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Abstract

Hydrophobic collapse is commonly considered as a process of significance for protein folding. Many models have been applied for descrip-
tion of this event. A model introducing an external force field mimicking the hydrophobic environment and simultaneously the driving force for
the folding process is presented in this paper. Bovine pancreatic trypsin inhibitor (BPTI) was taken as a test protein. An early-stage folding (in
silico) model presented elsewhere was used to create the starting structure for hydrophobic collapse. The resulting structure was energy-refined
using molecular dynamics simulation in an explicit solvent. The similarity versus the crystal structure of BPTI is estimated using visual analysis,
residue-residue contacts, ¢, i angle distributions, RMSD, accessible solvent area, radii of gyration and hydrodynamic radii. A program allowing
creation of early-stage folding structural forms to be created for any protein is available from http://bioinformatics.cm-uj.krakow.pl/earlystage.

The program for late-stage folding simulation is available on request.
© 2006 Elsevier SAS. All rights reserved.
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1. Introduction

Protein folding is a collective self-organization process,
which proceeds via obligatory folding intermediates [1]. The
classical models of protein folding, the hydrophobic collapse
[2,3], the framework model [4] and the diffusion—collision
model [5,6] claim that proteins acquire compactness in a dis-
tinctly dynamic process separated from the secondary structure
formation. The framework and diffusion—collision models fo-
cus on the formation of secondary structural elements followed
by their assembly, whereas the hydrophobic collapse empha-
sizes the formation of tertiary structure accompanying second-
ary structure formation. However, it is difficult to clearly dif-
ferentiate between these folding scenarios by experimental
observation of natural proteins because of the short lifetimes
of the folding intermediates [7,8]. Theoretical investigations
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suggest that main-chain collapse and secondary structure for-
mation are mostly concerted [9]. More recently, a theoretical
model based on a statistical landscape analysis has been pro-
posed [10]. The landscape perspective readily explains the pro-
cess of reaching a global minimum in free energy and doing so
quickly by multiple folding routes on funnel-like energy land-
scapes [11]. The free energy surface may be constructed by
using several different order parameters such as topological
contact, radius of gyration, etc. The landscape of proteins is
not globally flat, but has a preferred direction of flow toward
the native fold, commonly represented as a rugged funnel, the
so-called folding funnel [10,12].

The classical ‘oil-drop’ model introduced by Kauzmann
[13] represents well the phenomena that accompany the type
of protein folding called hydrophobic collapse. According to
experimental observations, the second step of folding is driven
mainly by hydrophobic interactions [14—17]. It has long been
observed that residues with hydrophobic side-chains tend to
segregate into the interior of a globular protein, thus constitut-
ing a hydrophobic core in which they interact with each other


http://bioinformatics.cm-uj.krakow.pl/earlystage
http://bioinformatics.cm-uj.krakow.pl/earlystage
mailto:myroterm@cyf-kr.edu.pl
dx.doi.org/10.1016/j.biochi.2006.03.008

1230 M. Brylinski et al. / Biochimie 88 (2006) 1229-1239

rather than with water, whereas polar and charged residues re-
main exposed to the solvent [18-23]. The spatial distribution of
amino acid hydrophobicity is widely used for validating pre-
dicted protein structures [24-27], as well as for identifying
the nucleation sites initiating protein folding [28—30]. Calcula-
tions incorporating a set of nested ellipsoids, a scaling of the
values of amino acid hydrophobicity, and hydrophobic mo-
ments have been used to probe this spatial distribution in detail
[31-33].

Simplified representations of polypeptide chains mimicking
the most pronounced features of globular proteins were devel-
oped to improve the sampling of conformational space. Lattice
models limit the continuous space to a discrete one, where only
grid points are treated as potential positions of atoms in space
[10,34-38]. Models for heteropolymer folding on a lattice limit
significantly the number of degrees of freedom in conforma-
tional space exploration, and therefore have been useful for
examining principles of protein folding and addressing pro-
blems of conformational change that are too large to be treated
by more microscopic models [39—42]. Although lattice models
often omit features critical for understanding protein function,
they qualitatively mimic way the most pronounced features of
globular proteins [43,44].

