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Abstract

Lewy bodies, hallmarks of Parkinson’s disease, contains C-terminally truncated (AC) a.-synuclein
(a-syn). Here, we report fibril structures of three N-terminally acetylated (Ac) a-syn constructs,
Acl1-140, Acl-122, and Ac1-103, solved by cryoelectron microscopy. Both AC-a-syn variants
exhibited faster aggregation kinetics and Ac1-103 fibrils efficiently seeded the full length protein,
highlighting their importance in pathogenesis. Interestingly, fibril helical twists increased upon the
removal of C-terminal residues and can be propagated through cross-seeding. Compared to that of
Ac1-140, increased electron densities were seen in the N-terminus of Ac1-103, whereas the C-
terminus of Ac1-122 appeared more structured. In accord, the respective termini of AC-a.-syn
exhibited increased protease resistance. Despite similar amyloid core residues, distinctive features
were seen for both Ac1-122 and Ac1-103. Particularly, Ac1-103 has the tightest packed core with
an additional turn, likely attributable to conformational changes in the N-terminal region. These
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molecular differences offer insights into the effect of C-terminal truncations on a-syn fibril
polymorphism.
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A hallmark of Parkinson’s disease (PD) is the presence of Lewy bodies (LBSs),
intracytoplasmic inclusions defined by the presence of aggregated, p-sheet rich a-synuclein
(a-syn) fibrils [1, 2]. Normally, a-syn is 140-residues in length; however, posttranslational
C-terminal truncations of a-syn are also found in LBs [3]. Impairment and/or overburden of
the cellular degradation machinery are likely responsible [4]. The removal of the C-terminus
accelerates a-syn fibril formation both /in vitro [5-9] and in vivo [10, 11], implicating a role
for C-terminally truncated (AC) species in PD pathogenesis. While the C-terminus of a-syn
is peripheral to the amyloid core [12-18], this region is involved in the process of amyloid
formation [19, 20]. Here, to elucidate the effect of C-terminal truncations on fibril structures,
differences between N-terminally acetylated (Ac) full length (Ac1-140) and two LB-derived
AC-a-syn species [21, 22], Ac1-122 and Ac1-103 (Fig. 1A), were investigated by
cryoelectron microscopy (cryoEM), the prevailing technique to solve amyloid structures
[15-17, 23-31], coupled to measurements of aggregation kinetics, Raman spectroscopic
characterization, and limited-proteolysis experiments.

The aggregation propensity of a-syn was first assessed by thioflavin-T (ThT), an extrinsic
fluorophore which increases in intensity upon amyloid binding [32]. Aggregation kinetics of
Acl1-122 and Ac1-103 had significant reductions in lag and growth phases compared to
Ac1-140 (Fig. 1B), consistent with prior work on various AC-fragments [5-9]. Raman
spectra for all three a-syn fibrils (Fig. 1C) exhibited indistinguishable amide-I bands (C=0
stretch) characteristic for B-sheet conformation (1669 cm™1), indicating little secondary
structural differences [33, 34].

At the ultrastructural level, fibril differences were revealed by negative stain transmission
electron microscopy (TEM, Fig. 1D). While all three fibrils contained two protofilaments
(~5 nm each), increased helical twists (decreased pitch length) were seen for Ac1-122 and
Ac1-103, suggesting that the C-terminus imposes a steric hinderance and restricts the degree
of twisting. Another possibility is that the twist is established during nucleation, at the
initiation step of fibril formation. Limited proteolysis experiments were then performed
using proteinase-K (PK), a broad spectrum protease widely used to evaluate amyloid
structures (Fig. 1E) [35] and endoproteinase Glu-C, a protease selective for Asp and Glu
residues (Fig. S1). SDS-PAGE analysis clearly showed that Ac1-103 is the most stable, as
intact Ac1-103 (~10 kDa band) persisted under all conditions examined. Liquid-
chromatography mass spectrometry analysis (Supplemental Tables S1 and S2) indicated that
there is greater resistance to cutting at residues A17/A18, E28/A29, and A30/G31 (where /
indicates the cleavage site) for both Ac1-122 and Ac1-103, suggesting that the N-terminus
is more ordered in AC-a-syn. These results demonstrate that the removal of C-terminal
residues influences both a-syn aggregation kinetics and fibril structure.
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Next, we asked whether a more twisted Ac1-140 fibril polymorph can be made by seeding
with Ac1-103. Cross- and self-seeding reactions were compared by adding either pre-
formed Ac1-103 (Supplemental Fig. S2) or Ac1-140 fibrils to Ac1-140 (Fig. 1F). Ac1-140
aggregation was stimulated by both seeds with cross-seeding by Ac1-103 appearing
superior. Negative stain TEM confirmed that a greater twist was indeed propagated in the
cross-seeded Ac1-140 fibrils (Fig. 1G) compared to the self-seeded fibrils (Fig. 1H). Upon
cross-seeding, Ac1-140 has an increased helical twist (half pitch ~77 nm), albeit not as
twisted as the Ac1-103 seeds themselves (Fig. 1J). Since the Ac1-103 fibrils can efficiently
seed Ac1-140 and generate greater twisted fibrils, the presence of C-terminal residues does
not preclude fibril twisting and thus, additional factors are modulating the observed
periodicity. Collectively, these results reinforce the pathological relevance of C-terminal
truncations in promoting amyloid formation and templating distinctive fibril polymorphs.

