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ABSTRACT Misfolding of TATA-box binding protein-associated factor 15 (TAF15) may cause neurodegenerative diseases, such
as amyotrophic lateral sclerosis (ALS). Some mutations of prion-like domain (PrLD) have been detected in patients with sporadic
ALS, suggesting the importance of TAF15-PrLD in ALS pathogenesis. Herein, combining experiments and molecular dynamics
(MD) simulations, we investigated the influences of several TAF15-PrLD mutations on the amyloid fibril formation of TAF15-
PrLD-extracted peptide segments, and identified an essential B-amyloid-forming segment from TAF15-PrLD. A pathogenic muta-
tion T2 E71G resulted in significantly enhanced aggregation of the TAF15-PrLD segment T2 (Y*®GQSQSGYSQSYGGYENQ™). In
addition, the peptide T2 with a strong B-amyloid-forming tendency was able to induce the liquid to solid phase transition of TAF15-
PrLD protein. Further study identified the SGYS motif as a critical segment that promoted the formation of amyloid fibrils, which
maintained a stable B-sheet structure through intermolecular hydrogen bonds and - stacking interaction. This work provides
a clue to elucidate the molecular pathogenic mechanism of TAF15-associated neurodegenerative diseases, and will direct drug
development targeting TAF15.

SIGNIFICANCE TAF15-PrLD is important in the pathogenesis of ALS. Here, combined with experiments and molecular
dynamics simulations, we found that the pathogenic mutation T2 E71G can significantly increase the aggregation of
TAF15-PrLD fragment T2 (Y°*GQSQSGYSQSYGGYENQ"®). In addition, peptide T2, which has a strong propensity for
amyloid fibrils formation, can induce the liquid-solid phase transition of TAF15-PrLD protein. Furthermore, we also found
that the SGYS motif can maintain the stability of the B-sheet structure. This motif is a key fragment that promotes the
formation of amyloid fibrils. This work provides clues to elucidate the molecular pathogenesis of TAF15-related neuro-
degenerative diseases and will guide the development of drugs targeting TAF15.

INTRODUCTION tein aggregation, the misfolded or intrinsically disordered
proteins assemble into oligomers, which then grow into
amyloid-like fibrils rich in B-sheets (5-7). In most cases,
the small aggregates (soluble oligomers and protofibrils)
formed during amyloid aggregation are suggested as pri-
mary neurotoxic agents (8,9). Recent studies have demon-
strated that many neurodegenerative disease-associated
proteins can form liquid drops through liquid-liquid phase
separation (LLPS), which mediates various important
physiological processes (10-12). Moreover, some of
them, such as FUS (13,14) and TDP-43 (15), with patho-

Neurodegenerative diseases are debilitating disorders that
cause progressive degeneration and/or death of nerve
cells, leading to problems in movement (called ataxia)
and/or mental function (called dementia). The pathogen-
esis of many neurodegenerative diseases, such as Alz-
heimer’s disease, Parkinson’s disease, and amyotrophic
lateral sclerosis (ALS) (1-4), are usually associated with
protein misfolding and aggregation. In the process of pro-
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genic mutations, have been observed to convert from
liquid condensates to fibrils. In these cases, phase separa-
tion might accelerate the formation of amyloid-like fibrils
(16,17).
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TAF15 (TATA-box binding protein-related factor 15)
belongs to the FET protein family, which is a kind of
RNA-binding protein (RBP). As a key regulator of RNA
metabolism, TAF15 plays an important role in the physio-
logical activities of RNA. It interacts with unphosphorylated
RNA polymerase II and the components of spliceosomes, as
well as auxiliary proteins, which are involved in transcrip-
tion and splicing (18,19). Kapli and colleagues have also
proved that TAF15 can affect mRNA stability (20). While
it participates in RNA metabolism, TAF15 has been
revealed to be mutated in ALS patients (21), and disease-
related TAF15 mutations can lead to more severe pheno-
typic expression (22). These may be caused by disrupting
the normal interactions between TAF15 and RNA. TAFI15
is inherently easy to aggregate due to its prion-like domain
(PrLD), and some studies indicated that this is the reason for
pathogenicity (19,23). Evidence from in vitro studies
showed that TAF15 mutants enhanced the aggregation
(22). In cultured mammalian neurons, disease-related
TAF15 mutations were found to induce the formation of
cytoplasmic TAF15 inclusion bodies (22). However, the
intrinsic molecular mechanism driving the aggregation of
TAF15 has not been clearly demonstrated yet.