These two models put together allow the creation of a fizzy-
oil-drop model as a tool for hydrophobic collapse simulation.
In contrast to the hydrophobic core, commonly reached as a
consequence of residue-residue interaction leading to concen-
tration of highly hydrophobic residues in the center of the mo-
lecule, our model introduces an external hydrophobic force
field in the form of a three-dimensional Gauss function. A draft
view of the fuzzy-oil-drop model is presented in Fig. 1. The
polypeptide chain folds according to an optimization procedure
minimizing the difference between the virtual hydrophobicity
value at each grid point of the external force field and the inter-
residual hydrophobic interaction value attributed to the particu-
lar grid point using the function proposed by Levitt [45]. The

standardized Gaussian function parameters control the folding,
keeping the mean value fixed in the center of the ellipsoid and
decreasing the size of the drop during the folding process (in
silico), which increases the packing.

This paper presents the fiizzy-oil-drop model and its applica-
tion to bovine pancreatic trypsin inhibitor (BPTI) folding.

2. Materials and methods
2.1. Early-stage folding simulation

Early-stage folding (in silico) has been presented elsewhere
[46—48] and applied to folding simulation of BPTI [49], ribo-
nuclease [46], lysozyme [50] and hemoglobin o and  chains
[51]. The main idea for early-stage model is based on the com-
monly accepted assumption that the initial steps of structure
formation are mainly backbone conformation-dependent [40,
47,52].

When all available proteins were transformed to their early-
stage folding structural forms (moving the ¢, y angles toward
ellipse according to the shortest distance criterion), seven prob-
ability maxima could be distinguished in the ¢, y distribution
along the path assumed to represent the limited conformational
sub-space [53]. These well distinguished maxima allowed the
introduction of letter codes for structural motifs (particular
fragments on the ellipse-path). On the basis of this observation,
a sequence-to-structure contingency table was created [53], ex-
pressing the relation between these two characteristics. The se-
quence expressed by four letters (traditional one-letter code for
amino acids) and structure expressed by four-letter codes (ex-
pressing the corresponding probability maxima on the ellipse-
path) can be ordered in the form of a contingency table. This
table, each cell of which expresses the probability of a particu-
lar tetrapeptide (sequence) to represent a particular structural
motif (early-stage folding form), can be further used to assign
the structure for a given amino acid sequence [54]. Analysis of

Fig. 1. Diagram showing the relation between the spatial hydrophobicity distribution in the fizzy-oil-drop and the structure of the folding chain. The initial early-
stage form of BPTI (A) is immersed in the drop and folds to reach the target native form (B). Top panel: 3D plots displaying the virtual hydrophobicity distribution in
a plane horizontally crossing the fiizzy-oil-drop by halves. Bottom panel: virtual hydrophobicity attributed to the grid points of an external lattice. The virtual
hydrophobicity is colored according to a rainbow scale: blue (the hydrophilic exterior)—green (the middle layer)-red (the interior hydrophobic core). During the

simulation a stable hydrophobic core (red) is expected to be constituted.



M. Brylinski et al. / Biochimie 88 (2006) 1229-1239 1231

the general characteristics of the contingency table [53] and the
introduction of the Structure Predictability Index (SPI) [54]
were intended to create a library of early-stage folding struc-
tures for any amino acid sequence. The early-stage structure of
BPTI was predicted from the amino acid sequence according to
the sequence-to-structure contingency table and subjected to
late-stage folding simulation presented in this paper as the in-
itial structure.

2.2. Simplified geometry

Each residue is generally characterized by a different degree
of hydrophobicity or hydrophilicity. A first step towards the
simplification of the protein structure is to combine groups of
atoms belonging to particular side-chain into single effective
atom. An effective atom is placed in the geometrical center of
the side-chain defined as the middle of the distance between its
two the most remote atoms. In the presented simplified repre-
sentation, the side-chains are rigid and stick out from the back-
bone. As in conventional representations of polypeptides, the
backbone degrees of freedom are the ¢ and y torsion angles
about the N—Ca and Ca—C bonds, respectively. The peptide
bond o dihedral angles are kept fixed at the energy-minimized
values.

