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Abstract

The multiple minima problem in protein structure prediction arises from the
large number of structural forms corresponding to the energy states of intra-
molecule interactions that represent local or global minima that ensure stabil-
ity. To indicate an appropriate energy minimum and its related spatial struc-
ture by simulating the folding process remains a puzzle that has not been
solved using existing methods. The proposition presented herein is related to
the necessity of treating the folding process as a mechanism based on multi-
criteria optimisation that includes both internal force field and external force
field optimisation. The protein folding process proved to be dependent on ex-
ternal environmental conditions. This requires treating the protein folding
process as multi-criteria optimisation using the technique called the Pareto
front. The need of using the multi-criteria optimisation procedure, as well as
the propositions to implement this solution to folding process simulation tools
are presented in this study.

Keywords

Multi-Criteria Optimisation, Internal Force Field, External Force Field,
Protein Folding, Funnel Model

1. Introduction

Artificial intelligence-based techniques have been greatly successful in predicting

the spatial structure of proteins for a specific sequence of amino acids. This
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method is used in AlphaFold, a tool that provides a qualified description of its
prediction capabilities and limitations, especially its inability to directly simulate
folding pathways [1]. The deep learning artificial intelligence technique applied
uses a rich database of protein structures (currently more than 250,000 structures)
available in the Protein Data Bank [2]. The structure is designed based on maps
of inter-residual contacts in protein structures [3]. The possibility to predict the
correct protein structure is greatly prominent in the field of computer-assisted
drug design, which is impossible without knowing the spatial structure of the tar-
get protein. The expected correction of protein activity by a drug requires know-
ing the correct structure of the protein [4]. The techniques of experimental deter-
mination of the spatial structure are expensive and time-consuming and some-
times impossible due to the complex environmental conditions for obtaining an
isolated protein [5]. Thus, the introduction of numerical techniques is important
for progress in pharmacy and pharmacology [6]-[9].

From a scientific point perspective, however, the question of mechanism be-
hind this process, which occurs incessantly in every living organism by replacing
proteins subject to degradation with new proteins, remains unanswered. On every
occasion, this process provides proper structure to guarantee biological activity.
However, it is not failure-free. Misfolded proteins are subject to the system deg-
radation or correction process called the unfolding process response (UPR) [10]-
[12].

The existing numerical techniques of protein structure prediction based on a
specific amino acid sequence consist in searching for such a conformation that
presents a low energy condition that guarantees protein stability. This is related
to inter-atomic internal interactions. The difficulty is to identify the proper energy
minimum, as they are very numerous. This is the origin of the term multiple min-
ima problem [13] [14].

Specialised protein structure prediction tools are based on the process of mini-
misation of the energy expressing the internal force field. These are non-binding
interactions (electrostatic, vdW and torsional potential) that determine the stable
arrangement that eliminates collisions in the form of high energy states. The pro-
ject that tracks progress in the field, known as CASP (Critical Assessment of Struc-
ture Prediction), initiated in 1996 enables monitoring progress in this field by as-
sessing the predicted structures obtained by project participants in the blind pre-
diction system [15]-[17].

The recent editions are dominated by Al techniques (AlphaFold), which how-
ever fail to answer the question about the process of proper polypeptide chain
folding that produces stable structures, while retaining their form of biological
activity—a strictly defined function.

The analysis of the models submitted by competition participants showed a
strong dependency of the production of a correct structure on environmental con-
ditions [18] [19]. The models submitted in the project were assessed using the

criterion of the fuzzy oil drop model (FOD-M) presented herein [19]. A designed
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model correctness criterion was demonstrated that included the match degree of
the predicted structure to the environmental conditions of the native protein. It
should be noted that the so-called very good structure prediction programs that
show high correctness for one protein fail for another protein. This means that
the tool is not universal and the end result depends on a specific protein that re-
quires different environmental conditions corresponding to the parameters of the
force field in use to form. This applies to programs that only rely on internal force
field optimisation (inter-atomic interactions in protein body) [20]-[23].

The purpose of this study is to demonstrate the necessity of replacing energy
function optimisation limited to the internal force field with multi-criteria opti-
misation that includes the dependency of the polypeptide chain structure for-
mation process on environmental conditions—the external force field. This en-
tails the need to consider the folding process simulation model as multi-criteria
optimisation. The introduction of state function as a function dependent on two
functions with opposing direction (the minimisation of one results in an increased

value of another), which requires using the Pareto front model [24]-[28].

2. Materials and Methods
2.1.Data

The reasoning is conducted based on the analysis of example varied protein struc-
tures (protein size) with different biological activity showing varied distributions
of hydrophobicity as impact of environmental factors on the folding process. This
entails active involvement of the environment in the direction of the protein fold-
ing process, which should be included in the simulation of the protein folding
process.

