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ABSTRACT

For many years, scientists have been trying to unravel the protein folding process.
This paper presents a proposition of an improvement to one of models trying to describe it,
the elliptical model, developed by the Department of Bioinformatics and Telemedicine
UJ-CM [22]. The model assumes a division of a protein folding process into two stages:
the Early-Stage (ES) and the Late-Stage (LS). After the first stage, the second one
sometimes occurs unable to perform, because of accidentally created clashes between
atoms.

This work demonstrates several possible solutions to remove clashes before
proceeding to the LS.

Additionally, one of presented solutions describes mathematically the precession
phenomenon, what might be useful in other than protein folding field of studies such as

medical imaging, quantum physics or astronomy.

STRESZCZENIE

Na przestrzeni lat naukowcy starali si¢ rozwikta¢ proces faldowania biatek. Ponizsza
praca prezentuje propozycje ulepszenia jednego z modeli starajgcego si¢ to opisa¢, modelu
eliptycznego, opracowanego przez Zaktad Bioinformatyki i Telemedycyny CM-UJ [22].
Model zaktada podziat faldowania biatek na dwa etapy: wczesny etap oraz pozny etap.
Czasami, po ukonczeniu pierwszego etapu, drugi z nich jest niemozliwy do
przeprowadzenia, z powodu powstatych migdzy atomami przypadkowych kolizji.

Praca ta przedstawia kilka mozliwych rozwigzan majacych na celu usunigcie kolizji
przed przystapieniem do pozZnego etapu.

Dodatkowo, jedno z rozwigzan zawiera matematyczny opis zjawiska precesji, co
moze zosta¢ wykorzystane w innych dziedzina nauki niz faldowanie bialek, takich jak

obrazowanie medyczne, fizyka kwantowa czy astronomia.
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1. Introduction

1.1. Biochemical basics

1.1.1. Protein structure

A protein is a large biomolecule, structured with hundreds and even
thousands of amino acid residues linked linearly by peptide bonds. Its structure is

responsible for its biological functions. The structure of a protein is described in

four levels of organization:

e Primary structure — which is defined by an order of amino acid residues

in the protein strand. Each protein can be determined by its primary

structure.

Secondary structure — so-called three-dimensional regular structures,

stabilized by hydrogen bonds. The most common examples of secondary

structures are a-helices and B-sheets (FIGURE 1).

Tertiary structure — corresponds with a three-dimensional structure of a

single protein strand and organisation of secondary structures, one related

to the other.

Quaternary structure — refers to subunits organization in proteins built

of two or more of them. [1]
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FIGURE 1. Protein secondary structures

: @) an a-helix [2], b) an antiparallel B-sheet [3].



1.1.2. Representation of a protein structure with dihedral angles.

A protein secondary and tertiary structure
can be approximately described with the
backbone’s dihedral angles (FIGURE 2). Usually,
the usage of ® and W angles is sufficient; an ®
angle in proteins usually takes the value of 180°,
because of the mesomeric character of a peptide
bond. [1]

1.1.3. Ramachandran plot

One of the ways to represent dihedral
angles in proteins is the use of a Ramachandran
plot; plotting @ angle values against ¥ angle

values of amino acid residues shows a

distribution of dihedral angles in a protein.

As shown in FIGURE 3, not all FIGURE 2. Dihedral angles in

combinations of dihedral angles values are proteins. Based on [4].
possible in proteins. That phenomenon is caused by steric and torsional strains

between atoms of a protein backbone. [1]

FIGURE 3. The Ramachandran plot for 180

the general case. In the figure, regions
marked with red frames contain the
most common secondary structures.
Therefore, it could be said that the

structure of a protein is directly 1Po

dependent on values of dihedral

angles; the secondary protein structure
can be predicted based on its dihedral

angles. [5]

180
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1.2. Bioinformatical basics
1.2.1. The elliptical model
Each point in a Ramachandran plot can be described with the use of two
geometric parameters:
e R [A] - aradius of the curvature of the construct, [6, 7]
e V [’] — a value of the dihedral angle between adjacent peptide bond

planes. The exact way to obtain this value was described in [6, 7].

In order to obtain these parameters, a peptide that contains seven residues
of alanine must be created. All residues must have the same dihedral angles as the
considered point in the plot. Based on that construct, it is possible to calculate
desired values.

Arranging these parameters to low-energy structures, and plotting In(R) in a
dependence of V gives a square function shape (FIGURE 4), which can be
approximated as:

In(R) = 0.00034 V2 — 0.02009V + 0.848, (1.1)

In(R)

AN

_qgplsssssennsess L L 180 0 L L L . . o
—180 —90 0 %0 180 0 30 60 20 120 150 180

¢ [°] VI
FIGURE 4. a) A Ramachandran map with a low-energy area on a 10° grid; b) a In(R) versus V

angle value plot for points presented in (a). Based on [7].



An extension of the condition of satisfying equation (1.1) to all structures,
with a dispersion tolerance at level of + 0.2, gives another Ramachandran plot
shown in FIGURE 5.a. An ellipse can be superimposed on its central points (FIGURE

5.b); these points can also be used as the start points for a structure optimization.

180 —130
%0 b 180
L o

ee eee . ee seee e
_1goleesscs L L o130 _1goleesscs L L L o] g9 _ISD.D.“........ —180

-130 -%0 0 20 130 -130 -%0 0 20 130 - 18 —§D 6 D‘D 180
¢[°] ¢[] ¢ [°]
FIGURE 5. a) The result of an extension of equation (1.1) to all structures in a Ramachandran

plot; b) the ellipse superimposed on results shown in (a); ¢) the ellipse linked with the low-
energy area shown in FIGURE 4.a. Based on [7].

The parametric equations of the received ellipse-approximation in the

function of values of dihedral angles are as follows [7,8]:

®(t) = 125 cos(45°)cos(t) — 84 sin(45°)sin(t), (1.2)

Y(t) = — 125 sin(45%) cos(t) — 84 cos(45°) sin(t). (1.3)

In a result, each pair of dihedral angles can be described with the use of

only one parameter - t. More information about this theory is contained in [7].

1.2.2. Conformation of an Early-Stage (ES) intermediate of a protein

The elliptical model assumes that an in silico protein folding procedure can
be started from dihedral conformations of amino acid residues that are included
within the ellipse. It also assumes that an approximate start point for each residue
can be determined from the primary structure of a protein. The structure received
this way is called an Early-Stage intermediate of a protein, or just an Early-Stage

structure.
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In order to determine regularities between dihedral angles and an amino
acid sequence, the Ramachandran map for the regular case was transformed into

the elliptic path, by choosing the shortest way to reach it (FIGURE 6).

1§d80 —9-0 0 90 181080

T
90 . 90
0 \ _%_ -.-\_ 0
~90 A )

-90 S -90

8% —00 0 90 150'%

¢ [°]
FIGURE 6. An example of a transformation of a protein into the elliptic path: a) the native
structure of a protein with its amino acid residues placed in a Ramachandran plot; a) the
structure and the Ramachandran plot of the protein after its approximation to the ellipse.

Based on [9].

The transformation results in the probability distribution of a t- parameter.
Furthermore, based on received maxima, the whole ellipse can be divided into

seven conformational subspaces (FIGURE 7).

: 0 £
a b 2 0 > o € 19

190

Probability

K) % T e -ec.._;i‘-l'-’d#: S\ / !
¢ 1] ' ¢
FIGURE 7. a) The probability distribution of a t- parameter of residues transformed into the

180, s \
-180 -90 BT

ellipse path for twenty amino acids; b) the division of the ellipse shown in a Ramachandran
plot; c) the divided ellipse superimposed on the Ramachandran plot for the general case.
Based on [5,8,10].



1.2.3. Prediction of an Early-Stage protein structure

For many years, scientists have been trying to predict the structure of a
protein. In [10] a model has been presented, which describes a method of receiving
an ES protein structure. The model assumes that each amino acid residue can be
assigned to one of seven points in the Ramachandran plot, which are maxima of
conformational subspaces, described in 1.2.1 and 1.2.2. The model postulates that a
prediction of secondary and tertiary structures can be based on a sequence of four

amino acid residues.

1.2.4. Late-Stage (LS) of a protein structure prediction

A received ES structure is prepared for a hydrofobity density optimization
called the Late-Stage (LS). This process is intended to obtain a native structure of a
protein. The LS was described in [11-13].

Contingency
table

Early-Stage

Step 2 ]
Step 1 Aming acid & and ¥ angles Proteins
i o act i $ atoms with
Amino acid Assgment of sequence with c:::dj}itz;s XYZ
- sequence structural codes angles and transformation coordinates
and angles)to tructural codes :
(andang id . with clash [pdb format]
amino acids Cmination
-\1 -
Late-Stage Proteins P—
atoms_\nth Hydrofobity
Step 4 XYz density
Protei Energy codc;r?mates optimization
oteins S f
atoms with Step 5 Q optimization [pdb format]
XYZ Testof protein
coordinates conformation
[pdb format] optimization |

Target:

Native structure
FIGURE 8. A schema of an in silico protein folding process. Based on [14].




