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Numerous Alpha-synuclein amyloid structures avail-
able in PDB enable their comparative analysis. They are
all characterized by a flat structure of each individual
chain with an extensive network of inter-chain hydrogen
bonds. The identification of such amyloid fibril structures
requires determining the special conditions imposed on
the torsion angles. Such conditions have already been
formulated by the Authors resulting in the model of ide-
alised amyloid. Here, we investigate the fit of this model
in the group of A-Syn amyloid fibrils. We identify and
describe the characteristic supersecondary structures
in amyloids. Generally, the amyloid transformation is
suggested to be the 3D to 2D transformation engaging
mostly the loops linking Beta-structural fragments. The
loop structure introducing the 3D organisation of Beta-
sheet change to flat form (2D) introduces the mutual
reorientation of Beta-strands enabling the large-scale
H-bonds generation with the water molecules. Based on
the model of idealised amyloid we postulate the hypoth-
esis for amyloid fibril formation based on the shaking,
an experimental procedure producing the amyloids.
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INTRODUCTION

Alpha-synuclein (A-Syn) is a protein whose biological
role and structural changes, despite advanced research,
remain to be identified (Burté ez a/, 2018). The mutations
in A-Syn are considered as risk conditions (Ottolini ef al.,
2017; Ghosh ez al., 2016). A large spectrum of forms of
A-Syn in the context of health and disease is discussed
in the paper of Lashuel and others (Lashuel e @/, 2013).
Post-translational modifications identified in neurode-
generation in patients with Parkinson’s disease concern

the aggregation propensity of A-Syn (Beyer 2006). A sig-
nificant contribution of chaperones in the process of A-
Syn amyloid transformation is presented in the paper of
Burmann (Burmann e# a/, 2020). Thete is also a certain
degree of synergy between amyloid proteins, including
A-Syn and Tau, especially concerning land others iquid-
liquid phase separation (Guiney ef al, 2020; McDowall
et al., 2016). Difficulties in designing therapy arise from
the complexity of the amyloid formation mechanism
(Dehay et al, 2015; Sivanesam & Andersen 2016). De-
spite the failure to recognize the amyloid transformation
mechanism, analyses of the relationship between struc-
ture, function and toxicity are being conducted, focusing
on the pathogenesis mechanisms of the synucleopathies
phenomenon (Villar-Piqué ef al., 2016).

The transformation of A-Syn (described as a ‘native-
ly unfolded” monomer adopting an o«-helical secondary
structute only under the condition of binding to the li-
pid vesicles) into a highly B-structural one in the amy-
loid fibril is studied using many experimental techniques:
ultracentrifugation, 7 vitro cell-crosslinking and scanning
transmission electron microscopy (Bartels e al, 2011).
Adopting multivariate conformations identified under
diverse conditions, including complexing to nanoscale
surfaces, is treated as a potential way of targeting con-
formational plasticity (D’Onofrio e al, 2020). The A-Syn
affinity to the membrane and its ease of interaction is
considered a stimulus for therapy design (Bozelli e/ al,
2020; Kachappilly ez al, 2022). The concept of amyloid
transformation proposed for prion proteins is also being
considered (Lassen e¢7 al., 2016.

Concentration-dependent transformation conditions al-
low the identification of the minimum concentration for
fibril production (Afitska ef al, 2019). This observation is
broadened by research on the impact of various types of
interphases on the reaction process, including air-water
and hydrophobic surface-water interphases (Ben-Amotz
2022; Schutzius ef al, 2015; Yi-Jie & Qu 2014; Eremin &
Fokin 2021; Kaplaneris et al, 2022; Ishiyama e al., 2022;
Gupta et al, 2022; Cannalire et al, 2022). The possibility
of transformation into an amyloid form — thus rich in
B-structure — as well as proteins with a high helical struc-
ture presence, is surprising in the first stages of these
studies (Jayawardena e¢# al, 2017). Another example here
may be A-Syn, which in 2/3 of the chain length in the
WT form exhibits a helical structure, with the remain-
der being a loose section with random coil configuration
(Ulmer et al, 2005; Tuttle ez al, 2016). Considering the
breadth of literature on experimental studies, the avail-
ability of an increasing number of amyloid structures in
PDB resources makes it possible to analyse the structure
of amyloid fibrils as such (Goedert ef al, 2017; Eisen-
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Table 1. Summary of the amyloids A structures discussed in this
paper (as available July 20, 2022).

The middle column shows the sections of the A-Syn chain present
in a given structure. In the case of superfibrils, the chain identifier
is provided, thus indicating the protofibril included in the analysis.
*In the case of 2NOA, only the fragment showing the fibrillar form
is included.

PDB ID Fragment Ref.

7LC9 - F 61-98 (Xiaodan et al., PDB)

6UFR 36-98 (Boyer et al., 2020)]

6A6B -C 37-99 (Li et al, 2018)

60S)J 37-97 (Ni et al,, 2019)

7NCG 37-97 (Loévestam et al., 2021)

6H6B 38-95 (Guerrero-Ferreira et al., 2018)
6FLT 38-95 (Guerrero-Ferreira et al., 2018)
6PEO 36-99 (Boyer et al., 2020)

6PES 36-99 (Boyer et al., 2020)

7NCH 14-25, 36-91 (Ni et al,, 2019)

7NCJ 14-25, 36-91 (Ni et al,, 2019)

7NCI 14-25, 36-91 (Ni et al,, 2019)

6XYO 14-94 (Schweighauser et al., 2020)
655X 14-25, 36-91 (Guerrero-Ferreira et al.,, 2019)
7NCJ 37-97 (Ni et al,, 2019)

7NCK 36-99 (Ni et al,, 2019)

6XYQ 14-94 (Schweighauser et al., 2020)
6L1U 1-100 (Zhao et al., 2020)

7NCA 37-97 (Ni et al,, 2019)

7LC9-A 46-96 (Xiaodan et al., PDB)

6L4S 45-99 (Zhao et al., 2020)

6LRQ 37-99 (Sun et al., 2020)

6CU7 38-97 (Li etal, 2018)

7L7H 36-79 (Hojjatian et al., 2021)

6SST 14-25, 36-96 (Guerrero-Ferreira et al., 2019)
60SL 39-97 (Li etal, 2018)

6L1T 1-100 (Zhao et al., 2020)

6XYP 14-94 (Schweighauser 77?