Table 1 provides selected examples with the determination of variation from
the perspective of the structure assessed according to the hydrophobicity distri-
bution criterion. Water—essential and necessary for life processes, the environ-
ment forces its specific characteristics and cooperates with the building blocks of
all components of living organisms that seem to be adapted to cooperate with wa-
ter. The analysis also covered the proteins representing the so-called misfolding,
which consists in preserving an entirely different structure without any biological
activity, which results in significant pathological disturbances [29]. This refers to
proteins referred to as amyloids. The analysis also covered the example of protein
assisting the folding process of other proteins by introduction to a locally different
environment. Such proteins are referred to as chaperonins. They are large struc-
tures in capsule form that generate an environment that locally differs from the
aqueous environment inside the capsule. This environment generates specific
conditions, in which the folding protein adjusts its structure to obtain the ex-
pected form of structure, as well as the form of biological activity formed in it. The
presented examples confirm the need to include the representation of altered en-
vironmental conditions in the folding process with protein folding process simu-

lation-focused tools.
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Table 1. Set of proteins analysed in this study. The detailed analysis applies to selected
examples given in bold and underlined. The number of amino acids in chains are given
according to original files available in PDB. However the analysis is limited to chain frag-
ment of common length and common amino acid sequences for native and amyloid forms.

PDB ID Characteristics Chain length Ref
21L.X2 Antifreeze 67 [30]
2WXC Ultra-fast 47 [31]
2142 DNA binding 106 [32]
2L6Q Ultra-fast 62 [33]
1WAE Enzyme 336 [34]
1BBL Enzyme 51 [35]
2PJ6 Enzyme 306 [36]
2LNL Membrane protein 309 [37]
5YWY-A Signalling 332 [38]
1ABZ Kinase 109 [39]
1F4Z Membrane protein 227 [40]
3QDC Rhodopsin 239 [41]
788X Membrane channel 856 [42]
1DV Transthyretin 124 [43]
4BJL-VL Immunoglobulin domain 110 [44]
6SDZ Amyloid 127 [45]
6HUD Amyloid 136 [46]
31Z1 Chaperonin 8208 [47]
Chaperonin 8708
8WUC GroEL 14x528 [48]
GroES 14x94

The following detailed analysis presents selected examples (2LX2, 2PJ6, 3QDC)
that represent the impact of aqueous environment on the folding process with an
increasing involvement of changing characteristics of aqueous environment.

Ultra-fast means proteins characterised by a very fast folding process after ex-
perimental unfolding and re-folding [49]. Antifreeze proteins are proteins solved
in water that occur in organisms that survive hibernation. Their role consists in
introducing a water particle arrangement that excludes the formation of ice by
imposing an arrangement adjusted to the charge distribution at the antifreeze pro-
tein surface [50]. Membrane proteins are proteins anchored in the membrane and
thus in a hydrophobic environment opposite to the polar water environment [51].
Enzymes are proteins that show specific activity that requires interaction with a
specific substrate and conducting a specific reaction to form a product necessary
for other processes occurring in a cell or in extracellular space. Membrane channel

is a protein anchored in the membrane with a central channel that enables specific
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transport of suitable components to the inside of the cell [52]. Such structure re-
quires the exposure of hydrophobic amino acids outside with centrally positioned
polar amino acids used to build channel walls, in which the transport occurs pri-
marily by electrostatic interactions [51]. The set of proteins representing wide
spectrum of different relations between expected and observed distribution of hy-
drophobicicty is presented in [53].

A representative of proteins subject to amyloid transformation was also ana-
lysed—a misfolded form that causes significant neurodegenerative disorders (Par-
kinson’s, Alzheimer’s and other). This product is stored (not subject to degrada-
tion), which results in disorders primarily in brain functioning [29]. A representa-
tive of proteins referred to as chaperonins was also analysed. They are molecular
chaperones that accompany the protein folding process. Chaperonins are mostly
large multi-chain structures in capsule shape, inside which the folding process of
specific proteins occurs. The role of chaperonins proves the need to introduce an
environmental variable for this process in the form of force field, to which the
structure of the folding protein is adjusted.

The set of proteins presented in Table 1 presents variation by chain length (the
aa number), biological activity and placement within a cell or biological fluids. The
analysis of these proteins using the fuzzy oil drop model (FOD-M) shows significant
importance for the homoeostasis of the protein world, which is preserved with a

significant impact of the aqueous environment and its aim-oriented modification.

2.2. Description of the Model

The internal force field defines a set of non-binding interaction types, for which
the optimum spatial arrangement representing advantageous mutual arrange-
ments of interacting components is searched for.

The internal force field is expressed as a function in the form of:

Eint = Envrlelectrostatic (r;), vdw (), tp (rotation angle)] (1)

where tp is the torsional potential.

The selection of an appropriate energy minimum of the function Er is im-
peded by the so-called multiple minima problem. Thus, the protein structure can
assume multiple stable forms by positioning itself in one of multiple local energy
minima. Finding that proper minimum requires indicating a structure that guar-
antees stability, but also permitting the acceptable specific flexibility required to
ensure a biological function.

External force field is a term that directs the environmental impact, which rep-
resents specific properties and has a characteristic impact on the optimum ar-
rangement of individual components in relation to the local environment.

The form of the external force field expressed using the fuzzy oil drop model is
the following:

Eixr = Epxr(field-adjusted structure in the form of continuum).

The following description of the form of the external force field explains the

principle of writing the environmental impact on the function, which continu-
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ously expresses the adjustment of the arrangement of specific components in a
protein body meeting the requirements arising from the external force field char-
acteristics.

