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bstract

A model of hydrophobic collapse, which is treated as the driving force for protein folding, is presented. This model is the superposition of three
odels commonly used in protein structure prediction: (1) ‘oil-drop’ model introduced by Kauzmann, (2) a lattice model introduced to decrease

he number of degrees of freedom for structural changes and (3) a model of the formation of hydrophobic core as a key feature in driving the
olding of proteins.

These three models together helped to develop the idea of a fuzzy-oil-drop as a model for an external force field of hydrophobic character
imicking the hydrophobicity-differentiated environment for hydrophobic collapse. All amino acids in the polypeptide interact pair-wise during

he folding process (energy minimization procedure) and interact with the external hydrophobic force field defined by a three-dimensional Gaussian

unction. The value of the Gaussian function usually interpreted as a probability distribution is treated as a normalized hydrophobicity distribution,
ith its maximum in the center of the ellipsoid and decreasing proportionally with the distance versus the center. The fuzzy-oil-drop is elastic and

hanges its shape and size during the simulated folding procedure.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Since the classic work by Kauzmann (1959), it has turned out
hat hydrophobic interactions play a crucial role in forming and
tabilizing protein tertiary structure. It is generally accepted that
lobular proteins consist of a hydrophobic core and a hydrophilic
xterior (Klapper, 1971; Klotz, 1970; Kyte and Doolittle, 1982;
eirovitch and Scheraga, 1980a,b, 1981). The way in which the

mino acid sequence partitions a protein into its interior and exte-
ior has been described (Chothia, 1975; Rogov and Nekrasov,
001; Rose and Roy, 1980; Schwartz et al., 2001). Recent exper-
mental discoveries in protein biosynthesis (Ferbitz et al., 2004)

s well as recognition of the structure of chaperonins (Braig et
l., 1994; Horwich et al., 1999; Houry et al., 1999; Sakikawa et
l., 1999; Taneja and Mande, 2001; Wang et al., 1999; Xu et al.,

∗ Corresponding author. Tel.: +48 12 424 7278; fax: +48 12 422 7764.
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997) suggested introduction of an external hydrophobic force
eld, which stimulates concentration of hydrophobic residues

n a central part of the protein molecule with the hydrophilic
esidues exposed on the protein surface. The model introduced
y Kauzmann (1959) suggests that the protein interior is similar
o an organic ‘oil-drop’. If so, the hydrophilic residues placed

ostly on the protein surface should fit well to the interior of the
haperonin molecule. In consequence, the hydrophobic residues
eem to be pushed into the central part of the folded protein facil-
tating creation of the hydrophobic core. Since the hydrophobic
ffect was suggested to be the dominant driving force in protein
olding (Baldwin, 2002; Dill, 1990; Finney et al., 2003; Pace et
l., 1996), the presence of an external force field during protein
olding seemed necessary. Estimation of the distribution of pack-
ng density in general (Kurochkina and Privalov, 1998) and of the

ydrophobicity distribution leading to creation of the hydropho-
ic core in the protein molecule appeared to be the criterion for
redicted protein structure in ab initio approaches (Bonneau et
l., 2001). Interial ellipsoids for the buried hydrophobic residues,

mailto:myroterm@cyf-kr.edu.pl
dx.doi.org/10.1016/j.compbiolchem.2006.04.007
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Fig. 1. Draft view of folding simulation based on the fuzzy-oil-drop model. The spatial hydrophobicity distribution of the fuzzy-oil-drop increases from the hydrophilic
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xterior layer (red) to the interior hydrophobic core (blue). The folding simulatio
rid points of the lattice visible inside the drop. The unfolding starting structure
o reach the native form (green).

artitioned according to the proportion (25, 50 and 75%) of all
esidues localized in particular ellipsoids, were used to estimate
he core score and C�-partitioning score.

On the other hand, vigorously pursued lattice models
Abkevich et al., 1994; Kolinski et al., 2003; Kolinski and
kolnick, 1994; Onuchic et al., 1996; Pande and Rokhsar, 1999;
ali et al., 1994; Skolnick and Kolinski, 1991; Taketomi et al.,
975) allowed a significant decrease of the number of degrees of
reedom, assuming that only grids of the lattice can be occupied
y particular amino acids (represented by effective atoms). The
olding process (in silico) based on this model was described in
etail (Dobson, 2001), together with the numbers of degrees of
reedom at each step of the folding process. Despite the obvious
implifications, lattice models have been shown to resemble real
roteins in their collapse transitions, development of secondary
nd tertiary structure, mutational properties, and folding kinet-
cs (Chan and Dill, 1996; Dill et al., 1995; Pande and Rokhsar,
999; Yue et al., 1995).

Linking all the above models and experimental observations,
fuzzy-oil-drop model can be built to simulate the external

ydrophobic force field creating the environment for the folding
olecule (Brylinski et al., 2006b; Konieczny et al., 2006). A

entative scheme of hydrophobic collapse in folding simulation
ased on the fuzzy-oil-drop is presented in Fig. 1.