Approximately 70 human RBPs contain a PrLLD (24),
which is a low-complexity domain with a similar amino
acid composition to yeast prion domains (rich in YGQSN
(25)), making the protein infectious. Deletion of the PrLD
eliminates protein toxicity, as well as the RNA-binding abil-
ity of TDP-43 in model organisms, suggesting its roles in
both RNA engagement and protein misfolding in disease
pathogenesis (26). TAF15 also contains a PrLLD region at
the N-terminal 1-201, which is rich in Y, G, Q, and S resi-
dues (27), and may be necessary for TAF15 aggregation (3).
However, there is no resolved crystal structure of TAF1S5,
which prevents researchers from revealing the core seg-
ments; also, the underlying mechanism for protein aggrega-
tion has not been identified yet (3).

Computer simulation, especially molecular dynamics
(MD) simulation, has become an important tool to investi-
gate the mechanism leading to protein aggregation
(28-36). Currently, the computing power of supercomputers
allows the simulation of complex systems with longer time-
scales and larger sizes to approach experimental conditions.
Therefore, to demonstrate the underlying mechanism of
pathogenic aggregation of TAF15, we adopted a combina-
tional means using both MD simulation and experimental
methods in this study. Because the structure and function
of TAF15 are like FUS (37,38), and the sequence identity
(SI) between FUS-PrLD and TAF15-PrLLD is more than
50%, a homology modeling structure of TAF15-PrLLD was
established. Three peptide segments rich in YGQ were ex-
tracted and compared for their abilities to aggregate. The
SGYS motif in TAF15-PrLD was recognized as a critical
motif resulting in protein aggregation. This work provides
a clue to elucidate the molecular pathogenic mechanism
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of TAF15-associated neurodegenerative diseases, and will
be helpful for the development of targeted drugs.

MATERIALS AND METHODS
Peptide synthesis

All peptides were synthesized on a CS-Biol36 peptide synthesizer
(CSBio, Menlo Park, CA, USA) using a standard Fmoc solid-phase syn-
thesis method. Piperidine (20% v/v) was used to deprotect the Fmoc
group followed by amino acid coupling using HBTU and DIPEA as
coupling reagents in a molar ratio of 1:1:2 (amino acid:HBTU:DIPEA).
Fmoc-protected amino acids were added in 4 equivalents of Wang resin
successively according to the peptide sequence. Peptides were cleaved
from resins in a mixture of TFA/TIS/water/EDT (91/3/3/3 by volume
with a total of 5 mL) for 3 h. TFA solution was collected and the resin
was rinsed twice with neat TFA. After TFA evaporation, the residual pep-
tide solution was triturated with cold diethyl ether. The resulting precip-
itate was centrifuged and washed three times with cold diethyl ether.
Crude peptides were dried under vacuum overnight and purified by
reverse-phase HPLC using a binary mobile phase composed of water
and acetonitrile in the presence of 0.05% TFA. Elution was monitored
at 215 and 254 nm. All synthesized peptides were identified by ESI-
MS (Thermo LTQ Orbitrap XL equipped with an electrospray ionization
source), and their purities were assessed using analytical HPLC. Results
showed that all peptides were synthesized correctly and their purities
were >90% (Figs. S11 and S12).

Transmission electron microscopy

All peptides were dissolved in 10% (v/v) DMSO/DI water at a concen-
tration of ~10 mM as stock solutions. The peptides were diluted to
experimental concentrations by PBS (pH 7.4) and incubated at 37°C,
220 rpm, for 72 h and 10 uL of peptide solution was dropped onto a
transmission electron microscopy (TEM) grid for 2 min to stand. The
excess solution was gently wiped using filter paper. Then, 10 uL of stain-
ing reagent (2% wt sodium phosphotungstic acid aqueous solution [pH
7.0]) was added onto the grid for 2 min. The excess staining solution
was wiped using filter paper. All samples were allowed to air dry over-
night and imaged on an HT7700 electron microscope (Hitachi, Tokyo,
Japan) at 100 kV.

Thioflavin T fluorescence assay

The peptides were diluted to 500 uM and mixed with 2 mM concentrated
thioflavin T (ThT) solution to make the final concentration of ThT
20 uM. Amyloid fibril formation was detected by the enhancement of
ThT fluorescence upon binding. The fibril formation detections were set
up in triplicate in black 96-well round bottom plates (Corning Costar, Corn-
ing, NY, USA). Changes in ThT fluorescence were monitored at 480 nm,
with 440 nm excitation, on a SpectraMax M2 plate reader (Molecular
Devices, San Jose, CA, USA).

