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Abstract: Proteins composed of short polypeptide chains (about 70 amino acid residues)
participating in ligand-protein and protein-protein (small size) complex creation were
analyzed and classified according to the hydrophobicity deficiency/excess distribution as a
measure of structural and functional specificity and similarity. The characterization of this
group of proteins is the introductory part to the analysis of the so called "Never Born
Proteins' (NBPs) in search of protein compounds of biological activity in pharmacological
context. The entropy scale (classification between random and deterministic limits)
estimated according to the hydrophobicity irregularity organized in ranking list allows the
comparative analysis of proteins under consideration. The comparison of the
hydrophobicity deficiency/excess appeared to be useful for similarity recognition,
examples of which are shown in the paper. The influence of mutations on structure and
hydrophobicity distribution is discussed in detail.

Keywords: biological activity, hydrophobicity deficiency, hydrophobicity excess, ligand
binding, mutation

1. Introduction

The interaction of protein with other macromolecules or with specific ligands is related to
biological activity. The ligand binding as well as the complexation with other protein molecules is
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characterized by high selectivity. The model of “fuzzy oil drop” (FOD) is applied to characterize the
structural and functional specificity of proteins built by 70 amino acid residues in polypeptide chain.
The limitation to this length is related to the hypothesis that the proteins of this size generated on the
basis of the amino acid sequences which have never been observed in the Nature (random sequences)
may be potentially a large repository of proteins of many biological activities not generated by the
evolution. The generation of novel proteins aimed at producing new biological activities of
pharmacological use is widely discussed in literature [1~4]. Isolation of proteins with, for example,
improved stability, new or altered catalytic properties, or proteins that bind target molecules with
enhanced affinity is the focus of the attention of researchers involved in pharmacology. Consequently,
a wide variety of methods have been developed for the isolation of such functional proteins [5~7].
Significant progress has been made in understanding kinetic and thermodynamic requirements for the
folding of heteropolymer sequences [8~15]. The synthesis of homo-polymers under alleged prebiotic
conditions has been described [16~20], but it is important to recall that it has not even been clarified
how long copolymeric sequences containing several different amino acid residues in the same chain
could have been produced under prebiotic conditions. It is commonly accepted that the proteins
existing on our Earth are only an infinitesimal fraction of the possible sequences, and simple
calculations show that the ratio between the ‘existing’ protein sequences and the ‘possible’ ones
corresponds roughly to the ratio between the size of a hydrogen atom and the size of the universe [21].
Random protein space has been explored several times to search for optimized enzymatic functions, as
reported in literature [22~27], but generally with the aim to find novel active compounds for
pharmaceutical and biotechnological applications. Usually, this kind of work, defined as directed
molecular evolution [28], has been carried out starting from selected extant protein scaffolds,
randomizing either restricted regions or the entire gene [29~33]. Alternatively, by recombination
techniques, DNA fragments are mixed to obtain novel combinations [34~39] with pharmacological
activity.

The project on "Never Born Proteins' (NBPs) is oriented on the search for such pharmacologically
active protein molecules [40,41]. Before the analysis of biological function in NBP can be performed,
the characteristics of proteins of the same length present in the Protein Data Bank (PDB) [42] shall be
performed. Analysis of large-scale protein complexes (like ribosome) and proteins crystallized in form
of individual molecules generates the data base for comparative analysis of proteins of de novo design
status. The group of proteins built of 70 amino acid residues is quite differentiated. This is why the
complex analysis summarizing all specific groups of proteins will also be presented in the next paper
of this series. The analysis of proteins containing 70 amino acid residues in polypeptide chain is aimed
to be the basis for the identification of potential biological activity of new proteins characterized by
sequences not observed in Nature. The comparative analysis will be shown elsewhere taking into
consideration the known proteins and the NBPs.

The paper presents the “fuzzy oil drop” model application to recognize the ligand binding area
and/or protein-protein complexation engaged regions. The work is aimed to estimate the limitations of
the model under consideration in respect to biological function recognition. The analysis of structures
of proteins present in PDB is the introductory part to make possible the comparison with structures
generated in silico according to ROSETTA and “fuzzy oil drop” models for randomly generated
sequences (“never born proteins”).
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The entropy scale calculated for hydrophobicity deficiency/excess to measure the aim-orientation
versus the randomness of the hydrophobicity distribution in the protein body. The entropy scale is
assumed to be the variable applicable for structural and functional similarity.