The starting structure for hydrophobic collapse simulation
an be created according to the early-stage folding model pre-
ented elsewhere (Jurkowski et al., 2004a; Roterman, 1995a,b).
he model for early-stage folding (in silico) was also verified
sing BPTI (Brylinski et al., 2004a), lysozyme (Jurkowski et
l., 2004b) and the � and � chains of hemoglobin (Brylinski et
l., 2004b). The limited conformational sub-space and particu-
arly the probability profile of the φ, ψ angles in this sub-space
llowed generalization and introduction of letter codes for early-

tage structure. Summarized in the sequence-to-structure and
tructure-to-sequence contingency table (Brylinski et al., 2005),
hey made it possible to predict the early-stage structure of a
olypeptide of any amino acid sequence (Brylinski et al., 2004c).
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otherwise 0
riven by the difference between theoretical and observed hydrophobicity at the
e protein (yellow) is immersed in the drop and folds as the drop size decreases

. Materials and methods

.1. Theoretical fuzzy-oil-drop

The fuzzy-oil-drop representing the environment for
olypeptide folding is described by a three-dimensional Gaus-
ian function. The Gaussian function usually interpreted as a
robability distribution is assumed to represent the hydropho-
icity distribution. If the jth point described by Cartesian coordi-
ates (xj, yj, zj) belongs to a box covering entirely the molecule
nd localized with its center at the origin of the coordinate sys-
em (0, 0, 0) the theoretical hydrophobicity value H̃tj for this
oint, is calculated as follows:

˜ tj = 1

H̃tsum
exp

(
−(xj − x̄)2

2σ2
x

)
exp

(
−(yj − ȳ)2

2σ2
y

)

× exp

(
−(zj − z̄)2

2σ2
z

)
(1)

here σx, σy, σz denote standard deviations and point (x̄, ȳ, z̄)
epresents the highest hydrophobicity value and keeps a fixed
osition at the center of the box (0, 0, 0) during the simulation.

˜ tsum is the sum of theoretical hydrophobicity for all analyzed
rid points. In this manner the normalized hydrophobicity value,
arying from 0.0 for edge points to its maximum for (x̄, ȳ, z̄),
an be calculated. Each jth grid point (xj, yj, zj) is characterized
y the H̃tj value, which represents the idealized hydrophobicity
ensity in the fuzzy-oil-drop. The ellipsoid is covered by grid
ystem (5 Å constant step). The H̃tj value is calculated for each
rid point.

.2. Observed fuzzy-oil-drop

The observed hydrophobicity distribution within the fuzzy-
il-drop is calculated using the simple sigmoid function previ-
usly proposed to quantitative description of the hydrophobic
nteractions (Levitt, 1976). The jth grid point (same as in theo-
etical oil-drop) collects hydrophobicity H̃oj as follows:
− 9
( rij
c

)4 + 5
( rij
c

)6 −
( rij
c

)8
)]

, for rij ≤ c
(2)
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here N is the total number of residues in the protein under
onsideration, H̃r

i denotes the hydrophobicity of the ith residue
ccording to the normalized scale of hydrophobicity for amino
cids, rij denotes the separation of the jth grid point and the effec-
ive atom of the ith residue, and c denotes the hydrophobic cutoff
nd has the fixed value of 9.0 Å following the original paper
Levitt, 1976). This means that only residues with rij ≤ c influ-
nce the jth point. H̃osum is the sum of observed hydrophobicity
or all analyzed grid points. Using 1/H̃osum as a normalizing
oefficient the observed hydrophobicity can be compared to the
heoretical hydrophobicity described previously.

.3. The size of the fuzzy-oil-drop

The size of the drop is defined individually for the particular
rotein molecule. Before the fuzzy-oil-drop size and hydropho-
ic density distribution can be calculated, the protein molecule
hould be properly oriented in the space. This orientation is
s follows: (1) the geometrical center of the protein molecule
s placed at a center of the coordinate system (0, 0, 0); (2) the

olecule is oriented with the line linking the two effective atoms
epresenting the longest distance of the molecule lying along the
-axis; (3) the longest distance between two effective atoms pro-

ections on the XY plane is found; (4) the molecule is reoriented
ccording to the line linking the two atoms found in step 3, being
arallel to the X-axis; and (5) for this orientation, the largest
ositive and largest negative Y-coordinates are found. The dis-
ances found at points 2, 3 and 5 allow definition of the size of
he box in which the whole molecule can be placed. Moreover,
he distance between each box edge and the nearest point rep-
esenting the center of residue interaction should be no shorter
han the hydrophobic cutoff used [see Eq. (2)], which has the
xed value 9.0 Å. This condition ensures the disappearance of
bserved hydrophobicity at the edge points, therefore making
he theoretical and observed distributions comparable. The box
s filled with an internal three-dimensional grid system. The grid
tep has a fixed value of 5.0 Å in all simulations.

