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Significance

Amyloid formation of α-synuclein 
(αSyn) is associated with 
Parkinson’s disease. Attempts to 
target αSyn aggregation to treat 
synucleinopathies, thus far, have 
been unsuccessful. A better 
understanding of residues that 
regulate amyloid formation may 
reveal targets for therapeutics. 
Here, six residues at the N 
terminus of αSyn are identified as 
regulators of amyloid formation. 
Deletion of these residues slows 
lipid-independent assembly, 
ablates lipid-dependent amyloid 
formation in vitro, and prevents 
aggregation and its associated 
cellular toxicity in vivo. 
Importantly, these residues are 
not necessary for binding to 
synthetic membranes. The work 
reveals a potential target for the 
prevention of synucleinopathies 
by disfavoring aggregation 
without perturbing membrane 
binding, a property considered to 
be essential for the physiological 
function of αSyn at the synapse.
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Amyloid formation by α-synuclein (αSyn) occurs in Parkinson’s disease, multiple system 
atrophy, and dementia with Lewy bodies. Deciphering the residues that regulate αSyn amy-
loid fibril formation will not only provide mechanistic insight but may also reveal targets to 
prevent and treat disease. Previous investigations have identified several regions of αSyn to 
be important in the regulation of amyloid formation, including the non-amyloid-β compo-
nent (NAC), P1 region (residues 36 to 42), and residues in the C-terminal domain. Recent 
studies have also indicated the importance of the N-terminal region of αSyn for both its 
physiological and pathological roles. Here, the role of residues 2 to 7 in the N-terminal 
region of αSyn is investigated in terms of their ability to regulate amyloid fibril formation 
in vitro and in vivo. Deletion of these residues (αSynΔN7) slows the rate of fibril formation 
in vitro and reduces the capacity of the protein to be recruited by wild-type (αSynWT) fibril 
seeds, despite cryo-EM showing a fibril structure consistent with those of full-length αSyn. 
Strikingly, fibril formation of αSynΔN7 is not induced by liposomes, despite the protein 
binding to liposomes with similar affinity to αSynWT. A Caenorhabditis elegans model also 
showed that αSynΔN7::YFP forms few puncta and lacks motility and lifespan defects typified 
by expression of αSynWT::YFP. Together, the results demonstrate the involvement of residues 
2 to 7 of αSyn in amyloid formation, revealing a target for the design of amyloid inhibitors 
that may leave the functional role of the protein in membrane binding unperturbed.

amyloid | membrane | synuclein | liposome

α-synuclein (αSyn) is an intrinsically disordered protein that aggregates and forms amyloid 
in Parkinson’s disease, multiple system atrophy, and dementia with Lewy bodies (1). 
Although these synucleinopathies can be caused by familial mutations in the SNCA gene 
encoding αSyn, such as A30P/G (2), E46K (3), H50Q (4), G51D (5), and A53T/V/E 
(6), the majority of cases are sporadic (7). The triggers of sporadic synucleinopathies 
remain unclear, yet the aggregation of αSyn is considered to be a prerequisite for neuro-
degeneration (8). It is therefore important to better understand the mechanisms of aggre-
gation and amyloid formation to reveal routes to ameliorate disease.

The amino acid sequence of αSyn can be divided into the N-terminal positively charged 
region (residues 1 to 60), the highly amyloidogenic non-amyloid-β component (NAC) 
(residues 61 to 95), and the C-terminal highly acidic region (residues 96 to 140) (Fig. 1A). 
Sequences within all three of these regions have been revealed as essential for regulating its 
aggregation into amyloid (9–13). Numerous reports have also shown that truncations in 
the N-terminal region (14–17) can modify the propensity of αSyn to form amyloid; these 
changes can slow down (17) or speed up (16) amyloid formation depending on the specific 
truncation. In fact, single-point mutations, such as Y39A or S42A in the P1 region, are 
sufficient to inhibit fibril formation in vitro and preclude aggregation in Caenorhabditis 
elegans (10). Posttranslational modifications can also change the capacity of αSyn to form 
amyloid; for example, N-terminal acetylation, which occurs to αSyn in the brain (18), slows 
amyloid formation (19, 20). Two studies also showed that αSyn monomers bind to fibrils 
via their N-terminal 10 or 11 residues, indicating a key role of these residues in the mech-
anism of seeded fibril growth (21, 22). Importantly, a host of αSyn fibril structures have 
now been solved (23), and in the majority of cases, these N-terminal 10 to 11 residues 
remain disordered and unresolved in the fibril cores.

The N-terminal region of αSyn has also been postulated to be important for the protein’s 
physiological function (26–28); specifically, it is evidenced to be involved in the regulation 
of vesicle cycling and neurotransmitter release at presynaptic termini (26, 27). In accord-
ance with this role, the first ~100 residues of αSyn bind to membranes (28, 29), and 
alteration to the sequence of the N-terminal region can impact this interaction (9, 14). 
Based on the results of NMR experiments, residues 6 to 25 of αSyn have been proposed 
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as the primary membrane-binding motif (30, 31), while other 
experiments using X-ray diffraction have shown that the 
N-terminal 14 residues of αSyn can insert into the membrane 
bilayer to form an anchor prior to binding of additional residues 
(32). Furthermore, molecular dynamic simulations have suggested 
that the NAC domain may be involved in a double-anchor mech-
anism required for the physiological function of αSyn (33). 
Despite the differences in the proposed mechanisms of how αSyn 
interacts with membranes, these studies highlight the importance 
of the N-terminal region in mediating these interactions.

