
Research Article

Volume 8 • Issue 1 10 

Endorphin-Functional Amyloid with Controlled Fibril Length
Roterman I1*, Stapor K2, Dułak D1, Fabian P2, Konieczny L3 

Affiliation:  
1Department of Bioinformatics and Telemedicine, 
Jagiellonian University – Medical College, ul. 
Medyczna 7, 30-688 Krakow, Poland
2Faculty of Automatic Control, Electronics 
and Computer Science, Department of Applied 
Informatics, Silesian University of Technology, 
Akademicka 16, 44-100 Gliwice, Poland 
3Chair of Medical Biochemistry, Jagiellonian 
University – Medical College, 31-034 Krakow, ul. 
Kopernika 7, Poland

*Corresponding author:
Irena Roterman, Department of Bioinformatics 
and Telemedicine, Jagiellonian University Medical 
College, ul. Medyczna 7, 30-688 Kraków, Poland.

Citation: Roterman I, Stapor K, Dułak D, Fabian P, 
Konieczny L. Endorphin-Functional Amyloid with 
Controlled Fibril Length. Journal of Biotechnology 
and Biomedicine. 8 (2025): 10-20.

Received: January 31, 2025 
Accepted: February 03, 2025 
Published: February 27, 2025

Abstract
The structure of amyloid fibrils is characterised by a flat single-chain 

form, using a β-type structuring that provides stabilisation mainly by an 
optimal arrangement of inter-chain hydrogen bonds. An essential feature of 
amyloid fibrils as a cause of neurodegenerative diseases is their unrestricted 
propagation as linear fibrils. The identification of the functional amyloid 
form, which is formed by endorphin, is surprising. The fibril structure of 
this protein satisfies all the features mentioned except for the feasibility 
of fibril propagation, limiting its size to a number of chains below 10. A 
proposed mechanism for the natural termination of fibril size limited to a 
specific number of chains is discussed in this paper. The characteristics 
of the endorphin fibril were compared with those of a pathological A-β 
amyloid. It enables identification of the mechanism present in the structure 
of the functional amyloid that endorphin forms.

Keywords: Amyloid; Hydrophobicity; Endorphin; 3D structure; Functional 
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Introduction 
The amyloid forms of proteins with specific biological functions are an 

object of analysis due to their non-toxic presence in the living organism  
[1-4]. The peculiarity of toxic amyloid fibrils is their unrestricted propagation 
in the form of linear fibril structures disrupting the structure of cells and cell 
organelles, leading to pathological phenomena [5-10]. Particular attention is 
directed at proteins that perform their biological roles despite representing 
an amyloid-specific structure. An overview of such examples is given in a 
paper that lists the types of activity of proteins defined as functional amyloids 
[11]. The specificity of amyloid structure is as follows: the high presence of 
β-structure engaging a significant part of the chain in a network of hydrogen 
bonds with neighbouring chains. The vast majority of amyloids represent a 
parallel chain arrangement. The engagement, in many cases, of almost the 
entire chain length in a β-structure arrangement with an inter-chain system 
of hydrogen bonds results in a flat, 2D structure. The dominant feature is 
the possibility of unrestricted propagation of a linear fibril posing a threat 
to cell structures or intracellular organelles. The high number of hydrogen 
bonds results in high amyloid fibril stability [12]. Neurodegenerative 
amyloids identified in patient tissues show the presence of mutations [13-15]. 
In general, however, it is not known why these structures appear. Amyloid 
structures as highly ordered structures are also juxtaposed with the extreme 
form, that is, intrinsically disordered proteins [16]. It turns out that these 
structures, extreme from the point of view of ordering (especially in relation 
to globular structures), exhibit specific biological functions. An overview of 
curli amyloid proteins and their significant biological roles is discussed in 
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detail in [4, 17-19]. However these proteins are not classified 
as emyloids using the model presented in this paper as the 
criterion for amyloid classification which is the possibility to 
propagate in unfinit scale.

