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Abstract: The aqueous environment is a pervasive factor which, in many ways, determines the
protein folding process and consequently the activity of proteins. Proteins are unable to perform
their function unless immersed in water (membrane proteins excluded from this statement). Tertiary
conformational stabilization is dependent on the presence of internal force fields (nonbonding
interactions between atoms), as well as an external force field generated by water. The hitherto the
unknown structuralization of water as the aqueous environment may be elucidated by analyzing its
effects on protein structure and function. Our study is based on the fuzzy oil drop model—a
mechanism which describes the formation of a hydrophobic core and attempts to explain the
emergence of amyloid-like fibrils. A set of proteins which vary with respect to their fuzzy oil drop
status (including titin, transthyretin and a prion protein) have been selected for in-depth analysis to
suggest the plausible mechanism of amyloidogenesis.

Keywords: amyloid; prion; transthyretin; titin; bioinformatics; hydrophobic core; divergence entropy

1. Introduction

The search for algorithms which enable simulation of protein folding and tertiary structure
prediction has been ongoing for more than 50 years [1]. The Critical Assessment of Structure
Prediction (CASP) challenge provides a platform for the exchange of views and comparison of models
underpinning various IT solutions [2,3]. Each participating software package is expected to be able to
generate the 3D structure of a protein body on the basis of its residue sequence. Cursory analysis of
to-date results suggests that progress has so far been fairly limited [3]. Similarly, the recently published
outcomes of the WeFold project, which brings together the world’s top experts in the field, indicate
that satisfactory solutions are yet to emerge [4].

Paradoxically, Nature itself provides an interesting study subject in the form of misfolded proteins
(nothing in common with mutation) which are the origin of the so-called misfolding diseases, where
incorrectly folded proteins (or proteins which undergo undesirable conformational changes) create
insoluble fibrillary aggregations, leading to a variety of degenerative conditions [5]. This phenomenon
drives the search for algorithms which would explain how proteins attain their native 3D form as well
as indicate why the folding process sometimes produces incorrect results [6,7].

Existing protein structure prediction models are generally based on one of two approaches:
comparative modeling which seeks evolutionary relations between the structures of protein
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homologues, and ab initio techniques (also referred to as “new fold” models) which attempt to
describe the force fields involved and thus recreate the folding process itself.

In all such models the influence of the aqueous environment is described in form of pair-wise
interactions between atoms belonging to the protein molecule and the environment. This kind of
description is highly detailed (individual atoms interacting with each other), yet surprisingly imprecise
as it restricts interactions to the local neighborhood of each atom, without considering their impact on
the protein as a whole.

Our work attempts to relate the structure of the protein to the properties of its aqueous
environment. The structuralization of water—although poorly understood [8]—may be studied from
the point of view of its effects on the protein body. In the fuzzy oil drop (FOD) model the hydrophobic
core emerges as a result of the structural properties of water which cause aggregation of hydrophobic
residues near the center of the protein with simultaneous exposure of hydrophobic residues on its
surface. Such structuralization is obviously dependent on the presence of ions, acidity (pH), proximity
to other molecules (such as membranes), ionic potentials etc. Changes in these parameters —as
reported according to experiments [9]—influence the structuralization of water and in consequence
influence the protein folding process leading to adoption of non-native tertiary conformations.

Under normal conditions, it is assumed that structuralization of water creates a characteristic
environment which causes hydrophobic residues to congregate near the center of the protein and
be shielded from contact with water by hydrophilic residues exposed on the proteins surface [10].
The FOD model simulates this phenomenon through extension of the original discrete oil drop [10]
model by introducing a continuous hydrophobicity density distribution gradient—a 3D Gaussian [11],
more recently described in [12].

The aggregation of hydrophobic residues in the central part of the molecule corresponds to
values of the 3D Gaussian which peak at the geometric center of the protein and decrease along with
distance from the center, becoming close to 0 on the surface. This protein surface utilized by the FOD
model is not a molecular or solvent-accessible surface, but an axis-aligned ellipsoid, which forms a
3-dimensional “capsule” container for the molecule, centered on the origin of the coordinate system.

If we assume that the “natural” external force field produces an ordered hydrophobic core,
an interesting question emerges—can variations in this field produce alternative distributions of
hydrophobicity density? We have identified several protein families in which the actual (observed)
hydrophobicity density distribution very closely matches theoretical values. This includes the
antifreeze [13] and downbhill [14] proteins. Local discordances between the idealized and observed
distributions frequently correspond to active sites: local hydrophobicity deficiencies usually suggest
the presence of a ligand binding cavity [15,16] while local excess hydrophobicity—if present on the
surface of the protein—may indicate a complexation site [17,18].

In this work we focus on a set of proteins implicated in amyloidogenesis. The spectrum
of structures ranges from proteins with very low propensity for structural changes to molecules
which readily undergo amyloid-like and amyloid structural changes. Human titin (1TIT) [19],
with a well-ordered hydrophobic core which closely matches the predictions of the fuzzy oil drop
model [20], represents the former group. The presence of such a core is consistent with the function
of titin, which —being part of muscle tissue—is subject to powerful stretching forces and must be
able to revert to its original shape in the absence of deforming factors [21-23]. The presence of a
well-defined hydrophobic core appears to enable the molecule to revert to its initial form when external
forces disappear.

The second protein, human transthyretin (1DVQ) [24], is widely recognized as susceptible to
amyloid formation, both in vitro and in vivo [24-31]. This protein exhibits local deviations from the
idealized hydrophobic core structure which may be treated as the seed for amyloidogenesis.

Our third object of study is the SufC-SufD complex involved in iron-sulfur cluster biosynthesis
(2ZU0) [32]. There are no direct reports which would relate it to amyloidogenesis. However, comparing
several publications focusing on structural analysis of amyloid fibrils [33-38] suggests that a large
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fragment of 2ZU0 appears to adopt an amyloid-like conformation. Accordingly, we have classified a
fragment of this structure as “amyloid-like” (AmL) for the purposes of our analysis.

Our study also involves a prion protein (1B10) [39] and synuclein (1XQ8) [40], both of which
are prone to amyloid aggregation. Finally, sequence analysis has been performed for the amyloid
protofibrils of the Alzheimer A{3(9—40) peptide [41].

To make the study complete, three amyloid fibrillary structures are presented: Amyloid 3 140
Osaka mutant (22EA) fibrils (2MVX) [42], Amyloid  1-40 Iowa mutation N23D fibrils (2MPZ) [43]
and Amyloid p 1-42 fibrils 2MXU) [44]. All of them have been studied with the use of solid-state
NMR and are implicated in Alzheimer’s disease. This is why the inclusion of these molecular systems
is important for the hypothesis presented in this paper.

2. Theory

The fuzzy oil drop (FOD) model is a modification of the previously described oil drop model
which asserts that hydrophobic residues tend to migrate to the center of the protein body while
hydrophilic residues are exposed on its surface [11,12]. A visual description of this model is presented
in Figure 1A where the dark area corresponds to a highly hydrophobic “core” while light areas represent
the hydrophilic “shell”. The fuzzy oil drop replaces the binary discrete model with a continuous
function peaking at the center of the molecule [11] (Figure 1B), which causes hydrophobicity density
values to decrease along with distance from the center, reaching zero on the molecular surface. Visual
comparison between the two models is presented on Figure 1C,D.

A B

Hydrophobicity

Hydrophobicity

1 2 3 4 5 6 1 2 3 4 5 6
Sequence Sequence

Figure 1. Comparison between the classical discrete oil drop model (A,C) and the fuzzy oil drop model
(B,D). Circles represent positions of hydrophobic (dark) and hydrophilic (white) residues. The charts
represent the assumed distribution of hydrophobicity density in each model. The figure intentionally
resembles the one presented in [44] so as to visualize the continuity and evolution of theoretical

hydrophobic core models.

The above-mentioned continuous hydrophobicity density distribution can be represented by a 3D
Gaussian, which assumes the shape of a bell curve centered on the midrange point of the free variable
distribution range. Accordingly, the molecule is encapsulated in an axis-aligned ellipsoid upon which
this 3D Gaussian function can be superimposed. The size of this ellipsoid (expressed by three sigma
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parameters) corresponds to the approximate size of the protein under consideration. The idealized
hydrophobicity distribution in protein body follows the 3D Gaussian:

_\2 _\2 \2
1 —(xj—7¥) - (-9 —(z—-32)
H t] = Hiur exp ( 20% ) exp (205 exp Z(TZZ

Ht; is the theoretical hydrophobicity density (hence the ¢ designation) at the j-th point in the
protein body. X, , z correspond to the peak of the Gaussian in each of the three principal directions,
while oy, 0y, 0; denote the range of arguments for each coordinate system axis. These coefficients are
selected in such a way that 99% of the Gaussian’s integral is confined to a range of X £ 30. Values of
the distribution can be assumed to be equal to 0 beyond this range.

If the molecule is placed inside a capsule whose dimensions are given by X 30y, 7 + 30'y, z+ 30,
then the values of the corresponding Gaussian represent the idealized hydrophobicity density

distribution for the target protein. If oy = 0, = 0, the capsule is perfectly spherical; otherwise it is
an ellipsoid. The Gaussian yields hydrophobicity density values at arbitrary points in the protein
body—for example at points which correspond to the placement of effective atoms (one per side
chain). Ht; is the expected hydrophobicity density determined for the j-th amino acid while x, y and z
indicate the placement of its corresponding effective atom.

