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Abstract

Background: The ambient conditions that ensure the expected protein folding activity are important in directing the protein folding pro-
cess. Water favors the formation of a centrally located hydrophobic protein nucleus with exposed polar residues for preferable contact with
polar water molecules. Different ambient conditions are created by the hydrophobic cell membrane, which also provides an environment
for the activity of proteins, including channels responsible for transporting multiple molecules, the concentration of which is controlled
as part of homeostasis. Aquaporins are transmembrane proteins responsible for primarily transporting water and low-molecular-weight
compounds. Methods: The fuzzy oil drop (FOD) model was applied in its modified form, FOD-M, for the analysis. The FOD model
allows quantitative assessment of protein structure adaptation to external conditions, ensuring its biological activity. Results: The
aquaporins studied in this work revealed adaptations for stabilizing hydrophobic environments and transporting polar molecules. Con-
clusions: A significant degree of similarity was demonstrated in the structure of human aquaporins using FOD-M. This model enabled a
quantitative assessment of the degree of adaptation to biological function achieved through an appropriate balance between micelle-like

decomposition and appropriate modification due to the specificity of the environment that ensures adequate activity.
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1. Introduction

Water is the basic and natural environment for life;
it is described as the “solvent of life” [1]. However, wa-
ter content within a particular organelle (also a cell) of an
organism must be controlled to ensure appropriate activ-
ity; thus, aquaporins regulate water content as a component
of system-wide homeostasis [2]. Meanwhile, water trans-
portation is also possible due to osmotic, diffusive effects
[3—6]. However, this represents a marginal contribution to
the transport of water molecules. Aquaporins ensure fast
transportation through the phospholipid bilayer compared
to osmotic diffusion. Furthermore, aquaporin transport is
highly selective and limited solely to water molecules, with
ions and other solutes excluded, meaning aquaporins selec-
tively conduct water molecules in and out of the cell. How-
ever, since ions and other solutes are excluded, selectivity
is required. The specific localization of Ans on the surface
of the channel caused the water transport to associate this
action with “roll a ball” [7,8]. Aquaporin 3 (AQP3) is in-
volved in the wider spectrum of transported molecules, in-
cluding water, glycerol, and hydrogen peroxide [9]. Mean-
while, AQP1 and AQP4 are aquaporins that operate in the
nervous system [10].

Cotransporters and uniporters, proteins that are dif-
ferent from aquaporins, are also involved in the controlled
transport of water across the cell membrane [11,12].

Special interest is being focused on the therapeutic as-
pects of aquaporins, especially in the brain or spinal cord
[13], the early and acute phase of stroke [14], and the im-
mune system [15,16]. Astrocyte swelling in hypothermia
appears strongly related to AQP4 [17].

The aquaporin 4 isoform has also been recognized as
a component in regulating brain cell assemblies in healthy
individuals and autoimmune brain diseases that target aqua-
porin 4 [18,19]. Computer-aided drug design is focused on
validated aquaporins as potential targets in neurodegenera-
tive diseases [20].

Aquaporins represent a good example for analyzing
the status of active membrane proteins in the hydropho-
bic cell membrane. Numerous examples of membrane-
anchored proteins have been discussed and characterized
based on analyses of the hydrophobicity distribution in the
protein body [21-26]. Here, the structural specificity of the
membrane protein responsible for water transport is dis-
cussed in the context of potential numerical techniques to
simulate the protein folding process, which is different for
membrane proteins than proteins active in aqueous environ-
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Table 1. A list of the recognized proteins in the PDB database
using the keyword “aquaporin”.

PDBID Type Chains  Chain length (amino acids) Ref
1H6I 1 A 225 [28]
4NEF 2 A,BCD 239 [29]
6QF5 2 A 228 [30]
3DGS 4 A 223 [31]
3D9S 5 AB,CD 245 [32]
5C5X 5 AB,CD 244 [33]
E,F,G,H
6QZIL 7 A 247 [34]
6QZJ 7 A 245 [34]
4CSK A 233 [35]

A brief structural characterization is also provided. The pro-

teins were ordered by aquaporin class.

ments. The structure of aquaporins is described based on a
modified version of the fuzzy oil drop (FOD) model with an
expanded component that considers the hydrophobic mem-
brane environment (FOD-M) [21-26].