The proposition is based on an elementary phenomenon, which results in ar-
ranging bi-polar molecules (molecules with composition varied relative to the sur-
rounding water particles) in micelle form. The form of this structure is arranged
to expose polar parts to the environment (Ze. to the surface), focusing non-polar
parts in the centre, resulting in isolation of the hydrophobic parts from the polar
environment. It should be noted that aqueous environment is a polar environ-
ment that conditions the functioning of all living organisms. It is a commonly
known notion that life originated in water.

Thus, the starting point is a model arising from the specific characteristics of
the polar environment of water. The notation of an idealised distribution of hy-
drophobicity (entire spectrum from total non-polarity to polar components) is
expressed by a 3D Gaussian function spanning on the entire object body (in pro-
tein body). This function expresses the highest concentration of hydrophobicity
in protein centre, with hydrophobicity levels decreasing away from the centre and
reaching zero levels of hydrophobicity on the surface. Parameters oy, o0, and o,
express adjustment to protein size and shape.

\2 —\2 —\2
(Xé ) lexo —(yzi ) oo —(Zzi -2) @

3T, oy o, o,

i=1

1 —_
T = T exp

The first expression in Equation (2) results in the normalisation of the distri-
bution defined as 7 (theoretical — idealised). The method of determining appro-
priate values for parameters oy, 0y and o; is important. The X-axis (Ze. o) coin-
cides with the longest inter-atomic distance within the molecule. The Y-axis co-
incides with the greatest molecule “thickness” (the greatest distance between the
positions of atoms in the YZ plane—the distance between projections of atom po-
sitions in the YZ plane). In this orientation (according to the three-sigma rule),
0y 0y and o, parameter values are determined. The method of determining these
parameter values will prove important for the structural transformation simula-
tion in misfolding proteins (discussed further in this study).

The actual distribution however results from inter-residual hydrophobic inter-

actions. It is expressed by the function proposed by M. Levitt [54].

2 4 6 8 8
1 1 r. r. r. r. r,
Hr+H" ) 1-=|1==2] 71 2L | —9] XL LU IR I R forr. <
Z( Rl [C] 9(0j+5(cj [Cj (CJ TOREE )

0,forr; >c

It includes c—the cutoff distance (9 1&) and the distance (z;) between the posi-
tions of the so-called effective atoms (averaged position of atoms included in the
given amino acid). The function defined as O (observed), also normalised (the

first expression in Equation (3)), assigns an effective hydrophobicity level O; to
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atom positions according to impact.
Distributions are compared based on divergence entropy proposed by Kull-
back-Leibler [55].

N
D (P1Q)= R og; - @

where P—the distribution analysed (the O distribution in our model), Q—the
reference distribution (the 7'distribution in our model).

The value of Di;(O| T) expressing the similarity of the O distribution in relation
to reference distribution (idealised in micelle-like form) cannot be interpreted di-
rectly (entropy) (Equation (4)). Thus, the measure of the distance between the O
distribution and the second reference distribution in the form of R, = 1/Nis in-
troduced, where N is the number of amino acids in the chain. This distribution
represents an even distribution of hydrophobicity levels. It is thus uniform distri-
bution opposite to the 3D Gaussian function distribution, in which the hydropho-
bic nucleus is present in the central part of protein body.

The comparison of Dx;(O|7) to Dxi(O|R) facilitates approximation—the simi-
larity of the O distribution in relation to one of two opposite reference distribu-
tions (7 and R). For comparison purposes, parameter RD (Relative Distance)
(Equation (5)) of the form was introduced

D)
D (O|T)+D, (O[R)

©)

The value of RD < 0.5 approximates the O distribution to the 7'distribution, which
indicates the presence of the hydrophobic nucleus in the analysed protein structure.

The existing part of the FOD-M model is related to the basic environment, ie.
water. Proteins are also active in other environments. Such environment is a cel-
lular membrane with specific characteristics opposite to water. The membrane is
a hydrophobic environment. For the stabilisation of membrane proteins, the ex-
posure of hydrophobic residues with a concentration of polar residues in the cen-
tre (to function as the ion channel) (Equation (6)). The notation form of the ap-
propriate idealised distribution of the membrane environment is:

TMAX _Ti (6)

To generalise the diversity of the environments, in which proteins are active
(and thus with structure adjusted to the given environment), the function is pro-
posed to express the consensus between the involvement of aqueous environment

and hydrophobic components in the following form:
M, =[T+K*(Ty =T, | ?)

where the nindex denotes normalisation.

An important parameter for the proposed form of external force field is K, of
which the value indicates the degree of involvement of the non-aqueous factor.
Value K= 0.0 denotes an aqueous environment directed to fold proteins towards

generating a hydrophobicity nucleus and a polar surface. The value of parameter
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K does not have a maximum limit. The examples discussed in this study will show
the variation of this parameter.

The variation of the external force field results from experimental discoveries in
the form of activity of proteins referred to as molecular chaperones (including chap-
erones and chaperonins) (Equation (7)). They are proteins that accompany the fold-
ing process in the form of closed capsule, in which the protein folding process is
isolated from the aqueous environment. The degree of diversity and variation of the
form of the external force field proves to represent the entire spectrum of variation.

The FOD-M model shows an arrangement close to the micelle-like arrange-
ment preferred by aqueous environment. This model enables the identification of
local disorder. This form of local disorder assumes the form of local hydrophobi-
city excess. If it takes place on the surface, it entails potential readiness to form
assemblies with another protein with a similar defect [55].