2. Thesis statement

2.1. Problem statement

The possibility of a clash exists in an Early-Stage protein structure. A clash can be
defined as a situation in which two unbounded atoms are closer than the reference
distance.

This situation is possible because of the mathematical model of an ES protein
structure. As described in the Introduction, the model is based only on four adjacent
amino acid residues. Because of this, an eventuality that two distant atoms (in the term
of their positions in the protein strand) can be found closer than it is normally possible
without creating any kind of bond exists.

In some cases, clashes make impossible to conduct a hydrofobity density
optimization. For these situations, clashes have to be found and removed before
proceeding to the Late-Stage.

2.2. Thesis objective

The objective of this research is to find a solution that will solve, as many as it is
possible, problems with eventual clashes created during the Early-Stage by changing
dihedrals angles in a protein, in the most efficient way,. The solution has to fulfill all
major restrictions, and should fulfill minor restrictions listed below. The solution is
intended to be applied to a computer program. Most researches are performed on
proteins of around two hundred residues; therefore, the solution should concentrate on

clashes within small molecules.

2.3. Major restrictions

The main major restriction, for a clash removal process, is that each amino acid
residue must maintain on the ellipse path, in its conformational subspace.

The second restriction implies that the change of dihedral angles, at first, should
be performed in residues from zones A, B or G, and subsequently in residues from
zones D or F. Residues from C and E zones should be considered at the end or not
considered at all.

Results shown in [10] indicate that the biggest probability of a proper classification

of amino acid residues is for zones C and E. Changing dihedral angles in residues,



moves them from their maxima in their subspaces, causing a decrease of the probability
of a proper optimization in the Late-Stage. Also, these subspaces correspond with most
common secondary structures on a Ramachandran plot; a-helix for zone C and B-sheet
for zone E. Small dihedral angle changes might influence on the secondary and the
tertiary structures. Connecting this fact with the highest probability of a proper
classification, a modification of these molecules is the least desirable.

Zone D represents the so-called bridge region, the importance of which was
mentioned in [15]. Zone F is associated with B-like motifs; however it is sometimes
counted as a B-structure. These subspaces show an intermediate proper classification
probability.

Zones A and B refer to poorly ordered structures traditionally called random coils.
Part of zone G also refers to poorly ordered structures, but its central section represents
a left handed helix. This is also the biggest subspace, which covers around 35% of the
ellipse path (depends on an amino acid residue).

The third major restriction implies that the program must report unsolvable

situations.

2.4. Minor restrictions

The first minor restriction is that the program should returns reproducible results.
This restriction is dictated by the fact that the model based on nonrandom processes is
easier to investigate and to improve upon.

The second minor restriction refers to the simplicity of the solution. Simple

solutions are easier for eventual bug-fixes and are also easier to improve upon.



3. Materials and methods

3.1. Subspace information

Information about ranges of conformational subspaces in the ellipse and zones’

maxima for each amino acid residue were provided by the supervisor of the thesis.

3.2. Base program

The received solution will be applied to a currently existing program — Amino
Acid Dream 1.00 (AADream). The program was described in [16] and its code is
available for download from [17]. The primary function of this program is to create
Protein Data Base (PDB) format files, containing Euclidean coordinates of atoms of
proteins, based on input files containing a primary structure and dihedral angles.

3.3. Programing language
Because the base program was written in JAVA, all modifications were made in

this programing language.

3.4. Computer

During the work and tests, a Personal Computer (PC) was used — notebook ASUS
NJ61JQ-JX096 with:

e Processor - Intel Core i7 740QM (1.73GHz)

e Memory —4GB DDR3 RAM

e Graphic card - ATI Mobility Radeon HD 5730 with 1GB VRAM

e Operating system — Windows 7 Professional 64x SP1

e Hard drive — Seagate Momentus 5400.7 ST9640320AS 640 GB with

approximately 200 GB of free space
e Other software: Wolfram Mathematica 8.0, NetBeans IDE 7.3.1






4. Modifications of the base program

4.1. Bug-fixing

During the work on modifications, some minor bugs and misspellings were found;

they were fixed.

4.2. Layout modifications

Due to the application of new features, some layout modifications had to be done.

Figures comparing old and new layouts can be found in Appendix A (FIGURE 25 and
FIGURE 26).

4.3. New features

Features a-r are the same as in the base program; they were described in [16]. All

new features of the program are marked with black frames, with bolded descriptions in
FIGURE 26 (Appendix A):

A

Create an output file without a clash-fix. A selection of whether the program
will create a standard AADream 1.00 output file. The output file’s name is
built of the input file’s name and “.pdb” as a suffix.

Search for clashes only in a protein backbone. A selection of whether the
program will search for clashes, only between atoms of a protein backbone.
This option is inactive if check-box C is not selected.

A selection of weather a clash-search will be conducted. After a search the
program will create an additional file in the directory typed in field G. The
output file’s name is built of the input file’s name, with “_c” added to its end,
and “.pdb” as a suffix.

A clash reference distance (expressed in angstroms). If two atoms, which are
not from the same or adjacent residues, were found closer than this value, the
program will interpret this as a clash. The program does not accept values
lower than 1 A. This option is inactive if check-box C is not selected.

Search for clashes with hydrogen atoms. The program normally skips
hydrogen atoms during a clash-search. This option is inactive if check-box C

is not selected and check-box B is selected.



F. Create a file containing a clash-fix report. The program can additionally
create a report file from a clash-fix process. A file will be created in the
directory typed in field 1. The report file’s name is built of the input file’s name
and “.log” as a suffix. A report file is described in Appendix B.

G. An output path for clash-fixed files. A path to the directory in which files
will be created after a clash-fix process. This option is inactive if check-box C
is not selected.

H. A selection of an output path for clash-fixed files. Pressing this button
causes an appearance of an additional dialog window, which can be used to
define a new output path for clash-fixed files. Choosing a new path this way
implicates a change of field G. This option is inactive if check-box C is not
selected. For more information see [16], page 11.

. An output path for report files. A path to the directory in which report files
will be created. This option is inactive if check-box C and F are not selected.

J. A selection of an output path for report files. Pressing this button causes an
appearance of an additional dialog window, which can be used to define a new
output path. Choosing a new path this way implicates a change of field I. This
option is inactive if check-boxes C and F are not selected. For more

information see [16], page 11.

Additionally, a dialog window that informs about nonexistent output directory
(described in [16], section 2.2.1.s) was changed.

Report file directory does not ex

Report file directory does not exist.
What do you want to do?

Choose new directory Create directory

FIGURE 9. A dialog window that informs about a nonexistent directory.

FIGURE 9 shows the exemplary nonexistent directory window. By the selection of
the first option a new path-defining dialog window will be opened (see [16], page 11).
After selecting the second option, a new directory will be created with the same path as

typed in field G, I, d or f, dependent on the case. The last option stops calculations.



5. Global solution

In general, the solution assumes that each clash can be removed by changing only one
amino acid residues’ dihedral angles; in situations where changing of one residue would be
insufficient to solve the clash, the program will select another residue, and follow the same
procedure, separately from the first selection. If the clash still remains, the program will
repeat this procedure on the remaining possible residues.

The solution can be divided into two parts: the global and the local solution. The global
solution refers to the method of finding a clash and selecting a residue, which dihedral
angles will be changed. The local solution, described in section 6, refers to the method of

changing dihedral angles in a residue that was previously selected by the global solution.

5.1. Distance between atoms

As stated earlier, a clash is a situation where two atoms that are not bonded to each
other, are closer than the reference distance (do). Because of the limited possibility of
bending the backbone and a constancy of a side chain of residues in this model, the
program will not search for clashes between atoms of the same residue or of adjacent
ones.

A distance between two atoms can be calculated based on their coordinates in the

Euclidean space:

d= \/(x1 — %)%+ (1 — y2)% + (21 — 2)%, (5.1)

where:
d [A] — a calculated distance between atoms,
X1, Y1, Z1 [A] — coordinates of the first atom,

X2, Y2, 2 [A] — coordinates of the second atom.

Because of a calculating speed purpose, instead of using a distance described by
equation (5.1), the program uses a squared distance; this procedure allows the program
to omit a root, and to speed up calculations, without losing any significant data.

The comparison of the squared reference and the squared calculated distance gives
information of a clash appearance. Inequality (5.2) describes the condition in which a

clash is detected:
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do? > (x1 —x2)% + (71 = ¥2)? + (27 — 2,)% (5:2)

5.2. Determining subspace of an amino acid residue

To determine the order of amino acid residues that will be used in the clash-
removal process each residue must, at first, be assigned to an appropriate subspace.
Based on data included in input file about values of dihedral angles, data provided by
the supervisor, and equations (1.2) and (1.3), a proper assignment can be made.

