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ABSTRACT

59 The abnormal aggregation of a-synuclein (a-Syn) is closely associated with Parkinson’s diseases.
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Different post-translational modifications of a-Syn have been identified and contribute distinctly in
a-Syn aggregation and cytotoxicity. Recently, a-Syn was reported to be N-terminally acetylated in cell,
yet the functional implication of this modification, especially in a-Syn oligomerization remains unclear.
By using a solid-state nanopore system, we found that N-terminal acetylation can significantly decrease
a-Syn oligomerization. Replica-exchange molecular dynamics simulations further revealed that
addition of acetyl group at the N-terminus disrupts intermolecular hydrogen bonds, which slows down
the initial a-Syn oligomerization. Our finding highlights the essential role of N-terminal acetylation of

a-Syn in preserving its native conformation against pathological aggregation.
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a-Synuclein (0-Syn) is an abundant presynaptic protein expressed throughout the central nervous
system (CNS). It contains a conserved lipid-binding domain and is involved in synaptic vesicle

5

trafficking . a-Syn aggregation is the major component of Lewy bodies which is the hallmark of

Parkinson's disease, dementia with Lewy bodies, and other neurodegenerative diseases °. Pathologically,

10-11" are linked to

missense mutations (e.g. A30P, E46K, A53T) " and amplification of the a-Syn gene
early onset Parkinson’s disease. a-Syn exhibits intrinsic disordered structure in aqueous solution. It has
high propensity to aggregate in a nucleation-dependent manner, forming amyloid oligomers and fibrils

which are cytotoxic '

and are believed to contribute to neurodegeneration in Lewy body diseases.
Most recently, an in-cell nuclear magnetic resonance (NMR) study showed that both the N- and
C-terminal regions of a-Syn are exposed in the cytoplasm while the aggregation-prone non-amyloid-f3
component (NAC) region is shielded . a-Syn remains as a monomer in cell '°. Therefore, finding
factors stabilizing monomeric a-Syn are of great importance to understand why o-Syn resists

aggregating in cell under a high concentration. Such factors are essential for possible therapeutic

targets.

Various post-translational modifications (PTMs) such as phosphorylation and acetylation have been
identified on a-Syn, which may play an important functional or pathological role. Previous studies
showed that N-terminal acetylation of a-Syn can stabilizes the N-terminal helicity '’ for a stronger

membrane interaction '°. Moreover, N-terminal acetylation was found to influence the aggregation of
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1 resulting in a narrower distribution of the aggregation lag time and rates 2. A recent

a-Syn
simulation study *' showed that N-terminal acetylation increased the gyration radius and reduced
intramolecular hydrogen bonds of individual a-Syn monomer. However, the effect of N-terminal

acetylation on the intermolecular interaction and the initial aggregation process such as small oligomer

formation remains to be explored.

Here, through a label-free single molecule detection method based on solid-state nanopores, we
detected a significant decrease in a-Syn oligomerization caused by N-terminal acetylation. Furthermore,
through replica-exchange molecular dynamics (REMD) simulations of the oligomerization of multiple
a-Syn monomers, we found that introducing acetyl group at the N-terminus of a-Syn blocks the

formation of intermolecular hydrogen bonds (H-bonds) that are important for a-Syn oligomerization.

Solid-state nanopores provide a unique approach to qualitatively measure the protein oligomers of
certain sizes in a fairly high resolution. As demonstrated in Figure 1A, driven by electric force, charged
a-Syn oligomers suspended in solution translocate through a nanometer-scale pore imbedded in a thin
membrane separating two electrolyte-filled reservoirs, resulting in ionic current drops. The statistical
analysis of these ionic current drops and their persisting time can reveal the geometry and charge
properties of a-Syn oligomers (Figure 1B). Mature fibrils and larger aggregations exceed the size of the

nanopore are excluded while the translocation events of monomers are below the detection limit. Thus,
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22-23

as demonstrated in previous publications , only small oligomers (< 8 nm) formed at the early stage

of a-Syn aggregation is selectively monitored in this system.

