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Abstract

Inhibiting the aggregation of amyloid peptides with endogenous peptides has broad interest due

to their intrinsically high biocompatibility and low immunogenicity. Here, we investigated the
inhibition mechanism of the prostatic acidic phosphatase fragment SEVI (semen-derived enhancer
of viral infection) against Ap4z2 fibrillization using atomistic discrete molecular dynamics
simulations. Our result revealed that SEVI was intrinsically disordered with dynamic formation of
residual helices. With a high positive net charge, the self-aggregation tendency of SEVI was weak.
AP42 had a strong aggregation propensity by readily self-assembling into p-sheet-rich aggregates.
SEVI preferred to interact with AB42, rather than SEVI themselves. In the hetero-aggregates,
AP42 mainly adopted B-sheets buried inside and capped by SEVI in the outer layer. SEVI

could bind to various AP aggregation species — including monomers, dimers, and proto-fibrils

— by capping the exposed B-sheet elongation edges. The aggregation processes AB42 from

the formation of oligomers to conformational nucleation into fibrils and fibril growth should

be inhibited as their B-sheet elongation edges being occupied by the highly charged SEVI.
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Overall, our computational study uncovered the molecular mechanism of experimentally observed
inhibition of SEVI against AB42 aggregation, providing novel insights into the development of
therapeutic strategies against Alzheimer’s disease.
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Introduction

The abnormal misfolding and aggregation of proteins to form B-sheet-rich amyloid deposits
is a common pathology in numerous neurodegenerative diseases'3, including amyloid-p
(AB) and Tau in Alzheimer’s disease (AD)* and a-synuclein in Parkinson’s disease (PD)°.
Despite differences in primary, secondary and tertiary structures of these amyloidogenic
proteins (e.g., Ap, Tau, a-synuclein, and human amylin), mounting experimental studies
have established that the amyloid fibrils share similar cross-p core structures with in-
registered B-strands within each proto-filament aligned perpendicular to the fibril axis? 6. 7.
In addition, all the amyloid disease-related peptides feature a common nucleation—growth
self-assembly kinetics, where monomers first nucleate into soluble oligomers and p-sheet-
rich aggregates before their rapid elongation into proto-fibrils and saturation of mature
fibrils®-10. Increasing evidence reveals that soluble low-molecular-weight oligomers formed
during the early aggregation stage are much more cytotoxic than the mature fibrils® 11. 12,
Prior numerous studies have demonstrated that inhibiting the fibrillization of the amyloid
peptide could effectively mitigate aggregation-mediated cytotoxicity!3-16. Therefore, the
inhibition of pathological fibrillization of amyloid proteins is considered as a promising
strategy for the future cure of amyloid diseases.

To mitigate the cytotoxicity of amyloidosis, the modulation of amyloid aggregation

by naturally-occurring small-molecules (e.g., EGCG5-17, dopaminel8-20, and
resveratrol?l: 22) nanoparticles (e.g., graphene oxide quantum dot23-26, fullerene
derivativel® 27-29 Mo0S,3%: 31) and peptides or proteins (e.g., aB-crystallin protein32-34,
antimicrobial a.-defensins3®) has been widely studied 7 vitro, in vivo, and in silico. For
example, the presence of these amyloid inhibitors>=26 could not only inhibit amyloid
fibrillization but also suppress the cytotoxicity of amyloid peptides. Although there have
been reports of various compounds, including polyphenols4-17. 36. 37 and inorganic
nanoparticles23-26. 30. 31 effectively inhibiting the pathological aggregation of amyloid
proteins (e.g. AB, hIAPP, and tau), their potential side effects and pharmacological efficacy
are still unknown38. The endogenous proteins32-34 39, featuring amyloid-inhibiting effects
against pathological aggregation of amyloid proteins have attracted broad interest due to
their intrinsic biocompatibility, biological origin, and low immunogenicity. For example,
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aB-crystallin, widely expressed in the human body (including the brain, retina, and eye
lens), could effectively prevent fibrillization and reduce cytotoxicity of multiple amyloid
proteins, including a-synuclein, tau, and AB32-34, A recent experimental study has shown
that the SEVI-fragments (semen-derived enhancer of viral infection) of prostatic acid
phosphatase (PAP24g_2g6) could completely inhibit AB aggregation at substoichiometric
concentrations, prevent the growth of preformed Ap fibrils, and reduce Ap-induced cell
toxicity39. Various methods for disrupting mature A fibril structures have been reported,
including ultrasound wave irradiation®%: 41 and infrared laser irradiation#2: 43, which

have been evaluated through both experimental measurements#?: 42 and computational
simulations®!: 43, Interestingly, it has been found that the presence of SEVI alone is
sufficient to destroy A fibril structures3®. However, the inhibition mechanism of SEVI
against amyloid aggregation of Ap remains to be fully established. A better understanding
of the inhibition mechanism at the molecular level will be helpful for the design of future
anti-amyloidosis peptide inhibitors against AD, as well as other amyloid diseases.