Binding of αSyn to membranes is not only important for its 
physiological function but may also be critical in terms of the patho-
logical mechanism of aggregation and Lewy body formation. Lipid 
membranes can trigger αSyn amyloid fibril formation (34–37), and 
lipids are incorporated into the fibril structures (37, 38). Together 
with evidence that lipids are a major component of Lewy bodies 
(39), this suggests that lipid-catalyzed amyloid fibril formation may 
be involved in the etiology of synucleinopathies.

Here, inspired by bioinformatic analyses that show residues  
2 to 7 of αSyn to have both high aggregation propensity and low 
solubility (Fig. 1B) (24, 25), we show that deletion of residues  
2 to 7 slows the rate of lipid-independent amyloid formation of 
αSyn in vitro and inhibits its recruitment to αSynWT amyloid 
fibril seeds. Strikingly, however, we found that deletion of these 
N-terminal residues does not impair the affinity of αSyn to DMPS 
liposomes but abolishes lipid-stimulated fibril formation. The 
results are corroborated by in vivo findings that αSynΔN7::YFP 
expressed in C. elegans does not form significant numbers of 
puncta, nor does it induce the proteotoxicity associated with 

expression of αSynWT::YFP (40). Our findings not only develop 
understanding of the different regions of αSyn involved in amyloid 
formation but opens the door to targeting residues 2 to 7 for the 
development of modulators of amyloid formation, potentially with-
out affecting the functional role of the protein in membrane 
remodeling.

Results

Deletion of Residues 2 to 7 of αSyn Slows Amyloid Formation 
In Vitro. The bioinformatic analyses conducted in our previous 
study that identified P1 (residues 36 to 42) and P2 (residues 45 
to 57) as important regulatory regions for αSyn aggregation also 
identified residues 2 to 7 as having high aggregation propensity and 
low solubility (9) (Fig. 1B). Inspired by this analysis, we set out to 
examine the relative importance of residues 2 to 7 (2DVFMKG7) 
in αSyn amyloid formation. Accordingly, a deletion variant lacking 
residues 2 to 7 was generated, named here αSynΔN7 (note that 
Met1 is the initiating residue and hence was maintained in the 
construct). The effect of deleting these residues on the rate of amyloid 
formation in vitro (SI Appendix, Methods) was monitored using 
thioflavin T (ThT) fluorescence, and the results were compared 
with identical assays performed simultaneously using αSynWT 
(Fig. 1 C–E). At the end of the incubation, the fraction of protein 
remaining in solution was determined using ultracentrifugation 
and SDS-PAGE (SI Appendix, Methods) (Fig. 1F). Additionally, 
negative-stain transmission electron microscopy (TEM) was used 
to visualize the products of the reaction (Fig.  1G). The results 
showed that under the conditions used (SI Appendix, Methods), 

Fig. 1.   Deletion of residues 2 to 7 of αSyn slows amyloid formation in vitro. (A) Amino acid sequence of αSynWT. Blue = N-terminal region; pink = NAC; and red = 
C-terminal region. (B) Zyggregator (24) and CamSol (25) profiles for αSyn. Red bars indicate predicted aggregation-prone and low-solubility regions, respectively. 
For A and B, the N7 (2DVFMKG7), P1 (36GVLYVGS42), and P2 (45KEGVVHGVATVAE57) regions are in gray. (C) Fibril formation kinetics of αSynWT (black) and αSynΔN7 
(red). Data are normalized to maximum signal of each curve. (D) T50 and (E) Tlag values for nine replicates. (F) Quantification of the insoluble fraction at the end 
point of ThT assays. (G) Negative-stain electron micrographs of the ThT end points for αSynWT (black) and αSynΔN7 (red). (Scale bar, 250 nm.)
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αSynΔN7 forms amyloid-like fibrils (Fig. 1G) with similar yield 
(85 ± 4% and 87 ± 5% for αSynΔN7 and αSynWT, respectively) 
(Fig. 1F), but at a slower rate than αSynWT, with T50 values (time 
to reach 50% of the maximum ThT signal) of 23.0 ± 2.5 h and 
7.2 ± 0.3 h, and lag times (Tlag) of 18.6 ± 2.4 h and 5.8 ± 0.3 h, 
for αSynΔN7 and αSynWT, respectively (SI Appendix, Table S1). 
These data are consistent with a previous report on the effect of 
deleting residues 1 to 6 of αSyn on amyloid formation (17) and 
authenticate the predication that the N-terminal seven residues 
do indeed play a role in modulating the rate and/or mechanism 
of αSyn amyloid assembly.

The conditions used here differ from those used for our previous 
studies on the P1 region of αSyn (9). To compare the effects of these 
various deletion variants, we reexamined the amyloid formation 
kinetics of αSynΔP1, αSynΔP2, and αSynΔΔ (lacking both P1 and 
P2 regions) in the presence of a Teflon ball (SI Appendix, Fig. S1). 
The results showed that despite these more aggregation-promoting 
conditions, neither αSynΔP1 nor αSynΔΔ produced amyloid over 
the experimental timescale, while αSynΔP2 produced fibrils with a 
similar yield (86 ± 1.5%), but extended half-time (T50 = 14.8 ±  
1.8 h), relative to αSynWT, as noted previously at pH 7.5 (9).