Experimentally, numerous proteins can undergo amyloid 
transformation by means of shaking [20, 21]. A model of such 
transformation has been proposed as a process occurring in the 
air-water interface region [22]. Studies of this phenomenon 
concentrate on the structural analysis of water molecules 
under natural but also experimentally altered conditions [23-
43]. A special subject matter is the analysis of the structuring 
of water in contact with a hydrophobic surface. [44,45]. The 
protein structure referred to as the “intelligent micelle” refers 
to proteins that show the presence of a centric hydrophobic 
core in their globular structure (compared to micelle) [46]. It 
is assumed that the distribution of hydrophobicity in a micelle 
can be expressed using a 3D Gaussian function. This is based 
on a model called fuzzy oil drop (FOD). The sequence of 
amino acids in the polypeptide chains of proteins, encoded 
by evolution, makes it possible to reproduce micelle-like 
structuring to a full or limited extent. A chain representing the 
correct proportion (and sizes) of hydrophobic to hydrophilic 
residues can fully recreate a micelle-like arrangement with 
a centric hydrophobic core and a polar surface. A local 
mismatch towards distribution in the form of a local deficit 
or local excess of hydrophobicity results in the appearance 
of a cavity used to bind ligands or substrates in the case of 
enzymes. Local exposure creates conditions for complexation 
of another protein, forming complexes. Proteins that do not 
show the presence of a hydrophobic core with a uniform 
distribution of hydrophobicity throughout the protein body 
require a non-aqueous environment for the folding process. 
The specificity of this environment is determined by the 
FOD-M model that takes into account the modification of 
the polar aqueous environment. This is expressed by the 
K parameter  . The higher its value, the more altered the 
aqueous environment and the less marked the presence of 
hydrophobic nuclei in the protein [47-50]. Amyloid protein 
analysis based on the FOD model has been carried out for 
numerous proteins. The set of protein structures defined as 
pathological also includes proteins that play biological roles. 

Amyloid proteins performing biological roles were 
analysed in the present study using the FOD-M model to 
indicate differences in their characteristics relative to known 
pathological amyloids. 

Materials and Methods
Data 

An analysis of the problem of amyloid fibril structure 
is discussed using the example of a functional amyloid, 
endorphin, whose structure is available in PDB - ID 6TUB 
[51] and a pathological amyloid, A-β ‘Osaka’, mutation E22Δ 

(PDB ID - 2MVX) [52]. For both amyloids analysed, fibrils 
built from 24 chains were constructed respecting the rules of 
mutual orientation of consecutive peptides according to the 
available structures in the PDB. The structures of the single 
chain and subsequent fibrils, which include one more chain, 
were analysed. Each successive step in the construction of the 
final fibril was analysed using the FOD-M model (described 
below), which assesses how hydrophobicity distributions are 
ordered in successive fibrils of increasing composition. 

Description of the model used 

The FOD model and its modified version (FOD-M) have 
been described in numerous papers [47]. Here, the model 
is briefly presented to facilitate result interpretation. It is 
assumed that the polar water environment directs the folding 
process toward the generation of a hydrophobic core with 
a polar surface. Such a structure is referred to as micelle-
like. The hydrophobicity level of such an idealised system 
is expressed, at the effective atom position (the averaged 
position of the atoms comprising a given amino acid), as the 
value of a 3D Gaussian function spanning the entire body of 
the protein. The value of this idealised hydrophobicity level 
represented by particular effective atom (averaged position of 
atoms belonging to a particular amino acid) is referred to as 
Ti (theoretical) representing the T distribution (eq. 1.). 
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Parameters σx, σy and σz  are the Gauss function parameters 
expressing the size and shape of the protein molecule. The 
value 3xσ (for any direction) expresses the maximal distance 
versus the center (according to three sigma rule). The actual 
hydrophobicity level of a given amino acid (represented by an 
effective atom) is the result of intrinsic hydrophobicity (any 
scale can be used) and the strength of hydrophobic interaction 
with surrounding amino acids. This interaction is determined 
using functions proposed by Levitt [53]. 
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The value of the actual state of a given amino acid is 
referred to as Oi (observed) to represent the O distribution. 

