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Hy»XHO A npumeHATb NepCcoHUPULNPOBaHHLIN
noaxoA K N1e4eHuto ammaonao3os?
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The mechanism underlying amyloid polymorphism is
opened for Alzheimer’s disease AmyI0|d |3 peptlde
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PasHoobpa3sue amunonagHbix Gmnbpunn npu 6onesHn
o e Anbureiimepa

B nabopatopuu yxe bbln0 NOKa3aHo, YTo
noaob6Hble arperaTbl MOTYyT Pa3NMYaTbCs
mopdonormen — obnaaatb PassIMYHOM ASIMHON,
TONWMHOM N CTPOEHUEM PETNOHA, B KOTOPOM
OHW NepensieTatoTca, 0AHaKo A0 HeAaBHEro
MOMEHTA He ObII0 NOHATHO, XapPaKTEPHO NN
TaKoe pasnnyume mopdonorni ans obbi4HOM
buonornyeckomn Tkanu. Npynna
nccnepoBaTenen, paboTarowmx nog,
pykoBoactBom Mapkyca ®aHgpuxa (Marcus
Fandrich) ns YHusepcuteta Ynbma, nsyumna
3KCTPAKTbl U3 TKAHEWN }KUBOTHbIX U JIIOAEN,

I, el CTpajatoWwmx pasiMyHbimmn dopmamu
Ceudemenbcmeo )’HUK‘g /1bHO20 aMMNona03a, M NOKa3ana, YTo U B }KNBOWM
CMpPYKmMypHo20 pazHoobpasusa amusaoudHbIX TkaHn mopdonorva 6enkosbix Gubpuan
¢ubpusnn pasnunyaeTcs. PesynbTaThl UCCAEL0BAHWUA MOTYT
68 MKAHAX YesnnoeeKa U ¥XUBOMmHb»uiXx. (PucyHOK OKa3aTbCA NOJIe3HbIMU ANA pa3pa60TKy|
u3 Angew. Chem. Int. Ed., 2016, DOI: Pa3/IMYHbIX TUMOB IeYeHMA aMUI0MNA0308.

10.1002/anie.201511524)



Structural variation in amyloid- fibrils from
Alzheimer's disease clinical subtypes
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Figure 1 | Representative TEM images and 2D ssNMR spectra of brain- A30,131, L34 and M35. Contour levels increase by successive factors of
seeded AB40 fibrils. a, Images of negatively-stained fibrils derived from 1.5. Shown on the right are 1D slices at 21.0 p.p.m. and 53.5 p.p.m., with
t-AD3f, PCAlo, and r-AD1f tissue, recorded 4 h after initiation of seeded double-headed arrows indicating signals that arise from the less common
fibril growth (representative of 37 fibril samples). Single-headed arrows fibril structures. ¢, The 2D "*N-"C spectra of the same samples, with
indicate the periodic modulation of apparent fibril width in a common assignments of the predominant cross-peak signals shown in the
AB40 fibril morphology. Double-headed arrows indicate an additional 2D spectrum of t-AD3f fibrils and assignments of additional signals
morphology. b, Aliphatic regions of 2D *C-'3C spectra of the same (with asterisks) shown in the 2D spectrum of r-AD1f fibrils. Contour
samples (colour-coded as in a), with assignments of cross-peak signals to levels increase by successive factors of 1.3. Shown on the right are 1D slices
isotopically labelled residues shown in the 2D spectrum of t-AD3f fibrils. at 112.7 p.p.m. and 121.0 p.p.m., with double-headed arrows indicating

AB40 was uniformlv °N-='3C-labelled at residues F19. V24. G25. S26. sionals that arise from the less common fibril structures.



Number of articles devoted to studying of different fragments of AB

Numbers of articles
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Dovidchenko et al., J Struct Biol. 2016 Jun;194(3):404-14.
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Molecular mechanism underlying amyloid
formation is until unclear, understanding of
these processes is essential for remedying
Alzheimer's disease.
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ApB-peptide forms amyloid tibrils

AB-peptide:

* General component of amyloid deposits at Alzheimer’s disease;
* Forms polymorphic fibrils;

* Different mechanisms of amyloid formation were described.