60SM 37-96 (Li et al., 2018)

6RTB 222_33355 6 (Guerrero-Ferreira et al., 2019)
7EOF 50-98 (Sun et al., 2020)

6CU8 43-83 (Li et al, 2018)

6RTO 14-25, 36-97 (Guerrero-Ferreira 2019)
7C1D 46-96 (Sun et al,, 2020

2NOA* 30-100 (Tuttle et al,, 2016)

berg & Sawaya 2017; Wei ¢f al,, 2020). Experiments con-
ducted in different environmental conditions indicate a
significant impact on the environment, and therefore, the
impact of external conditions (Ben-Amotz 2022; Sawaya
et al., 2021; Serpell 2000; Rana ez al, 2008; Lambley e/ al,
2020).

Identification of amyloid fibril structures as consist-
ing of chains with a planar structure requires determin-
ing the conditions that should be met in order to obtain

just such a form, additionally involving almost all C=0O
and H-N peptide bond groups in the construction of
the hydrogen bond network. Such conditions have al-
ready been defined when constructing a model of ide-
alised amyloid (Roterman e/ a/, 2022). The main aim
of the present study is to investigate the fulfillment of
the conditions formulated for idealised amyloid in the
group of A-Syn amyloid fibrils. We also describe the
specificity of the secondary structures in amyloids. The
primary specificity of amyloid structures is the flatness
(2D) of single-chain structures comprising fibrils with
a high presence of the B-structure. The combination of
several flat-structured chains in the 3-form in a parallel
chain arrangement makes it possible to engage almost all
-N-H and -C=0 groups of peptide bonds in the con-
struction of inter-chain hydrogen bonds. Thus, it is pos-
sible that each amino acid — in the 77 chain — through
these groups participates in the construction of two hy-
drogen bonds (-N-H atoms engaged in the /-7-th chain
and -C=0O group with 7+7-th chain). It significantly sta-
bilizes the fibril structure, which is observed in experi-
ments. Such engagement is exhibited by amino acids in
the helix structure — with H-bonds oriented parallelly
and B-structure — with H-bonds oriented antiparallelly.
However, globular proteins contain chain fragments in
which H-bonds are not generated — like loops and twists
in hair-pin structures (Roterman e al, 2022; Roterman
1995). Additionally, the helical form introduces the struc-
ture’s spatiality (3D), while in theory, the B-structure has
the potential of unlimited propagation in a linear form
and, in the case of B-sheet, in 2D form as a flat plate.
The B-sheet structute — can be generated by different
sections of the same chain with different amino acid se-
quences, while in the amyloid, the B-sheet is formed as a
result of a combination of sections of the same sequence
originating from many adjacent chains in parallel mutual
orientations.

It is shown in this paper that the flat structure of the
chain can be reached for B-structural fragments repre-
senting special Phi, Psi angles with bends introduced by
single R- or L-helical conformation. The identification of
such an organisation in polymorphic forms of A-Syn is
shown (Peng et al, 2018). Two reference non-amyloid
proteins: all-helical and all-8-structural — are also present
in the analysis to verify the proposed model.

The role of a-sheet in amyloid construction in com-
parison to Beta-structural-based amyloids is also dis-
cussed (Prosswimmer & Daggett, 2022; Lee ¢/ al., 2002;
Trexler & Rhoades E. 2012; Balupuri et al. 2019, Milner-
White ez al, 2006, Hayward & Milner-White 2021). The
hypothesis of the external force field of 2D form influ-
ence of flat structure construction is presented with the
main role of loops linking Beta-structural fragments of
chains in native structures of proteins is presented.

Moreover, based on the already proposed model of
idealised amyloid we postulate the hypothesis for amy-
loid fibril formation.

MATERIALS AND METHODS

Data

The structures of A-Syn amyloids (as available in PDB
July 2022) analysed in this paper are provided in Table 1.
Two reference proteins are present in the analysis: the
GPCR bovine rhodopsin (PDB ID 1GZM — (Li ez al,
2004)) mainly Alpha Up-down bundle (CATH classifica-
tion 1.20.1070.10) representing the structure dominated
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by helical form and a FeS cluster assembly protein SufD
from Escherichia coli (PDB ID 27U0 (Wada et al, 2009))
The structure of the second protein is characterised by
the presence of large domain build by almost all Beta-
structural form.

The torsion angle-based relationship characterizing the
amyloid structures

The specificity of amyloid structures is, apart from a
high presence of 8 structure, the flatness of every sin-
gle chain, a component of the fibrils. The planarity of a
polypeptide chain (i.e. its linear propagation) is provided
by the rectilinear B-segments (satisfying the Psi=—Phi
condition) together with single R-a or L-a helical con-
formations which introduce a local bend while maintain-
ing a flat structure. Those single helical conformations
are characterized by the Psi=Phi condition. This is why
those two characteristics can be put in the common ex-
pression |Psi|=|Phi| constituting the basis of the mod-
el of idealised amyloid (described in detail in (Roterman
et al., 2022).