In order to assign a residue to a proper subspace, the value of its t-parameter must
be known; it can be determined by a transformation of parametrical equations of the

ellipse:

® = 125 cos(45°) cos[t(®,¥)] — 84 sin(45°)sin[t(d,¥)], (5.3)

W= — 125 sin(45°) cos[t(®,¥)] — 84 cos(45°)sin[t(®,¥)]. (5.4)

The substitution of trigonometric functions with their values results in the

equations:

o = 222 coste(@,w)] = Zsin[ (o, w)] &9
= 7 cos , \/Esm , ,
125 84 (5.6)
Y = —ﬁcos[t(tp, )] — ﬁsm[t(cp, P)].

Afterwards, by subtracting these equations one from the other, and transforming

the result, a function describing a t-parameter can be received:

250
b -y = ﬁ cos[ t(®,¥)], (5.7)
cos[t(®D,¥)] = %, (5.8)

(® -2
Tl - (5.10)

t(®,¥) = arccos [%l

(5.9) V t(®,¥) = - arccos[
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Because of a cyclic property of a t-parameter, equation (5.10) can be written as:

t(®,¥) = 360° — arccos l%] . (5.11)

In order to determinate ranges of these functions, an analysis was performed. For
each value of a t-parameter, between 0° and 360° with a step of 10°, based on equations
(1.2) and (1.3), values of the ® and the ¥ angle were calculated; subsequently, based on
received dihedral angles, both possible values of a t-parameter were calculated with use
of equations (5.9) and (5.11). The sum of both dihedral angles was counted, in addition
to other results; all results are presented in TABLE 8 in Appendix C.

With these results, it can be concluded that:

t(®,¥) = arccos l%] for  @@®)+¥(@)=<0 (5.12)
and:

t(®,¥) = 360° — arccos

N
I%l for B +¥(®>0. (513)

5.3. The procedure of the global solution

The diagram in FIGURE 28 in Appendix D shows the global solution’s procedure in
general. The part marked with red shape is extended in FIGURE 29, which can also be found
in Appendix D.

After creating a protein with applied dihedral angles (the process was described in [16]),
the program can begin the clash-search. At first, new “black lists” (which are described in
section 5.5) have to be initiated and declared. Subsequently, the loop is initiated, in which
the program searches for clashes between all atoms in the protein® (besides atoms from the
same or adjacent residues). If a clash occurs, the program will try to remove it. In
situations, where the clash is possible to remove, the program will do so, and restart the

loop while maintaining the number of the iteration; if the clash is unable to be remove, the

! Depends on options chosen during initiation of the program, not all atoms might be considered during a
clash search. (see sections 4.3.B and 4.3.E)
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program will either restart the loop while maintaining the number of the iteration, in
situations that at least one unsuccessful attempt to receive the solution was made, or it
continue the loop, in situations that no angle was changed. If, during the iteration, at least
clash was found and the program made at least one attempt to remove it, or if it is from the
second to the fourth iteration®, the program will start another iteration, after this one;
otherwise, the procedure will end. Additionally, the program does not search for clashes
between atoms if they are in different subunits of the protein?.

FIGURE 29 shows how the program selects a residue to solve a clash. At first, it signs
residues that are in the strand between clashed atoms, to one of three groups that are
corresponding with zones of the ellipse: group ABG, DF or CE. Afterwards, it sorts them
in their groups by their distance from the clash®. At the beginning, the procedure uses the
most distant residue, due to the parallax effect, which makes the clash-remove process
more efficient; greater distance between the residue and the clash will result in a greater
effect after the change of dihedral angles. After the segregation, the program choses the
first residue to remove the clash with; at first, it takes the most distant residue from group
ABG, if the attempt is unsuccessful, it removes this residue from this group, and (keeping
changes made in previous step) it takes another residue from this group, and if the group is
empty, it repeats this procedure on group DF. At this stage of research, the program does
not use group CE during a clash-remove process, because of purposes discussed in
section 2.3.

In situation, where the program is unable to solve the clash, it creates a report of this
event®; the report file is described in Appendix B. Independently of whether the program is
able to solve the problem, it also shows the result in the information window (field n in
FIGURE 26).

5.4. The “Ping-Pong” error
One of the most problematic situations of the global solution was the possibility of
the occurrence of the so-called “Ping-Pong” error. This error describes an event in

which a clash-removal process causes the appearance of another clash, the removal of

! The purpose of this procedure is described in section 5.5.

2 One of input types allows to define a residue’s subunit (for more information see [16], section 2.2.2)

% A distance between the residue and the clash is defined as a distance between backbone’s nitrogen atoms of
that residue and the first residue of the clash.

* If such an option was chosen during the initiation of the program (see section 4.3.F).
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which causes a return of the first clash; the second attempt to solve this problem causes
the second clash again, and so on. In order to fix this problem, the so-called “black lists”

have been used.

5.5. The “black lists”

The “black lists,” also called as “flags,” contain information about situations in
which either a clash-remove process will not be conducted, or one concrete atom will
not be used to solve a clash. Depends on a list and a number of the iteration, data might
be erased from a list, or might not be recorded by it. There are four types of “black

lists.”

5.5.1. The “clash black list”

The procedure assumes that a single clash between the same two atoms, can
be considered only once during one iteration. After finding a clash, the program
adds to the list sufficient information to recognize this clash in further procedures,
and if the program finds it again during the same iteration, the clash will be
omitted. There are two situations where the program might find the same clash
again: a clash is impossible to remove, or if the solution of another clash creates
the first clash again, what potentially leads to the “Ping-Pong” error.

Data is always recorded to this list, and it is cleared after each iteration.

5.5.2. The “dead-end black list”

This list contains data about clashes that cannot be solved. Therefore, the
program will omit these clashes during the work for the purpose of speeding up
calculations.

Data is recorded during the first, the fifth and subsequent iterations; the

reason for this is described in section 5.5.5. This list is never cleared.

5.5.3. The “clash-rotation black list”

Solving the “Ping-Pong” error was the main purpose of a creation of the
“black lists”. This “black list’s” main order is to try to find alternative solutions for
clashes that are creating this error. This list stores information about clashed atoms,
and, also, about the residue that was used to solve the clash between them. After
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the occurrence of the “Ping-Pong” error, because each residue has various range of
movement, and a change of its dihedral angles will probably have a different result,
the program will try to use a different one to solve the problem.

Data is always collected, and it is removed after the first and the forth

iteration.

5.5.4. The “rotation black list”

The “rotation black list” keeps data about residues that have been used in
the clash-remove process. Its purpose is to make possibility of a proper ending of
the program in problematic situations. Residues that are stored in this list will not
be used in any attempt to remove a clash. It unfortunately implies that some of
clashes might not be removed, but it probably will be only an occasional situation.

This list collects data after the forth iteration. It is never cleared.

5.5.5. Summary of the “black lists”

TABLE 1 contains the summary of the “black lists”:

TABLE 1. The summary of the ""black lists".

A name of the Contained

“black list” data Recording Cleaning Purpose
An avoidance of
“clash” Clashed Alwavs After each checking the same clash
clas residues Y iteration twice during one
iteration

During the first, An avoidance of looking

“dead-end” CIQShEd the fifth and Never for the solution in
residues subsequent o
. 1 unsolvable situations
iterations
“clash- C_:Iashed AU IS An avoidance of the
rotation” residues qnd Always anq the.forth N
rotated residue iteration
otatio residue iteration program in p
situations

The cooperation of all of the “black lists” is shown in two examples; both
of them assume the existence of a clash, which removal creates a second clash, and

the removal of the second clash creates the first again. To solve each of these
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clashes, a change of dihedral angles in only one residue is needed. Each of them
can be one of two types: a clash that might be solved with the use of one of two
possible residues, and a clash that might be solved only with use of one residue,
which is the same one that is used in the first type (including preference which of
these two residues would be used first). Additionally, each clash must be a
different type than the other one. Examples assume also that results of the removal
are different for each residue that can be used to remove a clash, and the solution
with the use of the more preferred residue is the one that leads to the “Ping-Pong”
error, while the use of the second one dose not.

Let a clash that could be solved with the use of two residues, be called
clash 12, and the other one clash 1. Also, let a more preferred residue be called
residue 1 and the second one residue 2. TABLE 2 shows the procedure for two
situations: one, where the first clash found is clash 12, and the other where it is the

second one.

TABLE 2. The example of the usage of the “black lists”.

Example 1 Example 2
First clash Second clash First clash Second clash
Iteration
clash 12 clash 1 clash 1 clash 12
Actions Actions
Removal with Removal with Removal with Removal with
residue 1, creation residue 2, creation residue 1, creation | residue 2, creation
of clash 1 of clash 12 of clash 12 of clash 1
Removal with Removal with Removal with Removal with
residue 1, creation | residue 2, creation residue 1, creation | residue 2, creation
of clash 1 of clash 12 of clash 12 of clash 1
Remo_val with Removed Not removed Removed
residue 2
Removed Removed Not removed Removed
Removal with Removal with
Removed Removed residue 1, creation .
residue 2
of clash 12
Removed Removed Removed Removed
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In Example 1, in the first iteration, at first clash 12 is removed with the
use of residue 1, with the creation of clash 1. Afterwards, clash 1 is removed with
the use of the same residue, with the creation of clash 12. The “clash-rotation
black list” is cleared.