The analysis presented in this paper discusses the pro-
tein structure dependence on the external force field during
the folding process, leading to construction, which ensures
activity in different surroundings, specifically in the hy-
drophobic membrane. The analysis includes the large spec-
trum of other proteins, including those folded and acting in a
water environment. However, the proteins that require and
collaborate with chaperones until they reach their structure,
in the isolation conditions, form water solvents—in chaper-
onins. A comparison of these different protein groups forms
the dogma regarding determining the 3D structure solely
using the amino acid sequence, which requires additional
aspects. The amino acid sequence with active participa-
tion in the external force field determines the 3D structure;
for example, amyloids that represent diametrically differ-
ent structures (native and amyloid) without any mutation.
The FOD-M model, which can quantitatively assess the in-
fluence of the external force field on protein structure, was
applied to a group of membrane proteins to determine the
specificity of the aquaporin structure related to their envi-
ronment and activity.

2. Materials and Methods
2.1 Data

Ten human proteins were identified in the Protein Data
Bank (PDB) database https://www.rcsb.org/ [27] using the
keyword “aquaporin” (Table 1, Ref. [28-35]).

2.2 Description of the FOD-M Model Used

This model has been extensively described previously
[36]. The summary description below is intended to facili-
tate the interpretation of the presented results.

The FOD model assumes protein folding in the en-
vironment follows a micellization mechanism. Amino

acids are treated as bi-polar molecules with varying polar-
ity/hydrophobicity relationships. Such molecules in a po-
lar water environment tend to isolate the hydrophobic parts
in the center of the molecule with exposure of the polar
residues for favorable contact with the polar water environ-
ment. Such an arrangement can be described by a three-
dimensional (3D) Gaussian function spanning the body of
the protein.
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The values of the oy, oy, and o, parameters, adjusted
to the shape and size of the molecule, facilitate the deter-
mination of the level of hydrophobicity in the position of
the effective atom (the averaged position of the atoms com-
prising a given amino acid). Such a value represents an ide-
alized, theoretical level assuming a micelle-like system—
referred to here as “T”.

Note that this distribution is determined for a specific
orientation of the molecule in space: The geometric cen-
ter is localized in the (0,0,0) point in the coordinate system,
and the longest line connecting the two effective atoms de-
termines the position of the x-axis. The longest line con-
necting the projection points on the YZ plane determines
the orientation of the y-axis. The distances 0-Xmax, 0-Ymax»
and 0-zp.x determine the values of oy, oy, and o, respec-
tively, according to the three-sigma rule.

The actual level of hydrophobicity represented by a
given effective atom is the effect of the inter-residual in-
teraction expressed by the function proposed by Levitt M
[37].

Too(m) 45 () - (1)) forry <e

2
the c-cutoff distance (following [37] 9 A was taken in calcu-
lations). The H" expresses the intrinsic hydrophobicity of
each amino acid (any hydrophobicity scale can be applied).
The magnitude of this interaction depends on the distance
between the interacting effective atoms and their intrinsic
hydrophobicity. This distribution is referred to here as “O”.
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Normalization of the two distributions (the first ex-
pressions in the formulae) allows the two distributions to be
compared quantitatively using the divergence entropy pro-
posed by Kullback-Leibler [38].

N P
Dir(P Q)= Plog, o 3)
i=1 v

where P is the distribution under analysis (in our model,
distribution O) and Q is the reference distribution (in our
model, distribution T).
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The Dy value as an entropy-determining value can-
not be interpreted quantitatively without comparing it to a
reference distribution, which is a distribution with no differ-
entiation in hydrophobicity levels (a distribution without a
hydrophobic core). Such a distribution is expressed by the
values R; = 1/N, where N is the number of amino acids in
the chain.

The relative distance (RD) parameter was introduced
to assess the level of similarity of distribution O for the two
distributions, T and R.

