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A B S T R A C T

Analysis of the structure of proteins based on the evaluation of their geometric structure (secondary and 
supersecondary structure) can be extended to assess the structuring of the hydrophobic region of a protein. Such 
analysis of amyloid protein structures leads to the identification of three scenarios for amyloid formation. One is 
the loss of the micelle-like ordering present in the native form (a centric hydrophobic nucleus with a polar 
surface) in favour of a disordered distribution of hydrophobicity in the amyloid form. The term “micelle-like” is 
to be understood as specific hydrophobic burial. The second scenario is the reverse process, when the highly 
disordered distribution of hydrophobicity in the native form is replaced by a hydrophobic burial after amyloid 
transformation. These two scenarios have been identified for pathological (neurodegenerative) amyloids. The 
third scenario is the presence of hydrophobic burial ordering in a functional amyloid fibril. In this case, this 
ordering is present both in the fibril and in the single chain that is the building block of the fibril. This hydro
phobic burial ordering provides a means of self-control of fibril size. It prevents unrestricted fibril propagation, 
which in the case of pathological amyloids is the main factor that disrupts the normal functioning of organelles in 
the amyloid surroundings. Population analysis (including numerous polymorphic forms) was performed using a 
collection of structures deposited in the Amyloid Atlas database. These observations allow the construction of a 
kind of amyloid funnel model, in which the energy minimum depends on external, environmental conditions that 
may be evaluated using the fuzzy oil drop model in its modified version (FOD-M).

1. Introduction

The well-known phenomenon of protein complex formation is based 
on specific targeting by defining the site of complexation. For example, 
these include complexes using surfaces exhibiting hydrophobic exposure 
for the interface or building together a structure representing a micelle- 
like system treated as specific hydrophobic collapse [1]. However, the 
orientation of the complexation process can be altered by external fac
tors such as salt concentration (ionic strength), pH or the presence of 
organic molecules [2]. In the context of properly constructed complexes, 
the phenomenon of generating amyloid structures is marked by certain 
distinctive features. These include the predominant presence of the 
β-structure form enabling the formation of interchain hydrogen bond 
networks on long-chain fragments, but also sometimes along the entire 
chain length. The predominance of β-structure also results in a 2D (flat) 

form, as opposed to the spatial (3D) structure commonly found in pro
teins and protein complexes. The term 2D is related to the backbone 
orientation of a single chain in the fibril. The side chains are oriented 
(according to sp2 carbon-hydrogen hybridisation) out of plane, which 
introduces an element of spatiality, although it does not apply to the 
backbone.

Micelle and micelle-like – terms used in this paper – are understood 
as the construction with a centric hydrophobicity concentration with a 
gradually increased level of hydrophobicity reaching the zero level on 
the surface. The zero level of hydrophobicity means the polar surface. 
The scale of hydrophobicity is transformed to the range (1− 0). The 
presence of a centric hydrophobic core with a polar surface is also 
expressed in this paper as hydrophobic burial or hydrophobic collapse.

A review of amyloid structures, including in their polymorphic 
forms, is possible thanks to the availability of a database called Amyloid 
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Atlas [3,4]. It has also been shown that almost any protein can form 
amyloid forms, which is mainly achieved by shaking [5]. It is a mystery 
how this form is obtained in vivo, where it is difficult to identify an 
analogous factor. Pathological amyloids are characterised by significant 
stability and resistance to proteolysis. They do not undergo chemical 
denaturation (even under the influence of detergents) [6]. In the process 
of amyloid transformation (similarly to other protein folding processes) 
intermediate structures are identified [7]. It is expected that identifi
cation of the intermediates’ properties can be used in designing thera
pies for early amyloid transformation. The structures experimentally 
obtained using laboratory techniques (shaking under strictly defined 
environmental conditions), show structuring identical to the forms 
identified in human brains; however, this is limited to the tau amyloid 
[8–10].

The model, fuzzy oil drop (FOD-M), applied to the analysis of amy
loid structures assumed the micellisation process as the mechanism for 
the specific structuralisation of proteins. The amino acids are treated as 
the set of different bipolar molecules, which, limited by covalent bonds 
in the polypeptide chain, are able to generate only the micelle-like 
structures. The term micelle-like expresses the tendency to concentrate 
the hydrophobic residues in the central part, with the exposure of polar 
residues on the surface [11]. The highly symmetrical organisation of the 
hydrophobic burial is not possible due to the limited mobility of amino 
acids restricted by the peptide bonds in the polypeptide chain. The de
gree of post-hydrophobic-collapse ordering is reached by different pro
teins in differing degrees. However, the proteins representing the highly 
symmetrical order of hydrophobic burial organisation are identified 
(downhill, fast-folding, ultrafast-folding [12]). Additionally, a large 
majority of domains treated as individual structural units represent 
ordering accordant with hydrophobic core with polar surface organi
sation. The main argument to treat the proteins as having micelle-like 
organisation is supported by the water environment, which is the crit
ical condition for any organism. The polar environment as delivered by 
water is the source of the assumed organisation of bipolar molecules in 
the form of micelles.

Polar water is not the only environment in which the proteins are 
active. The membrane representing the opposite form of the surround
ing – the hydrophobic one – is assumed also to direct the folding process 
of proteins anchored in the membrane. The introduction of the FOD-M 
model taking into account the environment in the form of the external 
force field for the folding process is expressed as the function of the 
continuous form. The 3D Gaussian function is assumed to be the effect of 
the polar water’s directional role in the folding process; however, the 
other environments present in the cell, like the membrane, endoplasmic 
reticulum and Golgi apparatus, as well as chaperones and chaperonins 
(also including prefoldin) deliver different external force fields for the 
folding process. The FOD-M model is able to characterise the protein’s 
structures as the effect of water and other environmental factors’ 
participation in the folding process in a quantitative form.