Cloning, expression, and purification of
recombinant TAF15-PrLD (1-201)

His-tagged EGFP-TAF15-PrLLD (1-201) was generated by standard recom-
binant DNA methods. The gene of EGFP-TAF15-PrLLD (1-201) was cloned
into pET-28a expression vector and verified by sequencing. The plasmid
was transformed into Rosetta cells for protein expression followed by stan-
dard purification using nickel resins. Purified protein was desalted using
elution buffer (50 mM Tris/HCI, 100 mM KCl [pH 7.4]) through a HiTrap



Desalting Column (Cytiva 17-1408-01, 5 mL) on AKTA (AKTA pure L
29018224-1792373).

Phase separation

For the observation of phase separation of EGFP-TAF15-PrLD (1-201) pro-
tein, 40 uM EGFP-TAF15-PrLD (1-201) solution was prepared in 10%
PEGS8000 with or without 1 mM pre-incubated peptide (T1/T2/T3) solution.
Samples were added into a black, bottom-clear 96-well round-bottom plate
(Corning Costar). Images were acquired on a Leica SP8 confocal microscope
equipped with laser for 488 nm excitation using a 100 x magnification objec-
tive. Samples of different incubation time were observed on a JEM-1200
electron microscope (JEOL, Tokyo, Japan) at 100 kV.

Homology modeling

The three-dimensional structure of TAF15-PrLD was predicted by a homol-
ogy modeling method (through the Swiss-model (33) web site), using the
PrLD of FUS (PDB: 5W3N) (28) as template (Fig. S1), whose SI to
TAF15-PrLD is more than 50% (successful homology modeling requires
templates with high homology, usually at least 30% SI between the target
and the homologous proteins (39-41)). Protein sequence alignment be-
tween SW3N and TAF15-PrLD was performed using the multiple sequence
alignment tool ClustalW (https://www.genome.jp/tools-bin/clustalw).
Three peptide segments were chosen from the PrL.D region of TAF15 based
on the following criteria: 1) all three peptide segments start with YGQ); 2)
the three peptide segments all contain mutation sites mentioned in literature
(42) (the mutation sites of T1 and T3 are detected in healthy people, and
that of T2 is detected in ALS patients); 3) the length of all three peptide seg-
ments is 18 amino acids. For narrative convenience, these three segments
were named T1, T2, and T3, and the peptides with mutations were corre-
spondingly named T1 A31T, T2 E71G, and T3 Y122C (Fig. 1 A). The

SGYS of TAF15-PrLD promotes assembly

three-dimensional structures of the three peptides (T1, T2, and T3) were ex-
tracted from TAF15-PrLD, and then the peptide structure was aligned with
the nine homologous peptides of the SW3N model to obtain the initial struc-
ture of the peptide homononamers.

MD simulation with explicit solvation model

All simulation data were generated by GROMACS 2018.4 (43) software, and
the system configurations were visualized using VMD software (44) and
Accelrys Discovery Studio Visualizer (http:/accelrys.com/products/
discovery-studio/). Grace software (https://plasma-gate.weizmann.ac.il/
Grace/) was used for data processing to generate pictures. Simulation system
construction was carried out through the charmm-gui (45,46) web site (www.
charmm-gui.org), and the force field of the peptides was CHARMM36m.

As shown in Table S1, we simulated a total of 13 systems, 11 of them
are homononamers in water, 2 of them are respectively 33 T2 peptides and
33 T2 E71G peptides in water. Before determining to use 33 peptides, we
have tried many times and found that at least 30 peptides are needed to
make one turn of the spiral. The initial system was constructed by stacking
9 peptides head-to-tail, because the template structure (PDB: SW3N) is an
aggregate formed by 9 polypeptides. After four stacking, the three over-
lapping peptides were removed, and there were 33 peptides left, so we
finally selected 33 peptides for the simulation. The initial box sizes of
the simulation systems were determined according to the sizes of the pep-
tides in the system (the distance between the peptides and the box bound-
ary was 2 nm). Then, water was filled in the simulation box to dissolve the
peptides. For MD simulation with periodic boundary conditions (PBCs)
(47), we neutralized the charge of the system by adding positive (Na™)
or negative (Cl™) ions as needed to avoid artifacts during the calculation
of electrostatic interactions.

