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Abstract: The model for protein folding (in silico) simulation is presented.
Three steps have been implemented:

o carly stage folding based on the backbone conformation
e hydrophobic collapse based on the fiizzy-oil-drop model

e aim-oriented structure modification by the function-related ligand.

The model has been verified taking a and  haemoglobin chains as examples to
fold them in two different conditions: with and without haem being present in
the folding environment. The presence of haem and its participation in the
folding simulation led to the structure more similar to the crystal one. It
suggests that the haem presence directs the folding process towards the
function-related structure.
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1 Introduction

The classic work by Kauzmann (1959) emphasised hydrophobic interactions
as crucial for formation and stabilisation of the protein tertiary structure (Klapper, 1971;
Klotz, 1970; Meirovitch and Scheraga, 1980a, 1980b). Hydrophobic interactions are
treated as responsible for hydrophobic core creation, with hydrophilic residues localised
on the protein surface (Kyte and Doolittle, 1982; Meirovitch and Scheraga, 1981).
The amino-acid sequence partitions a protein into its densely packed interior with the
local hydrophobicity maximum and surface area of less densely packed sites of local
minimum of hydrophobicity (Rose and Roy, 1980). Spatial distribution of amino-acid
hydrophobicity was even used to differentiate native and non-native protein structures
(Baumann et al., 1989; Bonneau et al., 2001; Holm and Sander, 1992; Novotny et al.,
1988). Detailed analysis of the spatial variation of hydrophobicity, focused on the region
of transition between protein interior and exterior, was carried out for 30 relatively
diverse globular proteins as well as for 14 decoys (Silverman, 2001). Apart from soluble
proteins, the distribution of apolar and polar residues provided comprehensive
information about transmembrane protein architecture (Eisenberg et al., 1984; Engelman
and Zaccai, 1980; Rees et al., 1989; Silverman, 2003). Furthermore, the hydrophobic
effect as a dominant driving force in protein folding was suggested (Baldwin, 2002;
Dill, 1990; Finney et al., 2003).
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The Critical Assessment of Predicted Interaction (CAPRI) is oriented on blind
prediction of protein complexes with ligands and protein—protein complex creation
(Janin, 1979, 2005a, 2005b, Janin et al., 2003; Mendez et al., 2003, 2005). The results of
competitions are presented on a website (http://capri.ebi.ac.uk) and additionally published
in Proteins Struc Func Gen (2003) 52 (the whole volume is devoted to this problem).
The papers presented there present methods aimed on complex creation, based mostly on
the detailed geometric surface analysis aimed at the irregularity and cavity search.

Some of the techniques used to identify functionally important residues from
sequence or structure are based on searching for homologues proteins of known function
(Bork et al., 1998; Skolnick and Fetrow, 2000; Wallace et al., 1997; Zvelebil and
Sternberg, 1988). However, homologues, particularly when the sequence identity is
below 25%, need not have related activities (Devos and Valencia, 2000; Hegyi and
Gerstein, 1999; Wilson et al., 2000). Geometry-based methods have shown that the
location of active-site residues can be identified by searching for cavities in the
protein structure (Liang et al., 1998) or by docking small molecules onto the structure
(Oshiro et al., 1995). The cave localisation in silico has been presented on the basis of the
characteristics of the normal created for each surface piece (Lamb et al., 2001).
The complex analysis of protein interfaces and their characteristics vs. the highly
divergent areas is presented in Jimenez (2005). Several experimental studies have shown
that mutation of residues involved in forming interfaces with other proteins or ligands can
also be replaced to produce more stable, but inactive, proteins (Kanaya et al., 1996;
Meiering et al., 1992; Shoichet et al., 1995; Zhang et al., 1992). On this basis,
several effective algorithms were developed (Elcock, 2001; Ondrechen et al., 2001).
Structural analysis, coupled with measures of surface hydrophobicity, has been used
to identify sites on the surfaces of proteins involved in protein—protein interactions
(Jones and Thornton, 1997).

The model presented in this paper oriented on localisation of area responsible for
ligand binding or protein—protein complex creation is based on characteristics of spatial
distribution of hydrophobicity in a protein molecule. It is assumed that hydrophobicity
changes from protein interior (maximal hydrophobicity) to exterior (close to zero level of
hydrophobicity), according to the 3-dimensional Gaussian distribution. However,
it is generally accepted that the core region is not well described by a spheroid of buried
residues surrounded by surfaces residues due to hydrophobic channels that permeate the
molecule (Kuntz and Crippen, 1979; Crippen and Kunz, 1978). Therefore, the simple
comparison of theoretical (idealised according to Gaussian function) and empirical spatial
distribution of hydrophobicity in protein gives the opportunity to identify the regions with
high deviation vs. the ideal model. Those regions recognised by high hydrophobicity
density differences seem to reveal functionally important sites in proteins.