Paravastu et al.(2008) Luhrs et al.(2005)

DETERMINATION OF AB-PEPTIDE REGIONS, INCLUDING IN THE AMYLOID

FIBRILS, IS IMPORTANT FOR STUDYING MECHANISM OF AMYLOID
FORMATION




There is no consistent model describing the molecular mechanism
of AR amyloid formation
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Schematic mechanism for dihexamer formation

Amyloid B-Protein Oligomerization and the Importance
of Tetramers and Dodecamers in the Aetiology of
Alzheimer’s Disease, Nature chemistry, Berstein et al., 2009, 1(4):326-31
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The dodecamer is the terminal species
observed in the experiment.




Docking of hexamer units into protofibrils
Lendel et al., Angew. Chem. Int. Ed. 2014, 53, 12756

“It is possible that barrel models with other stoichiometries are also consistent with our NMR data”.
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The correlation of secondary shifts in the C-terminal fragment is clear and suggests that
the backbone conformation of residues 31-42 in AB42CC (Cys21 and Cys30)
protofibrils is present already in AB42 oligomers that have not yet formed protofibrils.



Dodecamers of AB42 Seed Fibril Formation

Topographic image of AB42 cast froma 1

UM solution after 10 min of incubation _ _ _
showing the interaction between Schematic cartoon of this growth mechanism.

dodecamers and extended preprotofibrils. (Economou et al., 2016, JACS, 138(6):1772)




Strain-specific Fibril Propagation by

an AP Dodecamer
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The guestion about the size of nuclei of protofibrils formed by

different proteins and peptides is yet open and debatable
because of the absence of solid knowledge of underlying mechanisms of
amyloid formation.
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At the nucleation mechanism the formation of protofibrils begins with
thermodynamically unfavorable steps, which produces a "critical nucleus" of n*
monomers.



Kinetic scenario 1: Linear growth of fibrils from the ends
Oosawa et al., J. Polym. Sci. (1959) 37:323
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Kinetic scenarios 2, 3, 4: Exponential growth of fibrils

leads to a large relative duration L | of the lag-period
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“Secondary (heterogeneous) nucleation”:

Dovidchenko et al.,

2014, J. Phys. Chem. B 118, 1189-1197



The obtained analytical solution allows us to determine the size of the primary

and secondary nuclei from the experimentally obtained concentration
dependences of the time of growth and the ratio of the lag time duration to the

time of growth of amyloid protofibrils.
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Concentration of aggregates
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Meisl et al., 2014, Proc Natl Acad Sci U S A 111(26): 9384

Cohen et al., 2013, Proc Natl Acad Sci U S A 110(24): 9758
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Formation of oligomer structures through the nucleus formation
(#) for (a) AB40 and (b) Ap42

d
AB40, n1=2 54‘% -

AB42, n1=3

Dovidchenko et al., J Struct Biol. 2016 Jun;194(3):404-14.



Formation of oligomer structures through the nucleus
formation (#) for (A) AB40 and (B) Ap42

R

 ———

f‘@

n
n

3.
8

— \
-
lf—

62 ¢ "o B
AB40,n1=2\% ?W\E:} 4
A[342,,n1=% ? % ‘_! :%

Dovidchenko et al., J Struct Biol. 2016 Jun;194(3):404-14.




A. Einstein: "Only the theory decides what we will manage to
watch!”




Our model suggests that the generation of fibrils takes place
along the following simplified pathway: a monomer — a ring-like oligomer - a
mature fibril consisting of ring-like oligomers

m“mgmﬁ Ring-like structures have a
' B — . diameter

nmsﬂ.!ﬁh of about 8-9 nm, an oligomer

| e - height of about 2-4 nm, and an
MRHHE internal diameter of the ring of

b e ' about 3 nm.
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Selivanova et al., J. of Alzheimer's disease, 2016, 54, 821-830



Our model suggests that the generation of fibrils takes place
along the following simplified pathway: a monomer - a ring oligomer - a
mature fibril consisting of ring oligomers
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AMYLOID, IIl. A PROTEIN RELATED TO THE SUBUNIT STRUCTURE ~ PNAS, 1966, 00141-0082
OF HUMAN AMYLOID FIBRILS* BY EARL P. BENDITTt AND NILS ERIKSEN

o




Glenner, et al., J. Histochem. and Cytochem. ,1968, 16, 633—-644.