- Di1(O|T)
" Dgr(O|T)+ Dkr(O | R)

RD @)

an RD value <0.5 indicates the presence of a hydrophobic
nucleus. An RD value >0.5 suggests a lack of conformity
of distribution O vis-a-vis distribution T. This can vary be-
cause a local inconsistency attributed to specific residuals
can raise the RD value, or the whole distribution is different
than expected. In the first case, elimination of the residues
with locally high incompatibility resulting in an RD <0.5
very often reveals the location of catalytic residues (hy-
drophobicity deficit) or a local hydrophobicity exposure
(potential complexation site of another protein with simi-
lar hydrophobicity exposure).

In the second case, the entire distribution O differs
from distribution T, which indicates a different folding
mechanism that does not tend to generate a hydrophobic
core. To explain this phenomenon, membrane proteins
are a good example, where the expected distribution of
hydrophobicity is opposite. For membrane proteins, an
exposure of hydrophobicity with the localization of polar
residues in the center of the protein molecule is expected
(especially if the membrane protein acts as a channel for
the transport of various chemicals). In this situation, the
expected distribution is expressed by this function:

M;=1-1T; (5)
in practice, the following form is used:
M; =Tyax —T; (6)

with Ty.4x being the maximum value in distribution T.

However, it turns out that the distribution of hydropho-
bicity in membrane proteins is a distribution that is the com-
bination of distribution T and the distribution expressed by
Eqn. 6. Thus, the final form representing the distribution in
proteins can be described by the function M;:

M; = [T; + K* [Tyax — T, (7

with the parameter K denoting the degree to which the field
disturbance from polar water was introduced with the orien-
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tation of the hydrophobicity distribution as a 3D Gaussian
function. The M function with K = 0.0 represents the pro-
teins with the micelle-like organization of hydrophobicity
in the protein body.

The search for the form of the function M; with an
appropriately adjusted value of the parameter K allows the
contribution of factors distinct from polar water (in the issue
analyzed here, the contribution of hydrophobic molecules
in particular), factors that shape the final form of the hy-
drophobicity distribution (the final form of the function M;),
to be determined.

The aquaporin proteins discussed in the present work
can be characterized by assessing the type of hydrophobic-
ity distribution through the value of the parameter RD—
an assessment of the degree of ordering of hydrophobicity
concerning the micelle-like arrangement—and the value of
the parameter K, which determines the degree of external
force participation changing the environment characteris-
tics (presence of other than water molecules). In the case
of aquaporins, the contribution of these different factors is
interpreted as the contribution of the hydrophobic environ-
ment of the membrane.

A graphical representation of the FOD-M model used
is shown in Fig. 1.
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Fig. 1. Visualization of the fuzzy oil drop model (FOD-M) in
its modified version—a one-dimensional version is provided
for simpler presentation. (A) Summary of T, O, and R distri-
butions. (B) The relative distance (RD) value determined for A
suggests a lack of ordering consistent with a micelle-like arrange-
ment. (C) Determination of the parameter K values—minimum
value for Dg; for (O|M). (D) Summary of T, O, and M (green)
distributions for K = 0.6.

The interpretation of the simplified example (Fig. 1)
implies the absence of a hydrophobic nucleus (RD >0.5)
and a significant contribution of non-aqueous factors in
shaping the structure represented by the indicated T, O, and
R distributions, expressed by K = 0.6.
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Fig. 2. Characteristics of 1H6I. (A) Summary of T, O, and M profiles for the corresponding K. Items highlighted in red on the horizontal
axis are residuals showing a deficit in hydrophobicity. (B,C) Different 3D orientations of the structure with highlighted sections of local
hydrophobicity deficit (in red). The residuals highlighted in green are the N-terminal position.