The consequence of above observation is that the 3-dimensional Gaussian function
can play the external force field, directing the folding molecule to concentrate the
hydrophobic residues in central part of molecule, with hydrophilic ones exposed to the
surface (Brylinski et al., 2006a, 2006b, 2006¢, 2006d; Konieczny et al., 2006). It can be
reached during the optimisation procedure, in which the criterion for optimisation is the
smallest possible difference between idealised and observed hydrophobicity distribution
in an ellipsoid. Another consequence of the above observation is the active presence of
natural ligand in the environment of folding molecule. The presence of external force
field influences the polypeptide-folding process as well as the appropriate orientation of
ligand. Both protein and ligand are directed by the external force field.
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The model is presented using o and f haemoglobin chains as examples. Moreover, the
paper presents the model for active site localisation and gives the proposal for protein
structure prediction in the form of protein-folding simulation, which includes active
presence of natural ligand in this process.

2 Materials and methods

2.1 Data

The proteins selected for analysis are goose lysozyme (154L) (Weaver et al., 1995),
sperm whale myoglobin (1A6M) (Vojtechovsky et al., 1999), bovine acyl-coenzyme A
(1ACA) (Kragelund et al., 1993), catalytic domain of human TNF-a converting enzyme
(1BKC) (Maskos et al., 1998), human lysozyme (1LZR) (Song et al., 1994), bovine
ribonuclease A (IRND) (Aguilar et al., 1992), dihydrofolate reductase from E. coli
(3DRC) (Warren et al., 1991), human mitogen-activated protein kinase (1A9U)
(Wang et al., 1998) and human cyclin-dependent kinase CDK6 complex with cell-cycle
inhibitor P19INK4D (1BLX) (Brotherton et al., 1998). Some of these proteins have been
analysed in respect of their biological function localisation, using molecular dynamics
simulation (Izrailev and Farnum, 2004; Luque and Freire, 2000; Fermi et al., 1984) and
electrostatic energy calculation (Elcock, 2001). This selection was aimed at making
possible the comparative analysis of results, obtained by different groups and different
methods. The counted proteins were used to verify the fuzzy-oil-drop model as a tool to
recognise the active-site localisation in protein molecule.

The amino-acid sequences of a and £ chains of human haemoglobin (PDB ID: 3HHB;
Levitt, 1976) have been taken as the model to demonstrate the influence of fuzzy-oil-drop
on the protein-folding process simulation. Two versions of simulations (for each chain)
were applied: one for isolated polypeptide chain folding and the second in the presence of
natural ligand — haem.

2.2  Empirical (observed) oil drop

The standard unified spatial orientation of protein molecule is necessary to calculate the
empirical hydrophobicity distribution. The geometrical centre of the molecule is localised
in the origin of coordinate system. The longest distance between effective atoms
(side chains represented by geometrical centre of atoms present in side chain of amino
acid) in protein molecule determines the Z-axis. The Y-axis is oriented according to the
longest distance between projections of effective atoms on the XY plane.

The grid points localised in a positions of effective atoms of side chains are used
to calculate the empirical hydrophobicity density, according to the simple sigmoid
function previously proposed to quantitatively describe the hydrophobic interactions
(Levitt, 1976). The jth point (which is the jth residue) collects hydrophobicity Ho ;. as

follows:
1 - 2 p 4 . 6 ” 8
1 & 1——| 7| L] —9| L] +5/ L | -| L for r, <c
ZH,. 2 c c c c Y (D

Hosum i=l

Ho; =

otherwise 0
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where Ho , represents the empirical hydrophobicity value characteristic for jth grid point
(/th amino acid), H; represents the hydrophobicity of the ith amino acid, r; — distance
between the jth grid point (jth residue) and effective atom of ith amino acid and
c — expresses the cut-off distance that has a fixed value of 9.0A, following the original
paper (Levitt, 1976). Ho,,, represents the total hydrophobicity (sum of all grid points’
hydrophobicity).

The application of this function requires the parameters of hydrophobicity attributed
to each amino acid. Many scales for residue hydrophobicity are available. Some of them
are based on analysis of known protein 3D structures (Kyte and Doolittle, 1982;
Eisenberg et al., 1982; Engelman et al., 1986; Hopp and Woods, 1981; Rose et al., 1985),
while the others are derived from the physicochemical properties of amino acid side
chains (Wimley and White, 1996; Wolfender et al., 1981). The selection of appropriate
scale seems to be a crucial issue; therefore, a new statistical-based hydrophobicity scale
for amino acids has been created (Brylinski et al., 2006b) (description of the scale will be
given later in this paper).