Whether deletion of residues 2 to 7 alters the architecture of 
the fibrils formed in the same buffer used for the ThT experiments 
was determined using cryo-EM (SI Appendix, Table S2). After 2D 
classification, a subset of twisted segments displaying a regular 
~75 nm cross-over distance could be identified (SI Appendix, 
Fig. S2 A and B). A structure could be determined from these 
twisted segments to a resolution of 2.5 Å (SI Appendix, Fig. S2 
C–E). The αSynΔN7 fibril core was modeled from residues 42 to 
92 arranged in two identical protofilaments with an extensive, 
buried interprotofilament interface involving residues 50 to 58 
(SI Appendix, Fig. S3 A and B). This arrangement is consistent 
with those obtained previously with αSynWT and C-terminal 
truncations of recombinant αSyn (SI Appendix, Fig. S3C). More 
extensive N-terminal deletions have been shown to lead to differ-
ent fibril architectures, for example, when residues 1 to 40 are 
truncated (16). By contrast with these longer deletions, the struc-
ture determined here for αSynΔN7 suggests that while deletion 

of residues 2 to 7 slows assembly, the fibrils that result adopt an 
αSynWT-like fold.

Based on the similarity of cryo-EM structures of αSynWT and 
αSynΔN7 fibrils, we next explored the compatibility of αSynWT 
and αSynΔN7 in fibril coassembly. To do this the ThT assay was 
repeated using each protein alone and compared with a 1:1 mix-
ture of each monomer. The results show that when both variants 
are mixed the ThT kinetics closely resemble those of αSynWT 
alone, with the majority of the soluble protein being αSynΔN7 
at the end point of the assay (SI Appendix, Fig. S4). Hence, despite 
differing only by the presence of residues 2 to 7, αSynWT and 
αSynΔN7 are unable to coassemble into amyloid.

Residues 2 to 7 of αSyn Are Required to Elongate αSynWT 
Preformed Fibril Seeds. Given the surprising observation that 
αSynWT and αSynΔN7 do not coassemble into amyloid when 
mixed, we next investigated the ability of αSynWT and αSynΔN7 
fibrils to seed amyloid formation. It has been reported recently that 
the N-terminal 10 to 11 residues of αSyn monomers are required 
to bind to αSyn fibrils to propagate fibril growth, in a process 
known as seeding (21, 22). Based on this evidence, the αSynWT 
fibrils generated in de novo (unseeded) ThT assays described 
above (Fig. 1) were sonicated to fragment them and increase the 
number of fibril ends (SI Appendix, Methods and Fig. S5). These 
preformed αSynWT fibrils were then used to seed fibril elongation 
with αSynΔN7 monomers [10% (v/v) seed was added]. Controls 
included self-seeding of αSynWT monomers with αSynWT 
preformed fibril seeds, self-seeding of αSynΔN7 monomers with 
αSynΔN7 fibril seeds, and cross-seeding αSynWT monomers 
with αSynΔN7 fibril seeds. While αSynWT and αSynΔN7 fibrils 
can be rapidly elongated with the same corresponding species of 
monomers (self-seeding) (Fig. 2A–black and yellow, respectively, 
SI Appendix, Fig. S6 and Table S3), they are distinct in their capacity 
to cross-seed the different monomer sequences. As expected, based 
on our coassembly assay (SI  Appendix, Fig.  S4) and previous 
studies that mapped αSyn monomer-fibril interactions (21, 22), 
αSynΔN7 monomers are not recruited readily by αSynWT seeds 
under the experimental conditions used (Fig. 2A–blue). [Note that 

Fig. 2.   Residues 2 to 7 of αSyn are required to elongate αSynWT fibril seeds. (A) Seeded fibril growth for self- and cross-seeding of αSynWT and αSynΔN7 
monomers with preformed fibril seeds [10% (v/v)]. Data are normalized to the maximum fluorescence of the dataset. Note that for “WT no seeds” (green) and 
“ΔN7 no seeds” (purple), there is no increase in ThT fluorescence signal, so the data cannot be seen readily behind each other. (B) Quantification of the insoluble 
fraction at the end point of ThT assays. (C) Negative-stain electron micrographs of the ThT end points, colored as in B. (Scale bar, 250 nm.)
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these experiments were performed under quiescent conditions, 
which do not result in fibril formation of monomers alone on 
the timescale employed here (Fig. 2A–green/purple)]. A smaller 
amount of aggregated (pelletable) material resulted at the end of 
the experiment for αSynΔN7 monomers incubated with αSynWT 
fibril seeds compared with incubation of the same monomers 
with αSynΔN7 seeds (28 ± 10% versus 70 ± 5%, respectively) 
(Fig. 2B—blue and yellow, respectively) (SI Appendix, Table S3). 
In contrast, αSynWT monomers are recruited by αSynΔN7 fibrils 
(Fig.  2 A and B—red), albeit less efficiently (i.e., fibril growth 
is slower than both of the self-seeding reactions (SI  Appendix, 
Table  S3). Notably, for this sample, fibril growth is biphasic, 
possibly reflecting changes in polymorphism and/or other switches 
of mechanism as a consequence of cross-seeding. It has been 
shown previously that different polymorphisms of αSyn fibrils 
can exhibit different intensities when bound to ThT (41) and 
that fibril structure can change with time (42, 43). Further work 
will be needed to discern the molecular mechanism underlying 
the biphasic kinetics observed in Fig. 2A, although we note that 
such behavior cannot be explained by current two-state models of 
amyloid assembly (44). Together, these experiments suggest that 
the mechanism of recruitment and conversion to amyloid is distinct 
for αSynWT and αSynΔN7 monomers, with residues 2 to 7  
being required for binding to αSynWT fibrils and conversion to a 
cross-β structure, but not for recruitment of αSynWT monomers 
to the αSynΔN7 fibril ends.

