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Figure 1 Schematic illustration of the amyloidal aggregation process.
Amyloid protein monomers in their native conformation misfold to
form oligomers and protofibrils, which further aggregate to form
insoluble amyloid protein aggregates.
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Figure 2 (Color online) Different folding structures of tau fibrils in
different diseases [22,26]. (a) Schematic illustration of a fibrillar
aggregate [22]. (b) Tau protofibrils isolated from the brains of patients
with various diseases such as AD, chronic traumatic encephalopathy,
and corticobasal degeneration show different folding structures [26].
The PDB codes for AD are SO3L and 5O3T. The PDB codes for CTE
are 6NWP and 6NWQ. The PDB codes for CBD are 6VHA and 6VH7.
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Figure 3 (Color online) Conformational polymorphism of AP fibril aggregates [17,18,28,29]. (a) Structural model of seeded recombinant AB40
protofilaments grown from seeds, which were derived from Alzheimer’s disease brain tissue [17]. PDB code: 2LMP. (b) Structural model of residues
10 to 40 in the B sheet of brain-seeded AP protofibrils [28]. PDB code: 6W0O. (c) Atomic model of AB42 protofibrils grown in vitro (tilted view of
cross section) and colored on the surface according to hydrophobicity, with a gradient from brown (hydrophobic, 4.5) to white (neutral, 0.0) [29]. PDB
code: 50QV. (d) Cryo-EM density map (transparent gray) and atomic model of type I protofibrils of brain-derived AB42 protofibrils [18]. PDB code:

7Q4B. (e) Cryo-EM density map (transparent grey) and atomic model of brain-derived AB42 type II protofibrils [18]. PDB code: 7Q4M.
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Figure 4 (Color online) Structure-based classifications of tauopathies
[33]. The tau structure in AD is a mixed 3R/4R type, the tau structure in
PiD is 3R type, and the tau structure in ARTAG and GGT is 4R type.
The residues in the R1, R2, R3, R4, and C-terminal domains are marked
in purple, blue, green, yellow, and orange, respectively.
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B 5 (MIRFZR) ssNMRIEHTKI9RLF 44500 (a) x5 51 B Lys ) A SR AT bR iC (B () LA S F& Lys. Phe.
Leu. ValdMIH RS EAF LR )RS 192D [°C, C]-INEPT-TOBSY [l ik [ 8 i1, 74 52 5 6 HH IILTE IS 107 I IX 3, R T 4 ik 4t
PRAE EE B 57 A e DXk b T L. B 2R Y 310,298 R0, IR ILHR N 12 H BILAE R 26 5 Pl AR ) B BRL E. (b) AEAS RN L T (i
—4°C; 4Iff: 5°C; Hfh: 15°C)HIK19 C322AJE A 4EIPDSDIETE 120, (c) KI9JR£F4ESCS /AT, AL F R NBREMI R, 1 fH
TR TR LRV RN PRE 2 [H] (FI4H 45 . SCSAHTaR B = 2% P FHP3 12 1S3 16 AL HI A AH . K 321%S324, /741 43 Ay LR
Figure S (Color online) Structural elucidation of K19 paired helical filaments by using ssNMR [38]. (a) Superposition of 2D [13C,13C]-INEPT-
TOBSY spectra of samples labeled with the remaining amino acids in the sequence except Lys (black) and the remaining amino acids except Lys, Phe,
Leu, and Val (orange). The alanine peak appears in the aliphatic region, and the phenylalanine resonance is visible in the aromatic region of the
spectrum. If Y310 is flexible enough, the tyrosine resonance should appear at the position of the dashed circle (gray). (b) Superposition of PDSD
spectra of K19 C322A filaments at different temperatures (blue: —4 °C; red: 5 °C; black: 15 °C). (¢) SCS analysis of K19 filaments indicates that
continuous negative values represent B-strand conformations, while discontinuities in the negative values suggest twists between B-strands. The SCS
analysis reveals the presence of three B-strands, which are interrupted by twists at P312 and S316. From K321 to S324, the sequence is divided into two
sets of resonances.

790



HERE L 2025 4F S5 B 4

(@) oMt ~90%

28

PM3 ~1%

Bl 6 (MZHUEE) Cryo-EMAEHThIAPPIE LT 4454 hIAPPJE 414k = R4 Ky (113D E M) A BRI ) RI3D LT A5 FE B (),

PM1 (a), PM2 (b)F1PM3 (c)

Figure 6 (Color online) Cryo-EM analysis of hIAPP protofibril structures [43]. 3D reconstructed slice (top) and electron density map (bottom) of
three hIAPP protofibril structures, including PM1 (a), PM2 (b), and PM3 (c).