We then used this in situ and label-free single-particle detection method to monitor the changes of
a-Syn oligomer formed in the initial phase of a-Syn aggregation upon N-terminal acetylation.
N-terminally acetylated a-Syn was prepared using a semi-synthesis approach for testing in a solid-state
nanopore system (Figure S1). The current blockage distributions of N-acetylated and wild-type (WT)
a-Syn were measured after a 0, 24, 48, 72-hour incubation time and the results are shown in Figure
1C-J. Figures 1C, 1E, 1G, and 1I correspond to WT a-Syn samples and Figures 1D, 1F, 1H, and 1J
correspond to N-acetylated a-Syn samples, respectively. In these current blockage distributions, three
types of a-Syn oligomers with different sizes were identified through multi-peak Gaussian fitting, as
denoted with Oy, Oy, and Oy in Figure 1C. Detailed fitted peak positions for these three oligomers are
summarized in Table S1. For instance, for the Oy peak, it positions at 0.40 pA, 0.43 pA, 0.39 pA, and
0.37 pA in O h, 24 h, 48 h, and 72 h wild-type samples, demonstrating a well-defined behavior.
Therefore, we classify the observed populations in Figure 1C-J into three types of oligomers: Oy, Oy,
and Oy Here, we observed that the current blockage of acetylated a-Syns presents narrower
distributions than those of wild-type ones (see Figure 1 C-J). The narrower current blockage
distributions of acetylated a-Syns indicate more homogenous population of oligomers formed, which is

consistent with previous findings *°.
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The percentage of under-curve area for each Gaussian component is proportional to the number of
captured molecules. Therefore, we are able to monitor the time-dependent quantity fraction of the three
types of oligomers and give kinetic information of a-Syn oligomerization. The percentages of total
under-curve area for Oy and Oy Gaussian components in 0 h, 24 h, 48 h, and 72 h have been calculated
and the data is illustrated as a function of incubation time in Figure 1K and 1L. As shown in Figure 1K
and 1L, for the wild-type a-Syn, oligomer I gradually decreases, while oligomer II increases
persistently during the incubation. The general trend of oligomer I and II implies an aggregation
process that oligomer I undergoes a continuous conversion to oligomer II. In comparison, N-terminally
acetylated o-Syn remains its proportion within the 72 h incubation, which is demonstrated by a
significantly reduced number of larger oligomers, indicating a decelerated oligomerization process
induced by N-terminal acetylation. Oligomer III is limited to the comparatively low capture rate, and

hard to analyze its aggregation character.

According to previous studies >*, the current blockage cause by protein can be described as:

NG

Al(E) = [p———
H eff Ap

where Al(t) is current blockage, Iy is the current baseline, A(t) is the volume occupied by the oligomer,
Hetr 1s the thickness and A, is the cross section of nanopores. By using multi-peak Gaussian fitting of

the current blockage, three types of a-Syn oligomers with increasing sizes were identified.
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To gain the mechanistic insight into the prevention of large a-Syn oligomers by N-terminal acetylation,
we analyzed the intermolecular dynamics of N-terminally acetylated a-Syn molecules by the REMD
simulation. The REMD results showed that N-terminal acetylation can stabilize their N-terminal
helicity and reduce the intramolecular H-bond numbers in oligomerization, which is consistent with

17, 19, 21

previous studies of individual o-Syn simulations and experiments . Figure 2 shows the

simulation results of the radius of gyration for multiple a-Syn molecules. Simulations started with the
structural model of monomeric a-Syn (PDB: 1XQ8) revealed that the gyration radius (R, ) of
N-terminally acetylated a-Syn oligomers exhibit a larger average value compared to the unacetylated
ones (Figure 2A and 2B). The average R, shifted from R*" =2.76nm to R} =4.34nmin a
three-0-Syn model and from R =3.45nm to R} =5.97nm in a five-0-Syn model, respectively.
Simulations started with disordered structures gave a similar result, in which the N-terminal acetylation
led to a larger R, of multiple a-Syn molecules, as shown in Figures 2C and 2D. To compare with
previous studies, we calculated the radius of gyration of individual a-Syn in oligomers (see Table S2 in
Supplementary Information). It showed that the radius of gyration of individual a-Syn in oligomers
with N-terminal acetylation is slightly larger than that of wild type, which is consistent with previous
studies of individual a-Syn simulations 2 In addition, we also calculated the intermolecular distances
between individual a-Syn in oligomers. The average intermolecular distance for MET-N-terminal

a-Syns is 3.8 = 1.3nm. In contrast, the average intermolecular distance for ACE-N-terminal ones is 4.8
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+ 1.8nm. The results showed that the intermolecular distance was increased by ~1nm according to the
N-terminal acetylation. We can see in Table S2 that the N-terminal acetylation only enlarges the radius
of gyration of individual a-Syn by about 0.01~0.04 nm. However, the radius of gyration of oligomers
of ACE-N-terminal a-Syns is larger than that of MET-N-terminal ones by ~1 nm (see Figure 2). The
above results indicated that the change of the oligomer radius of gyration is due to the intermolecular
distance of a-Syns in N-terminal acetylation. These results suggested that the N-terminal acetylation of

a-Syn may cause a weak intermolecular interaction.

