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Abstract: Proteins with a high degree of sequence similarity representing different structures provide
a key to understand how protein sequence codes for 3D structure. An analysis using the fuzzy oil
drop model was carried out on two pairs of proteins with different secondary structures and with
high sequence identities. It has been shown that distributions of hydrophobicity for these proteins
are approximated well using single 3D Gaussian function. In other words, the similar sequences fold
into different 3D structures, however, alternative structures also have symmetric and monocentric
hydrophobic cores. It should be noted that a significant change in the helical to beta-structured form
in the N-terminal section takes places in the fragment much preceding the location of the mutated
regions. It can be concluded that the final structure is the result of a complicated synergy effect in
which the whole chain participates simultaneously.

Keywords: homology; protein structure; hydrophobic core; hydrophobicity; synergy;
spherical symmetry

1. Introduction

The mechanism of the protein folding process is still a puzzle despite intensive research in this
direction [1]. Protein folding issues cannot be discussed without taking into account such milestones
as Levinthal’s paradox [2–7], Anfinsen’s folding research [8,9] or the introduction of the concept of
intermediates in the process of protein folding [10]. Early studies on the structuring of micelles in
the aquatic environment associated with the process of shaping protein structure drew attention
to the impact of the environment [11–13]. The concept of hydrophobic interactions unnoticed by
quantum chemistry has become one of the decisive factors involved in protein structuring [14–16].
The Levinthal paradox in the era of protein simulation and prediction takes the form of the multiple
minima problem [17], in which structure prediction techniques assume the evolutionary nature of
structure changes and use homology modelling [18]. The ab initio methods, on the other hand, look
for simplified forms of the starting structure and a simplified form of force field representation [19].

Progress in this field is closely monitored through the CASP – Critical Assessment of Structure
Prediction project [20], where participants submit structure proposals for pre-set amino acid sequences
at two-year intervals. However, the effects of this project are unsatisfactory [21,22]. Creating a joint
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team consisting of top groups did not give the expected effect [23,24]. The WeFold project [23,24] shows
that the traditional division into homology-based methods (generating structure based on knowledge
of evolutionally related protein structures) and ab initio (model of the folding mechanism without
reference to other known proteins) has exhausted its possibilities.

The emergence of the misfolding problem is, paradoxically, the possibility of another alternative
way of searching for the folding mechanism, since the identical sequence provides a completely
different spatial structure for a given polypeptide chain (including the amyloid form) [25–28]. In
addition, the experimentally established possibility of converting the native structure into an amyloid
form in vitro proves that there is another factor determining the method of chain folding since the
sequence has not been changed [29,30].

In the current and other works of our team, an external factor is studied, which is the impact of
the aquatic environment. Its active participation in the folding process directs this process towards
the generation of a hydrophobic nucleus, which is a phenomenon commonly observed for bipolar
molecules in the case of spontaneous formation of the spherical micelle [31–35]. Protein can be treated
as a specific spherical micelle, which due to diversity (20 different forms of bipolarity) and limitation of
the number of degrees of freedom (amino acids connected by covalent bonds) is able to create a form
of micelles with an ideal distribution of hydrophobicity (with hydrophobic amino acids in the center,
and polar on surface) only in exceptional cases. Proteins with this highly ordered hydrophobic core
structure have been identified [36]. However, the degree of reconstitution of the micellar structure in
proteins varies greatly. Local mismatches of the real distribution against the idealized distribution seem
to be a form of encoding information on biological activity and its specificity [37]. Local hydrophobicity
deficit is accompanied by the presence of a ligand binding cavity or substrate [38]. Local excess of
hydrophobicity on the surface is sometimes a site of complexing another protein [39,40].

Therefore, in the model used here to analyse structural differences with a greater or lesser degree of
sequence identity, a fuzzy oil drop model is used, which quantitatively assesses the state of alignment
or deviation from the idealized distribution—the ideal distribution of hydrophobicity in the form of
3D Gaussian distribution. Thus, the assessment consists of determining the degree of ordering of the
distribution of hydrophobicity from low on the surface to high in the centre. The role of hydrophobic
phenomena in the process of folding and biological activity is raised in many works [41–43].

The fuzzy oil drop model was created as a modification of the oil drop model proposed by
Kauzmann [14] by replacing the discrete form with a fuzzy one. The discrete model distinguishes
two form of status: hydrophobic core in centric localization and polar self. This is the form by
which this model has been recognised [44]. The discussion of size and shape of proteins has a long
history [45]. It is assumed that the distribution of hydrophobicity in the protein has a fuzzy form
expressed in 3D Gaussian distribution with a clearly higher concentration of hydrophobicity in the
centre of the molecule, surrounded by a hydrophilic mantle outside [46,47]. For the analysis of the
problem presented in this work, examples of proteins with a hydrophobicity order highly compatible
with 3D Gaussian distribution were used. Thus, in a sense, the number of variables considered in the
analysis of the mechanism of protein folding was reduced.

The presence of the hydrophobic core and its specificity relates to the native form of proteins. An
early intermediate model was also used for the analysis, which in this work boils down to determining
the structure type classification based on structural codes. The combination of changes in structural
codes (including secondary structure) with changes in the structure of the hydrophobic core gives a
comprehensive view of the issue of protein structure dependence as dependent or independent of
the sequence.