.4. Theoretical scale of amino acid hydrophobicity based
n fuzzy-oil-drop model

Single-domain proteins selected with the aid of CATH
omain Structure Database (Orengo et al., 1997; Pearl et al.,
000, 2005) were used to calculate the value of the hydrophobic-
ty parameter for each residue. The three-dimensional structures
f selected proteins (only that determined by X-ray crystal-
ography) were obtained from Protein Data Bank (Berman et
l., 2000). First, for each protein from the database, the set of
nteractive centers was calculated and the box containing the
nvestigated protein was determined. For each residue’s effec-
ive atom, the theoretical value of hydrophobicity was assigned
ccording to Eq. (1), where H̃tj denotes the theoretical value cal-
ulated, and (xj, yj, zj) denotes the Cartesian coordinate of the

esidue’s effective point. In this manner the theoretical value
f hydrophobicity was obtained for each residues in the set
f proteins. Finally, for each amino acid type the mean value
as calculated and the set of 20 obtained hydrophobic param-

�
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ters was normalized. The fuzzy-oil-drop scale of amino acid
ydrophobicity was compared with the other theoretically based
cales (Eisenberg et al., 1984; Engelman et al., 1986; Hopp and
oods, 1981; Kyte and Doolittle, 1982).

.5. Starting structure

The ribonuclease A molecule [PDB ID: 5RAT (Tilton et al.,
992)] was taken as a test protein. The early-stage structure of
ibonuclease [discussed also in (Jurkowski et al., 2004a)], taken
s initial for the hydrophobic collapse presented in this paper,
as predicted from the amino acid sequence according to the

equence-to-structure contingency table (Brylinski et al., 2005).
he algorithm of early-stage structure prediction is described in
etail in (Brylinski et al., 2004c).

.6. Size change of fuzzy-oil-drop during simulation

The sizes of single-domain proteins present in Protein Data
ank were calculated as box sizes (ellipsoids). The relation of

he box size to the number of amino acids in the polypeptide was
pproximated to a log function. The details of this procedure
re presented elsewhere (Brylinski et al., 2006a). The size of the
tarting structure (early-stage) can also be calculated by the same
rocedure. According to these relations, the fuzzy-oil-drop was
inearly squeezed from early-stage size to the predicted target
ize in 10 equal steps.

.7. Optimization procedure

The structure optimization procedure was performed itera-
ively in 10 main steps. Each main step of optimization con-
isted of two sub-steps: the first, traditional energy minimization
which controls the folding pathway excluding potential atoms
verlaps); and the second, optimization of the hydrophobic-
ty distribution (the main driving force of hydrophobic col-
apse). Since hydrophobicity distribution optimization takes into
ccount only pair-wise interactions between effective atoms and
rid points of the external force field, it may lead to unreal
air-wise contacts between residues. Therefore, the energy min-
mization procedure is necessary to prevent strangulation of the
ackbone and to maintain the right folding pathway. The energy
inimization sub-step is performed for a full-atom representa-

ion of the protein according to ECEPP/3 standards including
orsional potential, electrostatic and vdW interactions (Dunfield
t al., 1978; Momany et al., 1975; Nemethy et al., 1983, 1992;
ippl et al., 1984). The actual engine of hydrophobic collapse
imulation is the second sub-step - hydrophobicity distribution
ptimization performed for decreased size of fuzzy-oil-drop.
his procedure optimizes�H̃tot, which can be interpreted as the
ifference between theoretical H̃t and observed H̃o hydropho-
icity over all grid points:
H̃tot =
P∑
j=1

(H̃tj − H̃oj)
2 (3)
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Fig. 2. Five virtual amino acids of CpA molecule: CpA A, CpA B, CpA C,
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pA D and CpA E. For each virtual amino acids the hydrophobic parameter
as assigned independently.

here H̃tj and H̃oj are the theoretical and observed values of
ydrophobicity for the jth grid point, respectively. P denotes
he total number of grid points at a particular step of folding
imulation.

The algorithm given by Rosenbrock (1960) was applied to
ptimize �H̃tot during the simulation.

.8. Refinement of the final structure

Energy minimization of ribonuclease in its post-hydrophobic
ollapse form was performed using the AMBER 7.0 program
Pearlman et al., 1995) with the ff99 (Wang et al., 2000) force
eld. The water environment including the charge-screening
ffects of salt was represented implicitly by the analytic General-
zed Born (GB) model (Bashford and Case, 2000; Onufriev et al.,
002). The surrounding salt concentration was set to physiolog-
cal conditions (0.2 mol/l). The refinement procedure includes
000 steps of unconstrained energy minimization; after 2500
teps of steepest descent minimization, the method was switched
o the conjugant gradient method.