2.3 Theoretical (expected) hydrophobic core

The same grid points as described above are used to calculate the theoretical (expected)
hydrophobicity distribution representing the idealised fuzzy-oil-drop, which can be
applied to simulate hydrophobic collapse in protein-folding process. Hydrophobic core
applied in this model is assumed to be represented by 3-dimensional Gaussian function:

i :I:Itl eXp(_(x’sz;X) JeXp(_(yéoj;y) JeXp[_(ZZjO;Z) ] )

sum X ¥

Ht ; is assumed to represent the hydrophobicity density in fuzzy-oil-drop. The
hydrophobicity maximum localised in a centre of ellipsoid decreases in form of distance
dependence according to 3-dimensional Gaussian function. The parameter — mean value,
for which Gaussian function reaches its maximum (maximum of hydrophobicity density)
is localised in (0, 0, 0) origin of coordinate system. The second parameter — standard
deviation — represents the size of drop (the values of three standard deviations determines
the size of drop: o, 0, 0:) and depends on the length of polypeptide under consideration
(Brylinski et al., 2006a). The values of Ht . calculated for each grid point are
standardised to give the value of sum of all values over all grid points equal to 1.0.

The analysis of ellipsoid size, as dependent on polypeptide chain length, has been
presented in Brylinski et al. (2006a), where single-domain proteins present in PDB have
been taken into account.

2.4 Ligand-binding site

Since both theoretical At and observed Ho distributions of hydrophobicity are
standardised to 1.0 and the partition values are calculated for the same grid points, the
comparison of these two distributions is possible. The differences between theoretical and
empirical distributions AH express the irregularity of hydrophobic core construction.
For ith residue AH, is calculated as follows:
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AH, = Ht, - Ho, 3)

where FIt,. and ﬁol. are the theoretical and observed values of hydrophobicity for the
geometric centre of ith residue, respectively (what is called also as a grid point).
The theoretical and empirical fuzzy-oil-drop was calculated for all proteins taken into
consideration. The colour scale was introduced to express the magnitude of difference
Aﬁi in particular protein area what enables visualisation of the localisation of these

discrepancies in the protein molecule.

2.5 Folding simulation

The folding simulation is based on the minimisation of the difference between idealised
and observed hydrophobicity density distribution. The procedure in a step-wise form is as
follows:

e The size of the ellipsoid (expressed by o;, 0,, 0:) covering the early-stage folding
structure is calculated for the orientation described above.

e The grid system is constructed for the spatial orientation of molecule according to
description in Empirical oil-drop. The grid (covering the whole molecule) step has
the fixed value of 5.0 A in all simulations.

e  The empirical hydrophobicity values are also calculated for each grid point
(equation (1)).

e Theoretical, idealised hydrophobicity values are calculated for each grid point
according to 3-dimensional Gaussian function (equation (2)).

e  Optimisation procedure:

. The structural changes are performed to approach the idealised
hydrophobicity density making the virtual oil-drop represented by
folding molecule more similar to the theoretical one. This procedure

optimises AH,, :
P
AH,, =Y (Ht,~Ho,) 4)
j=1
where Ht; and Ho; are the theoretical and observed values of hydrophobicity
for the jth grid point, respectively. P denotes the total number of grid points.

. The algorithm given by Rosenbrock (1960) was applied to optimise AH ot
during the simulation.

. Each calculation of hydrophobicity distribution approach is followed by
traditional energy minimisation procedure to avoid some forbidden overlaps.
All-atom representation is adopted for these steps. The energy minimisation
sub-step is performed according to ECEPP/3 standards (Sippl et al., 1984;
Momany et al., 1975; Dunfield et al., 1978; Nemethy et al., 1983, 1992).
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. The optimisation procedure is carried out as long as the assumed convergence
condition is reached.

. The next step of folding simulation in iteration procedure is performed for the
theoretical oil drop of smaller size than the previous one, to force the
molecule to get more compact. The decrease of drop size causes in
consequence the increase of hydrophobicity density in a central part of drop.
The size relation between early-stage structure and the native one as
dependent on number of amino acid in polypeptide chain has been published
(Brylinski et al., 2006a).

. The procedure stops, when the final size of virtual oil drop reaches the size
similar to the expected one and when the convergence in hydrophobicity and
potential energy optimisation procedures is reached.