The denominator of % expresses the aggregate sum of all values given by the Gaussian for
each amino acid making up the protein. This enables normalization of the distribution since Ht; will
always be equal to 1.

Ht; values reflect the expected hydrophobicity density which should correspond to each amino
acid in order for the hydrophobic core to match theoretical predictions with perfect accuracy (with all
hydrophobic residues internalized and all hydrophilic residues exposed on the surface). The closer to
the surface the lower the expected hydrophobicity density.

The position of the j-th residue is represented by so called “effective atom” which is localized at
the geometric center of each residue. A visualization of how the protein molecule is encapsulated by a
3D Gaussian is provided in Figure 2B. Figure 2A also visualizes how the size of the protein molecule
in o-units.

==l =)

=l = =l

Figure 2. Graphical representation of the encapsulation of the protein molecule with a 3D Gaussian.
(A) two-dimensional Gaussian forms plotted along the horizontal (X-axis) and vertical (Y-axis) axes.
The volume of the capsule (drop) is determined by its o coefficients. Since oy > oy, the molecule is
stretched along the X axis. The boundary of the 3D capsule is given by the so-called three-sigma rule for
each axis independently (X &= 30x, Y + 30y, Z &= 303); (B) protein molecule encapsulated in an ellipsoid.
Changes in coloring (from gray to purple) represent increasing hydrophobicity density.

On the other hand, actual distribution of hydrophobicity density observed in a protein molecule
depends on inter-chain interactions, which, in turn, depend on the intrinsic hydrophobicity of each
amino acid. Intrinsic hydrophobicity can be determined by experimental studies or theoretical
reasoning—our work bases on the scale published in [45], whereas the force of hydrophobic interactions
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has been calculated using other scales, as shown in [45]. For each amino acid j (or, more accurately,
for each effective atom) the sum of interactions with its neighbors (9 A cutoff distance) is computed
and subsequently normalized by dividing it by the number of elementary interactions (following the

function proposed in [46]):

o= a7 o (0) 5 (1) (2))] e =

]
Hosum i=1 0 for 1’1']' >c

N is the number of amino acids in the protein, H] and HY express the intrinsic hydrophobicity
parameters of the i-th and j-th residues while r;; expresses the distance between two interacting
residues (j-th effective atom and i-th effective atom). The parameter c expresses the cutoff distance for
hydrophobic interactions, which is taken as 9.0 A (following [46]). The Hosum coefficient, representing
the aggregate sum of all components, is needed to normalize the distribution which, in turn, enables
meaningful comparisons between the observed and theoretical hydrophobicity density distributions.

The residues in the protein body may be located in accordance with their own hydrophobicity
(hydrophobic ones near the center and hydrophilic ones on the surface). However, it may also happen
that this rule is not followed (Figure 3). The discrete model can be used to qualitatively characterize
each residue as either “properly” or “improperly” located in the protein body (Figure 3A,C). In contrast,
the continuous (fuzzy oil drop) model expresses this phenomenon in quantitative terms (Figure 3B,D).
If we assign two parameters to each residue—its theoretical (T) and observed (O) hydrophobicity
density—and then present both values for all residues in the protein chain in the form of a profile, the
resulting charts can be superimposed to discover areas of disagreement between both distributions.

Hydrophobicity
Hydrophobicity

Il Il 3 1
6 7 8 9
Sequence

,_,;
il
il
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Figure 3. Hydrophobicity density distribution according to the discrete (A,C) and continuous models
(B,D). The placement of residues may not correspond to their intrinsic hydrophobicity. Here, white
circles (hydrophilic residues) are localized in the central part of the protein body (left). The right-hand
diagram presents the continuous distribution, with shades of grey indicating varying hydrophobicity.
Diagrams B and D present the hydrophobicity distribution in the discrete and continuous models

respectively: T (blue)—expected; O (brown)—observed.

Actual distribution of hydrophobicity density in a protein molecule may differ from theoretical
expectations since it is influenced by the properties of each residue—its placement in the protein body
(including neighboring residues) and its intrinsic hydrophobicity (compare Figures 1 and 3).
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Both diagrams are accompanied by hydrophobicity density distribution profiles, revealing the
expected (T) and observed (O) distributions. The latter takes into account the variable intrinsic
hydrophobicity of each residue and its relative location in the protein body (which does not necessarily
correspond to its individual properties).

Quantitative analysis, expressing the difference between the expected (T) and observed (O)
distribution, is based on Kullback-Leibler divergence entropy formula [47]:

N
D (p [p°) = X pilogy (pi/p?)
i=1
The value of Dk expresses the distance between the observed (p) and target (py) distributions,
the latter of which is given by the 3D Gaussian (T). The observed distribution is referred to as O.
For the sake of simplicity, we introduce the following notation:

N
Dc(p |p°) = Y pilogy (pi/p?)
i=1

N
O|T =) _Ojlog,(0;/T;)
i=1
Since Dy is a measure of entropy it must be compared to a reference value. In order to facilitate
meaningful comparisons, we have introduced another opposite boundary distribution (referred to
as “uniform” or R) which corresponds to a situation where each effective atom possesses the same
hydrophobicity density (1/N, where N is the number of residues in the chain). This distribution is
deprived of any form of hydrophobicity concentration at any point in the protein body:

N
O |R = Z Oilogz(Oi/Ri)
i=1

1

Comparing O 1T and O | R tells us whether the given protein (O) more closely approximates the
theoretical (T) or uniform (R) distribution. Proteins for which O 1T > O IR are regarded as lacking a
prominent hydrophobic core. To further simplify matters we introduced the following relative distance
(RD) criterion:

__or
~ O|T+OJR
RD < 0.5 is understood to indicate the presence of a hydrophobic core.

Figure 4 presents a graphical representation of RD values, restricted (for simplicity) to a
single dimension.

RD

Dg; (aswellas O T, O| R and RD) may be calculated for specific structural units (protein complex,
single molecule, single chain, selected domain, etc.) In such cases the bounding ellipsoid is restricted
to the selected fragment of the protein. It is also possible to determine the status of polypeptide chain
fragments within the context of a given ellipsoid. This procedure requires prior normalization of O | T
and O | R values describing the analyzed fragment.

RD values calculated for a selected fragment (following normalization of T; and O; values for the
fragment under consideration). The complete profile shown in Figure 3D corresponds to RD = 0.657;
however the fragment at 3-7 is characterized by RD = 0.338. The interpretation of this distribution
is that, as a whole, the molecule lacks a stable hydrophobic core, although the selected fragment
(3-7) represents very good local agreement between the observed and idealized hydrophobicity
density distribution. The fragment at 3-7 can be interpreted as responsible for local hydrophobic core
stabilization, independently of the status of the complete fold (which is seen as discordant).
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Figure 4. Graphical representation of fuzzy oil drop model parameters reduced to a single dimension
for simplicity. The leftmost figure (A) presents the theorized Gaussian distribution (T—blue) while
the chart on the right corresponds to the uniform distribution (R—green) (C). Actual (observed—red)
hydrophobicity density distribution (B) in the target protein is shown in the center, while the
corresponding value of RD(R) (R denotes a reference to the R distribution) (below 0.5) is marked
on the horizontal axis with a red triangle (D). According to the fuzzy oil drop model this protein
contains a well-defined hydrophobic core. For the purpose of analysis of selected secondary folds, the
reference (R) is replaced by a distribution matching the intrinsic hydrophobicity of each residue in a
given fragment. The observed distribution (G) is then compared to the expected one (F) as well as to
the “intrinsic” distribution (H). The red triangle on the axis (E) marks a point above 0.5—this means
that distribution G more closely approximates the “intrinsic” distribution.

The above procedure will be applied in the analysis of proteins described in this paper.
By restricting our analysis to individual fragments we can determine whether a given fragment
participates in the formation of a hydrophobic core. In particular, well defined secondary folds
which satisfy RD < 0.5 are thought to contribute to structural stabilization, while fragments for which
RD > 0.5 are less stable. Such fragments, if present on the surface of the protein, may potentially form
complexation sites. Identification of secondary structural folds and composition of protein domains
follows the CATH [48] and PDBSum [49] classifications. Likewise, inter-domain/inter-chain contacts
have been identified on the basis of the PDBSum distance criterion [49].

For the purposes of this publication we have defined another reference distribution, denoted H
(Figure 4). This distribution expresses solely the intrinsic hydrophobicity of each amino acid residue
(according to a preselected scale) [45]. In our work it replaces the uniform reference distribution (R)
and is therefore regarded as the polar opposite of the theoretical distribution (T). H is only applied in
the analysis of individual secondary folds. In order to avoid ambiguities, we introduce the following
two parameters: RD(R) and RD(H), which express the status of the observed distribution with respect
to two boundary cases: ranges defined by T and R, and by T and H respectively. The value of RD(R)
is equivalent to the RD parameter, expressing the “distance” between the observed distribution and
both “standard” reference distributions (T and R). Accordingly, it informs us whether the protein in
question contains a well ordered hydrophobic core. In contrast, RD(H) reveals the degree to which the
placement of individual residues in a given sequence matches their intrinsic hydrophobicity.
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3. Materials and Methods

3.1. Data

Our work attempts to explain the observed variations in protein structure on the grounds of the
fuzzy oil drop model. Table 1 lists the proteins subjected to analysis and supplies the justification
for each selection. The selection criteria are based on the status of each molecule (domain) with
regard to the fuzzy oil drop model, along with its propensity for amyloidogenesis. All analyzed
proteins are dominated by (3-strands. Human titin (1TIT) is a major structural component of muscle
tissue. It exhibits very good accordance with the theoretical hydrophobicity density distribution and,
accordingly, should not readily undergo conformational changes. This phenomenon appears related to
its role—the muscle tissue is frequently subjected to stretching forces and the protein must be able to
revert to its native form in the absence of external stimuli [19-23].