AP peptides, major constituent of senile plaques in AD, are cleaved off from the

amyloid precursor protein by B- and y-secretases* 44. AB40 and AB42 are the two most
abundant isoforms in senile plaques, and AB42 features higher aggregation propensity and
cytotoxicity*®. AR monomers mainly adopt random coil and partial B-sheet structures in
solution and readily aggregate into B-sheet dominated fibril structures /n vitrc®. SEVI is a
representative amyloidogenic fragment derived from peptides of prostatic acid phosphatase
(also known as PAP,4g_sg6) and is naturally present in human semen?8. Similar to AB,

the self-assembly kinetics of SEVI forming cross-p fibrillar structure also follows the
nucleation-dependent elongation mechanism*’. The self-assembly of SEVI is strongly
sensitive to the factors that affect electrostatic interactions*”: 48, Because the SEVI contains
many cationic residues, it leads to strong charge repulsion between the monomers. Thus,
fibrillization of SEVI requires extensive time and agitation*6. The aggregation of SEVI
only occurs at neutral pH and high salt concentrations (above ~100 mM), but not in the
absence of salt or at acidic pH*9. Decreasing the concentration of Zn2* would result in
SEVI fibrils dissociation, indicating the physiologic concentrations of zinc in semen protect
the stability of SEVI fibrils®0. Interestingly, cross-interaction between AB42 and SEVI
completely inhibits pathological aggregation and elongation of preformed fibrils of Ap4239.

To investigate the inhibition mechanism of SEVI against A fibrillization, we systematically
studied the interactions between Ap42 and SEVI by applying multiple long-timescale
discrete molecular dynamics (DMD) simulations®!: 52, DMD is a rapid and predictive
molecular dynamics algorithm widely used to study protein folding and misfolding by both
our group®3 54 and others®-57. Our results revealed that SEVI was intrinsically disordered
with dynamic formation of helixes and had a significantly weaker self-aggregation tendency
compared to AB42. Simulations of one SEVI mixed with an AB42 showed the two peptides
preferred to bind each other and the cross-interaction hot-spots corresponded to residues
14-22&31-39 in SEVI and 10-21&30-41 in Ap42 (the well-known amyloidogenic core
regions®). Co-aggregation simulations of two SEVI and two AB42 peptides showed that
SEVI preferred interacting with Ap42 rather than the SEVI themselves. In their hetero-
aggregates, AB42 mostly formed B-sheets buried inside with p-strand edges capped by SEVI
in the outer layer. In simulations of SEVI mixed with preformed Ap42 proto-fibril, SEVI
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was observed to both capping to the B-sheet elongation ends and binding to the lateral

fibril surfaces. With the highly charged SEVI occupying the elongation surfaces of Ap
monomers, oligomers, and proto-fibrils, their growth to higher molecular weight oligomers,
nucleation of proto-fibrils, and rapid fibril elongation should be prevented correspondingly.
The binding of SEVI to the Ap42 fibril lateral surface could also inhibit secondary
nucleation®8. Together, this study reveals a complete picture of the inhibitory mechanism
of AP aggregation by the endogenous SEVI protein, providing theoretical insights into the
development of novel therapeutic strategies against AD.

Methods and materials

Molecular systems.

The amino acid sequences and initial structures of SEVI (PDB: 213h°) and AB42 (PDB:
1209%9) used in our simulations are shown in Figure S1. To investigate the SEVI effects

on the amyloid aggregation of AB42, multiple molecular systems (summarized in Table

S1) were set up for simulations, including one peptide of SEVI and AB42 monomers, two
peptides of either two SEVI, two AB42, or one SEVI mixed with one AB42, and four
peptides of two SEVI mixed with two Ap42. For each system, fifty independent DMD
simulations were performed, starting with different initial configurations (/.e., coordinates
and velocities in multiple-peptide simulations and velocities in the monomeric simulations).
Each independent simulation lasted 600 ns in the one-peptide system and 1200 ns in

the multiple-peptide simulations. The peptides were initially randomly placed in a cubic
simulation box (the corresponding box size of each system was summarized in Table S1)
with different orientations and a minimum inter-molecular atomic distance of 1.5 nm. In
addition, interactions of SEVI monomer and Ap42 fibril were also investigated by the
simulation of one SEVI mixed with a pre-formed Ap42 fibril composed of 20 peptides
(PDB: 50qv’, Figure S1). Fifty independent DMD simulations, with each during the time
up to 600 ns, were also performed starting from different initial coordinates and velocities.
Initially, the SEVI monomer and Ap42 fibrils were randomly placed in a 12 nm cubic
simulation box with a minimum inter-molecular atomic distance of 1.5 nm. The Ap42 fibril
was set static to reduce the computational cost.

