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Protein/peptide self-assembly into amyloid structures associates with major neurodegenerative disorders such
as Alzheimer's disease (AD). Soluble assemblies (oligomers) of the AB peptide and their aggregates are perceived
as neurotoxic species in AD. While screening for synthetic cleavage agents that could break down such aberrant
assemblies through hydrolysis, we observed that the assemblies of AB oligopeptides, containing the nucleation
sequence ABis_24 (H14QKLVFFAEDV,,), could act as cleavage agents by themselves. Autohydrolysis showed
a common fragment fingerprint among various mutated AB14-_,4 oligopeptides, ABi>_»5-Gly and AB;_»g, and
full-length AB1-40/42, under physiologically relevant conditions. Primary endoproteolytic autocleavage at the
Glnis—Lysie, Lysie—Leus; and Phejg—Phe,g positions was followed by subsequent exopeptidase self-
processing of the fragments. Control experiments with homologous p-amino acid enantiomers ABy,_»5-Gly
and APie_»5-Gly showed the same autocleavage pattern under similar reaction conditions. The
autohydrolytic cascade reaction (ACR) was resilient to a broad range of conditions (20-37 °C, 10-150 uM
peptide concentration at pH 7.0-7.8). Evidently, assemblies of the primary autocleavage fragments acted as
structural/compositional templates (autocatalysts) for self-propagating autohydrolytic processing at the
ABi6-21 nucleation site, showing the potential for cross-catalytic seeding of the ACR in larger AB isoforms
(AB1_2g and AB1_40/42). This result may shed new light on AB behaviour in solution and might be useful in the
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Introduction

Proteolytic enzymes have evolved to cleave small peptides and
proteins with high precision and efficacy.' The complex interplay
of multiple proteolytic enzymes is vital to the regulation of
physiological function by controlling protein maturation, folding,
assembly and degradation. During aging the proteostatic network
can become defective and collapse.” Proteostatic collapse is
characterized by dysregulation of e. g. intrinsically disordered
proteins (IDPs). Such dysregulation may lead to protein misfold-
ing, polymorphous aggregation and self-propagating amyloid
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development of intervention strategies to decompose or inhibit neurotoxic A assemblies in AD.

formation.>® Accumulating evidence suggests that the soluble
oligomeric assemblies of the AP peptide are the neurotoxic
species in AD.”™ In solution, A forms dynamic oligomers which
in turn self-assemble into globular oligomers (spherical aggre-
gates) and extended pB-sheet structures in distinct folding
pathways.'®***® Unsuccessful attempts of clinical intervention
effecting AP clearance involved the design of antibodies that
should promote AB uptake into cells with subsequent digestion
through proteolytic enzymes.' As an alternative, metal-based
cleavage agents with the ability for specific molecular recogni-
tion and hydrolytic activity towards dysfunctional proteins have
been proposed as potential drug candidates for disease
intervention.?*** Cobalt(m) complexes of macrocyclic polyamines,
in particular, have been found to mediate direct specific cleavage
of AR assemblies and thereby disrupt their aggregates.>***
Initially, palladium peptide catalysts were investigated for the
cleavage of ABj,,4(HQKLVFFAEDV) peptides (ESI Fig. S2Ct).
During this process, we observed hydrolysis even in the absence of
a palladium catalyst and decided to investigate this peculiar
metal-independent behaviour of A peptides in more detail.
While autoproteolytic processing by proteins is considered an
evolutionarily conserved mechanism in protein regulation and
activation,”* autoprocessing in the self-assembly of small
peptides is a rare phenomenon, not well characterized. One
example is the spontaneous hydrolysis of the vasoactive intestinal

© 2023 The Author(s). Published by the Royal Society of Chemistry
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peptide (VIP).** The VIP is a neuropeptide,* presenting substan-
tial neuroprotective activities against AP,s 35 nheurotoxicity in
relation to AD.* Intriguingly, recent reports showed that AB
oligomers possess intrinsic autoproteolytic properties with auto-
hydrolysis occurring within hours to days.**** In contrast, non-
catalyzed peptide bond hydrolysis in neutral water at 25 °C
shows half-times of 300-500 years,* with the exception of specific
acceleration with e. g F-G and D-G containing sequences.*® In
their recent report, Mondal and Mandal*” presented a construct
with the AP nucleation site LVFFA AB;,,; fused to a peptide
mimicking serine protease triad that induced hydrolysis of AB;_4o
along its nucleation site. Furthermore, the peptide YKXGSGFRMI
can promote hydrolysis in AP self-assemblies.*® However, the
mechanism of autocatalytic A self-degradation and thereby, the
critical role of fragments containing the AB nucleation site for the
mechanism have not been examined, yet probably relevant to
Alzheimer's disease.

Here we show evidence for autohydrolysis occurring intrinsi-
cally with a characteristic fragment fingerprint to a variety of A
peptides, under physiologically relevant conditions and at room
temperature (20 °C). Given the complex dynamic behaviour of
amyloidogenic peptides in solution, in a manner that reflects
their aggregation potential, we decided to follow an exploratory
approach for finding the conditions that drive AP, ,4 congener
autohydrolysis. From a large number of independent experi-
ments, we identified general sequence selective patterns in AB
autohydrolysis. We also observed recurring aggregation pathways
that lead to these self-assemblies, active in the autohydrolytic
cascade reaction (ACR). LC-MS was used to investigate the key
fragmentation steps and kinetic properties of the ACR. Atomic
force microscopy (AFM), fluorescence techniques and circular
dichroism (CD) spectroscopy were applied to study the structural
polymorphism and conformational changes that can precede or
occur with autohydrolytic reaction mixtures of AB,, ,4 containing
peptides and AB;_40/42. Our findings establish the autohydrolytic
behavior of AB14/16-24/25 cOngeners and their potential for cross-
seeding (of self-templating) cascade hydrolysis in larger AB iso-
forms. In various aggregation states with diverse secondary
structure, AP congeners can become susceptible to cascade
hydrolysis by changes in the environment and through cross-
seeding catalysis of autohydrolytic active fragment compositions.