Energy minimizations were performed with the steepest-descent method,
followed by two equilibration (EQ) steps. The position restraints for all
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Characterization of the self-assemblies formed by T1-T3 and their mutations. (A) Schematic plots of the primary sequences of T1-T3 segments

and their mutations extracted from TATA-binding protein-associated factor 15 (TAF15). The reported mutant residue in each segment is labeled in red. The
T2 mutant T2 E71G labeled with green rectangles contains a pathogenic mutation observed in patients (42). (B) TEM images of T1-T3 segments and their
mutants after incubation at 37°C for 72 h. (C) Thioflavin T (ThT) assay was performed to monitor the process of aggregation of the peptides kinetically,
indicating that T2 and T2 E71G can form amyloid aggregates. To see this figure in color, go online.
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nonhydrogen atoms of the peptides were imposed during the EQ steps. The
first EQ step was conducted under isothermal and isochoric conditions, which
was called NVT ensemble as N (the number of particles), V (the volume), and
T (the temperature) are held constant. In the second EQ step, the pressure and
thus the density of the system were adjusted using the iso-thermal-isobaric
ensemble, also called NPT ensemble as N, P (the pressure), and T are kept con-
stant. The NVT and NPT EQ simulations were executed for 1000 ps.

In the production run, the position restraints on the peptides were removed;
however, H-bond lengths were constrained to their equilibrium values using
the LINCS (48) method, which allows a time step of 2 fs for the integration
of the equations of motions. The other settings of the MD production run
were the same as the NPT EQ step. The nonbonded Lennard-Jones interac-
tions were cut off at 1.2 nm. The electrostatics was treated using the particle
mesh Ewald (49) scheme. All production runs were simulated in the NPT
ensemble using the V-rescale (50) coupling scheme with the temperature
maintained at 298.15 K and the Parrinello-Rahman (51) coupling scheme
with the pressure kept at 1.0 bar and isotropic coupling type. The time con-
stants for the pressure and temperature couplings were 2.0 and 0.2 ps, respec-
tively, and the compressibility value was 4.5 x 107> bar~"'. The simulation
time of each production simulation system was 1000 ns. The changes of
RMSD (root mean-square deviation), RMSF (root mean-square fluctuation),
hbnum, and secondary structure of the peptides were analyzed with time to
illustrate the stability of the peptide aggregates. The RMSD values were
calculated based on all the atoms, and the RMSF values were calculated
based on each residue. The hydrogen bonds were counted for both main
chains and side chains, and determined based on cutoffs for the angle of
Hydrogen - Donor - Acceptor (zero is extended) and the distance Donor -
Acceptor (or Hydrogen - Acceptor using -noda). The cutoff angle (degrees,
Hydrogen - Donor - Acceptor) was 30° and the cutoff radius (nm, Donor -
Acceptor) was 0.35 nm. In addition, the nonbonded interaction analysis,
including both H-bonds and m-7t stacking interaction, was performed on
the stable homononamers, i.e., T2 and T2 E71G homononamers.

RESULTS AND DISCUSSION

The TAF15-PrLD-extracted peptide segments
form amyloid fibrils

A previous study has reported that two tandem (S/G)Y(S/G)
motifs of the human FUS low-complexity domain, which
can form reversible fibrils, are critical for the phase separa-
tion of the protein (4). Thus, alignment analysis of their
PrLD sequences were performed because TAF15 and FUS
proteins have an identity of 50.81 in the PrLLD region and
similar functions in cells (Fig. S1 A). Although the three ex-
tracted peptide segments were also richin Y, G, Q, and S res-
idues, they had not very high identity to the corresponding
segments of the FUS-PrLD (Fig. S1 B). T1 and T2 segments
were partially overlapped with the two tandem (S/G)Y(S/G)
motifs of FUS, respectively, but the sequences were not iden-
tical. All three selected peptide segments have reported mu-
tation sites within the sequences, so that we could compare
the effects of mutations on the aggregation properties. T1
A31T and T3 Y122C are nonpathogenic mutations in T1
and T3 segments, respectively, while T2 E71G is a patho-
genic mutation in the T2 segment. Thus, the corresponding
mutants of the three peptides, namely T1 A31T, T2 E71G,
and T3 Y122C, were also synthesized for investigation.
After 72 h of incubation, the morphology of the peptide
aggregates was observed by TEM. Both T2 and its mutant
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T2 E71G formed fibrils, while the other four peptides
formed amorphous aggregates, indicating that the T2
segment has a strong aggregation ability. Notably, the fibrils
formed by T2 E71G were longer than that of the wild-type
T2, and the fibrils were intensively interwound (Fig. 1 B).
On the fibrils of T2, alternative light and dark parts were
observed, suggesting that the fibril had a spiral structure.
Measurement on the TEM image at higher magnification
showed that the pitch of the helix was ~155 nm. Details
of the images indicated that the fibril was a bundle belt
with several single sheets arranged side by side, and the
observed number of strands ranged from 2 to 6 (Fig. S2).
Similarly, T2 E71G fibrils also displayed a helical structure,
and the pitch of the helix was estimated to be ~95 nm
(Fig. S2). The pitch of the T2 E71G fibril was shorter than
that of T2 fibril, suggesting that the assembly of T2 E71G
was more compact than T2.