.9. Presence of ligand

The results of the folding process simulated according to
he procedure presented above indicated the necessary pres-
nce of a ligand molecule in the simulation environment dur-
ng the folding process. The deoxycytidyl-3′,5′-deoxyadenosine
CpA) molecule, a molecule treated as containing five virtual
mino acids with their hydrophobic characteristics (Fig. 2),
as free to translate into three directions and to rotate around

hree axes (six degrees of freedom). The position of CpA was
ependent on its interaction with the external force field (fuzzy-
il-drop) and on its interaction with the folding polypeptide
hain, mutually influencing each other. The presence of CpA
olecule during simulated ribonuclease folding required the-

retical hydrophobicity parameters to be assigned to its vir-
ual amino acids. The hydrophobicity parameters were calcu-
ated using the crystal structure of ribonuclease A complexed

ith CpA [PDB ID: 1RPG (Zegers et al., 1994)] according

o Eq. (1), where H̃tj denotes the theoretical value calcu-
ated, and (xj, yj, zj) denotes the Cartesian coordinate of the
irtual residue’s effective point. The partial charges for CpA
y and Chemistry 30 (2006) 255–267

have been calculated using InsightII (Molecular Simulations
Inc.).

2.10. Structure analysis

Both the early-stage (initial) structure and the one with
hydrophobic core simulated were compared with the native
structure of this protein according to the following criteria:

1. The total number of non-bonding interactions (NB) assuming
a cutoff distance of 12 Å.

2. The accessible surface area (ASA) taking a probe radius of
1.4 Å. ASA was calculated using Surface Racer program
(Tsodikov et al., 2002).

3. The radius of gyration (Rg), which was calculated using the
following equation (Flory, 1953):

Rg =
√√√√ 1

(N + 1)2

N−1∑
i=1

N∑
j=i+1

〈(�ri − �rj)2〉 (4)

where N is the number of residues, �ri and �rj are the coordi-
nates of C� atom of ith and jth residue, respectively,

4. The distances between the geometric center of a molecule and
sequential C� atoms in the polypeptide chain (Dcenter–Cα).

5. The distances between the geometric center of a ligand
molecule and sequential C� atoms in the polypeptide chain
(Dligand–Cα).

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

7. The distances between C� atoms of the residues designated
and represent the native disulfide bonds.

2.11. Differences between native structure and the
structure folded in silico

The method to assess the correctness of the structure received
in silico versus the expected one is applied to reveal the differ-
ences between these two structural forms of the protein. The
value �H̃ expressing the difference is introduced to measure
and localize the area of high differences. For ith residue �H̃i is
calculated as follows:

�H̃i = H̃ti − H̃oi (5)

where H̃ti and H̃oi are the theoretical and observed values of
hydrophobicity for the geometric center of ith residue, respec-
tively.

Additionally, localization of these irregularities versus the
idealized fuzzy-oil-drop allows the determination of function-

related areas in protein molecules. The prediction of active site
according to fuzzy-oil-drop model can be easily carried out for
any protein structure with free prediction server available from
http://bioinformatics.cm-uj.krakow.pl/activesite.

http://bioinformatics.cm-uj.krakow.pl/activesite
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Values of the hydrophobicity parameter (H̃r

i ) assigned to each amino acid accord-
ing to the fuzzy-oil-drop model
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. Results and discussion

.1. Statistical scale of amino acid hydrophobicity based
n the fuzzy-oil-drop model

Hydrophobicity describes solvation in a water solvent. Each
esidue is characterized by a different degree of hydrophobic-
ty or hydrophilicity. The huge number of protein structures
ccumulated in databases provides an opportunity to statistically
nalyze the features of amino acid residues with high accuracy.

new theoretical scale of amino acid hydrophobicity was cre-
ted as described in Section 2. Table 1 presents the values of
he hydrophobicity parameter assigned to each amino acid. The
cale based on the fuzzy-oil-drop model was found to be in con-
ormity to the other theoretical-based scales, as expected (Fig. 3).
here clearly are some differences between the scales compared,
ith respect to the placement of specific amino acids. The fuzzy-
il-drop scale places cysteine as the most hydrophobic residue.
t is well-known that scales based on analysis of proteins with
nown 3D structures often define hydrophobic character as the
endency for a residue to be found inside a protein rather than
n its surface. In the case of cysteine, because it is involved
n disulphide bonds that must necessarily occur inside a glob-
lar structure, our results are consistent with some other scales
Janin, 1979; Rose et al., 1985). The strongly hydrophobic nature
f cysteine residues in proteins was also reported by (Nagano et
l., 1999).