Table 1. Proteins subjected to analysis along with the reasons for their inclusion in the study set.

Protein Characteristics Source Reason for Inclusion Ref.

According to FOD model—very stable
1TIT Titin-domain HS domain with low propensity for [19]
amyloid transformation

2DVQ Transthyretin HS Amyloidogenic protein [25]
SufC-SufD complex
2700 involved in the iron- sulfur E. coli Contains an amyloid-like fragment [30]

cluster biosynthesis

Recombinant prion

1B10 protein (90-231) M. auratus Prion protein capable of amyloidogenesis [39]

1XQ8 Synuclin S e Parneon's disease. ol
AB Amyloid B peptide [41]

2MVX Amyloid {3 a4 protein HS Alzheimer related fibril [42]
2MPZ Amyloid (3 a4 protein HS Alzheimer related fibril [43]
2MXU Amyloid 3 a4 protein HS Alzheimer related fibril [44]

HS: Homo Sapiens.

Our second study subject is human transthyretin, in which the distribution of hydrophobicity
density diverges from theoretical expectations (based on the FOD model). This protein exhibits a
notable tendency to generate amyloid fibrils, both in vitro and in vivo [24-29].

The third protein in the study set is the SufC-SufD bacterial complex involved in iron-sulfur
cluster biosynthesis (22U0) which contains a large amyloid-like fragment—as indicated in several
publications [30]. Due to the large size and varied structure of the SufC-SufD complex involved in the
iron-sulfur cluster biosynthesis (2ZU0), we have singled out amyloid-like fragments which form part
of its A and B chains. These residues (found at positions 151-367) are jointly referred to as “AmL”,
while the protein itself is simply referred to as SufC-SufD (as its full name is somewhat lengthy).

In order to facilitate comparative analysis, we also extended our study with a prion protein (1B10)
and synuclein (1XQ8). This yields a wider spectrum of structures upon which to identify structural
changes which lead to the formation of amyloid aggregates.

3.2. Comparison of Sequences Expressed by Property Factor Approach

The manner in which we performed sequential comparisons of the presented proteins differs from
standard practice. The usual algorithm is to process both chains one residue at a time and calculate
the number of positions where residues either match or are closely related (e.g., Ile and Leu). In our
study, however, the object of analysis is not a sequence of characters (amino acid codes) but rather the
distribution of hydrophobicity along the input chain. The intrinsic hydrophobicity scale proposed
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in [12] is taken as the basis for computing correlation coefficients. Correlation is calculated for the
intrinsic hydrophobicity (as embodied by a particular fragment) and for the observed (O) as well as
theoretical (T) distributions. The correlation coefficients serve as a measure of similarity of each pair
of fragments. Individual f folds of AmLare taken as templates. Each of them is treated as a window,
which then overlaps fragments of the compared protein. The window is shifted along the chain
with a step of 1 amino acid. For each overlap, the corresponding correlation coefficient is calculated.
A high value is seen as indication that the given fragment (in the protein undergoing analysis) closely
corresponds to the template and is therefore a potential seed for amyloid formation.

4. Results

4.1. B-Sandwich Domain in Titin—Assumed Low Susceptibility to Amyloid Transformation

The titin domain is an example of a structure which contains a prominent hydrophobic core
(RD = 0.382). This low value indicates that the observed distribution (Table 2) closely corresponds to
theoretical values and that therefore the protein contains a concentration of hydrophobicity density at
its center, encapsulated in a hydrophilic shield (which, according to the fuzzy oil drop model, forms
an integral part of what we refer to as the “hydrophobic core”). Figure 5A illustrates good agreement
between T and O in titin. Local deviations from the model (excess hydrophobicity at positions 15, 16,
43-44, 65-66 and 63, along with a hydrophobicity deficiency at positions 33-35) do not spoil the big
picture—the molecule as a whole is regarded as stable. This observation is also in agreement with
the correlation coefficient (observed versus expected) computed for the whole domain (correlation
coefficient = 0.661—Figure 5B).

Table 2. RD values describing the status of the hydrophobic core in titin with T/R and T/H as reference
distributions respectively. Correlation coefficients have been calculated for each 3-strand.

TIT RD Correlation Coefficient
RD(R) RD(H) o(H,T) o(T,0) 0(H,0)

DOMAIN 0.382 - 0.472 0.660 0.757
11-13 0.302 0.559 0.965 0.856 0.961
19-25 0.298 0.511 0.633 0.814 0.883
46-52 0.325 0.219 0.466 0.654 0.723
54-61 0.125 0.199 0.778 0.951 0.842
69-71 0.194 0.246 0.732 0.912 0.947
73-75 0.377 0.906 0.712 0.942 0.864
78-80 0.400 0.693 0.543 0.725 0.972
82-87 0.306 0.537 0.800 0.743 0.929
LOOPS 0.439 0.332 0.452 0.750 0.705

Values listed in boldface indicate significant deviations from T (RD > 0.5).

Observed

0.00
0.00 0.01 0.02 0.03
Sequence Theoretical

Figure 5. Hydrophobicity density distribution profile in 1TIT. (A) theoretical (T—blue) and observed
(O—red) hydrophobicity density distribution; (B) correlation between T and O distributions in 1TIT
(correlation coefficient = 0.661).
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The very low values of RD (RD(R)) obtained for the whole domain as well as for its individual
-strands suggest the presence of a well-ordered hydrophobic core (the observed structure is a much
better match for the theoretical distribution than for the uniform distribution where no hydrophobicity
density concentration is expected at any point in the protein body).

With regard to RD(H), the corresponding RD values suggest variations in the status of individual
folds, with five of them approximating the H distribution (dependent—as remarked above—only on
the intrinsic hydrophobicity of each residue).

The correlation coefficients calculated for both pairs of distributions (O vs. T and O vs. H)
for individual 3-strands are generally high, indicating good agreement between all three profiles
(T, O and H), as depicted in Figure 6. Their obvious similarity is confirmed by numerical data in
Table 2, with particularly good agreement observed for T and O at positions 46-52 and 54-61.

Py 2 B
L L 04 T T T T
a a

<] o U

< <

[ [}

o o

S —

T 0. S 0.

2 19 20 21 22 23 24 25 P 46 47 48 49 50 51 52
> >

= =

L L

a a

] o

< <

[ [}

o o

S —

° °

> >

I I

Sequence Sequence

Figure 6. Hydrophobicity density distribution profiles for successive (3-strands present in titin. Residue
numbers are listed for each fragment. Theoretical distribution-blue; intrinsic hydrophobicity—green;
observed distribution—red. (A) B-fragment 19-25; (B) B-fragment 46-52; (C) B-fragment 54-61;
(D) p-fragment 82-87.

The (3-strands forming the 3-sandwich are positioned coaxially, linking the poles of this elongated
structure. We can therefore expect hydrophobicity to peak in the central section of each fold, with
lower values observed near its terminal fragments.

Figure 6 presents hydrophobicity density distribution charts for each 3-strand, confirming that
each fold contains a hydrophobic section near its center (except fragments 19-25 (Figure 6A) and 82-87
(Figure 6D) for which RD > 0.5—Table 2). These maxima are particularly evidentin T and O, suggesting
that the central sections of 3-strands participate in the formation of a stable hydrophobic core. Equally
important are the lower density values computed for terminal residues. This phenomenon is also
evident when analyzing the intrinsic hydrophobicity of each residue (recall that, according to the
fuzzy oil drop model, the “hydrophobic core” actually comprises a highly hydrophobic central section
along with an encapsulating hydrophilic shield). It appears that 3-strands which stretch from one
pole of the elongated sandwich structure to the other provide 1TIT with a hydrophobic core matching
theoretical expectations.

The (-strands at 54-61 (Figure 6C) and 46-52 (Figure 6B) are in particularly good agreement
with theoretical values, possessing hydrophobic fragments in their central sections and hydrophilic
fragments on the outside.

RD(H) values (highlighted in Table 2) do not seem to be important for hydrophobic core formation,
taking into account the high correlation coefficients for both T/O and T/H. This means that a consensus
has emerged among all distributions in this molecule. Figure 7 shows a highly accordant 3-strand in
the titin domain.
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Figure 7. T and O distributions in transthyretin. (A,C) Hydrophobicity profile in chain A: in monomer
(A) and in dimer (C)—T (blue) and O (red); (B,D) correlation between T and O values for each
residue, calculated for chain A. Correlation coefficients are 0.592 for the monomer (B) and 0.353 for the
dimer (D).

The correlation coefficients calculated for the complete domain seem to be dominated by the status
of loops, since only loop fragments express local discordance versus fuzzy oil drop model expectations.