Results
Peptide substrates and initial catalysis screenings

Quenched fluorescence resonance energy transfer (FRET)
substrates containing 3-nitrotyrosine (Y(NO,) or Y*) and 2-ami-
nobenzoic amide (Abz) have previously been used to monitor the
progress of enzymatic peptide hydrolysis by the increase of fluo-
rescence intensity (Ix) with progressing peptide cleavage.*® During
initial studies of combinatorial catalyst libraries for putative Pd-
assisted  hydrolysis, the APi;,s congener Abz-Pra-
[HQKLVFFAEDV]-Y(NO,)G (1a) was synthesized by Fmoc-based
solid-phase peptide synthesis (SPPS) and characterized by LC-
MS (Fig. S17). As is well documented for A congeners aggrega-
tion states depend strongly on the mode of preparation of stock
solutions.'*** This became obvious during incubation of solutions
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Fig. 1 Synthesized AB peptide sequences and their autohydrolytic
self-fragmentation pattern. Color coded amino acid sequence of AB;_
g is presented for the extended AB14_54 Nucleation site (blue, basic (+);
orange, H-bonding and polar; green, hydrophobic; red, acidic (-)).
Blue arrows indicate primary scissile bonds. Horizontal arrows indicate
cleavage fragments (fO—f6) and fO*-f4* The f7*/f7-scissile bond
represents an autohydrolysis pathway distinct from fO-relayed-
processing.

of the FRET substrate 1a at 37 °C for up to 180 h. The observed
dynamic changes in Ir were complex and varied with pH, ionic
strength, and temperature. Surprisingly, some samples with
increased Ir did not show the expected substrate cleavage, rather
it reflected changes in aggregation states. Upon ten-fold dilution
in 70% acetonitrile/water, the substrate eventually hydrolysed
while the undiluted samples remained intact (Fig. S2At). The
hydrolysis experiments with 1a were repeated several times under
slightly varied conditions with the same result of delay and
specificity of cleavage also upon dilution in water in the absence
of a palladium catalyst (Fig. S2Ct). These results indicated that we
were observing an autohydrolytic cascade reaction (ACR),
inherent to short Alzheimer's Af-derived peptides (Fig. 1). To
investigate the formation of the proteolytically active peptide self-
assemblies, we, in addition to 1a, synthesized amyloidogenic
peptide 2 (Bz-Pra-]HQKLVFFAEDV]-YG), the natural sequence
homologue A;, ,5-Gly-OH (3), p-amino acid analogue 4 and
acquired AB; 5 (5) as well as AB;_40/2 (6 & 7) (Table 1). We also
synthesized 1b, 1c and 1d as permutations of 1a as well as selected
their autocatalytic fragments for ACR experiments (Fig. S1 and
S3AY).

AB14-24 congeners are susceptible to intrinsic autohydrolysis

To ensure that hydrolysis was neither due to proteases or micro-
bial contamination, experiments were conducted in sterilized
Milli-Q water in the presence of sodium azide and a protease
inhibitor cocktail. We observed autohydrolytic cascade of 1a-3
with a common fragment fingerprint (Fig. 1, 2B and S3-S6%),
which was reproducible under a variety of experimental condi-
tions (Tables 2, S1 and S2f). This result indicated that the
unnatural modifications in peptide 1a (Abz/Y*) and 2 (Bz/Y) were
not pivotal for the autocatalysis. The initial step of the ACR in
APBi424 congeners 1-3 was the endoproteolytic cleavage between
GIn;5 and Lys, ¢ as well as at the natural a-secretase cleavage site
Lys;¢-Leu;- (Fig. 1, 2A and C). However, the specificity seemed to
be quite promiscuous and initial cleavage was followed by several
steps of aminopeptidase-like relay processing of C-terminal

Chem. Sci., 2023, 14, 4986-4996 | 4987
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Table 1 Annotation for presented AB peptide congeners®

Peptide AP sequence fo fragment” 0 sequence

1a-d *?  Abz-PrafABi4 .} Y*G  [ABis_4-Y*G  KLVFFAEDVY*G

2 Bz-Pra-[AB14_,4]-YG [AB16-24] YG ~ KLVFFAEDVYG

3 [AB12-25)-G [AB1625)-G KLVFFAEDVGG

4° [AB1225]-G [AB16-25)-G KLVFFAEDVGG

5 AB12g ABisas KLVFFAEDVGSNK

6 ABi_s0 AB16-10 KLVFFAEDVGSNK-
GAIIGLMVGGVV

7 ABi1n AB16-12 KLVFFAEDVGSNK-
GAIIGLMVGGVVIA

“ Abbreviations: Abz, 2-aminobenzoyl; Pra, propargylglycine (for peptide
immobilization); Y*, Tyr(3-NO,); Bz, benzoyl. ® Primary autocleavage
fragment of the AB-ACR. ° AB peptides with additional C-terminal
nitro-tyrosine and glycine. ¢ Derivatives to test the influence of
termini and lysine: 1a = C-terminal acid; 1b = 1a (Lys,¢(Tfa)), 1c = 1a
(C-terminal propylamide) and 1d = 1a (C-terminal 2-ethanol amide).
¢ p-Amino acid peptides.

fragments f0 and f1 (ABie/17-24 congeners in Fig. 1) along the
hydrophobic core-sequence ABy;_,; toward fragment f4 (AB,o-o4
congener) and a final processing towards fragment {6 for peptides
1a-1d (Fig. 2B and S6A-CT).