2.3. Initial orientation of a protein

The fuzzy-oil-drop model requires the protein molecule to
be properly oriented in the space. The orientation is carried
out as follows:

e the geometrical center of the protein molecule is placed at a
center of the coordinate system (0, 0, 0);

e the longest distance between two effective atoms was taken
as the D, measure;

e the longest distance between two projections (on XY-plane)
of effective atoms was taken as the Dx measure,

e the difference between the highest and lowest values of Y
was taken as the measure of the Dy;

e the Dy, Dy and D was extended by the cutoff distance for
hydrophobic interaction (for reasons given in Appendix),
which has the fixed value of 9.0 A;

e the elongated Dx, Dy and D; (according to point 5) are
used to determine the box covering the protein molecule
entirely. The box of Dy x Dy x Dy and size determines the
values of standard deviations for each one-dimensional re-
presentation (oz,0x,0y).

2.4. Grid system creation

The box is filled with an internal three-dimensional grid si-
milar to the ones used in lattice models [10,34-38]. A constant
5 A grid size was chosen to split the difference between com-
putational time and accuracy.

2.5. The size of fuzzy-oil-drop

The control of fuzzy-oil-drop size is critical for the folding
process in our model. Late-stage folding simulation proceeds
with the downsizing of fuzzy-oil-drop to reach the volume
characteristic for the native state. The degree of expected drop
compression from early-stage to native conformational state
was estimated quantitatively and presented elsewhere [55]. A
method to predict the molecular dimension of native state from
a polypeptide chain length was proposed to hold the ab initio
status. Some essential details are given in Appendix. Accord-
ing to these relations, the fuzzy-oil-drop was linearly squeezed
from early-stage size to the predicted (expected to be native)
size in 10 equal steps.

2.6. Hydrophobicity density calculation

Each grid point of the internal lattice is described by two
types of hydrophobicity:

e the theoretical (expected) hydrophobicity H t; was calculated
according to the three-dimensional Gauss function for Car-
tesian coordinates and standard deviations (the formula is
given in Appendix);

e the observed (empirical) hydrophobicity A oj, which ex-
presses the real hydrophobicity derived form nearby amino
acids located within the radius of 9 A (the formula is given
in Appendix);

Both types of hydrophobicity are independently standar-
dized (the sum of H¢ as well as Ho for all grid points is equal
to 1.0).

2.7. Hydrophobicity density optimization

Each step of fuzzy-oil-drop downsizing is followed by struc-
tural changes. The structural changes lowering hydrophobicity
differences AH ,,, were accepted. The AH parameter can be
interpreted as the difference between theoretical H¢ and ob-
served Ho hydrophobicity all over the grid points:

- P -
AHy = ZI(Htj — Hoj)®
i=

where H t; and H o; is the theoretical and observed value of
hydrophobicity for jth grid point, respectively. P denotes the
total number of grid points at a particular step of folding simu-
lation.

The algorithm given by Rosenbrock [56] was applied to
optimize 4H during the simulation.

2.8. Late-stage folding simulation
Late-stage folding simulation is performed iteratively in 10

main steps. Each main step consists of two sub-steps: tradi-
tional energy minimization (which controls the folding path-
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way excluding possible atoms overlaps) followed by the opti-
mization of the hydrophobicity density for decreasing drop size
(the main driving force of late-stage folding). Since hydropho-
bicity density optimization takes into account only pair-wise
interactions between effective atoms and grid points of the ex-
ternal force field, it may lead to unreal pair-wise contacts be-
tween residues. Therefore, the energy minimization procedure
is necessary to prevent strangulation of the backbone and to
maintain the right folding pathway. The energy minimization
sub-step is performed for a full-atom representation of the pro-
tein according to ECEPP/3 standards [57—61]. The hydropho-
bicity density optimization sub-step is performed for the sim-
plified geometry of a protein. Nevertheless, the effective atoms
are calculated for each residue au courant to avoid the ambigu-
ity of the conversion from simplified to full representation of a
protein during the sub-step switch.