Xt EUGHEAT RS IE JG Fahi B e biic T 4. 7E i
R, 0T =P i A o 4 38 458 e v e T [ A
PRAVERRIUG 2 AR, St 2 #0045 i 4 b s A Y
R, BRI R R, RE MRS
P A VPA AN S0IE B A 5 O A P, IR R A B T
A M 2R RIS I & HE %, PMIFIPM2 i & R
42 A, PMBRIEZA % N1 AW b TPMI, #
# T IRIESHON2.35 AR R TR AiT178.23° (18 e i
M) A SR TR R I R 4T 4 R R AR A L S8 S
JR 22 RN, %R 22 RIS AR R A4k A iR 22 2548l
“SUT g TR A ML R R TR A
JE5 LT 4 23 B RS B SR 5, TR 947 A,
AR, N eryo-EMEBEATE BT & B HTiE 8 25
E O 4R 1R RS 20 25 A g Al 7 1 A5 T B B R R
TMEM 106B /& 1% PN /4 FH VA B 1A (1) 5 B2 40 4, AHORHE A
FAR &R 1B 47 1442 (frontotemporal lobar degenera-
tion, FTLD)FIiZZ M55 46% HH S TDP-43 fixi i S5 44 42
BAT MBI R R Z YY) TMEM106B1E) 2 25
AD. PD. ALSEEZ P 818 47 14 959 (1) 955 ZE AL
M 20024F, R F cryo-EM K B BOAR 43 5l
KR T HE PSP B% %) MK R (dementia with Lewy
bodies, DLB)LL X FTLD:A TDP-4375 #(FTLD with

TDP-43 pathology, FTLD-TDP)38 k¥ iti 21 3 RE A
LERRRRTS). 90K, TMEMI06B/IC-K b 4 By 5
LT B ) JR 41 4 35 3k /7 /£ TFTLD-TDP. DLB. PSP
PR RR R A 2B AT MR R B L, 18
7~ T TMEM 106B Jiit £ 4 75 A [F] Fl 248t 22 3R 47 1 595
s FEML o 4 I A FE O 26, PDB R
EWMALAMEREZEANAHA P BRI T
TMEMI106BJS£T4, —F KR % SiArfe 2 70,
BEAk,  cryo-EMHE AR TE %552 e K A 58 A5 1A (1) 8 2 )5 &
TR RS T EERE /. BTN, a-synucleinF £ 4E
flcryo-EMZE #4878 T Y39 B MRtk & 1hid it 5
K21. K32. K34. K43 E/ER, A T a-synu-
clein 5 £ 24 vh ok ) w5 IE LT 25 BT 2 ). i 45 A
T, SEELT Mtau)E A 4ER cryo-EM L T2 % 5
Xz BRI BER R, B
taufl 4 2:7ES202. S262. S356. S396%5 % Mk b
RABRRRIAE M, (552 BT tauZf 4845 4 1) 57 v DA &
BRI AT s A A FEF 4% 0 X, B ATk fficryo-EM
TR SRR Ttau 2T 4E IR R AL AS 1R 75 58 B A P v,
Cryo-ETH AR K 5 2 A M B H IR SRS 152
B, SR = 4El 2 S, E R T 2T 57 (sub-to-
mogram averaging, STA)EAT & 73 FER EFfENT. 154

791



EARGSE: B JE B A P 2B AT VRSO A O 8RB DU SR AR I B 22 AR AT

NI FH T AT 2 i B2 A PR v 1 2 B 8 R K 40
HE AN =Yg, B cryo-BETH ARTE/NR £
JRARAH PRI K A AL )N AR R, B A7 AT A
15407 o FE K 2 A E B % (polygluta-
mine, polyQ)M AL ELIEIAZE 4", & Flpoly QL i fA
FVE R R AR iR R, 38 4 1 I R GeRE il e Y
T AR AR B, A P 5 X AR TR AR R L EL A
Y. R R B4 T ISR AT 14 42 I (poly-glycine-
alanine, poly-GA)REARZHER T poly-GAREARTE
AN TE ) 2 P22 0 IR G5 1, IR 5E26SH H I
AP 28 50 a-synuclein B A (14 J5 17 45 14 25 B 4,
WA H a-synucleinZf 4E F1HL A 15 25 74 1 240 A 2% 25 R #4)
Y. TDP-4375 % 544 £ A T4 il (induced pluripotent
stem cells, 1PSCs)Z3 4 (14 20 0 A I Ji A0 485 1 A b 1)
B TDP-43 78 V3 B VR Al [ W44 b R A R 27 40, %
ADFEHER I 4H 2 h ABUTAR 5 tau t [ 2E.45 T J2 1) R o7
FSAR R I, 53 AT T A [B) £ 2 152 1) £ 2t 45 40 2[Rl A7 AE 22
5, BNAHZURALHTE R 57 5 M (amyloid  heterogene-
ity)*.