. For every 20 steps of applied procedure for structure optimisation, the
coordinates were saved to monitor the structural changes during the folding
process simulation.

The procedure can be interpreted as a two-step process (repeated iteratively):
squeezing (hydrophobicity optimisation) followed by the relaxation of the structure
(energy optimisation). The product of this procedure is a molecule covered mostly
by the hydrophilic residues, with all hydrophobic ones buried in the interior of the
molecule. In consequence, the received molecule seems to be very well soluble on one
hand but very inactive on the other.

2.6 Presence of haem

The simulation of folding process in the presence of haem has been performed according
to the procedure presented above, extended by the presence of haem in a simulation
environment. Haem molecule (treated as five artificial amino-acid molecules) was free to
translate in three directions and rotate around three axes (six degrees of freedom).
The position of haem was dependent on its interaction with external force field
(fuzzy-oil-drop) and on its interaction with folding polypeptide chain mutually
influencing each other.

2.7 Structure analysis

Both the initial and final structures of haemoglobin, as well as intermediate structural
forms (here the term ‘intermediate’ is used to describe the structure obtained after a
particular step of folding simulation), were compared with the native structure of this
protein according to the following criteria:

e The assessment of Secondary Structure (SS). SS was assigned to 3D structures using
DSSP algorithm (Kabsch and Sander, 1983).

e  The total number of Non-Bonding interactions (NB) assuming a cut-off distance of

12 A.
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e  The Accessible Surface Area (ASA) taking a probe radius of 1.4 A. ASA was
calculated using surface racer programme (Tsodikov et al., 2002).

e The radius of gyration (R,), which was calculated using the following equation
(Flory, 1953):

1 N-1 N
a z\/(N+1)2 ZZ<(

where N is the number of residues, 7 and 7; are the coordinates of Ca atom

XY

=)o

of ith and jth residue, respectively.

e The distances between the geometric centre of the molecule and sequential Ca atoms
in the polypeptide chain (D¢entre.cor)-

e  RMSD-Ca calculation using the native form of haemoglobin as a reference
structure. Structure alignments and RMSD calculations were done using VMD
(Humphrey et al., 1996).

e The distances between haem iron atom and sequential Co atoms of haemoglobin
residues.

e The axis angles between adjoining helices. The axis angle is defined as the angle
between the two helix vectors that correspond to the vector from the N-terminus
atom to the C-terminus atom in two helices under consideration.

2.8 Hydrophobicity scale

The hydrophobicity scale is necessary to apply the presented model. Many scales for
residue hydrophobicity are available. Some of them are based on analysis of known
protein 3D structures (Kyte and Dooloittle, 1982; Eisenberg et al., 1982; Engelman et al.,
1986; Hopp and Woods, 1981; Janin, 1979; Rose et al., 1985), while the others are
derived from the physicochemical properties of amino-acid side chains (Wimley and
White, 1996; Wolfender et al., 1981). The hydrophobicity scale including parameters
for haem has been created using the relative position in fuzzy-oil-drop applied to
single-domain proteins in PDB and particularly those being complexed with haem.
The position found in this way was transformed into the hydrophobicity scale
guaranteeing the unification of all amino acids and haem. Haem was divided
into five fragments: haem A, haem B, haem C, haem D and haem Fe (Figure 1).
The calculation of hydrophobicity parameters was done utilising the set of 1353
structures of haem—protein complexes found in PDB No. 2004 (Berman et al., 2000).
The complete hydrophobicity scale was calculated for all 20 amino acids and haem to
make the scale consistent (Table 1).



242 M. Brylinski, L. Konieczny and I. Roterman

Figure 1 Five virtual amino acids of haem: haem A, haem B, haem C, haem D and haem_ Fe.
For each virtual amino acids the hydrophobic parameter was assigned independently

Table 1 Values of hydrophobicity parameter (/) assigned to each virtual residue
distinguished in haem (italics) according to the fizzy-oil-drop model, together with
hydrophobicities of amino acids calculated elsewhere

Amino acid H-value
LYS 0.000
GLU 0.083
ASP 0.167
GLN 0.250
ARG 0.272
ASN 0.278
PRO 0.300
SER 0.422
THR 0.478
haem_A 0.532
GLY 0.550
ALA 0.572
haem_D 0.574
HIS 0.628
TYR 0.700
haem_C 0.716
haem_Fe 0.726

haem B 0.763
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Table 1 Values of hydrophobicity parameter (H,) assigned to each virtual residue
distinguished in haem (italics) according to the fuzzy-oil-drop model, together with
hydrophobicities of amino acids calculated elsewhere (continued)