The work shows that the structure of the hydrophobic core is the result of general molecular
synergy expressed in the organization of the distribution of hydrophobicity which is the share of all
components. This synergy is particularly evident in changes known as amyloid transformation [48–51].
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2. Materials and Methods

2.1. Data

The subject of the analysis is a set of two pairs of proteins given in Table 1.

Table 1. A list of proteins whose structure is subjected to the analysis of the current work. A brief
description of these proteins is also given.

PROTEIN PDB ID [Ref] SEQUENCE
IDENTITY Length Secondary

Structure Description

Highly similar sequences—different 3D structures

De novo designed 2JWS [52] 87.5% 56 α + RC 1.10.8.40 Alpha
Orthogonal Bundle

De novo designed 2JWU [52] 56 β + α 3.10.20.10 Alpha-Beta Roll

Highly homologous sequences—different three-dimensional structures

G311 1ZXH [53] 59% 56 α + β 3.10.20.10 Alpha Beta Roll

A219 1ZXG [53] 59 α
1.20.5.420 Mainly Alpha

Up-down bundle

In addition to comparisons of 2JWU and 2JWS (a pair of mutants) and 1ZXH and 1ZXG (another
pair of mutants), a comparative “cross” analysis was also performed. It involves comparing structures
in the peer-to-peer system. This is due to the high similarity of the super-secondary structure in the
relation of 2JWU and 1ZXH and on the other hand 2JWS and 1ZXG.

The first pair of proteins contains a helical fragment and a β-plate in their structure, while the
second pair represents helical proteins with a similar helix arrangement.

The similarity is also expressed by the CATH: (Protein Structure Classification
database—C-Class, A—Architecture, T—Topology/fold level, H—Homologous superfamily)
classification [54].

These proteins have already been analysed using the fuzzy oil drop model [55]. Since this
publication, significant progress has been made in using this model as a method of comparative
analysis of amyloid proteins and their counterparts in the form of a single, individual molecule [56].
Therefore, these examples were referred to again.

2.2. Model of Amino Acid Conformation Analysis in the Chain

Analysis of the structure of the polypeptide (pentapeptide) is determined at the level of chain
geometry using two parameters: the radius of curvature R, the value of which is a simple consequence
of the size of the dihedral angle between two adjacent planes of peptide bonds—angle V. For V values
close to zero, the radius of curvature is small, typical for helical structures. A value of V close to 180◦

results in a very large radius of curvature, because this value of the angle V corresponds to β-structures
(including extended structure in particular). The value of the angle V is a simple consequence of the
rotation of Phi and Psi. The analysis of structural changes in the relation R to V shows that the relaxed
form (appropriate radius R for a specific angle V) reveals on the Ramachandran map an elliptical path
that connects all areas corresponding to the secondary structure [56–60].

If the Phi and Psi angles are transformed in the form of assigning them Phie and Psie values (index
e expresses the elliptical path membership), it turns out that the distribution of Phie and Psie angles for
proteins of the non-redundant PDB base reveals the presence of seven local maxima. Designation of
areas corresponding to individual fragments on the ellipse (individual local maxima) results in the
definition of seven areas defined by the so-called A-G structural codes. It should be noted that the
C code corresponds to the structure of the helix, the E code—the structure of the β-type, and the G
code—the left-handed helix. Code D specifies the structural forms intermediate between the helix
and the β-form. The F code is integrally associated with the β-structure constituting its end (a turn
terminating β-propagation).
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Structural codes have been determined for proteins analysed in this work. Classification of
structures based on structural codes creates the possibility for a simple assessment of structural changes
in compared proteins.

The exact presentation of the discussed model is described in detail in numerous works [56–60].
This model was also used for similar comparative analysis of amyloid proteins [59]. The current
analysis is to check the degree of universality of this approach including correctly folded proteins.

2.3. The Structure of the Hydrophobic Core in the Native Structure

The structure of the hydrophobic core—its degree of compliance with the idealized distribution—is
determined using a model called the fuzzy oil drop model [47–57], in which the idealized distribution
of hydrophobicity (T) is expressed using a 3D Gaussian distribution, which is spread over the body of
the protein (values of the σ-x, α-y and α-z parameters are selected specifically for a given protein). On
the other hand, the actual distribution of hydrophobicity (O) is assessed resulting from the distribution
of so-called effective atoms (the average position of atoms included in a given amino acid) and
intrinsic hydrophobicity, which is constant for a given amino acid. Of course, this interaction also
depends on the distance between effective atoms [61]. After normalization of both distributions (T
and O), comparative analysis is possible. The degree of compliance or non-compliance is quantified
by the so-called divergence entropy introduced by Kulback Leibler (DKL) [62]. However, the value
of divergence entropy cannot be interpreted directly. Therefore, an additional reference distribution
called R was introduced, where each amino acid represents the same level of hydrophobicity equal to
1/N where N is the number of amino acids of the protein. In this situation, we have two DKL parameters
for the O-T and O-R relations. The distribution of T and R is the opposite. The first defines the full
centralization of hydrophobicity, the second completely disperses it. The status of the O distribution
expressed in similarity to any of them determines the degree of adjustment of the observed distribution.
DKL (O-T) expresses the proximity of the O distribution to the T distribution, and DKL (O-R) expresses
the proximity of the O distribution to the R distribution. The relationship DKL (O-T) < (O-R) therefore
means closer to the T distribution which means the presence of a centrally located hydrophobic core in
a given molecule. To avoid using two values, the RD (Relative Distance) parameter was introduced,
which is calculated as the ratio of the DKL (O-T) value to the sum of the components (DKL (O-T) + DKL

