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Abstract

Protein folding remains not satisfactory understood process. Considering the critical 
importance of water for proteins and other biologically active molecules, analysis of 
water-protein interactions should play a central role in studies concerning the folding 
process and biological activity of proteins. Folding simulations should acknowledge 
the aqueous solvent as an active partner which determines the final conformation of 
a protein. In the fuzzy oil drop model (which is applied in the presented analysis), the 
solvent is treated as a continuum—an external force field guiding the folding process. 
This interaction goes both ways: (1) the solvent shapes the protein and (2) the pres-
ence of a natively folded protein also alters the structure of the solvent (the structure 
of water has not heretofore been sufficiently studied—except for the solid state). This 
work focuses on this second reverse relationship, that is, the influence of proteins upon 
the structuralization of water. We formulate a hypothesis which is based on the fuzzy 
oil drop model. The ordering of the hydrophobic core which resides inside the protein 
and may include local discordances is analyzed from the point of view of its external 
effects. In accordance to the fuzzy oil drop model, the solvent is expected to “react” to 
local differentiation in the properties of the molecular surface. Our hypothesis remains 
speculative, since experimental studies have not yet yielded sufficient evidence to either 
prove or disprove it. The presented analysis bases on the assumption that a protein 
is nothing more than a tool engineered to perform a specific task. Thus, the protein’s 
structure must encode its intended use and the inter-molecular communication system. 
Our study focuses on antifreeze proteins, which are particularly interesting since their 
function involves altering the properties of the solvent—specifically, preventing the 
formation of ice crystals.

Keywords: hydrophobicity, protein structure, hydrophobic core, water-protein surface 
interface, role of exposed hydrophobicity on protein surface
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1. Introduction

Protein folding continues to attract a great deal of scientific interest in hopes of discovering its 
underlying mechanisms [1–6]. The search for computational algorithms is capable of reliably 

predicting the conformational properties of specific residue chain dates back to at least 1994, 
which is when the CASP challenge was launched [7]. That each residue sequence encodes a 

specific 3D structure is evident from the fact that protein folding—which continually occurs 
in living organisms—produces the same results each time [8, 9]. To-date protein folding mod-

els fail to acknowledge the involvement of the aqueous solvent, which plays a crucial role 

not only in protein folding, but also in other processes occurring in living cells. In molecular 

dynamics simulations, water is typically modeled as a set of molecules (expressing the known 

solvent density) [8, 10]. These molecules interact with polypeptide chain atoms in a pairwise 

(atom-atom) fashion.

In contrast, the fuzzy oil drop model which underpins the presented research treats the sol-

vent as a continuum whose structural properties are unknown (for example, it is unclear why 

the density of water peaks at 4°C) but whose effects can be observed experimentally. The 
polar solvent causes hydrophobic residues to congregate at the center of the protein body, 

while hydrophilic residues are instead exposed on its surface. Nevertheless, hydrophobic 

residues are not perfectly isolated and can be detected on the surface of many proteins.

Rather than delve into the structural properties of proteins, the presented analysis focuses 

on the reverse relationship—the effect of the protein’s presence upon the surrounding 
environment. This issue is important in light of the variable degree of ordering (or disor-

der) which characterizes the protein’s hydrophobic core. More specifically, it refers to the 
occasional exposure of hydrophobicity on the surface and—by the same token—internal-

ization of hydrophilic residues. Clearly, regardless of the structure of the solvent (which 

is treated as a continuum), exposure of hydrophobicity must result in local changes in its 

properties.

The assumption which forms the basis of the presented work is that the 3D structure of a 
protein represents a balance between the effects of internal force fields (pairwise interactions 
between atoms) and the external force field (the aqueous solvent, treated as a continuum).

In order to provide a mathematical model of the solvent, we refer to a 3D Gaussian form, 
which is assumed to represent an idealized (or “theoretical”) distribution of hydrophobicity 
in a perfect protein molecule—with all hydrophobic residues internalized and all hydrophilic 

residues exposed on the surface. It turns out that while actual proteins do indeed conform to 

this model, they also exhibit certain deviations and localized discordances, which are associ-

ated with their function. For example, local exposure of hydrophobicity usually forms a suit-

able interface for protein-protein interactions [11–14], while local hydrophobicity deficiencies 
often characterize ligand/substrate binding cavities [15]. In addition to such localized effects 
(which can be formally quantified), the protein as a whole may diverge from the theoreti-
cal model by adopting an entirely different structural pattern, precluding the formation of 
a hydrophobic core. Such effects are observed, for example, in solenoid fragments, where 
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instead of a centralized core we are faced with linear propagation of alternating bands of 

high and low hydrophobicity. This group also includes antifreeze proteins and pathological 

structures referred to as amyloids [16]. The difference between both groups is that antifreeze 
proteins contain—in addition to solenoid fragments—additional structural units which are 

locally accordant with the 3D Gaussian and provide the protein with solubility. Amyloids 
lack such structures and therefore remain insoluble [17, 18].

The presence of a protein in which the distribution of hydrophobicity is not in perfect agree-

ment with environmental stimuli must exert an influence upon the environment itself. 
Exposure of hydrophobicity is “felt” by adjacent water molecules, which then react accord-

ingly. This reverse relationship between a fully folded protein and the aqueous solvent is the 

focus of the presented study.

One of the major concepts in physical chemistry is the phenomenon of micellarization, pro-

ducing various types of micelles (including spherical micelles) [16]. Bipolar molecules which 

comprise both hydrophobic and hydrophilic components aggregate to form structures which 

limit the entropically disadvantageous contact between hydrophobic fragments and water in 

favor of exposure of polar fragments [19–22].