To dissect the mechanism of seeding and fibril growth further, 
the seeding experiments were repeated using unsonicated fibrils 
(SI Appendix, Fig. S7). The rationale for this experiment was that 
if elongation is the dominant mechanism of fibril assembly, the 
reduced number of fibril ends present in these unsonicated sam-
ples would be expected to reduce the observed rate of fibril 
growth. The results from this experiment showed that all reactions 
are slowed dramatically when fibril seeds were added without 
prior sonication, consistent with elongation being the dominat-
ing growth mechanism under the conditions employed (45). 
However, while fibrils still form in the αSynWT self-seeding 
reaction, the rate is substantially slower (the T50 is decreased from 
1.2 ± 0.2 h to 14.0 ± 0.9 h with/without sonication, respectively) 
(SI Appendix, Tables S3 and S4), and no/little fibril growth is 
observed over the duration of the experiment for the other reac-
tion mixtures (SI Appendix, Fig. S7). Importantly, this lack of 
fibril growth in all conditions other than αSynWT self-seeding 
is indicative that the presence of residues 2 to 7 are important in 
both partners (monomeric protein and fibril seeds) for successful 
seeding to take place. Negative-stain EM revealed that spherical 
oligomers result as the products of these cross-seeded reactions 
(both for αSynWT monomers with unsonicated αSynΔN7 seeds 
and for αSynΔN7 monomers with unsonicated αSynWT seeds) 
(SI Appendix, Fig. S7D—red and blue). Similar species are 
observed when monomers are incubated in the absence of fibrils 
under these quiescent conditions (SI Appendix, Fig. S8). The 
results indicate, therefore, that residues 2 to 7 of αSyn are required 
for monomers to propagate seeded fibril growth, irrespective of 
whether the fibrils were created from αSynWT or αSynΔN7. 
Moreover, they show that failure to form fibrils (by inefficient 
seeding or lack of agitation in the absence of seeds) results in the 
accumulation of spherical oligomers that are unable to convert 
into a fibrillar form.

Residues 2 to 7 of αSyn Are Not Required for DMPS Liposome 
Binding. αSyn is intrinsically disordered in aqueous solution 
but has been shown to form α-helical structure upon binding to 
membranes (28, 29). It is widely evidenced that the N-terminal 

region of αSyn facilitates liposome binding (28, 30, 32), with 
residues 6 to 25 being purported to initiate binding to the 
lipid surface, which then induces additional residues (spanning 
residues 1 to 97) to form α-helical structure (30). Another study 
proposed that the N-terminal 14 residues of αSyn insert into the 
membrane to form an anchor (32). To determine how deletion of 
residues 2 to 7 of αSyn affects membrane binding, αSynWT and 
αSynΔN7 monomers were each incubated with DMPS liposomes 
(SI Appendix, Methods) at lipid:protein molar ratios (LPRs) ranging 
from 0:1 to 100:1. Our rationale for focusing on synthetic DMPS 
liposomes, rather than a more biologically relevant lipid mixture, 
is that this system is well characterized in terms of αSyn binding 
affinity and ThT kinetics allowing the effects of N-terminal 
deletion to be compared directly with our (9) and other (36, 
46, 47) previous results. Far-UV circular dichroism (CD) was 
also used to follow the transition of the secondary structure from 
unstructured to α-helical. The results showed that residues 2 to 7 
of αSyn are not necessary for binding to DMPS liposomes (Fig. 3 
A and B). Binding of αSynΔN7 monomers to these membranes 
induces the formation of α-helical structure akin to that observed 
for αSynWT, resulting in a maximum of 69% and 67% helicity 
for αSynWT and αSynΔN7, respectively (SI Appendix, Methods). 
Fitting the resulting titration curve (Fig. 3C), as described in ref. 
36 (SI  Appendix, Methods) yielded similar Kd values for lipid 
binding for the two proteins (1.2 ± 0.4 μM and 5.1 ± 2.3 μM for 
αSynWT and αSynΔN7, respectively) and a similar number of 
lipid molecules involved in each αSyn monomer binding event 
(30 ± 2 and 28 ± 5 lipid molecules per protein monomer for 
αSynWT and αSynΔN7, respectively). Thus, by contrast with 
previous reports (14), the data indicate that residues 2 to 7 of αSyn 
are not required for liposome binding, at least with the lipid type 
and solution conditions utilized here.