Discrete molecular dynamics (DMD) simulations.

All simulations were performed utilizing the atomic DMD with implicit solvent at 300 K.
DMD is a rapid and predictive molecular dynamics (MD) algorithm, in which optimized
stepwise functions modeled the continuous potential functions in traditional MD52, The

step function potentials were adapted from the Medusa force field, which has been well
benchmarked for the accurate prediction of protein stability change upon mutation, protein-
ligand binding affinity®1: 62, as well as ab /nitio protein folding®2. Similar to most traditional
MD force fields, both bonded interactions (i.e., covalent bonds, bond angles, and dihedrals)
and non-bonded interactions (i.e., van der Waals, solvation, hydrogen bond, and electrostatic
terms) were considered in the Medusa force field. Solvation energy was calculated by the
effective energy function proposed by Lazaridis and Karplus83. The hydrogen bond was
explicitly modeled by a reaction-like algorithm®2. The screened electrostatic interactions
between charged atoms were computed by the Debye—Hickel approximation with the Debye
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length assigned of ~10 A at the physiological condition. DMD software is available to
academic researchers via the Molecules In Action, LLC (www.moleculesinaction.com). The
units of mass, time, length, and energy used in our simulations were 1 Da, ~50 fs, 1 A, and 1
kcal/mol, respectively. With a rapid computational speed and enhanced sampling efficiency,
DMD has been widely used to study protein folding and aggregation both by our group and
others®3-57,

Analysis methods.

The secondary structure was calculated using the DSSP (Define Secondary Structure of
Protein) method®. A hydrogen bond was considered to be formed once the N---O distance
was less than 3.5 A and the N-H--O angle was larger than 150°6%, A pairwise residue
contact was defined when the distance between the heavy atoms from two non-sequential
sidechain/main chains was within 0.65 nm. Cluster analysis was performed using the Daura
algorithm and a backbone atoms deviation cutoff of 0.55 nm®. A two-dimensional (2D) free
energy (also known as the potential mean force) surface was constructed using —R7 In P(x,
y), where P(x, y)is the probability of a conformation having a certain parameter value of

x and y. The radial distribution function g(r) of Ca atom of each peptide corresponding to
the complex center was calculated by the following equation g(7) = M r+qr/(4rer?dr), where
N r+qr 1S the number of atoms within distances of r and r+dr away from the center of the
complex14,

Results and discussion

Conformational ensembles of SEVI monomers were populated with transiently formed
helices, and AB42 monomers with dynamic B-sheets.

The conformational dynamics of SEVI and Ap42 monomers were investigated by

fifty independent 600-ns DMD simulations. The conformational sampling efficiency and
equilibrium assessments were examined by the structural parameters of the radius gyration
(Rg), the number of backbone hydrogen bonds and heavy atom contacts, and the secondary
structure content as a function of simulation time (Figures S2& S3). The significant
fluctuations without long-terms trends indicated that our long-timescale DMD simulation
was not trapped and that sufficient sampling was achieved. Only the last 300 ns simulation
data from each independent simulation trajectory was used for the conformational analysis
to avoid potential biases from the initial structures.

Time evolution of the secondary structure per residue suggested the SEVI monomer
dynamically adopted helical conformations (Figures 1a&S2). Transient p-sheets were also
observed in SEVI monomers but were very rare (Figures 1a&S2). The average content of
each secondary structure showed that monomeric SEVI was predominantly populated with
unstructured and helical conformations with a probability of ~46.8% and ~39.2% (Figure
1b), respectively. The B-sheet content was only ~4.2% (Figure 1b). The result is consistent
with prior NMR and CD characterizations, which suggested that the monomeric peptide
was dynamic with partial helical conformations in aqueous solution®7: 68, The helices

of SEVI monomers were mainly formed by residues 4-11 and 18-26, with an average
probability up to ~60.0% (Figure 1c). C-terminal residues 27-39 were predominantly
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unstructured (> 50%). A weak helical tendency of ~30% around residues 33-36 was
observed (Figure 1c). The high intra-chain residue-pairwise contact frequencies along

the diagonal around residues 4-11, 18-26, and 33-36 were indicative of a high helical
propensity in these regions (Figure S4a). Helices in these regions were also found in