(O-R)). Therefore, RD < 0.5 means the presence of a hydrophobic nucleus.
Both models: determining the status of backbone and determining the presence of a hydrophobic

core are used to assess changes in structure by changing the structural code for the next amino acid in
the chains in conjunction with its participation in the construction of the hydrophobic nucleus. The
assessment of the backbone system (this model does not take into account any form of interaction—it
results directly from the preferences of a given conformation) in relation to the final form (native
structure) is expressed from the point of view of the structure of the hydrophobic nucleus. The
combination of these two models enables a comprehensive assessment of structural changes (structural
codes) and their relationship to the presence of a hydrophobic nucleus.

3. Results

Determining the synergy present in the structure of a given protein is obtained by identifying
those sections of the chain which, according to the model (Ti), show high Oi values. Compliance with
the model is also expressed by the presence of fragments with low hydrophobicity Oi on the protein
surface (low Ti). First of all, however, it is important to identify fragments with a status not as expected,
because it often occurs in places associated with the function (ligand binding, site of interaction with
the substrate or interaction with another protein in the case of protein complexes).
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3.1. Similar Sequence—Different Structure 2JWU-2JWS

The subjects of the analysis are two de novo designed proteins. Sequences for these proteins
were developed based on predictions of secondary structure changes with a minimal number of
mutations [63]. The structures of these two proteins are available in PDB–Protein Data Bank [64].

The assessment of the degree of sequence similarity based on the 1D hydrophobicity distribution
resulting from the location of amino acids at appropriate places in the polypeptide chain identifies
changes in the level of hydrophobicity carried by a given amino acid (Figure 1B).

There are 7 mutational changes in the compared proteins, but from the point of view of the
structure of the hydrophobic nucleus, only the conversion of Leu (2JWS) to Lys (2JWU) at position
50 and the change accompanying it at position 49 (49Thr in 2JWU and 49Ile in 2JWS) are relevant.
Together, the change in this location significantly increases the level of hydrophobicity in 2JWS. Other
changes due to the marginal small difference do not seem to matter.

The status of proteins in the light of the fuzzy oil drop model expressed by the RD parameter is
0.335 for 2JWU and 0.370 for 2JWS. In both cases, therefore, the protein contains an ordered hydrophobic
core with a high concentration of hydrophobicity at the centre of the molecule along with a polar
mantle on the surface. The respective profiles for T and O hydrophobicity in both proteins in question
are shown in Figure 1A,C.
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(C)—2JWU. (B)—intrinsic hydrophobicity (H) profiles for: 2JWS—cyan and 2JWU—magenta. Two 
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Figure 1. Theoretical (T—blue) and observed (O—red) hydrophobicity profiles for (A)—2JWS and
(C)—2JWU. (B)—intrinsic hydrophobicity (H) profiles for: 2JWS—cyan and 2JWU—magenta. Two
rows of markers at the top of A and C denote locations of secondary structure motifs present in
2JWS (first row) and 2JWU (second row): red circles—α-helices, yellow squares—β-sheets. Triangle
markers on A, B and C distinguish residues involved in the construction of hydrophobic nucleus:
2JWS—cyan/pointing up, 2JWU—magenta/pointing down. Vertical orange lines go through locations
where sequences of the compared proteins differ.
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The slightly higher RD value for 2JWS results from the status of chain fragment 22–37, where the
difference between the distribution of T and O is visible. In this chain fragment two mutated residues
are present.

The sections that make up the components of the hydrophobic core have been marked with
circles, and the surface sections with the low—as expected—level of hydrophobicity are marked
with rectangles.

The determined sections included in the hydrophobic core were distinguished on the presentation
of the 3D structure (Figure 2).
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Figure 2. Three-dimensional presentation of 2JWS and 2JWU: (A)—2JWS with teal spheres highlighting
the hydrophobic core according to the hydrophobicity distributions in this protein (corresponding
to teal triangles on Figure 1). (B)—2JWS with magenta spheres highlighting the hydrophobic core
according to the hydrophobicity distributions in 2JWU (corresponding to magenta triangles on Figure 1).
(C)—2JWU with magenta spheres highlighting the hydrophobic core according to the hydrophobicity
distributions in this protein (corresponding to magenta triangles on Figure 1). (D)—2JWU with cyan
spheres highlighting the hydrophobic core according to the hydrophobicity distributions in 2JWS
(corresponding to cyan triangles on Figure 1).

The structures presented in Figure 2A,B visualize the composition of the hydrophobic core
determined for a given molecule. In contrast, the structures of Figure 2C,D show the location of
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residues that in the partner structure are part of the nucleus. This comparison reveals a different
organization and commitment of different sections to the structure of the hydrophobic nucleus.

Figure 2B illustrates the final relationship—hydrophobic core structure—in the representation
of intrinsic hydrophobicity distribution. Appropriately highlighted sections indicate two alternative
systems of residues involved in the construction of a hydrophobic nucleus.