Both distributions: T and O can be compared after 
normalisation of both of them. The comparison of the two 
distributions is assessed using the divergence entropy 
introduced by Kullback-Leibler, referred to as DKL, for the 
relationship of the observed O distribution to the reference 
distribution T [54]. 
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The DKL value is a measure of entropy; therefore, a 
second reference distribution Ri is introduced, where all 
effective atoms represent the same undifferentiated level of 
hydrophobicity (Ri=1/N, where N is the number of amino acids 
in the polypeptide chain). A protein with the O distribution 
described by DKL(O|T) < DKL(O|R) is treated as representing 
a structure with a hydrophobic core. Otherwise, the structure 
of a given protein does not show a centric concentration of 
hydrophobicity. The degree of the O distribution’s closeness 
to/distance from the reference distribution T is expressed by 
relative distance (RD) expressing the ratio:

( | )
( | ) ( | )

KL

KL KL

D O TRD
D O T D O R

=
+

  			      eq. 4.

In this arrangement, if a protein is described by an  
RD < 0.5, this means identification of a protein with a 
hydrophobic core present. Since the aqueous environment is 
not the only environment for protein activity, a modification 
of the function expressing the distribution of hydrophobicity 
in the protein was introduced by adding an appropriate portion 
of a function complementary to the 3D Gaussian function  
(1-3DG). This function is the result of analysis of the 
specificity of the cell membrane environment, where, in 
contrast to the aqueous environment, hydrophobic residues 
are expected to be exposed on the surface for favourable 
interaction with the hydrophobic membrane. In the centre, 

however, a low hydrophobicity level is expected in a 
transmembrane protein acting as a channel for the transport 
of numerous molecules. Therefore, the inverse Gaussian 
function is assumed to represent the expected distribution of 
hydrophobicity in a membrane protein. 

The following function is used to describe the 
hydrophobicity distribution in the FOD-M model: 

Mi = 3DGn + [K*(Tmax-3DG)n]n            		     eq. 5.

where the index “n” denotes normalisation. 
The value of the K parameter determines the degree to 

which the 3DG field, constituting the result of the external 
force field of the aqueous environment, is modified 
(weakened) by the contribution of the opposite to polar field 
of water. 

Therefore, each protein discussed in the present work 
is evaluated using these parameters: RD and K. The RD 
value denotes the degree of matching/mismatching of the 
hydrophobicity distribution to the idealised system in a 3D 
Gaussian form (centric concentration of hydrophobicity with 
a polar surface). The parameter K value indicates the degree 
of modification of the external force field against the force 
field generated by polar water. 

The graphical presentation of the FOD-M model illustrates 
the basis of the model:

 
Figure 1: Graphical presentation of the FOD-M model

A – idealised reference distribution T (red) expressing the Gauss function (in the model applied to proteins it is the 3D Gauss function), ob-
served distribution O (blue) calculated using the eq. 2. (this calculation expressed all inter-residual interactions in protein) and reference distri-
bution R (green) the second reference distribution deprived of any form of hydrophobicity differentiation in protein body. 
B – RD value for the above-mentioned example distributions (eq. 4) – red dot, RD = 0.565 classifies status as deprived of hydrophobic (reduced 
to one dimension for simplicity)
C – summary of distributions T (orange) – the Gauss function (eq. 1.), O (blue) – inter-residual interactions (eq. 2.) and M (purple) (eq. 5) for 
the determined optimal value of the K parameter. 
D – procedure for determining the K value – the value for the description of a given distribution O is determined for the minimum DKL value 
for the (O|M) relationship (distinguished by the red circle). This means that the distribution of O was obtained by adapting to the distribution 
of M, which, with a force of K=0.5, was modified in relation to the Gaussian function.
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relative to an aqueous solution. Analysis of the geometry of 
a fibril with an increasing number of chains does not reveal 
a spherical arrangement, representing divergent values of 
the SigmaX, SigmaY and SigmaZ parameters at each fibril 
length (Fig. 2.B). 

Fig. 2.C is a visualisation of a 24-chain proto-fibril 
reconstructed with geometrical relationships AND mutual 
orientation consistent with the arrangement present in the 
5-chain structure available in PDB. A single chain is shown 
in red. Fig. 2.D is a visualisation of a 5-chain arrangement, 
which represents the status closest to the micelle-like 
system (Fig. 2.A and B) considering the hydrophobicity 
distribution as well as geometry (the highest approximation 
to a spherical structure for this fibril). However, this status 
does not correspond to a micelle-like ordering. Fig. 2.E is 
a visualisation of the T, O and M distributions of a fibril 
comprising 24 chains, revealing a significant deviation of the 
O distribution from the T distribution expressed by a high 
value of the parameter K = 1.7. The most optimal arrangement 
for five chains is illustrated by the T, O and M distribution 
for a five-chain fibril showing, however, characteristics far 
from micelle-like (Fig. 2.F). The structural specificity of the 
A-β ‘Osaka’ E22Δ amyloid discussed so far focuses on a 
proto-fibril form. A similar analysis for a super-fibril system 
(comprising two proto-fibrils) also reveals a status far from 
micelle-like ordering (Fig. 3.). 