2. Results and discussion
2.1. Hem binding in c-type cytochromes

Cytochromes are characterized by hem binding. This binding in c-type cytochromes is of covalent
character in contrast to the hem binding in b-type cytochromes or hemoglobin. The AH,profiles of c-

type cytochromes under consideration are shown in Figure 1.

Figure 1. The profiles for proteins belonging to the group of cytochromes.
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The thick black line shows the similarity between 10S6 and 1B7V, 1C75 (these two proteins of
identical AH, profiles) and similar one 1N9C. The yellow triangles on the X-axis show the residues
engaged in ligands binding in 10S6. The brown rectangles along the upper line (parallel to X-axis)
show the residues engaged in hem binding in 1B7V, 1C75 and IN9C. The color scale visualizes the
magnitude of AH,. This scale is applied to all figures in this paper. The pink squares identify the
residues engaged in hem binding in 1B7V, 1C75 and IN9C (Figure 1). The distribution of these
residues appeared different versus those engaged in any one hem molecule in 10S6 suggesting

different mechanism leading to the structure formation in proteins under consideration. It is impossible
to recognize the hem binding site on the basis of comparable analysis of AH, profiles. However the

similarity of AH, profiles for IB7V, 1C75 and 1N96 seems to be high. The averaged values of AH,
appeared to be quite different as shown in Table 1. expressing the low differences in AH, profiles. The

relation between hem binding site and hydrophobicity distribution is perturbed by the fact of covalent
hem binding. This is why the AH, profile in this case is not the good criteria for ligand binding site

identification for “fuzzy oil drop” model.
The averaged values of AH, being in contact with hem represent most frequently the positive value

what suggests the character of hem binding site as hydrophobic deficiency cavity. The localization (as
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shown in Figure 1.D) seems to be similar although different residues are engaged in hem binding than
in 1C75, 1B7V and 1N9C.

The structures of reduced (1N9C) and oxidized (1C75) cytochrome ¢553, each containing one hem
molecule, appeared to be very similar. The AH, profile similarity is accordant with structure

comparison results [43]. The AH, profile of ¢7-type cytochrome structure (10S6) containing three hem
molecules and additionally having bound deoxycholic acid is show in Figure 1. No similarity of AH,
characteristics for ligand binding residues can be seen. The comparison of AH, profiles shows that the

multiple ligand omplexed in c7-type cytochrome make this protein significantly changed in
comparison to cytochrome ¢553 having one hem bound.

Table 1. The averaged values of AH, of residues engaged in ligand binding showing quite

large differentiation of these values what excludes them to be used as ligation criterion.
The values given in table are multiplied by 10" for simplicity.

AH; average AH, average
PROTEIN LIGAND Residues engaged in Residues not engaged in
interaction with ligand i interaction with ligand*
1B7V Hem 1.25 -0.26
1C75 Hem 0.63 -0.20
IN96 Hem 0.29 -0.11
Heml -3.15
l0s6 e L44 1.22
SO4 0.83
DXC 3.72

The 3-D representation of these proteins showing the hem binding cavity is shown in Figure 2A and
2B.
The hem binding locus can not be identified according to AH, maxima of proteins under

consideration, as it was possible in other proteins [44]. This observation is in contrast to the hem
binding cavity in hemoglobin, where the residues characterized by AH, maxima are localized in
mutual close vicinity and generate the hem binding cavity [45]. The possible explanation for this
observation is the different character of complexation. The hem binding in hemoglobin is based on
structural and chemical compatibility stabilized by non-bonding interaction, while in c-type
cytochromes the binding locus of the hem molecule is probably determined by the covalent binding
making the localization of hem in a deep cavity. No ligand binding cavity can be identified in c7-type
cytochrome according to its AH, maxima localization. This suggests the conclusion that there is no
common strategy for ligand (hem) binding site creation (black thick line in Figure 1). The SE
parameters comparison additionally supports this observation (Table 2). The blue fragments (Figure 1)
suggest that the bend fragments seem to be common for all protein belonging to this group of proteins.
The analyzed proteins are a very good example to observe the influence of larger number of ligands
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(10S6-A). The degree of the influence of additional ligands binding can be seen on the profile change
and measured quantitatively using the SE scale.

Figure 2. The spatial representation of 1C75 with hem bound. (a) — the ribbon
representation of 1C75 colored expressing the value of AH,. (b) — the space filling model

of 1C75 showing the localization of hem in respect to the AH, characteristics of the binding
cavity. (c) — the ribbon presentation of IN9C colored according to the scale introduced in
Figure 1. ligand molecule in white (d) — the structure of 10S6 with ligands complexed: the

SO4 - yellow, DXC — white and hem — red. The color scale for ribbon as in Figure 1.