4.2. B-Sandwich Domain in Transthyretin—Amyloid Transformation Observed in Vivo and in Vitro

The second object of our analysis is transthyretin—a protein dominated by 3-strands. This protein
is a common study subject in amyloidogenesis research due to its susceptibility to conformational
changes which produce fibrillary structures, both in vivo and in vitro [25-29].

According to FOD criteria, this protein is significantly less stable than titin (RD for the whole
molecule is equal to 0.650). Figure 7A,C illustrate T and O hydrophobicity density distribution profiles
for transthyretin. Its RD value of 0.650, which far exceeds the corresponding value for 1TIT, results
from the variable status of individual -strands (Table 2).

Interpretation of hydrophobicity density distribution profiles in transthyretin (monomeric and
dimeric forms) reveals gaps in the structure of their hydrophobic cores—specifically, there is insufficient
hydrophobicity at the center of the molecule, where, according to the FOD model, highly hydrophobic
conditions should exist (residues 60-80) (Figure 7). We can also discern areas of excess hydrophobicity
on the molecular surface. Surprisingly, these areas appear to not participate in dimerization.

On the other hand, in the protein’s dimeric form fragments which should comprise a shared core
are, in fact, weakly hydrophobic, while polar regions contributed by each monomer exhibit excess
hydrophobicity (Figure 8). Fragments given in bold in Tables 3 and 4 reveal the most discordant
positions. In particular, the high correlation coefficient for O/H, along with the low correlation
coefficient for O/T suggest high discordance versus the theoretical model. The additional fragment at
87-96 upholds this discordant status in the complex (Figure 8).

Elimination of fragments at 70-76 and 81-94 renders the remainder of the molecule consistent
with the theoretical distribution. Accordingly, the remaining fragments are thought to contribute to
structural stabilization of the protein RD (RD(R) = 0.45), while the two eliminated fragments distort its
hydrophobic core structure.

The fragment at 40-60 which, in the monomeric form, exhibits excellent accordance with the
model, is seen as overly hydrophobic in the dimer. It may mediate complexation of additional
monomers via contact between hydrophobic areas exposed on their surface.
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Figure 8. 3D presentation of transthyretin (A) monomer unit; (B) dimer. Red—fragments recognized

as irregular (versus the theoretical distribution); dark blue—highly accordant fragments; cyan—second

chain in the dimer. Data has been derived from Tables 3 and 4.

Table 3. RD (RD(R)) and RD (RD(H)) parameters calculated for the monomeric form of transthyretin.
The three rightmost columns list correlation coefficients for H/T, T/O and H/O respectively.

RD Correlation Coefficient
1DVQ
RD(R) RD(H) o(H,T) 0(0,T) 0(H,0)

MONOMER 0.650 - 0.328/0.317 0.592/0.591 0.687/0.687
11-19 0.658/0.654 0.282/0.189 0.433/0.980 0.428/0.991 0.851/0.991
23-25 0.531/0.478 0.710/0.709 0.934/0.934 0.914/0.914 0.195/0.161
28-36 0.458/0.437 0.270/0.218 0.703/0.716 0.874/0.875 0.803/0.801
40-49 0.349/0.332 0.181/0.144 0.247/-0.001 0.760/0.464 0.532/0.524
53-55 0.436/0.437 0.300/0.297 0.959/0.984 0.522/0.603 0.742/0.735
67-73 0.803/0.811 0.317/0.223 —0.038/0.062 —0.295/—0.266  0.894/0.916
74-81* 0.564/0.569 0.437/0.288 0.013/0.006 0.190/0.189 0.914/0.915
87-96 0.637/0.648 0.617/0.624 0.070/0.025 0.509/0.458 0.745/0.740
104-112 0.518/0.483 0.581/0.569 0.504/0.494 0.633/0.625 0.584/0.577
115-123 0.513/0.420 0.468/0.429 0.211/0.253 0.660/0.684 0.555/0.551

* denotes a helix. The doubled values at each position represents chains A and B respectively (chain A /chain B).
Values listed in boldface distinguish highly discordant f-strands—potential seeds for amyloidogenesis.

The underlined values distinguish the fragments of highest predisposition to conformational changes.

Table 4. RD (RD(R)) and RD (RD(H)) parameters calculated for the dimeric form of transthyretin.
The three rightmost columns list correlation coefficients for H/T, T/O and H/O, respectively.

RD Correlation Coefficient
1DVQ

Ovs. Tand R Ovs.Tand H HIT T/O0 H/O

DIMER 0.650 - 0.222 0.366 0.722
MONOMER 0.652/0.648 - 0.328/0.220 0.592/0.380 0.687/0.720
11-19 0.440/0.466 0.139/0.150 0.593/0.530 0.557/0.532 0.852/0.849
23-25 0.081/0.072 0.295/0.272 0.824/0.810 0.982/0.977 0.914/0.915
28-36 0.467/0.441 0.277/0.258 0.471/0.545 0.489/0.602 0.874/0.876
40-49 0.517/0.481 0.306/0.273 0.714/0.682 0.155/0.260 0.533/0.522
53-55 0.435/0.438 0.299/0.297 0.936/0.955 0.458/0.502 0.742/0.735
67-73 0.760/0.787 0.267/0.292 —0.262/—0.240 —0.549/—0.475 0.898/0.920
74-81* 0.617/0.624 0.493/0.500 —0.134/—0.156  0.080/0.057 0.915/0.915
87-96 0.578/0.646 0.560/0.581 —0.014/—0.064 0.033/—0.025 0.951/0.952
104-112 0.148/0.102 0.184/0.139 0.677/0.652 0.911/0.944 0.586/0.580
115-123 0.854/0.693 0.715/0.588 —0.319/—0.300 0.294/0.421 0.284/0.279

* denotes a helix. The doubled values at each position represents chains A and B respectively (chain A/chain
B).Values listed in boldface distinguish highly discordant 3-strands—potential seeds for amyloidogenesis.

The underlined values distinguish the fragments of highest predisposition to conformational changes.



Entropy 2016, 18, 351 13 of 31

A measure of how much the dimeric form diverges from theoretical expectations (compared to
the monomer) is provided by the scatterplot relating theoretical and observed values for each of its
residues (Figure 9B,D). The correlation coefficients calculated for the monomeric and dimeric forms of
transthyretin (theoretical versus observed) are 0.366 and 0.592, respectively.

2 2 B
2 -t I W
E E 0.15 | 3 AU SRR
[} g 0.10/=—="-- i IR
o © 0.05f---:---- EERR SRR s A ;
T 0.00 T 0.00 L
z 11 12 13 14 15 16 17 18 19 28 29 30 31 32 33 34 35 36
Sequence Sequence
> >
b e
L O
Ke] Q
o o
e <
o Q.
o o
— —
T 0.00 k]
5? 40 41 42 43 44 45 46 47 48 495?
Sequence

o 2z F
K] 8%% L 0.20 T T T T T T T T
£ 8% £ 010k
[y o TN

0.10
2 005 o 0.05
T 0.00 T 0.00
7 2 88 89 90 91 92 93 94 95 96 97

Sequence

> >
£ =
L T 0.20
QO Q
E E 0.15
Q Q.O'lo .
o © 0.05 h
o o | | ] ] | | |

0.00 0.00
2 104 105 106 107 108 109 110 111 1123 115 116 117 118 119 120 121 122 123

Sequence Sequence

Figure 9. T, O and H hydrophobicity density distribution profiles for individual -strands in
transthyretin. Numbers indicate which residues form part of the selected fragment. Distribution:
T—Dblue, O—red, H—green. (A) p-fragment 11-19; (B) p-fragment 28-36; (C) p-fragment 40-49;
(D) B-fragment 67-73; (E) pB-fragment 74-81; (F) p-fragment 88-97; (G) B-fragment 104-112;
(H) p-fragment 115-123.

Particular attention should be devoted to fragments at 23-25, 28-36 and 104-112 (Figure 9B,G),
listed in Table 3. All of them conform to the model with high accuracy. Much like in titin, good
agreement is observed for both sets of reference distributions (T vs. O and T vs. H). Fragments at 11-19,
67-73, 74-81 and 88-97 (Figure 9A,D-F) diverge from the model, with high RD values calculated for
the T distribution (meaning significant deviations from the concentric hydrophobicity density field),
as well as for the H distribution (indicating that the placement of individual residues is not aligned
with the structure of the shared core but instead corresponds to their intrinsic hydrophobicity, and can
therefore be called “selfish”). This phenomenon is readily apparent in Figure 9A,C-F.

Two B-strands (67-73 and 87-97) diverge substantially from the theoretical distribution in favor
of the intrinsic distribution.

It appears that the fragments at 28-36 and 104-112 participate in the formation of a shared
hydrophobic core, while those at 67-73, 74-81 and 87-97 exhibit increased hydrophobicity in an area
where low hydrophobicity is expected (exposure of hydrophilic residues on the protein surface).

Comparative analysis of the monomeric and dimeric forms of transthyretin leads to the
following conclusions:
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1. The monomer as well as the dimer are devoid of a prominent, shared hydrophobic core
(theoretical profile maxima do not correspond to observed areas of high hydrophobicity).

2. Contrary to expectations, residues exposed on the surface do not participate in transthyretin
dimer formation (Figure 9A,C).