Quantification of the fit of the idealised amyloid model

The |Psi|=|Phi| relationship of idealised amyloid is
assumed here as the hypothetical criterion for amyloid
structure identification. The closer to this relationship is
the distribution of (Phi, Psi) angles, the more probable
the construction of a flat structure.

To enable the assessment of the degree of fit of the
idealised amyloid model, the operation of replacing the
Phi and Psi values with |Phi| and |Psi| respectively is
performed. This leads to a situation where all three lines
are in a common position (see the illustration in Figure
3 based on the amyloidogenic fragment (30-100) of the
2NOA).

The degree of fit of chain’s (Phi, Psi) angles to the
model of idealised amyloid is measured by a Pearson
correlation coefficient:

3% - F v, -7
C = i=1

D NCEE M) NOEE,

where x; stands for |Phi| and y, stands for |Psz|.

The correlation coefficient CC for the (|Phi|,|Psi|)
angles of residues in an analysed chain was calculated in
the following cases:

For all residues in an analysed chain (coefficient
marked as CC-0).

For the residues after elimination of outstanding
points: i.e. by eliminating them until a value of 0.8 is
reached (coefficient marked as CC-F).

For the residues participating in B-strands and satisfy-
ing the condition |Psi|=|Phi| with a tolerance of = 10
deg distance from |Psi|=|Phi| line (coefficient marked
as CC-B). Residues with a high CC-F coefficient value
are identified as responsible for the stabilization based
on a hydrogen bond network.

The described type of analysis will be used to identify
the amyloid form providing the maximum proportion
of residues with a conformation satisfying the condition
| Psi|=|Phi]|.

The polypeptide’s geometry-based model

This model has already been described on many occa-
sions (see for example Roterman 1995). Here, only the
basic assumptions facilitating an interpretation of the dis-
cussed results will be recalled. The main idea is to rep-

resent the structure of the polypeptide chain using two
geometrical parameters. One of them is the curvature
radius R which is low and well-defined for the helical
structures and very large (theoretically infinitely large) for
the B-structures (straight line for certain Phi, Psi angles).
The value of the curvature radius is the result of the mu-
tual orientation of two neighbour peptide bond planes
expressed by the angle between two peptide bond planes
versus the axis defined by virtual Ca-Ca bonds. This an-
gle — called the V-angle — is close to zero (parallel mutu-
al orientation) for helical forms and close to 180 deg for
the B-structure (anti-parallel mutual orientation) (Fig. 1).
There is one special B-structure with a V-angle=180 deg
which produces an ideal straight line (Fig. 1B).

Figure 1. The hydrogen bond system (marked with red arrows):
A - parallel in helical form, B - antiparallel in B-structural forms.
The arrows just simply visualise the mutual orientations of hydro-
gen bonds.

Programs used

To visualise the 3D structures of discussed proteins
the progtam VMD was used (https://www.ks.uiuc.edu/
Research/vmd/accessed July 2022; Humphtey e al,
1996).

RESULTS

General characteristics of secondary structures in
amyloids

In this section, the general characterization of amyloid
secondary structures based on the proposed earlier mod-
el of idealised amyloid will be presented,

The basic feature of amyloids is the flatness of the
structure of single chains that make up the fibril. The
planar amyloid structure of each polypeptide chain in
a fibril is stabilized by a specific system of hydrogen
bonds. In the B-structure with the Psi=—Phi conforma-
tion (corresponding to the idealised amyloid), each ami-
no acid participates in the construction of two hydro-
gen bonds with the adjacent chains. The arrangement of
the chains is parallel, which causes residues from corre-
sponding positions from adjacent chains to interact with
each other. Such a structure ensures the maximum use
of hydrogen bonds, thus providing much stability. Rec-
tilinear chain segments are terminated by single residues
with R- or L-helical conformation. A single residue with
such a helical conformation does not disturb the planar
structure, changing only the turn by introducing a bend
(Fig. 2B). The presence of two residues with such a con-
formation introduces a three-dimensional arrangement
disturbing the planarity (Roterman e al., 2022).

Introducing such a single residue with helical con-
formation results in a change of hydrogen bond order-
ing. In contrast to a helical structure (which represents
a parallel hydrogen bond system — see Fig. 1A), in the
ideal B-structure, the arrangement of hydrogen bonds is
antiparallel (Fig. 1B). A single residue with the R- or L-
helical conformation introduces a local perturbation to
this arrangement changing it to a parallel one.
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Figure 2. The B-structure propagation:

A - a hair-pin system, B - amyloid. The bend in the form of a hair-
pin engages four residues with N-H and O=C groups - H-bonds
system locally absent and introduces spaciousness. The one heli-
cal residue in the B-structural chain introduces a bend maintain-
ing the flat structure of the chain and additionally continuing the
system of H-bonds. The fragment presented in B is the fragment
36-53 of the A-Syn chain in amyloid form (PDB ID 2NOA)

2NOA 30-100
180 180

2NOA 30-100

IPsi|

Figure 3. Ramachandran map with the superimposed (Phi, Psi)
angles from the A-Syn amyloid (A) and after transformation
based on the absolute value of torsion angles (B).

The points representing the residue conformations in the fibrillar
sections are marked in navy blue. (30-100 aa).

w

Figure 4. Section 36-53 of the A-Syn chain present in amyloid
form (PDB ID 2NOA) in two perspectives.

Residues marked as red - single helical conformations introducing
the bend in chain propagation.

The planarity of a polypeptide chain (i.e. its linear
propagation) is provided by the rectilinear [3-segments
(satisfying approximately the Psi=—Phi condition) togeth-
er with single helical conformations meeting the Psi=Phi
condition (Fig. 4).

In contrast to the above-described structure present
in amyloids, changing the turn by means of hair-pins
(Fig. 2A) engages more than one residue (most fre-
quently 4 residues) and introduces spatiality. Moreover,
the mutual orientation of residues in the hair-pins does
not allow the formation of a hydrogen bond system in
such bends.