To further demonstrate the possible structures of the
fibrils, we constructed an initial structure of assembly with
33 peptide molecules for MD simulation, which was ar-
ranged in parallel according to the arrangement of the ho-
mononamer peptide of the homologous FUS model (PDB:
SW3N). After 100 ns simulation, the T2 assembly structure
eventually evolved to a left-handed spiral structure (Fig. S3)
with a diameter of 2.795 nm, while the TEM observed
bundle fibril was right handed (Fig. S2), which might be
because the simulated aggregate structure of the peptides
was only one of the sheets of the TEM observed fiber
(Fig. S2 A). If we carefully observed the detailed assembly
structures of T2 fibril, we could find that the fibril was
composed of multiple sheets, and the diameter of each sheet
(~2.4 nm) was close to the simulated fibrils. Therefore, we
conjectured that T2 or T2 E71G peptides formed single
sheets first, and then further assembled into bundle fibrils
that observed by TEM. This could possibly explain the
different sizes of experiments and simulation.

The aggregating ability of these peptides were also moni-
tored for their B-amyloid-forming processes using the ThT
assay. Time-dependent increases in the ThT fluorescence
were observed only in T2 and T2 E71G peptide solution,
suggesting that only these two peptide segments formed
B-amyloid aggregates (Fig. | C). In particular, the fluores-
cence intensity of T2 E71G was much higher and increased
much faster than that of T2, which meant that T2
E71G aggregated more rapidly. Both TEM and ThT results
indicate that T2 and its mutant T2 E71G can form amyloid
fibrils, while the other peptides have no obvious aggrega-
tion. Thus, T2 could be an important segment driving the
aggregation of TAF15-PrL.D.

The peptide segment T2 promotes liquid- to
solid-phase transition of TAF15-PrLD

PrLD has been reported to enable RBPs to undergo LLPS,
which underlies the formation of membraneless organelles,



and irreversible liquid to solid transition of RBPs may result
in cytotoxicity on neurons (42). The PrLD of TAFIS is
believed to be responsible for the dynamic assembly of
this protein, thus the seeding effect of the three extracted
peptide segments on TAF15-PrLLD were detected to further
demonstrate their abilities to induce protein aggregation.
Pre-incubated peptides T1, T2, and T3 were incubated
with TAF15-PrLD for 6 h to determine whether they can
induce TAF15-PrLD aggregation. LLPS of TAF15-PrLD
was observed by both confocal microscope and TEM, as it
can form globular liquid droplets in 10% PEG. When incu-
bated with T2 fibril seed, amorphous aggregation of TAF15-
PrLD protein was observed after 6 h incubation. By contrast,
the LLPS state of TAF15-PrLD had no obvious change
when it was incubated with T1 and T3 seeds (Fig. 2). This
indicated that the T2 segment promoted the LLPS state to
aggregation state transition of TAF15-PrLD, and that the
T2 segment is essential for the aggregation of TAF15
protein.

The phenomenon that PrLLD peptide segments induce the
transition of LLPS protein droplets to fibrils has also been
reported in FUS (4,14) and TDP-43 (52,53). It is believed
that LLPS is a dynamically reversible state in cells to exert
biological functions but, once the protein aggregate forms,
the process becomes irreversible and may cause cytotoxicity
(54,55). Therefore, when mutation occurs in the B-amyloid-
forming segment of TAF15-PrLD, such as the pathogenic
mutation T2 E71G, which promotes protein aggregation, it
may result in cytotoxicity to neurons and cause degenerative
diseases.