6QF5 RD=0.704

Fig. 3. Characteristics of 6QF5—aquaporin class 2. (A) Summary of T, O, and M profiles for the corresponding K value, characterizing
the complex (four chains, superimposed). Red items: local hydrophobicity deficit (“-”); blue (“+”) items: local hydrophobicity excess.
(B) Summary of T, P, and M profiles for the respective K value, characterizing a single chain—parameters determined by treating the chain
as an individual structural unit (3D Gaussian function spanning a single chain). The axis X represents the sequence that distinguishes
between sections showing a deficit of hydrophobicity (red) and a local excess of hydrophobicity (blue). Residues involved in inter-chain

interactions are highlighted on the top axis.
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Fig. 4. Two different orientations of the 6QF5 system. (A,B) Reveal the status of the chain as a component of the complex—3D

Gaussian function generated for the complete complex. (C,D) Hydrophobicity levels vary within a single chain—3D Gaussian function

generated for a single chain treated as an individual structural unit. Sections highlighted in red are local hydrophobicity deficit, and blue

are local hydrophobicity excess.

2.3 Programs Used

VMD software was used to visualize the 3D forms of
the proteins in question [39,40].

The RD and K values parameters were determined us-
ing an open-access server: https://hphob.sano.science/.

3. Results

Table 2 summarizes the results characterizing the hu-
man aquaporins of interest. The proteins in question are
ordered according to the aquaporin classification. The un-
derlined items are proteins selected for a detailed analysis.
The selection was determined by class representation and
the degree of structure extension (from a single chain of
1H61 to a complex quaternary structure of SC5X).

In the detailed analysis, examples with increasing
RD values are discussed. These increasing RD values
express increasing deviations due to both residues show-
ing a deficit of hydrophobicity in the central part of the
molecule/complex, building a channel in the central part,
and from the point of view of the exposure of hydropho-

&% IMR Press

bic residues on the surface. The exposure of hydrophobic
residues for favorable contact with a hydrophobic mem-
brane appears to vary, as shown in [26]. Indeed, the en-
tire surface of some membrane proteins is not covered by
hydrophobic residues, thereby allowing protein movement.
However, the receptors appear to be stabilized in the mem-
brane, using hydrophobic interactions to engage the whole
surface for contact with the membrane. This process prob-
ably ensures the receptor is stable, making the addressed
communication easier.

An example of the membrane protein aquaporin 1,
which is responsible for the passive transport of neutral so-
lutes across lipid bilayer membranes and shows a micelle-
like hydrophobicity system (low RD and K values), is pre-
sented in Fig. 2. Parameters based on the FOD-M model in-
dicate the presence of a hydrophobic nucleus in the central
part of the protein. Such parameters indicate the absence of
a channel in the central part of the protein. Therefore, the
penetration of water molecules is inhibited, preventing their
massive movement. The presence of amino acids showing
local hydrophobicity deficit status (the items highlighted in
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Table 2. Summary of parameter RD (relative distance) and K
(parameter expressing the participation of non-polar
compounds in structuralisation) values for the proteins of

interest.
PDB ID Chain RD K
1H6I (1) 0.491 0.4
4NEF (2) A 0.620 0.7
0.479 0.4
6QF5 (2) B 0.704 1.1
0.481 0.4
3DGS (4) 0.632 0.7
3D9S (5) A 0.692 1.0
0.567 0.6
5C5X (5) 0.816 1.1
0.677 0.9
0.565 0.6
6QZI(7) ABCDE 0.605 0.7
6QZJ (7) B 0.591 0.7
4CSK 0.445 0.4

The numbers presented in parentheses represent the aquaporin
classes. The quaternary structure provides the status of the sin-
gle chain and the set of complexes for 5C5X. The underlined
positions represent the proteins discussed in detail in the paper.

red in Fig. 2A) is significantly reduced to just a few items.
Exposure to hydrophobicity on the surface also affects a few
residues, mainly in the C-terminal section.

T, O, and M profiles visualized the characteristics
of aquaporin class 2 using 6QF5 for the corresponding K
value, revealing the presence of a channel clearly marked
by lower O; levels against the expected high T; values. A
local excess of O; hydrophobicity was also identified for
low T; (protein surface area) value levels. These sections
are involved in the interaction with the hydrophobic mem-
brane (Fig. 3).