The N-terminal fragments (R;: peptide) R;-HQKL (f2*) and R;-
HQKLVF (f4*) were reproducibly detected both in ACR assays with
peptides 1a and 2 (Fig. 2B-E and S7Ct) as well as with AB;_»s

Intens.  LC-UV (250 nm) LC-UV (214 nm)
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(Fig. S16T) and AB;_40. This result suggests a second pathway for
primary endoproteolytic cleavage which generates the corre-
sponding C-terminal fragments [AB;s »4]-R, (f2) and fragment
[AB2o-24]R; (f4) independently from the f1 — f4 aminopeptidase-
like processing route (Fig. 1). The increase of f4*/f4 cleavage was
accompanied by progressive disappearance of the f2* fragment
and increase of the f0* fragment (Fig. 2E). This result suggests an
autocatalytic carboxypeptidase-like reaction pathway of f4* — f0*
(R-HQKLVF — R;-HQ) processing. In addition, the N-terminal
fo*-fragment (R;-HQ) is prone to subsequent carboxypeptidase-
like processing toward R; (fragments f8* and f9* in Fig. 1, for
LC-MS analysis see ESI Fig. S3D, E, S16, S17B and Ff). The identity
of cleavage fragments was confirmed by their high-resolution
mass spectra and MS/MS sequencing (Fig. 2D and S47). Derived
from hydrolysis samples of peptides 1a and 2, MS/MS sequencing
of the primary autocleavage fragment f0 (m/z = 666.8262" and m/z
= 644.3182", respectively) confirmed the identity of the respective
C-terminal fragment sequence [AB¢ »4]Y*G (Fig. S7D and Ff).
This result is consistent with the primary scissile bond Gln,s-
Lysq6 Observed in autoproteolysis of AB;_4, oligomers, as previ-
ously reported by Rudinskiy et al.**

Influence of environmental parameters on AB-ACR

Autohydrolysis samples showed a lag-phase, followed by
a period with rapidly increased hydrolytic activity (Fig. 2A-C and
E). However, the times of the onset of catalysis and rate of

LC-UV (250 nm) Intens. LC-UV (214 nm) LC-UV (250 nm)

LC-UV (275 nm) Intens.
[mAU] 15
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Fig. 2 Autoprocessing of truncated AB-peptides. LC-MS chromatograms presenting autohydrolysis of ABi4_>4 congeners 1a, 2 and 3 with the
assignment of cleavage fragments. (A) Hydrolysis kinetics for 1a upon dilution of reaction stock (Table 2, entry 1 and Fig. S7At) over 7 d at 37 °C:
cyan, green and orange (MS-TIC); blue (UV-250 nm); magenta (UV-275 nm). Repeat experiments are presented in Fig. S7B and G.f (B) LC-MS
monitoring of the ACR upon 1: 4.5 dilution of reaction stock solutions (dotted traces, conditions Table 2, entry 2) of 1a, 2 and 3, respectively, after
6 d at 20 °C. Blue traces (UV-250 nm) and red traces (MS-TIC) represent fragmentation (as annotated) after 9 d. Repeat samples are presented in
Fig. S9A, B and E.} (C) Hydrolysis upon 1:4.5 dilution of aged aggregated samples (Table 2, entry 3 and Table S1,1 stock entry XIX) at 20 °C
indicated that disaggregation correlates with the onset of the ACR: green, red and light blue traces (MS-TIC), black (UV-214 nm) and blue (UV-
250 nm) traces are stacked according to the time of acquisition. (D) Identification of ACR cleavage fragments by MS with annotation of the
fragment sequences. (E) Independent 24 d kinetics of the autohydrolysis of peptide 2 (Table 2, entry 4). The kinetic analysis is presented in

Fig. S8t(see also repeat reactions in Fig. S7C and E¥).
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Table 2 Conditional kinetic behaviour of AB ACR-hydrolysis®?

Entry  Peptide [A)/nMm [B)mM  pH %DMSO  tunld  tpe/d  P37°C  P20°C  #/h %R Figure ref
1 1a 165 10 7.6 3.2 14 0 +¢ na 60 66 Fig. 2A
24 1a,2,3 100-117 10 7.6 5 28 9 - ++ 160 36 -54  Fig. 2B
34 2 55 10 7.6 0 7 16 — + 48 60 Fig. 2C
4 2 100 5 7.6 5 24 0 +Ht na 192 60 Fig. 2E
5 fo(1a) 50 0.9 7.6 0 1 20 — . 216 76 Fig. 3A
6° AB;_5/f0(1a) 30/8 10 7.6 0 0 18 na +H+ 72 60 Fig. 3B
74 3 60 10 7.6 0 7 16 — + 92 36 Fig. 4A
8? 2 120 5 7.6 3.7 7 7 + + 140 na Fig. 4C
9 fo(1a) 110 10 7.4 0 14 0 + na 140 na Fig. 4H
10 1a/fo 45/12 10 7.4 0 16 10 + + 200 na Fig. 41
11 ABy_4o/fo(12)  30/5 10 733 0 12 12 +Ht ot 120 na Fig. 5A

“ [A] or [A]/[f0]: concentrations of the parent peptide (and fo-seed) in reaction stock solutions; [B]: buffer concentration (PB); (5,): primary incubation
time at 37 °C; £(50): secondary incubation time at 20 °C. b Extent of hydrolysis: (+++) >95%, (++) 40-95%, (+) 20-40%, and (—) 0%. na not applicable.
tiag: latency for detected onset of the ACR. The half-life £ is the average value estimated from several experiments (Table S2). © Conditions: ACR
progress upon 1 : 4.5 downstream dilution and continuous incubation at 37 °C. ¢ Conditions: spontaneous ACR of 1a-3 at 20 °C upon 1 : 4.5 dilution

of preincubated reaction stock solutions with water. ¢ f0(1a) cross-seeding ACR in AB; ,g after 4 days at 20 °C.