The surfactant micelle, made up of identical loose units, exhibits high symmetry. This sym-

metry is additionally promoted by the large number of degrees of freedom characterizing 

each unit molecule—much like in the case of spherical or wormlike micelles [19–22].

The micelle may also intercalate external molecules, regardless of their size, if these molecules 

are capable of aligning themselves with the solvent without disrupting the overall symmetry 

of the system [23–25]. In all such cases, the surface of the micelle must be uniformly composed 

of polar groups, ensuring entropically advantageous interaction with water.

Of course, treating the protein as a “quasi” micelle, with properties similar to those exhib-

ited by surfactant micelles, comes with certain caveats. The principal differences between 
proteins and surfactant micelles are twofold: first, in a residue chain, the distribution of 
hydrophobicity varies from amino acid to amino acid; second, the residues forming a 

polypeptide are not individual molecules—rather, they are connected with peptide bonds 

which significantly restrict their conformational freedom and therefore their ability to 
reach a location which would reflect their intrinsic hydrophobicity. Consequently, proteins 
do not follow the idealized distribution with perfect accuracy. Although it is, in principle, 

possible to design a sequence which would fold into a near-perfect spherical micelle, with 

excellent agreement between the theoretical and observed distribution of hydrophobicity 

[26], the vast diversity of biologically active proteins suggests that some proteins may be 

unable to generate a prominent central hydrophobic core. This, in turn, implies that the 

type and degree of local/global discordance versus the theoretical model are an expression 

of the quality referred to in biochemistry as “specificity”. It should, however, be noted that 
in our study, the term does not refer to specificity of chemical interactions (e.g., between 
the protein and its ligand) but rather to the specific relation between the protein and the 
aqueous solvent, which is intimately linked to the existence and activity of numerous 

proteins.
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The structural properties of water remain poorly understood—as evidenced by the lack of a 

convincing explanation of why the density of water peaks at 4°C. For this reason, we postulate 
extension of further experimental analysis of the aqueous solvent as a critical factor in medi-

ating communication between molecules forming the solute. Further insight in this regard 

would help explain how the presence of water affects the protein—but also how the presence 
of proteins affects the solvent. The water environment shall also be treated as medium for 
inter-molecular communication. The characteristics of protein surface seem to play a critical 

role in this issue. This is why we attempt to demonstrate that the relationship water-protein 
is mutualistic.

2. Materials and methods

2.1. Data

The presented analysis concerns antifreeze proteins listed in Table 1 (along with brief 

descriptions).

The study set presented in Table 1 was assembled in an intentional manner. The protein—

1J5B (type I antifreeze protein)—is a simple helix with highly discordant, however, very spe-

cific hydrophobic core. 2ZIB (type II antifreeze protein) exhibits minor discordance versus the 
model. The set is complemented by a globally discordant protein—multidomain antifreeze 

protein (5B5H) and a pathological (amyloid-2MVX) protein in which the distribution of hydro-

phobicity is entirely linear and consists of alternating bands of high and low hydrophobicity.

The discordances exhibited in each protein are quantified by applying methods described in 
the following subsection.

2.2. Fuzzy oil drop model

The fuzzy oil drop model has been thoroughly described in numerous publications with 

detailed presentation [31]. The authors also presented its application to antifreeze proteins 

[16] as well as to pathological proteins (amyloids) [17, 18]. For the purposes of the presented 

research, we will limit ourselves to a brief recapitulation of the model’s core concepts, enabling 
the reader to understand the results presented further below.

PDB-ID Protein Chain length Reference

Helix-1J5B Antifreeze I type 37 aa [27]

Globular-2ZIB Antifreeze II type 130 aa [28]

Solenoid-5B5H Antifreeze-multidomain 223 aa [29]

Amyloid-2MVX Amyloid 73 aa/chain [30]

Table 1. Set of proteins subjected to analysis, along with their basic properties and selected references.
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At its heart, the fuzzy oil drop model is a modification of Kauzmann’s original oil drop model 
[32]. That model likens the folding polypeptide to a drop of oil which—being a hydropho-

bic substance—attempts to limit the area of its contact with the aqueous solvent. Kauzmann 
divides the 3D protein structure into two layers: the internal (hydrophobic) layer and the 
external (polar) layer. The fuzzy oil drop model replaces this binary division with a continuous 

distribution where hydrophobicity peaks at the center and then progressively decreases along 

with the distance of the center, reaching almost 0 on the protein surface. This distribution can 

be mathematically expressed as a 3D Gaussian. If the protein molecule is encapsulated in a 
virtual ellipsoid (whose dimensions are adjusted to match the actual size of the protein), the 
Gaussian function directly yields the theoretical hydrophobicity values for arbitrary points 
within this capsule.

In mathematical terms, the 3D Gaussian is defined as follows:
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  x ̄  ,  y ̄  ,  z ̄    reflect the placement of the center of the ellipsoid (all three are equal to 0 at the origin 
of the coordinate system). σ coefficients are calculated as 1/3 of the greatest distance between 
any effective atom belonging the molecule and the origin of the system, once the molecule has 
been oriented in such a way that its greatest spatial extension coincides with a specific axis 
(for each axis separately).

The 1/Ht
sum

 coefficient ensures the normalization of both distributions (empirical and theo-

retical) and therefore enables comparative analysis. While theoretical hydrophobicity is 

defined at any point within the encapsulating ellipsoid, in practice, we are only interested in 
positions that correspond to effective atoms (averaged-out positions of all atoms comprising 
a given residue). Consequently, the sum has N components, where N is the number of resi-

dues in the chain. Each component is the theoretical value of hydrophobicity at the position 

of the given.