The second iteration, in the example, looks exactly the same as the first
one. This iteration was not skipped, because parameters for clash 1 from the first
and the second iteration might be slightly different. Therefore, in the second
iteration, this can result in the setting residue 2 as being more preferred to solve
that clash with than the other one. The example assumes that this does not happen.
Additionally, in this iteration, data written to the “clash-rotation black list” is not
cleared, and it will not be until the fifth iteration, therefore, any of these clashes
cannot be solved with the use of residue 1 until the fifth iteration.

In the third iteration, because of the impossibility to remove clash 12 with
the use of residue 1, it is removed with residue 2. In this situation, the second clash
is not created, though, this situation is solved.

In Example 2, the first and the second iterations look similar as in
Example 1.

In the third iteration, because the first clash — clash 1 cannot be removed
by any other residue it stays temporary unsolved. In this situation, the program
cannot do anything with the clash, so, normally, it should add it to the “dead-end
black list”, but as it was described, it does not collect data between the second and
the fourth iteration®.

The fourth iteration is an additional iteration, similar to the third, planned
for more complex situations than described in the examples above, such as ones
with clashes including more possible residues to re-rotate their dihedral angles, or
with more clashes involved. The “clash-rotation black list” is cleared after this
iteration.

In the fifth iteration, as it was in the first and the second, clash 1 is
removed with the use of residue 1, and clash 12 is created. Unlike the first
iteration, now residue 1 is added to the “rotation black list”, therefore, it cannot
be used in any clash-remove process in the future. Subsequently, clash 12 is

! In the second and the fourth iterations the probability of the occurrence of the similar situation as in the
third iteration exists.
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removed with the use of residue 2. In this situation the first clash is not created,
though, this situation is solved.

The examples of the use of the “black lists” show that they are essential in
solving some of the clashes. In iterations from the second to the forth some
potentially solvable clashes can be marked as unsolvable. Due to this fact, the
“dead-end black list” does not collect data in these iterations.

5.6. Tests

All final tests were performed with the use of the whole program, with The hybrid
solution (see section 6.4) as a local solution. Tests were conducted, both, by the author
on the Personal Computer (see section 3.4), and by a person not directly connected with
this master’s thesis, with access to the Academic Computer Centre Cyfronet AGH (for
more information see [18]).

On the PC, clashes were searched for: in the whole strand, in the strand excluding
hydrogen atoms, and only in the backbone. In all options, the reference distance of 4 A
was used; this distance refers to the disappearance of bonds of all kinds between atoms.
Additionally, in order to determine correctness of interpreting the reference distance,
tests with the distance of 2 A and 2.5 A were performed. On the Cyfronet’s computers,
the search covered only the whole strand with the reference distance of 1.8 A; this
distance is identified with the disappearance of a covalent bond.

The author prepared some basic files for tests; files containing data of short (about
10 residues) polypeptides; most of them contained at least one clash, but some did not;
they were treated as a negative control. These files were used only on the PC. The rest
of the files that contained information of various proteins were provided by the

supervisor, and used, both, on the PC and the Cyfronet’s computers.

5.7. Results

Basic tests on files containing short polypeptides showed that the program always
recognizes a clash and has no false-positive recognitions. Additionally, results showed
that the program properly interprets the reference distance.

Unfortunately, in test on files containing data of proteins, some clashes occurred to
be unsolvable in any way described by this solution; some of them, because of too high

value of the reference distance, which was higher than the biggest distance that clashed
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residues were possible to be displaced while maintaining all major restrictions, some of
them because of coupling with other clashes.

All major restrictions are fulfilled in this solution.



6. Local solution

As described in section 5, the local solution concentrates on the procedure of changing
dihedrals angles in the residue selected by the global solution. During the work four local

solutions, described below, were invented.

6.1. The solution with use of the pseudorandom number

generator (PRNG)
The first solution that was tested used the PRNG. The program drew a

pseudorandom value of a t-parameter from the chosen residue zone® and, based on it,
calculated new values for dihedral angles, and then applied them to the protein. If the
change was insufficient to solve the crash, the program drew another pseudorandom

value, and followed the procedure described above, until it obtained the proper solution.

6.1.1. Tests

Tests were conducted at the initial stage of the upgrading of the program;
not all features of the global solution described above were applied at this stage of
the work. The global solution was just searching for clashes and choosing the
residue to re-rotate; no iteration or “black list” was applied. After finding a clash
and solving it, the program started a search from the beginning of the molecule.

All tests were performed on the PC, and the search covered only the

backbone with the reference distance of 4 A.

6.1.2. Results

It was impossible to get any results. The program, after finding the first
unsolvable clash, was trying to solve it in an infinite loop. This situation showed
that this solution not only does not report an unsolvable situation, but the program

also cannot be ended properly if it found one.

! Because of the machine accuracy, t-parameter values closer than 0,01° to the ellipse subspace edges are not
taken under consideration.
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6.1.3. Discussion
One of improvements that can be applied is a maximum number of
iterations for the local solution. This solves the problem with a proper ending of
the program, but still, it does not report an unsolvable situation, which is one of the
major restrictions. Moreover, the program produces irreproducible data.
Additionally, this solution, without any changes applied, is using only one

residue to solve a single clash.

6.2. The ""walking along the ellipse'* solution

The second solution that was tested based on a distribution of a distance between
clashed atoms in a function of a t-parameter. Based on transformation matrixes and a
procedure described in [16], in section 2.2.5, the program created the distribution using
a thousand values of a t-parameter, each distant from the previous by same step,
included between edges of the zone of the selected residue.

The program set up the molecule, with the method defined in [16], and
subsequently, with use of transformation matrixes, it moved the second clashed atom, in
the way of changing dihedral angles in the residue selected to re-rotate. After each
change, the program was calculating a distance between clashed atoms and noting it
into a table.

Afterwards, the program checked the most optimized distance for the clash, and,
based on the t-parameter that was corresponding with that distance, re-rotated the whole

molecule.

6.2.1. Tests

Tests that were conducted had two aims: to test the correctness of the
solution and to find the most optimized distance. All tests were performed with the
whole global solution applied, on the PC, with the reference distance of 4 A, and
clashes were searched for: in the whole strand, in the strand excluding hydrogen
atoms, and only in the backbone.

In trials that were aimed to obtain the most optimized distance, the distance

that was used by the local solution was being changed.
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6.3.

6.2.2. Results

Tests that were aimed to find the most optimized distance showed that the
best distance was a maximal possible one. In trials that the distance used by the
local solution was minimally bigger than reference distance®, or two times bigger
than the reference distance®, despite of fact that the clash was removed, it occurred
that, usually, other atoms from clashed residues were still in a clash within the
same or adjacent residues atoms. In the view of these facts, it was decided to try to
avoid also these additional clashes, and the optimized distance was chosen as a
maximal possible distance.

Tests that were aimed to check correctness of the solution were all positive.
The only flaw of the solution is its complication, such as the use of transformation
matrixes, which results in a significant slowdown of calculations.

The solution fulfills all major restrictions.

The analytical solution

In the view of the fact that the optimized distance is a maximal possible distance

between clashed atoms, in order to speed up the program, an attempt to find the

analytical solution was made. The first part is a derivation of equations for coordinates

of the second clashed atom in a function of a t-parameter, in the situation of the change

of dihedral angles in a residue that was chosen by the global solution. The second part is

the substitution of variables describing the second atom in equation (5.1) with functions

obtained in the precious step:

d(a,b,c) = \/(xl — a(t))2 + (yl — b(t))2 + (21 — c(t))z, (6.1)

where:

a(t) [A] — a function that represents a coordinate x of the second clashed atom,
b(t) [A] — a function that represents a coordinate y of the second clashed atom,
c(t) [A] — a function that represents a coordinate z of the second clashed atom.

L If possible; in other cases the program chose a maximal distance.
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Next, the third, step should be an analysis of function (6.1), what implies
calculating its first derivative and finding its zeroes in order to receive local extrema of

the function, and its second derivative to define its local maxima.

6.3.1. The precession model

At the beginning of this analysis, it was observed that the movement of the
second clashed atom during the change of dihedral angles is similar to the
movement of a point in the precession phenomenon, therefore, the solution may,
potentially, be obtained based on this phenomenon. Other possibility of to receive
these functions is an analysis of matrix equations, which were used in the base
program ([16], section 2.2.5). The choice to base on the precession phenomenon as
the way of obtaining analytical solution was dictated by two facts: the procedure
that was used in the base program is partially recurrent, what makes the derivation
of the function more difficult; and a fully mathematically derived function of the
precession phenomenon might be applied in other fields of studies such as medical

imaging, quantum physics or astronomy.