It must be emphasized that the beta-sheet super-
secondary structure in amyloids is different from the
known, classical structure in other proteins. The classi-
cal beta-sheet structures are characterized by a system of
hydrogen bonds binding fragments of the same chain.
This allows the presence of loops, including the beta-
turn (hair-pin) type, which just introduce spatiality. Beta-
strand fragments in amyloids remain in one plane due to

Figure 5. The profiles of Phi (red) and Psi (navy) angles for the
complete chain of A-Syn (1-140 aa) (Tuttle et al,, 2016).

Grey lines — mark the B conformation fulfilling the Psi=-Phi rela-
tion. Vertical lines denote positions of amino acids: red - with L-a
conformation, cyan - with R-a conformation. The purpose of this
picture is to visualise the differences between 30-100 aa — amy-
loid fragment to N- and C-terminal fragments, where the Phi, Psi
angles relation is significantly different with respect to 30-100 aa

fragment.
BC‘%{%M

Figure 6. A-Syn structure in the amyloid form (2NOA):

A - the structure of a complete fibril (chain A marked in red); B -
two chains with distinguished residues representing the R-a (cyan)
and L-a (red) conformation according to the identification provid-
ed in Fig. 5.

A B
) 6UFR
- il & .
90
45
el
c D

Figure 7. The plot of |Phi| versus |Psi| and 3D representation of
the discussed amyloids.

The eliminated residues (by CC-F calculations) are marked in red
on both the plots and 3D presentation. The points marked in blue
— are the positions for residues satisfying the condition |Psi|=|Phi|
for B-structural forms. For 6UFR the residues representing the
highly ordered B-structural fragments are in space-filling represen-
tation (blue).
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Table 2. Summary of CC-0 and CC-F values for the set of A-Syn amyloid forms analysed in this paper.
Residue d numbers eliminated in CC-F calculation are given. The CC-f values are given to express the high fulfillment of |Phi| = |Psi| rela-
tion. The % of residues in B-structural form for which the CC-$ was calculated is given.

PDB ID CC-0 Residues Eliminated CC-F % F (et) % B
7LCO-F 0815 62,84 0.851 94 0.922 263
6UFR 0.722 69, 74, 85, 87 0.889 93 0.935 69.84
6A6B -C 0.687 74 0.714 98 0.964 158
605 0.636 44,50, 62, 63 0.799 93 0.952 283
INCG 0.580 59, 69, 84, 87, 93, 94 0.908 90 0.920 635
6H6B 0577 44, 47,58, 61, 66, 67, 75, 83, 87, 88 0.696 82 0.920 224
6FLT 0.564 39, 42, 73, 74, 84, 86 0.777 89 0.909 24
6PEO 0.559 42,60, 61, 68, 72, 73, 85, 86, 87, 97, 98 0.946 82 0.723 635
6PES 0.556 42,72,73, 85,87, 97, 98 0.906 89 0.785 593
7NCH 0.546 24, 25, 36, 37, 48, 57, 68, 83, 84 0.770 86 0.948 353
INCIG 0.544 24, 42, 47, 48, 57, 61, 62, 68, 79, 83, 84 0.849 83 0.908 47.0
7NCl 0.507 gg: oy 2037,42,48,57, 61, 62,68, 78,79, g4 79 0916 382
"""""" 0.500 35,73, 83, 85 0.642 95 0.790 284
0.464 59, 60, 67 72, 73, 83, 84 0.726 90 0.928 287
0.451 58, 59, 68, 69, 85, 87, 90, 91 0.882 86 0.829 442
0.438 43,58, 68, 72, 74, 85, 87, 97, 98 0.857 86 0.850 453
0436 35,37, 42, 73, 83, 88 0.610 92 0.862 259
0435 9,10, 24, 47, 60, 83, 99 0616 93 0.954 20.0
0.400 51,52, 58, 59, 68, 69, 85, 87, 90, 91 0.909 83 0.885 55.7
0.394 50, 51, 66, 67, 76 0.730 88 0.0.962 333
0.390 50, 53, 54, 67, 72, 74, 80, 84, 90 0.679 83 0.902 309
0372 38, 41, 46, 58, 68, 72, 85, 87, 97, 98 0.790 84 0.909 254
0.367 39, 40, 67, 68, 69, 83, 84,86, 90 0.665 85 0916 266
0.363 40, 44, 76 0.501 93 0.954 13
0.357 59, 60, 67, 72, 73, 83, 84 0.715 90 0.910 287
0.334 43,50, 60, 65, 66, 84, 85, 93, 94, 95 0.697 83 0.944 27.1
0.327 3,22,29, 30 0.606 9% 0.945 130
0310 15, 35, 37, 43, 53, 73, 74, 83, 86, 0612 88 0.937 160
0276 38,42, 50, 51, 52, 77, 84, 89, 94 0.626 85 0.937 200
0.220 13, 36, 52, 55, 67, 68, 69, 74, 86, 87, 88 0613 84 0.911 2238
0.202 52, 65, 72, 74, 79, 80, 84 0.507 85 0.894 244
0.200 44,50, 65, 67, 68 0.540 87 0.812 263
0.163 43,67,72, 73, 83, 84, 91 0.691 90 0.888 273
0.152 50, 60, 67, 72, 73, 76, 77, 83, 85, 87 0.480 80 - 19
(23%?{*00) 0.528 32,33, 34, 36, 57, 58, 59, 80, 85, 86,87, 98 0.899 83 0.847 450

a turn introduced by a single R- or L-helical conforma-
tions as shown in Fig. 4. Such a radical turn allows the
chain to propagate in one plane.