The local hydrophobicity deficit is very often connected with the presence of
cavity prepared for ligand binding or for interaction with substrates in case of
enzymes [56]. The biological function is coded in the protein structure specifically
in the form of local mismatches of the O distribution in relation to the 7'distribu-
tion. Perfect replication of the hydrophobicity distribution in the form of 3D
Gaussian function would result in very good solubility without any interaction
potential, except for accidental unstable contacts with ions or other polar particles.
The local mismatch of the O distribution in relation to the 7"distribution is a code
for identifying other particles, including proteins with similar irregularity. Con-
sequently, proteins are referred to as an intelligent micelle, in which a local struc-
tural defect (according to FOD-M model criteria) is a record of readiness for po-
tential interaction, Ze. for proper biological function [57].

The graphical presentation of the procedure is shown in Figure 1.

The presentation of Figure 1(e) represents the degree of variation of external
conditions. Profile T'expresses an idealised distribution determined by the condi-
tions of aqueous environment. The introduction of a non-zero component of
Equation (6) (value K # 0.0), representing the involvement of opposite compo-
nents in the environment, generates the A function, to which the folding protein
adjusts its distribution of hydrophobicity within the molecule. Examples of struc-
tures are identified, for which the directional coefficient of the function expressing
Mi relations in relation to T; assumes negative values. It entails a structure that
not only mitigates extremes by introducing a mild course of the function. A neg-
ative directional coefficient entails the introduction of an arrangement inverse of
the water-induced arrangement.

The following examples of varied structure show the entire spectrum of the po-
tential to obtain changes in the distribution of hydrophobicity in proteins with
varied structure, biological function and activity environments (e.g. membrane
proteins anchored in membrane environment).

The K'value derives retrospectively from deposited structures. However the de-

scription using K parameter may be applied to models submitted in CASP project
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[17] [18]. The models deposited in CASP16 were verified regarding the evaluation
score revealing accordance and discordance between FOD-M based assessment in
respect to CASP criteria [18]. The high accordance between the CASP-system
evaluation and RD-dependence has been identified [17]. So far only limited sim-

ulation of protein folding influenced by K value has been performed [18].

HYDROPHOBICITY

(a) (b) (¢
T g
- =0 5
) R 2
[an]
o 2 0O
T ©
o = 0.0894
() n
X a
2 - 0.088-
T - = D e e ]
0 02 04 06 08RD1
T R | 0.087-
- - _ 0.086
30 20 10 0 10 20 30 04 05 K 06
(d) (e)

Figure 1. Graphical presentation of the procedure under the FOD-M model, reduced to 1D for readability. (a) 7 (blue), O (pink)
and M (light green) distribution; (b) Value of parameter RD = 0.683; (c) Determination of the value of parameter Kfor the minimum
value of Dxz(O|M); (d) T (blue), O (pink) and M (light green) distribution for K= 0.5; (e) relation of the M distribution to the 7'

distribution.

2.3. Programs Used

The programs for determining the 7, O and M distributions and the values of the
RD and K parameters are available in the open access system.

The potential user has two possible access to the program:

The program allowing calculation of RD as well as 7’and O distribution is ac-
cessible upon request on CodeOcean platform:

https://codeocean.com/capsule/3084411/tree. Please contact the corresponding

author to get access to your private program instance.

The application—implemented in collaboration with the Sano Centre for Com-
putational Medicine (https://sano.science) and running on resources contributed
by ACC Cyfronet AGH (https://www.cyfronet.pl) in the framework of the PL-
Grid Infrastructure (https://plgrid.pl)—provides a web wrapper for the above-
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mentioned computational component and is freely available at
https://hphob.sano.science. The output file presents: columns C— 7"distribution,
column D— O distribution, column P—A/ distribution. The values of RD and K

parameters are available in a separate output file.
The VMD program was used to present the 3D structures
(https://www ks.uiuc.edu/Research/vmd/, accessed Dec. 2025) [58].

3. Results

3.1. Variation of Protein Structures in FOD-M Model View
In Table 2, proteins representing different forms of activity dependent on the

form of mismatch of the O distribution to the 7 distribution, show variation ac-

cording to FOD-M model criteria.

Table 2. Examples of proteins with varied characteristics based on the FOD-M model. The
proteins given in bold and underlined—the detailed analysis is presented.

PDB ID RD K
2LX2 0.312 0.0
2WXC 0.382 0.1
2142 0.387 0.2
2L6Q 0.473 0.3
1WAE 0.490 0.4
1BBL 0.556 0.5
2PJé6 0.563 0.6
2LNL 0.677 0.7
5YWY-A 0.666 0.8
1ABZ 0.681 0.9
1F4Z 0.705 1.0
3QDC 0.786 1.3
788X 0.742 1.5

3.2. Proteins Active in Aqueous Environment—Low K

For protein characteristics with very low K; a representative of antifreeze proteins
was selected, type III (PDB ID 2LX2).