The values of SE calculated for cytochromes appeared similar except the 10S6 molecule where the
binding of four ligands made the distribution of fragments of positive AH, and negative AH, closer to

random situation (low difference of SE versus the SE,..).
2.2. Metal binding proteins

Mostly Zn(II) binding proteins are present in the group under consideration. Only calmodulin
(1IFW4) is complexed to Ca(Il) ion. The AH, profiles of proteins belonging to this group are shown in

Figure 3A. The 3-D representation of hydrophobicity deficiency/excess is presented in Figure 4. The
residues at a short distance versus the ion complexed present the AH, values close to zero. It means

that the spatial location of these residues is in agreement with the idealized hydrophobicity
distribution. The AH, profiles of 1U5S-A and 1U5S-B reveal the complexation mechanism in
agreement with the FOD model (Figure 3B). The fragment of positive AH, (local maximum)
representing the hydrophobicity deficiency is complexed to the fragment of hydrophobicity excess —
negative values of AH, what makes the hydrophobicity compatibility in the contact area, although
neither maximum nor minimum are of global character. The resides distinguished as pink in chain A
are interacting with green fragment of chain B. The hydrophobicity compatibility of these two

fragments makes the protein-protein interaction possible and stable. The brown stars near the X-axis
distinguish the residues of chain A responsible for ion binding with AH, values close to zero. The ion

binding residues in 1D8Q seem to be exceptional, presenting rather contradictory AH, values. The ion
binding residues in 2CUR-A protein present close to zero values of AH, (Figure 3C). The 1DX8
protein seems to be peculiar in that engages in ion binding residues with highly negative AH, values

(Figure 3C).
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Figure 3. The AH, profiles of proteins complexed with metal ions. (a) — the pink symbols

denote the Ca(Il) binding residues, the yellow triangles show the residues engaged in the
second Ca(Il) ion. (b) — the brown stars denote the residues in chain A engaged in Zn(II)
binding, pink residues in chain A are engaged in complex creation with residues
distinguished as yellow triangles in chain B, (c) pink symbols distinguish the resides in
2CUR-A engaged in Zn(II) binding, brown symbols distinguish the residues binding Zn(II)
in 2D8Q, and green stars distinguish residues engaged in Zn(II) ion binding in DXS.
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The averaged values for residues engaged in ion binding appeared to be negative (hydrophobicity
excess) with the exception of the only one ion Ca®". The Zn®" ions are covalently bound by Cys
residues, which are characterized by the highest hydrophobicity parameter (in comparison with other
amino acids). Their appearance on the protein surface causes the high hydrophobicity excess on the
protein surface. The Ca>” binding cavity represents the hydrophobicity deficiency as it is observed in
many cavities binding ligand [44,45].
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Table 2. The averaged values of AH, for residues engaged in ion binding. The values given

in table are multiplied by 10" for simplicity

AH, average AH, average
PROTEIN ION Residues engaged in Residues not engaged in
interaction with ion interaction with ion"
FW4 Ca™* 1.95 -0.035
1USS-B Zn* -6.40 0.41
2CUR Zn*’ -6.83 0.90
2D8Q Zn*" -8.20 1.06
1DX8 Zn*" -21.58 1.31

The 3-D representation of ion binding proteins visualizes the relation between ion position and the
characteristics of residues responsible for ion complexation. The ion binding to proteins is electrostatic
interaction oriented. This is why the localization of ions is rather difficult to be recognized according
to hydrophobicity irregularity distribution. The group of ion binding proteins under consideration is
quite differentiated according to SE and [ parameters (Table 2, section: Metal binding). This
observation is also in agreement with the AH, profiles. The 3-D presentation with the surface
characteristics reveals no specificity of residues responsible for ions binding (Figure 4) taking
hydropbobicity characteristics as the criteria.