FIGURE 10. The application of the precession phenomenon into amino acid residue’s dihedral

angles. (Based on [19]).

As shown in FIGURE 10, amino acid residue’s dihedral angles (marked with
the same colors as in FIGURE 2) can be presented with the use of the precession
phenomenon with independence of the rotational axis (in FIGURE 10 marked as the
W-angle axis) from the principal axis (marked as the ®-angle axis). The corrugated
line corresponds with a possible trajectory of the point in the precession (which

corresponds with the second clashed atom). The r; radius corresponds with the
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shortest distance between the principal axis and the center of the rotation of the
point, with respect to the rotation axis, and the r, radius corresponds with a
distance between the point and the center of the rotation, with respect to the same
axis.

In order to show a clash as the precession phenomenon, some mathematical
operation had to be made on the atoms arrangement. Based on functions described
in [16], in section 2.2.5, some atoms of the residue that was chosen for re-rotation
and both clashed atoms are transformed in the Euclidean space as listed below; all

relationships between atoms maintain.

TABLE 3. The transformation of atoms in the analytical solution (unless otherwise stated, all

atoms are part of the re-rotated residue).

Coordinate
Atom X y z Position
The origin of the
Cu 0 0 0 coordinate system
<0
N 0 0 depend on distance On the z-axis
between N and C,
>0 >0
depend on depend on
¢ relationships with N 0 relationships with N On the xz-plane
and C, and C,
Both depend on depend on depend on
clashed relationships with relationships with relationships with -
atoms other atoms other atoms other atoms

The situation, described in TABLE 3, is shown in FIGURE 11 and FIGURE 12.
Points Pcq (Xco.YcaZcw), Py (XnYn2Zn) and Pc (XcYczc) represent corresponding
atoms of the re-rotated residue, point P, (X2Y222) represents the second clashed
atom; these point can also be called as real points, because they are related to
atoms of the protein and their coordinates are given. The position of the first
clashed atom is not included in the figures because of its marginal meaning in the
description of the model. The z-axis overlaps with the ®-angle axis and, also, with
the principal axis of the precession; a line, marked in magenta that goes through
the origin and points P¢ and P,, corresponds with the W-angle axis and, also, with

the rotation axis.
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Point P, (XoY0Zo,) represents the center of rotation with respect to the

rotation axis; it can also be called as a virtual point, because it does not represent

any atom of the protein, and its coordinates have to be calculated.

FIGURE 11. The setting of atoms in the precession model.

&

PC Po X

FIGURE 12. The setting of atoms in the precession model in projections: a) a projection onto

the xz-plane; b) a projection onto the xy-plane. A dotted line represents the trajectory of the

second clashed atom in the change of the W’ angle.
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In FIGURE 11, line segment X, is shown as not equal to the r; radius; this is
caused by a possibility that the value of x, can be negative, and it is against the
mathematical rule, which states that a radius is always bigger than zero. The
absolute value of x, is equal to the length of the r; radius; consequently, X, is used

instead of ry in future equations.

6.3.2. Definitions of the @ and the ¥ angle in the model

At the beginning, the ® and the ¥ angle of the model (hereinafter marked

as the @’ and the ¥’ angle) have to be defined:

e The @’ angle is an angle between the x-axis and the projection of the
P’-angle axis onto the xy-plane.

e The ¥’ angle is an angle between the projection of the x-axis onto the
plane that is perpendicular to the W’-angle axis and the projection of the
line segment connecting P, and the rotation axis onto the same plane. In
order to simplify this, it can also be said that a ¥’-angle’s zero value is

received in situations when the lowest value of point P is obtained.

6.3.3. Calculation of parameters of the model

In order to describe the model mathematically, coordinates of point P, and
the r; radius have to be calculated.

Point P, lies on the rotation axis, which, before the change of dihedral
angles, is a part of the xz-plane, therefore, its y-coordinate (y,) is equal to zero. In
order to receive remaining coordinates, only two points are required: Pc, which lies
on the xz-plane; and P,. Based on point P, a line that goes through this point and is
normal to the ¥’-angle axis can be constructed, and, in this situation, its projection
onto the xz-plane is also normal. Therefore, the projection of the arrangement onto
the xz-plane is sufficient to calculate coordinates of point Py,

The first step is to find a linear equation of the rotation axis with the use of
point Pc and equation (6.2). Because the axis goes through the origin of the

coordinate system, the constant term of a linear equation can be omitted:
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z.(x) = a,x, (6.2)

where:
ar — a slope of the rotation axis’ linear equation,

z:(x) [A] — an ordinate of the rotation axis’ linear equation.

The equation can be substituted with coordinates of Pc and, based on this,
the value of a, can be calculated:

Zc = QrXc) (6.3)
ar = E (6.4)
therefore:
Zc
z.(x) = Ex. (6.5)

The next step is a calculation of a line that is perpendicular to the ¥’-angle
axis and goes through the projection of point P». In can be received with the use of
the general equation for obtaining the normal line in the Cartesian coordinate

system:

1
z,(x) = ——x+by (6.6)

T

where:
b [A] — a constant term of the normal line’s linear equation,

z2,4(X) [A] — an ordinate of the normal line’s linear equation.

Substituting this equation with equation (6.4) and coordinates of point P,
the value of variable b can be obtained:

xC
ZZ = __xZ + bJ_, (67)

Zc
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b, =2z, + Pt (6.8)
And consequently:

X Xc
ZJ_—__x+ZZ +Z—x2. (69)

In this situation, a common point of lines described with equations (6.5)
and (6.9) is also point P:

Z¢
Z, = —X,
Xc
X X (6.10)
Zy = —_Cxo +ZZ +—Cx2,
Ze Zc
(x, =2,
o — 4o
Z¢
x> X, (6.11)
Zy = _ZC_ZZO + Zy +—CX'2,
ZoZct = —ZoXE 4 2,2.% + X Zo Xy, (6.12)
Zg (xcz + Zcz) = ZZZC2 + XcZcXo, (6.13)

Z:Zy + XcX2o
fo =T 1 x2
Z,Zy + X X (6.14)

Xp =X
\Fo = Xc z.2 + x.?

After receiving coordinates of point P,, the value of the r, radius is

possible to calculate as a distance between points P, and P,:

1 =V (X2 — %) + ¥52 + (22 — 2,)*. (6.15)

6.3.4. Relationship between dihedral angles in a residue and angles in the
model
The model describes a residue with the second pair of angles’ values, which

are differently defined then they are in dihedral angles, therefore, a transfer

! Because y, is equal to zero, it is omitted in the equation.
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function is essential to connect values of this model with values received from
equations of the elliptical model (equations (1.2) and (1.3)). In both arrangements,
corresponding values of angles change accordingly to each other, therefore, they
are always differenced only by constants.

The difference in the value of the ® angle can be eliminated with a
subtraction of the value of the dihedral angle at the beginning of a clash-remove

process from the value received from the elliptical model:

D'(t) = (t) — D, (6.16)
where:
@’(t) [°] — a value of the @ angle in the precession model,

@, [°] — a value of the @ angle at the beginning of a clash-remove process.

The situation with the W angle looks similar as with the ® angle, but,
unlike the @ angle, after the setting, the ¥’ angle, usually, will not be equal to zero;
therefore, an additional constant have to be added, which has to be equal to this

difference:

') =P() -+ ¥, (6.17)
where:
(1) [°] — a value of the ¥ angle in the precession model,
¥, [°] — a value of the ¥ angle at the beginning of a clash-remove process,
¥’ [°] — a value additionally added to the value of the ¥ angle calculated

from in the precession model.

In order to calculate a value of the ¥’ angle, FIGURE 13 was prepared. In
this figure, it is clearly seen that this constant can be received by using an inverse

trigonometric function:

PN
Y = arcsin 7“2' (6.18)
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FIGURE 13. The ¥’ angle.

Because of properties of an arcsine function, the use of equation (6.18),
without any additional conditions, provides to receive incorrect data for angles

between 90° and 270°; therefore, some improvements had to be done:

" . Y2
= _— <
y arcsin . for z; <z, (6.19)
and:
Y = 360° — 1 & >
= arcsin Tz for  z; > z,. (6.20)

6.3.5. The z-variable function

The determination of functions describing the coordinates of the second
clashed atom in a function of dihedral angles can be divided into a two separated
parts: the determination of the z-variable function, and the determination of the x-
variable and y-variable functions. This situation, as shown in FIGURE 12, is
possible, because these variables are independent from each other, and the z-
variable function is dependent only on the ¥’ angle, unlike other functions, which

are dependent on both angles.
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As shown in FIGURE 14 the range of changes of the z-coordinate depends on

the r, radius and z, parameter. The function of the change (c-function) is described
by equation (6.21):

c(W) =2z, —r,cos¥V, (6.21)
where:

r, [A] — a z-component of the r, radius for the ¥’ angle equals to zero.