2.9. Refinement of the final structure

The refinement of the late-stage structure of BPTI was per-
formed in explicit solvent with periodic boundaries using the
AMBER 7.0 program [62] with the ff99 [63] force field. Six
chloride ions were added at positions of high positive electric
potential around protein molecule in order to neutralize it. A
rectangular box of pre-equilibrated water (WATBOX216) was
added to the system resulted in the total of 2935 water mole-
cules to form a box of 54.78 x 53.03 x 46.88 A. Long range
non-bonded interactions were truncated by using a 10 A cutoff
(electrostatic and VdW). Bond constraints were imposed on all
bonds involving hydrogen atoms via the SHAKE algorithm
[64]. The time-step length was 2 fs and the non-bonded pair
list was updated every 10 step during the simulation. The co-
ordinates were saved at every 1 ps. The refinement procedure
for solvated system consisted of following steps:

e Initial energy minimization procedure for solvated protein
consisted of a two-stage approach. In the first stage the pro-
tein was kept fixed while the positions of the water and ions
were minimized in 2000 steps. After 1000 steps of the stee-
pest descent minimization the method was switched to the
conjugant gradient method. The protein atoms were con-
strained to their original positions with a force constant k
= 100.0 [kcal/mol per A?]. Then in the second stage the
entire system was minimized in another 2000 steps.

e Twenty picoseconds of constant volume equilibration, dur-
ing which the temperature of the system were gradually
raised from 0 to 300 K. The protein molecule was con-
strained to its energy-minimized structure by a weaker po-
tential of 10.0 [kcal/mol per A%]. At every 1000 steps the
translational and rotational motion was removed.

e Hundred picoseconds of unconstrained MD simulation at
constant temperature and pressure.

e Production run—1 ns of unconstrained MD simulation at
constant temperature and volume.

e Final unconstrained energy minimization consisted of 1000
steps of steepest descent minimization, followed by 1000
steps of conjugant gradient minimization.

2.10. Structure comparison

The early-stage and late-stage structures were compared
with the native structure of BPTI to estimate the approach to-
ward the proper structure of this protein. The accordance of the
predicted structures with the native one was estimated using
the following methods:

e Visual analysis of 3D models.

e Visually judging the similarity of ¢, w angles distribution
over the whole Ramachandran map.

e Comparison of the profiles of the vector length linking the
geometric center of the molecule with sequential Co atoms
(Dcenter—Cu)-

e Comparison of the residue-residue contacts (R-R) in the
model with the residue-residue contacts in native structure,
allowing visualization of the packing pattern.

e Calculating the accessible surface area (ASA) taking a
probe radius of 1.4 A, using the Surface Racer program
[65].

e Calculating the radii of gyration (R,) and hydrodynamic ra-
dii (Ry,) using the program HYDROPRO [66].

e Calculating RMSD-Ca using the native form of BPTI as a
reference structure. The structure alignments and RMSD
calculations were done using VMD [67].

3. Results and discussion
3.1. Early-stage structure prediction

Different protein sequences can adopt approximately the
same 3D structure, and the patterns of sequence conservation
can be used for protein structure prediction. While most mod-
els concerning the sequence-to-structure relation discuss the
structure of proteins as it appears in the final native form of
the protein [68—72], the model of an ellipse-path limited con-
formational sub-space for proteins [46,49—51] represents an ap-
proach for the relation between sequence and structure in the
early-stage folding (in silico) structural form. The recently pub-
lished results of molecular dynamics simulation of 3- and 21-
alanine polypeptide in the temperature range 276402 K addi-
tionally positively verified the ellipse-path as the path, along
which the helix unfolding is taking place [73,74]. The results
of this simulation additionally support the reliability, that the
ellipse-path limited conformational sub-space can be used to
determine the starting structure for folding process simulation.

BPTI has long served as an important model system for
studies of the protein folding process. The amino acid sequence
of BPTI was used as the query input to predict the early-stage
form of this protein according to a procedure described pre-
viously in [54]. The SPI calculated for the sequence was found
to be 95.0, which ranks BPTT as a relative easy target in respect
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Fig. 2. Ribbon representations of all discussed structural forms of BPTI: early-
stage — initial (A), late-stage — final (B) and native — reference structure (C).
The main structural elements, the central B-hairpin (13-38) and C-terminal a-
helix (44-58), are colored green and red, respectively. Superimposed fragments
of B-hairpin (D) and a-helix (E) taken from late-stage (colored) and native
(gray) structure.

to the difficulty of early-stage form prediction. Q3 [75], Q7
[54] and SOV [76] parameters calculated versus native struc-
ture were found to be 91.1, 87.5 and 89.7, respectively. The
high accuracy of early-stage structure prediction justified the
selection of this form as a good starting structure for late-stage
folding simulation. A prediction including SPI, Q3 and Q7 es-
timations can be easily carried out for any protein sequence
with free prediction server available from http://bioinfor-
matics.cm-uj.krakow.pl/earlystage.