Figure 4 visualises the real conformation present in
36-53 fragment of A-Syn which appears to be almost
ideally accordant with the proposed model of idealised
amyloid. Linear propagation of B-structural fragments
with single residues representing helical conformation
results in a flat form with well-defined bends. The oti-
entation of hydrogen bonds in $-fragments is antiparallel
with local, parallel orientation in single helical residues.

Analysis of the fit of the idealised amyloid model 2NOA
protein

In this section, the procedure of fitting the idealised
amyloid model will be presented based on the reference
A-Syn amyloid structure (2NOA — section 36-53). In
Fig. 4, the fragments of the chain (marked as navy blue)
show a rectilinear system obtained using the Phi and Psi
torsion angles satisfying the relation Psi=—Phi. The resi-
dues marked in red have an a-helix conformation result-
ing in a turn of the chain while maintaining its flatness.
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7LC9-F

Figure 8. Presentation of the 7LC9-F amyloid with the highest
CC-0 value (and the lowest number of outstanding residues).

A - distribution of points representing |Phi| and |Psi|. Only two
residues are considered outstanding (red points). Their location in
the chain is highlighted in red (space-filling) on the 3D represen-
tation (B).

180
Ipsi|
. gt

135 S
.

90 o

45

7C1D
180

Ipsil

135

90

45

0 IpHIl

Figure 9. Examples with low CC values:

A - CC-0 - all points; CC-F blue points; The circled dot is the only
point satisfying the |Psi|=|Phi|. C - red points eliminated for CC-F
calculation, gray points — CC-F calculation, blue points - CC-f cal-
culation. B, D - 3D presentation of 6CU8 and 7C1D respectively
with red residues - residues eliminated for CC-F calculation

The torsion angle profiles of the mentioned fragment
are shown in Fig. 5. The fulfillment of relations Psi=—
Phi is visible for the amyloid part (positions 30-100 aa),
which is marked in gray. Within the clearly ordered and
constant values of the Phi and Psi angles for the 3 form,
single positions with the Phi and Psi angles correspond-
ing to the R (cyan) and L (red) helical conformations are
visible. The visualization of structures In this analysis is
shown in Fig. 6.

Analysis of the structure of A-Syn amyloid forms

Table 2 provides the CC-0 and CC-F wvalues of the
chain as described in the Materials and Methods section.
The values of CC-$ express the status of residues satis-
fying the condition |Psi|=|Phi| in relation solely to the
B-structural form. The % of residues satisfying the con-
dition for CC-§ is also given to characterise the degree

Table 3. Characteristics of the reference proteins

of the presence of such restrictive structure in a particu-
lar protein.

Figure 9 shows examples with high values of CC-0
and CC-F arising from the location of the Phi and Psi
angles in accordance with the Psi=-Phi relationship. In
a 3D visualization, these sections are represented by a
rectilinear arrangement. The highlighted residues — red
points — on the plots of |Phi| and |Psi| angles are resi-
dues treated as outstanding, the elimination of which re-
sults in a CC-F value > 0.8 (Table 2).

In the amyloid with PDB code 7NCG, the rectilin-
ear [-structure sections are visible (Fig. 7B) and the
corresponding locations of the |Phi|versus|Psi| plot
(Fig. 7A). Items that do not satisfy the |Psi|=|Phi|
condition specified by the model are marked in red. The
number of residues that do not satisfy the model is low
and they do not disturb the overall form of this amyloid
leaving it close to the principles of the proposed model.

A similar arrangement is identified in the case of
O6URF (Fig. 7). It should be noted that this structure is
characterised only by a few residues with conformations
not satisfying model conditions.

The significant portion of a chain in 6PEO amyloid
meets the |Psi|=|Phi| condition, but a fairly significant
scattering of several residues deviating from the model
can also be observed.

The highest CC-0 value and the low number of resi-
dues deviating from the model are characteristic for
amyloid 7LCY9-F (Fig. 8). Eliminating only two residues
results in a very high value of CC-F=0.851.

Further examples are the structures present in 6CU8
and 7C1D exhibiting the lowest CC-0 values (Fig. 9).
In these two examples, no rectilinear propagation, but
rather an “undulating” form is observed. This means,
that the chain propagation is composed of sections with
a smaller radius R. This reduction of radius applies to
short sections, which, with an alternating arrangement
similar to the R- and IL-helical conformations, does not
result in a spatial form. In this case, the hydrogen bond-
ing arrangement is not parallel, although the deflection
from the perpendicularity to the chain’s plane is com-
pensated, resulting in maintaining the structure’s flatness.

Analysis of the structure of reference examples

Two reference proteins (Table 3) represent mainly hel-
ical and B-structural proteins. As shown in Fig. 10 their
structutre is highly ordered. The FeS cluster assembly of
SufD from Escherichia coli is a protein which for the most
part shows the @-structure (Banach e al, 2020). The
analysed fragment of this protein is limited to the beta-
sheets (I'ig. 10B).

The parallel orientation in the B-sheet (Fig. 10B) in-
dicates a structural similarity to amyloids. However, the
sequential B-strands represent a different sequence, while
in amyloids the sequences in all neighbouring chains are
identical.

The status expressed by CC-8 of sequential -strands
and B-sheets reveals differences with respect to the amy-
loid forms discussed (Table 4). The fragments showing
high accordance with the |Psi|=|Phi| criterion (hav-
ing high CC values) are accompanied by the fragments
with completely opposite characteristics (low CC val-

PDB ID NAME CC-0 CC-F cc-p %
2ZU0 FeS cluster 0.297 0.803 0.949 284
1GZM rhodopsin 0.334 0.803 0.970 24
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Table 4. Status (CC- B) of B-strands in B-sheets (as distinguished
in Fig. 10B).