Amino acid H-value
LEU 0.783
VAL 0.811
MET 0.828
TRP 0.856
ILE 0.883
PHE 0.906
CYS 1.000

Source: Brylinski et al. (2006b)

3 Results

3.1 Active-site localisation in a protein molecule

The idealised distribution of hydrophobicity is represented by the 3-dimensional
Gaussian function. The empirical distribution of hydrophobicity is expressed
by the function describing residue-residue interaction introduced in Levitt (1976).
The comparison between idealised hydrophobic distribution and the empirical
one as observed in real proteins (crystal structure) reveals the discrepancies, which
appeared to be biological-function dependent. The area of high difference points out the
active site of a protein as well as the protein—protein contacts area in protein—protein
complex creation. Figure 2 represents the results. The one-dimensional profiles of

AH (left column) visualise also the colour scale applied. The same colour scale adopted

for the 3-dimensional distribution of AH is shown in right column. The binding
site distinguished by red and orange colour seems to be recognised very well in
respect to ligand position (dark blue lines). Figure 3 shows also the localisation

of the area critical for protein—protein complex creation. The AH profiles and
3-dimensional representations are shown as they appear in each protein — complex
participant — separately. It is shown that both partners’ binding sites can be easily
recognised.

3.2 Simulation of protein folding

The conclusion based on the above analysis is that the native structure of protein
represents the product of folding process of aim-oriented character. If so, the presence of
external force field expressed by fuzzy-oil-drop may be used to direct the folding process
towards hydrophobic core creation, which, modified by active presence of ligand (haem),
can adopt the aim-oriented character. The simulation of protein-folding process in silico
applying both assumptions is adopted to o and f chains of haemoglobin folding.
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Figure 2

M. Brylinski, L. Konieczny and I. Roterman

One-dimensional profiles of AH per amino acid (left column) and 3-dimensional
distribution of AH on protein surface (right column) for (A) goose lysozyme
complexed with NAG, (B) sperm whale myoglobin complexed with haem, (C) bovine
acyl-coenzyme A complexed with palmitylo-coenzyme A, (D) catalytic domain of
human TNF-a converting enzyme complexed with INN, (E) human lysozyme
complexed with tetra-acetyl-chitotetraose, (F) bovine ribonuclease A complexed with
3°,5’-DCPDG, (G) dihydrofolate reductase from E. coli complexed with methotrexate
and (H) human mitogen-activated protein kinase complexed with SB203580. A colour
scale is applied to expresses the magnitude of difference AH in particular protein
surface area. The dark-blue (thick line representation) ligands are localised in their
binding sites according to crystal structures
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Figure 2 One-dimensional profiles of AH per amino acid (left column) and 3-dimensional
distribution of AH on protein surface (right column) for (A) goose lysozyme
complexed with NAG, (B) sperm whale myoglobin complexed with haem, (C) bovine
acyl-coenzyme A complexed with palmitylo-coenzyme A, (D) catalytic domain of
human TNF-a converting enzyme complexed with INN, (E) human lysozyme
complexed with tetra-acetyl-chitotetraose, (F) bovine ribonuclease A complexed with
3°,5’-DCPDG, (G) dihydrofolate reductase from E. coli complexed with methotrexate
and (H) human mitogen-activated protein kinase complexed with SB203580. A colour
scale is applied to expresses the magnitude of difference AH in particular protein
surface area. The dark-blue (thick line representation) ligands are localised in their
binding sites according to crystal structures (continued)
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Figure 3 One-dimensional profiles of AH per amino acid (left column) and 3-dimensional
distribution of AH on protein surface (right column) for (A) cell-cycle inhibitor
P19INKA4D (surface representation) complexed with human cyclin-dependent kinase
CDKG6 (line representation) and (B) inversely, CDK6 (surface representation)
complexed with P19INK4D (line representation). A colour scale is applied to expresses
the magnitude of difference AH in particular protein surface area
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The simulation of folding process directed by external hydrophobic force field
of fuzzy-oil-drop form is assumed to produce the protein molecule perfectly well soluble
(low hydrophobic residues on the surface and high hydrophobic residues in a central part
of molecule), with no tendency to interact with other molecules. The active presence of
haem is assumed to direct the folding process towards the aim-oriented (ligand binding)
folding, ensuring the ligand binding necessary for biological activity.

The appropriate parameterisation (hydrophobicity) of haem is necessary
(the hydrophobicity scale is shown in Methods). The haem was free to move and rotate
(six degrees of freedom), taking the appropriate orientation according to external force
field and according to the surrounding residues of folding chain during the simulation.