The analysis shown in Fig. 3 characterises the structure 
of the A-β ‘Osaka’ amyloid super-fibril in a way analogous 
to the presentation of the proto-fibril. The lowest –– yet 
high –– value of K=0.7 is shown by super-fibrils for 3-11 
chains in each proto-fibril. The RD value is above the cut-off 
level for this set with RD=0.5. This means that, apart from a 
composition with two chains in each proto-fibril (K=0.5 , RD 
> 0.6), the most similar characteristics of the superfibril do not 
qualify the structure to be micelle-like. The complete super-
fibril (24 chains in each proto-fibril) reveals a significant 
deviation of the O distribution from the T distribution, which 
is typical of A-β group amyloids (Fig. 3.C) [22, 48]. An O 
distribution most similar to the T distribution is present with a 
composition of 2 chains in each proto-fibril (Fig. 3.D), albeit 
this status does not qualify this arrangement as micelle-like. 
Fig. 3.E is a visualisation of the 3D form of the generated 
super-fibril comprising 24 chains in each proto-fibril. A 
single chain (in each proto-fibril) and a two-chain superfibril 
are shown highlighted (Fig. 3.F). The structure of successive 
super-fibrils shows values for the interval 3-11 that define 
the globularity of the structure (expressed by SigmaX, 
SigmaY and SigmaZ values - Fig. 3.B), yet the RD and K 
parameter values do not indicate micelle-like structuring 
of hydrophobicity. To conclude on the characteristics of 
these two forms of pathological amyloid, the structuring of 
the amyloid is not adapted to the aquatic environment. As 
the experiments (the shaking procedure) indicate, a change 

The interpretation of the model based on Fig. 1 is as 
follows: three profiles: 1. T – theoretical, consistent with 
the 3D Gaussian function (hydrophobic core present); 2. O 
– distribution of observed hydrophobicity being the result 
of inter-residual interaction (Fig. 1.A). 3. In addition, there 
is the R distribution expressing a uniform distribution of 
hydrophobicity levels (hydrophobic core absent) (Fig.1.A). 
Comparison of the distributions expressed by RD=0.565 
(Fig. 1.B) indicates the absence of a hydrophobic core due 
to RD >  0.5 (Fig. 1.B). The RD parameter takes values 
from the range of 0–1. The positioning of the calculated RD 
value indicates the similarity of the O distribution to the R 
distribution. The O distribution represents the status deprived 
of a hydrophobic core. The application of eq. 5 to the example 
in question indicates the M distribution for the value of the 
K parameter =0.5 (Fig. 1.C). The method of identifying the 
distribution of M is based on finding the minimum value of 
DKL(O|M) for the optimal K value. Fig. 1.D shows the value 
of K=0.5 as satisfying the condition of minimum DKL(O|M). 
Minimal DKL(O|M) identifies the M distribution as the most 
similar with respect to the O distribution. The folding chain – 
as it is interpreted – was adapting its structure to the external 
force field (function M) during the folding process. 

The FOD-M model was applied in this work to assess 
the structure of single chains and fibrils with a step-wise 
increasing number of chains in the fibril. 

Results
Analysis of pathological fibril – A-β ‘Osaka’ 

The A-β 'Osaka' amyloid with the E22Δ mutation was 
chosen as an example of a pathological fibril (PDB ID – 
2MVX [52]). This amyloid is available as a super-fibril with 
two proto-fibrils. This is why the analysis for proto-fibril and 
for super-fibril is presented. 

The change in RD and K parameter values for increasing 
proto-fibril length is shown in Fig. 2.A. 