The criterion used in this paper to classify the amyloid forms avail
able in [3,4] is based on an assessment of the hydrophobicity distribu
tion of both the native form (if available) and the amyloid form. The 
native form and status of the single chain (fibril component), amyloid 
fibril (protofilament) and superfibril status are evaluated. Term 
“superfibril” is used to express the structural form constructed by more 
than one protofilament.

The distribution of hydrophobicity is important because of the pos
sibility of determining the environmental conditions under which the 
process of protein folding as well as amyloid transformation occur. The 
particular distinguishing feature of the single chain structures – fibril 
components – is expressed in 2D form, as opposed to biologically active 
proteins with a 3D form. It is assumed that the preference for the 2D 
form is related to the properties of the air/water interphase, the presence 
of which increases significantly during shaking. In this phenomenon, 
environmental specificity with the significant presence of air/water 
interphase is critical to the generation of 2D forms. Therefore, the use of 

a model that quantifies the environment’s contribution to shaping the 
structure seems justified.

The main goal of the presented analysis is the interpretation of the 
structural transformation of native proteins into their amyloid forms, 
including pathological as well as functional examples. The proposal of 
the revised form of the funnel model introducing the mathematical de
pendency on the search for the local/global energy minimum is 
presented.

2. Materials and methods

2.1. Data

The proteins discussed in detail in the current paper are listed in 
Table 1. and Table 2. The analysis included native forms as well as the 
corresponding amyloid forms for comparison purposes. In addition to 
pathological amyloid proteins, the list also includes endorphin, which 
shows its biological activity in the form of an amyloid fibril.

In addition, all amyloids included in Amyloid Atlas [3,4] repre
senting the amyloid groups listed in Table 1 were analysed. However, 
their description is limited to an aggregate analysis.

All amyloids available in Amyloid Atlas representing the VL domain 
of IgG, transthyretin, α-synuclein, A-Beta and TAU amyloids are under 
consideration. The detailed analysis is presented for selected examples. 
The selection of examples was to perform comparable analysis with the 
proteins discussed in other papers. The selection of two examples of 
α-synuclein was to explain the source of the vast difference between the 
status of this protein in those structural forms of amyloids.

The calculation and analysis of others (not presented in detail in this 
paper) are available using the very simple tools available in an open 
access system (see Materials and Methods – Programs used). As is shown 
later on in this paper, the differences in the structures of amyloid forms 
for certain proteins are rather low, which suggests the similarity of their 
interpretation. The main aim is to visualise three scenarios for amyloid 
formation in the discussed examples. These three scenarios can be 
visualised in the form of the funnel model for amyloid formation taking 
the native structural forms of the discussed proteins.

2.2. Description of the FOD-M model used

The principles of the fuzzy oil drop (FOD) model and its modified 
version (FOD-M) have already been described in numerous papers [28, 
29]. Here, the basics are cited for ease of results interpretation.

The model is based on the assumption that, in an aqueous environ
ment, bipolar molecules (which is what all 20 amino acids are) tend to 
structure themselves towards an organisation with a centrally located 
hydrophobic core with a polar surface. This arrangement ensures solu
bility in an aqueous environment, where the vast majority of proteins 
show their activity. The distribution of hydrophobicity in an idealised 
micelle is described by a 3D Gaussian function spanning the body of the 
protein: 

Table 1 
List of proteins analysed in detail in this paper.

NAME PDB ID FORM REF

VL domain of IgG light chain 
VL domain of IgG light chain 
Transthyretin 
Transthyretin 
α-synuclein 
α-synuclein 
α-synuclein 
TAU 
Endorphin

4BJL 
6HUD 
1DVQ 
6SDZ 
1XQ8 
2N0A 
6XYO 
5O3L 
6TUB

native 
amyloid 
native 
amyloid 
native 
amyloid 
amyloid 
amyloid 
amyloid/native – hormone

[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
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Where xi, yi and zi represent the positions of the effective atoms (the 
averaged position of the atoms comprising a given i-th amino acid). The 
parameters σx, σy and σz are the parameters of the Gaussian function. 
The common orientation is defined to calculate the appropriate values 
for the σx, σy and σz parameters. The two positions of the atoms of the 
greatest distance define the orientation along the x-axis. The greatest 
distance between the projections on the YZ plane defines the orientation 
along the y-axis.

The positions of the most distant positions of the effector atoms take 
on a 3σ value in each direction (according to the three-sigma rule). The 
3D Gaussian function spanning the protein body expresses the size and 
shape of a given molecule depending on the relationship of the σx, σy and 
σz parameter values. The values σx= σy= σz indicate a sphere. The Ti 
value indicates the level of hydrophobicity in an idealised distribution 
consistent with the micelle-like system assigned to the i-th amino acid in 
question. Ti is assumed to represent the theoretical, idealised level of 
hydrophobicity represented by the effective i-th atom in its spatial po
sition in the protein body encapsulated in the ellipsoid (3D Gaussian 
function).

However, the levels of hydrophobicity in a given protein can be and 
usually are different with respect to the idealised form. The level of 
observed hydrophobicity (Oi) is the result of an inter-residue interac
tion, which is determined by a function proposed by M. Levitt [30]:  

Where c is the cutoff distance. A c= 9 Å was adopted (after M. Levitt 
[30]). Hr stands for the intrinsic hydrophobicity assigned to each amino 
acid (any hydrophobicity scale can be adopted [31]).