autohydrolysis were condition-dependent (Table 2) and partic-
ularly influenced by the stock recipe and co-solvent content
(Tables S1 and S2t). At 37 °C, the onset for the ACR occurred
with #,, = 180-240 h and an approximate "> (f1 — f4/f6) of 48-
72 h (Fig. 2E, S7C and Ef). Surprisingly, dilution and subse-
quent incubation at 20-22 °C increased rates to a t*'* of 20-48 h
for the conversion of the starting material (Table S2 and
Fig. S9t). Samples of 1a (100 pM) and 2 (158 pM) containing 1.7-
3.2 vol% DMSO (stock conditions in Table S1,} entry III) showed
15-40% selective accumulation of fO-fragment KLVFFAEDVY*G
at 37 °C over 7 d (Fig. S7AY), which only continued towards
autohydrolysis fragments f1/f4 upon sample dilution in Milli-Q
water (Fig. 2A). Stock solutions of 1a, 2 and 3 in 0.2% 0.1 M
NaOH/DMSO, diluted (1:20) in phosphate buffer (PB) to 5%
final DMSO, did not provide onset of the ACR after 4-5 weeks of
incubation at 37 °C. However, all samples of 1a, 2 and 3 being
subsequently further diluted 1:4.5 in Milli-Q water showed

LC-UV (214 nm)

Intens.

a spontaneous ACR at 20 °C with a common fragment finger-
print after 6-9 days (Fig. 2B and S9A-DY). Similar samples
prepared after 2 days from the same stock to 5% DMSO also
hydrolysed at 37 °C with a lag-phase of 8 d (Table 2, entry 4 and
Fig. 2E) indicating changes in this stock. A spontaneous ACR
also occurred upon longer periods of incubation in undiluted
samples at 20 °C (Fig. S6AT). Peptide 2 disaggregated upon 1:
4.5 downstream dilution as indicated by increased intensity in
the LC-UV-trace and presented f1 fragment release and onset of
the ACR within 4 days at 20 °C (Fig. 2C). This was observed
under a variety of conditions with all AB,4,, congeners, 1a-3,
showing similar lag-times of 48-60 h and conversion to f4 with
a t'? of 20-48 h (Fig. 4A and S9A-Et). At 37 °C, the aminopep-
tidase- and carboxypeptidase-like activity following initial
endoproteolytic cleavages has a t'/? of ~48 h producing mainly
f4 and fo* as end products (Fig. 2E and S87).

intens.  |_C-UV (275 nm)
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Fig. 3 Kinetics of fO-ACR and of cross-seeding with fO(1a) to AB;_5g. (A) Autohydrolysis of fO(1a) (Table 2, entry 5 and Table S1,} stock entry XlI)
was monitored by LC-MS after 9 d at 20 °C followed by 1 d at 37 °C: black traces (UV-275 nm) and colored traces (MS-TIC). (B) Cross-catalysis
with autohydrolytic assemblies of fO(1a) (Fig. S10B+) that unlock quantitative self-processing in Ap;_»g at 20 °C (conditions Table 2, entry 6): black
traces (UV-214 nm) and colored traces (MS-TIC). Repeat experiments are presented in Fig. S15A, D and E.T (C) Kinetic plot (UV-275 nm) of integral
intensities for data in (A), and (D) kinetic plot (UV-214 nm) of integral intensities for data in (B) showing both the lag time and rate of AB;_,g
hydrolysis by cross seeding.
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ABi6-24 congeners possess intrinsic autohydrolytic properties

To further elucidate the nature of the ACR, we investigated the
autohydrolytic properties of the synthesized primary autocleavage
fragment KLVFFAEDVY*G (f0) of peptide 1a (Table 1). In a series
of experiments, we reproducibly observed f0 — f4 — f6 auto-
processing (Fig. 3A), under a variety of conditions at 20 °C as well
as 37 °C (Fig. S10 and S25Bt). A half time #* of 70-76 h was
observed for the cleavage steps in the autoprocessing at 20 °C
(Fig. 3C). Furthermore, processing to f1 showed a different kinetic
behaviour than that to f4. Once the autohydrolytic complex of
fo(1a) formed a catalytic seed (tjoe = 7-11 d), f0 converted initially
to f1, followed by relay-processing to f4/f6 (Fig. 3C), suggesting
that truncated fragments contribute significantly to the autoca-
talysis. Irrespective of changes in the conditions (concentration,
pH, and T), repeat experiments showed similar half-times t"/* of
48-84 h for f0 — f1 primary cleavage (Fig. S111) and further
autoprocessing with a t* (f4) of 30-72 h after an initial ¢;,, of 100~
200 h (Fig. S107). To clarify on the intrinsic nature of autohy-
drolysis in AB;s-24 congeners, we performed ACR screening assays
using the p-amino acid analog 4 of r-peptide 3 (JABi2-55]-Gly,
vhhqklvffaedvgg) and the respective f0 fragment [AB;e,5]-Gly
(Fig. S12-S14%). Working without a co-solvent afforded autohy-
drolysis samples of f0 with 10-60% conversion toward the f2
fragment after 9-15 d at 37 °C (Fig. S131). The stability and
conditional fluctuation in aggregation states influenced the rate
of hydrolysis of 4 even in the presence of traces of f0(4) resulting
in rather slow hydrolysis that eventually provided the f4 fragment
(Fig. S14Dt) over a prolonged period. After 22 weeks, the f0
fragment showed complete conversion towards f1, f3 and f4
fragments as well as the truncated C-terminal AP, ,5 fragment
(Fig. S14A and E¥).