A comparative analysis of the profiles (Fig. 2.(A) 
suggests a status far from a micelle-like arrangement for the 
A-β ‘Osaka’ fibril regardless of the composition of the fibril 
and, therefore, its length. The status of highest agreement 
with the distribution expressed by the 3D Gaussian function 
shows a five-chain composition, although this status does not 
correspond to a micelle-like structuring. The RD values are 
above 0.5 for all fibril lengths with minimum values of K = 
0.7. In the interpretation of the FOD-M model, this means that 
the stability of this system requires environmental conditions 
that are altered with respect to the aqueous environment to 
the extent expressed by K. This is related to the change in 
conditions that is observed in the experiment due to shaking of 
the solution containing the protein in question. An RD value 
> 0.5 and an elevated K parameter value indicate the need to 
stabilise the fibril of the protein in a environment modified 
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in ambient (environmental) conditions is required for the 
amyloid form to be established. The resulting fibril structure 
adapting to the different environment of polar water (3D 
Gauss function), treated as an external force field, acquires a 
fibril form with a high value of the K parameter. According to 
the interpretation from the FOD-M model, this means that the 
modified environment (with the external force field expressed 
by the K parameter value) favours the stabilisation of multi-
chain fibrils. 

Analysis of functionall fibril – endorphin
Endorphin is defined as a protein representing the 

function of the reservoir. Endorphin is an example of a 
hormone stored in the form of a functional amyloid. The 
release of a single molecule takes place in a cell under the 
condition of the changing the pH of the environment [51]. 
This suggests that the polar environment plays a significant 
role in the function of this hormone. The fibril containing 24 

chains was constructed following all symmetry operations 
present in the 6-chain fibril available in PDB (6TUB) in 
step-wise procedure. The individual chain as well as chains 
2–24 containing fibrils were the objects of analysis. The 3D 
Gaussian function was generated for individual chains and 
for all fibrils with an increased number of chains in the fibril.  

A functional amyloid like endorphin reveals different 
characteristics to a pathological amyloid. The single-chain 
status analysis showed the presence of a micelle-like system 
with a low K =0.3 and RD well below the discriminating 
value of RD=0.5 (Fig. 4.A). This set of prameter values 
indicates a status with very good adaptation to a micelle-
like arrangement and therefore a arrangement stabilised by 
the aquatic environment. A reduction in RD and K values is 
found for a fibril comprising 2 to 8 chains. K=0.2 indicates 
an almost perfect adaptation to the micelle-like arrangement. 
This has important implications for the solubility of such a 

 
Figure 2: Characterisation of the growing (an increasing number of chains in the fibril) proto-fibril of the A-β ‘Osaka’ amyloid with the E22Δ 
mutation.
A - change in RD (blue) and K (red) for increasing number of chains (horizontal axis). Green line - RD=0.5 level - the threshold adopted to 
identify a micelle-like system (RD < this level indicates a system with a centric hydrophobic nucleus present together with a polar surface). 
B - variation of the sigmaX (blue), SigmaY(red) and SigmaZ (green) parameters with increasing number of chains in the proto-fibril. 
C - 3D form of a 24-chain proto-fibril generated based on the geometry of a 5-chain fibril available in PDB with a single-chain (red) highlighted 
D - form of the five-chain fibril - the length was chosen based on the values of the RD and K parameters closest to the micelle-like system 
E - summary of profiles T (blue), O (red) and M (green) for K=1.7 to illustrate the characteristics of a proto-fibril with 24 chains.
F - set of profiles: T (blue), O (red) and M (green) for K=0.7. A set of five chains was selected as in (C) above, based on the minimum values 
of the RD andf K parameters. 
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system both as a single chain and as a fibril with less than 
nine chains. The fibrils with the composition in question 
represent a structure adapted to external force field conditions 
expressed by a 3D Gaussian function. Fibrils longer 8 chains 
very quickly approach the characteristics of a pathological 
fibril by a significant increase in the RD and K values. This 
means that in an aqueous environment, an arrangement of 
up to 8 chains is acceptable. An increase in the number of 
chains in the fibril makes the endorphin fibril more akin to 
the pathological fibril. The aqueous environment does not 
make a 8+ chain fibril structure acceptable. Otherwise the 
environment would have to be heavily modified to accept a 
form that corresponds to a high K value (Fig. 4.A). Fibrils 
with a composition of 2 to 8 chains represent a globule-like 
structure (with comparable values of SigmaX, SigmaY and 
SigmaZ parameters - Fig.4.B). The T, O and M profiles 
for the 24-chain fibril represent a status comparable to the 