A comparison of the T and O distributions can be made after prior 
normalisation of both distributions (sum of all Ti = 1 and sum of all Oi =

1). Normalisation is expressed in Eq. 1 and Eq. 2 by the first terms in 
both equations.

Comparing the T distribution with the O distribution provides in
formation on the extent to which the hydrophobic collapse system has 
been opened up in a given structure. An aqueous environment favours 
the generation of this type of system. Any deviation to the hydrophobic 
burial system analysed provides information about the specific nature of 
the structure in question, but also about the conditions under which the 
folding process occurs.

Comparison and quantitative evaluation of differences is carried out 

using the divergence entropy proposed by Kullback-Leibler [32]: 

DKL(O|T) =
∑N

i=1
Oilog2

Oi

Ti
(3) 

However, the DKL value is not interpretable (entropy). Therefore, a 
second reference R distribution was introduced, in which Ri= 1/N 
where N is the number of amino acids in the chain. R distribution means 
assigning each amino acid (effective atom) an equal level of hydro
phobicity. It is a distribution without a hydrophobic core and any dif
ferentiation in the status of individual amino acids.

Comparison of the DKL(O|T) and DKL(O|R) values allows the simi
larity of the O distribution to the T and R distributions to be assessed. 
The relation DKL(O|T) < DKL(O|R) is interpreted as the presence of a 
hydrophobic core in the protein body. In order to avoid using two values 
to describe the same object (the protein being analysed), a measure of 
RD (relative distance) was introduced: 

RD =
DKL(O|T)

DKL(O|T) + DKL(O|R)
(4) 

The RD value is in the range (0− 1). The RD< 0.5 value is interpreted 
as the presence of a hydrophobic core. However, the structure of the 
hydrophobic core can vary, which is precisely what the RD value ex
presses. The closer the value is to 0, the more pronounced the hydro
phobic core is in a given protein. An RD close to 1 indicates an 
approximation to a uniform distribution of hydrophobicity without 
marked variation within a given protein.

The RD value can be determined for any defined structural unit: 
domain, chain or complex. For each of the listed units, a 3D Gaussian 
function is constructed to suit the size and shape of the unit. The 
interpretation of the results (RD values) then relates to the status of the 
selected structural unit.

With the proposed method, it is also possible to determine the status 
of the selected part of the structure (chain in a complex, domain in a 
chain, or any selected part of a chain). In this case, the Oi, Ti and Ri 
values representing the selected fragment are normalised. Calculation of 
the DKL and RD values for the selected fragment is performed according 
to the procedure given. The RD value thus obtained allows an assess
ment of the contribution of the selected fragment to the hydrophobic 
core construction within the structural unit from which the fragment 
was taken. It can participate in the construction of the core but can also 
be a part of the structure that introduces local incompatibility.

The aqueous environment directing the protein structuring process 
(protein folding) towards a hydrophobic-collapse-based structure is not 
the only environment for protein activity. A membrane is the opposite 
environment to polar water conditions, requiring the exposure of hy
drophobic residues on the surface and often (especially in the case of an 
ion channel) the location of polar residues in the central part of the 
protein. This is the opposite arrangement to the one previously dis
cussed. This means that a 1–3D Gaussian function should be used to 
describe such a distribution. In practice, the TMAX-Ti function is used, 
where TMAX is the maximum value in a given T distribution. However, it 
turns out that the hydrophobicity distribution in a membrane protein 
applies to the function: 

Mi = Ti + [K * [TMAX – Ti]n]n                                                        (5)

Where K is a parameter that modifies the 3D Gaussian function. The 

Table 2 
Amyloids in terms of their role in the organism. Percentages for VL domain – 
frequency of deposits localisation in diseases.

Amyloid Role in organism – disease

VL domain of IgG 
Transthyretin 
α-synuclein 
TAU 
Endorphin

Heart – 75 %, kidney – 65 % [22]
nerves, ligaments, heart, and arterioles, and systemic 
amyloidosis, hereditary ATTR (ATTRv) [23]
Parkinson’s, Alzheimer’s, Lewy bodies, multiple system atrophy 
[24]
Parkinson’s disease, dementia with Lewy bodies and multiple 
system atrophy [25]
Parkinson’s, Alzheimer’s [26]
Physiological – hormone [27]
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degree of this modification is expressed precisely by the value of this 
parameter. The higher it is, the stronger the contribution of the 
“inverted” distribution and the more it deviates from a system with a 
centric core and polar surface. The value of the K parameter is deter
mined iteratively to obtain the minimum value of DKL(O|M).

A graphical representation of the model in question is given in Fig. 1. 
The hypothetical example of the Gaussian type and the observed one is 
generated in the one-dimensional presentation to explain the method
ology of the FOD-M model (Fig. 1A). The Gaussian function (blue in 
Fig. 1A) is compared with the observed distribution (pink inn Fig. 1A). 
According to the FOD-M model, the R distribution of equal level of hy
drophobicity is calculated and visualised as a turquoise line. The dots on 
each position in these distributions visualise the levels of the appropriate 
hydrophobicity level. The scale expressed by the σ parameter is to show 
the Gaussian character of the T distribution. The x-axis in the described 
protein examples (below in this paper) expressed the sequence of amino 
acids in the appropriate chain. The positions of Ti, Oi and Ri expressed 
the level of hydrophobicity attributed to the particular effective atom. 
The application of Eq. 3 and Eq. 4 produces the RD value that is shown 
on the spectrum of the whole range for this parameter. RD values are 
limited to the range (0− 1) according to the definition (Eq. 4). The value 
of RD calculated for the discussed example is equal to 0.527, which is 
shown in Fig. 1B.