Figure 4. The 3-D representation of the structures (the more red color — the higher
hydrophobicity deficiency assumed to reveal potential ligand binding site, the more blue
color — the higher hydrophobicity excess revealing potential protein-protein complexation

area). The green and blue dots visualize the positions of ion(s) complexed to protein (a) —
1FW4 with two Ca(Il) ions complexed (b) — 2D8Q with two Zn(II) ions complexed (c)
1DX8 with one Zn(Il) ion complexed (d) — 2CUR with two Zn(II) ions complexed (e) —
1U5S-B with two Zn(II) ions complexed

2.3. Antibiotics

The group of antibiotics is represented by Peptide Antibiotic Bacteriotoxin AS-48 from
Enterococcus faecalis. The proteins deposited in PDB as 1082, 1083 and 1084 differ by the
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crystallization pH conditions and complexation to different molecules. The AH,profiles of all three

proteins appeared identical (Figure 5A) (or negligibly small) what suggest negligible pH and
complexation influence on the structure of the protein in this case. The 1082-C is weakly different in
relation to the other polypeptide chains. No differences between the SE parameters have been found
for these proteins (polypeptide chains). The fragments engaged in complex creation (yellow (P-P)l1
and green (P-P)2 fragments in the profile) seem to represent the complementary character of
interacting surfaces (Figure 5B) (seen also in Figure 6C).

The 3-D representation of AH, distribution in proteins engaged in the complex creation is shown in
Figure 6A and 6B. The red color residues (high hydrophobicity deficiency) are almost entirely buried
in the interior of the molecule, which suggests low tendency to interact with ligands as it was observed
elsewhere [44,45]. The maltose bound to the protein complex interacts with residues characterized by
AH, values close to zero (Figure 5B) (hydrophilic residues) and one residue with negative AH,
(hydrophobicity excess), what may be expected taking into account the characteristics of maltose as
the hydrophilic molecule as and other than hydrophobic based type of interaction is responsible for
this complexation (Figure 5B). Figure 6 shows the surface characteristics and the contact areas in
particular (Figure 6C) revealing the region of hydrophobicity excess on the surface being engaged in
protein-protein complexation. The SE and / parameters are also identical for all the structures in this
group (see Table 2, section: Antibiotics).

Figure 5. The AH, profiles of all chains present in 1082, 1083 and 1084 (upper picture).

The average value for each residue is shown in lower picture. The residues engaged in
different interactions are distinguished as shown in legend.
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Table 3. The averaged AH, values calculated for residues engaged and not engaged in protein-

protein complexation. The values given in table are multiplied by 10" for simplicity

AH, average AH, average
PROTEIN CHAIN Residues engaged in Residues not engaged in
interaction with protein i interaction with protein*
A -3.47 0.65
B -0.94 0.37
1082
C -3.33 0.62
D -0.62 0.25
A -3.40 0.65
B -1.20 0.51
1083
C -3.55 0.60
D -0.28 0.11
1084 A -0.90 0.22
B 0.58 -0.12

The values of averaged AH, for 1082 (1083 and 1084) (Table 3) calculated for residues engaged

in protein-protein complexation suggest the mechanism leading to protein-protein complexation based
on the hydrophobicity excess on the protein surface. The approach of residues on negative AH, values
lowers the surface of hydrophobic area in contact with water. The predictability of the protein-protein

complexation seems to be possible in this case. The nonsymmetrical structure of four chains results in
quite differentiated values of averaged AH, given in Table 3.

Figure 6. The 3-D representation of protein representing the antibiotic which is common
for 1082, 1083 and 1084. (a) — the AH, distribution in a whole complex (the AH,

calculated for each unit separately) (b) — the AH, as seen on the surface (the complex), (c)

— the contact surfaces between units showing the hydrophobicity excess area being in
contact.
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2.4. Toxins

The group of toxin in this analysis is represented by vero-toxin, cobra-toxin, snake-toxin, scorpion-

toxin and Shida-toxin. The Verotoxin is represented by the structures IBOV and 4ULL (5 units). All
units appeared to be very similar (using AH,profiles — Figure 7, SE and I parameters (Table 2) as

criteria for comparison).

Figure 7. The AH, profiles of 1BOV and 4ULL (upper picture) and other toxins (IWWN —

scorpio-toxin and 1J2L-A -snake toxin) (lower picture).
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The residues of negative AH,values (hydrophobicity excess) are expected to be responsible for

protein-protein complexation. It appears not to be the case in 1IBOV complex. The positive values of
AH, for residues engaged in complexation suggest that other than hydrophobic interaction is the driven

force for complexation.

The 3-D representation of 1BOV is shown in Figure 8. The high hydrophobicity excess areas (on
surfaces — dark blue color) on the units seem to be responsible for the complex generation. The AH,
profiles of snake-toxin 1J2L-A and scorpion-toxin 1 WWN-A revealing high dissimilarity are shown in
Figure 7B.