The localization of the relevant sections (local excess,
local deficit of hydrophobicity) in the 3D representation
highlights the areas involved in transport through the chan-
nel (blue residues) and in interaction with the membrane
(highlighted in red) (Fig. 4). The summary provided in
Figs. 3,4 also reveals a different status depending on the
interpretation of the chain as part of a complex and when
interpreted as an individual structural unit. This implies
differentiated possibilities for transporting water molecules
within the complex and a single chain. The interpretation
of T, O, and M distributions for a single chain provides in-
sights into the folding of a single chain and its preparation
for interaction with other chains and the membrane. Fig. 3B
reveals the preparation of the structure rather than function
as a component of the complex. The residues showing hy-
drophobicity exposures in a single chain are not used to
complex another chain but rather to interact with the hy-
drophobic membrane.

A representative of aquaporin class 7, 6QZI, is also
discussed here. High RD and K values indicate a hy-
drophobicity distribution significantly different from the
micelle-like system. Similar to the previous example, sec-
tions showing a local deficit in hydrophobicity are visible
(red sections in Fig. 5A) and local excess hydrophobicity
(blue sections in Fig. 4A). These sections indicate frag-
ments of chains responsible for channel structure and in-
teraction with the membrane, respectively (Fig. 5B,C).

The structure represented by 5SC5X is an example of
the most complex aquaporin system. This set of profiles
reveals a repetitive arrangement in all eight chains. As in
the previous examples, the sections with a local excess of
hydrophobicity are responsible for interacting with the hy-
drophobic membrane (blue items on the horizontal axis and
the residuals involved in channel construction (red items on
the axis; Fig. 6)).

The location of the residuals involved in constructing
the canal is denoted in red (Fig. 6B,C), and the residues in-
volved in interacting with the membrane are shown in blue
(Fig. 6B,C).

An M-function profile close to a line parallel to the
X-axis expresses a high value of K = 1.0. This indicates a
general structuring reflecting the O arrangement, which is
close to the R distribution—all residues show comparable
averaged hydrophobicity levels. An interpretation based on
the FOD-M model suggests that the folding and construc-
tion of the whole system take place in isolation from the
polar water environment. It may also be interpreted as an
example of structuralisation without a water environment.

The four-chain system (common geometric level) is
described by a value of K = 0.8, which is lower than that
of the entire complex (eight chains). The localization of
sections involved in channel construction and interactions
with the membrane are comparable (Fig. 7).

Single chain structuring shows a parameter value of K
= 0.5 with slightly different locations of residue positions
showing a deficit and a local excess. The sections involved
in interacting with chains from the same level show a fairly
good match between O; and T; levels (Fig. 8A, designated
by INTRA). Comparatively, those identified as showing a
local excess of hydrophobicity in the N- and C-terminal seg-
ments are used for interactions between chains originating
from different levels of four-chain systems (Fig. 8A, desig-
nated by INTER with 3D presentation given on Fig. 8B,C).

An analysis of the inter-chain interaction reveals an
inter-level interaction type of RD = 0.360, which indicates
an electrostatic interaction because the fit concerns surface
positions. Since the fit is correct, this implies the involve-
ment of surface (polar) residues in the interactions.

The elimination of interactions on the same tier of RD
=0.570 indicates an interface residual status comparable to
that of the whole chain. This means that the positions of the
residuals involved in this interaction were not singled out
for special status. Residues involved in interactions with
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A 6QZI RD=0.605 ——T=——0——K-06

Fig. 5. Characteristics of 6QZI. (A) Summary of T, O, and M profiles for the respective K. Red indicates items showing a deficit
in hydrophobicity (“—"); blue indicates a local excess in hydrophobicity (“+”). (B,C) Different 3D orientations of the structure with

highlighted sections of local deficit of hydrophobicity (red) and local excess of hydrophobicity (blue). The residuals highlighted in green
are the N-terminal position.
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Fig. 6. Characteristics of the SC5X complex. (A) Summary of T, O, and M profiles for the corresponding K value for all chains
(superimposed profiles). Red items: local hydrophobicity deficit (“—); blue items: local excess hydrophobicity (“+”). (B,C) Two

different orientations—3D structure with highlighted sections: red for hydrophobicity deficit and blue for local hydrophobicity excess.
Sections are highlighted on the profile set in (A).
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Fig. 7. Characterization of the four-chain part of the 5C5X complex. (A) Summary of T, O, and M profiles for the corresponding