To search for the theoretical distribution expressed by Eq. 5, the 
iterative calculation is performed with values of K changed. The set of 
different Mi distribution is calculated to find the lowest value of DKL(O| 
M) (Fig. 1C). It is shown in the discussed example that modification of T 
distribution by K= 0.3 delivers the best approach of T distribution to O 
distribution. It suggests that the hypothetical “folding chain” status that 
is shown in Fig. 1A was following the external conditions expressed by 
Mi with K= 0.3. The M distribution – the most appropriate for the O 
distribution – is shown in Fig. 1D (grey line). It means that the hypo
thetical “protein” in this case followed the external condition modified 
in respect of the polar water external conditions. The protein folded in 

the polar water conditions represents the structure with the O distri
bution following the T distribution with K= 0.0. This is not the case in 
this discussed example.

The interpretation of the M distribution is as follows: Assuming that 
the protein folds to adapt to external conditions in a polar water envi
ronment (K=0.0), hydrophobic residues become concentrated in the 
central part with simultaneous exposure of polar residues on the surface. 
In altered environmental conditions, the folding protein also adapts to 
the surrounding environment by adopting an ordering that is consistent 
with the specifics of that environment. Therefore, it is assumed that the 
determined function M denotes the external force field for the folding 
process.

An overview of the many protein structures showing adaptation to 
varying conditions is given in numerous papers written by the team 
(including, for example, [28]).

The model discussed was applied in the present work to interpret 
amyloid protein structuring. The native and amyloid structures of the 
proteins were analysed, with both structural forms available. The 
structural unit is: single chain, protofilament and superfibril (if present 
for the amyloid in question). Superfibril is used here to identify the 
forms constructed by more than one protofilament.

The term “status” is used quite often in this paper. It expresses the 
hydrophobicity distribution as observed and interpreted in each dis
cussed protein. Status may be of a high hydrophobic burial form with a 
hydrophobic core and polar surface, or the distribution described by 
higher K values, which means the form of disorganisation of a typical 
hydrophobic core construction (fuzzy hydrophobic centre with differ
entiated surface).

2.3. Programs used

The VMD program was used for 3D presentations of the proteins’ 
structures [33,34].

The program enabling calculation of RD is accessible on the GitHub 

Fig. 1. Graphical presentation of the model used (reduced to 1D). A – T, O and R profiles, B – determined value RD = 0.527 for this example, indicating distribution a 
little bit above the threshold, C – determination of the optimum value of K through iterative search, D – T, O and M distributions for a designated value K = 0.3, 
indicating significant contribution of the aqueous environment to shaping of the structure.
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platform: https://github.com/KatarzynaStapor/FODmodel and on the 
https://hphob.sano.science platform.

3. Results

All the proteins analysed here in their in vivo and amyloid forms are 
characterised by means of profiles visualising the hydrophobicity 
distribution:

A – theoretical, T – consistent with the distribution expressed by 
means of a 3D Gaussian function spread over the protein body.

B – observed, O – expressing the actual state of a given amino acid 
resulting from inter-residue hydrophobic interactions.

C – the comparison of these two distributions is expressed by the 
value RD, which indicates the proximity of the O distribution to the 
reference T distribution. RD< 0.5 means a structure with a present, 
centric hydrophobic nucleus and a polar shell.

D – the environmental influence on the structure of a given protein, 
amyloid fibril I of a single chain – a fibril component. A value K< 0.5 is 
interpreted as a structure orientated towards a water environment. Any 
higher value of this parameter is interpreted as the influence of external 
factors (external force field).

E – M – distribution of hydrophobicity modified by the folding 
environment. M distribution means the distribution that is optimal in a 
given environment. This distribution is described by the K value as the 
form of the distribution depends on the K value.

3.1. Amyloids with a known native structure

The environment-influenced structural changes can be observed in 
amyloid transformation not requiring any mutation. The classification of 
proteins whose WT structures and amyloid form are known suggests a 
proposal for defining the mechanism of amyloid transformation. Ex
amples of proteins are transthyretin [15,16], α-synuclein [17–20], the 
VL domain of IgG light chain [13,14] and endorphin representing 
physiologically active amyloids [21] (Table 3).

Table 3 provides RD and K parameter values for the native forms and 
for their amyloid forms. In the case of amyloids formed by VL domain of 
IgG and transthyretin, a change in structuring characteristics is evident, 
involving a significant increase in the values of these parameters as a 

result of amyloid transformation. This means that the native functional 
form represents a status similar to a hydrophobic core with polar surface 
system. These are proteins that operate in an aqueous environment. 
Hence, adaptation to the requirements of this environment is present. 
Amyloid transformation – which, as evidenced by experiments, requires 
significant environmental changes – is expressed here by a significant 
increase in the values of the RD and K parameters.

A different characteristic is represented by α-synuclein, which in its 
native form occurs in a system with a “permanent chaperone” in the 
form of axon terminals of presynaptic neurons. The structure available 
in PDB presents the α-synuclein in complex with micelle, which is 
assumed to mimic the target molecules for this protein in its native form 
[17]. The very high K value for this protein suggests the structure greatly 
contrasts with the regular hydrophobic core with polar surface 
arrangement (in respect of the standard folding system with a hydro
phobic core and polar surface at least in part). Such a high K value 
suggests the necessary presence of a “supporting molecule” to keep this 
unusual structure for the chain. Hence the observed high RD and K 
values for the native form resulting from the imposed structural form 
guaranteeing complexation to the neuron. An α-synuclein amyloid 
identified in an aqueous environment adapts its structuring to these very 
conditions [18]. Low RD and K values for the amyloid form indicate this 
type of amyloid transformation (Fig. 2 and Fig. 3). The superfibril form 
present in PDB ID 6XYO reveals regular hydrophobic core with polar 
surface structuring in one protofibril, while the other protofilament (the 
superfibril component) shows high RD and K values (Fig. 2, Fig. 3).