Given that the percentage helicity of bound αSynWT and 
αSynΔN7 on DMPS liposome is indistinguishable (Fig. 3C), how 
αSynΔN7 interacts with DMPS liposomes at a residue-specific 
level was next investigated using solution NMR spectroscopy 
(Fig. 3 D and E and SI Appendix, Fig. S9 A–C). Liposome binding 
was monitored by comparing the intensity of peaks in 1H-15N 
heteronuclear multiple quantum coherence (HMQC) spectra in 
the absence or presence of DMPS liposomes using an LPR of 8:1 
at 30 °C (SI Appendix, Methods). Under these conditions, DMPS 
liposomes were found to be slightly above the transition temper-
ature from gel to fluid phases (SI Appendix, Fig. S10). A decrease 
in intensity in the liposome-containing sample is indicative of 
binding of the protein to the membrane, with a greater loss of 
intensity suggesting a tighter interaction of the residue of interest 
with the liposomes at that site. Deletion of residues 2 to 7 results 
in higher intensity ratios for residues 10 to 119 for αSynΔN7 
(average I/I0 = 0.49, SD = 0.11) compared with αSynWT (average 
I/I0 = 0.28, SD = 0.09) (Fig. 3 D and E). It is particularly remark-
able that the N-terminal six residues exhibit such long-range con-
trol of membrane interaction, despite having no effect on the extent 
of helicity of the protein triggered by the presence of the liposomes 
(Fig. 3 A–C). To investigate whether lipid ordering affects these 
profiles, identical experiments were performed on αSynWT and 
αSynΔN7 below (20 °C) and above (40 °C) the Tm for DMPS in 
the presence of αSyn (SI Appendix, Fig. S9 D and E), (which is 
~28 °C in the presence of protein, SI Appendix, Fig. S10). These 
experiments showed that the profiles differed most significantly at 
30 °C, whereas below (20 °C) or above (40 °C) the Tm the intensity 
profiles for the proteins are more similar. Together this information 
shows that residues 2 to 7 of αSyn are not required for binding to 
these liposomes, nor do they alter liposome binding affinity, or the 
extent to which the αSyn molecules adopt α-helical structure, yet 
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do affect the extent that specific residues interact with membranes 
under these conditions.

Overall, these results are surprising given the literature prece-
dents that report on the importance of residues 6 to 25 in forming 
an anchor to elicit membrane binding (14, 30). The differences 
in results are likely a result of the specific lipid system used and/
or changes in the precise regions studied and highlight the impor-
tance of the balance of lipid type, temperature, assay method, and 
LPR when drawing comparisons.

Residues 2 to 7 of αSyn Are Critical for Lipid-mediated Fibril 
Formation. Binding of αSyn to membranes has been shown to 
accelerate amyloid fibril formation by promoting heterogeneous 
primary nucleation (36), with lipid molecules coaggregating with 
protein (35) and becoming encapsulated into the resulting fibril 
structures (38). Binding of αSynWT to DMPS liposomes has been 
shown to be sufficient to trigger amyloid formation under quiescent 
conditions (9, 36). To determine whether assembly of αSynΔN7 
into amyloid is also stimulated by binding to membranes, the 
protein was incubated with DMPS liposomes, and fibril formation 
was monitored using ThT fluorescence (SI Appendix, Methods). 
The results showed that while a [DMPS]:[protein] ratio of 4:1, 
8:1, or 16:1 results in fibril formation of αSynWT, incubation 
with a large lipid excess (60:1 LPR) inhibits assembly by depleting 
the concentration of lipid-free monomer available for fibrillation 
(Fig. 4 A–C), consistent with previous results (9, 36). Negative-
stain EM of the αSynWT fibrils formed at an LPR of 8:1 show 

long, winding fibrils attached to small liposomes (Fig.  4B), as 
observed previously (36). Surprisingly, and in marked contrast 
to the behavior of αSynWT, αSynΔN7 does not form ThT-
positive amyloid fibrils at any of the lipid concentrations studied 
(Fig.  4D), despite binding to DMPS liposomes with similar 
affinity to αSynWT and forming similar helical structure in the 
bound state (Fig.  3 A–C). Instead, spherical liposomes remain 
and no fibrils are observed at the end of incubation (45 h) with 
αSynΔN7 monomers (Fig.  4E), similar to liposomes observed 
after incubation in the absence of protein (SI Appendix, Fig. S11). 
Notably, when incubated at an LPR of 60:1, αSynWT and 
αSynΔN7 each resulted in the formation of tubulated liposomes 
(Fig. 4 C and F), suggesting that both proteins are able to remodel 
the lipid bilayer by binding to the liposomes and/or integration 
into the lipid acyl chains.

We have reported previously that an αSyn deletion variant that 
lacks residues 36 to 42 (P1 region) and 45 to 57 (P2 region) 
(named αSynΔΔ) also binds DMPS liposomes with similar affin-
ity to αSynWT, but is unable to remodel them to form lipid 
tubules. Instead, smaller lipid structures are observed when incu-
bated at an LPR of 60:1 (9). To determine whether αSynΔP1 has 
a similar effect on liposome structure as αSynΔΔ, or whether 
deletion of the seven residue P1 segment more resembles the 
behavior of αSynΔN7, the binding of αSynΔP1 to DMPS lipos-
omes was also investigated (SI Appendix, Fig. S12). The results 
obtained were similar to those for αSynΔN7, with binding result-
ing in helical structure (SI Appendix, Fig. S12A), a similar affinity 