A negative
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DETERMINATION OF REGIONS INVOLVED IN AMYLOID FIBRIL
FORMATION FOR A340 and A42 PEPTIDES

-----------------------------------------------------------------------------------------------------
000000

I -Mature fibrils were { _The dissociation of

 obtained at pH 7.5, : -Proteolysis (treated W|ih a  formic acid
' 37°C. 24 hours : : mixture of proteases :
: ’ : : -pelleting
: (trypsin, chymotrypsin, and
: proteinase K) :
"‘ A HPLC-
:,\_ — analysis
Peptide
: e . involved in
AB peptide Amyloid fibril Spine of spine of Orbitrap Elite mass
fibril . spectrometer, Thermo
e_lm_yIOId Scientific, Germany
fibrils

Amyloidogenic peptides were separated using the liquid chromatography / tandem
MS technique, and identified by PEAKS Studio 7.5 program. This program makes it
possible not only to identify peptides but also to estimate their relative
concentration in the probe.



Peptides detected after proteases treatment of amyloid
fibrils formed by AB40 and AB42

A "
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DAEFRHDSGY EVHHQKLVEF AEDVGSNKGA IIGI.:NGG?V IA

The obtained data showed that protease-
resistant regions were the ones from 16 to
20 and from 26 to 40 amino acid residues in
AB40 peptide molecule, whereas a more
complicated distribution of protected
regions of the chain is observed for AB42.

In some molecules, the region from 26 to 42
amino acid residues is protected, but in other
molecules only several N-terminal amino acid
residues are excised, and the remaining part is
inaccessible to proteases. These data agree
with the EM data showing that the diameter of
the recombinant AB42 fibrils varies much
greater (8-35 nm) as compared to that of AB40
(8-9 nm).

Surin et al., Biochemistry (Moscow), 2016; Selivanova et al., J. Alzheimer Dis., 2016, 54



A. Einstein: "Only the theory decides what we will manage to
watch!”




CHARACTERISTICS OF CROSS-BETA STRUCTURE

Scheme of cross-B structure, usobpasxatowas  Diffraction picture or amyioid fibrils,
YNaKoBKY NapanfienibHbiX B-Taxken [Serpell, 2014].
nepneHaMKyNApHO ocu Gubpunbl

[MONYYEHHBIE HAMMW OAHHBIE A8 AB-NENTUAA:

Characteristi

Fibril morpholog reflections

These aggregates are amyloid fibrils



Comparison of X-ray diffraction patterns of amyloid fibrils of
synthetic (Sigma) preparations AB40 and AP42 (concentrated from
0.05 M Tris-HCl, pH 7.5) and the preparation of 0.5 M Tris-HCI (pH
7.5).

0.5 M Tris-HCI (pH 7.5),
absent only reflectiglns
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A three dimensional model of amyloid fibrils for AB40
and AB42 peptides

The meridional reflection at
53 A indicates a periodic
structure along the H-bonding
direction. Models that could
o ccount for the low-angle
meridional reflections in AP
peptides 9-28 and 1-40 are (a)
periodic arrangement of
sgliscrete objects along the
*fibril axis, (b) staggered
arrangement of subfibrils, and
(c) twisting of the fibril

We have tubular cylinders which are stacked (Inouye et al., Biophys.J.

with a 53 A period, which corresponds to our 1993). Case (a) supports our
model distance. model both for AB40 and for

the short peptide of 10
Selivanova et al., J. of Alzheimer's disease, 2016, 54, 821-830 residues long.

PDB entry 2M4J was used for modeling. Arg5-Glu22 inter- and Asp23-Lys28 intra-peptide salt
bridges present in the dodecamer structure, which is the building block of fibrils. Oligomers
overlap in the same row and between the rows.



Malinchik et al., Biophys.J. 1998, 74, 537-545
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Modeling of the equatorial x-ray diffraction
data from AB(1-40). (A) Experimental and
calculated equatorial intensities for single

(A, inset) and multiple (B) tubular
protofilaments. For the latter, the
protofilaments were arranged on the
circumference of a circle whose radius was
consistent with the first interference peak at
49.2 A (see text for details). To reveal the low-
angle region at ~0.02 A-1, densitometer traces
of the first and second films were scaled and
combined. The background was subtracted as
described in Materials and Methods. Points
(e), Experimental data; — —, three
protofilaments; — — —, four protofilaments; — -
—, five protofilaments.