3.2. Size change of fuzzy-oil-drop during the simulation

The size of the fizzy-oil-drop (D, x D, x D,) calculated as
described in Section 2 was found to be 68.728 x 47.627 x
36.459 and 55.698 x 41.114 x 37.683 A for the early-stage
and native form of BPTI, respectively. The procedure pre-
sented in [55] predicted the target size of the fizzzy-oil-drop to
be 50.206 x 42.675 x 39.663 A. A fairly high accordance was
found for the native and target sizes of the fuzzy-oil-drop.

3.3. Visual analysis of 3D models

Fig. 2 visualizes the structural similarities in different struc-
tural forms of BPTI. The RMSD-Ca values calculated for both
early-stage and late-stage models using the native form of
BPTI as a reference structure are 13.60 and 10.22, respectively

Table 1

(Table 1). The colors distinguish the fragments with high struc-
tural similarity in the starting early-stage (Fig. 2A), final late-
stage (Fig. 2B) and native form (Fig. 2C). The central antipar-
allel B-sheet (residues 13-38) is colored green, while the C-
terminal a-helix (residues 44—58) is red. The RMSD calculated
for the distinguished fragments in the late-stage (final) versus
native form was found to be 4.23 A for B-sheet and 2.50 A for
o-helix. Both fragments were found already in the early-stage
form of BPTI, suggesting a strong relation between sequence
and local structure. B-Sheet folding of fragment (16-36) of
BPTI as predicted by Monte Carlo-simulated annealing [77]
suggests that the tendency for the peptide segments to form
extended [-strands is strong for those with residues 18-24,
and moderate for those with residues 30-35. It is noteworthy
that right-handed twists of the central B-sheet appeared in the
final late-stage form of BPTI. A strong tendency towards right-
handed twisting of the B-sheet was also observed in conforma-
tional energy minimization [78] and simulated annealing fold-
ing studies [77]. Our results support the idea proposed by Dag-
gett and Levitt [79] that stable extended B-sheet may appear
early in folding to act as a framework onto which further dock-
ing of structure can occur. When all or more segments have
been added to the structure, it can then bend and twist to better
optimize tertiary interactions.

3.4. ¢, y Angle changes

Backbone dihedral angles in proteins of known structure lie
well inside the allowed regions of a ¢, w map, to the extent that
Ramachandran plot is used routinely to assess the quality of
protein structures. The distributions of ¢, w dihedral angles
calculated for all discussed structural forms of BPTI over the
whole Ramachandran map are shown in Fig. 3. The plots show
the proper migration of central B-sheet residues (green points)
in the direction of C7eq during the late-stage folding simula-
tion, while residues of the C-terminal a-helix (red points) re-
mained mostly within the right-handed helix area of the Rama-
chandran map. The preference of the polypeptide backbone to
adopt certain ¢, y dihedral angles seems to be the conse-
quences of pair-wise interactions between effective atoms and
grid points of the external hydrophobic force field affecting the
backbone conformation, further supported by the alternating
energy minimization procedures carried out in the ECEPP/3
force field. Since the simple energy minimization performed
for the early-stage structural forms of several proteins was
found to be insufficient to approach the native-like structure
[49-51], the introduction of an external hydrophobic force field

General characteristics of early-stage (initial), late-stage (final), and native form of BPTI calculated as described in Section 2. The numbers of native R—R contacts
reproduced in the early- as well as in the late-stage structural form are bracketed. The values of R, and Ry, given in parentheses are expected values calculated for

different conformational states

Conformational state RMSD (A) R-R ASA (A% ASAp (A% ASAy (A?) R, (A) Ry (A)

Early-stage (in silico) 13.60 353 (265) 5066.55 1883.83 3182.72 16.31 (17.76) 18.06 (18.90)
Late-stage (in silico) 10.22 618 (344) 4460.14 1599.97 2860.17 12.12 (10.54) 15.83 (16.31)
Native 683 4018.73 1932.37 2086.36 12.41 (10.54) 16.11 (13.59)
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Fig. 3. Distribution of ¢, y dihedral angles for early-stage (A), late-stage (B), and native (C) structural form of BPTI in Ramachandran plots. Residues of central -
sheet and C-terminal a-helix are colored green and red, respectively. Ellipse-path represents the limited conformational sub-space for early-stage folding (in silico).

in the form of fizzy-oil-drop helped overcome the problem of
the multidimensional energy surface.