Z
L
-..'-- Pﬂ
Pc :.
AT 4
- a N
\h J

xﬂ
FIGURE 14. A derivation of c-function in a projection onto the xz-plane. The r, radius is
marked for the ¥’ angle equal to zero. The dotted line shows a trajectory of point P, in a

function of the ¥’ angle.

The r; radius can be calculated based on a similarity of triangles and the
Pythagorean theorem:

T, =1, COSQ,

(6.22)
where:
a [°] — an angle of inclination of the rotation axis,
xC
cosa = m, (6.23)
therefore:
cW)=12z2,— Lco sy’

i (624
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6.3.6. The x-variable and y-variable functions

As written in the previous section, derivations of functions describing a
change of the x-coordinate (a-function) and the y-coordinate (b-function) are
easiest to perform at the same time. This derivation can be divided into two parts:
the first, the description of the correlation between coordinates and the ¥’ angle;
and the second, the description of their correlation with the ®” angle.

As shown in FIGURE 15, the trajectory of point P, in the function of the ¥’
angle is in the shape of an ellipse. Therefore, the equations describing the
correlation with the W’ angle can be based on parametric equations of an ellipse
(equation (6.25)). Additionally, in the equation describing the x-coordinate a shift,

equal to x,, have to be added.

JlY

¥
¥

[
e s s s s m s s -
| |

FIGURE 15. A derivation of a- and b-function in a projection onto the xy-plane. The r, radius
is marked for the @’ angle equals to zero and the ¥’ angle equals to 90°. The dotted line

shows a trajectory of point P, in a function of the ¥’ angle.

a(W’) =r, cos¥ + x,
{b (W) =7, sin¥’ , (6.25)
where:
r« [A] — a semi-minor axis of an ellipse,

ry [A] - a semi-major axis of an ellipse.
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Based on FIGURE 15, it can be stated that r, is equal to r,. Based on

FIGURE 14, r, can be calculated in a similar way as r, was:

T, =T;sina, (6.26)
. ZC
sinq = ————,
/xcz ¥ 7.2 (6.27)
therefore:

Nz,

N (628)

e =

and consequently:

% cosW + x
VX2 + z.2 °
c c (6.29)

b(W’) =r,sin¥’

a(P) =

The easiest way to apply the @’ angle into the solution is the use of the
rotation matrix in two dimensions (equations (6.30) and (6.31)). This is possible,
because the ®’-angle axis overlaps with the z-axis, therefore, its projection onto the

xy-plane covers the origin of the coordinate system:

M@ = cos®’ —sin®’
(@) [sincb’ cos @’ ] (6.30)

where:

M(@°) — the rotation matrix in two dimensions,

brwn] =@ [y 631
therefore:
T2Zc / , R — /
a(@ ) W cos®P cos¥' —r,sin®' sin¥W + z,cos P
[b(q>', ‘P’)] | ez . (6.32)

sin @' cos ¥’ + rycos @' sin ¥’ + z, sin @’

VX2 + z2
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6.3.7. Summary of the derivation of the precession model

Substituting the equations above, one with another, a function describing
the correlation between the distance between clashed atoms and the t-parameter
can be received. Unfortunately, because of the complexity of the solution,
presenting it as a single equation would be highly confusing; instead of showing
one complete equation, the most important equations of the solution are listed

below as the summary of the derivation:

d(a,b,c) = \/(xl — a((b’,‘P’))z + (y1 — b((lb’,‘P'))2 + (Zl — c(q)’,‘P'))z, (6.33)
a(@', V) = Lcos @'(t) cos W' (t) — rpsin @' (t) sin W' (t) + z, cos @' (t), 6.33
VX2 + 2.2 (6.33)
b(®',¥) = % in @'(t) cos W'(t) + rycos @'(t) sin W' (t) + z, sin @'(t), 6.34
VX2 + 2.2 (6.34)
X
c(¥W) =z, — —————=cos ¥'(t),
0 /xcz ¥ 7,2 (6.35)
?'(t) = o(t) — Dy, (6.36)
P =) -+ ¥, (6.37)
@(t) = 125 cos(45°) cos(t) — 84 sin(45°)sin(t), (6.38)
Y(t) = — 125 sin(45°%) cos(t) — 84 cos(45°) sin(t). (6.39)
6.3.8. Proline

Proline, unlike the rest of amino acids, is a cyclic molecule (FIGURE 16);
because of its build, the fixity of the ® angle can be adopted and set as 75° (as
stated in [16]).

O

b g

o OH
NH

FIGURE 16. Proline with its dihedral angles marked.
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Based on this assumption, for proline, some simplifications to the model

can be made. At first, the residue have to be set in a different way, described in

TABLE 4, and presented in FIGURE 17.

TABLE 4. The transformation of atoms in the analytical solution with proline as the re-rotated

residue (unless otherwise stated, all atoms are part of the proline residue).

Coordinate
Atom X y z Position
The origin of the
= 0 0 0 coordinate system
<0
depend on .
Ca v ¢ distance between O 2 20
Cand C,
>0 >0
T};fassic:dnd depend on 0 depend on On the xz-plane
atom relationships with relationships with
CandC, CandC,
The first depend on depend on depend on
clashed relationships with  relationships with  relationships with -
atom other atoms other atoms other atoms
a b Y
/2T T
P,
Pc P X
2 — P
X2 ;
.- : X
Po -
“~ ~ J
X3
PC&

FIGURE 17. The setting of proline as the re-rotated residue in projections: a) a projection onto

the xz-plane; b) a projection onto the xy-plane. The dotted line represents the trajectory of

the second clashed atom in the change of the ¥’ angle.
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As presented above, the W’-angle axis overlaps with the z-axis. Moreover,
the z-coordinate is constant for all values of the angle; therefore, the xy-plane
projection is sufficient to describe the trajectory functions.

In this situation, the distance function is as follows:

d(a,b,¢c) = \/(xl —a(Wp)? + (y1 — b(Wp))? + (21 — 2)3, (6.40)
where:
Yo’(t) [°] — a value of the P angle for the arrangement with proline as the

re-rotated residue.

As shown in FIGURE 17.b, the trajectory of point P, is in the shape of a

circle, therefore, its equation looks as below:

a(Wp") = x, cos Wp'(t)
{b(le’) = x, sinWp'(t). (6.41)

As angles in the precession model, the Wp’ angle is not equal to the ¥
angle, but they are differed by a constant, which is equal to the value of the ¥

angle at the beginning of the clash-remove process:
p(t) = ¥ (t) = ¥ (6.42)

6.3.9. The analysis of the function

In order to analyze the function described by equations (6.33) — (6.39), the
first derivative of it was calculated and equated to zero. These and further
operation were made using Mathematica on the PC. Afterwards, an attempt to find
zeros was made.

Unfortunately, after two days of working, the program was unable to find

the solution, therefore, calculations were stopped.

6.3.10. Tests
Despite the fact that the solution remains unfinished, some tests, checking

the correctness of the solution, were made with the use of Mathematica. Tests were
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based on mathematical functions of the precession model, and were checking
calculations of parameters. Results are shown in a graphic presentation of
functions and points that were calculated.

The first test was checking the correctness of calculations of coordinates
with respect to the primary position of point P-.

The second test was checking the correctness of an application of dihedral

angles by the model.

6.3.11. Results
All parameters, calculated in the first test, were returned as expected. The

graphic presentation of the results is shown in FIGURE 18.

-

X

- \

FIGURE 18. A graphic presentation of the results of the first test in projections: a) a projection
onto the xy-plane; b) a projection onto the yz-plane; c) a projection onto the xz-plane. A green
dot represents a primary position of point P,, drawn based on given data, a small red dot
represents z position of the same point, but drown based on coordinates calculated with the
use of the precession model. A black dot represents a calculated position of point P,. An
orange dot represents a calculated position of point P, with the ®’ and the ¥’ angle equal to
zero. A black line represents a calculated trajectory of point P, with a constant value of the

@’ angle and a changing ¥’ angle.

The results of the second test, presented in FIGURE 19, are in line with

expectations.
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FIGURE 19. A graphic presentation of the results of the second test in projections: a) a
projection onto the xy-plane; b) a projection onto the xz-plane. The green and the red dot
represent the same points as in FIGURE 18. Orange dots represent an increasing value of the
@’ angle with a decreasing saturation of the color (between angles of zero and 90°, with a step
of 10°); the black line corresponds with the trajectory with the ¥’ angle equal to zero, the
dark gray - equal to 90° and the light gray - equal to 180°.

6.4. The hybrid solution

The hybrid solution connects the “walking along the ellipse” and the analytical
solutions. In this solution, the program counts values of the distance between clashed
atoms in a function of the t-parameter, alike as in the “walking along the ellipse”
solution, but instead of using transformation matrixes, it uses equations derived for the
analytical solution. This modification allows omitting matrix multiplications, and results

in speeding up the program.
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6.5.

