settings: 20 °C/h scan rate, 1 nm bandwidth, and
0.2 °C steps.

Isothermal calorimetry (ITC)

A Microcal iTC200 (Malvern Instruments) equipped with a
motor-driven syringe was used to titrate DPPC SUVs (45 mM)
into a given protein sample (2 �M) equilibrated at either 20 or
50 °C. The cell containing the protein was �200 �l, and 20
injections of 2 �l each were performed. Data analysis, including
integration of the raw isotherms and normalization to the pro-
tein and lipid concentrations, was performed using NITPIC
(version 1.2.2) and MicroCal ORIGIN software.

Aggregation kinetics

N-Acetyl �-syn was exchanged into buffer (20 mM MOPS,
100 mM NaCl, pH 7) using a PD-10 column (GE Healthcare)
and filtered through a YM-100 centrifugal filter unit (Millipore)
to remove pre-formed aggregates. Aggregation was performed
in a 384-well flat bottom plate (Greiner Bio-One, catalog no.
781209) sealed with an adhesive film (ThermoFisher Scientific,
catalog no. 4311971) using a Tecan Spark microplate reader at
37 °C with continuous linear shaking (1 mm) for �4 –5 days.
Each well contained one 2-mm glass bead and 80 �l of sample
(50 �M N-acetyl �-syn and 10 �M ThT) in the presence (50 �M

to 5 mM) or absence of lipid vesicles as specified. Buffer and lipid
alone controls were also measured. ThT fluorescence was
excited at 415 nm and detected at 480 nm (top read, 25 flashes,
and a gain setting of 90).

TEM

Samples were evaluated before and after aggregation accord-
ing to previously described procedures (19). Samples (3 �l)
were applied for 1–2 min to TEM grids (400-mesh Formvar and
carbon-coated copper, Electron Microscopy Sciences) that
were glow-discharged for 1 min at 0.26 mbar (PELCO easi-
Glow). Sample was wicked with filter paper, washed with water
(3 �l), and stained with three drops of 1% (w/v) aqueous uranyl
acetate solution. The stain was immediately wicked away, and

the grid was left to air dry. TEM was performed using either a
JEOL JEM 1200EXII transmission electron microscope (accel-
erating voltage 80 keV) equipped with an AMT XR-60 digital
camera or a JEOL JEM1400 transmission electron microscope
(accelerating voltage 120 keV) with an AMT XR-111 digital
camera.
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