3.5. Spatial distribution of Ca atoms versus the geometrical
center

The method applied for model assessment in CASP projects
[80] was also used in this work to estimate the correctness of
our models. The D epeer.cq profiles for early-stage (initial), late-
stage (final) and native structure are shown in Fig. 4. Structural
similarity may be indicated by overlapping the lines represent-
ing the compared structures. The parallel orientation of profiles
is interpreted as a similarity of structural forms in compared
molecules oriented differently in the space. The increase of
vector length in respect to native structure is obviously due to
extension of the structure, characteristic of a protein in early-
stage conformational state. Similar spatial orientation of the
polypeptide chain in native and late-stage conformational states
can be observed for residues 13—35 and 44-58. Those frag-
ments correspond to the main structural elements: the central

antiparallel p-sheet and the C-terminal o-helix, respectively.
However, the profiles revealed several key residues, particu-
larly residues 7-12 and 36-43, responsible for different ar-
rangements of polypeptide chains in both states (Fig. 2). It is
noteworthy that the previous study on early-stage structural
form of BPTI revealed that a significant structural change in
exactly those fragments is necessary to attempt to explain the
crystal structure [49]. Moreover, the regions where discrepan-
cies between native and late-stage D epier.co profiles are ob-
served were found to be the most variable regions of BPTI
[79,81,82].

3.6. Residue—residue interactions

Residue-residue interactions present in all discussed struc-
tural forms of BPTI are shown as contact maps in Fig. 5. Inter-
actions that stabilize the fold are between residues that are
well-separated along the sequence and therefore away from
the diagonal of the plot, where an interaction was defined as
occurring when two Co atoms were within 14 A of one an-

30 T T T I T T T T T |

9

Deenter-Cox [A]

5 10 15 20 25

30 35 40 45 50 55

residue index

Fig. 4. Profiles of Dceneer.ca vectors for early-stage (dotted line), late-stage (dashed line) and native (solid line) structure of BPTIL.
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Fig. 5. Residue-residue (R-R) contact maps for BPTI: early-stage (A), late-stage (B), and native form (C). Gray squares express the complete set of R—R interactions
found in a particular structural form, whereas black squares in A and B visualize the native R—R contacts reproduced in early- and late-stage form, respectively. Black
squares presented in C depict the R—R contacts common for both late-stage and native structure.

other. BPTI is one of the smallest proteins in which the hydro-
phobic B-sheet has been claimed to play an important role in its
folding [83,84]. The central B-sheet present already in the
early-stage form is represented by the strong counter-diagonal
of Fig. 5A, while the C-terminal a-helix appears as the upper
right thick pattern. A similar contact pattern was observed at
the early stages (1.3 x 107 s from initiation of folding) of
protein folding dynamics based on a coarse-grained model
[85] as well as for the results of molecular dynamics simulation
of temperature-induced unfolding [79]. The final contact pat-
tern (Fig. 5B) reproduces most of the important features of the
native folded structure (Fig. 5C).

The total number of residue-residue interactions (R—R) for
early-stage (initial), late-stage (final) and native structural form
of BPTI was found to be 353, 618 and 683, respectively (Ta-
ble 1). During the late-stage folding simulation the total num-
ber of residue-residue contacts significantly increased, but did
not reach the amount characteristic of native structure. Further-
more, the percentage of the reproduced native R—R interactions
grew 11.57%, to 344 (late-stage form) from 265 (early-stage
form).