The T2 peptide segment can form stable
assembly by MD simulation

MD simulation has been applied to study the process of pep-
tide self-assembling and inspires the understanding of the

TAF15-PrLD TAF15-PrLD+T2

TAF15-PrLD+T1
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underlying mechanisms (56,57). To get insight into the mo-
lecular mechanism of self-assembling of the TAF15-PrLD
peptide segments, homononamer peptides were constructed
by homology modeling and MD simulation was performed.
After three 1000 ns scale simulations, the RMSD of the pep-
tide assembly was analyzed. As shown in Fig. 3, T2 and T2
E71G homononamers maintained relatively stable RMSD
values, and that of T2 E71G homononamer had the least
fluctuation among these peptides. The RMSD values of
T1, T1 A31T, T3, and T3 Y122C homononamers all
increased during the MD simulation. Correspondingly, the
structures of the homononamers of T2 and T2 E71G main-
tained a relatively regular conformation, while the structures
of T1, T1 A31T, T3, and T3 Y122C homononamers changed
alot or even dissembled. As for RMSF, T2 and T2 E71G had
small values, and the difference between each peptide in the
homononamer was relatively small. By contrast, the RMSF
values of the other peptides and the difference between the
peptide molecules in each homononamer were much greater
(Fig. S4). All these results indicate that T2 and T2 E71G can
form stable self-assemblies, but the other peptides cannot.
The simulation results are consistent with the experiments,
and thus the simulation system should be suitable for the
analysis of aggregation mechanism of the peptides.

Intermolecular hydrogen bonds maintain the
B-sheet structure of the peptide assemblies

From the simulation results, an obvious change in the sec-
ondary structure of each peptide molecules in the homono-
namer was observed (Fig. 3), thus detailed analysis in the
secondary structure of each residue in the homononamer
peptides was performed. The B-sheet and [-bridge struc-
tures in T2 and T2 E71G homononamers maintained well
throughout the simulation, and the B-sheet content of T2
E71G was more than that of T2. However, the other

TAF15-PrLD+T3

FIGURE 2 The peptide T2 promoted TAF15-
PrLD transition from liquid to solid state. (A)
Observation of the LLPS or aggregation of enhanced

B green fluorescent protein fused TAF15-PrLD
- (EGFP-TAF15-PrLD) by confocal microscopy.

- -

.o EGFP-TAF15-PrLD were mixed with pre-incubated

. peptides T1, T2, and T3, and incubated for 6 h in

® . 10% polyethylene glycol (PEG). Aggregates are

;‘pm 3 indicated by white arrows. (B) TEM images of
_—

EGFP-TAF15-PrLD LLPS droplets or aggregates
before and after incubation with pre-incubated pep-
tides T1, T2, and T3 in 10% PEG. Aggregates are
indicated by red arrows. To see this figure in color,
go online.
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FIGURE 3 The RMSD of the peptide homononamers and the corresponding structural changes after 1000 ns MD simulation. Insets are the structures of the
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homononamers tended to become random coil structures As the three extracted peptide segments are rich in polar
eventually (Fig. 4). As shown in Fig. S5, S®'GYS® in  residues, the number of hydrogen bonds in each homono-
both T2 and T2 E71G homononamers had the highest ratio namer was analyzed (Fig. S6). This showed that the number
of B-sheet, while there is no residue with the ratio of the of hydrogen bonds in T2 and T2 E71G homononamers
B-sheet exceeding 0.5 in the T1, T1 A31T, T3, and T3 could be maintained at a certain number, while that in
Y122C systems. It seemed that the stable T2 and T2 the other peptide homononamer systems continuously
E71G peptide assemblies were favored by the high content  decreased (Fig. S6). Among all the peptide homononamers,

of B-sheets, which is beneficial for the formation of intermo- T2 E71G homononamers had the most hydrogen bond num-
lecular hydrogen bonds. ber and the least fluctuation. In addition, the -7t interaction
T1 T2 T3
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FIGURE 4 Changes in the secondary structures of different homononamer peptides. The ordinate is greater than 160 because each polypeptide has 18
amino acid residues; thus 9 peptides have a total of 162 amino acid residues. To see this figure in color, go online.
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between peptide molecules were also analyzed, and only
that of Y70-Y70 was increased obviously in T2 E71G. How-
ever, the number of 7t-7v interaction between the peptides
was much less than that of hydrogen bonds (Fig. S7). This
suggests that the hydrogen bonds between peptide mole-
cules might be the main forces to maintain T2 and T2
E71G assemblies, which is in accordance with the formation
of B-sheet structure.