3. The correlation coefficient between T and O increases for the dimer versus the monomer
(Figure 9B,D).

4. Individual B folds in both the monomer and the dimer tend to be accordant with the model and
therefore participate in the formation of a shared (dimeric) hydrophobic core.

4.3. SufC-SufD Complex Involved in Iron—Sulfur Cluster Biosynthesis, Containing an Amyloid-Like
Structural Motif

The SufC-SufD complex involved in iron-sulfur cluster biosynthesis (2ZU0) is a very large
molecule comprising four chains: A and B (416 residues each), C (247 residues) and D
(42 residues—partially represented). Table 4 lists the status of each chain. The B chain is further
subdivided into three parts: the N-terminal fragment, the AmL section and the C-terminal fragment.
As mentioned above and highlighted in numerous publications [36-38] AmL exhibits an amyloid-like
structural form [50-55]. Results listed in Table 5 describe the SufC-SufD complex involved in iron-sulfur
cluster biosynthesis as a whole (single common 3D Gaussian) and individually for each chain.

Table 5. Status of the SufC-SufD complex and its individual chains, analyzed separately and as part of
the complex.

Fragment RD(R)
Complex ABCD 0.767
Chain A Chain B Chain C Chain D **
In Complex 0.714 0.758 0.732 0.783
Individual Chains 0.646 0.645 0.603 0.608
No P-P 0.634 0.643 0.587 -
N-terminal 8-150 0.523 0.540 - -
C-terminal 370-423 0.739 0.706 - -
N-terminal No P-P - 0.547 - -
C-terminal No P-P 0.634 0.668 - -
AmL 0.711 0.706 - -

** Note that chain D has been truncated. “No P-P” expresses the status of the chain with residues engaged in
P-P interaction eliminated from FOD calculations.

Interpretation of results listed in Table 5 indicates that no shared hydrophobic core is present in
the complex. This is confirmed by the specific arrangement of individual chains, which assemble into
a highly non-globular structure. Each chain appears to be a distinct unit rather than part of a larger
whole (RD values in excess of 0.7 for chains analyzed as parts of the complex, but significantly lower
for chains analyzed separately). RD > 0.5 typically indicates the lack of a well-ordered hydrophobic
core; however, given the length of each chain (over 400 aa for chains A and B), we should not expect
RD values to be lower than 0.5 (such values are generally seen in domains not larger than 150 aa).
Accordingly, we treat slight violations of the “RD < 0.5” rule as indicative that the chain in question does
contain a hydrophobic core while also exposing a sizeable interface useful in attracting complexation
partners. Elimination of residues involved in P-P interactions results in lower RD values, confirming
that complexation requires local instabilities in the protein body.

Chains labeled A and B both include a peculiar, rarely observed structural motif—a long 3-sheet
exhibiting a distinct periodicity. This fragment resembles typical amyloid structures, as presented
in numerous research papers discussing the conformation of amyloids [36-38]. For this reason the
fragment in question (151-365 in the A-B complex) is singled out and labeled “AmL”, while the
remaining components of each chain (the N- and C-terminal fragments) are analyzed separately.
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T and O hydrophobicity density distribution profiles plotted for chain A (Figure 10) reveal that
no substantial hydrophobic core is present—which is consistent with the RD values listed in Table 5.
Wherever high observed hydrophobicity is expected in AmL, actual hydrophobicity is found to be low.
A similar discrepancy is observed for loops, where observed hydrophobicity is expected to be low but
in fact remains elevated. Of note is also the difference between the N- and C-terminal fragments and

the AmL section.
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Figure 10. Theoretical (T—blue) and observed (O—red) hydrophobicitydensity distribution profiles for
the A chain of the analyzed protein. The AmL fragment comprises residues 151 through 365 (inclusive).

Figure 10 also reveals that the N- and C-terminal fragments exhibit better accordance between the
expected and observed hydrophobicity density distribution profiles. This means that—in line with
expectations—hydrophilic residues are exposed on the surface. A similar phenomenon is observed in
chain C. This suggest that the protein owes its solubility to proper alignment of the N- and C-terminal
fragments of chains A and B, as well as to the conformation of chains C and partially D (Figures 10
and 11, Table 5). Note the heightened RD values for fragments involved in protein complexation,
particularly with regard to the C-terminal fragment. Such phenomena are often observed, as the
fragment engaged in complexation folds in the presence of two contradictory factors: the preferences
of the chain itself and the influence of external molecules.
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Figure 11. Hydrophobicity density distribution profiles for the C chain:theoretical (T—blue) and
observed (O—red). Green vertical lines distinguish residues engaged in P-P interaction.

Values given in Table 6 and analysis of profiles on Figure 11 visualize the local discrepancy
between T and O for residues engaged in P-P interaction, explaining the fairly high RD value for
chain C. Eliminating residues engaged in P-P interaction results in a lower RD value.

One may conclude that the solubility of the molecule is due to the presence of chains C and D as
well as due to its N- and C-terminal fragments. The properties of all these parts are similar to those of
many other proteins examined with the use of the fuzzy oil drop model (Figure 11).
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Table 6. N- and C-terminal fragments—RD values calculated for individual secondary folds in chains

A and B respectively.
RD (RD(R))
Fragment
Chain A Chain B
N-Terminal
9-20 H 0.387 0.352
26-40 H 0.419 0.453
54-59 H 0.499 0.417
61-63 B 0.101 0.123
70-78 H 0.631 0.588
84-90 B 0.494 0.479
92-94 B 0.596 0.621
95-98 H 0.334 0.313
107-111 B 0.262 0.257
124-134 B 0.609 0.611
137-142 B 0.898 0.911
C-Terminal
368-378 H 0.670 P-P 0.644 P-P
381-399 H 0.668 P-P 0.625 P-P
403-417 H 0.411 0.423

Values listed in boldface diverge from the theoretical hydrophobicity density distribution model. “P-P” indicates
the presence of an inter-chain interface within the specified fragment.

AmL Section

The properties of 3-strands comprising the AmL section are listed in Tables 7 and 8. As can be
seen, they generally do not conform to the fuzzy oil drop model, with the exception of the fragment at
151-158—the only one for which RD < 0.5.

Table 7. Properties of the AmL section in chains A and B. Highlighted values diverge from the
model. Only the initial 3-strand remains consistent with theoretical values. RD parameters have been
calculated with regard to two reference profiles—T (RD(R)) and H (RD(H)).

Chain A Chain B
Fragm. RD Corr. coeff. RD Corr. coeff.
RD(@R) RD(H) 0oO,T) 0(OH) oTH RDR,T) RDH,T) 0(0O,T) ¢(O,H) oHT)
AmL 0.645 - 0.280 0.710 0.151 0.644 - 0.277 0.705 0.147
151-158 0.458 0.645 0.505 0.865 0.338 0.454 0.708 0.515 0.886 0.387
166-178 0.773 0.752 —0.150 0.686 0.029 0.783 0.750 —0.220 0.644 0.029
181-192 0.729 0.635 0.091 0.706 0.229 0.725 0.653 0.116 0.725 0.230
196-208 0.721 0.761 —0.040 0.620 0.116 0.737 0.763 —-0.120 0.602 0.207
211-220 0.784 0.622 —0.290 0.675 —0.120 0.779 0.612 0.252 0.645 —0.120
225-236 0.884 0.743 —0.650 0.615 —0.260 0.884 0.740 —0.700 0.600 —0.270
239-248 0.919 0.776 —048 0.266 0.145 0.926 0.751  —0.480 0.101 0.153
251-262 0.702 0.821 —0.080 0.833 0.046 0.702 0.815 —0.100 0.833 0.027
266-275 0.719 0.615 0.246 0.578 0.165 0.734 0.617 0.273 0.600 0.182
280-291 0.570 0.423 0.225 0.824 0.133 0.580 0.420 0.200 0.828 0.125
295-305 0.703 0.558 —0.250 0.896 —0.210 0.698 0.550 —-0.210 0.898 —0.200
309-320 0.771 0.844 0.055 0.879 0.167 0.765 0.827 0.076 0.873 0.172
326-337 0.732 0.720 —0.150 0.871 —0.110 0.738 0.700 —0.120 0.828 —0.110
342-352 0.747 0462 —0.730 0908 —0.590 0.738 0.435 —0410 0.870 —0.390
355-367 0.570 0.354 0.658 0.798 0.287 0.572 0.428 0.568 0.804 0.318
LOOPs 0.689 - 0.165 0.699 0.113 0.686 - 0.382 0.762 0.037

Fragments for which the O/H correlation coefficient significantly exceeds its O/T and T/H counterparts are
marked in boldface.
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Table 8. Properties of the AmL section in chains A and B when calculated for both chains as a whole.
Values listed in boldface distinguish positions supporting the amyloid-like conformation. Only the
initial 3-strand remains consistent with theoretical values. RD parameters have been calculated with
regard to two reference profiles—T (RD(R)) and H (RD(H)).