The unique protofilament status (chains A, C, E, G, I) of α-synuclein 
(in relation to the other forms of polymorphic α-synuclein), expressed by 
the high value of the K parameter indicating a regular hydrophobic core 
with polar surface arrangement, is due to the two-domain structure of 
this protofilament: D1 (14− 34) and D2 (44− 94) (Table 3). The intro
duction of the pseudo domain division clarifies the mechanism of origin 
of this protofibril. The status of the domains is indicated in Table 3. It is 
described by a set of values that are surprisingly low. A visualisation of 
the interpretation by pseudo domain is provided by Fig. 4.

A similar situation in the form of high RD and K values is shown by 
the structure of an α-synuclein amyloid (8PK4) [35].

In the structure of the chains of this amyloid, one can distinguish a 
pseudo domain (60− 96) with a status defined by very low RD and K 
values. The identification of hydrophobic collapse ordering in the 
pseudo domain systems confirms a mechanism that prefers to generate 
the fibril structure (including superfibrils) of α-synuclein. This obser
vation confirms the uniqueness of α-synuclein as a protein undergoing 
amyloid transformation according to a mechanism that seeks to generate 
a structure based on a hydrophobic burial arrangement.

Of note in Table 3 is the status of the amyloid form of endorphin. The 
available structure in PDB contains five chains. The status of this 
arrangement is described by very low RD and K values. This means that 
the fibril exhibits a hydrophobic core with polar surface arrangement in 
aqueous environments and therefore a form that functions well in 
aqueous environments. Furthermore, the status of the single chain also 
shows an ordering of this type. This means that the form of amyloid 
available in PDB adapts well to the aqueous environment. Furthermore, 
it has been shown that such an endorphin fibril status has an up to eight- 
chain system [36]. A fibril with a higher number of chains is described 
by progressively higher RD and K values (as the fibril swells). This 
suggests that the functional endorphin fibril adapts well to the condi
tions of the aqueous environment. In contrast, the construction of a long 
fibril would require a change of environment similarly to other amy
loids, including those obtained under laboratory conditions [37–40].

3.2. Large scale analysis – polymorphism of amyloid forms

To supplement the results given above, the resources of the amyloid 
protein database Amyloid Atlas [3,4] were used.

The structural forms available there have been analysed using the 

Table 3 
Parameters describing the native and amyloid forms. The fibril and single chain 
status is described for endorphin. The domains: D1 and D2 within the structure 
of amyloid 6XYO-A define the pseudo domains distinguished in the structure of 
this protofilament. The chain fragments forming pseudo domains are given in 
the “Fragment” column. The provision of chain segment ranges for VL domain 
and transthyretin is due to the composition of the amyloid form of these 
proteins.

NATIVE AMYLOID

PDB ID Fragment RD K K RD Fragment PDB ID

TRANSTHYRETIN
1DVQ 10–120 0.580 0.5 ​ ​
​ 11–35 

57–123
0.616 0.6 1.7 0.717 11–35 

57–123
6SDZ

VL of IgG
4BJL 1–110 0.555 0.5 ​ ​
​ 1–37 

66–105
0.461 0.3 1.2 0.773 1–37 

66–105
6HUD

α-SYNUCLEIN
1XQ8 1–140 0.643 1.3 0.3 0.472 1–140 2N0A
​ ​ 0.4 0.531 30–100 2N0A
​ ​ 1.2 0.720 14–94 6XYO-A
​ ​ 0.0 0.294 14–34 6XYO-A-D1
​ ​ 0.3 0.473 44–94 6XYO-A-D2
​ ​ 0.4 0.526 21–99 6XYO-B
​ ​ 1.7 0.711 ​ 6XYO-AB
ENDORPHIN
6TUB CHAIN 0.493 0.3 0.2 0.385 FIBRIL 6TUB
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FOD-M model discussed here.
Of note, Table 4 shows the RD and K values obtained for individual 

protofibrils, single chains and superfibrils. These results give the status 
of the structural unit that each of these is. This means that a 3D Gaussian 
function was generated for each structural unit.

Some of the structures discussed (as reported in the Amyloid Atlas 
database) are derived from post-mortem material, some are obtained 
under specific laboratory conditions (e.g. in the presence of ligands or 
ions, or e.g. heparin). Characteristics are given for the relevant sub- 
groups.

A summary of the results for VL domain of IgG as well as trans
thyretin shows similar status for fibril and single chain. A very low 
variation in the results obtained is also evident (Fig. 5A, B).

In the case of A-Beta amyloids, the status of amyloids obtained post- 
mortem shows no differentiation in terms of the whole group of these 
amyloids.

In the collection of amyloid structures, tau was distinguished in the 
Amyloid Atlas database’s late and middle intermediates. The middle 
intermediate status is characterised by the closest approximation to the 
hydrophobic burial form among all tau amyloid categories. Late inter
mediate, on the other hand, represents a status close to the averaged 
form of the entire set of examples.

The forms distinguished and discussed in [7,8] as PHFs (paired he
lical filaments) show no dissimilarity to the entire group of examples 
discussed.