The SGYS motif with pB-strand structure is critical
for the amyloid aggregate formation

To further determine the critical segments involved in the
peptide aggregation, the secondary structures of the peptides
were further analyzed. As T2, containing only the B-strand

SGYS of TAF15-PrLD promotes assembly

SGYS motif, could form amyloid fibrils (Fig. 5 A), the
SGYS motif was believed to be critical for the peptide
and protein aggregation. Comparing the sequences of the
three extracted peptides T1, T2, and T3, it was found that
T1 and T3 contained similar fragments to the SGYS motif,
which were SGYG in T1 and SGYD in T3 (Fig. 1 A). To
illustrate the importance of the SGYS motif, two mutations,
T1 G39S and T3 D123S, were constructed to introduce the
SGYS motif to the peptides. As shown in Fig. 6, the RMSD
values of T1 G39S and T3 D123S homononamers were very
stable, in comparison to those of T1 and T3 homononamers,
which changed greatly. To more directly demonstrate the
importance of the SGYS fragment in the T2 peptide, we
constructed three T2-related mutations, T2 S64D, T2
S64G, and T2 ASGYS, to eliminate the SGYS in the

FIGURE 5 The importance of $*'GYS®** in main-
taining the stable aggregation structure of the pep-
tides. (A) S®'GYS* of T2 is the motif with the
highest ratio of B-sheets. The structure of the
SGYS amino acid fragments (C atoms are colored
cyan) in the four peptides in the middle of the T2
nonamer is relatively regular, but YGGY (C atoms
are colored modena) is not. The hydrogen bonds
and 7t-v stacking interaction are mainly formed be-
o tween SGYS fragments. However, in YGGY frag-

ments, only a few hydrogen bonds and -7t
stacking interactions are formed. The snapshots are

the structural representation of the SGYS and
YGGY amino acid fragment in the four peptides in
the middle of the T2 nonamer after 1000 ns. (B)
S®'GYS® of T2 E71G is the motif with the highest
ratio of B-sheets, and the YGGY segment, which
nears the mutation site, shows an increase of the
B-sheet ratio compared with the YGGY segment in
T2. The structure of the SGYS fragments in the
four peptides in the middle of the T2 E71G nonamer
is relatively regular, as is YGGY. The hydrogen
bonds and m-7v stacking interaction are mainly

formed between SGYS and YGGY fragments. The
green dashed line is hydrogen bonding, and the pur-
ple dashed line is 7-7v stacking interaction. The
snapshots are the structural representation of the
SGYS and YGGY fragments in the four peptides
in the middle of the T2 E71G nonamer after
1000 ns. (C and E) The number of hydrogen bonds
formed between each residue of the S*'GYS®* motif
and all other residues in (C) the T2 and (E) the T2