The cobra-toxins are shown in Figure 9. The high similarity of the chains belonging to 2CTX as
well high similarity to structures deposited as 1LXG and 1YI5 may be expressed by the AH, profiles

as well as the SE parameters.
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Table 4. The averaged values of AH, Chains B and E were selected as the closest

neighbors of chain A in seven chains symmetrical complex. "The values given in table are
multiplied by 10° for simplicity

AH, average AH; average AH; average
PROTEIN Residues engaged in Residues not engaged in Residues engaged in
interaction with protein* interaction with protein* interaction with ligand*

1BOV : A 2.8 L0.74
1DMO 0.96 -0.55

IR4Q - B -1.08 0.30

1C48 — A 0.70 -0.42

ICQF - A 1.26 -0.71

1CZG - A 1.30 -0.85

1ICZW — A 0.78 -0.40

IDIT-A 0.55 -1.28 1.71
1C4Q 1.50 -0.94
IDIK 0.65 -0.60 2.15
IR4P 0.86 -0.57
1YI5:F 1.10 -0.30
1LXG 6.60 -1.20

Figure 8. The 3-D representation of vero-toxin. The symmetry of the system shown in
right picture. The two left pictures show the distribution of AH, values. The helices of

hydrophobicity excess character (blue color — according to the scale shown in Figure 1)
seem to participate in the complex generation.
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Figure 9. The AH, profiles for cobra-toxins. The 2CTX chains are shown in the upper

picture revealing high similarity of these chains. The other proteins representing cobra-
toxins in comparison with 2CTX (2CTX, 1LXG and 1YI5) are shown in lower picture.
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Table 5. The SE characteristics of proteins under consideration
Ligand(s)/

Description PDBID*  Others" SE. SE.™ ASE. L. SE. SE™ ASE. L
IB7V:A hem 2908 3.807 0.236 46.25 2.185 3.807 0426 51.63

Electron 1C75:A hem 2.880 3.807 0.243 46.19 2.180 3.807 0.427 51.58

transport IN9C:A hem 2780 3.700 0.248 47.58 2.844 3700 0.231 53.09
10S6:A 3xhem, DXC* 3307 3.907 0.153 54.80 3.502 3907 0.104 5245
1FW4:A Ca(Il) 2344 3322 0294 1786 2.649 3.459 0.234 40.68
1U5S:A - 3360 4.000 0.160 61.51 3.431 4.000 0.142 54.44
1USS:B Zn(II) 1.960 3.000 0.347 26.71 2.290 3.170 0.275 36.41
2CUR:A Zn(1I) 2382 3.170 0.185 28.42 2742 3322 0.174 3295

Metal 2D8Q:A Zn(II) 2.437 3.170 0.231 23.83 2.605 3.322 0.216 27.72

binding 1DXS8:A Zn(II) 1.751 2.585 0322 17.47 2220 2.585 0.141 19.10
1082:A-D pH 4.5

Peptide 1083:A-D pH 7.5 1.229 3.000 0.590 2345 1.666 2.807 0.406 28.96

antibiotics  1084:A-B MAL‘
1DMO0:B-K  wild type 2.37 332 0.28 2949 2.64 3.32 0.21 36.90
IBOV:A-E wild type 2.539 3459 0.266 29.04 2711 3.459 0.216 41.24
1R4Q:B-K  wild type 2356 3322 0291 30.85 2.678 3.320 0.194 34.75
4ULL wild type 3268 3.700 0.117 5522 2389 3.700 0.354 43.42
1C48:A-E  G62T 2711 3459 0.262 3526 2.720 3.459 0.213 34.66
ICQF:A-E  G62T 2383 3459 0311 3098 2.660 3.322 0.199 34.39
1CZG:A-E  G62T 2395 3.170 0.294 30.28 2326 3.170 0.266 30.93
ICZW:A-J W34A 2.519  3.460 0.272 42.02 2.7740 3.459 0.208 34.18

Toxins IDILLA-E  W34A 2.520 3460 0.272 42.03 2.741 3.460 0.208 34.17
1C4Q:A-E  F30A, W34A 2516 3.459 0272 4206 2.687 3.459 0.223 28.71
IDIK:A-E DI7E, W34A 2477 3459 0284 36.04 2729 3459 0.211 34.49
IR4P:B-F  homologous®  3.023 3.700 0.181 44.85 2.513 3.700 0.320 30.36
1YIS:F-J - 2393 3459 0308 2457 2.663 3.459 0230 41.29
2CTX . 2287 3.000 0237 2485 2576 3.000 0.141 28.35
ILXG:A - 2331 3322 0298 3779 2510 3322 0244 3594
1J2L:A - 2960 3.585 0.191 39.58 2.154 3.700 0.417 5091
IWWN:A - 3.061 3907 0.216 51.20 3453 3907 0.116 66.87