In contrast to the above, the actual distribution of hydrophobicity may diverge from theoreti-

cal values. Observed hydrophobicity (O) results from interactions between adjacent amino 
acids, which, in turn, depend on their mutual separation and the intrinsic hydrophobicity of 

each residue (which can be determined experimentally or on theoretical grounds [33]). Our 
analysis is based on the intrinsic hydrophobicity scale proposed in [31]. Under these assump-

tions, the observed hydrophobicity is given by the following formula [34]:

   H ˜    o  
j
   =   1 _____ 

 H ˜    o  
sum

  
    ∑ 

i=1
  

N

    ( H  
i
  r  +  H  

j
  r )  

⎧
 

⎪

 ⎨ 
⎪

 

⎩
 
 [1 −   1 __ 

2
   (7   (  

 r  
ij
  
 __ c  )    

2

  − 9   (  
 r  

ij
  
 __ c  )    

4

  + 5   (  
 r  

ij
  
 __ c  )    

6

  −   (  
 r  

ij
  
 __ c  )    

8

 ) ]  for  r  
ij
   ≤ c

      
0 for  r  

ij
   > c

     (2)

In both equations (Eqs. (1) and (2)), j denotes the position of the effective atom of the j-th 

residue. Ho
j
 is an aggregate value describing the interactions with neighboring residues 

(indexed i) at a distance not greater than 9 Å (this distance, c, is treated as the cutoff value 
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for hydrophobic interactions, following the original model [34]). Applying a cutoff value 
implies that hydrophobic interactions are considered local and depend on the position of each 

residue. This function is empirically determined and, according to [34], expresses the force 

of hydrophobic interactions. H
i
r and H

j
r represent intrinsic hydrophobicity (constant for each 

residue) according to a predetermined scale, which can be arbitrary (in our study, the relevant 

scale is derived from [31]). r
ij
 is the distance between the i-th and the j-th residue, while N is 

the total number of residues in the chain.

Normalization of both distributions (with all T
i
 and all O

i
 adding up to 1.0) facilitates quan-

titative comparisons, as illustrated in Figure 1. Differences between both distributions may 
vary. Figure 1A shows a protein where the observed distribution is closely aligned with the 

theoretical distribution, while Figure 1B illustrates the opposite case—a significantly discor-

dant protein.

Subjective assessment of the degree of discordance (cf. Figure 1) may be supplemented by 

quantitative analysis based on Kullback-Leibler’s divergence entropy formula [35]:

   D  
KL

   (p | p   0  )  =  ∑ 
i=1

  
N

     p  
i
    log  

2
   ( p  

i
   /  p  

i
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where D
KL

 represents the distance between two distributions: “observed” (p) and “target” (p
0
).

Figure 1. Examples of two proteins that differ with regard to their hydrophobic core structure: (A) accordant protein 
(5LAH-45 aa [35]) and (B) discordant protein (2MZ7-46 aa [36]). These proteins were selected to illustrate strong 

conformance/strong discordance, and are not part of the study set analyzed in this chapter. The disulphide bonds are 

shown as yellow lines.
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To provide a quantitative measure of the differences between O and T, the latter distribution 
will be treated as a reference.

The status of a given protein is represented by D
KL

 values, which express its proximity to 

reference distributions treating distribution T as p0 and distribution O as p:

  O |T  =  ∑ 
i=1
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i
    log  

2
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i
   /  T  

i
  )   (4)

The opposite reference distribution, R, represents the distribution deprived of any form of 

hydrophobicity differentiation (each residue represents equal hydrophobicity R
i
 = 1/N, where 

N is the number of residues in protein). The corresponding O│R relation is defined as follows:
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i
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For the examples illustrated in Figure 1, D
KL

 for protein (A) is 0.08, while for protein (B), its 

value is equal to 0.46.

These values cannot, however, be considered on their own, since D
KL

 is a relative measure of 

relative entropy (and moreover depends strongly on the number of residues in the chain). 

Introduction of two reference distributions allows the comparison: O│T larger than O│R sug-

gests similarity between O and R distribution.

In order to avoid having to deal with two distinct values, we further introduce the so-called 

relative distance parameter, defined as follows:

  RD = O│T /  (O│T + O│R) .  (6)

Values lower than 0.5 mean that O is a better match for T than for R. This is interpreted as the 
presence of a centralized hydrophobic core.

For the examples illustrated in Figure 1, RD values are 0.300 (A) and 0.680 (B), respectively.

It should be noted that various distributions may be used as reference. Besides R, we may also 

introduce another distribution, denoted H, which corresponds to the intrinsic hydrophobicity 

of each residue. In this case, the value of RD will express whether the given protein exhibits a 
distribution which more closely resembles T or H. Accordingly, we obtain two distinct values 

of RD: one for the T-O-R model and one for the T-O-H model. Such analysis becomes help-

ful when studying amyloid structures, which, according to FOD-based analysis, appear to 
be dominated by the conformational preferences of individual amino acids with no regard 

for the creation of a global hydrophobic core (unlike in globular proteins) [36]. To further 

underscore the influence of intrinsic hydrophobicity, we may also calculate correlation coef-
ficients for three types of relationships: HvT, TvO, and HvO. We will soon show that strong 
discordance between O and T, where no centralized hydrophobic core can be observed, leads 
to negative HvT and TvO correlation coefficients, along with high positive values of the HvO 
coefficient.
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2.3. The aqueous solvent—an interpretation rooted in the fuzzy oil drop model

Protein folding is regarded as the search for a global energy minimum. This implies optimiza-

tion of the protein’s internal force field. Nonbinding interactions (electrostatic, vdW, torsional 
potential, and others) are present in every molecule and produce structural forms which are 

optimal from the point of view of free energy minimization.