3.7. Solvent-exposed surface and radius of gyration analysis

The hydrophobic effect, causing non-polar side-chains to
tend to cluster together in the protein interior, can be measured
by the solvent-ASA of a protein. The radius of gyration (R,)
and hydrodynamic radius (R}) estimate the characteristic vo-
lume of a globular protein and provides quantitative informa-
tion on its compactness. Controlling the changes in the mole-
cular dimensions is crucial for modeling the process of protein
folding [86—89]. The properties of all discussed structural
forms of BPTI displayed by ASA, R, and Ry, are presented in
Table 1. Since the volume of fuzzy-oil-drop decreased, the
packing density of simulated protein increased. The total and
non-polar ASA of the unfolded early-stage form was found to
be 26% and 53% greater than the native state, respectively. The
radius of gyration calculated for the early-stage form was 45%
greater than that calculated for the crystal structure. Similar
characteristics of the unfolded state of BPTI were reported
from molecular dynamics simulations of reduced BPTTI in high

temperature [81] as well as pulsed field gradient NMR experi-
ments [90]. Late-stage simulated folding significantly de-
creased the total, polar and non-polar accessible solvent area,
reflecting the conformational rearrangement to achieve a
stable, compact structure. Moreover, high accordance was
found between the radii of gyration calculated for late-stage
(final) and native structure of BPTI. A model presented in this
paper was also validated by the analysis of how close modeled
intermediates are approaching the hydrodynamic volumes ex-
perimentally determined at the different stages of folding. Ta-
ble 1 shows that dimensions of both modeled intermediates are
relatively close to the expected values calculated for different
conformational states using a set equations from [55] and [87]
for R, and Ry, respectively.

3.8. Molecular dynamics simulation

The late-stage structural form of BPTI (as received accord-
ing to folding procedure presented in this paper) was subjected
to 1 ns molecular dynamics simulation in explicit solvent. The
time series of potential and kinetic energies as well as RMSD
values computed from the atomic trajectories for MD produc-
tion run at 300 K are shown in Fig. 6. The simulation seems to
be fairly stable, the potential and kinetic energies were fluctu-
ating around a constant mean value (Fig. 6A). The structure
has deviated from starting structure for 3.45 A (Fig. 6B) likely
due to an adaptation to the force field, indicate that a steady
state characterized by stochastic oscillations was achieved.
However, no conformational changes toward the native struc-
tural form were observed.

4. Conclusion

The early-stage folding (in silico) model was introduced to
enable creation of the initial structural form for structure opti-
mization procedure. The structure optimization in our model is
driven by the hydrophobic interaction inside the fuzzy-oil-drop
expressed by a three-dimensional Gaussian function. The three
variables present in the three-dimensional Gaussian function
represent the Cartesian distances. The parameter interpreted
as mean value (all three mean values are common and equal
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(B) as a function of simulation time for the MD production run.

to 0.0) is localized at the origin of the coordinate system. This
drop is called ‘fuzzy’ in our approach according to Gaussian
function characteristics, where the probability—hydrophobicity
density in our model—decreases in a distance-dependent man-
ner. The fuzzy-oil-drop elastically changes its shape and size
during the simulated late-stage folding (in silico). This change
process is continuous in nature.

The early-stage folding (in silico) model, based on the back-
bone conformation together with sequence-to-structure infor-
mation stored in a contingency table, and the fuzzy-oil-drop
model assumed to represent hydrophobic collapse seem to
work well all together, giving new insight into the nature of
the protein folding process (in silico so far). Moreover our re-
sults seem to be consistent with available experimental obser-
vations and various folding/unfolding simulations.

The disulfide bonds were absent in the simulation. Their role
can be critical for the folding process causing much better ap-
proach of the final structure to the native one (paper submitted
for publication). The late-stage folding simulations of ribonu-
clease, lysozyme, hemoglobin and hypothetical membrane pro-
tein - target protein in CASP6 (TA0354 69 121) according to
fuzzy-oil-drop model are presented elsewhere [55,91]. The early-
stage model of TA0354 69 121 was submitted by our group in
the CASP6 experiment. It should be noted that the ranking pro-
vided by CASP organizers revealed the fairly high accuracy of
this prediction. The application of the fizzy-oil-drop model as
the continuation of blind prediction significantly improved the
accuracy of structure prediction for this target protein [91].