The values in parentheses — denote the {-strand status for the
residues representing non-B-structural Phi, Psi angles. The values
given for B-sheets are calculated only for the residues belonging to
the B-structural area on the Ramachandran map.

B-sheet - red B-sheet - blue

FRAGMENT CC-B FRAGMENT CC-B

181-192 0.860 (0.501) 167-176 0.613

211-219 0.290 196-206 0.876 (0.361)
239-246 0.700 225-234 -0.012 (-0.477)
266-273 0.010 251-260 0.642 (0.263)
295-304 0.020 280-291 0.833

327-337 0.712 309-318 -0.374
357-364 0.587 341-351 -0.064
B-sheet 0.641 B-sheet 0.511

ues). The non-B-structural conformations are present in
the selected fragments (values given in parentheses in
Table 4). Visual analysis of two B-sheets suggests the
perfect B-structural organisation (Fig. 11). However, the
analysis of Phi and Psi angles reveals some residues in
the lower left quarter of the Ramachandran map. Some
B-strands having torsion angles typical for B-structure ap-
pear to be not organised as expected in amyloids. The
differentiation of B-strands can be observed. The status
of sequential 3-strands in the amyloid is identical for all
fragments belonging to a common B-sheet. The distribu-
tion of |Psi|, |Phi| angles (Fig. 12A) identifies the large
number of points satisfying the |Psi|=|Phi| relation,
however, it also shows their dispersion over the chain.
The highest similarity is observed in the 181-192 frag-
ment (marked in Fig. 12B).

The mainly-helical protein is difficult to evaluate with
the |Phi|=|Psi| criterion due to the very low presence
of B-structural conformations. The distribution of Phi,
Psi angles along the chain (Fig. 13) shows high accord-
ance with the helical forms (dark lines on Fig. 13). The
CC-0 for this protein is equal to 0.347, the CC-F=0.807
(the eliminated residues marked as blue dots — Fig. 13.).
The number of eliminated residues constitutes 19.2% of
the whole length of the chain. The linear relation be-
tween torsion angles is mostly due to the Psi=Phi rela-
tion present in the helical conformation.

The eliminated amino acids (in the CC-F calcula-
tions) represent the unstructured fragments like loops
particularly those external with respect to the surround-
ing membrane. The space filling presentation (Fig. 12C
and 12D) distinguishes the segments satisfying to a large
extent the |Psi|=|Phi| relation, however, they belong
mostly to the helical region.

The proposed hypothetical mechanism of amyloid fibril
formation

The proposed hypothesis of amyloid fibril formation
presented here concerns the method and the reasons of
the transformation of a 3D structure into a planar form
characteristic to the amyloid structures.

We also want to refer here to the existing, different
hypothesis ((Prosswimmer & Daggett, 2022; Lee ef al,
2002; Trexler & Rhoades, 2012; Balupuri ¢ al., 2019) of
the formation of the amyloid based on the a-sheet struc-
ture as an intermediate in the aggregation process.

Shaking an aqueous solution of proteins as a labora-
tory technique for obtaining amyloid forms of proteins
consists in increasing the presence of air-water inter-
phase in the solution. Such a shaking process can simu-

A

Figure 10. 3D structure 2ZU0O

A - chain A - with two B-sheets marked in red. B - two B-sheets
marked in red and blue — N-terminal residue — marked with space
filling.

A 357-364 — Phi Psi B 211218 —ehi Psi

Figure 11. Phi, Psi profiles in the fragment with high (A) and
low (B) correlation according to Table 4.

IPHIl

% 180

Cc D

Figure 12. Characteristics of all-B and all-helical proteins.

A - |Phil, |Psi| angles as they appear in the B-structural part of the
protein — chain fragment selected as an aim-oriented example
for the analysis of the beta-structural form of the chain. B — 3D
presentation with conformations satisfying the relation |Psi|=|Phi|
- red. The space-filling — a fragment of the highest satisfaction
of |Psi|=|Psi| condition. C — |Phi|, |Psi| angles as they appear in all-
helical protein. D - 3D structure with amino acids satisfying the
|Psi|=|Phi| conditions distinguished by a space-filling presentation.
The red dots - all |Phi|, |Psi| angles to calculate CC-0, grey dots —
CC-F and red - CC-B. The same colours are used in 3D presenta-
tion (red and blue).

late the conditions in a cell of a living organism. The air-
water interphase has a surface structure, so it introduces
an external force field with 2D characteristics.
Occasionally, a protein undergoes some conformation-
al changes resulting in aggregation competent polypep-
tide chain. Such a chain, avoiding contact with air strives
for maximum contact with water, which is available
only on one side. The most thermodynamically favora-
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RHODOPSIN — Phi — Psi

Figure 13. Profiles of Phi and Psi angles in rhodopsin.

The black lines mark the range for the helical structure to visualise
the closeness to the Psi=Phi relation for helical fragments. Posi-
tions not satisfying this relation are marked by blue dots on the
X-axis.

=g

5 F 1
pe— |

G H

Figure 14. Structure of the transthyretin:

A, C- native form 104-125 fragment of transthyretin — green frag-
ment loop 113-115 - different orientation - orange - residues
104 - 112. B, D — amyloid form 104-125 fragment of transthyretin
- green fragment loop 113-115, orange residues - fragment 104-
112. E - as in A with water phase shown in gray with orange frag-
ment in contact with a water phase. F — as in B with water phase
shown in gray — complete chain in contact with water. G - native
form of transthyretin - red fragment loop 97-103. H - amyloid
form of transthyretin - red fragment loop 97-103. The orientation
in A, B, E and F figures is as follows: the H-bonds (red arrows) sys-
tem is perpendicular to the plane of the water surface. The gray
area — water, white area - air. The green fragment - the loop
causing the propagation of the chain in 3D space in native form
and in 2D space in the amyloid form. The red arrow crossed out
on D - the H-bonds system between two fragments of the same
polypeptide chain is not present. The groups participating in H-
bonds are oriented perpendicularly to the paper plane on C and

ble situation is the formation of a system of hydrogen
bonds with a planar chain where the polypeptide chain
“lies” on the water surface. In this way, the backbone
chain engages as many C=0O and N-H groups of peptide
bonds as possible in such an interaction. This explains
the reason for the almost planar form of the chain in
amyloid fibril.