Classic protein folding algorithms (mostly based on molecular dynamics simulations) 

acknowledge the presence of the solvent by including a set number of external water mol-

ecules that interact with atoms belonging to the protein chain [12]. In contrast, the fuzzy oil 

drop model treats water as a continuum, represented by an external force field which directs 
hydrophobic residues toward the center of the molecule while exposing polar residues. This 

effect—next to the formation of disulfide bonds—is regarded as a primary force which stabi-
lizes the protein’s tertiary conformation.

The presented model therefore acknowledges the role of the solvent with no in-depth knowl-

edge regarding the properties of this solvent: its mere presence is enough to drive the folding 

process, producing structures which are largely consistent with the 3D Gaussian distribution 
of hydrophobicity [26].

In fact, the structural ordering present in proteins is highly varied and may include local or 

global discordances. A local discordance manifests itself as either local excess hydrophobic-

ity on the protein surface (providing a complexation interface for p-p interactions [11, 12]) 

or local deficient hydrophobicity inside the protein body (which often characterizes ligand 
or substrate binding pockets [13, 14]). On the other hand, global discordance occurs when 
the entire protein follows a different structural pattern which does not involve a centralized 
hydrophobic core—for example, linear propagation of alternating bands of high and low 

hydrophobicity, as observed in amyloid [17, 18].

Analysis of the observed distribution of hydrophobicity tells us whether the protein conforms 

to the theoretical model (and if it does—whether it includes any local deviations) or diverges 

from the model entirely.

The presented work focuses on the reverse phenomenon, that is, the influence of the protein 
upon its environment. Naturally, this is merely a postulate based on the observed nonalign-

ment between O and T for many biologically active proteins. In such cases, the protein itself 
may be treated as the source of an external force field which acts upon the solvent. Its presence 
alone is sufficient to direct nearby water molecules. This phenomenon may potentially serve 
as a carrier of information between proximate proteins—a notion upon which the so-called 

iceberg hypothesis is based [37, 38].

One example which provides strong support for the above thesis involves antifreeze pro-

teins. Such proteins are expected to work by disrupting the natural structuralization of water 

and thereby preventing formation of ice crystals. The explanation provided by our model 

contradicts older analyses, which search for ways in which nascent ice crystals might poten-

tially dock to antifreeze proteins [39]. In our view, no such docking takes place. The docking 

model is also overly sensitive to concentrations of antifreeze proteins and does not explain 
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the antifreeze effect observed in the context of small particles, for example, saccharides [39] 

or phospholipids [40]—not to mention individual ions, which are also observed to prevent 

formation of ice crystals in the macro scale.

3. Results

The effect of the presence of proteins upon the aqueous solvent is particularly evident in the 
case of antifreeze proteins [41]. Their task is to keep water from freezing in subzero tempera-

tures, which would otherwise destroy cells and tissues, terminating all processes which the 

organism relies on in order to function. The increased mobility of water molecules on the 

surface of antifreeze proteins observed experimentally supports this expectations [42].

Organisms which undergo hibernation (including fish, plants, and other organisms) [41] have 

been found to produce specific proteins whose role is to counteract the formation of ordered 
ice crystals. Referring to calcium and sodium ions, if we assume that their presence disrupts 

the coordination of water particles (an effect exploited, e.g., for salting roads during winter), 
the same should be expected in the case of the aforementioned proteins.

The presented proteins have been intentionally selected in order to highlight various ways in 

which proteins affect the local structure of the aqueous solvent and counteract its tendency 
to crystallize.

3.1. Small (type I) antifreeze proteins

Type I antifreeze proteins are small and exhibit a uniform secondary structure, that is, they 

are entirely helical. One example is IJ5B, as listed in Table 2. Figure 2 presents the theoretical 

and observed hydrophobicity distributions for this protein.

As evident in Figure 2, in place of the expected central hydrophobicity peak, we are faced 

with a near-sinusoidal pattern. Notably, the cyclical nature of this distribution does not 
correspond to individual twists which comprise the alpha helix (the number of residues 

per distribution cycle appears greater than 3). If this were the case, we would be dealing 
with a perfectly amphipathic helix, whereas the observed periodicity of changes results 

Protein RD Correlation coeff.

T-O-R T-O-H HvT TvO HvO

1J5B 0.767 0.557 0.221 0.450 0.860

2ZIB 0.556 0.392 0.201 0.531 0.687

2ZIB No 70-78 0.498 0.361 0.214 0.572 0.693

Removal of the 70-78 fragment in 2ZIB produces a chain which is accordant with the theoretical distribution of 
hydrophobicity (position No 70-78).

Table 2. Small antifreeze proteins—fuzzy oil drop parameters.
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in strong variations in the structural properties of water in close proximity of the protein. 

Hydrophilic patches likely attract water molecules resulting in an energetically optimal 
arrangement; however, in hydrophobic areas, the structuralization of water, while not 

precisely known, is most likely significantly altered (whatever the word “altered” means 
in this context). Water has been found to exhibit increased mobility close to antifreeze 

proteins, likely as a result of its complex interactions with the molecular surface [42]. It is 

postulated that the protein causes vortices to form in the surrounding medium (as illus-

trated in Figure 3).