B FIRBORTEM AT RELTYE R 2 AV TT R 3R
3 7 E KR, (F2H TXWMERIW KO E
SR AL B, TR EA RIRME. BETE, FET
EAIRI: (1) A PRSP ER E B R e
fEATHE.  cryo-EMEE AR AT LTS 73 # 22 fifd i A A D
TR A e AR, SR, X T AN B IR e 45 B8
T W TR 45 RN FIN () 41 o SRR AR TT 2 w5 73 R 45 A il
WA SRAEE B TED. () B S ST HE. Ehe s
MGAE N E B DR R ) G rh PR A, HAR A A
R A AT TR S B R, 3k e % 1) 2 ) W A 2 4

(a) 2 (b)

e
e’y

GOREX T HME ARSI AT NN Re i 2 0 E
B AEAE A BOR T EAT B SRR AT AR
b B) N FEREMRG YT E SV
e, S2MPBERIEEAR/N T46 D8AR, &8
FEEARERPRIBUR, EIFH, S8 T5
SRR LT 2t 2 8] I AH ELAE AT REVS I 2 FhAS [R) 1R 20 1
WD B RN TR E S SeBl s  H
T LE AN . 20234F, TaoZ U Feryo-
EM 188 iE B A BOR 73 7l i 7 &R =4 A(CCA). 7
YR EB). B KT(ThT)&9F /Ny T Ha-synu-
cleinJR A4 Z EMEN. MMy 5 RERGES
B R R AR = AN Hok, T g S
L EAFEZ FEYE, TEa-synuclein P il () 5 £F 4% 3= [ 47
TE8NCCAM L AL (Kl 7a) 641 EBLE AL 61
ThT4 G40, HiR, MNrFREEGHEGFAEZES
PR Bildn, ThTZy T8 70 7 A I f s, LAfh
MGG RA 4L B a, D orid A 5AE
ai & RN, AR R ud & T IR A4
FHD . REZRBENG TR 55 5 R 47 4 2 1)
PR AIALEIAFETE i PE. fECCA. BF227a. PiB45&
T o-synuclein J{ £F 4L 10 (1 70+ Bl g, Mo+ rIK
77 1) 5 SR AR A4 1) DK ek J T Im) i 29450 % A (A
70)°%. WiZEThT. EBZE& TR T4 £ W45 T B15%
H, NI BT AT T IR AR R R R T
1] (& 7).

SEILNTVE R K SRR AR 2 A ) R VAR
BT ATI SR S 12 50 S e AR PR, 75 2R R B R
FBAE WK R B 7~ SR ) 3 (M 45 40, A bE1E
EAMA (scanning tunneling microscopy, STM)FH HF

Z

Z
7

B 7 (MR RN T SIEM PR A 44t &8 220, (a) N3 FCCA Sa-synuclein 5 47 2k 45 25 I 25 MR R BT o
synuclein, K%, CCA, ZL{%. PDB%if: 7YNF. (b) /N> TS5 iE byt SR 2P 4 4 & i s = L PR 1 BC AR T S5 £ 2 e
) B R AR SR 25 SR e k. LB TT TR NN T IREK T TG R B iR R