3.2.1 Starting structures for folding process simulation

A large body of experiments and theoretical evidence suggests that local structure is
frequently encoded in short segments of the protein sequence (Han and Baker, 1996;
Fetrow et al., 1997; Bystroff and Baker, 1998; de Brevern et al., 2000, 2002). The method
of protein structure prediction based on sequence-to-structure contingency table for
tetrapeptides (Brylinski et al., 2005) allows to obtain early-stage structures for any
amino-acid sequence (Brylinski et al., 2004a). The detailed description of early-stage
folding model can be found in Jurkowski et al. (2004a) and Roterman (1995a, 1995b).
The model applied to some well-known proteins positively verified the limited
conformational sub-space (Jurkowski et al., 2004a, 2004b; Brylinski et al. 2004a, 2004Db).
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The recently published results of molecular dynamics simulation of 3- and 21-alanine
polypeptide in the temperature range 276402 K additionally positively verified the
ellipse path as the path along which the helix unfolding is taking place (Paschek et al.,
2005; Gnanakaran and Garcia, 2005).

The global analysis of all available proteins produced the sequence-to-structure
contingency table, which can be used as a standard tool for early-structure prediction
(Brylinski et al., 2004c, 2005). This contingency table has been used to create the
early-stage structure for haemoglobin chains (Brylinski et al., 2004b).

The sequence of human haemoglobin was used as input for early-stage structure
prediction. The Structure Predictability Index (SPI) (Brylinski et al., 2004a) calculated
for the sequence of a and S chains was found to be 99.2 and 98.9, respectively.
Those values rank haemoglobin as a very easy target for early-stage form prediction.
The Q3 (Rost and Sander, 1993), Q7 (Brylinski et al., 2004a) and SOV (Rost et al., 1994;
Zemla et al., 1999) parameters calculated vs. native structure were found to be 93.4,
94.3 and 86.0 for a chain and 93.1, 94.0 and 85.8 for § chain, respectively. The extremely
high accuracy of early-stage structure prediction for haemoglobin justified the selection
of this form as the good starting structure for late-stage folding simulation.
The prediction, including SPI, Q3 and Q7 estimations, can be easily carried out for
any protein sequence with free prediction server available from http://bioinformatics.
cm-uj.krakow.pl/earlystage. The starting structures of both chains are shown in Figure 4.

Figure 4 The structures of both haemoglobin chains as they appeared in early-stage folding
step (A), both final forms: with haem molecule absent (B) and present (C)
in simulations. For comparison, native structures are shown in (D). The structures are
coloured according to secondary structure assignment for the native structures:
helix A (yellow), B (orange), C (pink), D (purple), E (green), F (ochre), G (cyan)
and H (ice blue). Haem molecule is shown in red

A B

3.2.2 Monitoring of the folding process

The structure of o and f haemoglobin chain is highly helical. The mutual spatial
arrangement of the helices is very representative for these molecules. The angles between
axes of adjoining helices were monitored during folding simulation in absence and
presence of haem. The results are shown in Figure 5. The presence of haem seems
to help to reach proper orientation of following helices in o chain of haemoglobin: B-C,
E-F and G-H and in f chain of haemoglobin: B-C, C-D, D-E and F-G. Significantly
worst results were found in the presence of haem in a chain of haemoglobin A-B and



248 M. Brylinski, L. Konieczny and I. Roterman

f chain of haemoglobin A-B, E-F and G-H. The A-B orientation is difficult to be
interpreted. It seems that their improper orientation does not depend on the presence of
haem.

The optimisation procedure applied in folding simulation is an iterative procedure in
which each hydrophobic interaction-driven step is followed by energy minimisation step.
The fluctuations of parameters monitored during folding process for these two
approaches are shown in Figure 6. Hydrophobic effects, which cause non-polar side
chains to tend to cluster together in the protein interior, can be measured by the solvent
ASA. The radius of gyration (R,) and Non-Bonding interactions (NB) estimate the
characteristic volume of the globular protein and provides quantitative information on its
compactness.