Figure 2. Type I antifreeze protein (IJ5B)—the figure illustrates the misalignemnts between T (blue) and O (red). The H 
distribution—green line.

Figure 3. The distribution of hydrophobic residues along the helix does not correspond to its structural periodicity. The 

image schematically depicts the expected reaction of the surrounding water particles, which are either attracted (teal) or 
repelled (red) by the molecular surface.
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3.2. Small protein exhibiting marginal local discordance—2ZIB

2ZIB, with a chain length of 130 aa, provides an example of a type II antifreeze protein. Taken 
as a whole, it is characterized by RD slightly in excess of 0.5 (Table 2 and Figure 4). Similar RD 
values in the T-O-R and T-O-H models, as well as comparable correlation coefficients, suggest 
that all factors (T, H, and O) represent some sort of consensus.

Figure 5 reveals the location of hydrophobic residues close to the surface. While most of the 

surface is composed of hydrophilic (polar) residues, local exposure of hydrophobicity pro-

duces a change in the structural properties of water as individual dipoles align themselves 

with the protein. The resulting structure disfavors ice crystal formation.

Removing the fragment at 70-78 (Table 2) produces a chain which largely conforms with 

theoretical expectations (95% of the remaining structure is accordant with the theoretical 
model). As noted, the presence of a charged surface induces changes in the structuralization 

of the aqueous solvent and thereby counteracts ice crystallization. It appears that the protein 

performs its function in much the same way as Na+/Cl− ions—with the added benefit of being 
able to expose a much larger surface area and thereby exert a more significant effect upon the 
surrounding medium.

The protein under consideration is also characterized by unexpectedly large number of disul-

fide bonds—in the chain of 130 aa, there are 5 SS-bonds. The disulfide bonds as well as the 
presence of hydrophobic core are treated as factors responsible for III-order stabilization in 

proteins. In this protein, the high stability is reached (and ensured) by both factors since the 

structure of hydrophobic core is almost perfect. Analysis of the role of disulfide bonds in 
relation to the structure of hydrophobic core was discussed in [43] revealing quite differenti-
ated spectrum from high accordance with the hydrophobic core structure to clear opposite 

relation where the SS-bond fragments represent highly discordant (in respect to expected 

Figure 4. T and O distributions in a type II antifreeze protein (2ZIB). The main discordant section (exposure of 
hydrophobicity) has been marked on the horizontal axis. Disulfide bonds shown as yellow lines.
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one) formation of hydrophobic core. The presence of so many SS-bonds may additionally 

support stabilization of the structure as it is expected for antifreeze protein to be resistant to 

the influence of the surrounding.

3.3. Antifreeze protein which contains a solenoid fragment

5B5H provides an example of an antifreeze protein which contains a solenoid fragment. A 

general description of this protein can be found in [16]. It is classified as a multidomain pro-

tein (even though this is not reflected by the CATH [44, 45] specification stored in PDBsum 
[46, 47]). In this case, the concept of “multiple domains” appears to relate to the presence of 
diverse secondary structural motifs. T, O, and H distributions for this protein are visualized 
in Figure 6, revealing the fragments of variable alignment between profiles.

Table 3 presents the characteristics of this protein taking secondary fragments as individual 

units. The structure, taken as a whole, is regarded as discordant (Figure 7A). However some dis-

tinguished fragments appear to represent the distribution accordant with idealized distribution.

Figure 6. 3D structure of a multidomain antifreeze protein (5B5H). Fragments marked in color are discussed in details. 
The colors of fragments follow the colors used in Figure 7.

Figure 5. 3D (2ZIB) view with the 70-78 fragment highlighted in pink. This fragment represents excess hydrophobicity on 
the protein surface. Rest of the molecule represents the status accordant with 3D Gauss distribution of hydrophobicity.
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5B5H RD Correlation coeff.

FRAGMENT T-O-R T-O-H HvT TvO HvO

Entire protein 0.676 0.538 0.386 0.436 0.754

N-stop 37-73 0.649 0.645 0.318 0.502 0.743

C-stop 98-113 0.304 0.093 0.298 0.810 0.421

Solenoid 0.669 0.526 0.386 0.436 0.754

Helix 74-98 0.389 0.431 0.551 0.835 0.688

Table 3. Quantitative description of 5B5H and its selected secondary structural components.

Figure 7. T (blue), O (red) and H (green) distributions for 5B5H. The profiles for colour highlighted fragments are shown 
individually in B, C and D. A—complete protein, B—N-terminal fragment, C—helix parallel to the solenoid, D—“stop” 
helix, E—solenoid fragment.
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The solenoid (as observed in other examples of proteins) [16] represents the linear propaga-

tion of local maxima and minima of hydrophobicity. That is why to prevent the unlimited 

propagation, the “stop” fragments are necessary. Their status is expected to be accordant with 
the model. It means that their role is to allow water to penetrate and in consequence prevent 

uncontrolled grow of fibril.

N-terminal “stop” fragment seems not to play such role as its status is discordant (Figure 7B).

Helix—the status of the helix running along the solenoid is accordant with the fuzzy oil drop 

model, that is, its polar side is exposed to the solvent, while the hydrophobic side remains in 

contact with the solenoid (Figures 6 and 7C). It suggests its role to ensure the solubility of the 

entire molecule.