Two different scenarios for carrying out the task of “hydrophobic nucleus construction” are shown
in Figure 3A, where the T distributions in both compared proteins were compared, and Figure 3B,
where the O distributions in both proteins were compared.
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Figure 3. Comparison of (A)—theoretical (T) and (B)—observed (O) hydrophobicity profiles for 2JWS
and 2JWU (profiles for 2JWU have diamond markers on them). Two rows of markers at the top of A
and B denote locations of secondary structure motifs present in 2JWS (first row) and 2JWU (second
row): red circles—α-helices, yellow squares—β-sheets. Cyan diamond markers distinguish residues
for which the difference between theoretical (on A) or observed (on B) distributions is lower than
average. Magenta diamond markers do the opposite—show where this difference is above average.
Vertical orange lines go through locations where sequences of the compared proteins differ.

Comparison of the T distributions for both structures reveals a central chain fragment with a very
similar distribution. This chain fragment coincides with the location of the helix in both compared
structures. Other fragments: N- and C-terminal show significant distribution differences.

A comparative analysis of O distributions reveals very similar differences. There is a high degree
of similarity in the central part and significant differences in N- and C-terminal views.

The quantitative status of these sections is given in Table 2.
Residues highlighted in Figure 4 were identified based on the value of differences between the

compared distributions. Comparison of the fragments in Figure 4 reveals the location of amino acids
showing similar status in the two compared proteins. The ranges highlighted with frames were
obtained by eliminating those items that increase the correlation coefficient until the value 0.758 for the
distribution O and 0.622 for the distribution T.



Symmetry 2020, 12, 273 8 of 22

Table 2. RD values for selected sections: secondary structure and three zones 1–25, 26–35 and 36–56
resulting from the presence of an everywhere occurring helix (in the area 26–35) with a high degree
of agreement of the O distribution against the T distribution in each case. H—helix, B—β-strand,
RC—random coil.

2JWU 2JWS 1ZXH 1ZXG

Fragment RD Fragment RD Fragment RD Fragment RD
1–N 0.335 1–N 0.370 1–N 0.310 1–N 0.248

1–9 β 0.249 1–7 RC 0.493 1–9 β 0.471 1–7 RC 0.308
12–20 β 0.441 8–24 H 0.449 12–20 β 0.305 8–18 H 0.205
22–37 H 0.418 26–35 H 0.180 22–39 H 0.313 25–37 H 0.211
42–47 β 0.558 38–52 H 0.418 42–44 β 0.266 40–55 H 0.241
50–56 β 0.268 53–56 RC 0.054 50–53 β 0.179 56–59 RC 0.168

1–25 0.345 1-25 0.432 1–25 0.348 1–25 0.296
26–35 0.280 26–35 0.180 26–35 0.229 26–35 0.205
36–N 0.318 36–N 0.342 36–N 0.306 36–N 0.215
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Figure 4. Three-dimensional presentation of (A,C)—2JWS and (B,D)—2JWU. Orange spheres on A
and B denote the mutations, among which—shown in olive—is Lys 50. Cyan fragment on C and D
correspond to range 18–40 where the difference between theoretical distributions of 2JWS and 2JWU is
low. Magenta fragments complement it to mark the range 8–48 where there is an accordance between
observed distributions of these two proteins.
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Figure 4 explains the reason for structural differences, which is position 50, where the
hydrophobicity status was changed radically by replacing Leu (2JWS) with Lys (2JWU). This significant
change as seen in Figure 4A,B is the reason for the completely different status of the chain fragment in
the immediate vicinity of position 50. In 2JWS, Leu (and Ile in pos. 49) participates in the structure of
the hydrophobic core, while in 2JWU, Lys in the same positions (50 and Thr at position 49) is exposed
to the outside and participates in the construction of the outer mantle.

As can be seen in Figure 1B, all changes have a common direction—everywhere in 2JWS, the
introduced change causes an increase in hydrophobicity in 2JWU or introduces a minimal reduction in
hydrophobicity. Both structural forms show high compatibility of the T and O distribution, although
the construction of a hydrophobic core with a higher concentration of hydrophobic residues results in a
lower RD value for 2JWU. Increasing the proportion of residues with a higher level of hydrophobicity
results in the presence of a more ordered hydrophobic core. In addition, the 2JWU structure also
involves polypeptide chain fragment 1–7, which in 2JWS seems to be useless from the point of view of
involvement in the construction of a hydrophobic core.

It should be noted that a significant change in the helical form to β-structured in the N-terminal
section takes place in the fragment much preceding the location of the first mutation. The
resulting conclusion indicates that the different organization of the N-terminal chain fragment
has no direct cause in the mutation as such but is the result of a change present in the C-terminal
fragment. It can be concluded that the final structure is a synergy effect in which the whole chain
participates simultaneously.

3.2. Highly Homologous Sequences—Different Three-Dimensional Structures

A similar situation occurs in the case of highly homologous proteins with two structural forms
showing a very similar arrangement: one of these forms is a completely helical protein—1ZXG—, and
the other (similar to 2JWU) has a β-plate—1ZXH (similar to 2JWS)—in addition to the helical chain
fragment. In addition, significant structural similarity of proteins is observed in pairs 1ZXG, 2JWU
and 1ZXH, 2JWS.

A comparison of the T and O distributions for 1ZXG and 1ZXH expressed using RD (0.248 and
0.310, respectively) shows a very high compatibility of the hydrophobicity distribution in these proteins
with the distribution idealized in both structural forms of these proteins.