pathological amyloid, revealing significant differences 
between the T and O distribution with the M distribution far 
from the T distribution (Fig. 4.C). A fibril of 5 chains (selected 
from a set of fibrils with 2 to 8 chains) shows a micelle-
like structuring (Fig. 4.D). The structure of the 24-chain 
fibril formed is shown in Fig. 4.E, revealing a geometrical 
arrangement typical of endorphin fibrils. A 5-chain structure 
ilustrates the water-optimised fibril endorphin. (Fig. 4.F).

The characterisation of the fibryl structure of the 
functional amyloid, endorphin, given above has important 
implications for the function of this protein. The structure of 
both the single chain – with functionally disconnected from 
the fibril – and the limited length of the fibril are proving to be 
acceptable in the aquatic environment. In contrast, an increase 
in the number of chains results in a fibril structure requiring 
an environment different from polar water. The generation of 
a fibril with an increased number of chains is possible under 

 
Figure 3: Characterisation of the growing (an increasing number of chains in the fibril) super-fibril of the A-β ‘Osaka’ amyloid with the 
E22Δ mutation.
A - change in RD (blue) and K (red) for increasing number of chains (horizontal axis). Green line - RD=0.5 level - the threshold adopted to 
identify a micelle-like system (RD < this level indicates a system with a centric hydrophobic nucleus present together with a polar surface). 
B - variation of the sigmaX (blue), SigmaY (red) and SigmaZ (green) parameters with increasing length of the super-fibril. 
C - summary of 24 profiles: T (blue), O (red) and M (green) for K=1.7 
D - set of profiles: T (blue), O (red) and M (green) for K=0.5. Summary of two chains (from each proto-fibril) 
E - 3D form of a super-fibril with 24 chains in each proto-fibril, generated based on the geometry of a 5-chain fibril available in PDB with a 
single-chain (red) highlighted 
F - form of a two-chain super-fibril (with two chains in each proto-fibril) - the length was chosen based on the values of the RD and K 
parameters closest to the micelle-like arrangement as shown in Fig. 3.A. 
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altered conditions, which are absent in the normal functional 
environment of this protein. The specificity of the endorphin 
amyloid in question indicates a naturally encoded form of 
fibril length termination resulting from conditions imposed 
by the polar water environment. 

Discussion 
The feature that makes an amyloid hazardous to the 

cell is the unrestricted propagation of the amyloid, leading 
to large arrangement sizes (3.1 (±0.2) nm) and typical 
lengths in the range 60 to 220 nm, hazardous to the normal 
functioning of cells and cell organelles [55]. The only way 
to prevent uncontrolled, unrestricted propagation of the 
fibril is to terminate it. A natural solution to this problem 
is also suggested by the analysis of solenoid structures, 
the theoretically possible propagation of which may result 
from a similar β structure of plates stabilised by a network 
of numerous hydrogen bonds. The example of solenoids, 
which do not form fibrils of unlimited length, reveals a way 
of stopping such propagation. The terminating factor for 

solenoid propagation in proteins with this structure turns 
out to be the helical fragment of the polypeptide chain. The 
helix is located diagonally in the solenoid clear cross-section, 
which prevents connection to the next solenoid-type system. 
An example of such solution is shown in Fig. 5. Based on this 
system, a therapeutic method was proposed to stop amyloid 
propagation replicating the mechanism present in solenoids. 
A drug design method in the form of specific complexation 
of helical fragments in the lumen of an amyloid fibril was 
proposed in [56].