We further analyzed the alteration of intermolecular H-bond network pattern during o-Syn
oligomerization to address how N-terminal acetylation blocks a-Syn oligomerization. Because
N-terminal acetylation induces a loss of two H-bonds donors at the N-terminus of a-Syn, we speculated
that the N-terminal acetylation may disrupt the intra- and/or intermolecular H-bond network of a-Syn
and impede the oligomerization process. To test this, we comparatively analyzed the H-bond numbers
in the three- and five-a-Syn models of N-terminally acetylated and WT a-Syn using two different
starting structures (Figures 3A and 3B). We found that the N-terminal of the wild type a-Syn can form
H-bonds with residues ASP, GLU and ASN, as well as the group —C=0 at the backbone, as shown in
Figure S3 in the Supplementary Information. The molecular dynamics (MD) simulations confirmed
that the amount of H-bonds in N-terminally acetylated three- and five-a-Syn models is significantly

less than that of the WT a-Syn. More importantly, some intermolecular hydrogen bonds formed among
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the N-terminus and between the N-terminus and residues in other regions are indeed blocked by the

N-terminal acetylation, (Figure 3C and D), further supporting our hypothesis.

PTM has been found to commonly exist in different amyloid proteins. Depending on the modification
sites and types, PTM was found to either facilitate pathological aggregation or inhibits amyloid
oligomerization *>*’. Therefore, PTM plays an essential and multifaceted role in regulating amyloid
protein aggregation under different conditions. As one of the most common protein modifications,
N-terminal acetylation is a major determinant of degradation signal and the functional regulation of
proteins **. Under physiological conditions, a-Syn remains as a monomer with N-terminally acetylated
in cells in an extremely high concentration of 5-50 um/ml . Previous studies suggested that the
N-terminal of a-Syn is critical for a-Syn oligomerization ' *~°. With both experimental approaches
and numerical simulation, we showed that N-terminal acetylation decelerates the formation of a-Syn
oligomers. We found that acetylation stabilizes the N-terminal helicity and reduces the interactions
between the N-terminal and other region, which may predispose N-terminally acetylated a-Syn toward
specific interactions with others and decrease nonspecific interactions to form various oligomers to
service as aggregation seeds. The reduction of inhomogeneous oligomers may lead to a slower
aggregation time of N-terminally acetylated a-Syns than those of non-acetylated ones 920 The
formation of small oligomers at the initial phase of protein aggregation is believed to play an essential

role in pathogenesis, such as dimer and trimer of amyloid-p in Alzheimer's Diseases '. Since a-Syn
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aggregations are highly toxic in vivo and is closely associated with early onset of Parkinson’s disease

32-34

pathology , this study suggests the oligomerization-mediated toxicity of a-Syn might be alleviated

by the N-terminal acetylation.

Due to unstable and transit properties of amyloid oligomers, it remains changeling to probe the
structural changes in amyloid oligomer formation at atomic level experimentally. Although it has been
found that N-terminal acetylation loose the structure of individual o-Syn monomer ', few studies
showed the impact of N-terminal acetylation on the intermolecular interaction in the formation of small
a-Syn oligomer. By combining nanopore detection and MD simulations, we found the molecular
mechanism of N-terminal acetylation of a-Syn in decelerating small oligomer formation. In the
solid-state nanopore detection experiment, we noticed more large blockages corresponding to bigger
oligomers of the unacetylated a-Syn (see the arrows in Figures 1C and 1D), indicating that the
N-terminally acetylated o-Syn has a slower oligomerization process. It is known that the H-bond
network is critical to stabilize the protein-protein interactions >>~°. Our simulations showed that the
H-bond network of the N-terminally acetylated a-Syn oligomers was disrupted by acetylation of the

N-terminus, destabilizing the oligomerization state of a-Syn.

