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Abstract

The conformational sub-space oriented on early-stage protein folding is applied to lysozyme
folding. The part of the Ramachandran map distinguished on the basis of a geometrical
model of the polypeptide chain limited to the mutual orientation of the peptide bond planes
is shown to deliver the initial structure of the polypeptide for the energy minimization pro-
cedure in the ab initio model of protein folding prediction. Two forms of energy minimiza-
tion and molecular dynamics simulation procedures were applied to the assumed early-stage
protein folding of lysozyme. One of them included the disulphide bond system and the other
excluded it. The post-energy-minimization and post-dynamics structures were compared
using RMS-D and non-bonding contact maps to estimate the degree of approach to the
native, target structure of the protein molecule obtained using the limited conformational
sub-space for the early stage of folding.

Introduction
Two ideas are the background for the model presented in this paper.

One of them was put forward by Alonso and Daggett (1): “The importance of
the pathways from unfolded to native states stems from the combinatorics of the
protein folding problem; many small globular proteins unfold and refold
reversibly to the same native structure, but they cannot search all possible con-
formations for the most stable state in a reasonable period of time. In light of
these findings, there must be mechanism to limit the conformational search in
particular regions of conformational space or to narrow the pathways between
the unfolded and native states”.

The second was expressed by Dobson (2): “The solution to this apparent paradox
[Levinthal paradox] has emerged recently through the consideration of the energy
surfaces or ‘landscapes’ on which the folding reaction occurs. This approach rec-
ognizes that folding should not be considered as breaking and forming a small
number of single, strong covalent bonds, but as a biased search on an energy sur-
face that is generally rather flat, i.e. where there are many conformations of simi-
lar energy. Such a surface arises because the conformation of a protein is deter-
mined by a very large number of relatively weak non-covalent interactions. Such
model need to be sophisticated enough to encompass key features of protein fold-
ing e.g. there is a Levinthal paradox, but simple enough to allow many simulations
to be carried out in a reasonable time”.

Some simplified models have been proposed to solve this problem: the simplified
structure of amino acid representation (3, 4) and limitation of the conformational
space to four low-energy basins (5-7).
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Figure 1: (A) The ellipse-path limited conformational
sub-space in relation to Phi, Psi angles as they appear in
real proteins. (B) The shortest distance between partic-
ular Phi, Psi angles and the ellipse-belonging point rep-
resents the way in which the Phi, Psi angles on the
ellipse can be found.

A simple model limiting the size of the stochastic search is proposed in this paper.
The detailed background of the model was presented previously (8-10). The ellipse-
limited path on the Ramachandran map is assumed to deliver the early-stage of fold-
ing. The ellipse path was distinguished based only on the mutual peptide bond plane
orientation, which was found to be sufficient for structure classification (11). Side
chain-side chain interactions were not present in the original model. This assump-
tion is in accordance with suggestions that the backbone structure dominates in
early-stage polypeptide structure formation and that side chain — side chain interac-
tion occurs in later stages of polypeptide folding (12). Step-by-step introduction of
this kind of interaction, which causes deviation from the original ellipse-path-limit-
ed conformational space, makes the successive structures of the polypeptide chain
more and more similar to the target, native structure of the protein.

The lysozyme molecule was selected as a model because of its appropriate size
(particularly for ab initio methods) and the mixed character of the ordered struc-
tural forms present in it. Moreover, the presence of disulphide bonds allows inves-
tigation of the influence of SS-bonds on the folding process.

Materials and Methods
Ellipse-path-derived Structure Creation

The lysozyme (2EQL according to PDB identification) structure was taken for
analysis. The Phi, Psi angles as they appear in the native form of the proteins were
calculated for each amino acid. Their values (Fig. 1A) were changed according to
the criterion of shortest distance versus the ellipse-path Phiy;, Psi,; angles (Fig.
1B). The model leading to the ellipse-shaped conformational sub-space is pre-
sented in detail elsewhere (8-10). The ellipse-derived structures for lysozyme
were formed according to the ECEPP/3 program. The Omega dihedral angles
were taken as 180° for all amino acids. The side chain structures were created
according to ECEPP/3 standards.