Cross-catalytic ACR seeding in AB; g

To discern the cross-catalytic ability of the f0 fragment, we
investigated seeding the ACR in AB;_,g with [AB;s_»4]-Y*G (f0(1a)).
We screened several stock solutions of f0(1a) (100-300 uM and pH
7.6-8.2) for subsequent ACR activation (Table S1,} stock entries
VIII & XII) upon dilution (pH 7.4-7.8). When f0(1a) was pre-
activated separately in that way (Fig. 3A and S10%), cross-
seeding into samples of AB; ,s induced the onset of autohy-
drolysis within 3-5 d at 20 °C (Fig. 3B and S15A, D and E(iii)1). The
observed half-life (/> ~ 76 h) for template-directed f0*/f0 auto-
cleavage of AB; ,g (Fig. 3D) was similar to that of several inde-
pendent repeat samples only containing f0(1a) (Fig. S10, S11B and
Ct). Repeat experiments for f0-cross-seeding catalysis showed
enhanced reaction rates ("> < 24 h) after preincubation at 37 °C
and afforded further AB,_,g autoprocessing toward fragments f9*,
f2 and f3 at 20 °C (Fig. S15A-C and S167). Negative controls with
no activated f0-cross-seeding remained intact (as shown in LC-MS
(i) and (iv) in Fig. S15D7). Independent of catalyst addition, AB; s
showed intrinsic autohydrolysis fragments AB; 4555 as well as
AB1 56 and ABig/0-26 NEXt to ABy 16 (f1%) or ABy_45/17 (f0*/f2%) (see
ESI Fig. S15E, S17B, C and Ff). Both experiments confirmed f0*/f0
(GInys—Lysqe), f1*/f1, f2*/f2 and f4*/f4 (Phe,o-Phe,,) as intrinsic
scissile bonds in assembly-driven autohydrolysis of AB;_,g (Fig. 1
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and S167), which is in agreement with observations by Rudinskiy
et al. for autoproteolysis of AB;_4,.**

Aggregation and structural behaviour of AB,, ,4 peptides in
relation to their autohydrolysis

The fluorogenic properties of 1a allowed for qualitative moni-
toring of structural changes in the aggregation process that could
associate with the onset and progression of the ACR (Fig. S18A
and E). To elucidate further on the possible relation between -
sheet self-assembly and the occurrence of autohydrolysis frag-
ments, we screened 1a, 2 and 3 under different stock solvent and
buffer conditions via Thioflavin T (ThT) aggregation assay.** To
confirm largely monomeric (unstructured) starting conditions for
a set of repeat reactions, CD (Fig. S18C and 25Dt) and dynamic
light scattering (DLS) studies were performed on diluted stock
aliquots (Fig. S197).*° Fibril formation was most prominent with 3
(Fig. S20A and Dt), but also occurred in 2 and 1a (Fig. S18B, S21A
and S22At), which is in agreement with previous reports on the
aggregation behaviour of similar AR peptides.**** Fibrillation
samples of 3 remained stable at 37 °C but showed f0-autocleavage
after prolonged incubation at 20 °C (Fig. S20Bf). Furthermore,
several independent fibrillation assays provided ThT-positive
samples that did show accelerated downstream autohydrolysis
at 20 °C upon dilution (Fig. S18D, S20E and Ff).

During screenings for autohydrolysis, we observed a pattern of
aggregation in diluted LC-MS samples at 20 °C, with the disap-
pearance of the LC-UV trace (Fig. 4A, day 2). In the subsequent LC-
MS analysis, a pronounced LC-UV signal reappeared indicating
the disaggregation, fragment release and ACR of f1 to f4 within 2-
4 days. This was consistent with spontaneous higher-order
amyloid aggregation upon dilution and subsequent reorganiza-
tion into more soluble amyloid self-assemblies may accompany
the ACR in A4 »4 congeners (Fig. S9D and Ft). We applied AFM
to study the possible morphologies of insoluble aggregates that
could relate to the loss of the UV-absorbance signal in the LC-MS
chromatogram (Fig. S231). Incubation samples of 1a showed
different sized lumps, granules and biomolecular condensate or
coacervate structures upon the disappearance of the UV-signal
(Fig. S23A-C and S247). Upon dilution, wet samples of peptide
2 (Fig. 4B and C) showed spherical-shaped oligomers (0.8 +
0.4 nm average height, Fig. 4D) and molten granules (1.06 +
0.36 nm average height, Fig. 4F) at different stages of autohy-
drolysis by AFM. The abundance and size distribution of these
aggregates changed over time and presented bundled fibrils next
to larger spherulites (2.4 + 0.7 average height) in the least reactive
sample (Fig. 4B and E), while at higher dilution (Fig. 4C) AFM of
the particles was consistent with that of flattened spherical
structures (1.65 + 0.75 nm average height and 7-18 nm wide).
This result indicated dynamic changes of globular aggregates and
spontaneous fibril formation can coexist in autohydrolytic
amyloid assembly. Furthermore, the identified f3* fragment Bz-
Pra-HQKLV (m/z = 412.23(2+)) confirmed carboxypeptidase-like
activity in the ACR from f4* to f0* (Fig. 4C).