a— additionally chain ids are given

b— pH for antibiotics or mutation variant for toxins

¢ - deoxycholic acid

d- N-decyl- -D-maltose

e - 65% sequence identity to wild type
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The Shiga toxin (1DMO) including 10 polypeptides of 70 amino acid residues in each unit
represents a highly symmetrical system (C2 symmetry of two pentamers with C5 symmetry). The AH,

profiles for all units appeared to be identical (Figure 10). Each unit (i) interacts with two neighbors (i-/
and i+/). The fragments being in interaction contact are represented by AH, local maxima, which

interpreted as hydrophobicity deficiency. The green fragment (Figure 10 B) which is responsible for

the chain A complexation seems to be stabilized mostly by hydrophobic interaction (the green
fragment represents the local AH, minimum — hydrophobicity excess).

2.5. The structural changes generated by mutation

The Shiga toxin is a good example for analysis of mutation influence on the AH,profile (and

possibly structure change due to mutation) since several mutants of this protein are present in PDB.
The mutation influence can be localized using the AH, profiles (Figure 11) and comparing the SE

parameters.

Figure 11. Influence of mutation on the AH,profiles. The blue dots position the residue

mutated. The profile shows the close neighborhood as well as long range influence of
mutation on the structural and possibly functional form.
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The differences between units in the 10 subunits complex of wild type (WT) Shiga toxin are
negligibly small (Figure 10). The complexation in 1D1I does not reveal any structural changes versus
the 1CZW which is crystallized as an individual molecule. Both molecules are W34A mutants. The
consequences of mutation F30A/W34A observed in 1C4Q versus the WT molecule (1IDMO) is
visualized in Figure 11. The AH, profile changes reveal the local and long range structural changes.

The yellow line visualizes the magnitude of local change. The blue dots localize the mutation
positions. The comparison of AH, profiles makes possible the analysis of the structural consequences
of particular mutations (Figure 12). The relation between WT and F30A/W34A as well as between
F30A/W34A and W34A can be traced (see Figure 12A and 12B).

Figure 12. 3-D representation of Shiga-toxin (wild type). The color scale denotes the
magnitude of AH,. The space filling representation — the mutated residue, the side chains in

sticks representation — the residues influences by the mutation recognized according to the
AH, profile.

The three-dimensional Gauss function applied in FOD model was assumed to represent the
distribution of hydrophobicity density in a protein molecule according to the well known model
assuming that a hydrophobic center in proteins is responsible for their stability [46]. The FOD model
can also be applied to simulate the external force field of hydrophobic character that directs the folding
process orienting hydrophobic residues in the central part of a molecule with simultaneous exposure of
hydrophilic residues on the protein surface. Application of an idealized three-dimensional Gauss
function hydrophobicity distribution reveals that proteins deviate from this theoretical distribution in a
specific form. The AH, profile expressing the discrepancy between the idealized and empirical

hydrophobicity distribution appeared to be specific for particular proteins characterizing their structure
and function-related irregularities. The AH,profile was used in this paper to characterize 70 amino acid
residues long proteins involved in protein-ligand complexes and small protein-protein complexes. A
special attention was focused on the visualization of mutant dependent structural changes. It was

shown that the structural changes may have a local as well as a long range character which may be
easily identified by the AH,profiles changes and allow easy representation of these changes. The large

set of mutants (including also proteins of larger size) will be presented soon. The AH, profile will be

used for the analysis of the structural and functional characteristics of NBP, the structures of which
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will be generated according to ROSETTA [47] and the FOD model. The comparison between the AH,

profiles of real proteins and NBP will be given.

The AH, profile maxima representing the hydrophobicity deficiency cannot be treated as indicators
for ion binding localization due to the electrostatic interaction in this case. The hem binding cavity in
c-type cytochromes seems not to be hydrophobicity-based probably due to covalent binding, which
determines the ligand localization.

The best applicability of FOD model seems to be the comparison of structural changes being
consequence of mutation. This subject will be developed on larger group of proteins of different
biological function, different size and different identified forms of biological activity failure as the
consequence of mutation. The SE parameters will be used for similarity search between different
groups of proteins classified according to their biological activity and in comparison with structures
generated in silico according to FOD model and ROSETTA program in search for possible biological
activity of NBP. The complete set of proteins of 70 amino acids in polypeptide chain is quite
differentiated.