Energy Minimization Procedure

The energy minimization procedure was performed using the ECEPP/3 program for
the ellipse-derived structure of lysozyme (13). The Phi, Psi angles were calculated
for post-minimization structures. The unconstrained minimization solver with ana-
lytical gradient was used. The values of absolute and relative function convergence
tolerances were set at 1 x 10-3 and 1 x 10-3, respectively. The energy minimization
procedure was carried out both with and without properly defined disulfide bonds.
The coordinates and values of the backbone dihedral angles were saved for analysis
at 10-step intervals. The energy minimization procedure for lysozyme was done on
an SGI Origin 2000 in the computing center of TASK in Gdansk.

Molecular Dynamics Simulation Protocol

The molecular dynamics simulation starting with the ellipse-derived forms was per-
formed using the AMBER 7.0 program (14) with ff99 force field (15). The water envi-
ronment including the charge screening effects of salt was represented implicitly by
the analytic Generalized Born (GB) model (16). Long range nonbonded interactions
were truncated by using a 12 A cutoff (electrostatic and VdW). Bond constraints were
imposed on all bonds involving hydrogen atoms via the SHAKE algorithm (17) dur-
ing simulation. The surrounding salt concentration was controlled at physiological
conditions (0.2mol/l). The simulation procedures were conducted as follows:

L 1000 steps of energy minimization. After 100 steps of steepest
descent minimization the method was switched to the conjugant
gradient method. All atoms in each residue were constrained to



their original positions with a force constant k = 5.0 [kcal/mol/A2].

IL 10ps of equilibration with 2fs integration time-step, during which
the temperature of the system was gradually raised from 0 to 300K.
The molecules were constrained to their energy-minimized struc-
ture by a weaker potential of 1.0 [kcal/mol/A2]. At every 1000
steps the translational and rotational motion was removed.

III. 100 ps of unconstrained MD simulation at 300K with a 2 fs inte-
gration time-step.

IV. 4500 steps of unconstrained conjugant gradient minimization, fol-
lowed by 500 steps of steepest descent minimization.

Steps III and IV were performed three times. The coordinates were saved at 100
step intervals for the analysis. All calculations using AMBER were done in the
Department of Bioinformatics and Telemedicine of Collegium Medicum,
Jagiellonian University.

Structure Comparison

The structures (native, elliptical, post-energy minimization and post-dynamics in
two forms with and without SS-bonds) were compared using the following criteria:

I The distances between the geometric center of the molecule and
sequential C,, atoms in the polypeptide chain were calculated. The
profile of these distances for each amino acid revealed a rough
degree of similarity. The polypeptide fragments distinguished
according to the different forms of similarity between the profile of
the native form and the others under consideration were also char-
acterized by RMS-D calculation. The RMS-D values for selected
fragments were calculated after individually overlapping the frag-
ments taken from the native, ellipse-derived structural form (and
other structural forms taken into account). The average value of
RMS-D was calculated for each distinguished fragment.

II.  The number of non-bonding interactions was calculated for all
structural forms, assuming a cutoff distance equal to 12 A, and
was compared to the number of these interactions in the native
form of the protein.

II.  The box large enough to cover the whole molecule was also calcu-
lated for each structural form of the protein molecule to express the
size of the molecule.

The longest Co-Co distance was taken as the D, measure (distance along the Z-
axis), the longest Ca-Co distance in the X Y-plane was taken as the Dy measure
(distance along the Y-axis), and the difference between the highest and lowest
values of X was taken as the measure of the Dy box edge. The box volume (V)
was expressed as V =D, - Dy - D,.