The main advantage of the presented model is its univers-
ality, although some additional improvements are still neces-
sary. So far the model presented in this paper was applied to
single-domain globular proteins of up to 150 amino acids long.
Large multi-domain proteins including several well-separated
hydrophobic cores may be simulated using the bunch of coop-

erative fuzzy-oil-drops. The inverse function expressed as 1 —
AH may be applied for “inside out” integral membrane pro-
teins pushing the hydrophobic residues to be exposed toward
the membrane. Moreover, any non-Gaussian function (e.g.
Lorentz) can be also used for the theoretical fizzy-oil-drop
creation. The possibility of the fuzzy-oil-drop model applica-
tion in such cases will be verified in the close future. The pat-
tern of simulating the presence of an external force field seems
to be generalized. Any process conditioned by the presence of
an external force field of known (or assumed) form can be
treated numerically as presented in this model.

The presented simulations (optimization and molecular dy-
namics simulation) were oriented on the verification of the role
of hydrophobic core in folding process and structural stability.
The high stability (despite of absence of SS-bonds) of received
structural form in molecular dynamics simulation proves the
model to be a tool to create the very well stabilizing hydropho-
bic core. According to expectations, the protein surface is cov-
ered by the hydrophilic residues which results as high solubi-
lity and stability in water environment.

The model is planed to be applied for blind prediction in
CASP7 (summer 2006). It will give the good opportunity for
model verification based on the larger spectrum of different
proteins.
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Appendix A
A.l. Theoretical fuzzy-oil-drop

The fuzzy-oil-drop representing the environment for poly-
peptide folding is described by a three-dimensional Gauss
function. The function usually interpreted as a probability dis-
tribution is assumed to represent the hydrophobicity distribu-
tion. If the jth point described by Cartesian coordinates
(xj,;,z;) belongs to a box with its center at the origin of the
coordinate system (0, 0, 0) the theoretical hydrophobicity value
H t; for this point, is calculated as follows:

- 1 —(x — %) —(v. —7)? o =\2
Ht; = =——texp (5 — %) exp (yj y) exp M
H,, 202 207 20?2

where o,,0,,0. denote standard deviations and point (X,7,z)
represents the highest hydrophobicity value and occupies the
position at the box center (0, 0, 0). Hty,m is the sum of theore-
tical hydrophobicity for all analyzed grid points. In this manner
the normalized hydrophobicity value, varying from 0.0 for
edge points to 1.0 for (¥,7,Z), can be calculated.

N——

A.2. Observed fuzzy-oil-drop

The observed hydrophobicity distribution within the fizzy-
oil-drop is calculated using the simple sigmoid function pre-
viously proposed to quantitatively describe the hydrophobic
interactions [45]. The jth point collects hydrophobicity A 0; as
follows:

- 1 XN
HOj == Z H:’
Hosum i=1

-3 o) 5 )]

otherwise 0

where N is the total number of residues in the protein under
consideration, H ;7 denotes the hydrophobicity of the ith residue
according to the normalized scale of hydrophobicity for amino
acids, r;; denotes the separation of the jth grid point and the ef-
fective atom of the ith residue, and ¢ denotes the hydrophobic
cutoff and has the fixed value of 9.0 A following the original
paper [45]. This means that only residues with r; < ¢ influence
the jth point. Hog, is the sum of observed hydrophobicity for
all analyzed grid points. Using =1— as a normalizing coefficient

Osum

the observed hydrophobicity can be compared to the theoretical
hydrophobicity described previously.

A.3. The molecular dimensions of proteins in early-stage
and native conformational state

The analysis of the size of rectangular box covering com-
pletely the protein molecule in its native and early-stage con-
formational state as dependent on number of amino acids in
polypeptide chain revealed the degree of expected drop com-
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pression during the implosion of hydrophobic collapse. Fol-
lowing correlations between the box volume covering the com-
plete molecule (V) and chain length (N) were found on the
basis of single-domain proteins analysis:

e logl = 3.5671 4 0.7725 x logN for native conformational
state;

e logl = 3.0013 + 1.2271 x logN for early-stage conforma-
tional state.

Moreover, the ratio of the box edges expressed as D : Dy :
Dy calculated for native and early-stage structures was found
to be 1.00 : 0.85+0.08 : 0.79+0.09 and
1.00 : 0.67+0.14 : 0.53+0.12, respectively.

The dependence of the size of the box volume covering a
complete protein molecule in native conformational state on
the chain length together with the ratio of the box edges allows
the presumable target size of fuzzy-oil-drop to be estimated
with fairly high accuracy.
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