.2. Early-stage structure prediction

A large body of experiments and theoretical evidence sug-

ests that local structure is frequently encoded in short segments
f the protein sequence. Models known in the literature concern-
ng the sequence-to-structure relation discuss protein structure
s it appears in the final native form of the protein (Bystroff

2
t
f
o

Fig. 3. Comparison of hydrophobicity values for amino acids
nd Baker, 1998; de Brevern et al., 2000, 2002; Fetrow et al.,
997; Han and Baker, 1996). The model of the ellipse-path-
imited conformational sub-space for proteins (Brylinski et al.,
004a,b; Jurkowski et al., 2004a,b) represents an approach to

he relation between sequence and structure in the early-stage
olding (in silico) structural form. The recently published results
f molecular dynamics simulation of 3- and 21-alanine polypep-

according to different scales. All scales are normalized.
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F ease p
e ructu
f

t
v
i
a
t

s

ig. 4. Snapshots of folding route. ES—early-stage (starting) form of ribonucl
ach step of folding simulation, HC—hydrophobic collapse (final), N—native st
or each structure assuming a 12 Å cutoff.

ide in the temperature range 276–402 K additionally positively

erified the ellipse path as the path, along which the helix unfold-
ng is taking place (Gnanakaran and Garcia, 2005; Paschek et
l., 2005). The results of this simulation additionally support
he reliability, that the ellipse-path limited conformational sub-

p

d
d

redicted from its amino acid sequence, I00–I10—intermediates obtained after
re obtained from PDB. Maps of non-bonding interactions (NB) were calculated

pace can be used to determine the starting structure for folding

rocess simulation.

Ribonuclease A which is well characterized as a single-
omain protein that contains 124 residues with four native
isulfide bonds, has played a crucial role as a model system
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respect to: (A) the number of non-bonding contacts (NB), (B) accessible surface
area (ASA) [Å2]; (C) radius of gyration (Rg) [Å], (D) RMSD-Cα vs. the native
structure [Å], (E) the distances between C� atoms of the residues C26–C84
(solid), C40–C95 (dashed), C58–C110 (dotted), and C65–C72 (dashed/dotted)
which form disulfide bonds in native ribonuclease [Å]. In plots A–C the con-
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n studies of protein structure, folding, and enzyme catalysis.
he sequence of ribonuclease was used as input for early-
tage structure prediction on the basis of a sequence-to-structure
ontingency table (Brylinski et al., 2005). The Structure Pre-
ictability Index (SPI) (Brylinski et al., 2004c) calculated for
he sequence was found to be 95.0, which ranks ribonuclease
s an easy target for early-stage form prediction. The Q3 (Rost
nd Sander, 1993), Q7 (Brylinski et al., 2004c) and SOV (Rost
t al., 1994; Zemla et al., 1999) parameters calculated versus
ative structure were found to be 93.4, 94.3 and 86.0, respec-
ively. The high accuracy of early-stage structure prediction for
ibonuclease justified the selection of this form as the good
tarting structure for simulation of hydrophobic core and estima-
ion of its role in protein folding. The details of the early-stage
tructure prediction method based on a sequence-to-structure
ontingency table are given in (Brylinski et al., 2004c, 2005).
he prediction, including SPI, Q3 and Q7 estimations, can be
asily carried out for any protein sequence with free predic-
ion server available from http://bioinformatics.cm-uj.krakow.
l/earlystage.

.3. Size change of fuzzy-oil-drop during simulation

The size of the fuzzy-oil-drop, calculated as described in Sec-
ion 2, was found to be Z = 143.37 Å, X = 63.62 Å and Y = 59.65 Å
or early-stage, and Z = 61.77 Å, X = 50.23 Å and Y = 48.41 Å
or native form of ribonuclease. The procedure presented in
Brylinski et al., 2006a) predicted the target size of the fuzzy-oil-
rop to be Z = 67.23 Å, X = 52.90 Å and Y = 46.73 Å. The high
ccordance of the target (predicted) and native (observed) sizes
f the fuzzy-oil-drop ensured a good size-dependent condition
or hydrophobic collapse simulation.

.4. Non-bonding contacts

Non-bonding interactions (NB) present in all discussed struc-
ural forms of ribonuclease are shown as contact maps in Fig. 4.
he non-bonding contact distributions were similar for final and
ative structure. Interactions that stabilize the fold are between
esidues that are well separated along the sequence and there-
ore away from the diagonal of the plot, where an interaction
as defined as occurring when two C� atoms were within 12 Å
f one another. Cotesta et al. (2003) provided a two-dimensional
ap of average non-bonded interaction energies between residue

airs resulting from molecular dynamics simulation of ribonu-
lease A and S-protein (obtained by removing the first 20
esidues from the native molecule). Most of the strong attrac-
ive interactions contributing to fold stabilization in their system
ere also found in the final form with well-defined hydropho-
ic core in our system. Moreover, some of them appeared at
he beginning of hydrophobic collapse simulation. This may
uggest the important role of these interactions in the folding
athway.
A quantitative analysis of the total number of non-bonding
ontacts (NB) recorded after particular steps of folding is pre-
ented in Fig. 5(A). Along with decreasing size of fuzzy-oil-drop
uring the simulated folding process of ribonuclease, the total

c
c

ization sub-step, while optimization of the hydrophobicity distribution remain
hite.

umber of non-bonding interactions was evenly growing and
eached the value slightly below the level characteristic for the
ative structure at the end of simulation. 30.68% of 1069 non-
onding contacts in the form with hydrophobic core created were
lso found to be present in the native structure.