Results
Phi, Psi Dihedral Angle Changes

The Phi, Psi angle distribution exposing the range of dihedral angle change is
shown for all discussed structural forms in Figure 2A for native form of lysozyme,
Figure 2B for ellipse-derived structure, Figure 2C for post-energy-minimization
structure without SS-bonds present, Figure 2D for post-energy-minimization struc-
ture with SS-bonds present, Figure 2E for the post-dynamics structure of lysozyme
obtained taking the structure without disulphide bonds declared, and finally Figure
2F for the post-dynamics structure with SS-bonds declared. The similarity of the
Phi, Psi angle distribution can be seen between the native structure and post-ener-
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Figure 2: The structure of lysozyme and its Phi, Psi
angle distribution versus the ellipse-path. (A) Native
form, (B) ellipse-based structure, (C) post-energy-
minimization structural form of lysozyme with SS-
bonds absent in the procedure, (D) post-energy-mini-
mization structural form of lysozyme with SS-bonds
present in the procedure, (E) post-dynamics structural
form of lysozyme with SS-bonds absent in the proce-
dure, (F) post-dynamics structural form of post-ener-
gy-minimization structure of lysozyme with SS-bonds
present in the procedure.

S e

- e B e |

50p= -
180 1 1 L | Lo L - 1 1 1
80 <150 <120 90 60 -30 M 60 90 120 150 180

™)
4
i |
4
1
4
]
p |
-
|
150 180
Tl
q
4
-
4
)|
4
.
150 180
3
T T T T T T T T T T il
4
0 - 4
4
- e -
L ]
4
w0 3
q
. ]
1
180 1 [P P P | 1 /P P |
80150 120 90 60 30 0 30 60 9 120 150 180
Phi
i R R L TR S (e S I B FR . B i |
q
S0 j
* )
o ]
ol ]
4
W0f &
o -
X G
o0 ]
4
0 - 4
w0l / ]
- 4
4
504 4
“1A1|||n|||11
\§0 150 120 0 60 30 0 30 60 9 120 150 180
Phi

ol R - SR ERGE SLO0 [ EMN (R B (AR HA

sof- eg ® 4
o L]

w0 B 4

1 1
90 120 150 180



gy minimization structure with the SS-bond system introduced. The structure
obtained after energy minimization with disulphide bonds declared was used in
molecular dynamics simulation to reveal whether this simulation can cause it to
approach the native structure of the protein.

Visual Analysis

Figure 2 visualizes structural changes in lysozyme in different conditions. Color
notation differentiates particular polypeptide fragments and distinguishes them
according to their similarity as measured by the D gper-co, VECtor profiles. The same
color notation was used for the Phi, Psi angle distributions and RMS-D fragments.

No signs of approach toward native form can be seen in the energy minimiza-
tion procedure performed without SS-bonds. A quite good approach was
reached for the same procedure with SS-bonds defined according to the natural
system present in this molecule.

Quite unusual and unexpected a-helical form shows up in post-dynamics structure
with SS-bonds declared. This is the B-structural fragment in native structural form
of the protein. The molecular dynamics simulation does not cause approach toward
the native structure. The best structural form of lysozyme seems to be represented
by the post-energy minimization form with the SS-bonds system declared.

Spatial Distribution of Cy Atoms Versus the Geometrical Center

The profile of the length of vectors linking the geometrical center with sequential Co
atoms gives insight into the three-dimensional relative displacements versus the
native form of the protein (18). Structural similarity may be indicated by overlapping
the lines representing the two compared structures. Parallel orientation of profiles is
interpreted as similarity of structural forms in compared molecules oriented differ-
ently in the space. The increase of vector length versus native structure is obvious,
due to the extension of the structure that is always associated with the transformation
from native to ellipse-path-delimited structure. The profiles for all structural forms
of lysozyme discussed in this paper are presented in Figure 3. Five fragments can be
distinguished. The N-terminal fragment containing 1-42 aa is characterized by very
similar regularities of minima and maxima dispersions in the Deercq, Profile in the
compared structures (excluding ellipse-derived) and simultaneously by the lowest
value of RMS-D. The highest similarity of profiles can be seen in fragments 56-85
aa and 86-110 aa, although fragment 56-85 aa represents higher RMS-D. The high-
est discrepancy in profiles is present in the 43-55 aa fragment.

0,6~
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Figure 3: Comparison of structural forms of lysozyme.
(A) RMS-D (per residue) calculated for structurally dif-
ferentiated polypeptide fragments. The fragments were
defined according to the profile presented in B. Parallel
fragments of curves represent the correct spatial orien-
tation of the polypeptide, while dissimilar regularity of
curves represents fragments with low similarity of the
spatial orientation of the particular polypeptide frag-
ment. (B) Profile representing the distribution of dis-
tances linking the geometrical center of the molecule
with sequential C, atoms.