2.6. Correlation between SE and RSA (relative solvent accessibility)

Commonly used scales aimed to characterize the specificity of the protein surface like RSA
(relative solvent accessibility) or ASA (accessible solvent area) are neither in correlation with AH, nor
with SE scale. Although the SE scale is aimed to characterize the participation of hydrophobicity
irregularity (hydrophobicity excess and/or deficiency) versus the ideal hydrophobicity density
distribution it expresses quite different issue. The SE value depends on the number of fragments
representing particular characteristics and the averaged value of AH, for each fragment. The RSA and
ASA values express the global characteristics not taking under consideration the characteristics of the
surface dispersion. SE values give information about the distribution and dispersion of the positive
and/or negative AH, values. This is why the correlation between them is not excluded although not
expected for large number of proteins. Thus no general mutual dependency between SE and ASA or
RSA is expected.

3. Conclusion

The analysis presented in this paper is aimed on estimation of the limits for “fuzzy oil drop”
applicability for characteristics of structural and/or functional specificity of proteins of 70 amino acids

in polypeptide chain complexed to other proteins, ligands and ions. According to the model the
hydrophobicity deficiency (positive AH,) values is expected to bind the hydrophobic ligand (or at least

its hydrophobic part). The hydrophobicity excess (negative AH,) when appearing on the surface points

the area potentially engaged in protein-protein complexation. As shown in this paper it was found for
selected proteins (antibiotics and partially for toxins). The protein-protein complexation appeared
possible as results of the interaction of fragments of positive AH, generating the complex according to
the mechanism as predicted for protein-ligand complexation mechanism. It seems to be also accordant
to the model making two partners of complexation engaged in complementary irregularity
accomplishment.
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The SE scale was introduced to measure the degree of structural and/or functional similarity. The
comparison of large number of SE values calculated for different proteins allows the search for
similarity. It is of special importance in case of proteins of unknown biological function, the number of

which is permanently growing in PDB [48].
The applicability of the “fuzzy oil drop” based model AH, profiles changed being the result of

structural changes on mutation seems to be quite useful. Both the AH, profiles and Se scale seem to

express the mutation influence in qualitative and quantitative form. This applicability of “fuzzy oil
drop” model will be analyzed for larger group pf proteins to verify this observation.

4. Data and Methods

4.1. Data

The tool available on PDB webpage oriented on the search for proteins satisfying particular
conditions was used to extract the proteins according to a defined polypeptide chain length. The
proteins containing 70 amino acid residues were selected. However some examples of proteins of
chain length between 68 and 72 amino acids were also taken under consideration. The proteins

Table 6. Proteins and their short characteristics taken for analysis

Description Protein name Source Organism PDB entries *

Electron cytochrome ¢553 Bacillus pasteurii I1B7V, 1C75, IN9C
transport cytochrome c7 Geobacter sulfurreducens 1056
calmodulin Bos taurus 1FW4
Metal cytoplasmic protein NCK2 Homo sapiens 1U5S
binding Skeletal muscle LIM-protein 1~ Homo sapiens 2CUR
BLu protein Homo sapiens 2D8Q
rubredoxin Homo sapiens 1DX8
Peptide Enterococcus
antibiotic AS-48 protein faecalis 1082, 1083, 1084
Shigella dysenteriae 1DMO*, 1R4Q*
Shiga toxin subunit B Escherichia coli 1CQF*, 1D1I*
Bacteriophage H30 1CZG*, 1CZW*
Shiga-like toxin 1 subunit B Escherichia coli 1BOV, 1D1K*, 1C4Q*
Bacteriophage H30 1C48*, 4ULL*
Toxin Shiga-like toxin 2 subunit B Escherichia coli 1R4P*
Naja kaouthia 1LXG*
Alpha-cobratoxin Naja naja 2CTX*
Naja siamensis 1YIS*
BmKIT1 Mesobuthus martensii ITWWN*
disintegrin triflavin Trimeresurus flavoviridis  1J2L*
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a - PDB entries containing protein-protein complexes are denoted by *.presented in this paper belong to
different groups (according to the biological function): electron transfer, metal binding proteins,
antibiotic, and toxins (see Table 2). The toxins present in the data base are of particular interest due to
the availability of few mutant forms, which are characterized with respect to structural changes
classified according to the FOD model.

4.2. The protein-ligand contacts analysis
The search for residues being in a close distance (interaction distance) with the ligand molecule or

another protein molecule (in protein-protein complexes) has been made using the PDBsum database
(www.ebi.ac.uk/pdbsum/) [49].