SEVI monomeric structures under membrane mimic environments determined by the NMR
spectroscopy®® 67. 68, Relatively weak intra-chain interactions between residues 15-21

and 32-38 (with contact frequencies less than 0.2) with a contact pattern perpendicular

to the diagonal reflected the observation that monomeric SEVI may form a transient
B-hairpin structure (Figures 1a&S4a). Prior experimental studies also suggested that only
the central and C-terminal regions of SEVI participated in forming p-sheet aggregates®®.
The conformational free energy landscape estimated by the potential mean force (PMF)
along with the probability distribution of overall helix and B-sheet contents demonstrated
that monomeric SEVI was much more favorable to form helixes than p-sheets (Figures
1d&S5a). Using clustering analysis of conformational ensembles, the centroid structures of
the top 4 most populated SEVI monomer conformations were indeed populated with helices
(Figure 1e). SEVI monomer mainly adopted unstructured conformations with partial helixes
agreed with prior experimental measurements>®: 68,

In contrast, monomeric simulation of AB42 showed that the peptide formed dynamic
B-sheets instead of helices (Figures 1f&S3), consistent with FRET and CD spectra
experiments’%: 71, The main secondary structures of AB42 monomer were unstructured coil
and p-sheet with a probability of ~52.2% and ~33.9%, respectively (Figure 1g). Helical
formations were only ~4.3% formed by residues 20-25 (Figure 1h). Residues 10-21 and
31-41 of Ap42 displayed strong tendency of forming p-sheets with an average propensity
over 50% (Figure 1h), as revealed by prior experimental and simulation studies3 71 72,

In addition, the N-terminal residues 3-7 also displayed weak -sheet propensities (~20—
25%) (Figure 1h). The intra-chain contact frequency map of Ap42 featured three contact
patterns perpendicular to the diagonal, including residues 2-8 vs11-17, 11-22 vs30-41,
and 31-34 vs 38-41 correspond to multiple strand-turn-strand motifs (Figure S4b). Another
recent study using Hamiltonian replica-permutation molecular dynamics simulations’3: 74
for AB40 and AB42 also found similar B-hairpin motifs’®. Interestingly, these B-strands
were also present as the cross-f cores in many experimentally-determined Ap amyloid
fibrils”: 76. 77, Residues 1-14 had the highest coil propensity (> 60%) comparing to the rest
of the sequence. Due to the highly conformational flexibility, the N-terminal residues 1-10
were found missing in most fibril models’’. The conformational free energy landscape, the
probability distribution of overall helix and p-sheet contents, and the top 4 most populated
conformations of AB42 monomer further confirmed that dynamical p-sheets were much
more abundant than helices (Figures 1i&1j&S5b). Overall, our simulation showed that
both SEVI and AB42 were indeed intrinsically disordered with transiently formed residual
structures. SEVI monomers preferred to form transient helices, while AB42 monomers
formed B-sheets.
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Contrasting to Ap42 that readily aggregated into B-sheet oligomers, SEVI displayed a
significantly weak self-aggregation propensity but preferred to bind Ap42.

To investigate the effects of SEVI on the aggregation of AB42, dimerization simulation

of two SEVI, two Ap42, and one SEVI mixed with one Ap42 were performed. For each
molecular system, we performed fifty independent DMD trajectories with each simulation
lasting 1200 ns. The time evolution of the radius gyration, the number of hydrogen bonds
and contacts, and the content of each secondary structure suggested that all the simulations
were well equilibrium and reached their steady states in the last 600 ns (Figures S6-S8).

Dimerization dynamics of SEVI featured frequent fluctuations in the inter-peptide backbone
hydrogen bonds and atomic contacts with frequent sampling of unbound states, suggesting
dimers of SEVI were unstable and easily dissociated into monomers (Figures 2a&S6).

The time evolution of the secondary structure per residue demonstrated that the SEVI
conformations were populated more with helixes than p-sheets. The conformational free
energy landscape was projected in terms of the radius gyration and the number of inter-
peptide backbone hydrogen bonds stabilizing inter-peptide B-sheets using the last 600 ns

of all fifty independent simulations (Figure 2b). There were three energy basins centered
around (1.5, 0), (1.6, 7), and (1.6, 20), respectively. SEVI dimers with fewer inter-peptide
hydrogen displayed lower free energy values, indicating that the dimerization tendency

of SEVI forming p-sheet-rich aggregates was relatively weak (snapshots 1-3 in Figure

2b). Because SEVI contains many cationic residues, this leads to strong charge repulsion
between the monomers when they aggregate. Differently, two Ap42 peptides readily
aggregated into a stable dimer stabilized a large number of inter-chain hydrogen bonds and
contacts (Figures 2c&S7). Ap42 dimers with ~9-15 inter-chain hydrogen bonds were the
most populated conformational state, corresponding to the lowest free energy basin (Figure
2d) and indicating that AB42 had a strong aggregation tendency of forming B-sheet-rich
aggregates. The dynamic association and dissociation observed in the homo-dimerization

of SEVI disappeared in the hetero-dimerization of SEVI mixed with Ap42, in which

SEVI readily bound to AB42 and formed a stable -sheets-rich hetero-dimer stabilized inter-
peptide hydrogen bonds (Figures 2e&S8). SEVI-AP42 hetero-dimers had significantly more
inter-peptide hydrogen bonds than SEVI homo-dimer as revealed by comparison of states in
the free energy landscapes (Figures 2b&f), indicating the SEVI-AB42 cross-interaction was
stronger than the self-association of SEVI.