Continuous bold line, native form; Dotted line, ellipse-
derived structure; Dashed line, post-energy minimiza-
tion structure with SS-bonds absent; Continuous red
line, post-energy minimization structure with SS-bonds
present; Continuous green line, post-dynamics structure
with SS-bonds absent; Continuous blue line, post-
dynamics structure of post-energy minimization form
with SS-bonds present.

(C) SS-bond system in lysozyme. The color notation
introduced in all figures in this paper accords with the
fragments distinguished in this figure.
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Figure 4: Non-bonding contacts in lysozyme. (A)
Native form, (B) ellipse-derived structure, (C) post-
energy-minimization with SS-bonds absent, (D) post-
energy minimization with SS-bonds present, (E) post-
dynamics with SS-bonds absent, (F) post-dynamics of
post-energy minimization form with SS-bonds present.

Non-bonding Interaction

The native non-bonding interactions present in all discussed structural forms are
shown in Figure 4. Significant similarity of non-bonding contact distributions can
be seen between native structure and the form with SS-bonds present during the
energy minimization and molecular dynamics simulation procedures. The appear-
ance of non-bonding contacts between the N-terminal and C-terminal fragments
can be seen in Figure 4C and Figure 4F. The dispersion of non-bonding contacts
in the post-dynamics structure (Fig. 4F) is even better in subjective evaluation.
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The percentages of native non-bonding interactions present in the ellipse-derived
structure are as follows: 48.02% for ellipse-derived, 44.28% and 40.76 % for post-
energy-minimization with and without SS-bonds, 44.41% and 43.77% for post-
dynamics structures with and without SS-bonds, respectively. The highest percent-
age of native non-bonding contacts in ellipse-derived structure seems to be caused by
the helical fragment present in the N-terminal fragment. This helical fragment seems
to change its structure to a random one in post-energy-minimization procedures. This
quantity obviously depends on the molecule under study (19) and is strongly related
to the percentage of helical forms in the analyzed structure. The ellipse path passes
through the region attributed to helical forms on the Ramachandran map, additional-
ly explaining the rather high percentage of native-like non-bonding interactions.

Change of Molecular Size

The most critical problem concerning the relation between ellipse-derived struc-
tures and native structures is the question of how much the size of the molecule is
changed, that is, what degree of compactness of ellipse-derived structures is nec-
essary to reach the native form. The relative (versus the native form of the protein)
increase of the box size (volume) containing the whole protein molecule (the size
of which is calculated according to the procedure given in Methods) appeared to be
2.39 for ellipse-derived structure, for post-energy-minimization with (1.95) and
without SS-bonds (2.76) and post-dynamics (1.71 and 1.97) (with and without SS
bonds declared respectively). The significant influence of the presence of SS-
bonds on the box size is obvious. The post-dynamics structure represents the high-
est packing, expressed by only a 1.71 increase of size versus the native form.

Discussion

Experiments provide clear evidence for the existence of partially folded intermedi-
ates (28-31). Two intermediate structural forms are proposed for lysozyme folding



in Dobson (2). The first one leads to ci-domain containing mostly helical fragments
packed together. The second intermediate is represented by B-domain. The second
intermediate differs only by its lower packing, while the structural shape of the
molecule is very well defined. The results obtained in this work differ in the defi-
nition of the unfolded state (2) which represents only the random coiled form,
while according to the model presented in this work helical fragments are present
even in the early stage of folding.

Neither energy minimization nor molecular dynamics led to satisfactory similarity
of the structure to the native one. One should mention, though, that the starting
structure was applied to the simplest form of the procedures, performed in a stan-
dard way. The mostly B-structural fragments are far from expectations. This struc-
tural form causes problems, as was evident in the CASP competition (18). The
appearance of helical fragment in post-dynamics form can be explained by the fact,
that no B-form was produced in this area and in consequence the lowest energy
structural form was produced.