To elucidate their differences, Ac-a-syn fibril structures were determined by cryoEM at
near-atomic resolution (Supplemental Table S3). The density maps show that all three
structures are composed of two protofilaments intertwining along an approximate 2; screw
axis into a left-handed helix (Fig. 2 and Supplemental Fig. S3). Each of the two
protofilaments stack along the axis with a helical rise of 4.8 A, determined by the layer line
from the power spectrum of the micrographs (Supplemental Fig. S4). Fibril structures were
determined to an overall resolution of 2.8 A for Ac1-140 (Fig. 2A), 3.0 A for Ac1-122 (Fig.
2B), and 3.4 A for Ac1-103 (Fig. 2C). At this resolution, most of the side chains are well
resolved, allowing for unambiguous molecular modeling (see Supplemental Information).
Similar number of residues were determined for all three structures.

Interestingly, there are lower-resolution densities that cannot be reliably modeled at both N-
and C-terminal regions (Figs. 2B, 2C, Supplemental Figs. S3, and S5), likely attributable to
conformational flexibility, consistent with previous studies [15, 17]. The extra densities seen
for the C-terminal and N-terminal region in Ac1-122 and Ac1-103, respectively, are
supported by the limited-proteolysis data. Specifically, at the C-terminal end, more
resistance was observed for Ac1-122 at Q109/E110, whereas restricted access to N-terminal
cleavage sites (A17/A18, E28/A29, and A30/G31) were seen for Ac1-103 (Supplemental
Tables S1 and S2).

An increase of the helical twist from —0.714° to —1.054° to —1.358° (Fig. 2D) is seen with
decreasing a-syn length, similar to our negative stain TEM data. Accordingly, the width of
the fibrils measured through 2D class averages also decreases approximately from 92 to 88
to 77 A (Fig. 2E), consistent with previous observations where helical pitch tends to increase
with fibril width [36].

In the fibrillar state, Ac-a-syn folds into a p-strand-rich architecture with a Greek-key-like
structure (Fig. 3A). The hydrophobic residues H50-E57 form a stable steric-zipper interface
between two protofilaments (Figs. 3B and S6), which is further stabilized by the
intermolecular interaction involving E57 from one and H50 together with K45 of another
protofilament. Comparison of our Ac1-140 with other published full length cryoEM
structures including acetylated (PDB 6A6B [16]) and non-acetylated a-syn (PDB 6CU7
[15]) as well as the solid-state NMR structure (2NOA [12]) is shown in Supplemental Fig.
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S7. The two Ac1-140 (ours and PDB 6A6B [16]) structures are nearly identical (RMSD =
0.75 A). The acetylated and non-acetylated cryoEM structures are also similar with one
noted exception of a stabilizing, internal salt bridge between K58 and E61 for the acetylated
form, which leads to a different arch region between B3 and p4. In the non-acetylated
structure [15], K58 faces outward, unavailable for interaction. While our helical twist is
-0.714° (or 179.643° with 2, screw symmetry) reminiscent of the other acetylated structure
(179.63°) [16], the non-acetylated fibril [15] is more twisted (179.53°). Unsurprisingly, the
solid-state NMR structure [12] of a single a-syn protofilament is the most conformationally
different as it lacks the interfacial hydrophobic interactions.

Comparing Ac1-140, Ac1-122, and Ac1-103, there are little perturbations at the fibril
interface (Fig. 3B); however, the removal of C-terminal residues impacted both N- and C-
termini (Fig. 3A). In Ac1-122, the orientations of sidechains of K58 and T59 are flipped
(Fig. 3C), leading to a notable change between $3 and p4 region. An internal salt bridge
between K58 and E61 which exists in Ac1-140 and Ac1-103 are thus broken (Fig. 3C and
Supplemental Fig. S8), which may destabilize the Ac1-122 fibril structure. However, we
hypothesize the presence of compensatory interactions between the two protofilaments,
facilitated by a water molecule, forming hydrogen bonds with K43 and K58 from the
protomers (Fig. 3C).

Clear differences in the region spanning residues E46-\V95 are also revealed between Acl-
140 and Ac1-103 (Fig. 3D). In particular, residues V74, T75, T81, T82 are clearly oriented
in opposite directions, creating conformational changes of the backbone in regions between
B5—P6 and p6-p7. A compaction is seen with an additional turn in g5, bringing the turn
region between 6 and p7 inward to the central core (Fig. 3D, indicated by arrows). We
surmise that upon the removal of C-terminal residues, sharper turns are stabilized, which
impact the formation of the arch regions, giving rise to conformation changes in both N- and
C-terminal regions (Figs. 2B and C, indicated by arrows). Moreover, the interactions
associated with E61---T72 showed hydrogen bonding between E61 and T72 for Ac1-103.
Together with the salt bridge between E46 and K80, these interactions would correlate to a
more hydrophobic environment, implicating that the N-terminus of Ac1-103 is in close
proximity to this region. This hypothesis is supported by the observation of limited EM
density proximal to f6 (Supplemental Fig. S9), suggestive of a folding back of the N-
terminal residues, which would then explain why the N-terminus of Ac1-103 fibrils are
protected from PK-digestion.