6.4.1. Tests

Tests were conducted on the same files as in the “walking along the ellipse”
solution’s test; they were performed with the whole global solution applied, on the
PC, with the reference distance of 4 A, and clashes were searched for: in the whole

strand, in the strand excluding hydrogen atoms, and only in the backbone.

6.4.2. Results

All received results were the same as those received from the “walking
along the ellipse” solution’s tests; they showed correctness of the solution. The
solution is more complicated than other solutions, but avoidance of matrix
multiplications results in speeding up calculations.

The solution fulfills all major restrictions.

Discussion

The hybrid solution, along with the global solution described in section 5, have

been applied to the final version of the program, because of its fulfillment of all of the

major restrictions and the highest speed of calculations among all proper solutions.



7. Efficiency tests

After the application of the global solution and the hybrid solution, as the local solution,
to the base program, in order to measure efficiency of removing clashes, tests were made.

7.1. Tests

All tests were performed on the PC, they covered the whole molecule, and they
had the reference distance equal to 1.8 A; the program is intended to work with this
settings. Input files, provided by the supervisor, contained primary structures and,
appropriate for the elliptic model, dihedral angles of seven proteins’: 1ARR, 1B8Z,
1AC6, 1ARJ, 1AD3, 1A0Z, 1ARQ. All files were in the AAD format (see [16], section
2.2.2); therefore the division into separate strands was not applied.

Additionally, some tests were performed by a person not directly connected with
this master’s thesis, with an access to the Academic Computer Centre Cyfronet AGH
(for more information, see [18]). Settings of the program were the same, and input files
were unknown to the author, but they met the requirements of the elliptic model.

Moreover, output files were directed into the Late-Stage.

7.2. Results and analysis

All results with an analysis are presented in TABLE 9 in Appendix E. Based on this
table following charts were made:

1 All of them can be found in Protein Data Bank [20].
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1ARR 1B8Z 1AC6 1ARJ 1AD3 1A0Z 1ARQ
FIGURE 20. The efficiency of removing clashes in the first iteration (see the legend in

TABLEDS).
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1ARR 1B8Z 1AC6 1ARJ 1AD3 1A0Z 1ARQ
FIGURE 21. The number of clashes in the first iteration per 100 residues (8° in the legend in

TABLE 5).

TABLE 5. The legend of FIGURE 20 and FIGURE 21.

ID Description

1° The length of a protein [residues]
2°  The number of clashes in the first iteration
3°  The number of unsolved clashes in the first iteration

40 The number of unsolved clashes in the first iteration with only zone-C or —E residues
available to solve the clash with

6° The efficiency of removing clashes in the first iteration (2—: c 100%) [%6]

The efficiency of removing clashes in the first iteration with zone-C or —E clashes

omitted (30_

7° 40
S 100%) [%]

8°  The number of clashes in the first iteration per 100 residues (i—: 100)
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8,0 -
7,0
6,0
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1B8Z2 1AC6 1ARJ 1AD3 1A0Z 1ARQ
FIGURE 22. The number of unsolved clashes per 100 residues (see the legend in TABLE 6).

TABLE 6. The legend of FIGURE 22.

ID

Description

10
30

40
50
90

10°

11°

The length of a protein [residues]
The number of unsolved clashes in the first iteration

The number of unsolved clashes in the first iteration with only zone-C or —E residues
available to solve the clash with

The number of unsolved clash situations® in the fifth or greater iterations
The number of unsolved clashes in the first iteration per 100 residues (% 100)

The number of unsolved clashes in the first iteration with zone-C or —E clashes omitted
per 100 residues (3 1_4 - 100)

o

The number of unsolved clash situations in the fifth or greater iterations per 100
. 50
residues (F' 100)

! Usually, in fifth or greater iteration not only one atom from one reside clashes with another atom, but many
atoms from two colliding residues do it with each other, and this situation, often, can be change with only
one try (if that try was possible); if clashes covering the same or adjacent residues occur, they are counted
as one.
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400
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20,0 - | 13°
m14°
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00 -

1ARR 1B8Z 1AC6 1ARJ 1AD3 1A0Z 1ARQ
FIGURE 23. The number of unsolved clashes per 100 clashes (see the legend in TABLE 7).

[%6]

100 -
80 B \
60 B \
40 B \
20 B \

0 - . . . . ; ;

1ARR 1B8Z 1AC6 1ARJ 1AD3 1A0Z 1ARQ

FIGURE 24. Zone-C or —E clashes to unsolved first iteration clashes ratio (15° in the legend in

TABLE 7).

TABLE 7. The legend of FIGURE 23 and FIGURE 24.

ID Description
2°  The number of clashes in the first iteration
3° The number of unsolved clashes in the first iteration
40 The number of unsolved clashes in the first iteration with only zone-C or —E residues
available to solve the clash with
5°  The number of unsolved clash situations in the fifth or greater iterations
The number of unsolved clash situations in the fifth or greater iteration per 100 first
12° . : 50
iterations clashes (— : 100)
20
The sum of the humber of unsolved clashes in the first iteration and the number of
13° unsolved clash situations in the fifth or greater iterations per 100 first iteration clashes
(3"+5" . 100)
20
The sum of the number of unsolved clashes in the first iteration and the number of
14° unsolved clash situations in the fifth or greater iterations per 100 first iteration clashes
with zone-C or -E clashes omitted (3 ;,5_;,4 - 100)
150 The number of zone-C or —E clashes to the number of unsolved first iteration clashes

ratio (5 - 100%) [%]
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Additionally, after tests on Cyfronet’s computers, it occurred that, still, some of
clashes that weren’t removed in the Early-Stage, make the Late-Stage unable to be

conducted.

7.3. Interpretation of the results

As shown in FIGURE 20 most first iteration clashes are removed. FIGURE 24
presents that most of them are clashes with residues between clashed atom only in zones
C or E; therefore, no attempt was made to solve these clashes. FIGURE 21, FIGURE 22
and FIGURE 23 show that there is no strict relationship between the length of a protein
and the number of clashes; received results are, probably, dependent on a class of a
protein. There might be trend for shorter molecules, but, unfortunately, because of a
small size of the sample, any correlations are uncertain.

As shown in FIGURE 22 and FIGURE 23 the “Ping-Pong” error still occurs, but it is

also not very common in small molecules.






8. Discussion

8.1. Accessibility to the program

The upgraded program (AADream 2.00) and its code can be downloaded from
[17].

8.2. Current application of the program
The final program is currently used in some projects carried out on PL-Grid
Infrastructure [21].

8.3. Possible future improvements

The greatest defect of presented solution is, probably, its global part. The change
of the order of solving the clashes might result in increasing the efficiency of solving
the “Ping-Pong” errors; if shorter clashes' were solved earlier than longer ones, it might
lead to a reduction in the depletion of re-rotable residues between clashed atoms in
higher iterations.

Additionally, a permission to change dihedral angles in atoms from zones C and E
will highly reduce a quantity of unsolved clashes in the first iteration, but there is no
information about its influence on a prediction of protein structure. Recently, the newest
version of the program, with this feature applied, was made (AADream 2.01 available at
[17]), but it have not returned any significant data yet.

Probably, the biggest improvement to the precession model would be finishing its
analysis with the use of a supercomputer to speed up the calculations of the zeros of the
first derivative, and applying the results to the program.

8.4. Other observations

The fact that the second clashed atom during any possible change of dihedrals
angles is located on the surface of a sphere with respect to point Pc, was observed.
While line segments Pc,P, and r, represent the catheti of aright triangle, a segment
PcqP2, Which is also the radius of the sphere, represents the hypotenuse. Because values
of the catheti, and the angle between them are constant, also the radius is constant,

therefore the second clashed atom makes a sphere movement.

! The length of a clash is a number of residues between clashed atoms in the primary structure of a protein.
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Appendix A. Program layout

a. A selection of an input file
format

b. A selection if an output will
contain hydrogen atoms
c. Create an additional output,

<./ Amino Acid Dream

\_

]

without applience of dihedral
angles

d. An output path for regular files

f. An output path for additional files

h. An input file path —————

m. A list of input files |

n. The information window

p. Clear the information window

q. Stop calculations \

—[F\Ie |Type input file path...

InputiQutput Options

) AADFile ® Extended AAD File| () Three letter shortcuts () One letter shortcuts

\‘ Select input type:

‘——| [_] Output contains hydrogen atoms

["] Create prerotation (linear) output

Select output path:

‘D:\AGH\F\zyka medyczna

Je=

/‘ Select prerotation output path:

Choose

Select Input Files

|

List of input files:

I Multiple Add

D:AGH\Inzynierka\AADream\Zbyszek\1AB8.out
D:\AGH\Inzynierka\AADream\Zbyszek\1ADE.out
D:AGH\nzynierka\AADream\Zbyszek\1AFlL.out

D:\AGH\Inzynierka\AADream\Zbyszek\1AGJ.out

Welcome to AADream

ersion 1.00; 22 January 2012
For any sugestions please mail to: baster.zbigniew@gmail.com
Copyrights content by Zbigniew Baster.