Summaries of the profiles, Figure 1A, C and Figure 5A,C, reveal a high degree of similarity of
distribution in proteins with significantly different sequences. Similarly to 2JWU, 1ZXH involves N-
and C-terminal fragments for nuclear structure, while in 2JWS and 1ZXG, nuclear structure involves
the central portion of the polypeptide chain. The similarity of the fragments is also characteristic,
which in all discussed proteins take on a helical form.

To underline the much higher degree of differentiation of intrinsic hydrophobicity, the summary
is shown in Figure 5B.
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location of Lys 50 in each protein. 

By interpreting the results given in Figure 7, a situation very similar to the previous example 
can be identified, where the central part of the polypeptide chain (marked as turquoise) forming the 

Figure 5. Theoretical (T—blue) and observed (O—red) hydrophobicity profiles for (A)—1ZXG and
(C)—1ZXH. (B)—intrinsic hydrophobicity (H) profiles for: 1ZXG—cyan and 1ZXH—magenta. Two
rows of markers at the top of A and C denote locations of secondary structure motifs present in 1ZXG (first
row) and 1ZXH (second row): red circles—α-helices, yellow squares—β-sheets. Triangle markers on A,
B and C distinguish residues involved in the construction of hydrophobic core: 1ZXG—cyan/pointing
up, 1ZXH—magenta/pointing down. Vertical orange lines go through locations where sequences of the
compared proteins differ.

The spatial structure reveals the specific position of residue 50. In both cases discussed here, Lys
is in this position, so in both cases the residue is exposed. Figure 6 reveals a modelled arrangement of
Lys50 within the helix in the exposure position, while this change of position 50 in 2JWU and 2JWS
dramatically affected the structure of the immediate environment.
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In the case of 1ZXH and 1ZXG, the overall effect of sequence variability—or rather the distribution
of hydrophobicity—finally leads to a different spatial form. Mutational changes result in a change in
the periodicity of the hydrophobicity level. The 1:1 system preferring the β-form and the 1:2 or 2:1
system (proportions of hydrophilic to hydrophobic residues) supports the formation of a helical or
β-form in proteins of such a small size, where almost all parts of the chain are in contact with the
hydrophobic core (they participate in its generation) as well as the construction of the surface coating.
In this situation, the helix should be hydropathic and the β-structure should represent a different
character on both sides of the backbone line.

By interpreting the results given in Figure 7, a situation very similar to the previous example can
be identified, where the central part of the polypeptide chain (marked as turquoise) forming the helical
fragment shows great agreement in both O and T distribution. The differences are located in N- and
C-terminal fragments.
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7). Therefore, it is difficult to clearly indicate one residue as responsible for structural differences. T 
distributions indicate the central fragment without mutations as representing very highly consistent 
distributions. Mutations mainly concern sections below position 30 and above position 38. In these 
sections differences in the distribution of T and O are identified. 

Comparative analysis of the O distributions reveals similar characteristics (Figure 8B), where 
the heliacal fragment (central chain fragment) shows high similarity in both compared chains. 

Generally, a mutational change significantly increases the level of self-hydrophobicity of amino 
acids in the 1ZXH chain. The difference is about 8% in relation to the total value of 1ZXH 
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Figure 7. Comparison of (A)—theoretical (T) and (B)—observed (O) hydrophobicity profiles for 1ZXG
and 1ZXH (profiles for 1ZXH have diamond markers on them). Two rows of markers at the top of A
and B denote locations of secondary structure motifs present in 1ZXG (first row) and 1ZXH (second
row): red circles—α-helices, yellow squares—β-sheets. Cyan diamond markers distinguish residues
for which the difference between theoretical (on A) or observed (on B) distributions is lower than
average. Magenta diamond markers do the opposite—show where this difference is above average.
Vertical orange lines go through locations where sequences of the compared proteins differ.

The number of mutations in this example is much higher than in the previous example (Figure 7).
Therefore, it is difficult to clearly indicate one residue as responsible for structural differences.
T distributions indicate the central fragment without mutations as representing very highly consistent
distributions. Mutations mainly concern sections below position 30 and above position 38. In these
sections differences in the distribution of T and O are identified.

Comparative analysis of the O distributions reveals similar characteristics (Figure 8B), where the
heliacal fragment (central chain fragment) shows high similarity in both compared chains.

Generally, a mutational change significantly increases the level of self-hydrophobicity of
amino acids in the 1ZXH chain. The difference is about 8% in relation to the total value of
1ZXH self-hydrophobicity.
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3.3. Comparative Cross-Analysis  

The presence of 3D similarity between the 2JWU and 1ZXG proteins as well as the 2JWS and 
1ZXH pairs suggests the possibility of cross-comparative analysis. It should be noted that the visible 
differences in the profiles below are identified at a very high degree of hydrophobic core structure 
reproduction expressed by RD values in all four proteins. 

The summary of the total hydrophobicity of the analysed proteins is as follows: 
24.97, 25.66, 26.78 and 27.83 for proteins 2JWU, 1ZXG, 2JWS and 1ZXG respectively. The total 

values for these proteins are comparable. 
The list of changes in the amino acid sequence expressed by intrinsic hydrophobicity is 
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Figure 8. Three-dimensional presentation of 1ZXG and 1ZXH: (A)—1ZXG with teal spheres highlighting
the hydrophobic core according to the hydrophobicity distributions in this protein (corresponding
to teal triangles on Figure 1). (B)—1ZXG with magenta spheres highlighting the hydrophobic core
according to the hydrophobicity distributions in 1ZXH (corresponding to magenta triangles on Figure 1).
(C)—1ZXH with magenta spheres highlighting the hydrophobic core according to the hydrophobicity
distributions in this protein (corresponding to magenta triangles on Figure 1). (D)—1ZXH with cyan
spheres highlighting the hydrophobic core according to the hydrophobicity distributions in 1ZXG
(corresponding to cyan triangles on Figure 1).