.5. Solvent-exposed surface and radius of gyration
nalysis
Hydrophobic effects cause nonpolar side-chains to tend to
luster together in the protein interior. The hydrophobic effect
an be measured by the solvent-accessible surface area (ASA)

http://bioinformatics.cm-uj.krakow.pl/earlystage
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Table 2
Comparison of the radii of gyration (Rg) calculated from the folding simulation
with experimental data

Structural form of ribonuclease Rg [Å]

Native 15.0a

15.4b

14.1c

Hydrophobic core orientedd 15.0

Heat-denaturateda

Non-reduced 19.3
Reduced 28

Urea-denaturatedb

Non-reduced 17.3
Reduced 24

Early-stage of foldinge 36.6
Random coilf 45

a Taken from Sosnick and Trewhella (1992).
b Taken from Zhou et al. (1998).
c Calculated for the crystal structure according to Eq. (4).
d Final structure, refined using AMBER7 program.
e Initial structure, predicted from amino acid sequence according to the

sequence-to-structure contingency table (Brylinski et al., 2004c, 2005).
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Calculated by Zhou et al. (1998) from the relationship 6Rg = 130n, where
is the number of residues, including the correction factor for chain length, as

escribed by Tanford (1968).

f a protein, that is, the part of the complex surface in direct
ontact with solvent. The radius of gyration (Rg) estimates the
haracteristic volume of the globular protein and provides quan-
itative information on its compactness. Step-dependent changes
n the accessible surface area and the radius of gyration dur-
ng the folding step oriented on the hydrophobic core creation
f ribonuclease are shown in Fig. 5(B and C), respectively.
oth ASA and Rg were decreasing and finally Rg reached the
ative level, whereas ASA remained above the level character-
stic for the native form of ribonuclease. The radius of gyration
as been measured by small-angle X-ray scattering for native
nd denatured states of ribonuclease A (Sosnick and Trewhella,
992; Zhou et al., 1998). The values of Rg calculated from
olding simulation were found to be in good agreement with
xperimental data (Table 2). While Rg calculated for the early-
tage of folding simulation form of ribonuclease is 30–50%
reater than of reduced-denatured state reported by experi-
ents, it was found to be smaller than expected for a random

oil. At the end of folding simulation Rg achieved exactly the
alue characteristic for native state suggesting that the com-
actness of final structure is similar to that of native form of
ibonuclease.

.6. RMSD versus native structure

The changes in RMSD-Cα parameter using the native form of

ibonuclease as a reference structure are presented in Fig. 5(D).
he unfolded early-stage structure (see Fig. 4) is characterized
y large RMSD (32.27 Å). During the folding simulation RMSD
as continuously decreasing and reached the value of 18.07 Å

or the final structure (hydrophobic core created).
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.7. Disulfide bonds tracing

The distances between C� atoms involved in disulfide bonds
n the native form yield another measure of the overall structure.
ig. 5(E) presents the monitoring of cysteines participating in
isulfide bonds during folding simulation of ribonuclease, which
as four disulfide bonds (at positions C26–C84, C40–C95,
58–C100, C65–C72). The C�–C� distances of appropriate
ysteines were measured in sequential steps of the procedure.
ll the distances (except C65–C72) were found to be long in the

arly-stage structure, especially that between C58 and C110.
he C65–C72 distance remained short and constant during the
imulation. The early formation of C65–C72 disulfide bond had
lready been reported and it was claimed that the C65–C72
oop is located in one of the chain folding initiation sites of
ibonuclease (Iwaoka et al., 1998; Rothwarf et al., 1998). Two of
he distances significantly decreased: C26–C84 and C58–C110.
nterestingly, experimental results revealed that these buried in
he native form of ribonuclease disulfide bonds (C26–C84 and
58–C110) contribute more to the stability of the protein than

he exposed C40–C95 or C65–C72 bonds (Welker et al., 1999).
he distance analysis suggests that three of four disulfide bonds

C65–C72, C40–C95 and C26–C84) are possible to be created
n the two initial steps. The next simulation is necessary, during
hich every cysteines C�–C� distance decrease implies disul-
de bond creation. It will be expressed by distance constraint.
he time dependency of cysteines C�–C� distances can be sig-
ificantly influenced by the presence of such constraints and the
history’ of C58–C100 bond [Fig. 5(E)] may look completely
ifferent. The results of such approach will be shown in close
uture.