“Stop” helix C-terminal, the solenoid, by itself, is susceptible to unrestricted linear propaga-

tion, which theoretically may propagate in unlimited form (for example, by complexation of 

many solenoids). This undesirable effect is prevented by the presence of a short C-terminal 
helix (Figures 6 and 7D) which remains accordant with the theoretical model: polar resi-

dues are exposed to the environment, while hydrophobic residues face the solenoid. The 

helix therefore acts as a “cap”, which prevents elongation of the solenoid. Notably, this is the 
most accordant fragment within the entire protein (as evidenced by its TvO correlation coef-
ficient)—meaning that its conformation is driven by the tendency to generate a hydrophobic 
core. Similar “caps” (or “stop” fragments) can be found in many other proteins which include 
solenoid fragments, and the phenomenon may be exploited in designing drugs which arrest 

the propagation of amyloid fibrils [48].

Much like an amyloid fibril, the solenoid fragment is characterized by negative correlation 
coefficients for certain β-structural fragments, which suggests that it actively counteracts the 

natural tendency for the protein to generate a centralized hydrophobic core.

* Solenoid fragment (Figures 6 and 7E; marked in yellow) is the structural core of the protein. In 

this fragment, the observed distribution of hydrophobicity adopts a sinusoidal pattern with no 
distinct central peak. High accordance between O and H distribution can be seen. Additionally, 
the expected hydrophobicity concentration (high blue picks Figure 7E) is not present. Recurring 

fluctuations reflect both the symmetry of the solenoid itself and the arrangement of residues in 
the chain. Such alternating bands of high and low hydrophobicity are thought to affect the struc-

tural properties of the solvent—water molecules, which are attracted to hydrophilic patches 
but repelled by hydrophobic patches are also likely to adopt a linear “bandlike” structure. In 
[49], the authors suggest, and the experimentally prove, that water levitates above hydrophobic 

surfaces. This phenomenon, in turn, increases the mobility of water particles, as proved in [42].

3.4. Amyloid protein—Aβ structure (1-40)

Amyloids have a significant impact on the surrounding solvent. Here, we present the beta 
amyloid (1-40). This molecule meets the criteria specified in [17, 18] by exhibiting linear prop-

agation of alternating bands of high and low hydrophobicity, which clearly deviate from the 

monocentric Gaussian in favor of a different structural pattern. The β-amyloid (1-40) structure 
[30] will be analyzed as a superfibril, as a protofibril and as well as an individual chain (com-

ponent of the protofibril).
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3.4.1. Aβ(1-40) superfibril

The structure listed in PDB under the ID 2MVX comprises two individual protofibrils arranged 
symmetrically (C2 symmetry). Each protofibril resembles a flattened letter C. These protofi-

brils are connected by their tips, with their “backs” facing outward. Figure 8 presents the theo-

retical and observed distributions of hydrophobicity for the superfibril when analyzed as a 
whole. Clearly, in place of a monocentric peak of hydrophobicity, we are instead dealing with 

a sinusoidal pattern expressed along the fibril’s axis. This type of distribution is typical for 
amyloids and results from structural repeatability of the input chain, as well as from the sym-

metry between both protofibrils. In the T-O-R model, the RD value of the superfibril is 0.590, 
while in the T-O-H model, it is equal to 0.592, with correlation coefficients of 0.438, 0.673, and 
0.727 for HvT, TvO, and HvO, respectively. These values suggest that the superfibril adopts a 
conformation which does not involve a central hydrophobic core. It moreover indicates that 

the resulting structure represents a compromise between the tendency to generate a hydro-

phobic core and the intrinsic properties of individual amino acids comprising the sequence.

The distribution illustrated in Figure 8 reveals the expected (T) concentration of hydropho-

bicity in the central part of the fibril. The sinusoidal shape of the intrinsic (H) and observed 
(O) distribution curves is due to the previously postulated linear propagation of alternating 
bands of high and low hydrophobicity—a characteristic feature of amyloids [17, 18].

Figure 9 also reveals a repetitive pattern of alternating peaks and troughs, propagating along 
the chains. It should be noted that this single chart (red) represents several individual chains 

(shaped like a stack of sheets—on top of and beneath the sheet on which the chart is printed), 

each of which is characterized by identical arrangement of local maxima and minima. The 

variability seen in Figure 9A is related to the properties of edge chains which—being adjacent 
to only one other chain rather than two—exhibit slightly lower hydrophobicity than chains 

which make up the fibril’s interior (Figure 9B). It is these interior chains which should be 

regarded as particularly representative for the amyloid form, owing to their capability for 

unrestricted propagation (observed both in vitro and in vivo).

Figure 8. H (green), T (blue) and O (red) distributions for the Aβ(1-40) super-fibril (2MVX). White and gray backgrounds 
distinguish two proto-fibrils.
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Plotting the theoretical 3D Gaussian for the entire complex (superfibril) enables us to assess 
the status of interface fragments, which include residues in contact with adjacent protofibrils. 
These residues have been analyzed in accordance with PDBSUM criteria [14]. The result-

ing RD values for the interface fragments are 0.432 and 0.387 for T-O-R and T-O-H, respec-

tively, with correlation coefficients equal to 0.378, 0.672, and 0.658 for HvT, TvO, and HvO, 
respectively. These values suggest the status of the interface as accordant with the theoretical 

distribution of hydrophobicity as given by the fuzzy oil drop model, as long as the complex 

is analyzed as a whole (note the high values of TvO and HvO coefficients, indicating that the 
observed distribution is in agreement with both theoretical and the intrinsic distribution).

The above observations enable us to speculate that protofibrils are dominated by the intrinsic 
hydrophobicity of individual residues, leading to linear propagation of alternating bands 

of high and low hydrophobicity. In contrast, the complex (consisting of two protofibrils) is 
shaped by forces related to the presence of the aqueous solvent.