3.3. Comparative Cross-Analysis

The presence of 3D similarity between the 2JWU and 1ZXG proteins as well as the 2JWS and
1ZXH pairs suggests the possibility of cross-comparative analysis. It should be noted that the visible
differences in the profiles below are identified at a very high degree of hydrophobic core structure
reproduction expressed by RD values in all four proteins.

The summary of the total hydrophobicity of the analysed proteins is as follows:
24.97, 25.66, 26.78 and 27.83 for proteins 2JWU, 1ZXG, 2JWS and 1ZXG respectively. The total

values for these proteins are comparable.
The list of changes in the amino acid sequence expressed by intrinsic hydrophobicity is illustrated

in Figure 9A for the 1ZXG and 2JWS pair (both helical forms).
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difference is above average. Vertical orange lines go through locations where sequences of the 
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Analysis of T and O profiles (Figure 9A,B) shows very high similarity over the entire length of 
the chain with significantly different intrinsic hydrophobicity characteristics (Figure 9A). 

The profiles also show sections that in the form of 1ZXH and 2JWU have β-structural status. 
The second pair of 1ZXH and 2JWU, similarly to the previous pair, shows high similarity of 

both T and O profiles (Figure 10A,B) despite visible significant differences in intrinsic 
hydrophobicity (Figure 10A). The interpretation is very similar to the one given for the 1ZXG and 
2JWS sets.  

The quantitative assessment of the status of compared proteins and sections with a specific 
secondary structure is given in Table 2. RD values get (except for polypeptide chain fragment 42–48 
in 2JWU) very low values everywhere, which confirms the high compliance of T and O distributions 
in the discussed proteins. The centrally located helical fragment shows an extremely high fit in all 
the forms discussed. 

The central section is noteworthy (referred to as 26–35), which has a very low RD value in all 
forms.  

Figure 9. Comparison of (A)—theoretical (T) and (B)—observed (O) hydrophobicity profiles for 2JWS
and 1ZXG (profiles for 1ZXG have diamond markers on them). Two rows of markers at the top of A and
B denote locations of secondary structure motifs present in 2JWS (first row) and 1ZXG (second row):
red circles—α-helices, yellow squares—β-sheets (absent here). Cyan diamond markers distinguish
residues for which the difference between theoretical (on A) or observed (on B) distributions is lower
than average. Magenta diamond markers do the opposite—show where this difference is above average.
Vertical orange lines go through locations where sequences of the compared proteins differ.

Analysis of T and O profiles (Figure 9A,B) shows very high similarity over the entire length of the
chain with significantly different intrinsic hydrophobicity characteristics (Figure 9A).

The profiles also show sections that in the form of 1ZXH and 2JWU have β-structural status.
The second pair of 1ZXH and 2JWU, similarly to the previous pair, shows high similarity of

both T and O profiles (Figure 10A,B) despite visible significant differences in intrinsic hydrophobicity
(Figure 10A). The interpretation is very similar to the one given for the 1ZXG and 2JWS sets.

The quantitative assessment of the status of compared proteins and sections with a specific
secondary structure is given in Table 2. RD values get (except for polypeptide chain fragment 42–48 in
2JWU) very low values everywhere, which confirms the high compliance of T and O distributions in
the discussed proteins. The centrally located helical fragment shows an extremely high fit in all the
forms discussed.

The central section is noteworthy (referred to as 26–35), which has a very low RD value in all forms.
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3.4. Status of Sections with a Specific Secondary Structure 

The participation in the hydrophobic core formation of fragments with a specific secondary 
structure and sections 1–25, 26–35 and 36–56 resulted from the location of the helical fragment with 
high compliance on the RD scale and was observed in all analysed structures.  
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2JWU 2JWS 1ZXH 1ZXG 
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1–N 0.335 1–N 0.370 1–N 0.310 1–N 0.248 
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36–N 0.318 36–N 0.342 36–N 0.306 36–N 0.215 

Figure 10. Comparison of (A)—theoretical (T) and (B)—observed (O) hydrophobicity profiles for
2JWU and 1ZXH (profiles for 1ZXH have diamond markers on them). Two rows of markers at the
top of A and B denote locations of secondary structure motifs present in 2JWU (first row) and 1ZXH
(second row): red circles—α-helices, yellow squares—β-sheets (absent here). Cyan diamond markers
distinguish residues for which the difference between theoretical (on A) or observed (on B) distributions
is lower than average. Magenta diamond markers do the opposite—show where this difference is above
average. Vertical orange lines go through locations where sequences of the compared proteins differ.

3.4. Status of Sections with a Specific Secondary Structure

The participation in the hydrophobic core formation of fragments with a specific secondary
structure and sections 1–25, 26–35 and 36–56 resulted from the location of the helical fragment with
high compliance on the RD scale and was observed in all analysed structures.