Taken together, the loss of C-terminal residues strongly correlates to accelerated aggregation
and increased helical twist of a-syn fibrils. Within the commonly observed Greek-key like
topology, molecular differences and interaction changes generate a more compact core for
the twisted Ac1-103 fibril structure. Interestingly, Ac1-103 fibrils are almost as twisted as
the recently reported “twister” structure for non-acetylated 1-140 [15], which has a
completely different core and interfacial residues. This work highlights a more complex
picture of a-syn fibril polymorphism from the residue to the ultrastructural level, where the
helical twist is not dictated by the core structure. Rather, we suggest that fibril twist is
modulated by both N- and C-terminal regions, involving polypeptide conformational
changes and steric hinderance, respectively. Finally, since Ac1-103 efficiently seeds Acl-
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140, this twisted fibril polymorph poses a greater threat in promoting a-syn amyloid
formation and explains their presence in LBs in PD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Effects of C-terminal truncations on a-syn fibril formation were studied
Fibril helical twists increased upon the removal of C-terminal residues
Fibril structures of full length and AC-a-syn were solved by cryoEM
Conformational differences were revealed at N- and C-termini

Structural insights were gained on a-syn fibril polymorphism
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Fig. 1.

St?uctural characterization and aggregation of C-terminal a-syn truncations. (A) Schematic
representation of the primary amino acid sequence of Ac1-140, Ac1-122 and Ac1-103
showing basic (blue), acidic (red), aromatic (purple) and proline (green) residues. Underline
regions correspond to PK-resistant cores determined by LC-MS (Supplemental Table S1).
(B) Aggregation kinetics monitored by ThT ([a-syn] = 50 pM and [ThT] = 10 uM in 10 mM
NaPi, 140 mM NaCl, pH 7.4, 37 °C, Agx = 440 nm and Aops = 480 nm). (C) Raman spectra
showing the characteristic amide-I band (1669 cm™1) for B-sheet. (D) Representative TEM
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images. Estimated helical half pitch (defined as a 180° helical turn) is ~85 and ~65 nm for
Acl1-122 and Ac1-103. Ac1-140 could not be determined. Scale bar is 100 nm. (E) Limited
protease digestions of a-syn fibrils (40 pM) with decreasing PK (4, 0.8, and 0.4 ng for 20 h
at 37 °C) visualized by SDS-PAGE. (F) Seeding reactions of Ac1-140 (50 uM) in the
absence and in the presence of 5% Ac1-140 or Ac1-103 fibrils monitored by ThT (same
conditions as panel B). TEM images of Acl-140 seeded with (G) Ac1-103 or (H) Ac1-140
fibrils. (J) Histograms of measured half pitch lengths from Ac1-103 fibrils (left) (V= 150)
and Ac1-140 seeded with Ac1-103 fibrils (right, /= 100). The subscript f denotes fibrils.
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Fig. 2.
CryoEM 3D reconstructions and atomic models of the a-syn fibrils. (A) Ac1-140 (PDB

code 60SJ), (B) Ac1-122 (PDB code 60SL), and (C) Ac1-103 (PDB code 60SM). In each
panel, left: a surface-rendered view of the 3D reconstruction with two protofilaments colored
in different shades of blue (Ac1-140), gold (Ac1-122), or magenta (Ac1-103); right: atomic
models. Arrows indicate differences at N- and C-terminal regions. (D) 3D models of a-syn
fibrils. Values of half pitch length are as indicated (top). Tilted views of each fibril depicted
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with distinct helical twist angles (bottom). (E) 2D averages. Fibril diameter (defined as
width) decreases upon the removal of C-terminal residues.
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(a) (c)

Ac1-140 vs. Ac1-122 vs. Ac1-103

Ac1-140 vs. Ac1-103

Fig. 3.
Comparison of atomic structures of a-syn fibrils. (A) Backbone overlays with individual p-

strands as indicated. Overall RMSD values are 2.58 and 4.07 A comparing Ac1-140 (blue)
with Ac1-122 (gold) and Ac1-103 (magenta). Boxed regions are expanded in panels B-D.
Dashed lines indicate limited EM densities. (B) Interface between the two protofilaments are
composed of residues H50—E57. (C) Sidechain orientations of K58 and T59 are flipped in
Acl1-122 vs. Ac1-140, causing differences between B3 and p4 (indicated by the arrow). Red
dash lines denote potential interactions between putative H,O and both K43 and K58 in
Acl-122. (D) Residues V74 and T75, T81 and V82 are facing opposite directions in Acl-
103 vs. Ac1-140, creating differences in regions between p5—f6 and 6—p7, respectively
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(indicated by arrows). Hydrogen bond between E61-T72 and salt bridge between E46-K80
in Ac1-103 are also indicated.
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