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Abstract: Protein misfolding and aggregation are closely related to the development of neurodegenerative diseases.
Their main pathological hallmark is protein inclusion bodies, whose major components are amyloid fibrils formed by
abnormal protein aggregation. For example, Alzheimer’s disease is related to the amyloid plaques formed by B-amyloid
proteins and the neurofibrillary tangles formed by tubulin-associated unit (tau) proteins. The pathological feature of
Parkinson’s disease is Lewy bodies formed by aggregation of a-synuclein. In addition, recent studies have shown that a
majority of neurodegenerative disease-related proteins including Tau, a-synuclein, and TDP-43 can undergo liquid-

liquid phase separation to form liquid condensates or membrane-free organelles. These condensates are involved in a
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number of cellular physiological processes, such as regulating signal transduction. Pathological fibrosis and liquid-
liquid phase separation are two forms of protein aggregation, and protein liquid-liquid phase separation may be a
driving force for misaggregation and fibrosis. Disease-related mutations, post-translational modifications including
truncations, acetylations, and phosphorylations, and microenvironments such as pH, ion strength, and temperature can
promote or inhibit liquid-solid phase transitions and the formation of pathological fibrils. Uncovering molecular
mechanism underlying pathological protein aggregation and liquid-liquid phase separation is crucial to understanding
the pathogenic process and developing effective therapeutic drugs as well. This review focuses on recent progress in
experimental and computational studies on the pathological aggregation and liquid-liquid phase separation of
neurodegenerative disease-related proteins, including P -amyloid, o -synuclein, TDP-43, tau, and FUS proteins. We
briefly introduce the application of experimental methods (nuclear magnetic resonance, X-ray diffraction, and cryo-
electron microscopy) for studying protein aggregation and determining fibril structure with cutting-edge techniques
(differential interference contrast and fluorescence recovering after photobleaching) to explore protein phase
separation. Advances in the conformational ensemble of proteins using enhanced sampling methods such as replica-
exchange molecular dynamics simulations, and studies of the phase behavior of proteins using field-theoretic
simulation and multiscale simulations are summarized. Machine learning in predicting protein phase separation ability

is also addressed.
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Table 1 Aggregation and phase separation of proteins associated with neurodegenerative diseases
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Table 2 Major experimental methods for studying protein pathological aggregation
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Fig.1 Amino acid composition and fibril structures of neurodegenerative disease-related proteins
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Fig.2 Monomer conformations, amyloid fibrils of proteins related to neurodegenerative diseases and their

heterogeneous aggregates

[84-87]



%£4% www.synbioj.com 597

aSyn f) N/C 3 £5 K4 SRR EL A P TR B o — Ak
Gy AN, BT R K i BR 9 A Prion 5 B A7 75 9 B G
B T, B 2 A 5T 2% B Prion B 1 g 5B 2R K IR ER
i 5 I 2 2R P ) A A I B R AR S IR TTE
PG, EMHAENZ RN, DR RMEAR
S UM AR R SRR A B, D 2R AT R I
PIREXGISIW LR/ Pi & i1k 7

SRR UEZS EXRRUR /ST EP S EE AE SN
R LA P AL B SR SR O L e A
BT

BB AR SER T TCAE 2T 4 45 4 @ A O T A T
Kithe, (HilwW AR mSat, B
EEAFRCREM R & E S AT E
P, DAL S 56 T AR ME VRl T 4 Y B /N AR E B
TG s 0 AR 2 5 5 A 4R AR AT A BROW BL
B, DARCRAL R H 8 A5 A R AR A AR ZR
REEHRFAE . BER HAR NI RIES 2%, 2
T8 712 E 2R HNR T A RS A R 1/ 0 1K
RIS N VEDINIE 5 SUR E I I b i )
TR, — 5, TR RS R
o)A AT LU SR 45 ) CD i A A 0 RS 45 R
bb, T T SR IR (R BROES AE 5 FRET SE 36 45 R 4%

XPH, SRR A SR R SEE . Sy — 7, AR
SIS A e RN B Sy B A AR AR
P UL K RENLHL () RAE . 4> T 8 J7 L 1 I 2
L3,

31 AHERINEERTHHRENTHE-MEFER
{ERRYT BRI

LA 4t 25 16 R W) AR 3 BUAE 4y - B ) 2 B ]
PLF SR 58 25 4 e /N8 BT, RAELF4E# )%
BN Sy Ve i 254 AR 43 1 18]/ P9 A ELAE F DL
U5 ERZ M EAER . WErxs AB,, 1 L-S B 4F
Yeghitty, AR 15 18 )1 AN Y B A o
/N RRE BT ™ AT T TDP-43,,,,, 1 B 1 27 4
ik, BRI CRA R KR/ MaE R ™. &
X [F) A B AN [F) 27 4 25 R B4, mT DL B A AT
FHBIRENME, 4 HARE EAT A E A B E Y
FUA AR 2R, #t, Natesh 2 PV &% =Fih AB
I Y4ER) (PDBID: 2M4J. 2LMN. 2LMP) 4T
T FE AL, KX =R A 4 B A R 1)
FOEME, IR T RE & B g o> 1 R A
HAER . S4bh, gxbimsln (b Bk
o8] 48 24 A SO IR A 4 5 M R SR B R I, TR LN
FFR T — RV TAE, B E4R A B i
HMURSRALBE, gk — 35 i ik BB B B 2590 7 1
At ISR . R A E RN Bl SRR 1 4 T

MFEAAIE ) T e—) (IS SR —) TR, RS T

R T

i, - 2
gas N ()
i i@%/g“}z L RIS

S S

T4 R4 R3 — R3

- -,f’ T3 R3 xm R1
ZEF

LI %@ﬁﬁTﬁmymxm
o TI Rl A R2—R2

B R R MR

SR O

b o FFHT |

FELESTM
FEARE R

8 32| )
"z 24 | Inter chai
T Il S
£ 8 2 Intra chain

SIS 2 A R EL

B3 Ed v RRURT St H R LA A RO B SR AR AR

Fig.3 Flow sheet for studying protein interactions and pathological aggregation by computational simulation
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