Characterisation of α-synuclein shows populationally low values of 
both RD and K compared to the other amyloid examples discussed here. 
Due to this specificity, groups were distinguished according to the range 
of values of the K parameter. The majority (56 %) show a status 
expressed by a K value of < 0.5. This observation is a notable exception 
to the other examples of amyloids discussed here. The structure of the 
post-mortem-derived α-synuclein amyloid group is characterised by a 
low range of RD and K values.

The reported change in RD and K parameter values for single amy
loid structures and WT form for VL and transthyretin are confirmed in 

the population analysis. Fig. 5 visualises the relationship between the 
determined values of the K parameter for the different ranges of this 
parameter. In both cases, a significant increase in K parameter values 
after amyloid transformation is evident. In the light of the FOD-M model, 
this implies the need for a significant change in environmental condi
tions of a nature different to that created by water.

A different form of α-synuclein amyloid transformation is visualised 
in Fig. 5C, where the direction of change is reversed compared to VL 
domain and transthyretin.

Characterisation of the A-Beta amyloid forms shows low values for 
the K parameter, which can be interpreted as representation of near 
hydrophobic collapse structures by amyloids of this group. However, the 
range and variation of K parameter values is quite dispersed (Fig. 6).

Alternative structures of α-synuclein [41], chains with A-Beta se
quences obtained using a program that directs structuring towards the 
generation of hydrophobic core with polar surface forms have been 
shown to be very diverse and dubious [42,43], as have models obtained 
using I-TASSER [44–47] and Robetta [48,49]. The listed programs 
provided a whole spectrum of structures with varying statuses expressed 
in RD values from hydrophobic collapse forms to structures with RD 
above 0.8. All of these models represented single chain structures, the 
form of which did not allow for the possibility of fibrils. This subject, 
however, requires in-depth analysis [50].

All the amyloids discussed appear to represent polymorphic forms as 
is also shown for tau amyloids (Fig. 7). This is probably due to the 
different sources of the samples, especially of patients-delivery repre
senting specific disease differentiation.

4. Discussion

The formation of amyloid fibrils in vitro confirms a strong influence 
of environmental conditions [51,52]. The description of the poly
morphic forms discussed in this paper indicates a dependence of the 
structure on the external force field. Experiments also show the need for 
partial unfolding of the native structure [6,7,43]. A potential in silico 

Fig. 2. T (blue), O (red) and M (green) profiles for the K value given in the legend for 6XYO. The amyloid structure for this form of α-synuclein is in the form of a 
superfibril. The protofilaments are shown here, represented by chains A and B respectively. A – protofilament A, B – protofilament B, 3D presentations of each of the 
forms discussed are also given respectively.
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simulation of the amyloid transformation process starting from the 
native form should take into account partial unfolding. In contrast, the 
folding process leading to the amyloid form should take place in the 
presence of an external force field expressed as an M Eq. 5.

Maintaining a procedure for optimising internal impacts should also 
be taken into account. As a result, the in silico optimisation procedure 
leading to the amyloid structure should be regarded as multiple-object 
optimisation [53]. The target function determining the amyloid struc
ture is the result of an optimisation taking into account both the internal 
force field (non-bonding interaction between atoms in protein) and the 
external force field (conditions imposed by the environment – adjust
ment of the hydrophobicity distribution to the external field form). The 
proposed function takes the following form: 

F(rij) = F[EINT(rij) + EEXT(K, rij)]                                                     (6)

The EINT function expresses non-binding interactions between atoms 
present in the protein structure (internal force field). This function de
pends on the variables that are the distances between the interacting 
atoms – rij.

The EEXT function – also depending on rij – expresses the active 
involvement of the environment in the amyloid transformation process. 
It is important to note the significant role played by the K parameter in 
this function. It can be treated as an independent variable and subject to 
change in the search for the optimal solution. Another form of simula
tion is to carry out an optimisation of the EEXT function at a given fixed 
value of the K parameter.

The functions EINT and EEXT are intentionally called E due to the main 
role of energy in the force field definition.

The solution to the problem of multiple-object optimisation is the 
technique called Pareto front [54]. This procedure is planned to be 
applied to simulate the amyloid transformation of proteins.

Polymorphic forms of amyloids as dependent on external force field 
conditions – which is expressed by the value of K – may be presented in 
form of a funnel model (Fig. 8). Many structural forms are possible 
depending on the established external conditions directing the process 
of structural transformation adjusting to the externally imposed force 
field. The location of the appropriate energy minimum turns out to be 
dependent on external conditions. A quantitative assessment of this 

Fig. 3. Structure 6XYO – superfibril A – summary of profiles T, O and M for K= 1.7 B – 3D structure of superfibril – protofilament chain A – black, protofilament 
chain B – red.
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relationship is illustrated in Fig. 8.
A visualisation of the funnel model for amyloid transformation, 

Fig. 8 highlights the multiple locations of the energy minimum for the 
amyloids under discussion. Many local minima for amyloid forms 
visualise the dependency on the external force field of structuralisation 
of the amyloid under consideration. The transition from native to am
yloid form is characterised by different external conditions dis
tinguishing three scenarios: increase of K value for VL domain and 
transthyretin, lowering of K value for α-synuclein and constant K value 
for endorphin, which represent low K value for individual chain as well 
as for fibril status.

This is a form of expression of polymorphism observed in experi
ments. A funnel model introducing a scale of values of the K parameter 
on the horizontal axis provides a proposal for the selection of the path of 
the folding process as dependent on environmental conditions. The 
native structures are represented by a well-defined position of the en
ergy minimum, while amyloid forms obtained under different condi
tions show variation as a result.