.8. Spatial distribution of Cα atoms versus the
eometrical center

The profile of the length of vectors linking the geometri-
al center with sequential C� atoms provides insight into the
hree-dimensional relative displacement versus the native form
f the protein (Orengo et al., 1999). Structural similarity may
e indicated by overlapping the lines representing the com-
ared structures. Parallel orientation of profiles is interpreted
s similarity of structural forms in compared molecules ori-
nted differently in space. The Dcenter–Cα vector profiles for
arly-stage (initial), final one (as resulted after hydrophobic col-
apse) and native structure presented in Fig. 6 revealed high
imilarity between the final and native forms of ribonucle-
se.

.9. Ligand presence in folding process

The comparison of the native structure of ribonuclease with
he one received according to the folding procedure presented
n this paper reveals the aim-orientation of the folding process.

ig. 7 shows the distribution of hydrophobicity irregularities
H̃ versus the idealized fuzzy-oil-drop. Since the folding sim-

lation directed by the external force field appeared to produce
structure that was different than expected, the search for the
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Table 3
Values of hydrophobicity parameter (Hr

i ) assigned to each virtual residue of
CpA (Fig. 2) according to the fuzzy-oil-drop model

Virtual residue of CpA H̃r
i

CpA A 0.579
CpA B 0.892
CpA C 0.797
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ig. 6. Profiles of Dcenter–Cα vectors for early-stage (dotted line), post-
ydrophobic collapse (dashed line) and native (solid line) structure of ribonu-
lease.

rigin of this discrepancy was performed. It turned out that in the
ative structure of a protein the highest irregularity versus the

dealized fuzzy-oil-drop is localized in the active center. It pre-
umably means that the native structure represents the product
f aim-oriented folding process. The aim-orientation is under-
tood as directing the folding process by the presence of a ligand,

o
p

m

ig. 7. The distribution of hydrophobicity irregularities (�H̃) vs. the idealized fuzzy
l., 1994) (blue) and (B) post-hydrophobic collapse structural form obtained as the r
ed—high difference) for three-dimensional presentation of molecule. Red color seen
f the active site.

ig. 8. Non-bonding contact maps for ribonuclease: folded in silico in the absence
ative form of ribonuclease are shown in (C).
pA D 0.513
pA E 0.430

hich ensures the creation of a cavity able to bind the ligand
olecule in the active site. This observation might explain the

ource of low quality of predicted structure.
To verify the supposition that the idealized oil-drop can be

reated in the presence of a foreign molecule, which fitting to the
olding polypeptide completes the oil-drop by its own hydropho-
icity, additional simulation of ribonuclease in the presence of a
pA molecule was performed. The hydrophobicity parameters
ssigned to the virtual amino acids of CpA are given in Table 3.
he applied procedure was aimed to make the parameterization

f CpA molecule as compatible as possible with amino acid
arameterization.

The folding process of ribonuclease in the presence of CpA
olecule produced better results than the simulation without the

-oil-drop. (A) native structure of ribonuclease complexed with CpA (Zegers et
esult of folding simulation. The color scale for �H̃ is applied (green—low to
on a surface of native protein visualizes large irregularities (�H̃) in the vicinity

(A) and presence (B) of CpA. For comparison, non-bonding contact maps for
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ig. 9. . The distribution of hydrophobicity irregularities (�H̃) vs. the idealized
uzzy-oil-drop designated for the structure of ribonuclease folded in the active
resence of CpA molecule. Color scheme as in Fig. 7.

igand. The RMSD-Cα parameter calculated using the native
orm of ribonuclease as a reference structure decreased down to
4.485. Moreover the final contact pattern obtained for the struc-
ure of ribonuclease folded in the presence of CpA [Fig. 8(B)]
eproduces more of the important features of the native folded
tructure [Fig. 8(C)] than the contact pattern obtained from the
imulation of polypeptide chain alone [Fig. 8(A)]. Although
he total number of non-bonding interactions was found to be
maller (NB = 879) compared to the form with hydrophobic core
reated with no ligand presence during simulation (NB = 1069),
he percentage of the reproduced native non-bonding interac-
ions grew to 352 (ligand present) from 328 (ligand absent).
.10. Expected biological activity

The question arises whether the biological function can be
resent in molecules received as a result of simulation. So far,

n
s
t
w

ig. 10. Correlation between hydrophobicity irregularities (�H̃) and the remoteness
f ribonuclease (A) and the structure folded in the presence of CpA (B). The correlat
y and Chemistry 30 (2006) 255–267

he biological activity might be understood as an aim-oriented
iscrepancy between ideal and observed hydrophobic oil-drop
Fig. 7(A)]. Fig. 9 shows the distribution of hydrophobicity irreg-
larities�H̃ versus the idealized fuzzy-oil-drop for the structure
f ribonuclease folded in the active presence of CpA molecule.
he area of great disparity marks the protein’s ligation site.
oreover a similar correlation was found between hydrophobic-

ty irregularities�H̃ and the remoteness from a ligand molecule
or both native structure and the one folded in the presence of
pA [Fig. 10]. The results suggest that the presence of a natural

igand in the folding process seems to be important to obtain a
unctionally active protein. The external hydrophobic force field
ay play an important role directing the folding process toward

he specific hydrophobic core creation with the ligand taking part
n its construction. One may conclude that the oil-drop model
epresenting the target hydrophobicity distribution may direct
he folding process in the proper direction on the condition of
ctive ligand participation in hydrophobic core creation.