Antifreeze proteins are proteins that prevent water freezing. Their operating
principle consists of forcing water particles into an arrangement aligned with the
distribution of charges on the surface of the protein. This process prevents the
formation of ice structure. The expectations for this function are as follows: good
solubility, no interaction with other molecules except for water (elimination of
complex formation of other proteins) and structural stability. All these objectives
ensure protein complex formation with stable hydrophobic nucleus and polar sur-

face. The protein represents a distribution of hydrophobicity according to the mi-
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celle-like arrangement to reflect a distribution matching the 3D Gaussian func-
tion. The parameter value of K= 0.0 denotes perfect match of the O distribution
to the T distribution in the given protein. It is illustrated by the summary of 7’and
O profiles and m for K= 0.0. The A distribution is identical with the 7 distribu-

tion in that case (Figure 2(a)).

—
()
~

2LX2 s T . () s K=0.0
0.0016

0.0012

0.0008

HYDROPHOBICITY

0.0004

0 RESIDUE
50 60

(b) ()
0.002

0.0015
4

0.001

0.0005

0 0.0005 0.001 0.0015 T 0.002

Figure 2. Characteristics of the antifreeze protein, type IIIL (a) The T distribution (blue), the O
distribution (red) and the A distribution matching the 7'distribution for K= 0.0; (b) Relation of
value Mi to value 7} (c) The 3D presentation with highlighted residues included in the hydro-
phobic nucleus—the position of residues, for which the local maxima for the 77and Oare identical
(as shown in (a)).

The characteristic relation of value M;to T (Figure 2(b)) matches the M;= T;
relation for the discussed protein. The position of residues representing high Oi
level of hydropobicity according to theoretical expectations Ti are shown in red
space filling representation to distinguish the hydrophobic core present in this
protein (Figure 2(c)).

This enzyme is characterised by the increased value of K= 0.6 for the porcine
pancreatic carbonoxypeptidase protein with PDB ID—2PJ6. The enzyme, as ex-
pected considering its activity, should be ready for specific interaction with the
substrate. Consequently, in the enzyme structure the presence of cavity is ex-
pected, in which the 7’and O profiles are revealed by positions or chain fragments

with a local hydrophobicity deficit. The analysis of 7and O profiles (Figure 3(a))
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clearly reveals the positions of residues located near the molecule centre (domi-
nant 7; maxima), for which the O;levels are significantly decreased. The location
of these residues is shown in Figure 3(c)—with residues representing the deficit
as pink. Due to the difference of the O profile from the T profile, the parameter
value is K= 0.6. The force field variation is shown in Figure 3(b), where the de-
pendency characteristic of the aqueous environment (angle of inclination in rela-
tion to the x-axis = 45 deg) changes to reveal modification of the field, to which
the structure of the discussed protein adjusted. The placement of catalytic residues
exactly within the cavity, where the catalysis occurs, is not accidental either. The

catalytic reaction requires non-water environment to run.

(

[y
=

0.01

0.008

0.006

HYDROPHOBICITY

) 1.
0.002 il ‘\'J-

2PJ6 T e O ——K=0.6

0.004 . | ! A‘

OO

100 150 200 250 RESIDUE 300 350

(c)

0 0.002

0.006  0.008 T 0.01

Figure 3. Characteristics of example enzyme. (a) The 7T'distribution (blue), the Odistribution (red) and the A/ distribu-
tion for the K'value given in the legend. Marked with catalytic residue positions—vertical red line in position of catalytic
residue; (b) Relation of value M;to value Tj (c) 3D presentation with highlighted residues showing the deficit of hydro-
phobicity (pink). Catalytic residue red spacefilling.

3.3. Membrane Proteins—K Values in the Range 0f 0.6 < K< 1.5

For stability, membrane proteins in the hydrophobic environment of the membrane
expose hydrophobic residues with simultaneous concentration of polar residues in
the centre part. This is exemplified by rhodopsin (PDB ID—3QDC). The positions
and even sections showing a deficit of hydrophobicity are revealed by the set of 7"
and O profiles with clear positions of the deficit and local excess of hydrophobicity.

The centring of polar residues is connected with the function of molecule transport
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to the inside of the cell. This process is based on electrostatic interactions. Conse-
quently, the concentration of polar residues in the central channel area. The increase
of the parameter value of K'= 1.3 changes the dependency relation of Af; on 7;in

relation to the assembly present in aqueous environment (Figure 4(c)).

(a) 3QDC —T —— 0 —K=1.3

0.014
., 0012
=
G 0.01
[a0]
Q o.008 b Mj ‘
S : n
g oo IW' ’A‘ Ad y{l J!l“i l~ r '" all
T 0.004 |l| 'V' 1"~,m " iy | " ‘

L i e L oy

% 50 100 150 RESIDUE ~ 200

(b) 3QDC (©

0.014

M

0.012

0.01

0.008

0.006 ——

0.004

0.002

000,002 0.004 0.006 0.008 0.01 T 0.014

Figure 4. Characteristics of the membrane protein—rhodopsin. (a) The 7'distribution (blue), the O
distribution (red) and the A/ distribution for the K 'value given in the legend; (b) Relation of value
M;to value Tj (c) 3D presentation with highlighted residues indicating the deficit of hydrophobicity
in the molecule centre.

The gradually increasing deviation of M from 7;with an increase of the param-
eter value of Kis visible (Figure 4(a) and Figure 4(b)).