Fig. 3.   Residues 2 to 7 of αSyn are not necessary for DMPS liposome binding. (A and B) Representative far-UV CD spectra of αSynWT and αSynΔN7 as a function 
of the lipid-to-protein ratio (LPR) (see key). (C) MRE at 222 nm as a function of LPR for αSynWT and αSynΔN7. Curves were fitted using equation 6 from ref. 36. 
Error bars are SEM. (D and E) Per-residue intensity ratios of 1H-15N HMQC NMR resonances for (D) αSynWT and (E) αSynΔN7. Spectra were collected at 30 °C at 
an LPR of 8:1. The dashed line indicates an I/I0 of 0.5.
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(Kd of 4.2 ± 2.0 μM) (SI Appendix, Fig. S12B), and no indication 
of lipid-stimulated fibril formation (SI Appendix, Fig. S12C). 
Unlike αSynΔN7, αSynΔP1 forms a lower helicity in the bound 
state (47%, compared with the 67% helicity for αSynΔN7) 
(SI Appendix, Fig. S12A) and is unable to tubulate liposomes 
(SI Appendix, Fig. S12D). Despite their shared inability to nucle-
ate on DMPS liposomes, the HMQC per residue intensity profiles 
are distinct for αSynΔP1 and αSynΔN7 at 30 °C with the former 
more closely resembling the profile obtained for αSynWT pre-
cluding a simple link between lipid binding and amyloid forma-
tion (SI Appendix, compare SI Appendix, Fig. S12E and Fig. 3).

The work above has shown that, despite destabilizing DMPS 
liposomes such that lipid tubulation results, αSynΔN7 lacks the 
ability to transform from an α-helical membrane-bound state to 
the cross-β structure of amyloid. This could result from the resi-
dues 2 to 7 being vital for this structural transition or because 
these residues are required to extract the lipid from the bilayer that 
is a necessary step for the lipid-induced stimulation of αSynWT 
fibrillation (34, 35, 47).

In order to explore which residues in particular may be important 
for regulating lipid-induced amyloid formation we performed an 
alanine scan of residues 2 to 7 (2DVFMKG7). We used far UV CD 
to confirm that these mutations do not impact the α-helical pro-
pensity of αSyn in the presence of DMPS liposomes (SI Appendix, 
Fig. S13) and then repeated the ThT assay with all alanine variants 
(SI Appendix, Fig. S14). The results showed that while K6A and 
G7A have little effect on the rate of lipid-stimulated amyloid for-
mation, the other variants tested (D2A, V3A, F4A, and M5A) all 
impede the ability of αSyn to form amyloid in the presence of 
DMPS liposomes. The T50 values of amyloid formation (SI Appendix, 
Table S5) are two to threefold higher for D2A (19.3 ± 0.5 h), V3A 
(19.6 ± 0.6 h), and F4A (16.7 ± 1.1 h), compared with αSynWT 
(7.2 ± 0.4 h). In most repeats, the single point mutation of M5A 
was sufficient to abolish amyloid formation on the timescale and 
conditions employed. This demonstrates that Met5 may be the most 
critical amino acid of residues 2 to 7 to facilitate efficient amyloid 
formation in the presence of these liposomes. Future work to 

understand the role of Met5 in lipid-induced amyloid formation 
will be necessary to understand the biophysical mechanisms and 
biological relevance of the results presented here.

C. elegans Expressing αSynΔN7::YFP form Fewer Puncta and 
Have No Motility Defects. Given that residues 2 to 7 of αSyn 
have a clear and dramatic effect on amyloid assembly in vitro both 
in the absence and presence of liposomes, the role of these residues 
in driving protein aggregation and its associated proteotoxicity 
were next tested in vivo using C. elegans as a model organism. 
Accordingly, a C. elegans strain expressing αSynΔN7::YFP in the 
body wall muscle cells was generated, and in vivo aggregation of 
αSynΔN7::YFP and any associated proteotoxicity (measured using 
motility and lifespan assays) were measured as a function of age. 
N2 worms, which do not express the αSyn transgene, and a strain 
expressing αSynWT::YFP (40) were used as controls (SI Appendix, 
Methods). Western blot analysis showed that αSynΔN7::YFP 
protein expression levels were similar to those of αSynWT::YFP 
worms, enabling their direct comparison (SI Appendix, Fig. S15).

Analysis of the αSynΔN7::YFP animals showed a significant 
reduction in the number of puncta corresponding to αSynΔN7::YFP 
aggregates compared with αSynWT::YFP animals at all days of adult-
hood measured (days 1, 4, and 8) (Fig. 5 A and B). The expression 
of αSynWT::YFP is proteotoxic in an age-dependent manner, with 
the increase of αSynWT aggregation in day 4 adults associated with 
a ~50% reduction in motility (body bends per second) compared 
with day 1 adults (Fig. 5C). By contrast, expression of αSynΔN7::YFP 
showed no evidence of proteotoxicity in this assay throughout aging, 
with motility of this strain remaining similar to N2 animals (Fig. 5C). 
While αSynWT::YFP expression reduced the median lifespan of the 
animals to 11 d of life (8 d of adulthood) compared with N2 animals 
which have a median lifespan of 15 d of life (12 d of adulthood), the 
median lifespan of αSynΔN7::YFP-expressing animals was identical 
to that of N2 animals (SI Appendix, Fig. S16 and Table S6). Thus, 
consistent with its reduced aggregation potential observed in vitro, 
residues 2 to 7 are important for αSyn aggregation in vivo and its 
associated proteotoxicity.