Chain A Chain B
Fragm. RD Corr. coeff. RD Corr. coeff.
RD(R) RDH) oO,T) oOH ofH RDRT RDHT) oOT) oOH oHT)
AmL 0.752 0.564 0.140 0.724 0.010 0.719 0.510 0.123 0.722 0.001
151-158 0.385 0.485 0.674 0.653 0.080 0.340 0.519 0.705 0.723 0.162
166-178 0.635 0.635 0.009 0.548 0.218 0.636 0.622 —0.129 0.511 0.199
181-192 0.655 0.576 0.242 0.770 0.062 0.643 0.607 0.230 0.781 0.090
196-208 0.597 0.671 0.078 0.625 0.204 0.641 0.693 —0.141 0.602 0.133
211-220 0.751 0.428 —0.387 0.617 —0.249 0.747 0.425 —-0.317 0.593 —0.269
225-236 0.794 0.639 —0.541 0.467 —0.077 0.805 0.646 —0.649 0.457 —0.064
239-248 0.896 0.679 —0.588 0.040 0.057 0.889 0.629 —0460 —0.130 0.012
251-262 0.665 0.847 —0.304 0.868 —0.156 0.646 0.831 —0.251 0.866 —0.123
266-275 0.695 0.541 0.221 0.562 0.187 0.695 0.516 0.197 0.568 0.190
280-291 0.572 0.406 0.016 0.748 0.193 0.557 0.382 0.063 0.760 0.196
295-305 0.629 0.463 —0.228 0.880 —0.242 0.615 0.466 —0.214 0.887 —0.248
309-320 0.627 0.726 0.152 0.870 0.264 0.626 0.709 0.152 0.862 0.238
326-337 0.671 0.688 —0.105 0.827 —-0.177 0.701 0.697 —0.188 0.792 —0.238
342-352 0.611 0.379 —0.377 0.947 —0.236 0.609 0.348 —0.320 0.954 —0.244
355-367 0.285 0.158 0.782 0.635 0.331 0.300 0.195 0.747 0.652 0.297
LOOPs 0.752 0.563 0.292 0.756 0.107 0.719 0.510 0.262 0.762 0.114

Fragments for which the O/H correlation coefficient significantly exceeds its O/T and T/H counterparts are
marked in boldface.

The RD(R) and RD(H) values for the dimer are 0.737 and 0.539, respectively, while correlation
coefficients—o(O,T), 0(O,H) and o(H,T)—are 0.277, 0.759 and 0.111, respectively.

The table also includes correlation coefficients for the observed-vs.-theoretical (T),
observed-vs.-intrinsic (H) and theoretical-vs.-intrinsic (H) relations.

The loops exhibit high values of RD (RD(R))—in excess of 0.689—which means that they are a
poor match for the theoretical distribution and that hydrophobic residues are exposed on their surface.

The correlation coefficients are particularly high for the ¢(O,H) relation. Negative correlation
coefficients for o(O,T) and ¢(H,T) suggest that, in some sections, the observed distribution is a polar
opposite of the expected distribution. Detailed characteristics of each (3-strand are shown in Figure 12.
We should note that—ideally—each -strand should contain one centrally placed hydrophobicity
peak; however for certain folds the opposite is true (see for example the fragments at 166-178 and
225-236) (Figure 12B,F). Of note is also the high hydrophobicity observed at the terminal sections of
-strands (which would have been expected to attain an entropically advantageous conformation by
exposing hydrophilic residues to the outside environment).

For the AmL section, the observed distribution differs substantially from the expected
“single-peak” theoretical distribution. The (3-strand in particular includes two distinct profile maxima,
with a negative T /O correlation coefficient. In other words, this section exhibits high hydrophobicity
in areas where the theoretical model would expect hydrophobicity to remain low (and the other
way around).

The properties of the 225-236 are of special interest due to its extreme discordance versus the
theoretical distribution (negative correlation coefficient: —0.657) along with good accordant with
the intrinsic distribution (correlation coefficient: 0.616) (Figures 12 and 13). This suggests that the
polypeptide fragment folds on its own, with no regard to higher-order structures—it behaves in a very
“selfish” manner, taking into account solely its own (sequence-mandated) properties. The observed
distribution is a polar opposite of the expected distribution—hydrophobicity remains high in areas
where the model would expect it to be low (and vice versa). The distribution of hydrophobic residues
seems random, without any order which would suggest the presence of a hydrophobic core (Figure 14).
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Figure 12. Hydrophobicity density distribution profiles for successive layers of the -system in AmL:
T—blue, O—red, H—green. According to the theoretical distribution, a single, prominent peak should
be observed in the central part of each fragment. In fact, many fragments exhibit multiple peaks as
well as increased hydrophobicity in their terminal sections, resulting in poor solubility. (A) fragment
151-158; (B) fragment 166-178; (C) fragment 181-192; (D) fragment 196-208; (E) fragment 211-220;
(F) fragment 225-236; (G) fragment 239-248; (H) fragment 251-262; (I) fragment 266-275; (J) fragment
280-291; (K) fragment 295-305; (L) fragment 309-320; (M) fragment 326-337; (N) fragment 342-352;
(O) fragment 355-367.
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Figure 13. Properties of the 225-236 fragment. (A) Distribution profile: theoretical (T—blue) and
observed (O—red) hydrophobicity density distribution for the fragment at 225-236. The green line
represents a distribution given by the intrinsic hydrophobicity of each residue; (B) correlation between
theoretical and observed distributions (correlation coefficient = —0.657); (C) correlation between
intrinsic hydrophobicity and observed hydrophobicity (correlation coefficient = 0.616).
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(A)

Figure 14. 3D structure of 2ZU0. (A) gray sections distinguish chains C and D and fragments of chains
A and B not belonging to AmL. The AmL fragment is colored according to the hydrophobicity of
each residue; (B) the AmL fragment in a space-filling representation colored according to residual
hydrophobicity. It is evident that hydrophobic residues (red) do not form any organized system
(seemingly random distribution). The red-white scale is derived from PyMol, with hydrophobicity

taken as the coloring criterion [56].

4.4. Therapy

In the context of seeking potential new drugs, several promising peptides are presented in [57],
among them two sequences with length 6: AEVVFT and TAVVTN. Their hydrophobicity density
distribution profiles are illustrated in Figure 15. If the analyzed sequence adopts a 3-conformation,
its hydrophobicity profile appears to correspond to theoretical values, with hydrophobic residues
confined to the central part of the peptide (bell curve). Attaching such a structure to a molecule which,
by itself, remains susceptible to complexation, would effectively “lock it” in a hydrophilic bracket.
While the suggested peptides are too short to enable meaningful FOD analysis, a longer peptide
(10-12 aa) consistent with the FOD model could also enforce an accordant distribution if oriented in

parallel to the 3-strands.
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Figure 15. Hydrophobicity density distribution in peptides which are considered for therapeutic use
as amyloid solubility promoters (only intrinsic hydrophobicity is presented). (A) sequence AEVVFT;
(B) sequence TAVVTN.

Hypothetically, in order to arrest axial propagation of the fibril, we should insert a set of
hydrophilic residues along the entire length of the peptide. Being able to position such a peptide at an
arbitrary point in the fibril would prevent it from elongating.

In light of the presented model the TAVVN sequence appears more promising since it exhibits
a monocentric hydrophobicity peak. The orientation of the attached peptide (vis-a-vis the (3 sheet)
seems to be of critical importance—if the fragment remains parallel to a pair of 3-strands, the resulting
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hydrophobicity distribution would approximate the theoretical model, with low hydrophobicity values
in the terminal sections. This, in turn, would render the amyloid more soluble.

The same mechanism can be adopted for the analysis of mutation influence on the resultant
stability of particular 3-fragments of transthyrein [58].

4.5. Sequence Comparison

While the -strands present in AmL (fifteen separate folds in A and B) can be used as a
pattern for the generation of amyloid-like forms, we are also able to identify some fragments in
other proteins as potential amlyloid seeds. Shifting-frame analysis of each sequence singles out
fragments which promote amyloidogenesis in the target proteins (including the 1B10 prion protein).
The assessment criterion—as discussed in the Materials and Methods section—is the similarity between
the observed hydrophobicity density distribution in the target molecule (AmL) and the molecule under
consideration. Quantitative assessment of this similarity is supplied by the correlation coefficient.
Table 9 shows which fragments exhibit intrinsic hydrophobicity profiles similar to those present
in AmL.

Table 9. Fragments identified as exhibiting hydrophobicity density profiles highly similar to the ones
observed for AmL, which is treated as the reference (correlation coefficients in excess of 0.8).

2700 1TIT 1DVQ 1B10 1XQ8 AB
Fragm. Fragm. Fragm Fragm. Fragm.
Fragm. RD Corr. coeff. Corr. coeff. Corr. coeff. Corr. coeff.  Corr. coeff.
55-62 BB 54-61 BL 178-185 H
151-158 0.378/0.478 0.863 0.854 0.786 46-53 0.854 -
166-178 0.705/0.706 - - - - —
60-72 LB
181-192 0.699/0.626 - 0.865 - 22-34 0.818 -
196-208 0.604/0.677 - - - - _
211-220 0.768/0.453 - - - - _
225-236 0.793/0.639 - - - - _
131-140 L
23-32 BLB 0.846 1-11
239-248 0-883/0.651 - 0.812 142-160 HL - 0.634
0.760
251-262 0.666/0.847 - - - - _
266-275 0.734/0.589 - - - - —
280-291 0.535/0.370 - - - _ _
73-83 H
295-305 0.690/0.530 - 0.869 - - _
61-72 LBB
309-320 0.768/0.838 - 0.877 - — _
326-337 0.820/0.802 - - - - —
40-50 LB 72-82 H 3-13
342-352 0.764/0.429 0.877 0.857 - - 0.931
355-367 0.583/0.580 - - - _ _

The RD column lists the status of each fragment in AmL, facilitating assessment of the potential amyloidogenic
properties in target proteins (1TIT, 1DVQ, 1B10, 1XQ8); “BB”, “BL” and “H” indicate 3-strands wholly contained
by the target fragment, 3-loop combinations and helices, respectively; The first row of values is italicized to
distinguish its status as accordant with the idealized distribution. The numbers in bold distinguish the status of
RD >0.5in AmL.