Figure 7 (Color online) Complex patterns of small molecule binding to amyloid fibrils [55]. (a) Cross-sectional view of the small molecule CCA
binding to the a-synuclein fibril structure model. o-synuclein is shown in gray. CCA is red. PDB code: 7YNF. (b) Schematic illustration of the
geometry of small molecules binding to amyloid fibrils. The figure shows the orientation of the ligand relative to the fibril axis, the inter-ligand
stacking pattern, and the ligand binding specificity. The red rectangles are small molecules. The gray rectangles are amino acid residues.
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Figure 8 (Color online) STM analysis of conformational polymorphism in amyloid aggregates and interaction polymorphism in small molecule-
aggregate complexes [58~60]. (a) Relative free energy of B-strands and population distribution of conformational metastable states in the aggregates
formed by the KRT14 120-144 fragment [58]. Scale bar, 2 nm. (b) Chord diagram of the interactions of conformational metastable states in the hIAPP
8-37 aggregates [59]. The different nodes arranged along the circumference represent a conformational metastable state, next to which are
representative STM images and the number of amino acid residues (AAs) in the B-strands of each conformational metastable state [59]. The arcs in the
chord diagram represent the interactions between two conformational metastable states, and the width of the arcs represents the probability of
interactions. Scale bar: 2 nm. (¢) STM images, size, and structural models corresponding to the four oligomerization states formed by ThT on the
hIAPP 8-37 aggregate surfaces [60].
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Figure 9 (Color online) Modulate the conformational polymorphisms of hIAPP aggregates by sequence alterations and aggregation kinetics
[59,64,66,68]. (a) Cryo-EM structure of wild type hIAPP aggregates. PDB code: 6ZRF [64]. (b) Cryo-EM structures of hIAPP S20G aggregates. PDB
codes: 6ZRQ and 6ZRR [64]. (c) The types of interactions between conformational metastable states in hIAPP 8-37 (left) and hIAPP S20G 8-37 (right)
aggregates and the corresponding probabilities revealed by STM [59]. (d) The fibril structures existing at three different time points during the
fibrillation process of hIAPP S20G resolved by cryo-EM [66]. A total of seven fibril structures are identified at three time points, and the 3D density
map and slice map of each fibril are displayed in different colors. The pie chart shows the structure and proportion corresponding to each time point.
Gray represents unrecognizable fibril structures. (e) The conformational metastable states and the corresponding probabilities in the hIAPP fibrillation
process at 24 h (red), 48 h (gray) and 72 h (green) unveiled by STM [68].
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Figure 10 (Color online) Schematic illustration of the sequential accumulation of different posttranslational modifications at different stages of
disease. As the disease progresses, tau protein phosphorylation sites increase with the occurrence of acetylation and ubiquitination [72].
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Figure 11 (Color online) Modulation of a-synuclein amyloid aggregation by posttranslational modification [49]. (a) Synthetic route of pY39 o-
synuclein [49]. (b) Cryo-EM structures of twist-dimer (top) and twist-trimer (bottom) protofilaments [49]. (c) The electrostatic surface of pY39 a-
synuclein aggregates. The positive hole at the center is shown in a zoom-in view, and the charged residues and electrostatic interactions are labeled

[49].
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Figure 12 (Color online) Modulation of a-synuclein aggregation by different chemical modifications at a single site [74,98]. (a) Synthetic route of a-
synuclein mutants with modifications at S87 [98]. (b) Cryo-EM structures of gS87 and pS87 a-synuclein fibrils. Top: The structure of gS87 a-synuclein
fibril. The interactions between GIcNAc and neighboring residues are shown in the zoom-in views. Bottom: The structure of pS87 a-synuclein fibril.
The hydrophobic interactions and salt bridges at the interface between two protofilaments are shown in the zoom-in views. Residues involved in the
inter protofilament interactions are represented by spheres [98]. (c) Cross-section view of the cryo-EM structure of O-Galf31-3GalNac AP42 fibrils
[74]. (d) Disaccharide modification at Tyr10 induces Gly9 to form a sharp kink in the core region of O- Galp1-3GalNac AB42 fibril (top) compared to
that of the wild type APB42 fibril (bottom) [74].
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Figure 13 (Color online) Post-translational modifications at different sites regulate the conformational polymorphisms of aggregates [99]. (a) The
sequences of p-VNTR and g-VNTR. The location and structure of the two saccharide moieties are highlighted by red [99]. (b) High-resolution STM
images of either p-VNTR or g-VNTR aggregates. The scale bar is 2 nm. The B strand length distributions of p-VNTR and g-VNTR are determined
from STM images [99]. (¢) Structural models of p-VNTR and g-VNTR. Top: the model of p-VNTR folding structure; Middle and bottom: the
structural models of p-VNTR with the folding sites at either Argl0 (middle) or Thr16 (bottom). The green ribbon represents the  structure. The
flexible red strings represent the indiscernible segments in the STM observations. The blue and pink rectangles highlight the glycosylated residues Thr9
and Serl5, respectively [99].
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Abstract: The conformational polymorphism of amyloid aggregates is of great significance in the pathogenesis of
neurodegenerative diseases and the development of targeted drugs. Conformational polymorphism is the basic structural
feature of amyloid aggregates and regulated by multiple factors. Among them, post-translational modification, as a key
regulatory factor, endows aggregates with rich conformational diversity by regulating the aggregation dynamics and
aggregate structure of amyloid. Here we review the new high-resolution structural analysis methods developed in recent
years to analyze the conformational polymorphism of amyloid aggregates, and introduce the new progress in the study
of the structural characteristics and regulatory mechanisms of the conformational polymorphism of amyloid aggregates.
This review summarizes the heterogeneous effects of amyloid post-translational modifications and their key role in the
pathological mechanisms of neurodegenerative diseases, illustrates the important regulatory mechanisms of post-
translational modifications on the conformational polymorphism of amyloid aggregates, and analyzes the limitations and
challenges of this research field at this stage.
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