K value for all chains (superimposed profiles). Residuals highlighted in red: local hydrophobicity deficit (

(TR}

); residuals highlighted in

blue: local hydrophobicity excess (“+). (B,C) Two different orientations—3D structure with highlighted sections: red for hydrophobicity
deficit and blue for local hydrophobicity excess. Sections are highlighted on the profile set in (A).

another chain—if the interaction is through hydrophobic
interactions—the status of such an interface should show
significantly higher RD values than the status of the whole
chain. The status of the part of the chain not involved in in-
teraction with other chains is also comparable (RD = 0.570).
This means that structuring has not been subordinated to a
special aim of interaction within the quaternary structure.

The main distinguishing feature of this structure is the
presence of a channel (hydrophobicity deficit in the central
part of the channel.

3.1 Non-Human Aquaporins

To make the comparative analysis possible, the aqua-
porins representing non-human examples are incorporated
into the set of proteins under consideration. The RD and
K values for complexes for individual chains are given to
characterize the inter-species changes (Table 3, Ref. [8,41—
45]).

Table 3. Characteristics of non-human aquaporin examples.

PDB ID Chain  Source org. RD K
8HID (2) [41] Bacteria 0.619 0.8
3NE2 (1) [42] Archaea
ABCD 0.663 0.8
A 0.590 0.5
2W2E (1) [43] Yeast 0.518 0.3
1798 (1) [44] Plants 0.576 0.5
TW7R (1) [45] Fish
AB 0.740 1.7
A 0.502 0.4
1J4N (1) [8] Bovine
A 0.414 0.2

The numbers in round parentheses are classes.

3.2 Comparative Analysis of Proteins in Water

The protein folding activity in the water environment
and the biological activity in this environment are discussed
to complete the comparative analysis. The protein charac-
terized by K = 0.0 is PDB ID: 2L.X2, an antifreeze protein
[46]. This is an example that follows the rule of micelle con-
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Fig. 8. Characterization of a single chain treated as an individual structural unit (3D Gaussian function spanning a single chain).

(A) Summary of T, O, and M profiles for the corresponding K value for a single chain. On the bottom axis, items highlighted in blue have
a local excess of hydrophobicity (“+”), while those highlighted in red have a local deficit of hydrophobicity (“~). The top axis highlights

the positions involved in the interaction within one level (INTRA, blue) and between the lower and upper levels (INTER, red). (B,C) Two

different orientations—3D structure with highlighted sections: red for hydrophobicity deficit and blue for local hydrophobicity excess.

Sections are highlighted on the profile set in (A).

struction. The hydrophobic core is isolated from the water
environment by the polar surface, making the protein sol-
uble in water but deprived of any form of specific activity
(Fig. 9A). The only expectation for this protein is to order
the water molecules according to polar (charged) groups on
its surface to resist against the ordering as it appears in ice.

In contrast, the one-chain enzyme oxidoreductase
(PDB ID: 1PKF [47]) with K = 0.4 and RD = 0.500 has a
local disorder concerning a micelle-like organization, with
the rest of the molecule a micelle-like organization. This
means solubility is ensured, and the local disorder codes
the specificity (Fig. 9B).

Eliminating catalytic residues (D257, T258, T259,
C365, and E374) and residues 254-256 as members of the
enzymatic cavity (as shown in Fig. 9B, blue dots on the hor-
izontal axis) lowers the RD value for the complete molecule
from RD =0.500 (K = 0.4) to RD = 0.484. This is an exam-
ple of aim-oriented local discordance coding the specificity
of the protein activity.

The next example, one chain (no domains structure)
transferase (PDB ID: 3AV4 [48]), represents the status of
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highly irregular hydrophobicity distribution with respect to
a micelle-like distribution. The RD for this protein is equal
to 0.734 with K = 1.33. The O distribution differs from the
degree of excluding the possibility of identifying residues
responsible for discordance dispersed all along the chain
(Fig. 9C).

In the context of the alternative examples provided,
the analysis of aquaporins seems to be clear as the aim-
orientation of hydrophobicity exposition on the surface.