A planar polypeptide chain formed due to the shak-
ing finds a thermodynamically favorable opportunity to
interact with another planar chain and the process of at-
taching the next flat chains continues until the aggrega-
tion nucleus is formed. The next phase starting from the
nucleus is characterized by a rapid formation of fibrils
composed of beta-sheet structures.

AMYL o s w7108 nns

B wr P s s

Figure 15. Profiles of Phi and Psi angles for the amyloid and WT
forms of transthyretin with highlighted fragments responsible
for changing the orientation of the chain propagation as shown
in Fig. 14.

Amyloid transformation mainly requires conforma-
tional changes within the loops that change from 3D
orientation to 2D one.

The influence of the environment on amyloid trans-
formation with an unchanged sequence is widely recog-
nized (Serpell, 2000). The particular form of the environ-
ment in the form of mentioned 2D interphase seems to
favour the formation of the flat structure of the chains
— components of amyloid fibrils.

The proposed hypothesis for amyloid fibril forma-
tion is illustrated in Fig. 14. It refers to the transthyre-
tin (Ueda, 2022) which undergoes amyloid transforma-
tion relatively easily. A special object is a fragment of
a beta-sheet identified as A (11-19), G(104-112) and H
(114-124). Both the WT form (PDB ID 1DVQ (Klabun-
de e al, 2000) and the amyloid form (PDB ID 6SDZ
(Schmidt e al, 2019)) are available in PDB. Another
reason is the possibility to compare with the hypothesis
proposed in the works (Prosswimmer & Daggett, 2022,
Armen ef al, 2004) and based on a-sheet structure as in-
termediate.

Fragment beta-strand A(11-19) remains in this form
in range (13-15), fragment G (104-112) changes its form
to a disordered lineatly propagating segment, while frag-
ment H (114-124) remains in beta form on (118-124)
fragment. The shortening of beta-stand segments can be
observed.

The water-directed beta-structural fragment 104-111
can form hydrogen bonds with water molecules. The
shape of the loop directs the second part of the beta-
strand above the water surface, i.e. to the air zone. This
is due to the orientation imposed by the loop (113-115)
present in the native form of the transthyretin (green
fragment in Fig. 14A and C). The same fragment after
changing the conformation of the loop results in a pla-
nar structure of the entire fragment 104-124 (green frag-
ment in Fig. 14B and D).

It should be noted that the native Beta-structure seg-
ment (104-112) changes its form to a disordered pattern,
while the native-form beta-structure segment (114-124)
is limited to the amyloid segment (118-124). This means
that the conformational change within the loop (green
fragment in Fig. 14A-D) also applies to a short fragment
of the Beta-ordered segment. As a result of these chang-
es, the structure of the entire fragment 104-124 becomes
planar, allowing the generation of hydrogen bonds with
water molecules along its entire length (Fig. 14E and
F). The same analysis applies to loops 97-103 (Fig. 14G
and H), where a change in conformation within the loop
(red fragment Fig. 14G and H) allows backbone contact



Vol. 70

Polymorphic forms of alpha-synuclein amyloids 443

(groups -C=0 and -N-H of peptide bonds) with water
molecules leading to the formation of hydrogen bonds
with water molecules. The exact conformation changes
within the discussed loops are shown in Fig. 15.

The proposed amyloid formation hypothesis relies on
the 3D to 2D transformation engaging mostly the loops
linking beta-structural fragments. The loops structure in-
troducing the 3D organisation of beta-sheet change to a
flat form introducing the mutual reorientation of beta-
strands enabling the generation of large-scale hydrogen
bonds initially with water molecules to change into an
inter-chain H-bonds system in the next step.

The o-sheet structure, widely discussed in the con-
text of amyloids (Prosswimmer & Daggett, 2022; Lee
et al, 2002; Trexler & Rhoades, 2012; Balupuri e al,
2019) is the structure formed by amino acids with the
R- and L-helical conformations alternating in the poly-
peptide chain. Similarly to the Beta-sheet structure, the
a-sheet structure is characterized by the rectilinear form
(Fig. 2 in Prosswimmer & Daggett, 2022). The distribu-
tion of Phi and Psi angles in a-sheet structures discussed
in Prosswimmer & Daggett (2022) is consistent with
the model assumed in this work. The difference is only
quantitative. In the case of the a-sheet, the concentra-
tion of points on the Ramachandran map is significantly
greater in the positions corresponding to the R- and L-
helix with the presence of the Phi and Psi angles rep-
resenting the B-structure in a linear relationship. In the
current work, for the B forms, a much greater concentra-
tion of points on the Ramachandran map is observed.
The main point is concentrated on the 3D to 2D transi-
tion. The structure discussed in (Prosswimmer & Dag-
gett, 2022) introduces the 3D structuralisation which is
not present in amyloid formation. The linear propagation
of the chain in the form of Beta is the most frequently
observed secondary form. The linear propagation of the
chain is also possible in the form of R- followed by L-
helix by turns. Such a system allows the generation of
an H-bonds network. The mutual orientation of chains
shall be parallel to allow propagation in fibril formation.
However, the flat construction for individual chain is the
most important one.