. Conclusions

The fuzzy-oil-drop model seems to work well together
ith the early-stage model presented elsewhere along with the

equence-to-structure contingency table. Moreover our results
eem to be consistent with available experimental observa-
ions and folding simulations. The polypeptide structure cre-
ted according to the limited conformational sub-space was
ssumed to represent the early-stage of polypeptide chain
olding. Ribonuclease A was taken as the test protein. The
arly-stage structure predicted from the amino acid sequence
ccording to the sequence-to-structure contingency table was an
xtended low-packed molecule of 1.5–2.5 times bigger than the

ative form in one dimension. Moreover, most of the secondary
tructure present in the native structure was already found in
he early-stage form. The second step of the folding simulation,
hich according to many other models represents hydrophobic

from the geometric center of a ligand molecule (Dligand–Cα) for native structure
ion coefficients were found to be −0.60 and −0.69 for A and B, respectively.
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ollapse, is proposed in this paper. The fuzzy-oil-drop, which in
he early stage of folding is represented by a large drop with low
ydrophobicity, becomes condensed during the second stage of
olding simulation. The change of the three-dimensional Gaus-
ian function (the squeezing process directed by implosion of
ydrophobic residues into the central part of the ellipsoid) is
ccompanied by a simultaneous increase of hydrophobicity den-
ity. The detailed analysis of the final structure obtained as a
esult of folding simulation oriented on hydrophobic core cre-
tion revealed distinct similarity to the native one. So far the
odel presented in this paper was applied to single-domain

lobular proteins of up to 150 amino acids. The results of fold-
ng simulations of lysozyme, BPTI and hypothetical membrane
rotein–target protein in CASP6 (TA0354 69 121) according to
uzzy-oil-drop model are presented elsewhere (Brylinski et al.,
006b; Konieczny et al., 2006).

The second step of folding (hydrophobic collapse) can be
reated continuously in the iteration, allowing the size and shape
f the ellipsoid drop to change. In consequence, the folding pro-
ess goes smoothly, with a well-defined target of hydrophobicity
istribution in the protein molecule. The model presented here
an be very easily adapted for lattice models, attributing the grid
oints indicated by the hydrophobicity parameter according to a
aussian function. The external virtual hydrophobic force field
irects the simulated folding process and speeds up creation of
he hydrophobic core.

The comparison of the native structure of ribonuclease with
he one obtained by the folding procedure presented in this paper
eveals the aim-orientation of the folding process. Fig. 7 shows
he distribution of hydrophobicity irregularities �H̃ versus the
dealized fuzzy-oil-drop. The main difference, very easily rec-
gnized, is that in the native structure of the protein the highest
rregularity versus the idealized fuzzy-oil-drop is localized in the
ctive center. Using the fuzzy-oil-drop model for protein folding
imulation produces a molecule with a regular hydrophobicity
istribution, with low hydrophobicity on the surface. Such a
olecule would be perfectly soluble without any tendency to

nteract with any other molecule. This means that the model
roduces a completely inactive molecule. The results shown
n Figs. 9 and 10 precisely demonstrate that aim-orientation is
ecessary in the folding process. A molecule mimicking the
nzyme’s substrate should be present to ensure the creation of
n active center in the protein molecule. This supposition was
erified during the simulation of ribonuclease folding in sil-
co (according to the presented model) in the presence of CpA

olecule. The results from simulation of folding suggest that the
articipation of a natural ligand in the folding process in silico
s important or even essential. The papers reporting the exper-
mental works oriented on folding process describe significant
ifferences between folding kinetics in the absence and presence
f a natural ligand. The influence of heme in the folding process
f cytochrome was reported in (Garcia et al., 2005).

The introduction of external force field of hydrophobic char-

cter in form of three-dimensional Gaussian function (assumed
o represent hydrophobicity density distribution) seems to direct
he folding process toward the formation of hydrophobic core.
he introduction of a natural ligand (or a molecule mimicking it)

d

y and Chemistry 30 (2006) 255–267 265

nto the folding environment seems to direct the folding process
oward ligation site creation in a protein molecule and to make it
eady to interact with its natural ligand. The results presented in
his paper reveal the nonrandom distribution of hydrophobicity
iscrepancy versus the active site of protein molecule, although
he model needs further development.
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