METHODS

Semisynthesis of N-terminally acetylated a-Syn
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The ACE-a-Syn(1-18)-SR (R=CH2CH2SO3H) peptide was synthesized on an CSbio 336X automated
peptide synthesizer using the optimized HBTU (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate) activation/DIEA (N,N-Diisopropylethylamine) in situ neutralization protocol for
Boc-chemistry solid phase peptide synthesis. The initial loading was performed by coupling with
S-trityl protected mercaptopropionic acid. After cleavage and deprotection in HF, crude products were
precipitated with cold ether and purified to homogeneity by preparative C18 reversed-phase high
performance liquid chromatography (HPLC). The molecular masses were ascertained by electrospray

ionization mass spectrometry.

Native chemical ligation, desulfurization, and purification

a-Syn Al-18 A19C was treated with 100 mM O-methylhydroxylamine and 30 eq of tris
(2-carboxyethyl) phosphine (TCEP) in 6 M GdnHCI at pH 4.0 for 12 h at room temperature. The
protein was then separated from the reagents and by-products by reversed-phase HPLC, lyophilized,
and stored at -20 °C under inert atmosphere until use. For large scale ligations, a-Syn A1-18 A19C was
dissolved in 1 ml of 6 M GdnHClI, 0.2 M sodium phosphate to a final concentration of 0.83 mM. 30 eq
of TCEP were added to prevent disulfide formation. 1.2 eq of ACE-a-Syn(1-18)-SR were added,
followed by 10 eq of 4-mercaptophenylacetic acid (with respect to the peptide fragment) as the NCL
catalyst. The pH was then adjusted to 7.0 with aqueous NaOH, and the reaction was incubated at 37 °C

under inert atmosphere for up to 4 h. The ligation product was purified by reversed-phase HPLC on a
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semipreparative Waters C4 column, evaporated, and lyophilized. After lyophilization, the powder was
redissolved in 1ml of 6 M GdnHCI, 0.2 M sodium phosphate, pH 7.0. To this solution, 1 ml of 1.0 M
TCEP in 6 M GdnHCl, pH 7.0, t-butyl mercaptan was added to a final concentration of 840 mM, and
VA-044 to a final concentration of 5.4 mM. The reaction proceeded for 2 h, and the final product was

purified to homogeneity by preparative C4 RP-HPLC.

Nanopore detection

The chips containing solid-state nanopores were installed in a sealed fluid cell and separated into two
electrically isolated reservoirs of electrolytes. The tween 20 coating buffer diluted protein sample was
introduced into the cis side of the fluid cell. The voltage was applied through two Ag/AgCl electrodes
coupled to the two opposite electrolyte reservoirs by an Axon 200B patch clamp amplifier (Molecular
Devices, Sunnyvale, CA). Attached with an 8-pole, 100kHz, low pass Bessel filter operating in
resistive feedback mode, the patch clamp was also used for ionic current measurement. The output of
the patch clamp was digitized at 250 kHz and continuously recorded by an Axon Digidata 1440A
digitizer and pClamp 10.3 software, and then analyzed through custom MATLAB code (The
MathWorks, Natick, MA). All the events showed in the figures were filtered by a 40kHz low-pass

Bessel filter through MATLAB code for clarity.

Simulation models
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Enhanced sampling molecular simulations of oligomerization of human o-Syn were performed in
N-terminal acetylated state (i.e., the ACE-N-terminal state) and non-acetylated state (i.e., the
MET-N-terminal state). In the ACE-N-terminal state, the N-terminus of a-Syn undergoes N-terminal
acetylation with an acetyl group (-CO-CHs3), while in the non-acetylated state, a-Syn ended with an
amino group (-NHj3). As well known, a-Syn exhibits intrinsic disordered structure in aqueous solution
> In contrast, 0-Syn may form helix structure with association of phospholipid membrane ***'. To
study the secondary structure effect in the oligomerization process, two types of initial structures were
used. One initial structure started with the structure (PDB: 1XQ8) 0 with two a-helices in each a-Syn
(see Model I in Figure S2 (A) and (B)). The second initial structure (Model II in Figure S2 (C) and (D))
started with a disordered coiled structure based on the sequence in each o-Syn. To study the
concentration effect of a-Syn in oligomerization, three or five a-Syn molecules were randomly put in a
13x13x13 nm’® cubic simulation box. In the beginning, the distance between each a-Syn was larger

than 10 A so that there was no contact between individual a-Syn (see Figure S2).