3.4. Amyloid Protein—Significant Variation of the Parameter
Value of K Resulting from Structural Transformation

A separate issue is proteins obtaining structures referred to as misfolded. They are
proteins that undergo structural transformation (without mutation) leading to the
forms that enable the formation of amyloid fibrils [29]. The process occurring under
in vivo conditions consists in 3D structure (solid, globular) conversion to 2D flat
form. This phenomenon also applies to pathological proteins that cause neuro-
degenerative diseases, like Parkinson’s, Alzheimer’s etc. [29]. The structures of these
proteins are formed under physiological conditions for currently unknown reasons.
The structures corresponding to amyloid forms are also obtained under laboratory

conditions. This transformation results from the physical process in the form of
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shaking (aqueous protein solution subject to shaking) with varied time. There is
evidence that practically each protein could be transformed to amyloid fibrils con-
dition in such conditions [29]. Significant changes expressed by characteristics
based on the FOD-M model are given in Table 3. The proteins administered are
transthyretin and VL (PDB ID—1DVQ) and VL domain of IgG (PDB ID—4B]JL).

Table 3. Structural changes of globular proteins (NATIVE) to amyloid forms described
using the FOD-M criteria.

NATIVE AMYLOID
PDB ID RD K K RD PDB ID
1DVQ 0.563 0.5 1.7 0.717 6SDZ
4BJL-VL 0.555 0.5 1.2 0.773 6HUD
(a) 1DVQ-A —T -0 ——K=05 (b)
- " 1DVQ-A
£ 0.02
O
3 0.015
Z 0.01
e} 0.01
©
a
= 0.005
0 RESIDUE % 0005 001 0015 002" 0025
(c) (d)
6SDZ —T —0 —K=17 M 6SDZ
> 003 0.03
o)
o) 0.02
I
S
& 0.01 0.01 7—
o
>
I
% 20 40 60 80 RESIDUE ~ 120 % 0.01 002 003 T 004
(e) ()

Figure 5. Native protein characteristics subject to amyloid transformation—transthyretin. (a) Profiles 7"(blue), O
(red) and M (black) for the K'value given in the legend—native form. (b) Profiles 7"(blue), O (red) and M (black)
for the K'value given in the legend—amyloid form; (c) M;in relation to 7;for the native form—red-line represent-
ing the state with K'= 0.0 (aqueous environment), line blue—relation for the native form of transthyretin; (d) A
in relation to 77 for the native form—red-line representing the state with K= 0.0 (aqueous environment), line
blue—relation for the amyloid form of transthyretin; (e) 3D presentation of native transthyretin; (f) 3D presenta-
tion of amyloid transthyretin.
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A large change of parameters describing the hydrophobicity parameters after
amyloid transformation (Table 3) is shown in Figure 5(a) and Figure 5(c). An-
other large change is shown in Figure 5(e) and Figure 5(f). The solid, globular
structure after transformation changes to the 2D form—f{lat, enabling the con-
struction of fibrils with an unlimited number of chains (stack of multiple chains
one on another). Such structures, as an effect of misfolding, are hazards for the
proper functioning of the organism. Internal factor variation is also illustrated in
Figure 5(b) and Figure 5(d), where the relation of the A4; distribution to 7; as-
sumes a near-constant form. The position of the A4 line in relation to 7; for the
native form has a smaller directional coefficient. For the amyloid form this rela-
tion expressed by the directional coefficient is near-zero. This entails a significant
variation of the environmental conditions inducing the structure observed in the
amyloid form.

The given forms of proteins subject to amyloid transformation indicate the sig-
nificance of environmental conditions. The given protein sequences do not dif-
fer—analysis is limited to chain parts common for both structural forms (however
the original PDB files report the lengths given in Table 1). The structural change
is drastic. Access to the proposed tool would enable simulation of the given trans-
formation [59]. The detailed description of the procedure including the environ-

mental characteristics leading to 2D form (flat) is given in [60].

3.5. Molecular Chaperones (Chaperonins and Chaperones)

Except for the extremely different water and membrane environments, an entire
series of proteins, 7e. molecular chaperones accompanying the folding process.
These are chaperones and chaperonins with very extensive structure—often in the
form of large capsule. Within, this capsule creates conditions different from the
aqueous environment, in which the folding process occurs. It is assumed that the
parameter value of K for the given chaperonin structure expresses the character-
istics of the local environment. The value of X for the chaperonin is considered
under the FOD-M model as the measure of the variation of the local force field
inside the capsule in relation to the aqueous environment.

An example of a very complex structure and a representative of chaperonins
(molecular chaperones) in this analysis is the protein referred to as chaperonin
type II [61]. This is a structure in the capsule form that forms space in the central
part, in which the protein folding process occurs. This example is a generation
model of a micro-space deviating from aqueous environment characteristics,
which introduces its own rules depending on the chain composition (amino acid
sequence) and capsule shape and size. Inside this structure, the structure for-
mation process occurs according to the conditions therein. The characteristics of
this protein require an extensive analysis, which herein is limited only to the
presentation of the specific characteristics of the structure herein, to characterise
the type of the external force field. The parameter values of RD and Kare on one

hand characterised by status of the structure itself in relation to the aqueous envi-
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ronment, but at the same time they define the conditions of the changed external
force field for the protein folding in the interior representing the field. A broader
analysis of other proteins in this group is available ([61], the large set of these
proteins—in preparation).