4.3. The structural/functional characteristics

The basis of FOD model applied for the identification of hydrophobicity deficiency/excess in
protein molecules, which appeared to be strongly structure (and function) dependent is very simple.
The value of the difference between theoretically assumed hydrophobicity ( #') distribution in a
protein (which is assumed to be represented by a three-dimensional Gauss function) and that
empirically observed ( H¢) described according to Levitt [50] function, defines hydrophobicity

irregularity:
I M
where:
=\2 =\2 =\2
A= ﬁ;um exp[ (le-aix) J exp[ (Ziaiy) ] exp( (Zziazzz) J )
2 4 6 8
~ 1 (Hl." +H; 11[7(ij —9(ij +5(2J —(ij } , forr; <c
HS = e Z ‘ 2 c c c c 3)

The values with index “sum” express the total value of appropriate hydrophobicity to make the

theoretical and empirical distribution normalized, making possible comparison of these values. The
symbols H denote the hydrophobicity parameter describing each amino acid [S1] or any other

hydrophobicity scale can be applied). The values with indexes i, j describe the points representing
individual residues (amino acid residue geometric center).

The eq.2. expresses the three-dimensional Gauss function. The value of this function is interpreted
as hydrophobicity density in idealized case. The Gauss function maximum localized in the point
(x,»,z) expresses the highest hydrophobicity density localized in the center of the ellipsoid. The

Gauss function values decrease according to exponential function reaching values close to zero in a
certain distance versus the center. This distance changes depending on the values of o,,0,,0,

(standard deviations), which can be different for different axes.
The eq.3. expresses the method to calculated the empirical hydrophobicity density distribution
being the result of the specific localization of residues representing specific hydrophobicity
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parameters. The H . values represent the hydrophobicity collecting all hydrophobic interactions in

distance below cut off (15A). The normalization of both function values (division by the sum of all i-th

values) makes possible calculation of the differences between theoretical idealized hydrophobicity
density distribution and the observed one in particular protein (eq.1.). This is why the AH, profile

expresses the irregularity producing the AH, maxima for hydrophobicity deficiency and minima for
hydrophobicity excess.

AH, profile reveals the areas in a protein molecule which seem to be of a specific character
describing the structure and related to biological function. The AH,profile shows the fragments of
hydrophobicity deficiency (AH, > 0) and hydrophobicity excess (AH, < 0). The distribution and the
length of fragments of positive and negative AH, can be interpreted on the basis of information theory
assuming that the generation of structures with residues characterized by positive AH, localized in

close mutual vicinity is a non-random event. The information entropy (according to Shannon
definition [52]) is expressed as:
K
SE=—ijlog2pj 4)
=
Where pj expresses the sum of AH,values for j-th fragment (all consecutive AH, > 0) divided by
sum of all positive AH, values.

SE depends on the number of K-fragments and their pi mutual relation, and therefore maximum
(SEmax) for particular K elements (fragments) when all probabilities (pi) are equal, representing the

random solution exists. The larger is the difference between SEmax and SE denoted by ASE, the less
random character represents the localization of residues with positive AH,. The closer to SEmax is the

calculated value of SE the more random is the process producing a particular AH, profile. SE can be
calculated for fragments of positive AH, (hydrophobicity deficiency) as well as for fragments of
negative AH, (hydrophobicity excess). This is a way to compare proteins and in consequence to
measure their mutual similarity. The AH, profiles and SE calculations will be used for protein
structures description. The color scale shown in figures representing the AH, profiles is also applied
also for 3-D representation of proteins, showing the distribution of hydrophobicity deficiency/excess.
Similar (or identical) AH, profile and/or similar or identical SE parameters may suggest a structural
and/or functional similarity. The FOD model as well as SE calculation was applied to evaluate the
structural and/or functional differentiation in the group of proteins listed in the Table 1.

Following quantity used in the study of binding sites is the information (I) necessary to localize
residues creating the binding site (presence of any form of disorder may be interpreted as potential
localization for any form of interaction). The participation of particular residues in the potential active
site creation is understood as a probability expressing conjunction of events (close mutual localization)
and can be created according to equation:

K
I'=—log, Hlpj )
=

where K and p; have the same meaning as in the equation (4).
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4.4. Relative solvent accessibility

The relation between solvent and protein molecule was measured using standard models
implemented in the program ASA-View (http://www.netasa.org/asaview/). This application allows
calculation of ASA (accessible surface area) and recalculates to the RSA scale. Additionally the DSSP
program was applied in the calculation procedure [53].

The calculation was performed to search for correlation of SE scale with other methods oriented on
protein-solvent relation.
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