Table 9 shows fragments for which the correlation coefficient exceeds 0.8. The 2Z2U0 column
lists RD values for (3-strands as they appear in AmL to underscore their status as highly discordant.
The fragment at 151-158 is present in all target proteins (note, however, that its status in AmL is
accordant, which means that it should not be treated as amyloidogenic).

Results shown in Table 9 reveal high similarity of hydrophobicity distributions in a
single-dimensional presentation (sequence) of transthyretin, with five fragments exhibiting correlation
in excess of 0.8. Synuclein appears to represent sequential hydrophobicity similar to that of AmL.
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However, the AmLfragment at 239-248 is the most frequently observed one in the protein under
consideration. Of particular interest is the loop at 131-140 in 1B10—a purported promoter of
amyloidogenesis (correlation coefficient: 0.846). Somewhat surprisingly, in the individual molecule
this loop is well aligned with the fuzzy oil drop model, as evidenced by its RD values (RD(R) = 0.169;
RD(H) = 0.168). Taking the 1B10 molecule as a whole, the RD coefficient is equal to 0.428, which
suggests the presence of a well-ordered hydrophobic core (including an encapsulating hydrophilic
shell). Accordingly, this molecule should not exhibit “interest” in structural rearrangement. Such good
accordance between the observed and theoretical distribution for the 131-140 fragment, both by itself
and as part of the protein molecule, persists as long as 1B10 remains an individual entity, immersed in
an aqueous environment. However, its hydrophobicity profile is similar to that of AmL, rendering
it a potential candidate for generating a (3-structural fragment whose hydrophobicity distribution
does not follow the bell-curve template (again, similar to AmL). Such similarity has been observed
for the 131-140 fragment, taking the highly discordant AmL fragment at 239-248 as a reference
(RD(R) = 0.846).

On the basis of the fuzzy oil drop model the presented phenomenon can be interpreted as
follows: as long as 1B10 remains immersed in water, which enforces the generation of an “accordant”
hydrophobic core, the protein does not form aggregates. The signal to adopt a different conformation
(potentially one which promotes amyloidogenesis) is therefore supplied by the external force field.
Assuming that the fuzzy oil drop model correctly models the influence of water, the water environment
is responsible for generating a hydrophobic-core-like structure. If water is absent, the molecule
behaves according its own “selfish” interests, as shown in Figure 16. The structure of 1B10 shows good
agreement between the theoretical model and observed properties, suggesting high stability (at least
with regard to hydrophobic core formation). Here, differentiated stability should not be interpreted
as propensity for structural changes—instead it appears that conformational rearrangement of the
molecule requires changes in the structure of the external force field (structuralization of water).
Hydrophobicity density distribution profiles plotted for fragments at 131-140 and 142-160 (Figure 16)
indicate the presence of a local minimum in the central part of each fragment along with exposure of
hydrophobic residues in its terminal sections. This distribution is acceptable under FOD criteria as long
as the molecule is analyzed in isolation. If both fragments become independent (i.e., do not participate
in forming a hydrophobic core), a structure similar to AmL is likely to appear. If the fragment at
131-140 adopts a 3-like conformation, the resulting structure may potentially closely resemble the one
observed for AmL.
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Figure 16. Intrinsic (green), theoretical (blue) and observed (red) hydrophobicity density distributions
for fragments at 131-140 (A) and 142-160 (B) in 1B10. These fragments are regarded as candidates
for amyloidogenic conformational changes given the similarity between their hydrophobicity density
distribution profiles and those observed for the corresponding fragments in AmL. Both fragments have
been identified by comparing the correlation coefficients for individual fragments of 1B10 against AmL
(Tables 7 and 8). Note the presence of a left-handed helix (131-140) which occupies a highly energetic
zone on the Ramachandran plot.
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Two fragments identified as potential candidates for generating structures similar to AmL are
the long loop at 131-140 and the helical fold at 142-160. Both fragments are highlighted in Figure 17.
The 131-140 fragment appears particularly susceptible to adopting conformations enforced by other
protein molecules (or—as suggested by the FOD model—by changes in the structruralization of the
water environment), given its own lack of secondary ordering. Good agreement between the empirical
and theoretical distributions in the prion molecule (1B10) seems to be a coincidence. Regarding the
fragment at 142-160, its “zigzagging” hydrophobicity density profile renders it hydropathic and
promotes alignment with the molecular hydrophobic core.

Figure 17. 3D structure of the prion protein with the fragment at 131-140 marked in red. This fragment
was identified as susceptible to conformational changes on the basis of its similarity with AmL in the
context of hydrophobicity density distribution (Tables 7 and 8).

For 1B10 the listed correlation coefficient is below 0.8 due to the presence of the so-called
chameleon sequence. Such sequences frequently adopt varying conformations, depending on the
protein to which they belong.

4.6. Structural Properties of AmL

Table 10 provides a comparison of parameters describing individual 3-strands in the presented
proteins. Geometric and sequential analysis indicates molecule-specific tendencies, revealing
differences in the length of 3-strands and the adjacent loops. Of note is the high structural uniformity
observed in AmL, where the distance between sheets remains nearly identical at all points, while the
angle formed by individual 3-strands is the lowest among the analyzed proteins.

Table 10. Structural properties of -sandwich domains in titin and transthyretin compared to the
structure of 3-sheets in AmL SufC-SufD.

No. of Average Number of Inter-Strand
Protein Length [A] Residues in Residues in Adjoining Inter-Sheet [A]
Angle [deg]
[3-Strand Loops (range)
1TIT 32-35 6-8 5.8 (1-20) 30-40 8.1-11.5
1DVQ 20-26 7-10 6.7 (3-18) about 30 11.5-13.6
27U0 44-46 10-12 43 (3-8) about 10 7.5-7.9
1B10 ** - 8-10 ** - - -

The “Length” column indicates the length of the B fold (in A), which corresponds to the number of residues
listed in the adjacent column. It is followed by the number of residues present in loops; The distance between
parallel sheets is also given in A; The rightmost column shows the angle at which -structures propagate
in adjacent sheets; The 1B10 molecule does not contain a 3-sandwich. Values are listed only for fragments
regarded as susceptible to amyloid transformation; ** distinguish the only protein 1B10 as the molecule where
no f3-structural fragment is taken as the potential fragment for amyloid transformation in contrast to all others
present in this Table.
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Table 10 reveals the geometry of (3-sheets, showing relatively high diversity in 1TIT and
1DVQ, while the amyloid-like SufC-SufD fragment exhibits notable uniformity both in terms of
its length and the distance between parallel sheets. Of note is also the relatively limited number
of loop-forming residues. The length of loops in 1TIT and 1DVQ suggests potential readiness for
structural rearrangement, resulting in a highly regular structure.

Analysis of geometric parameters listed in Table 10 suggests elongation of (3-strands, with
participation of loops. Loop fragments tend to alter their structure, aligning themselves to the
B-structural system, with parameters indicating changes in the twist angle in the dorsal and ventral
[-sheet. This also results in fixation of the distance between sheets, unlike the native forms of 1TIT
and 1DVQ where the corresponding distance varies significantly. The postulated mechanism of
structural transformation of the 3-sandwich (as it appears in transthyretin) leading to amyloid-like
forms (assuming that AmL represents such properties) is shown in Figure 18.

—_————— | = == mm—

Figure 18. Hypothetical mechanism of structural changes in transthyretin leading to formation of an
Aml-like structure. The sandwich structure in transthyretin (upper row) exhibits greater distance
between sheets, along with greater differences in their mutual orientation when compared to AmL

(lower row). The two rightmost structures visualize different angles between -fragments in 3-sheets.
3D structures are compared with Gaussian plots. The arrows at the top and on the left visualize external
forces (elongation and stretching respectively). Black lines on the rightmost Gauss curve and in the
bottom left-hand image visualize the distribution of hydrophobicity as observed in AmL, showing how
it diverges from theoretical predictions.

It appears that the presence of stretching forces may engage terminal sections of loops, reducing
their length as observed in AmL. Elongation of 3-strands spreads to residues which form loops,
but also to helical sections. In general, elongation of transthyretin may reduce the angle between
backbones in the top and bottom layer, as shown in Figure 18. It should be noted that if a structure
modified in this fashion includes a sequence whose own distribution diverges from the monocentric
peak, it may provide a starting point for the propagation of an ordered structure, such as the one found
in AmL. Many fibrillary aggregates are found to contain similar “seed” sequences distributed evenly
along their length.