The example of chaperonin discussed here represents Group II chaperonins
ATP-dependent ring-shaped complexes (PDB ID—3IZI). The capsule comprises
two symmetrically oriented caps (C2 symmetry), consisting of 8 chains each (C8
symmetry) (Figure 6(c)). The status of this capsule is expressed by very high RD
and Kvalues (Table 4).

Table 4. Characteristics of chaperonin, type II.

PDB ID RD K Chain length

31Z1 0.779 5.5 16 x 513

—
[
~

31ZI —T ——0 —K=55

0.0006

0.0004

0.0002

HYDROPHOBICITY

0 100 200 300 400 RESIDUE 500

31ZI

0.0003

0.0001

0 0.0002  0.0004 0.0006 T 0.0008

Figure 6. Characteristics of chaperonin, type II (PDB ID—3IZI). (a) Profiles 7"(blue), O (red) and
M (gray) for K= 5.5; (b) M;relation to 7irevealing a negative directional coefficient—red line. Blue
line—the reference water conditions with K= 0.0; (c) Presentation of the 3D capsule with chain A
highlighted—red.

The RD and K'values describing the capsule status are very high. Profiles 7"and
O generate profile M close to the straight line parallel to x-axis. This entails the
presence of organisation generating the force field in constant form of the envi-
ronment without any direction from the perspective of the distribution of hydro-
phobicity. Profiles 7, O and M for the given K reveal a complete omission of the
rules imposed by the aqueous environment, while introducing a nearly uniform

and constant form of profile M (Figure 6(a)).
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A detailed analysis of the relation of the M distribution to the 7 distribution
(Figure 6(b)) reveals, however, a negative direction coefficient value for this rela-
tion. It means that local minima in profile M are located at the points, at which
the T distribution (i.e. aqueous environment) expects a local maximum of hydro-
phobicity. In such environment, a folding protein is adjusted to the environment
with characteristics inverse of expected by the aqueous environment. This is what
the introduction of an external force field (limited to the inside of the capsule)
consists in for the folding process occurring inside the capsule. This is an inter-

pretation arising from FOD-M model assumptions.

3.6. Mathematical Model—The Proposition to Replicate the
Protein Folding Process by Introducing Environmental
Conditions

The analysis of the examples given shows an entire spectrum of the potential for
external force field involvement in the formation of a native structure with defined
activity. The variation of environmental conditions (external force field) seems to
be a mechanism of introduction of structural diversity of proteins in addition to
the variation arising from the varied sequence records in proteins.

Table 2 reveals very significant variation of protein structures depending on the
mismatch degree of the O distribution to the 7 distribution (parameter RD) and
variation from the perspective of different environmental conditions of protein
formation. The involvement of the external force field is expressed by the value of
parameter K.

The summary of listed parameters proves the necessity to include the external
force field in folding process simulations. This is proved by the variation of the
degree of mismatch with the direction derived from the aqueous environment. It
is also evidenced by the characteristics of the proteins of the chaperonin group, in
which the force field generated inside the capsule has certain specific characteris-
tics. The folding protein adjusts an appropriate distribution of hydrophobicity to
a specifically formed local external force field (the inside of the capsule acts as
such).

The proposed function subject to the optimisation process depends on two
functions with opposite tendencies. The minimisation of one function (internal
force field) leads to the increase of another (external force field). The Pareto front

is a technique for finding consensus between the two opposite tendencies.
E= E| Bnr (electrostics, vdW, tp), Bexr(K)] (8)

where tp—torsional potential.

The Enr notation is simplified and reduced to electrostatic and vdW interaction
and the torsional potential connected with structural changes arising from the ro-
tation in specific bindings (single bindings). The extensive force fields used in
many packages (ROBETA [20], CHARMM [21] AMBER [22], GROMACS [23])
include a far greater number of structural variations affecting the energy state of

the protein. These are energy contributions related to binding length variation
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(stretching vibrations), change of flat angles between bindings (bending vibra-
tions), changes of angles resulting in the spatial construction of flat assemblies
(aromatic rings). This level of detail is not expected in the proposed model due to
the significant simplification of representation of the structure at the stage of Fixr
optimisation, in which effective atom positions are used (Equation (7)).

Due to the opposite effect, since the optimisation of one function results in an
increase of the value arising from the other function, it is required to use the tech-
nique known as the Pareto front [24]-[28]. This method searches the consensus
between the two opposite tendencies of variability of functions Einr and Egxr.

The Egxr does not seem to be unified with Enr due to lack of experiences with
simulation expressed by Equation (7). It is assumed to be possible after getting
experiences in /n Silico computations according to proposed model.

It is planned to perform certain iterations of the optimisation of Enr followed
by certain iterations oriented on Eixr. The very limited experience in this matter
suggests the possible convergence of both procedures [19]. The more precise pro-
cedure is expected after extensive experience in this matter.

The Kparameter in currently applied program is found as the result of iteration
procedure with increasing K value as long as the minimum value of D (O|M) is
found (Figure 1(c)). The range for K value may be approximately estimated on
the basis of RD parameter defined for certain structure (as temporarily delivered
by the Einr optimisation procedure).

The current vision of the Pareto procedure applied to discussed issue is pre-
sented in details in [59].