3.4.2. Structure of the Aβ(1-40) protofibril

Analysis of individual protofibrils has been performed on the basis of T, O, and H distribu-

tions, with the theoretical distribution (T) plotted for the single protofibril rather than for the 
entire complex. Each protofibril comprises five chains labeled A, B, C, D, and E. Figure 10 

illustrates the relevant distributions of hydrophobicity.

Again, we observe a repeating sinusoidal pattern instead of the expected central peak. The 
observed distribution is a result of the highly symmetrical arrangement of chains which form 

the protofibril and of their sequential identity (Figure 10 and Figure 11).

Figure 9. T (blue), H (green) and O (red) distributions for: A—all chains making up the super-fibril B—all chains except 
edge chains (AEFJ).
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The status of the protofibril is described by the following parameters: RD (T-O-R): 0.639; RD 
(T-O-H): 0.659. This means that the involvement of intrinsic hydrophobicity in shaping the 
protofibril’s structure is greater than in the case of the superfibril. Correlation coefficients 
are 0.280, 0.365, and 0.718 for HvT, OvT, and HvO, respectively. This further shows that the 
conformation of the protofibril is dominated by the intrinsic hydrophobicity of its residues.

3.4.3. Structure of an individual chain present in Aß(1-40) protofibril

The status of the C chain (i.e., the central chain in the protofibril) is visualized in Figure 12. The 

chart reveals strong dominance of intrinsic hydrophobicity (Figure 12A) with the consequent 

Figure 10. T (blue), O (red) and H (green) distributions for the Aβ(1-40) proto-fibril (chains ABCDE).

Figure 11. Status of protofibril (Chains ABCDE)—T(blue), O(red), H(green). A—all chains shown, B—central chains 
(BCD)—the border chains removed to show the almost identical distribution in central chains.
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lack of alignment with the theoretical monocentric distribution (T). Comparing correlation 

coefficients for successive 5 aa fragments singles out the fragments at 9-16 and 22-27 as par-

ticularly discordant.

It should be noted that the charts plotted in Figure 12A and B for the central chain are also 

representative for all chains forming the protofibril, regardless of their length. The presence of 
local maxima and minima which are inconsistent with the theoretical (T) distribution applies 

to all chains. In this particular case, we can observe a local maximum at 7-9 (contrary to T, 
which predicts a local minimum), a local minimum at 9-11 (in place of the expected increase 
in hydrophobicity), then another maximum at 10-15, a minimum at 14-17 (where the T dis-

tribution predicts a global peak), a minimum at 22, and another local maximum at 22-27. The 

C-terminal fragment is consistent with the theoretical distribution; however, the calculated 

RD values and correlation coefficients confirm strong discordance vs. T (Table 4).

Figure 13 provides a visualization of the linear propagation of alternating bands of high and 

low hydrophobicity.

Such linear arrangement of alternating bands can be expected to have an impact upon the 

properties of the aqueous environment. Experimental research, which focuses on water 

in contact with hydrophobic surfaces, suggests that under such circumstances, levitation 

of water particles may occur [49]. This phenomenon provides water particles with greater 

mobility, which, in turn, disfavors the formation of ice crystals. Since similar conditions are 

encountered on the surface of amyloids and antifreeze proteins, we may speculate that water 

does indeed gain increased mobility when in contact with amyloids—perhaps even interfer-

ing with the action of proteolytic enzymes [50], which are known not to degrade amyloid 

Figure 12. Aß(1-40) hydrophobicity profiles (2MVX). A—T(blue), O(red) and H(green) distributions. Horizontal lines 
correspond to local maxima (red) interspersed with local minima (blue). B—Correlation coefficients calculated for 
successive 5aa fragments to visualize the status of sequential 5 aa fragments (HvO—blue, TvO—red, HvT—green).
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fibrils. In effect, the enzyme fails to recognize the “signal” generated by an aberrant protein. 
Additionally, the amyloid protein is deprived of any fragments of structure accordant with 

the model as it is observed in antifreeze proteins, which act as native, biologically active pro-

teins which undergo standard degradation procedure.

Fragment RD Correlation coeff.

T-O-R T-O-H HvT TvO HvO

1-40 0.649 0.686 0.310 0.322 0.779

7-9 0.509 0.459 0.812 0.589 0.795

9-11 0.522 0.808 −0.227 0.135 0.934

10-15 0.776 0.815 −0.330 −0.566 0.855

14-17 0.493 0.269 0.425 0.275 0.913

16-22 0.427 0.359 0.477 0.521 0.947

22-27 0.509 0.460 0.242 0.190 0.987

27-40 0.615 0.545 0.352 0.577 0.719

Fragments listed in boldface exhibit strong amyloid characteristics.

Table 4. Status of the C chain (the central one in protofibril) and its individual fragments—RD values (T-O-R; T-O-H) and 
correlation coefficients (HvT, TvO, and HvO).