E71G homononamers. (D and F) The number of
hydrogen bonds formed between each residue of
the Y’GGY™ fragment and all other amino acids
in (D) the T2 and (F) the T2 E71G homononamers.
The hydrogen bonding data in the (D), (E), (F),
and (G) histograms are from nonamer structures
every 100 ns from 100 to 1000 ns (10 structures in
total) during the simulation. The error bar data
come from the standard deviation of the data of the
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peptide. As shown in Fig. S8 A, the nonamers of these
mutant peptides could not maintain stable aggregate struc-
tures within the simulation period of 1000 ns. In the ThT
experiment, the fluorescence intensities of these mutant pep-
tide solution did not increase within 70 h of incubation
(Fig. S8 B), indicating that none of them can form amyloid
aggregates. The observation by TEM showed that these
mutant peptides could not form fibril structures after incuba-
tion (Fig. S8 C). As shown in Fig. S9, the B-sheet content of
each residue in the three mutant peptides, T2 S64D, T2
S64G, and T2 ASGYS, was very low. More obviously, there
was almost no residue in the T2 ASGYS peptide form
B-sheet structure. These results indicate that the SGYS
motif mainly adopts B-sheet structure in the peptides and
it is critical for maintaining a stable assembly structure.
The SGYS motif has been identified only in a few pro-
teins, such as scorpion toxins TsVII, TsNTxP, and TsIV
(58), and FUS proteins. In a previous study on the FUS pro-
tein, two tandem (S/G)Y(S/G) motifs, S>’YSGYS** (RAC1)
and S>*YSSYG>® (RAC2), have been identified as reversible
amyloid cores that mediate the dynamic assembly of FUS-
PrLD. The RAC1 motif also contains the SGYS segment,
but its assembly structure features an ordered-coil fibril
spine rather than the extended B-strand typical of amyloids,
which is maintained by the hydrogen bond network of both
backbones and side chains, as well as the m-7 stacking of
Tyr38(4). Thus, the nonbonded interaction of the SGYS
motif in the T2 homononamer was analyzed to compare
the contribution of each residue in this motif (Fig. 5 A).
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By analyzing the number of hydrogen bonds that each res-
idue involved, Ser64 was found to form the most hydrogen
bonds with other residues (including Ser64 of another pep-
tide molecule) in the T2 homononamer (Fig. 5 C). In addi-
tion, 7-7 stacking (Fig. SI10, -7 interactions are
determined by the following tests: Ree, < 6 A and Rao <
45Aandf < 50° and y < 35) of Tyr63 was also involved
in stabilizing the assembly structure (Fig. 5 A and S7 A).
Considering that T2 E71G contains a pathogenic muta-
tion (1), the results from experiments and MD simulation
both suggest that the pathogenesis might result from the
enhanced tendency to induce TAF15 aggregation. Analysis
of the structure changes of T2 E71G showed that the ratio
of B-sheets (Fig. 5 B) and the number of hydrogen bonds
(Fig. 5 F) in the YGGY segment increased a lot, compared
with that in the peptide T2. Meanwhile, the ratio of B-sheets
and the number of hydrogen bonds in the SGYS motif also
increased slightly, but the contribution of each residue
changed a lot, as the number of hydrogen bonds involved
by S61 and G62 greatly increased in the T2 E71G peptide
(Fig. 5 E). Hence, T2 E71G peptide had a longer B-strand
segment than the wild-type T2 peptide, and formed more
hydrogen bonds in the homononamer (Fig. S5). The struc-
ture change of the peptide is due to the mutation of E to
G, which favored the B-strand formation of the nearby
segment YGGY. The m-m stacking interaction of the
YGGY segment also increased significantly in T2 E71G,
compared with peptide T2, which may also contribute to
the formation of amyloid aggregates (Fig. S7 B). Therefore,
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FIGURE 6 The RMSD of the homononamers of (A) T1 and T1 G39S and (B) T3 and T3 D123S. Subjacent are the corresponding initial structure and the
structure at 1000 ns of the mutant peptides. The Co values of the residues relevant to the mutation are indicated by spheres. To see this figure in color, go

online.
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the SGYS motif in TAF15-PrLLD may be critical for medi-
ating the dynamic assembly of TAF15 for normal functions,
but the pathogenic mutation of E71G promoted the forma-
tion of amyloid aggregates of the protein, and thus result
in neurodegenerative diseases.

MD simulation is a well-established technique for
classical simulations of all-atom systems on nanosecond
timescales; however, for complex systems, long-term simu-
lations are still in their infancy. In this study, we first gave
the regular sheet structure of the peptide through homology
modeling, and then used this structure as the initial structure
for subsequent MD simulations. As a result, the simulation
process lacks the assembling process of peptides from disor-
dered structures to ordered structures (this process often
takes a very long time, and conventional all-atom MD sim-
ulations are difficult to achieve). Although the simulation is
not the real assembling process, we can also illustrate the
aggregation stability of the peptides by analyzing whether
the peptides can maintain the ordered structure. Therefore,
combining with the experimental results, we can conclude
that the SGYS motif with B-sheet structure is critical for
the amyloid fibril formation.

CONCLUSIONS

This study determined the SGYS motif as a critical amyloid
fibril-forming segment in the TAF15-PrLD, mediating pro-
tein assembly. The SGYS motif containing segment
T2 (YGQSQSGYSQSYGGYENQ) formed amyloid fibril
maintained by the intermolecular hydrogen bonds of the
B-sheet structure. The pathogenic mutation T2 E71G was
demonstrated to promote peptide fibril formation by main-
taining more stable B-sheet structures via more hydrogen
bonds and -7t stacking. Therefore, mutation in the essential
B-amyloid-forming segments of TAF15-PrLD, which pro-
motes the aggregation of the protein, might be one of
the reasons for the pathogenesis of TAFI15-associated
neurodegenerative diseases. This study contributes to under-
standing the molecular mechanism of TAF15 protein aggre-
gation, and provides a clue for the targeted drug development
of TAF15-associated neurodegenerative diseases.
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