For amyloid transformation simulation purposes, another factor is introduced
(in addition to manipulation of the value of parameter K), i.e. step-wise reduction
of the value of parameter SigmaZ. The purpose of this operation is to gradually
change the 3D form to the 2D form. This change is also justified by the specific
environmental characteristics during the experimental process of protein trans-
formation from the native form to the amyloid form. Shaking, which is a physical
process only, consists in introducing an increasing presence of the water/air in-
terphase. The specific nature of this interphase consists in two-dimensionality
(the contact surface is flat). In this interphase, water structuring presumably sup-
ports chain formation in the 2D form as well. Gradually reducing the value of
parameter o, to determine the form of the 3D Gaussian function, to which the
folding protein adjusts (structural transformation) during the amyloid transfor-

mation is justified by the real condition of the experiment conducted.

3.7. Funnel Model in View of the FOD-M Model

Using an environment-dependent course of the protein folding process also pro-
vides some modification of the funnel model [62]-[64]. This model visualises the
difficult task of selecting an appropriate energy minimum for the specific protein
(Figure 7(a)). Due to the multiplicity of locally representing forms, combined
with the global energy minimum, predicting the protein structure based on the
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folding simulation process is virtually impossible to solve. The introduced de-
pendency of environment-directed folding, as assumed based on the FOD-M
model, will point towards the identification of the proper stable structure to en-

sure the expected biological activity for the given protein (Figure 7(b)).

(a) (b)
. TRADITIONAL FUNNEL MODEL . MODIFIED FUNNEL MODEL

m
m

®
< ® =X

VT

=K

CONFORMATION

Figure 7. Funnel model. (a) Traditional form; (b) Modified based on the FOD-M model.

4. Discussion

The access to this tool based on multi-criteria optimisation, including the pres-
ence of two functions subject to optimisation in the optimisation procedure, is of
great importance to the studies of protein function, which may change depending
on the variation of environmental conditions. Here, a classical example is proteins
defined as misfolding process effects. In this group, an important place is held by
proteins of the amyloid group that cause neurodegenerative diseases, including
Alzheimer’s, Parkinson’s and other [29]. Using the FOD-M model, it was demon-
strated that an environmental factor was involved that dramatically changes the
protein structure, thus completely eliminating the activity of these proteins [65].
The access to the tool including the presence of a variable environment would
also allow addressing many phenomena, such as e.g. the impact of alcohol con-
sumption. Alcohol, as an environmental conditions variation factor, may be ana-
lysed using the proposed tool including the involvement of the environment in
the formation of structures serving a specific biological function. This factor has
a very high potential for interaction, both with polar and hydrophobic compo-
nents of proteins and other biological structures (e.g. membrane). This means
easy and quick penetration to the inside of the cell. For alcohol, the entire envi-
ronment of every living organism is available in a very short time. The impact of
this factor is not radical and only visible at high concentrations. Low concentra-
tions do not show the effects of presence, however they do reduce the activity of
proteins. Not exactly properly folded protein could function seemingly properly.
However, with one additional hazard (e.g. a COVID-type virus), the organism
functioning at half capacity cannot handle such a condition, which is distant from

full and proper activity of the organism. Not fully properly formed proteins under
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the environmental disruption by the presence of alcohol cannot function properly
in face of an additional hazard in the form of the virus [66]. The mortality rate of
the COVID-19 pandemics was proved dependent on the alcohol consumption at
the societal level [66].

Simulating the folding process in a changed environment could enable obtain-
ing an adequately varied structure of the broadly understood misfolded proteins.
The misfolded process is not limited to the formation of amyloid forms. Knowing
the incorrect structure, it will be possible to predict the functional disorder of such
protein. It will also become possible to design drugs to correct proteins in the mis-
folded form. The identification of the value of parameter K will define the type of
environmental disorder. This will create a chance to “cure” and correct the envi-
ronment causing the misfolding.

At this point, an appeal could be expressed to develop a folding process simu-
lation-based protein structure prediction tool to include the variation of environ-
mental conditions. The FOD-M model offers such a solution. This appeal is ad-
dressed to computer science specialists specialised in software development. Such

cooperation is expected.

5. Conclusion

The available protein folding process simulation tools, based on the optimisation
of Enr (internal force field) only, fail to reflect the real conditions, in which the
folding process occurs. The inclusion of the impact of the local environment di-
recting the folding process is possible by introducing an additional module to also
optimise the function expressing the environmental status, Eexr (external force
field). The FOD-M model using the continuum function to express protein inter-
action with a specific environment expressed with parameter K'in the model ena-
bles broadening the representation of the force field to the environmental factor.
Due to the opposite direction of the optimisation of Er in relation to Fxr (re-
ducing the value of function Einr increases the value of Eixr), it is necessary to
apply the procedure known as the Pareto front. The access to the tool enabling
folding process simulations under varied environmental conditions would enable
simulation of the protein transformation process with 3D structure to 2D form,
which takes place in amyloid transformation. The use of a model including the
impact of the local environment on the folding process would allow obtaining
structures referred to as misfolded, not necessarily limited to amyloid forms. It
would be possible to obtain protein structures e.g. with increased (varied) alcohol
presence in the environment by showing its involvement in processes leading to
pathological disorders, as postulated for COVID-19 [67].
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