As shown in Figure 19, an ordered distribution may differ from the classic bell curve—it seems
that such distributions are dominated by the intrinsic hydrophobicity of each molecule, with negligible
influence of the water environment.
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Figure 19. Hydrophobicity density distributions: (A) theoretical distribution (with a central
peak)—blue line; observed distribution (somewhat divergent from the theoretical model but
retaining the overall shape)—red line; (B) theoretical distribution—dotted line; hypothetical distorted
distributions exhibiting several local peaks—blue and red lines.

4.7. Amyloid B a4 Protein

As mentioned in the Introduction, three fibril forms experimentally tested using solid-state
NMR were selected for fuzzy oil drop model analysis. The general characteristics of hydrophobicity
distribution in each of these fibrils are given in Table 11.

Table 11. Mean values of correlation coefficients for fibril forms. Correlation coefficients were calculated
for 3-strands in all chains present in the deposited structure.

Protein 0(0,T) 0(O,H) o(T,H)
2MPZ 0.004 0.822 0.053
2MVX 0.442 0.795 0.336
2MXU 0.473 0.839 0.396

Strong correlation can be observed only for O/H in all three cases. Low correlation coefficients for
O/T and T/H suggest that intrinsic hydrophobicity is the main driving force leading to the formation
of such structures.

Coming back to titin (Table 2), it is evident that this protein represents a balance between all
three distribution types (intrinsic, expected and observed). It seems that the titin domain is shaped by
all three types of interactions. The same is not true for fibril forms, where the O/H relation clearly
dominates, as shown in Table 11.

5. Discussion and Conclusions

In light of the presented results it appears that the external force field (i.e., the water environment
which facilitates biological activity) determines the structural characteristics of polypeptides.
The ordering enforced as a result of interaction with water seems limited to domain-sized units (up to
approximately 150 aa). The chain seeks a balance between optimization of nonbinding interactions
within the molecule (internal forces) and optimization of its interactions with the water environment.
An important factor in this process is the structuralization of water, which may depend on the presence
of dissolved substances. This observation is supported by the study of external conditions promoting
the formation of amyloids, presented in [48], which points to pH (in a fairly wide range), presence of
substances not found in the cell’s natural environment and proximity to cellular components, such as
membranes. The fact that aromatic compounds stimulate amyloidosis lends support to implication of
changes in water structuralizationin the process [36].
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The fuzzy oil drop model provides us with a means of generalizing the presented results. If the
external environment is simulated by a 3D Gaussian, the result is a hydrophobically ordered structure
which includes a hydrophobic core and an encapsulating hydrophilic shield, protecting the core from
contact with water and ensuring its structural stability. Simulating the folding process under different
(non-Gaussian) external conditions might potentially lead to a set of dissimilar structures, since the
folding chain—owing to its large number of degrees of freedom—can easily adapt to external stimuli.
This phenomenon is exhibited by proteins which fold in the presence of ligands, resulting in local
distortions in the structure of their hydrophobic cores [16]. From a theoretical perspective it may be
interesting to perform folding simulations for a variety of external conditions, including conditions
which are known to promote amyloidogenesis. The required conditions could be generated e.g., by
reducing the value of one of the o coefficients (such as oy) or by slightly increasing o}, This would
result in elongation of 3-strands, with involvement of loops and even of the short helical fragment.
The result would be a reduction in the angle formed by both (3-sheets. The final o coefficient (o) could
be freely increased (as shown in Figure 18), producing an ever longer molecule. Such manipulation
prevents the protein from adopting a “drop-like” shape since it does not promote the emergence
of a hydrophilic shell. Additionally, it upsets the balance between the internal and external forces.
Tipping this balance in favor of internal forces leads to the formation of a backbone which counteracts
hydrophobic effects and itself enforces a specific arrangement of hydrophobic and hydrophilic residues.
This explains the good correlation between the observed hydrophobicity density distribution and the
corresponding intrinsic distribution (dependent on the intrinsic hydrophobicity of each residue in the
chain). Low—or even negative—correlation coefficients calculated for the observed and theoretical
distribution in selected 3-strands reveal structures where no discernible hydrophobic core is present.

The solubility of the AmL fragment is facilitated by chains C and D, along with the N- and
C-terminal sections of chains A and B. These fragments exhibit low surficial hydrophobicity
(Figure 11—N-terminal fragment, and Figure 12—C-chain: the expected low hydrophobicity is
encountered on the surface), as predicted by the FOD model, despite the fact that the protein, as
a whole, diverges from the model (no concentration of hydrophobicity in the core). Exposure of
hydrophilic residues on the surface promotes solubility, despite the presence of a prominent “strange”
AmL structure.

A situation such as this may emerge when the external force field does not cause hydrophobic
residues to congregate in the central part of the protein body. Another property of the AmL structure is
that it lacks a single concentration of hydrophobicity and instead exhibits several distinct peaks spread
along the sheet. This prevents “closure” around a common core and produces a highly non-globular
protein. Our work provides several examples of how proteins undergo progressive departure from the
Gaussian distribution.

In summarizing the effects of the aqueous environment upon the structural properties of proteins
it should be noted that the formation of a hydrophobic core is a generalized process. The quantity
of information carried by the amino acid sequence is insufficient to unambiguously determine
the conformation of each residue [58-60]. This work postulates that the aqueous environment
remains an integral factor in the folding process and compensates for the observed shortfall in
information [9,15,58-60].

The predisposition of certain structures towards amyloid transformation may be dependent on
the degree to which they align themselves with this “unknown” external force field. An example is
provided by transthyretin, the structure of which is highly differentiated (taking the fuzzy oil drop
model as the criterion) [20].

Generation of a highly specific enzymatically active site requires certain distortions in the
hydrophobic force field, as described in [12,61]. This process also calls for a suitable carrier of
information which must be contributed by the protein’s environment. The final structure of the protein
represents a balance between the internal force field (nonbinding interactions between pairs of atoms
belonging to the molecule) and the external force field (dependent on the structural properties of
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water). Accordingly, changes in the (heretofore unknown) external field may lead to different results as
the protein chain adapts itself to its environment. It would be interesting to consider the reasons behind
environmental changes in organisms afflicted by the propagation of amyloid plaques—assuming,
of course, that the presented hypothesis holds true.

Finally, one can conclude that an amyloid molecule is one which does not follow the general
tendency to produce a common hydrophobic core (ignoring the external force field) and instead favors
a conformation which depends solely on its own properties (internal force field).

Structural transformation (taking transthyretin as an example) can be imagined as the effect
of stretching forces acting in the plane of (-strands and reducing the distance between sheets
(compressing the -sandwich). As a result, residues which originally form loops, are “recruited”
for further f3-strands. In this context it seems that the angle between adjacent sheets is of critical
importance—in amyloid structures the observed angle is close to zero (near-parallel structures)
(Figure 18). Compression of loops may be the reason behind the inability of proteolytic enzymes to
react with amyloid molecules (insufficient space to interact with peptide bonds).

The authors of [56] propose a potential therapeutic approach where the introduction of a suitable
peptide may cause the protein to revert to a classic “core-like” conformation—although our study
suggests that the required peptide should be somewhat longer. Furthermore, it appears that a peptide
carrying a greater number of hydrophilic residues might “complete” the protein’s hydrophilic shield,
producing a quasi-globular form.

It must be noted that under the fuzzy oil drop model the hydrophobic core is defined as
a concentration of hydrophobic residues in the central part of the protein body fogether with an
encapsulating hydrophilic shield. Elongation of amyloid fibrils is facilitated by the exposure of
hydrophobic residues on the protein surface, along the external walls of the 3-sandwich. Note that
similar exposure in the area of external loops does not cause lateral complexation due to the fact that
the fibril is usually twisted around its axis of propagation.

The reasons behind changes in the structure of the external force field (i.e., departures from the
Gaussian distribution) remain unknown. One hypothesis refers to changes in the structuralization
of water upsetting the balance between the influence of the external field and the intrinsic properties
of individual residues: in amyloid aggregates these residues appear “liberated” from cooperative
interactions which would otherwise produce a shared core. This hypothesis is consistent with to-date
observations regarding external factors which promote in vitro amyloidogenesis (such as shaking).
The authors plan to perform simulations of the folding process under a variety of external conditions,
represented by deformed hydrophobicity “capsules”, including forms which do not resemble the
idealized 3D Gaussian [60].

Thus far, the lowest RD value expressing the status of the entire domain has been identified for
titin, suggesting exceptionally high stability (as determined by the fuzzy oil drop model). This domain
therefore represents a good study subjects in experiments revealing the step-wise mechanism of protein
unfolding [62].

Three proteins which are classified as amyloids in PDB (2MXU, 2MVX and 2MPZ) [41-43] have
been analyzed in search for possible generalizations of the presented fibril formation mechanism.
Results firmly support the conclusion that amyloidogenesis is related to the lack of a hydrophobic core,
with the protein’s structural form dominated by the intrinsic hydrophobicity of individual residues.

The topic of amyloidogenesis has been the subject of many scientific endeavors and a great variety
of papers have been published, approaching the problem from all possible angles: diagnostics [63-66],
therapeutic [67-81] and structural/molecular [82-85]. Our publication does not, however, discuss
amyloidogenesis as such, but rather the molecular processes which lead to the formation of fibrillary
aggregates commonly referred to as amyloids. The model described in this paper applied to lysozyme
structure allows the recognition of the seed and possible mechanism of amyloid changes in this
molecule, what experimentally was observed in [86].
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