Characteristics of the degree of sequence similarity expressed by correlation coefficient values
for intrinsic hydrophobicity, for obvious reasons, are very high for the 2JWU and 2JWS pair and for
the 1ZXH and 1ZXG pair, especially for the helical fragment of the chains (Table 3). The very low
correlation coefficient for the 1ZXG and 2JWS relations for the N-terminal and C-terminal fragment is
surprising. Despite this, these episodes take a similar helical form, which is not surprising in the case
of the 2JWU and 1ZXG pair with a different secondary structure. Other correlation coefficient values
for the remaining relationships reveal the degree of relationship between the similarity of structure and
sequence determined by intrinsic hydrophobicity. The high (highest in all cases) correlation coefficient
for the helix, which is present in all compared proteins in the same location, is noteworthy.
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Table 3. Correlation coefficients of intrinsic (HvH), observed (OvO) and theoretical (TvT) distributions
for fragments 1–25, 26–35 and 35–56 from discussed proteins.

DISTRIBUTION
CORRELATION COEFFICIENT

2JWS–2JWU 2JWS–1ZXG 2JWS–1ZXH 2JWU–1ZXG 2JWU–1ZXH 1ZXG–1ZXH

Residues 1–25

HvH 0.969 −0.056 0.337 −0.003 0.351 0.554
OvO 0.524 0.213 0.270 0.009 0.656 0.225
TvT −0.315 0.707 −0.226 −0.196 0.943 −0.066

Residues 26–35

HvH 0.987 0.189 0.226 0.217 0.261 0.945
OvO 0.545 0.415 0.154 0.401 0.673 0.681
TvT 0.573 0.503 0.241 0.846 0.801 0.870

Residues 36–56

HvH 0.823 0.041 0.560 0.262 0.790 0.486
OvO 0.417 0.189 0.299 0.026 0.810 0.123
TvT −0.224 0.243 −0.077 −0.159 0.905 0.003

The degree of structural similarity was also assessed using the Dali program [65]. The degree
of similarity expressed using RMS-D—root mean square for distance change for the pair of proteins
2JWU and 1ZXH is 1.9 A and for the 2JWS and 1ZXG RMS-D pair is 4.3 A. This shows a high degree of
similarity in the 3D structure of the compared proteins.

3.5. Comparison of the Structural Code List

A more specific secondary structure variation is needed for full comparative analysis. It is
expressed here using so-called structural codes, which are described in detail in [57–60]. It should be
noted here that the C code corresponds to the helical form and the E code represents the β-structured
form. The D code, on the other hand, is the transition zone between the helical C and β-structural
E. The F code represents the status of the residue that ends the β-structural fragment. The G code
is a left-handed helix. Analysis of the distribution of Phi and Psi angles, taking into account the
division into zones determined on the basis of backbone conformation preferences, shows the location
of changes in these zones in the compared proteins.

The location of the zones (codes A–G) and the representation of these zones in these proteins is
shown in Figure 11.
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Figure 11. Phi, Psi scatter plots and determination of structural codes for discussed proteins: 
(A)—2JWS, (B)—2WJU, (C)—1ZXG, (D)—1ZXH. Each residue is represented by a large circle marker 
and a small circle marker—its projection onto the ellipse, joined together by a line. 

Map analysis (Figure 11) reveals the diversity of Phi and Psi angle distribution in the discussed 
proteins, including the zones defining structural codes. The use of codes reveals changes in the 
status of individual amino acids in the chain, as shown in Figure 12.  

Figure 11. Phi, Psi scatter plots and determination of structural codes for discussed proteins: (A)—2JWS,
(B)—2WJU, (C)—1ZXG, (D)—1ZXH. Each residue is represented by a large circle marker and a small
circle marker—its projection onto the ellipse, joined together by a line.

Map analysis (Figure 11) reveals the diversity of Phi and Psi angle distribution in the discussed
proteins, including the zones defining structural codes. The use of codes reveals changes in the status
of individual amino acids in the chain, as shown in Figure 12.
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(first protein above, second below the central line). Matches in sequences are shown in blue, in 
structural codes in green, in secondary structure in red (H—helix, S—sheet), and mismatches are 
grey. Number of dashes in the central line denotes number of matches (3–0). Orange backgrounds 
distinguish the location of continuous change of structural codes on A and B and equality of 
structural codes on C and D. 

The analysis of Figures 11 and 12 reveals structural changes in the presentation covering the 
whole molecule. Sections of the common helix present in all of these proteins are visible. There are 
also chain fragments that in their respective pairs changed their status from helix (C) to β-structure 
(E). Zone D—the zone located between the helix area and β-structure—is particularly important 
because the conformational change between the helix and β-structure must occur through zone D. 
The proximity of residues representing the structural code D is observed in forms with the current 
β-structure in place of the helix. These items appear in the chain fragments preceding the 
β-structural fragments. The changes in Ile-Phe and Ile-Tyr in the 2JWS and 2JWU proteins do not 
seem to affect structural differentiation, all the more so that considering the spatial presentation, 
these residues are hydrophobic core participants regardless of the secondary structure (Figure 2). On 
the other hand, the sequence structure in the C-terminal fragment of the 1ZXH and 1ZXG proteins 

Figure 12. Comparison of sequences, structural codes and secondary structure motifs of discussed
proteins: (A)—2JWS vs. 2JWU, (B)—1ZXG vs. 1ZXG, (C)—2JWS vs. 1ZXG, (D)—2JWU vs. 1ZXH (first
protein above, second below the central line). Matches in sequences are shown in blue, in structural
codes in green, in secondary structure in red (H—helix, S—sheet), and mismatches are grey. Number
of dashes in the central line denotes number of matches (3–0). Orange backgrounds distinguish the
location of continuous change of structural codes on A and B and equality of structural codes on C
and D.