The separation of the objects is within the
range 55-57A. This is smaller than the 70A

When calculated with r1 14.3 Aand r2 5.3 A, fiber size observed by electron miscroscopy.
this model gives three broad equatorial reflections at spacings

of 22, 13, and 8.9 A, as shown in Fig. 6.



Taking into account such molecular mechanism of AB40 and AB42
amyloid formation it is easier to explain such process as:

ARSI R m@%ﬁ 1) different polymorphism
"‘iﬂ‘-‘ (different laboratories are studying

nlmg%’ “_ . &m different polymorphs),
2) affinity of specific antibodies to

Mnﬁ&@?ﬂﬁ% protofibrils and oligomers,

» . 3) discrepancies between H/D

exchange and solid state NMR,

A Sﬁ me 4) small fluorescence intensity of

e thioflavin T,

5) fragmentation, spontaneous fibril breaking and rejoining,
6) dodecamer is the terminal species observed in the lon
Mobility-MS experiments , and

7) the presence of water in the holes of ring-like oligomers .



Mechanism of fatty acid-derived oligomers (LFAO )Propagation

replication phase
(amplification)

12mers
(REPLICONS)

(Kumaretal,") (Deanetal,)

Scientific Reports | 7:40787 | DOI: 10.1038/srep40787



Schematic representation of the possible mechanism of fibril
formation by the fragments of AP peptide

1, 2 — AB(31-40) (ribbons and bundles, respectively)

4 — AB(16-25) (thin films)
3 — AB(33-42) (rough bundles with

different diameters)




Formation of fibrils of insulin molecules occurs via and by
means of oligomer ring structures:
monomer - reorganized hexamer - fibrils - cluster of
amyloid fibrils

Selivanova et al., Curr Protein Pept Sci. 2017, 18, 57-64.



Conclusion

T 1) The combination of our
m“mgmﬁ theoretical and experimental results
' — . allowed us to propose a new model
nmsﬂ-!mh of structural organization of an
s - amyloid fibril. Our model suggests
AP R ‘!u*l' .&@# ty that the generation of fibrils takes
L T " place along the following simplified
. Iy S o ™ N - I
apizs pgthway. a monomer. "’f ring o
=3 ~oligomer - a mature fibril consisting

ime  Of ring oligomers.

2) We have demonstrated that oligomers act as a growing unit
for the fibril formation (AB, insulin, fragments of Bgl2p and AB)
and nanofilm formation (fragment AB(16-25)).



Hy»XHO i NnpumeHATb
nepcoHnnUUpPOBaAHHDbIN NOAX0A K IcHEHUIO
aMMUNouU[0308B?

* B swuTepatype BCTpeYaeTcA MHeHMe, 4YTo npu pa3paboTke
TepaneBTUYECKUX CPeacTB  MNPOTUMB  aMMAOMA030B  caedyeT
NMPMMEHATb NEPCOHUPUUNPOBAHHBIN NOAXOA, MOCKOIbKY MOKA3aHo,
4yto PMbpunnNApHble 00pPa3oBaHMA Yy pPasHbIX MNALUMEHTOB MOTYT
MOpPPONOTrNYECKN pa3nnyaTbca. B 3Ton cBA3K OOHapyKeHMe Hamum
eanHoro ana scex ¢ubpunn cnocoba popmmpoBaHmna pmbpunn ums
O/IMTOMEPHbIX  CTPYKTYP Morno 6bl  obneryntb  co3gaHue
npenapaToB obuwero aencremsa. OgHaKo, Ha Haw B3rnA4, OCHOBHOE
BHMMaAHME A0/IKHO ObITb YyAeneHo He NoIMMepPHbIM 0O6pa3oBaHMAM
6enkos/nentnaos B Buae Gubpuan M Aaxe He OJIMTOMEPHbIM
arperatam, a QPU3MONOTUYECKMM, TEHETUYECKUM U  ApYrm
NPUYNHAM, NMPUBOAALLMM K AecTabuamsaumm HaATUBHbIX MOJIEKYN
6enkos/nenTMAoOB UM 3anycKalowum npouecc ¢GopmMMPOBaHUA
dubpunn.
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Kinetic scenario 3: Exponential growth:
Fibril ends multiplication by branching

leads to a large relative duration L. of the lag-period

seeded growth from the ends +bifurcation
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