In the pectate lyase example cited here, the status of the 
entire solenoid is expressed with high RD and K values, 
while the terminal fragment of the solenoid, together with the 
helical section, shows a local structuring consistent with a 
micelle-like arrangement. This results in favourable contact 
with the water environment and the ability to penetrate it, 
preventing the attachment of another solenoid from another 
molecule. It is also clear that the indicated helix geometrically 
excludes β-plate continuation. This issue is discussed in 

 Figure 4: Characterisation of the fibril status of the functional amyloid formed by endorphin.
A - summary of the RD (blue) and K (red) values for fibrils with increasing numbers of endorphin chains. Green line - the discrimination level 

expressed by RD=0.5. 
B - variation in the values of the SigmaX (blue), SigmaY (red) and SigmaZ (green) geometrical parameters for an endorphin fibril with an 

increasing number of chains in the fibril. 
C - summary of T (blue), O (red) and M (green) profiles at K=1.3 for a fibril comprising 24 endorphin chains
D - summary of T (blue), O (red) and M (green) profiles for K=0.2 for a fibril of 5 chains 
E - fibril endorphin with a 24-chain composition generated from the arrangement present in the available 5-chain fibril (PDB ID - 6TUB). 
F - 3D presentation of a single chain and a 5-chain fibril - the forms acceptable to the aquatic environment as representing a micelle-like system. 
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functions [65]. This is planned to be applied for simulation In 
Silico of protein folding process. 

Conclusions
The fibrillar form of pathological amyloids is characterised 

by the unlimited propagation of fibrils destroying the 
structure of cells. The surprising identification of biologically 
functional amyloids of typical fibril forms raised a question 
concerning their differences with respect to pathological ones. 
It is shown in this paper that the structuralisation depends 
on the environment. The water surrounding for endorphin 
fibril accepts the set of chains 2–8 as representing micelle-
like organisation that ensures the solubility. The pathological 
amyloids require changed external conditions as it is shown 
in A-β “Osaka” mutation. The FOD-M model expresses the 
specificity of the environment using the K parameter, which 
expresses the degree of necessary change of the external 
force field to generate and stabilise the fibril construction. It is 
also shown that one individual endorphin chain represents the 
organisation of a micelle-like form ensuring solubility of an 
individual chain which is released in changed pH conditions, 
thus suggesting the sensibility to external conditions. 
The status of one single chain representing micelle-like 
organisation remains in strong correlation with the biological 
activity which is accomplished by individual chain. The 
mathematical model for In Silico protein folding simulation 
is proposed taking into account the structuralisation of protein 
as environment conditions dependent. 
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The programming is available in open access system: 
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detail in [58]. Based on the examples of solenoids indicated 
there, stopping the amyloid propagation by complexing short 
helices specifically bound to the amyloid fibril was proposed 
as a drug design [56]. 

A natural solution to prevent the propagation is indicated 
by the endorphin structure discussed in this paper. This 
example reveals the active involvement of the environment 
in structuring, which prevents fibril propagation to continue 
in the aquatic environment. Numerous examples [46] have 
demonstrated the role of the environment, which actively 
affects the protein folding process in an environmentally 
dependent manner. Here, it is shown that the environment 
also affects the structure of multi-chain complexes by limiting 
the feasibility of their unrestricted attachment. So it is also a 
form of effect on biological activity. The role of functional 
amyloids is widely debated, with examples present in the 
human body as well as other organisms, including insects 
[59-62]. The application of the FOD-M model to the analysis 
of the numerous amyloid structures available indicates the 
importance of environmental effects on amyloid structure 
formation [63,64]. 

The introduction of environment influence on folding 
process requires the changes of models applied for In Silico 
simulation of this process. The function expressing the 
energetical status E of protein shall be treated as dependent 
on two functions: 

E = F(rij) = F(EINT(rij), EEXT(K,rij))    eq.6.

Where: F(rij) expresses the energetical status of folded 
protein depending on rij – distance between interacting atoms, 
EINT(rij) – internal force field expressing the nonbonding 
interactions depending on rij and EEXT(K,rij)) – external force 
field depending on rij and K expressing the form of force field 
as given in eq. 5. The symbol E is to express the physical 
meaning of the function which expresses the energy status 
of protein. This problem called in literature multi-object 
optimisation is searching for consensus between the two 
contradictory functions. Decrease of EINT(rij) usually causes 
the increase of EEXT(K,rij)) and vice versa [65]. The procedure 
solving this problem called front Pareto allows identification 
of energy minimum (F(rij)) for consensus conditions for both 

Figure 5: 3D presentation (with two orientations) of the solenoids 
(blue) under construction E.C.4.2.2-pectate lyase (PDB ID - 1JRG 
[57] with a helix (red) closing the solenoid lumen.

https://hphob.sano.science
https://portal.plgrid.pl/grants/16761
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