Figure 5 The change of angles between axes of adjoining helices during folding simulation,
with haem absent (grey lines) and present (black lines) in folding process. The constant
dotted line points at the value of particular axis angle as appears in native structure
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Figure 6 The time profiles of parameters monitored during folding process: the radius
of gyration [A] (A), the total number of non-bonding interactions (B)
and solvent-accessible surface area (ASA) [A”] (C). The simulations with haem
molecule absent and present in folding process are represented by grey and black lines,
respectively. In all plots, the constant dotted line pinpoints the quantity of a probed
parameter (R,, NB or ASA) calculated for native structure. ES denotes early stage
treated as starting one for simulation and LS — late stage treated as final one for

simulation
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3.2.3 The non-bonding contacts and RMSD calculation

The comparison of non-bonding contact maps is used commonly to verify the
correctness of obtained structures. These maps for all discussed structural forms are
shown in Figure 7. Table 2 presents also the percentage of native non-bonding contacts in
final structures obtained according to the adopted model, together with RMSD-Ca using
the native forms as reference structures. Noticeable better results are seen for £ chain of
haemoglobin.
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Figure 7 Non-bonding contact maps for haemoglobin: early-stage of folding (A), folded in silico
in the absence (B) and presence (C) of haem. For comparison, non-bonding contact
maps for native form of haemoglobin are shown in (D)
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Table 2 The percentage of native non-bonding contacts (NB,,) and RMSD-Ca
for all discussed structures of haemoglobin

Chain  Structure NB,.: (%) RMSD-Ca

o Early-stage of folding in silico 40.37 22.49
Folded in silico in the absence of haem 37.80 14.24
Folded in silico in the presence of haem 39.80 14.83

yij Early-stage of folding in silico 37.69 25.02
Folded in silico in the absence of haem 36.86 15.82
Folded in silico in the presence of haem 40.51 10.15

3.2.4 Spatial distribution of Co atoms vs. the geometrical centre

The profile of the length of vectors linking geometrical centre of the molecule with
Coa atoms of sequential amino acids are shown in Figure 8. The best results in this
category of classification seems to be received for f chain of haemoglobin, although
the a chain of haemoglobin also seems to represent relatively high accordance.
In both the cases, the presence of haem during the folding simulation improved the
spatial organisation of a protein.

Figure 8 Profiles of D epye.co Vectors for early stage of folding (black dotted lines), folded
in silico in the absence (blue solid lines) and presence (red solid lines) of haem,
and native (black solid lines) structure of haemoglobin
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3.2.5 Haem-binding site

The critical for biological activity of haem-binding proteins is the presence of the ligand
and its orientation vs. the host protein molecule. The His58-distal and His87-proximal
histidines are responsible for haem binding in a chain of haemoglobin. The distances
between haem iron atom and sequential Ca atoms of haemoglobin residues are shown
in Figure 9. His58 seems to reach a proper localisation vs. haem, although His87
does not. The haem-binding histidines in f chain of haemoglobin are His63-distal and
His92-proximal. In the structure of § chain of haemoglobin obtained in the presence of
haem during folding process, both histidines are localised in the close vicinity of haem.
The profiles of distances between iron atom of haem and sequential Ca for the native and
folded in silico structures of f chain are in remarkably good agreement.
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Figure 9 The distances between haem iron atom and sequential Ca atoms of haemoglobin
residues for early stage of folding (dotted line), folded in silico in the presence of haem
(dashed line), and native (solid line) structure
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4 Discussion

4.1 Active-site localisation

The model based on fuzzy-oil-drop seems to work well as the marker for active-site
localisation. The contact areas in proteins creating complexes also seem to be recognised
successfully. Method is very simple. It can be particularly useful in recognition
of a large number of proteins synthesised on the basis of genome analysis of unknown
biological function, which wait for unified automated method for their biological activity
recognition (Burley et al., 1999). The method is also easily applicable to fully automated
system. The large-scale calculation can verify the model as the universal one. This type
of work has already been undertaken.

The correctly localised binding cavity makes possible the construction of the
compatible ligand (its shape and chemical characteristics), what can be performed
using classical de novo design methods for ligand construction (Baurin et al., 2000;
Cramer et al., 1989; Polanski and Walczak, 2000; Sippl, 2002).

4.2 Simulation of protein-folding process rather than protein structure
prediction

The X-ray structure deposited in PDB represents the form of a—f dimer (Fermi et al.,
1984). The a and p chains of haemoglobin represent very similar structure, although their
folding process differs (Baglioni, 1968; Bunn, 1987). The significant lower stability of «
chain has been experimentally verified (Feng et al., 2004, 2005; Scott et al., 1993).
Its structural instability may cause the improper exposure of haem group, allowing
the participation of iron ion in unexpected redox processes (Feng et al., 2004,
Scott et al. 1993). The protective mechanism of AHSP aimed at proper haem stabilisation
in an oa-globin polypeptide chain has been discussed recently (Feng et al., 2005).
It suggests that the o chain of haemoglobin needs external support in form of AHSP
polypeptide, which when bound ensures proper structural form mostly oriented on
correct haem binding, although only by distal His58 (Feng et al., 2004; Scott et al., 1993).
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The differences between a and f chains observed in simulated folding process chains
seem to be in accordance with experimental observations. The difficulties in a-chain
structure prediction seem to be originated in its natural biological character. The applied
procedure has not produced the native structure of haemoglobin. This process seems to be
of hierarchy nature, taking into account step-wise folding, in which a chain possibly folds
in the company of more stable f chain. The stabilisation role of AHSP as well as possible
mutual influence between a and £ chain interaction on the folding process will be taken
into consideration in further simulations with fizzzy-oil-drop model.