Figure 13. 3D presentation of 2MVX, highlighting local maxima (red) (8-9, 12-13, 17-19, and 23-24) and minima (blue) 
(10-11, 14-16, 20-21, and 25-26) (dark blue—fragment 14-16 with the minimum which is against the expected maximum—
see Figure 11A) of hydrophobicity, as observed in Aß(1-40). The linear propagation of discordant fragments along the 
fibril’s axis can be readily observed. It is possible to put here the arrows (as shown in Figure 3) to visualize the predicted 

variability in the structural properties of water (with orientation toward hydrophilic surfaces regarded as more likely), 

showing how the peculiar conditions occurring on the protein’s surface disrupt the natural structuralization of the solvent.
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4. Conclusions

The analysis presented in this chapter, along with numerous other publications which deal 

with the fuzzy oil drop model, suggests that deviations from the theoretical distribution 

of hydrophobicity in a protein (i.e., exposure of hydrophobic and/or hydrophilic residues 

on the surface) are strongly linked with biological activity. This effect clearly disrupts the 
natural structuralization of the surrounding solvent and forces it to adapt itself to the pro-

tein’s presence. In light of the presented analysis, the protein may be perceived as a more 
or less imperfect micelle (whether spherical, flattened, worm-like or cylindrical), devoid of 
the strong symmetries observed in surfactant micelles. Such imperfections (i.e., deviations 

from a perfectly symmetrical micelle) enable the protein to perform its intended function by 

interacting with other molecules (ligands or external proteins); however, such local deviations 

from optimal water-protein interactions also have an effect on the aqueous solvent itself. The 
degree to which the protein deviates from the ideal (theoretical) distribution of hydropho-

bicity is also a measure of the changes induced in its environment; such changes may be 

regarded as a means of communication and a carrier of information. This observation echoes 

the underlying assumptions of the so-called iceberg model [32].

The influence of water upon the native form of proteins remains an open issue—particularly 
in the context of local discordances, which are disadvantageous from the perspective of pro-

tein-solvent interactions. It is uncertain whether such discordances are only due to the nature 

of the residue sequence, which cannot produce a fully ordered micelle, or whether some 

other factors are at play. On the other hand, it is evident that such local disruptions affect 
the properties of the solvent (viewed as a continuum). It can also be demonstrated—on the 

grounds of the fuzzy oil drop model—that local deviations from the theoretical distribution 

of hydrophobicity are targeted and encoded information concerning the protein’s biological 
activity [51].

Our approach likens the protein to an “intelligent micelle” which imposes a specific local disor-

der within the aqueous solvent and thereby encodes a description of the required protein-water 

interaction. A surfactant micelle—being perfectly symmetrical—carries no such information. 

In a similar vein, antifreeze proteins that are highly consistent with the theoretical distribution 

of hydrophobicity (such as the type II antifreeze protein [16]) perform their function simply by 

being present in the solvent and do not need to encode any specific information.

It appears that experimental research focusing on such “imperfect” micelles and on their 
interaction with the environment may yield clues regarding the function of proteins and, in 

particular, their specificity. Under these assumptions, the structure of the protein represents a 
very delicate balance between micelle-like ordering (which provides the protein with solubil-

ity) and local deviations, whose purpose is complex. On the one hand, such deviations encode 
the capacity to perform a specific chemical reaction as a result of inter-molecular contact; 
on the other hand, they represent signals which manifest themselves by the changes in the 

solvent as it adapts itself to the presence of the protein.

The solenoid fragment included in certain antifreeze proteins produces more or less paral-

lel bands with very different structural properties in the surrounding medium. Whatever 
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the ordering in the neighborhood of hydrophobic bands, it definitely does not resemble the 
structure observed near hydrophilic bands. Experimental studies indicate that water gains 

increased mobility at the boundary between bands [42, 49]. Such dynamic properties may pre-

vent formation of ice crystals, which otherwise calls for highly uniform conditions in the bulk 

medium. Nevertheless, the antifreeze protein is not merely a solenoid—it also includes other 

fragments (with diverse secondary structural characteristics), mediating optimal interaction 

with the water environment. While similar linear arrangement can be observed in amyloids, 

they differ from antifreeze proteins in the sense that their ideal periodicity is dependent on 
the sequential identity of each complexed chain. We may speculate that under such condi-

tions, the aberrant protein issues a signal which cannot be recognized by other proteins—this 

would explain why enzymes do not interact with the amyloid.

The concept of reorganization of the aqueous solvent may even be approached from a rheo-

logical perspective [52].

The mechanisms employed by antifreeze proteins resemble those exploited on a macroscopic 

scale by humans—for example, inducing mobility (e.g., by stirring, which prevents freez-

ing) or by introducing factors which produce structural changes in the medium, disfavoring 

the formation of ice (such as salting). The “tasks” performed by ancillary fragments of the 
antifreeze protein are associated with the specific nature of the environment in which pro-

teins operate—in particular, their role is to ensure solubility. A precipitated antifreeze protein 

would be useless; hence, the long helix runs parallel to the solenoid and ensures solubility by 

limiting the “disorder” which the solenoid fragment induces. The list of similarities between 
macroscopic processes and molecular-scale phenomena exploited by living organisms is long. 

A more detailed discussion of the subject can be found in [53].

The information encoded by a 3D structure concerns not only the specifics of a molecular 
process (lowering the energy threshold for enzymatic reactions) but also—or perhaps most 

importantly—the means by which different molecules may communicate with one another. 
Substrate recognition is not merely based on a “lock and key” mechanism. The participat-
ing molecules must first recognize each other, and this recognition may exploit distortions 
in the structure of the aqueous solvent. Under this hypothesis, the solvent acts as a car-

rier of information, which is specific enough to be recognized by the intended recipient. 
Significant research interest has recently been directed at biological systems in dried-out 
conditions (such as seeds [54]). When most of the solvent is eliminated from the system, 

leaving only enough water to preserve the 3D conformation of proteins (as in a dry seed), 
communication effectively ceases. However, this change is reversible, and communication 
can be restored simply by adding water—this causes the seed to resume its biological func-

tion and germinate.
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