A special place in the diagram (Fig. 8) is occupied by endorphin, 
which in both single-chain and fibril form (here 5 chains) shows struc
turing consistent with the hydrophobic core surrounded by polar sur
face. Here, the respective value of the K parameter is constant and 
dependent on in vivo conditions. There are no polymorphic forms ex
pected for endorphin. Polymorphic endorphin structures were obtained 
through in vivo experiments. Factors that have influenced the acquisition 
of structures different from the native ones are related to the environ
ment (pH, ionic strength). The existence of different structural forms 
under experimental conditions is possible. However, as it fulfils a hor
mone role that is critical for the functioning of the body, such variability 

would be dangerous. The storage and release of hormones must be 
controlled. The self-preventing mechanism of uncontrolled fibril prop
agation by limiting its size to a strictly defined number of chains in a 
fibril was discussed in [36]. Tracking changes in the K value for an 
elongated fibril (1–24 chains in fibril) reveals a high degree of fibril 
structure adjustment for 1–8 chains in the fibril. The fibril status of this 
size shows an exceptionally low order value of K = 0.2. As the number of 
chains in the fibril increases, the K value increases rapidly. This means 
that the environment enables the formation of fibrils with up to 8 chains. 
Increasing the number of chains would require environmental support 
(increasing the value of the K parameter), which does not happen in 
natural in vivo conditions. Therefore, the term was used that poly
morphic forms are rather not acceptable under in vivo conditions. Of 
course, it cannot be ruled out that this system could malfunction.

Verification of the proposed model of dependence of the folding 
process on environmental conditions could be based on an experiment 
analogous to the folding/unfolding/refolding of fast-folding, ultra-fast- 
folding proteins in a dialysis bag with the concentration of urea 
changing in the environment. Instead of urea, alcohol or any other 
chemical compound can be used. The variability of the concentration 
and the type of alcohol could easily shed light on the type and degree of 
contribution of the introduced factor to the folding effect. It seems that 
this could be a way to find a factor that could turn out to be analogous to 
those factors that are found under in vivo conditions or could potentially 
appear there.

Verification of the proposed model for the interpretation of struc
tural transformation with regard to endorphin could take the form of 
lengthening the fibril size of this hormone, provided that the environ
ment changes towards increasing K values.

Fig. 4. Protofilament structure (A, C, E, G, I) with pseudo domain division (PDB ID 6XYO): A – 3D presentation: D1 14–34 (red) and D2 44–94 (ice blue) indicate the 
presence of two hydrophobic cores with polar surface systems. Residue – green – N-terminal residue.B – T and O profiles for part of protofilament A (fragment 14–34) 
– the M profile is not shown since it is identical to T distribution (K=0.0).C – T, O and M profiles for K= 0.3 for the domain within protofilament A (fragment 44–94).
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The available algorithms, which are oriented towards the simulation 
of structural changes, have been available for a long time and are 
currently being developed: TANGO [55,56], Aggrescan4D [57,58] take 
into account changing external conditions such as salt concentration, pH 
variation and temperature. However, the presence of these factors is 
taken into account at the atom-atom level. It is therefore a local impact. 
The positions of water molecules in the environment, as well as ions and 
other molecules, are determined by means of coordinates for these 
molecules. In the model presented herein, the external environment is 
treated as a continuum and expressed by means of an external force field 
(Eq. 6). The FOD-M model records the state structure of a molecule as 
the effect of the external force field on the organisation of hydropho
bicity. An external force field affects the entire molecule, whereas an 
atom-atom interaction is strictly local and random.

Temperature mainly influences the internal force field, giving indi
vidual atoms the appropriate kinetic energy. It is not impossible that the 
polarity/hydrophobicity of the aquatic environment is affected by 
temperature. The structure and properties of water, especially in the 
context mentioned, are not recognised. The relationship between these 
two opposing characteristics is the subject of analysis presented in 
numerous publications without a clear conclusion so far.

5. Conclusions

A change in environment has a significant impact on amyloid 

transformation. Chains with identical sequences adopt an amyloid 
structure that is radically different from the native one. According to the 
model used, amyloid transformation taking place under altered condi
tions can be simulated in an in silico experiment when an external force 
field is introduced into the energy optimisation conditions in addition to 
the internal force field. The form of the external force field in the form of 
a continuum function is a suitably modified 3D Gaussian function with 
an appropriate K parameter value. The value of this parameter de
termines the degree of modification of the polar water environment 
directing the folding process towards obtaining a hydrophobic core with 
polar surface arrangement with a centrally located hydrophobic nucleus 
and a polar surface. Modification of this field involves mitigating this 
tendency and even favouring, in some cases, a distribution of hydro
phobicity close to a form of uniform hydrophobicity/polarity 
distribution.

The dependence on the optimisation conditions in the amyloid 
transformation is included in the form of a funnel model designed to 
analyse the status of amyloid forms against native forms.

Application of this model reveals three distinct scenarios for the 
formation of amyloid forms. Transthyretin, VL domain of IgG shows a 
change from the hydrophobic burial form in which it functions under 

Table 4 
Values in the top row – mean values of RD and K parameters for the structures of 
the respective amyloids (as available in the Amyloid Atlas database [3,4]). The 
number of example structures is given under the name of the protein. Columns: 
fibril, chain, superfibril – upper line – mean value, lower line – standard devi
ation to express the amount of variation in results. All VL and transthyretin 
structures were derived from post-mortem analyses. Others were described 
under distinguishing specific experimental conditions (as reported by the Am
yloid Atlas database). PHF – paired helical filament. The percentage values in 
the left column are the quantitative relationship between different sources of 
material for structure determination.