The analysis of Figures 11 and 12 reveals structural changes in the presentation covering the whole
molecule. Sections of the common helix present in all of these proteins are visible. There are also chain
fragments that in their respective pairs changed their status from helix (C) to β-structure (E). Zone
D—the zone located between the helix area and β-structure—is particularly important because the
conformational change between the helix and β-structure must occur through zone D. The proximity
of residues representing the structural code D is observed in forms with the current β-structure in
place of the helix. These items appear in the chain fragments preceding the β-structural fragments.
The changes in Ile-Phe and Ile-Tyr in the 2JWS and 2JWU proteins do not seem to affect structural
differentiation, all the more so that considering the spatial presentation, these residues are hydrophobic
core participants regardless of the secondary structure (Figure 2). On the other hand, the sequence
structure in the C-terminal fragment of the 1ZXH and 1ZXG proteins appears to have a significant
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impact on the secondary structure, where the involvement of the E form in 1ZXH appears to be the
result of mutational changes. The sequence change affected the secondary form, but as in the previous
case, it does not affect the share of this fragment in the structure of the hydrophobic core as shown in
the analysis based on the fuzzy oil drop model in the first part of this work. Another observation is the
significant sequence similarity in the C-terminal sections 2JWU and 1ZXH, where in both forms the
β-structure is present (code E).

A completely similar situation occurs with the cro proteins pair 2PIJ and 3BD1, the signal
transduction proteins 3CHY and electron transfer 1RCF (not shown here).

4. Discussion

The discussed set of proteins and the applied computational technique based on the fuzzy oil
drop model and structural codes illustrating the changes in the secondary structure reveal the diverse
organization of the structure of the hydrophobic core. The most important thing is that regardless of the
secondary form, the overarching tendency in all of these proteins is the desire to generate a hydrophobic
core. In these proteins the dominant importance of generating nuclear structure (understood along
with the structure of the outer shell) has been demonstrated. Together, these two states produce the
structure preferred by the aquatic environment, regardless of the secondary form.

The analysis presented here is important for identifying organizational change in the case of
amyloids. Two available proteins in both their native and amyloid forms revealed different synergies
in the organization of the core in these two structural forms with unchanged sequence [66]. These
changes occur without any mutational change. Examples of proteins closely matching this situation
are the 2JWU and 2JWS proteins, where the minimum number of changes results in a rather radical
structural effect.

The goal of ensuring the presence of a hydrophobic core was achieved in all proteins during the
folding process of these proteins, which is indicated by very low values of the RD parameter. However,
the presence of the core was achieved by using different sections of the polypeptide chain. While
proteins with the current β-plate N- and C-terminal sections clearly participate in the structure of
the core, in the case of completely helical proteins, the core is built with the participation of sections
from the central part of the chain. The high degree of sequence similarity in 2JWS and 2JWU (87.5%
identity of residues) indicates, with a minimized number of factors affecting the change in structure,
the important role of the presence of Leu and Lys at position 50. This residue seems to direct the
process towards Leu’s participation in generating the core while Lys obtained a position exposed on
the surface of the protein.

The relation of the number of identical residues in sections with a different secondary structure
is important.

A single mutation may not have any impact on the final structure, but also—depending on the
environment—may be critical for obtaining a native structure. Therefore, the conclusion of this work is
the common phenomenon of the pursuit of a folding protein to generate a hydrophobic core aimed at
isolating hydrophobic residues from the aquatic environment. How is this goal achieved? It depends
on the type of synergy and thus some specific interaction of many residues that are able to generate a
spatial form or in the form of a spherical micelle collectively—and this is implemented by globular
proteins. Figure 1 shows a different way of achieving the common goal of generating a hydrophobic
core. Some proteins unable to obtain the spherical micelle structure (globular proteins) shape the tape
form from a centrally—but in the form of an elongated band—located hydrophobic core corresponding
to the tape micelle. In this way, a band micelle is obtained, which is generated by amyloid proteins.
Amyloids represent a structural form with a hydrophobic core in the form of a tape running along the
long axis of fibril surrounding it with better or worse matched bands with low hydrophobicity [48–52].
Thus, amyloids are a synergy that is different from the native form, leading to an alternative solution
to the impact and presence of a polar aquatic environment.
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An example of reaching the structurally different forms 3α and 4β + α of proteins caused solely
by one mutation is the perfect object for discussion in the field of sequence-to-structure relation [67].
The structures described in [67] will be taken under consideration to assess the hydrophobic core status
using the fuzzy oil drop model as criterion.

5. Conclusions

Two proteins with very low sequence difference (3 residues in chain of 56 aa) with different
secondary structures expressed by helical form changed to β-structure for fragments 10–20 and 40–50
are taken as examples to show the influence of hydrophobic core formation on native structure
formation. Both proteins represent structures of high accordance between an idealized hydrophobicity
distribution and an observed one. It also proves the important participation of the hydrophobic
core in the synergy directing folding process toward hydrophobic core formation and consequently
toward native form formation. This observation is supported by two other proteins with lower
sequence similarity.
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