A variety of repeat experiments with Pd and Cu as trace metals
showed no direct correlation with the onset of the ACR (e.g.
Fig. S17A-D, S20A, B, S22F and S25Ct). Furthermore, Inductively

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Aggregation behaviour and structural properties of autohydrolytic ABi4_»4 peptides. (A) Stacked LC-MS (colored traces (MS-TIC), black
traces (UV-214 nm)) of peptide 3 (stock entry XIX, Table S1}) upon 1: 4.5 dilution after 23 d (see entry 7, Table 2 and Fig. S20A and F+). (B) LC-MS
spectra of peptide 2 (for conditions see entry 8, Table 2 and S1, stock entry V) were recorded 7 days after 1: 2 dilution at 20 °C subsequent to 7
days incubation at 37 °C. (C) LC-MS of a duplicate sample at 1 : 4 dilution. (D) AFM image (black bar represents 200 nm) of a hydrolysis sample (B).
The white square inset shows 5-fold magnification. (E) AFM image after 4 additional days shows enlarged aggregates and fibrils (black bar, 200
nm). (F) AFM image (black bar, 200 nm) of the hydrolysis sample (C) shows depletion of aggregates by hydrolysis of the sample in (G) after 4
additional days (black bar, 200 nm). (H) CD spectra of fO(1a) (Table 2, entry 9) upon 13 d at 37 °C (ACR onset on day 5, see Fig. SI0D-Ff and for
repeat experiments see Fig. S25A and B+). (1) Transformation of the 1a random coil structure (Table 2, entry 10) to B-sheets over 13 d upon seeding
with fO(1a) (ACR observed after ~10 d at 37 °C, for LC-MS see Fig. S25H%). (J) CD of 1a (50 uM, 7 d at 37 °C) before (red) and after (blue dotted)
seeding with fO(1a) (20 uM). CD of 1a (green) and 1a + fO(1a) (blue) show B-sheets after 28 d at 37 °C (for cross-seeding repeat experiments see
Fig. S25D and Gt). All samples showed the same fragment fingerprint with 30-60% turn-over (Fig. S25C+).

Coupled Plasma-Mass Spectrometry (ICP-MS) analysis of selected
buffers and of autohydrolytically active samples indicated only
low concentrations of metal ions (Cr, Ni, Cu, Zn, and Pd). With
added EDTA (50220 pM), we observed fO-primary autocleavage
(Fig. S20Bt) and successive cascade hydrolysis over a prolonged
period of time (Fig. S22D7) as well as upon f0(1a) cross-seeding to
ABy-»s (Fig. S26E and Ff). These results suggest that metallated
species do not play a major role in the ACR as outlined in the ESI. T
However, the metal binding chelate ligand EDTA showed an
inhibitory effect on the ACR at 10-200 uM (Fig. S9Et). Occasion-
ally, we observed moderate autocleavage between Glu,3 and Val,4
(fragment R1-HQKLVFFAED (f7%*), Fig. 1 and S2BY), correlating
with B-sheet formation, particularly in the presence of high
concentrations of Cu(u) and EDTA, at pH 7.8-8.0 of peptide 1a, 1d
and 2 (Fig. S21 and S22A-Ct), which confirms previous reports by
others observing AB,_,3 from autohydrolysis of AB; 4o and AB;_4,
in the early aggregation phase.****

Conformational transitions accompanying autohydrolytically
active amyloid assemblies of AB,, ,, congener 1a

The autohydrolysis presented here raised the question whether
the progression of the ACR coincides with conformational
changes? Conformational transitions were investigated for 1a
during autohydrolysis at 37 °C, both with and without seeding

© 2023 The Author(s). Published by the Royal Society of Chemistry

with fo(1a). 1a showed enhanced solubility and increased
conformational dynamics as compared to the native analog
[AB1225]-G (3). CD of fo(1a) showed enrichment of B-sheet
conformation in aqueous buffer at pH 7.1-7.8 (Fig. 4H). Despite
the caveat that the unnatural side-chains may influence the CD
simulations, secondary structure analysis was performed with
the methods Dichroweb CDSSTR and Bestsel,**™*® suggesting
extended structures, dominated by PB-sheets and turns with
a transient appearance of o-helical structures during the f0 —
f1 — f2 processing. Seeding with B-sheet-rich f0(1a) on freshly
prepared or preincubated solution of disordered peptide 1a
induced a slow conformational shift toward B-sheet dominated
assemblies (Fig. 41 and J), which was accompanied by subse-
quent progression of autohydrolysis over the course of 2-4
weeks (Fig. S25C, G and HT). This result indicated the potential
of fo(1a) for structural influence on 1a by cross-seeding.
However, due to the favorable properties of 1a, the ACR was
also observed within 2-3 weeks starting from disordered 1a at
37 °C as well as 20 °C (Fig. S6A and S25D-F7). The actual ACR of
1a seemed to show no main conformational assembly prefer-
ence for catalysis by 1a and f0(1a), and catalysis rather depends
on minor populations of structured active clusters not detect-
able by CD. Thus, a structurally distinct population of peptides
is not a prerequisite for the ACR. The selectivity of the frag-
mentation reaction suggests that well-structured peptide

Chem. Sci., 2023, 14, 4986-4996 | 4991


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc06668h

Open Access Article. Published on 12 April 2023. Downloaded on 3/14/2026 1:08:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

LC-UV  (iv)12d . fé(1a fo(1a)
oo {377 0
[AU] 2.0 f1* AB

20-34
A 59 f6(1a)

(iii) 12 d AB,.
254 25°C f1*|\_f9* f4*,ABzo-3a Brao
LC-UV
. M
3 37°C
Intens.
[/r;S]"S 03 AB140
(i)12d *
25°C

6.0

2.0

20 22 24 2.6 2.8 3.0 3.2 Time[min]