SEVI bound to AB42 via B-sheet pairing and the binding enhanced p-sheet propensity of

SEVI.

Compared to SEVI monomers, the homo-dimerization of SEVI enhanced the B-sheet
content along with a small decrease in the helical content (Figure 3a). But the helical
structure (~29.9%) was still much higher than p-sheet (~19.5%) in the homo-dimerization
simulations. The presence of Ap42 significantly increased the p-sheet propensity of SEVI
during their hetero-dimerization, in which the B-sheet and helix content of SEVI was 32.2%
and 24.3% (Figure 3a). Monomeric SEVI featured three helical regions around residues 4—
11 (~83.5%), 18-26 (~59.4%), and 33-36 (~28.6%). The average helical propensity of SEVI
residues 18-26 and 33-36 significantly decreased upon forming both SEVI homo-dimer and
SEVI-ABA42 hetero-dimer (Figure 3b). But residues 4-11 still stayed in helical conformation
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in both SEVI-SEVI homo-dimer and SEVI-AB42 hetero-dimer, consistent with prior
experimental measurements®®. Specifically, N-terminal residues 1-14 of aggregated SEVI
were unprotected from hydrogen-deuterium exchange (HDX) and susceptible to proteolytic
cleavage, suggesting that the region didn’t form B-sheet core in aggregation®®. The B-sheets
were mostly formed by SEVI residues 16-25 and 31-39 with an averaged propensity

of ~34.0% in the SEVI-SEVI homo-dimer and ~52.6% in the SEVI-AB42 hetero-dimer.
Interestingly, previous experimental assays also suggested that residues 13-18 and 33-39
were involved in forming the B-sheet core of SEVI fibrils6% 78, The p-sheet content of AB42
in the isolated monomer, ~33.9%, was increased to 54.8% in the AB42-Ap42 homo-dimer
and 49.5% in the SEVI-AB42 hetero-dimer (Figure 3c). The secondary structure propensity
of each residue revealed that the B-sheet propensity around Ap42 residues 11-22 and 31-41
was enhanced to ~80.0% in the Ap42 homo-dimer and SEVI-AR42 hetero-dimer (Figure
3d). Overall, the cross-interactions between SEVI and Ap42 drove them aggregated into
B-sheet-rich structures, which enhanced the B-sheet content of SEVI.

The intra-peptide residue-pairwise contact frequency map of SEVI homo-dimer (Figure S9a)
features two helical patterns (~50%) along the diagonal around residues 3-15 and 18-27
(~50%) and a weak p-hairpin contact pattern (~25%) with p-strand formed by residues 14—
22 and 31-39. Inter-peptide B-sheet contact patterns with relatively weak frequencies (less
than 15%) among residues 16-25 and 29-38 were driven by the hydrophobic interactions
(Figure S9a). N-terminal residues 1-13 did not participate in forming inter-peptide p-sheets
in agreement with prior HDX-MS measurements®9. In AB42 homo-dimers, contact patterns
of intra-chain B-hairpins and inter-chain p-sheets were widely observed (~30%), with the B-
strands mainly formed by residues 10-21 and 30-41 (Figure S9b). Representative structured
contact patterns and corresponding structures revealed that Ap42 peptides formed inter-
chain B-hairpins and also inter-chain p-sheets via pairing of p-sheet edges, similar to prior
simulation studies® 8 27: 75 The contact frequency analysis of SEVI-AB42 hetero-dimers
revealed that Ap42 residues 10-41 predominantly adopted in B-hairpin structures, which
then paired with SEVI residues 14-39 by forming inter-peptide p-strands (Figure 4). The
cross-interaction hot-spot binding regions mostly include Ap42 residues 10-21 and 30-41
and SEVI residues 14-22 and 31-39. The analysis of representative binding motifs revealed
that inter-peptide B-sheets were stabilized by interactions among hydrophobic residues in the
binding hot-spot regions (Figure 4). In addition to f-sheets, weak helical patterns among
residues 18-27 of SEVI (~30%) were also observed in the SEVI-AB42 hetero-dimer. SEVI
residues 3-15 were still predominantly adopting helices (~50%). The SEVI-AB42 hetero-
dimer had more inter-chain backbone hydrogen bonds and contacts than the homo-dimer

of SEVI but less than the AB42 homo-dimer (Figure 3e). Also as expected, SEVI-Ap42
cross-interaction decreased the exposed surface areas of both SEVI and Ap42 round their
hot-spot binding regions due to their formation of the inter-chain p-sheets (Figure 3f).