DISCUSSION

The amyloid structure of the flat form of each poly-
peptide chain is stabilized by a specific hydrogen bond
arrangement. Each amino acid in an idealized form con-
tributes to the construction of two hydrogen bonds with
adjacent chains. The chain arrangement is parallel, caus-
ing identical residues to interact with each other in adja-
cent chains. The maximum use of C=0O and H-N groups
for the construction of hydrogen bonds is ensured by
the B-structure with the Psi=—Phi conformation. A recti-
linear form with C=0 groups facing in the opposite di-
rection to the H-N group of the same amino acid is an
arrangement that makes maximum use of the possibili-
ties of the hydrogen bonding structure. The rectilinear
sections are terminated by single residues with R-a or
L-a conformations. A single residue with such confor-
mation does not disturb the flat structure, only changing
the direction (introduction of a turn/bend). In this case,
the form of arranging hydrogen bonds is changed. In a
structure with the Psi=—Phi conformation, the hydro-
gen bond arrangement perpendicular to the plane of the
chain represents an anti-parallel arrangement (if a turn is
applied to the hydrogen bond).

Numerous amyloid forms of A-Syn allow tracking the
structural variation of these amyloids. Among the struc-
tures satisfying the |Psi|=|Phi| condition, there are
structures showing some deviations from this condition.
The deviation also provides fibrillar structures.

On the Ramachandran map presenting the distribution
of radius of curvature R and V-angle (Roterman e al,
2022; Roterman, 1995) the area fulfilling the Psi=—Phi
condition represents the one with the highest value of
R (i.e. a straight chain section). A reduction of the cur-
vature radius R is observed moving up and down versus
this line gradually introducing the arc form. If this proce-
dure is performed stepwise (i.e. one above the Psi=—Phi
line followed by one representing Phi, Psi angles below
that line), this introduces the structural form as shown
in Fig. 9 for 7C1D (symmetrically located |Psi|, |Phi|
angles). The result of such Phi, Psi angle combination is
the sinusoidal arrangement of the chain as can be seen
in 7C1D (Fig. 9) and others. The local introduction of
an arc-like form in one direction is compensated by an
ark form oriented in the opposite direction. In conse-
quence, the linear propagation of the flat form can be
continued. Nevertheless, this symmetrical (with respect
to |Phi|=|Psi| line) set of altered Phi and Psi angles
generates a flat arrangement, but probably with reduced
stabilization derived from the hydrogen bonds (change
of angle between the C=0O and H-N groups in the hy-
drogen bonding arrangement of peptide bonds derived
from adjacent polypeptides).

The condition of the presence of an R- or L-helical
conformation at the turn of the chain can be satisfied in
a less perfect form by a conformation with a low cur-
vature radius R. Cyan and red lines in Fig. 5 and Fig. 6
illustrate the area with low values of V-angle and the
R-radius of curvature. The presence of Phi and Psi an-
gles from this area satisfies the condition for obtaining
a turn, although the hydrogen bond arrangement is not
as perfectly ordered as in the case of Phi and Psi angles
accurately representing the R-o- or L-a-helical conforma-
tion.

The phenomenon of polymorphism in the case of
amyloids is conditioned by environmental factors, as in-
dicated by numerous experimental studies (Ben-Amotz,
2022; Schutzius ¢ al, 2015; Zuo & Qu 2014; Eremin &
Fokin, 2021; Kaplaneris e al, 2022; Ishiyama ez al., 2022;
Gupta ¢ al, 2022; Cannalire ez al., 2022; Jayawardena ef
al., 2017; Ulmer et al., 2005; Tuttle ¢ al., 2016).

This analysis complements the detailed structural anal-
ysis of A-Syn fibrils (Roterman ez al, 2023) as well as the
transthyretin (Roterman ez al, 2022), where the charac-
teristics of fibrils were considered from the perspective
of the tertiary structure and characteristics of those fi-
brils. Microenvironmental conditions were also indicated
as the cause of structural changes in A-Syn (Candelise e#
al., 2020; Stephens ez al., 2019).

The problem of describing the field in the form of
3D analyzed on a large-scale provides many forms of
mathematical notation to express its presence (Cheng ef
al., 2023).

CONCLUSIONS

The flat structure of single chains — components of
amyloid fibril — is a characteristic of amyloid forms. This
flatness is achieved through a B-type structure satisfying
the Psi=—Phi condition resulting in a rectilinear chain
propagation. Turns in chain arrangement are obtained
by single residues with R-o or L-o helical conformation
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(satisfying Psi=Phi condition). The combination of such
B-structures and single conformations allows the intro-
duction of the general model expressed by |Psi|=|Phi].
The hypothesis introduced in this paper is to treat the
presence of conformations satisfying this relation as a
criterion for amyloid identification and description. The
stabilization of such a form is achieved through the spe-
cial hydrogen bond arrangement. In (-structured sec-
tions, the hydrogen bond arrangement is antiparallel.
Each individual residue of the L-a or R-o conformation
introduces a local arrangement of these bonds as paral-
lel. Access to multiple structural forms of A-Syn amy-
loids reveals variation in the form of this ordering. This
variation is likely a result of different environmental con-
ditions (Roterman ez al, 2023). Particulatly, the impact of
the presence of air-water interphase (increasing this pres-
ence during shaking) is most likely indicated as a factor
affecting the structuring, including the form of arranging
the hydrogen bond network in amyloids.

External conditions in the form of air-water inter-
phase also direct protein structuring to the planar form,
which can be stabilized by a significantly high number of
hydrogen bonds of -N-H and -C=O groups of peptide
bonds. The accessibility of these groups for hydrogen
bonds also includes segments that in their native form
represent loops introducing 3D structuring (e.g. two par-
allel B-sheets) resulting in a flat structure for the entire
polypeptide chain (Fig. 14G and H).
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