Fig. 4.   Residues 2 to 7 of αSyn are critical for lipid-mediated fibrillation. (A) Fibril formation kinetics for αSynWT in the presence of DMPS liposomes. Key indicates 
[DMPS]:[αSyn] ratio. Data are normalized to the maximum fluorescence intensity of the dataset. (B and C) Negative-stain electron micrograph of the ThT assay 
end point for [DMPS]:[αSynWT] of 8:1 and 60:1, respectively. (Scale bar, 250 nm.) (D–F), as (A–C), but for αSynΔN7.
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Discussion

Residues 2 to 7 of αSyn Control Amyloid Formation In  Vitro. 
The N-terminal region of αSyn is known to be important for its 
interaction with membranes and to play a role in determining 
the ability of the protein to assemble into amyloid fibrils, both 
in the presence (9, 48) and absence of a membrane (16, 17). 
However, there is conflicting evidence as to the precise role of 
this region in assembly (16, 17). Previous studies have shown that 
truncation of the N terminus by 13, 35, or 40 residues accelerates 
amyloid assembly and results in the formation of fibrils with a 
distinct structure to those observed for αSynWT (16). The N-
terminal region has also been shown to be important for binding 
of monomers to the fibril surface to propagate seeded fibril growth, 
with truncation of 40 or more residues from the N terminus 
disabling the ability of monomers to be recruited by αSynWT 
fibrils, while smaller truncations have no effect (16).

Here, we have focused on the role of a short, six amino acid 
region (residues 2 to 7) of αSyn on amyloid assembly, inspired by 
bioinformatics analyses which suggest that this region has both 
high aggregation potential [Zyggregator (24)] and low solubility 
[CamSol (25)] (Fig. 1 A and B). Despite these features, residues 
2 to 7 do not form part of the ordered fibril core but remain 
dynamically disordered (23). Interestingly, the N7 region has sim-
ilar properties judged by these algorithms to a second region in 
the N-terminal domain [residues 36 to 42 (named P1)], which 
we previously showed to be essential for de novo fibril formation 
at neutral pH in vitro (9, 10) and is involved in forming the core 
of most αSyn fibril structures (23).

Via a systematic study of de novo (unseeded) and seeded assays, 
we show here that deletion of residues 2 to 7 of αSyn has a very 
different effect on fibril growth compared with the large N-terminal 
truncations described above, with deletion of these six residues 
slowing amyloid formation de novo (Tlag and T50 are increased 
~threefold) (Fig. 1 D and E) (SI Appendix, Table S1). We were able 
to resolve a 2.5 Å resolution cryo-EM structure (SI Appendix, 
Fig. S3) which shows a typical αSynWT fibril fold and architecture, 
suggesting that deletion of residues 2 to 7 does not significantly 
alter the final fibrillar state. This highlights the critical sensitivity 

of fibril growth on the precise sequence of the N-terminal region, 
with acceleration or retardation of fibril assembly being dependent 
on the location of the amino acid deletions or substitutions made, 
as well as the solution conditions (9, 10, 16, 17). Such sensitivity 
also rationalizes why truncations in the N-terminal region of αSyn 
are found in Lewy bodies in Parkinson’s patients (49), why post-
translational modifications in the N-terminal region [such as 
N-terminal acetylation (19, 20)] and mutations associated with 
familial disease (many of which lie in the N-terminal region) (2–6, 
50–54) often (A30P, E46K, and A53T/V/E), but not always 
(H50Q and G51D), enhance the rate of amyloid formation (48). 
While we focus here on its non-N-terminally acetylated version, 
αSyn is natively N-terminally acetylated (18). How this posttrans-
lational modification affects amyloid formation of αSynΔN7 will 
require further work. Changes in the C-terminal region can also 
modulate amyloid formation, with truncations in this region (e.g., 
1-103 or 1-119) (12), metal ion binding (55), and posttranslational 
modifications (56, 57) having profound and often very different 
effects on amyloid formation at least in vitro.

Lipid-stimulated Amyloid Formation. The second unexpected 
observation we report is that the affinity of αSynΔN7 monomers 
for DMPS liposomes is not affected by deletion of residues 2 
to 7, by contrast with studies which suggest that this region is 
essential for lipid binding and membrane insertion (14, 31, 32). 
This highlights an extreme sensitivity of the properties and effects 
of lipid interaction dependent on αSyn sequence, lipid type, 
and reaction conditions. We also show that the extent of α-helix 
formation upon lipid binding is not affected by deletion of residues 
2 to 7 (Fig. 3 A–C), yet this deletion does impede the extent to 
which residues interact with the liposomes (Fig. 3 D and E).