The idea of external hydrophobic force field introduced here seems to be extended
taking also other environment-originated elements. The recently described mechanism
of protein folding in the presence of trigger factor, which interacts with freshly
synthesised polypeptide chain leaving the channel of ribosome (Ferbitz et al., 2004),
seems also to interpret the folding process as directed one. The same role of external
force field can be played by chaperonins, the interior of which represents hydrophilic
character, which guaranties exposure of hydrophilic residues towards the protein surface
(Braig et al., 1994; Houry et al., 1999; Wang et al., 1999). The fuzzy-oil-drop model takes
into account the influence of polar environment, pushing the hydrophobic residues to
occupy the position rather in a centre of the molecule and hydrophilic ones on the surface
of molecule. The chaperonin simultaneously obliges the protein molecule to be squeezed,
what the presented model of fuzzy-oil-drop is also able to do, playing the role of
controlled hydrophobicity-driven implosion.

Structural forms of haemoglobin were received as the result of simulated folding
process in the presence of external force field assumed to represent the process driven by
hydrophobic interactions. When proteins were diluted from concentrated denaturant at
the beginning of a stopped-flow folding experiment, they very generally exhibited a fast
chain contraction on a submillisecond time scale. This ‘burst phase’ behaviour has often
been interpreted in terms of the fast formation of productive folding intermediates
(Roder and Colon, 1997). The experimental results for ribonuclease A (Qi et al., 1998)
and analogous results for cytochrome ¢ (Sosnick et al., 1996, 1997) indicated that the
submillisecond burst phase seen for these proteins reflects a solvent-dependent
readjustment of the unfolded state ensemble, rather than the rapid formation of distinct
folding intermediates. Those experimental results, together with theoretical studies on
protein folding (Sosnick et al., 2002; Fernandez et al., 2002), suggest that the initial
step in globular protein folding is a long-range conformational search to find a
topologically native-like transition-state nucleus. The rapid compaction of the
polypeptide chain occurring at the beginning of the folding process was found to be
driven by strong hydrophobic interactions (Nozaki and Tanford, 1970; Gutin et al. 1995)
and buried a great deal of surface (Sosnick et al., 1997). The results obtained for
hydrophobic-interaction-driven steps correspond well with the ‘burst phase’ observed in
folding experiments. In response to the new conditions occurring at each squeezing step,
the rapid compaction of the polypeptide chain was observed. As it might be expected, the
presence of haem did not change the general characteristics of folding process. Similar
folding route was observed during ribonuclease A-simulated folding, according to
presented fuzzy-oil-drop model (Brylinski et al., 2004b, 2005, 2006b, 2006c¢).
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4.3 Aim orientation of protein folding

The question arises whether the biological function can be present in molecules received
as a result of simulation. The biological activity was assumed to be identified as
aim-oriented discrepancy between idealised and observed hydrophobic oil drop
(Brylinski et al., 2006c). The comparison of the native structure of haemoglobin
(a and f chain) with both structures received, according to folding procedure presented in
this paper, reveals the aim orientation of folding process. Figure 10 shows the distribution
of hydrophobicity irregularities AH vs. the idealised fizzy-oil-drop. The main, very
easily recognised difference is that, in the native structure of protein, the highest
irregularity vs. the idealised fuzzy-oil-drop is localised in the active centre. The structures
received in the absence of haem in folding procedure, characterised by more regular
hydrophobicity distribution, with hydrophilic residues exposed on the surface as assumed
in a fuzzy-oil-drop model, probably exemplify inactive proteins. The results obtained for
both chains of haemoglobin show that the presence of natural ligand in folding process
seems to be important in simulation of protein-folding process.

Figure 10 The localisation of hydrophobicity irregularities AH vs. the idealised fuzzy-oil-drop
for structures folded in silico in the absence (A) and presence (B) of haem, together
with native (C) structure of haemoglobin. The continuous colour scale is applied to

express low (green) to high (red) values of AH. Haem molecule is shown as dark blue

o-chain

B-chain
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