Prior experimental and computational studies have shown that the exposed p-hairpin edges
could accelerate the intermolecular B-sheet formation® 75 79, Since the SEVI was highly
positively charged with a very weak self-aggregation tendency, the capping of SEVI around
the amyloidogenic region of Ap42 may suppress the amyloid aggregation of Ap42.
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AB42 formed B-sheets buried inside the SEVI-AB42 hetero-aggregates with the B-sheet
edges capped by SEVI in the outer layer.

To investigate the effects of SEVI on the aggregation of AB42, we further investigated the
co-aggregation of two SEVI mixed with two Ap42. Fifty independent DMD trajectories
started from different initial states, with each lasting 1200 ns to achieve sufficient
conformational sampling. All simulations were well equilibrated and reached their stead
states during the last 600 ns by examining the structural parameters of radius gyration, the
total number of intra- and inter-chain backbone hydrogen bonds and contacts, and each
secondary structure content as a function of simulation time (Figure S10).

The co-aggregation dynamics suggested that SEVI could cap the p-sheet edges of

both Ap42 monomer and dimer, forming a stable SEVI-AB42 hetero-aggregate (Figures
S10&5a-h). For example, regardless of whether two Ap42 formed inter-chain contacts

and hydrogen bonds or not, the SEVI always interacted with Ap42 and converted into
B-sheets by forming SEVI-AP42 contacts and backbone hydrogen bonds (Figure 5a—b). The
hetero-aggregates were stabilized by Ap42-Ap42 and SEVI-AB42 inter-peptide contacts and
backbone hydrogen bonds but lacked SEVI-SEVI contacts and hydrogen bonds (Figure 5c).
The hetero-aggregates were further analyzed by projected the conformational free energy
landscapes onto different pairs of inter-molecular backbone hydrogen bonds, including these
among SEVI (SEVI-SEVI), AB42 (AB42-Ap42 ), or between SEVI and AB42 (SEVI-AR42)
in Figure 5d&e. The hetero-oligomers featured low free energy with the number of SEVI-
SEVI and SEVI-AB42 back bond hydrogen bonds ~0-5 and 30-76, respectively (Figure
5d). The hetero-tetramer had two distinct states in terms of the number of the Ap42-Ap42
hydrogen bonds (Figure 5c&e), 0-5 and 9-11, indicating that two AP42 peptides could

be either separately (e.g., Figure 5b) or in contact with each other (e.g., Figure 5a). The
radius distribution function of the Ca atom from each peptide demonstrated that the Ap42
were buried inside while the SEVI peptides were exposed in the outer layer (Figure 5f).
Overall, our analysis suggested that Ap42 mainly formed p-sheets buried inside with p-sheet
edges caped by the highly charged SEVI peptides. Since the SEVI exposed outer layer

had a relatively weak aggregation tendency, which would prevent the further aggregation of
additional AB42.

The SEVI could bind to both the lateral and elongation surfaces of preformed Ap42 proto-

fibril.

Addition of the preformed fibrils could promote the fibrillization of amyloid peptides
through rapid growth via monomer addition by binding to the fibril elongation surface

and secondary nucleation by binding to the fibril lateral surface®0. The interaction between
SEVI monomer and a preformed Ap42 fibril was therefore investigated. Fifty independent
600-ns DMD simulations were performed starting from different initial structures, in which
the monomeric SEVI was randomly placed 1.5 nm away from a 20-peptide Ap42 fibril. We
kept the AB42 fibril structure static in our simulations to reduce computational costs, despite
the knowledge that only one end of the fibril fluctuates®183, due to the observation that
capping of SEVI had little effect on B-sheet formation of AB42 in their hetero-aggregates
(Figure S11). The binding dynamics were monitored by the time evolution of inter-peptide
contacts and backbone hydrogen bonds between SEVI monomer and AB42 fibril along with
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the secondary structure of each SEVI residue (Figure 6a—c). SEVI mostly adopted helical
conformation when it bound to the lateral surface of the Ap42 fibril (Figure 6a&b). Once
the SEVI diffused to the elongation end, SEVI readily converted into 3-sheet structures and
capped the fibril growth edge (Figure 6b&c). The potential mean force as a function of