We have shown that amyloid formation of αSynΔN7 is not 
stimulated by liposome binding (Fig. 4), in marked contrast to 
αSynWT, wherein lipid acts as a substrate for its assembly into 
amyloid, with the fibril yield and rate of assembly depending on 
the LPR (35–37). Lipids can become integrated into the core of 
the cross-β amyloid fold (35), being clearly observed in the 
cryo-EM structures of the resulting fibrils (38). A model by which 

Fig. 5.   C. elegans expressing αSynΔN7::YFP exhibit fewer aggregates and motility defects than those expressing αSynWT::YFP. (A) Representative confocal images 
of C. elegans expressing αSynWT::YFP and αSynΔN7::YFP at day 8 of adulthood. (Scale bar, 50 μM.) Corresponding brightfield images are displayed in the Bottom 
Left of each image. (B) Quantification of puncta in the head region of C. elegans expressing αSynWT::YFP or αSynΔN7::YFP. (C) Quantification of the motility of N2, 
αSynWT::YFP, and αSynΔN7::YFP animals in terms of body bends per second. ****P < 0.0001.
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αSyn extracts lipid from membranes to enable αSyn-lipid coag-
gregation to occur has been proposed (34).

We postulated based on these observations, that αSynWT and 
αSynΔN7 may have different effects on the stability of lipid mol-
ecules within the DMPS bilayer. However, and again surprisingly, 
using DPH anisotropy, we showed that this is not the case 
(SI Appendix, Fig. S10), with both proteins affecting the bilayer to 
a similar extent and both monomers remodeling the liposomes 
resulting in tubulation (Fig. 4 C and F). One possible explanation 
of the different outcomes of lipid binding for the two proteins 
could be that lipid extraction, which is a prerequisite for αSyn-lipid 
coaggregation and amyloid fibril formation, can no longer occur 
efficiently upon deletion of residues 2 to 7. The results from the 
alanine scan show that the Asp2, Val3, Phe4, and Met5 variants all 
affect the rate of amyloid formation, with M5A apparently having 
the largest effect (SI Appendix, Fig. S14). We hypothesize that these 
residues are required for utilizing the lipid as a substrate, perhaps 
by facilitating lipid extraction from the liposomes and the conver-
sion from the lipid-bound α-helical protein to the cross-β structure 
of amyloid. Further experiments will be needed to test this hypoth-
esis and to better understand the molecular mechanism employed 
by residues 2 to 7 in enabling lipid-induced amyloid formation.

Perhaps the most striking, and biologically relevant, result from 
the investigations described above is the difference in aggregation 
propensity of αSynWT::YFP and αSynΔN7::YFP in the C. elegans 
model organism. The strain expressing αSynΔN7::YFP forms few 
puncta and exhibits none of the proteotoxic effects that are 
observed in strains expressing αSynWT::YFP. Indeed, animals 
expressing αSynΔN7::YFP were indistinguishable from N2 con-
trol worms (which do not express any form of αSyn) in terms of 
motility and lifespan.

Summary and Outlook: Function versus Aggregation. Given that 
residues 2 to 7 are highly conserved in the synuclein family [the 
sequence is identical in αSyn and βSyn and has a single amino acid 
substitution (2DVFKKG7) in γSyn], the question arises as to why 
these residues persist through evolution and in different synuclein 
family members. Given the difference in residue 5 between αSyn 
(Met) and γSyn (Lys), it is particularly interesting that it was 
recently shown that γSyn is unable to undergo lipid-induced 
amyloid formation within 35 h of the experiment (58). This 
supports the findings discussed above, that Met5 is involved in 
the mechanism of lipid-induced amyloid formation, at least under 
the conditions tested here. The physiological function of αSyn 
is widely evidenced to involve its N-terminal domain binding 
to membranes at the presynaptic terminals and remodeling 
these membranes to promote synaptic vesicle docking (26) and 
neurotransmitter release (27).

We have shown that under the conditions tested here, deletion 
of residues 2 to 7 of αSyn does not perturb the affinity of the 
protein for DMPS membranes (Fig. 3 A–C). Nor does loss of these 
residues affect the protein’s ability to reduce lipid Tm (SI Appendix, 

Fig. S10), or to remodel liposomes, causing their tubulation (Fig. 4 
C and F). Nonetheless, deletion of residues 2 to 7 does affect the 
residues involved in liposome binding (Fig. 3D). Together, these 
results suggest that while residues 2 to 7 enhance the amyloidogenic 
potential of αSynWT, these residues may not be essential for the 
physiological function of αSyn in vivo (although further work 
using a more biologically relevant lipid system is needed to sub-
stantiate this claim). The region 2 to 7 of αSyn thus provides an 
exciting opportunity to develop inhibitors of amyloid assembly 
that target the N-terminal region, yet may not affect the functional 
role of the protein in membrane remodeling at the synapse. The 
results presented here, alongside other αSyn mutational studies 
(59, 60), when combined with AI tools, may help decipher the 
contributions of different residues and regions of the protein 
sequence in its aggregation and function, such that critical targets 
can be found and inhibitors developed for the treatment of 
disease.

Materials and Methods

Detailed explanations regarding recombinant protein expression and purification, 
ThT assay conditions, quantification of insoluble material, TEM, cryo-EM, liposome 
generation, CD, NMR, measurements of lipid dynamics, electron microscopy, and 
C. elegans strain generation, imaging, and behavioral experiments can be found 
in SI Appendix.

Data, Materials, and Software Availability. The data associated with this 
paper are openly available from the University of Leeds Data Repository. https://
doi.org/10.5518/1422 (61). The cryo-EM map and model for αSynΔN7 are 
deposited to the PDB and EMDB, respectively, with codes 8QPZ and 18570. All 
other data are included in the manuscript and/or SI Appendix.
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