Replica-exchange molecular dynamics simulation

Replica-exchange molecular dynamics (REMD) simulations ****

were applied to enhance the sampling
of the oligomerization structure of a-Syn molecules. The CHARMM36 force field ***® was used and

periodic boundary condition was applied. Implicit solvent model with the Generalized Born Surface

Area (GBSA) method ¥ was employed in the simulations. The GBSA implicit solvent method is
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widely used in the study of protein-protein interactions and protein folding simulations **°%

Non-bonded interactions were calculated with a cut-off of 12 A. All bond lengths were constrained
with the LINCS algorithm > and a time step of 2 fs was set. Temperature for each simulation was
achieved by coupling the system with a V-rescale thermostat. For REMD simulations, 30 replicas for
the three-a-Syn system and 38 replicas for the five one were performed, respectively, and each replica
ran for 50 ns in the temperature range from 300K to 550K, resulting to a total simulation time of 1500
ns and 1900 ns for the three-a-Syn system and the five one, respectively. The REMD simulations were
conducted using GROMACS 5.0.7 °*° software package. Trajectories with the lowest temperature 300

K were used for data collection and analysis.

The radius of gyration of the oligomerization structure R, is calculated by,

1

N

[Tl
_ i

g z—m (1)

where m. is the mass of atom i, and 7 is the position of atom i with respect to the center of mass of

] 1

the molecule. The radius of gyration has been shown to accurately describe the oligomerization state of

multiple proteins '>2"+°,

To determine whether a H-bond exists between a donor and acceptor associated with the N-terminus of

a-Syn, a geometrical criterion was adopted in which the formation of a hydrogen bond was defined by
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both atom distance and bond orientation. For instance, the donor D, hydrogen H, and acceptor A with a
D-H...A configuration was regarded as a hydrogen bond when the distance between donor D and

acceptor A was shorter than 3.5 A and the bond angle of H-D...A was smaller than 30°.
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Figure 1. (A) Schematic diagram of experimental setup. The flow cell is separated by a silicon nitride
membrane with a solid-state nanopore embedded on it. To provide a non-specific adsorption surface,
the silicon nitride membrane is coated by a layer of tween 20 molecules (light blue layer) °’. (B) A
current trace of nanopore experiment under 100 mV. Current blockage histograms with Gaussian fitting
(pink, green, and blue lines) for 0, 24, 48 and 72 h incubation of wild-type a-Syn (C), (E), (G), (I) and
a-Syn with N-terminal acetylation (D), (F), (H), (J). Three types of oligomers are classified by
Gaussian fitting, and Oligomer I, II, IIT are marked by pink, green and blue solid lines, respectively. (K),
(L) The percentage change with incubation time of under-curve area for Oligomer I and II, and the
solid line is fitted with the method of least squares. Data point in 24 h incubation of N-terminally

acetylated a-Syn sample is not shown due to the small number of captured molecules.
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Figure 2. Radius of gyration of multiple a-Syn oligomerization in REMD simulations. MET represents
the wild-type a-Syn, while ACE is short for the N-terminal acetylation. (A) and (B) The radius of
gyration distribution of 3 and 5 a-Syn of model-I, starting with the crystal structure (PDB: 1XQ8) with
two o-helices in each a-Syn, respectively. (C) and (D) The radius of gyration distribution of 3 and 5
a-Syn of model-1II, starting with a random coil based on the sequence in each a-Syn, respectively. The
average values of radius of gyrations are shown as RM*" and R/, respectively. The insets illustrate
the oligomerization structures of the most frequently appearing states. The solid lines are the envelope

of the corresponding distribution histograms.
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Figure 3. N-terminal acetylation weakens the oligomerization of a-Syn by reducing the
H-bond numbers between the acetylated N-terminus and residues in a-Syn belonging to other
a-Syn sequences. (A) and (B) The H-bond number between the N-terminal end and other
residues belonging to other a-Syn sequences of Model-I and Model-II with 3 a-Syns,
respectively. (C) and (D) The H-bond number between the N-terminal end and other residues
belonging to other a-Syn sequences of Model-1 and Model-II with 5 a-Syns, respectively.
MET represents the wild-type o-Syn, while ACE is short for the N-terminal acetylation. (E)
[lustration of H-bond network between the WT N-terminal end and residues in other a-Syn
molecules. The H-bonds are represented by red dashed lines. (F) Illustration of acetylated
N-terminal interactions with residues in other a-Syn molecules, showing that there is nearly no
H-bond formation between the acetylated N-terminal end and residues in other a-Syn

molecules.
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