the number of intermolecular contacts and backbone hydrogen bonds between SEVI and
AP42 fibril was calculated using the last 200 ns data from 50 independent DMD trajectories.
There were two energy basins with the number of intermolecular contacts and backbone
hydrogen bonds centered around (74, 0) and (101, 5) corresponding to the SEVI binding

to the lateral and elongation surfaces of Ap42 fibril (snapshots 1&2 in Figure 6d). SEVI
conformations with most residues forming high p-sheet with the Ap42 fibril at elongation
edge were also observed (snapshots 3&4 in Figure 6d), which featured a high free energy
due to the loss of entropy. Residue-pairwise contact frequency showed that the SEVI mainly
anchored around the negatively charged residues E22 and D23 of AB42 stabilizing by the
electrostatic attraction (Figures 6e&S12). Although further study is required to understand
the effect of SEVI binding on the structural stability of Ap42 fibril, our results indicated
that SEVI binding buried the lateral and elongation surfaces of Ap42 fibril, which may
potentially suppress both secondary nucleation and fibril growth through monomer addition.

Conclusions

In this study, we systematically investigated the inhibition mechanism of SEVI against
pathological aggregation of Ap42 by applying multiple long-timescale atomistic DMD
simulations with implicit solvent model. Our results revealed that monomers of both SEVI
and Ap42 were very dynamic and featured frequent conformational changes and transient
formation of ordered secondary structures. SEVI monomers formed transient helices, but
AB42 monomers formed dynamic p-sheets. The self-assembly propensity of SEVI was
found to be very weak. The SEVI dimers were unstable, lacked p-sheets, and easily
dissociated into helical or unstructured monomers. AB42 displayed a significant aggregation
tendency. Two AB42 peptides readily self-assembled into stable B-sheet-rich oligomers.
Compared to the SEVI homo-dimers, the SEVI-AB42 hetero-dimers were much more
stable. The SEVI-AB42 cross-interaction enhanced the B-sheet content of SEVI by forming
inter-molecular B-sheets with the amyloidogenic core regions of Ap42. Co-aggregation
simulation of two SEVI and two Ap42 showed that SEVI preferred to interact with Ap42
rather than the SEVI themselves. The AB42 peptides mainly formed p-sheets buried inside
with the B-sheet edges capped by SEVI outside in the hetero-aggregates. Simulations of
SEVI in the presence of a preformed AB42 proto-fibril demonstrated that SEVI could

both cap the growth ends and bind the lateral surfaces of the Ap42 proto-fibril. With

the B-sheets edges of AB monomers, oligomers, and proto-fibrils occupied by the highly
charged SEVI, the corresponding growth to higher molecular weight oligomers, nucleation
of proto-fibrils, and rapid fibril elongation could be inhibited. It is worth noting that the
capping strategy to prevent edge-to-edge aggregation has been observed not only with SEVI,
but also with other amyloid inhibitors32: 33, For instance, aB-crystallin has been found to
inhibit AB aggregation by capping the p-sheet elongation edge34 84. Furthermore, a similar
“negative design” approach that involves strategically positioning charged residues at the
B-sheet edges has also been used in the design of amyloid inhibitors8® 86, Mechanistic
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insights obtained from our systematic computational studies may aid in the development of
novel therapeutic strategies to modulate the pathological aggregation of amyloid protein in
degenerative diseases.
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Figure 1. Conformational dynamics analysis of SEVI and AB monomer.
The time evolution of the secondary structure for each residue from SEVI a) and Ap f).

The snapshots of each monomer along the simulation trajectory are also presented every
200 ns. The average secondary structure contents of unstructured (coil and bend), p-sheet,
helix, and turn conformations for SEVI b) and Ap g) monomer during the last 300 ns
DMD simulations. The propensity of each residue from SEVI c) and Ap h) adopted the
unstructured (coil and bend), B-sheet, and helix during the last 300 ns. The probability
distribution as a function of the secondary structure contents of B-sheet and helix for each
SEVI d) and Ap i) monomer. Representative monomeric conformations of the top four
most-populated clusters of SEVI €) and AR j). The N-terminal Ca atom is highlighted as a
bead. Monomers of SEVI and A are colored pink and cyan, respectively.

J Chem Inf Model. Author manuscript; available in PMC 2024 June 12.

(1 48%



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al.