View Article Online

Edge Article

Fig. 5 Cross-seeding autohydrolysis in AB;_40 and characterisation of aggregation states. (A) Stacked LC-MS (colored traces (MS-TIC), black
traces (UV-214-320 nm)) of AB1_40 (30 uM) replicates PB (10 mM) with 0.02 w% NaNz and protease inhibitor (*) at pH 7.33 after 12 d at 25 °C (i) &
(iii) and 12 d at 37 °C (ii) & (iv). Samples (i) and (iv) received additional fO(1a) cross-seeding (Table S2,T stock entry XIl and Fig. S26B(ii)T) upon initial
sample preparation. fO(la)-seeded samples (ii) and (i) showed full degradation of AB;_40 with the common ACR fragment fingerprint (fO*/f2*/f4*
and f2/f4) (Fig. S327) including a variety of truncated isoforms such as ABi2_1g (Mm/z = 859.457(1+), AB2o-33 (M/z = 689.264(2+)), AB20-34 (M/Zz =
745.899(24)) and AB»»>_34 (M/z = 636.845(2+)) (Fig. S30 and S337). High-resolution mass analysis with a list of the main fragments identified in
these mixtures are presented in Fig. S29, 30 and S34.7 (B) AFM images after drying of the wet mica surface upon exposure to the sample (iv) (black
bar, 200 nm). Right panel shows a zoomed-in image of ring-shaped oligomers. (C) AFM images after drying of the mica exposed to sample (ii)
(black bar, 200 nm). Right panel shows zoomed-in images of ring-shaped oligomers next to fibrils.

assemblies are key to the autohydrolytic process, showing the
ability to self-replicate from the precursor peptides.

Cascade autohydrolysis of AB;_40/42

To confirm that self-templating autohydrolysis at the nucleation
site is a general property of AP peptides, we performed cross-
seeding experiments with activated assemblies of the fo(1a)
fragment on AB;_4 (20-30 uM). Several repeat experiments
showed autohydrolysis with the typical ACR fragment finger-
print (fo*/fo*/f2*/f4*) and ABie_a0 (f0) — APss40 (f6) upon
seeding (Fig. 5A and S28-S34f). In addition, we observed
a variety of terminally truncated isoforms of these fragments
e.g. APBisog, APro-27, AP2o-34 and its terminally truncated
congeners (Fig. S307). However, AB; 4, also showed the ACR
with the common fragment fingerprint under various condi-
tions without active fragment cross-seeding (Fig. S27, S28A and
S297). Nonetheless, the substoichiometric addition of fo/f1/
f4(1a) (15-30 mol%) to aggregation samples of AB; 4 did
neither inhibit nor decrease its fibrillation in the ThT assay at
37 °C (Fig. S31A and Bf). However, fragment-seeded ThT-
fibrillation samples showed a notable number of autocleavage
fragments f0*/f2* already after 3 days of incubation (with peri-
odic agitation), while ThT-containing controls without seeding
remained intact (Fig. S31C-Et). This result confirmed that the
ACR and fibril formation can coexist as confirmed by AFM
imaging (Fig. S28B, C and S31F7). The hydrolysis of ACR-seeded
fibrillation samples proceeded at 20 °C over the course of 6 days
showing fragments f0/f1/f2/£3/f4 but notably AB,,,; among
other truncated AP fragment isoforms (Fig. S28 and S31C-E¥).

In parallel, we used AFM imaging to investigate the aggregate
morphologies of autohydrolytic active samples incubated
without ThT and no periodic agitation. Compared to ThT-
fibrillation samples, we observed a lower abundance of fibrils
in these samples but also a variety of spherical particles as well
as ring-segmented oligomers and annular protofibrils with
a discrete size distribution (20-80 nm in diameter) in both non-
hydrolytic and ACR-active samples (Fig. 5B and S27Dt). This
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result is consistent with previous reports on the appearance
ring-shaped oligomers and annular aggregates in AB;_4, self-
assembly.**

Preincubation at 25 °C (5-9 d) followed by incubation at 37 ©
C repeatedly provided autohydrolytic active samples of AB;_40
that showed ring-shaped structures, particles and amorphous
aggregates besides fibrils (Fig. S27D and S2871). This result
suggests that the initial conditions favoring oligomer formation
at 25 °C over fibril nucleation/elongation (37 °C)'**** do
increase the probability for inducing the ACR in AB;_4, (Fig.
S27A%). Assays with AP,_4, were more challenging due to its
increased aggregation propensity in phosphate buffer.
However, preincubation at 25 °C followed by f0-cross-seeding
and incubation at 37 °C provided notable autocleavage after
14 d at 37 °C with increased autohydrolytic activity as compared
to non-seeded replicates (Fig. S35D and S37t). Upon dilution
AB,_4, fibrils with added ThT and fo(1a)-seed solution showed
gradual f9*/f0*/f2* autocleavage after 3-4 weeks of incubation
at 25 °C (Fig. S35A-C and S367). These results confirmed that
cross-seeding catalysis can unlock autohydrolysis in complex
aggregation mixtures of full-length AB;_4,. As the peptide solu-
bility is critical for the formation of ACR active oligomers/
aggregates, the extent of fibrillation is in balance with the
ACR and may account for the differences observed between the
AB1_42, AB1-40 and AB;_,g autohydrolysis.

Discussion

We demonstrated that assemblies of truncated AP peptides,
containing the extended nucleation sequence ABi44
(HQKLVFFAEDV) possess intrinsic and specific autohydrolytic
properties. The autocleavage fragment fingerprint (Fig. 1)
recurred under a broad spectrum of conditions (Table S27). The
results show that primary C-terminal cleavage fragments f0/f1
as well as f4, derived through endoproteolytic activity in
ABy4-,4 congeners, are in turn autohydrolytically active compo-
nents within an autocatalytic reaction network that extends to
aminopeptidase-like processing along the AP nucleation site

© 2023 The Author(s). Published by the Royal Society of Chemistry
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KLVFFA. The N-terminal counterpart shows respective enzyme-
like carboxypeptidase and/or endoproteolytic processing in the
cleavage sequence f4* — f2*(f1*) — fo* — (f0*)-HQ. The
assemblies of the isolated primary autocleavage fragment AB;¢-
24 congener (f0) can transmit the ACR towards intact assemblies
of parent peptides and unlock cascade hydrolysis in AB;_pg
(Fig. 3B) as well as in AB;_4 (Fig. 5A and S28Fft). This result
indicates the self-templating nature of the ACR and its cross-
catalytic properties. Hence, the self-organization of autohy-
drolytic amyloids shows nonlinear kinetic behaviour and
mutually cooperative effects in the autocatalytic reaction
network.*” The autohydrolysis observed upon dilution of
stable peptide aggregates (Fig. 2B, C and 4A-C) involves
dynamic assembly remodeling probably caused by monomer
release, cleavage and re-incorporation forming increasingly
active assemblies within the collaborative molecular network.
Less stable aggregates leading to increased rates are formed at
lower temperature (cold denaturation).”®*°