4. Discussion

Exposure of hydrophobic residues on the surface of
membrane-anchored proteins is an obvious necessity for
stabilizing the cell membrane in a hydrophobic environ-
ment. Proteins operating in an aqueous environment greatly
adapt the hydrophobicity distribution to the polar water en-
vironment. This adaptation forms a micelle-like ordering
of the hydrophobicity distribution: a centrally located hy-
drophobic nucleus with a polar surface, e.g., downhill, fast-
folding, ultra-fast-folding, and antifreeze type Il proteins
mainly belong to this distribution [49].
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Fig. 9. Examples of proteins acting in a water environment. Profiles T, O, and M (for appropriate K values) are shown with the

representative 3D structures. (A) Antifreeze protein is an example of hydrophobicity organization in accordance with the micelle model.
K = 0.0 for this protein. (B) Oxidoreductase E.C.2.7.1.11 6-phosphofructokinase from E. coli, the hydrophobicity organization in this
protein is represented by K = 0.4. Catalytic residues are red in the 3D presentation (distinguished on the x-axis: catalytic residues). The

residues distinguished in green on the x-axis and green on the 3D presentation represent the cavity. (C) Transferase—E.C.2.1.1.37—

DNA (cytosine-5-)-methyltransferase: an example of a protein with hydrophobicity distribution deprived of a hydrophobic core; no

micelle-like organization identified in this protein. The K value is very high, K = 1.3.

The distribution of hydrophobicity appears to reflect
specific activity by generating cavities prepared for sub-
strate interaction in enzymes. A cavity is recognized as
a local hydrophobicity deficit [49]. Meanwhile, environ-
mental conditions are essential in differentiating the folding
process through specific orientations. This phenomenon is
critical for protein structure prediction methods in the criti-
cal assessment of structure prediction (CASP) project [50].

The presence of a membrane protein with a micelle-
like distribution (1H6I) suggests the absence of a channel or
possibly a “closed” structure. Such an example has already
been observed with the outer membrane beta-barrel trans-
membrane protein (PDB ID: 2LHF), where antibiotic resis-
tance has been experimentally identified [51]. The ordered
condition of hydrophobicity in a micelle-like form with a
centrally located hydrophobic nucleus is interpreted as re-
sistant to the transportation process of any molecule.

The proteins discussed here—aquaporins—show the
expected structuring required for their function. Individual
chains show varying degrees of order at the RD scale. The
central aspect—the channel part—shows in all the proteins
in question the clear deficit of hydrophobicity with an expo-
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sure of hydrophobicity on sections located on the surface,
similar to the examples discussed [26]. The mode of an-
chorage is varied—restricted to selected relevant fragments
of the protein chain. The expected complete coverage of
the protein’s contact surface with hydrophobic residues on
the membrane is not found, except in examples of extended
receptors, where stabilization of localization appears to be
important for the biological function performed by the re-
ceptors. The partial involvement of only selected chain
fragments in interacting with the hydrophobic membrane
may allow limited mobility and specific structural variabil-
ity under membrane conditions. The analysis presented
here is another example of an aim-oriented folding process
in which the role of the environment proves to be critical for
stabilizing a structure that guarantees biological function.
The FOD-M model also reveals the ubiquity and fun-
damental role of the aquatic environment (Eqn. 7). The 3D
Gaussian function is always present, which means that the
water environment is always involved. Thus, modifying the
3D Gaussian function, expressed as the value of the parame-
ter K, can reveal the variation in protein folding conditions.
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5. Conclusions

The conclusion of the presented material is to demon-
strate the necessary presence of external conditions in the
folding process. The section on protein structure predic-
tion seems to be solved by AlphaFold [52]. However, the
question, “Why do the proteins fold the way they do?” re-
mains unclear. This study has shown that the energy status,
according to assumptions, can represent the minimal inter-
nal energy appropriate for external conditions. Thus, the
optimization procedure in the protein folding process sim-
ulation depends on the internal force field (non-bonding in-
teraction inside the protein body) and external force field
(influence of environment).

The analysis can be applied in the process of de novo
protein design. The applied model FOD-M can be used for
any hydrophobic scale, as shown in [53].
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