The general interpretation of the results is that the molecular dynamics simulation
did not correct the structure of the protein. Subjective estimation leads to the con-
clusion, that the best approach is represented by the post-energy minimization pro-
cedure with the SS-bond system present. Further attempts are in progress to esti-
mate the influence of temperature, solvent model and longer molecular dynamics
simulation. Visual analysis of the best structural form (post-energy minimization
with the SS-bond system declared) is still far from satisfactory. The proper level of
packing apparently was not reached. This is why introducing dynamics made the
system even worse. The intermediate step representing hydrophobic collapse seems
to be necessary, a model of which is under consideration and will be presented soon.

The aim of this paper was to present a model for formation of early-stage protein
structure. Other proteins analyzed using the same model are: BPTI (20) and
ribonuclease (10).

The stages distinguished as partitioning the protein folding process proposed by
Fergusson and Fersht (21) are as follows: i, specific or nonspecific chain collapse;
ii, formation of secondary and tertiary structure according to the balance of local
and non-local, native and non-native interactions; and iii, desolvation of the chain
as it folds to a lower energy conformation. Although the sequence of events may
be dependent on the protein under study (19, 22), the chosen experimental condi-
tions and perhaps the time regime of the experiment, the search for a universal fold-
ing mechanism may provide sufficient benchmarks for theoretical models, at least
for homology proteins. The proposed model is assumed to describe the first two
steps in an event sequence oriented on reaching the native structure.

The early-stage structures presented in this paper were obtained as a result of a step
back from the native structure of the protein. It resembles the frequently used pro-
cedure of polypeptide denaturation using molecular dynamics simulation (19, 23-
26). However, a procedure allowing the Phi, Psi angle values (on the ellipse path)
to be attributed to amino acids in proteins of unknown structure is under consider-
ation and will be published soon.

Other support for the presented model is found in the suggestion that low-resolu-
tion structural features rather than high-resolution detail are more helpful in
addressing the fundamental physics of the folding process (27).

The model presented in this paper is oriented only on testing the structure assumed
to represent early stage folding. The influence of energy minimization and molec-
ular dynamics simulation on the polypeptide structure changes was examined. In
the result one can conclude, that both procedures produced reliable structural
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forms. The unexpected structural motives did not appear. The comparison with
experimental data is necessary (32-35). The simulation taking into account the
influence of environment (ion strength, pH, ionization form of protein) is neces-
sary and planed to be performed in the future. Particularly interesting is the com-
parison of results obtained based on H/2H exchange experiments (34, 35) as well
as of theoretical models (32, 33).

The common conclusion based on different experiments is that the secondary struc-
ture is rather preset in an early-stage folding process, what agrees quite well with
the model presented here (35).

The early stage folding of lysozyme was analyzed experimentally using the hydro-
gen exchange labeling technique. The results revealed that the secondary structure
is present in early stage folding although its localization can not be estimated. The
helical fragments and some inter-helical links were found to be protected more rap-
idly. Although the irregular hinch fragment Trp63-Asn65 shows substantial inhi-
bition of exchange due to contacts with helical domain, the B-sheet structural frag-
ments gives no evidence for protection (34).

Our simulations appear to agree with these experimental results which is shown on
non-bonding contacts map (Fig. 4D and Fig. 4F).

The firstly absent in ellipse-derived structure o-domain contacts, materialize
after minimization procedure and are well maintained during the molecular
dynamics simulation.

The segments constituting o-domain seem already to become organized (Fig. 2D,
Fig. 4D), although next sequential steps are necessary to form the final native struc-
ture of the domain.

The significant role of the topology of the backbone and not of the particular side
chains was found to dictate the initial dynamical behavior of a protein. It was sup-
ported by observations that different sequences having the same native topology
fold in a similar manner. The observation was proved constructing the structures
of protein chimeras (the sequence threading onto the backbone corresponding to
the native state of a different protein of equal chain length) (33).

According to model presented in this paper, the folding pathway depends on the
strategic points in polypeptide which is the location of prolines in a sequence.

The simulation of the second step of folding process expressing the hydrophobic
interaction as responsible for higher packing will be adopted for the model in the
way similar to those presented in (32).
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