Autohydrolysis emerged among various types of B-sheet rich
assemblies (Fig. 4H-]), which illustrates that there are a variety
of conformational states within the larger peptide clusters that
participate in cascade hydrolysis. We suspect a possible role in
this complex process of autohydrolysis of molten globules
(dynamic peptide cluster containing a pool of defined
secondary structures) formed transiently during the aggrega-
tion process - as widely observed among amyloids, including
AB16-0o peptides.®®* Structured supramolecular Af complexes
probably act as enzyme-like autocatalytic seeds being capable to
self-replicate (Fig. 6). The propensity of self-recognition in AB-
peptides, which is the root cause of fibril formation, may also
facilitate the formation of molten globules with specific
cleavage activity toward assemblies or free-floating monomers
and maybe even unrelated proteins. From this perspective, the
formation of amphiphilic fragments f0-f4 with autocatalytic
properties could be considered as transmitting compositional
and even structural information (Fig. 6).

The assembly-driven autoproteolysis of disease related
amyloids has been previously reported for a-synuclein (Parkinson's
disease)* and tau-protein (AD)* as well as AB.**** We were able to
characterise the complete patterns of autohydrolytic pathways of
AR self-processing which lead to successive cleavage of both
hydrophobic core regions ABy;,; and APzp_soe (Fig. 5A and
S29-S36F). Our results demonstrate that -catalytic activity
self-propagates through incorporation of autocleavage fragments
into larger oligomer complexes of the parent peptide (Fig. 6). This
is consistent with observations by Rudinskiy et al** Increasing
evidence shows that amyloid fibrils act as a reservoir of toxic
oligomers and increasingly over time in aging, senile plaques.*®
The pathways towards annular oligomers and A fibrils may be
evenly important in AD etiology.***” Cascade autohydrolysis may
be governed by collective adaptation between pathways and could
influence the formation and propagation of neurotoxic oligomers.
The protease-like properties of assemblies of AP peptides
described here could be an underappreciated feature of the
neurotoxicity observed around AB-plaques.® %7 It remains yet to
be defined what governs the soluble state of AB;_4, oligomers and
if their fragment compositions could promote their self-replication

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Suggested pathways via globular oligomers and protofibrils for
the autocatalytic growth mechanism of the ACR. AB self-assembly and
progression into cascade hydrolysis is indicated. The figure shows that
parent peptide monomers can assemble into either fibrils or catalyti-
cally active globular oligomers/aggregates (all displayed in green)
providing fragments: fO, f1, f2 and f4 (with f2 and f3 (not shown)
formed from f1). The results indicate a slightly more complex scenario
where two primary peptide-dependent cleavage sites yielding either
fO*/f0 or f2*/f2 combined with f4*/f4. This is followed by amino-
peptidase-like processing of fO, f2 and f4 fragments and carboxy-
peptidase-like processing of fO*, f2* and f4* fragments to end with
a mixture of fO* and f4 fragments. All fragment species seem to feed
into a grid of an autocatalytic reaction network including early fibrils.
As an illustration of a reaction prone B-sheet formation prior to
catalysis, four in-register parallel B-strands of the ABi4-24 Segment in
water were modelled (MOE®) and interacted with the scissile bond of
a fifth antiparallel strand within a water droplet.

and in particular if they impair other neuronal proteins. AB;7_4
(f1) and its homologous f0/f2 isoforms are the major constituents
in cerebellar pre-amyloid in Down syndrome”™ and could exert
neurotoxic behaviour in AD etiology through neuronal membrane
disruption.” Unlocking of templated ACR-processing may
potentially open a way to abolish these toxic AP fragment
assemblies. Furthermore, certain AB fragments could also play
a role in AP regulation, because the observed intrinsic scissile
bonds of the ACR are also specific to digestion by Ap-degrading
enzymes (e.g. neprilysin) in the brain.”

Conclusions and future outlook

Assembly-driven cascade autohydrolysis is an inherent property
of AP peptides and their truncated isoforms carrying the
nucleation sequence AB;; 4 (HQKLVFFAEDV). The general
fragmentation pattern extends to AB;_40 with congruent self-
processing in both hydrophobic regions AB;;; and ABsg_40-
The onset of autohydrolytic self-processing can be induced
through environmental changes in concentration, pH and/or
temperature and can even be seeded from active assemblies.
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An important conclusion is that there always exists a balance
between the extend of precipitation and the formation of
proteolytic AB. This could explain the release and the slow
processing observed in concentrated samples and in plaques in
vivo. The present work proposes a mechanistic model for self-
propagating autohydrolysis in AP aggregates. Assemblies of AB
autocleavage fragments may function as neurotoxins through
their proteolytic properties or membrane-disrupting pore
formation. Their environment controlled self-degradation
could also present an opportunity to intercept AB neurotox-
icity and plaque formation. Future characterization of transient,
highly dynamic aggregation states is a complex affair and will
require powerful analytical tools to identify key species that
facilitate cascade hydrolysis. Exhaustive mutation studies on
various AP congeners may elucidate critical residues in auto-
hydrolytic active-site formation. In perspective, autohydrolytic
peptide self-assembly could furthermore provide new insight
into the emerging field of systems chemistry.>"57:6%74-80
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