Page 18

[ Coil [l B-Sheet [l B-Bridge [l Bend [] Turn Free energy (kcal/mol)
I A-Helix [l 5-Helix [}l 3-Helix [] Chain_separator Inter-Chain Intra-Chain 0_—_’. T Y _40

o

O)Wé’ ‘oF 2

# Contact # Hbond
o 8 3
7.
m e
(=
R
S
T
?
S

200 2  (1.60, 7)
5y o
. " T L ) 0l8 Lk il ﬁl‘n =}
0 400 800 1200 0 400 800 1200 =20
5
= 10-
.’» \6 o © vgﬁ:f O_
1000 ns 1200 ns 1 2 3 4

# HEon:
=

(0] i g RS b 1
S 3200 3 30 2
vl el £100 5 (1.66, 12)
! ol b ¥ b L U 0 ] §
800 12003 0 " 1200 7 20
3 =
% E 10 -
0-
400 ns 600 ns 800 ns 1000 ns 1200 ns 1 2 3 4

0 400 800 1260 0 400 800 1200

Time (ns) Time (ns)
~ 0
offf‘ 4
400 ns 600 ns 800 ns 1000 ns 1200 ns

Figure 2. Homo/heter o-dimerization dynamics and free energy landscape of SEVI and Ap.
The time evolution of the secondary structure for each residue (first column) and the number

of backbone hydrogen bonds and heavy contacts (second column) for the simulations of

two SEVI a), two AB c), and one SEVI along with one A €) peptides. According to the
simulation time, the snapshots are presented every 400 ns. The conformational free energy
landscape as a function of the radius gyration (Rg) and the total number of inter-chain
backbone hydrogen bonds in self-assemblies of SEVI homo-dimer b), AB homo-dimer d),
and SEVI-A hetero-dimer f). Three representative structures labeled in the PMFs are also
shown as insets. Only the last 600 ns simulation data from each independent DMD trajectory
is used for the conformational free energy landscape analysis. For clarity, the SEVI peptides
are colored red and pink, and the Ap are colored blue and cyan.
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Figure 3. Conformal analysisfor the homodimersand hetero-dimersof SEVI and Ap.
The average secondary content of SEVI a) and AP c) peptide in monomer, homo-dimer, and

hetero-dimer. Probability of each residue from SEVI b) and Ap d) adopting unstructured,
B-sheet, and helix formations in monomer, homodimer, and heterodimer. The probability
distribution of inter-peptide backbone hydrogen bonds and contacts in the SEVI and Ap
homo-dimer and hetero-dimer €). The change ratio of accessible surface area per residue of
SEVI (upper) and Ap (bottom) in the hetero-dimer compared to in the SEVI and Ap isolated
monomer f).
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Figure 4. Residue-pairwise contact frequency of SEVI-AP hetero-dimer.
The residue-pairwise contact frequency maps are computed between main-chain atoms

(lower diagonal) and side-chain atoms (upper diagonal) based on the last 600 ns trajectories
of 50 independent DMD simulations after reaching the saturation state. The representative
structured motifs with high contact frequency patterns, mostly corresponding to the helices
or B-sheets labeled as 1-14 in the contact frequency map, are also presented.
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Figure 5. Co-aggregation dynamic and confor mation analysis for two SEVI mixed with two A
peptides.

The co-aggregation dynamics are monitored by the time evolution of the number of the
inter-peptide AB-AB, SVEI-SEVI, and SEVI-AP contacts and hydrogen bonds a& b). The
snapshots during the last 300 ns are shown every 100 ns. Representative trajectories with
two AP separately &) and jointly b) attached to the SEVI peptide are randomly selected
from 50 independent DMD trajectories. The inter-peptide interactions are analyzed by the
probability distribution of Ap-Ap, SVEI-SEVI, and SEVI-A intermolecular contacts and
hydrogen bonds c). The conformational free energy landscape as a function of the number
of the inter-peptide SEVI-AB and SVEI-SEVI hydrogen bonds d) along with SEVI-AB and
AB-Ap hydrogen bonds €) in each co-aggregates. The radius distribution function (RDF) of
Ca atoms from AP and SVEI corresponds to the geometry center of their hetero-aggregates
f). Only the last 600 ns simulation data from each independent DMD trajectory is used for
the conformational analysis. For clarity, the SEVI peptides are colored red and pink, and A
are colored blue and cyan.
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Figure 6. The binding dynamic analysis of SEVI monomer to A fibril.
Interactions between SEVI monomer to AR fibril are monitored by the time evolution

of the number of backbone hydrogen bonds and residue-pairwise contacts between SEVI
and Ap (left panel), and the secondary structure of each residue of SEVI monomer
(middle panel) a-c). The corresponding snapshots are presented every 200 ns on the right.
Three representative trajectories with the binding region mainly around lateral surface a),
lateral mixed with elongation surfaces b), and elongation surface c) are selected from 50
independent DMD runs. The potential mean force as a function of the number of residue-
pairwise contacts and backbone hydrogen bonds formed between SEVI and Ap d). Four
representative structures labeled 1-4 in the PMFs (1, 2, 3, 4) are also shown on the right.
The average number of SEVI-AP contact per residue from SEVI (upper) and Ap (bottom)
e).
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