Program licenced under Creative Commons Alfribution 3.0 Unported licence

‘ Stop m Clear ‘ ]

Lo

Remove J//

€. A selection of outlut path

2. A selection of an
output path for
additional files

. Add input file

j- Add multiple input
files

k. Remove selected
file from the list

1. Remove all files
from the list

I .
0. Run calculations

1. Close the program

FIGURE 25. The layout of AADream 1.00. Based on [16].
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Appendix B. Report file

A report file contains information about

conditions of the clash-remove process,

unsolved clashes, and total number of clashes in each iteration. A sample report file is

presented below:

The report of file 1ARR

Parameters:

Clash distance: 1.8 A

Clashes searched for in the whole
1.1 A5 LYS O A7 PRO HD 1
1.2 A5 LYS HG A7 PRO HD 1
1.3 Al2 ARG O Al4 PRO HD 1
1.7 A56 LYS O A58 PRO HD 1
1.8 A63 ARG O A65 PRO HD 1

Number of clashes found in iteration 1: 16
Number of clashes found in iteration 2: 7
Number of clashes found in iteration 3: 21

4.1 A82 SER HN A86 GLU CA 1.
4.2 A82 SER O A86 GLU N 1.
4.3 A82 SER HB A86 GLU N 1.

protein

.643 1.643 E E F
.788 1.788 E E F
.338 1.338 E E F
.494 1.494 D E F
.338 1.338 E E F
735 1.735 F ABC B
621 1.621 F ABC B

478 1.478 F  ABC B

Number of clashes found in iteration 4: 4

5.6 A81 ARG HD A85 SER N 1.

530 1.530 E FAB C

Number of clashes found in iteration 5: 7
Number of clashes found in iteration 6: 1

The first line of a report file informs about an output file that it is correlated with.

The forth line of a report file informs about the reference clash distance.

The fifth line of a report file informs about the coverage of the search, possible

sentences are:

e Clashes searched for in the whole protein

e Clashes searched for only in the backbone

e Clashes searched for in the protein with hydrogen atoms excluded

The seventh and next lines inform about unsolved clashes, or the number of clashes

found in an iteration.
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FIGURE 27 presents a single report line of an unsolved clash:

a b C d e f g h
S©000

FIGURE 27. A report line of an unsolved clash.

Where:

a)

b)

c)
d)
e)
f)
9)

h)

An ID number of a clash, the first letter represents the number of an iteration, the
second one — the number of a clash found in the iteration

Information about the first clashed atom: a protein strand letter, a residue number, a
type of residue, and an atom of a residue.

Information about the second clashed atom; description similarly to the first one.

A distance between atoms before the clash-remove process expressed in angstroms.
A distance between atoms after the clash-remove process expressed in angstroms.
The zone of the first clashed atom’s residue.

Zones of residues between clashed atoms, in their order in a strand; each letter
represents a single residue.

The zone of the second clashed atom’s residue.



Appendix C. Determination of a t-parameter.

TABLE 8. The determination of a t-parameter. Proper values are marked in gray.

t (N@® CIE® L0 ¥® ]| arccos [ LX) [3600 — arccos [CO PO ] | aey+w(t) []
o 884|884 1768 0 360 0
10] 76,7 [ 974 | 1741 10 350 -20,6
20| 62,7 [-103,4] 166,1 20 340 40,6
30| 46,8 [-106,2] 1531 30 330 59,4
40| 295 [-1059] 1354 40 320 76,4
50| 11,3 [-1023] 1136 50 310 91
60| -7,2 [-956 | 884 60 300 -102,9
70| 256 | -86 60,5 70 290 111,6
80| -431]-738] 307 80 280 117
90 -59,4 | 59,4 0 90 270 -118,8
100] -73,8 [ -431| 30,7 100 260 117
110] -86 | 256 | -60,5 110 250 111,6
120] 956 | -72 | -884 120 240 -102,9
130[-102,3[ 11,3 | -1136 130 230 91
140[-105,9| 29,5 | -135,4 140 220 76,4
150{-106,2| 46,8 | -153,1 150 210 59,4
160[-103,4| 62,7 | -166,1 160 200 40,6
170] -97,4 | 76,7 | -1741 170 190 -20,6
180| -88,4 | 884 | -1768 180 180 0
190| -76,7 [ 97,4 | -1741 170 190 20,6
200] 62,7 [ 1034 | -166,1 160 200 40,6
210 -46,8 [ 1062 | -1531 150 210 50,4
220 29,5 [ 1059 -135.4 140 220 76,4
230] -11,3 [ 1023 -1136 130 230 o1
240 72 | 956 | -884 120 240 102,9
250[ 25,6 | 86 60,5 110 250 111,6
260| 431 | 738 | 30,7 100 260 117
270 59,4 | 59,4 0 90 270 118,83
280] 73,8 | 43,1 30,7 80 280 117
200 86 | 25,6 60,5 70 290 111,6
300 95,6 | 7.2 88,4 60 300 102,9
310[ 102,3 | -11.3 | 1136 50 310 o1
320 105,9 | 295 [ 1354 40 320 76,4
330[ 1062 | -468 | 1531 30 330 50,4
340 1034 | 627 [ 166,1 20 340 40,6
3s0[ 97,4 | -767 [ 1741 10 350 20,6
360| 88,4 | -884 | 1768 0 360 0







Appendix D. Diagrams
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The amino acid residues
sequence; the clashed residues;
the distance of reference.

Define distances between the clash
and residues previously signed;
sort them, in their groups, in the term
of largest distance in their groups

¥

Sign residues between the clashed
residues to proper groups,
corresponding with zanes of
the ellipse (ABG, DF or CE)

Remove the residue used during
the attempt from group ABG

Does group
ABG contain
residues?

Try to remove the clash by
using the most distant
residue from the group

Remove the residue used during
the attempt from group DF

Does group
DF contain
residues?

Try to remove the clash by
using the most distant
residue from the group

Is the clash
remaoved?

Is the clash
removed?

The clash is not removed

The clash is removed

FIGURE 29. The diagram of the clash-remove sequence, after finding the clash.



Appendix E. Results table

TABLE 9. Efficiency tests results with an analysis.

ID Protein 1ARR 1B8Z 1AC6 1ARJ 1AD3 1A0Z 1ARQ
1° The length of a protein [residues] 102 126 212 814 888 1100 1632
2° The number of clashes in the first iteration 15 24 35 2842 679 333 354
3° The number of unsolved clashes in the first iteration 5 4 5 62 65 85 58
40 The number of unsolved clashes in the first iteration v;\i/t;lzrgllyé iggg]\(/:eot[];i;;iisvlﬁrﬁ 5 4 5 55 54 79 58
5° The number of unsolved clash situations' in the fifth or greater iterations 1 3 6 54 46 8 5
6° The efficiency of removing clashes in the first iteration (2—3 100%) [%6] 66,7 833 857 978 904 745 83,6

The efficiency of removing clashes in the first iteration with zone-C or —E clashes

7° omitted (%_ 100%) [%] 100 100 100 99,7 982 97,6 100
8° The number of clashes in the first iteration per 100 residues (i—z 100) 14,7 190 165 3491 765 30,3 21,7
9° The number of unsolved clashes in the first iteration per 100 residues (i—: . 100) 49 3,2 2,4 7,6 7,3 7,7 3,6
10° The number of unsolved clashes in the first iteration with zone-C or —E clashes 0 0 0 0.9 12 05 0

omitted per 100 residues (% 100)

! Usually, in fifth or greater iteration not only one atom from one reside clashes with another atom, but many atoms from two colliding residues do it with each other, and this
situation, often, can be change with only one try (if that try was possible); if clashes covering the same or adjacent residues occur, they are counted as one.



TABLE 9. Continuation.
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ID Protein 1ARR 1B8Z 1AC6 1ARJ 1AD3 1A0Z 1ARQ

The number of unsolved clash situations in the fifth or greater iterations per 100

11° . 50 1 2,4 2,8 6,6 5,2 0,7 0,3
residues (F' 100)
The number of unsolved clash situations in the fifth or greater iterations per 100 first

12° . . 50 6,7 125 17,1 1,9 6,8 2,4 1,4
iteration clashes (;- 100)
The sum of the number of unsolved clashes in the first iteration and the number of

13° unsolved clash situations in the fifth or greater iterations per 100 first iteration  4q 292 314 41 163 279 178

clashes (3o+50 : 100) , , , , , ,
20

The sum of the number of unsolved clashes in the first iteration and the number of

14° unsolved clash situations in the fifth or greater iterations per 100 first iteration 1 15 20 2.2 9,1 55 17
clashes with zone-C or —E clashes omitted (3 ;5_;,4 : 100)
The number of zone-C or —E clashes to the number of unsolved first iteration clashes

15° 100 100 100 88,7 831 929 100

ratio (:—Z 100%) [90]