AMYLOID FIBRIL CHAIN SUPERFIBRIL

RD K RD K RD K

TRANSTHYRETIN 
12

0.741 
0.02

1.71 
0.13

0.752 
0.01

1.73 
0.22

​ ​

VL – IgG 
12

0.751 
0.01

1.25 
0.20

0.732 
0.02

1.08 
0.20

​ ​

A-BETA 
115

0.624 
0.03

0.81 
0.14

0.642 
0.81

0.75 
0.14

0.633 
0.05

0.91 
0.15

PATIENT 
15 %

0.661 
0.04

1.0 
0.80

0.645 
0.03

0.80 
0.62

0.651 
0.10

0.96 
0.58

TAU 
305

0.679 
0.05

1.20 
0.53

0.691 
0.34

1.05 
0.50

0.710 
0.06

1.31 
0.74

PATIENT 
18 %

0.653 
0.04

1.32 
0.53

0.658 
0.04

1.15 
0.43

0.727 
0.05

1.32 
0.39

HEPARIN 
2 %

0.723 
0.07

1.61 
0.57

0.750 
0.05

1.55 
0.40

0.837 
0.05

4.20 
2.25

LATE INTERMED. 3 % 0.694 
0.03

1.19 
0.3

0.680 
0.03

1.03 
0.32

0.685 
0.03

0.96 
0.31

MID. INTERMED. 
8 %

0.646 
0.02

0.77 
0.14

0.619 
0.04

0.60 
0.17

0.696 
0.05

1.32 
0.86

SALTS 
5 %

0.677 
0.04

1.22 
0.82

0.664 
0.06

0.99 
0.69

0.686 
0.03

1.05 
0.32

PHF 
13 %

0.662 
0.01

1.37 
0.11

0.671 
0.02

1.25 
0.18

0.743 
0.02

1.53 
0.18

α-SYNUCL 
204

0.532 
0.05

0.52 
0.11

0.843 
0.20

0.44 
0.07

0.705 
0.02

1.57 
0.46

K< 0.5 
56 %

0.479 
0.06

0.39 
0.38

0.473 
0.06

0.30 
0.10

0.700 
0.05

1.62 
0.62

0.5 <K< 1.0 
34 %

0.701 
0.03

0.72 
0.08

0.765 
0.06

0.83 
0.10

1.018 
0.05

1.31 
0.49

K> 1.0 
10 %

0.673 
0.02

1.20 
0.11

0.680 
0.03

1.11 
0.18

0.742 
0.02

2.13 
0.70

PATIENT 
49 %

0.510 
0.09

0.44 
0.24

0.506 
0.09

0.38 
0.20

0.707 
0.03

1.50 
0.37 Fig. 5. Population analysis of structural characteristics expressed by K 

parameter of amyloid forms in:A – VL domain of IgG B – Transthyretin C – 
α-synuclein Red bars on left – status of native structure, red dot on x-axis – 
mean K value for all amyloid forms Vertical axis – number of examples of 
amyloids characterised by K values.
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natural conditions, while the amyloid form is characterised by a 
significantly increased K parameter value. A different form is exhibited 
by α-synuclein, which in active conditions remains in complex with the 
axon terminals of presynaptic neurons, which is a factor that strongly 
imposes external force field conditions and thus is a source of high K 
values. Freed from interaction with the “permanent chaperone” that is 
the axon terminals of presynaptic neurons α-synuclein adapts to the 
conditions of polar water to form a hydrophobic collapse structure with 
a centrally located nucleus and a polar shell. A third scenario is provided 
by endorphin, which under natural conditions of biological activity has 
the structure of a typical amyloid fibril. The tau protein, whose model 
was analysed in this paper, also appears to belong to this group, indi
cating the first scenario. It is noted that the reference native structure of 
the tau protein is only of AF2 origin.

The dependence on the structuring (without changing the sequence) 
and thus the adoption of an optimal structure (low internal energy 
value) dependent on external conditions (external force field) can be 
demonstrated in the form of a funnel model. This has been demonstrated 
for biologically active proteins [51]. The innovation in the current 
analysis lies in the presentation of this model in quantitative form. The 
structural change (change in energy minimum) occurs depending on the 
value of the K parameter – the changed external force field conditions. 
Heterogeneous nucleation’s role in amyloid formation interpreted on 
the basis of external conditions for the amyloid transformation process 
can be regarded as an effect of the active involvement of external 
conditions.

The biological meaning of the results is focused on the definition of 
the possible theoretical model allowing the process of protein 

Fig. 6. Population analysis of structural characteristics expressed by K parameter (horizontal axis) of amyloid forms as observed in A-Beta amyloids Vertical axis – 
number of examples of amyloids characterised by K values.Red dot on x-axis – mean value of K for entire set of examples.

Fig. 7. Population analysis of structural characteristics expressed by K parameter of amyloid forms as observed in tau amyloids Vertical axis – number of examples of 
amyloids characterised by K values. Red dot on x-axis – mean value of K for entire set of examples. The position at K= 1.3 indicates the status of the 8PK4 fibril 
discussed earlier.

Fig. 8. Funnel model expressing environmental determinants (K values – hor
izontal axis) in relation to native structures and amyloid forms in pathological 
amyloids (α-synuclein, transthyretin, VL domain of IgG). The status of the 
functional amyloid – endorphin – is shown as unchanged in both forms: indi
vidual chain and fibril described by very low K values.
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transformation to amyloid forms to be possible in silico. If the presented 
model appears adequate, the interpretation can be useful for practical 
use in research and therapy (external conditions for structural changes 
producing amyloids). The program for simulation in silico features in our 
group’s plans.
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