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NETWORK SIMULATION OF THE POST-TRANSLATIONAL
MODIFICATIONS IN ORGANIC NANOSTRUCTURES*5

Summary. In this paper the paradigm for simulation of post-translational confor-
mations in the polymer chain of amino acids, in a dynamic of the protein torsion an-
gles aspect is discussed. The polypeptide synthesized in the ribosome is modeled us-
ing torsion angles as a degrees of freedom. The model construction paradigm for
modeling of the post-translational modifications (conformations) by dynamic pro-
gramming is presented. The computer network structure contains a workstation ful-
filling the needs of Graphic User Interface, and a supercomputer working under con-
trol of the workstation to fulfill the numerical tasks ofthe model implementation.

SYMULACJA SIECIOWA MODYFIKACJI POTRANSLACYJNYCH
NANOSTRUKTUR ORGANICZNYCH

Streszczenie. W pracy przedstawiono metode symulacji potranslacyjnych konfor-
macji tafcucha polimeru aminokwaséw w aspekcie katéw torsyjnych przyjetych jako
stopnie swobody uktadu. Przedstawiono konstrukcje modelu dla okreslenia konfor-
macji potranslacyjnych metodg programowania dynamicznego. Model sieciowy, ba-
zujacy na wymianie komunikatow, zbudowany zostat w konfiguracji stacji roboczej
spetniajacej zadania graficznego interfejsu uzytkownika i sterowania oraz superkom-
putera realizujgcego czasochtonne procedury numeryczne.

1. Introduction

The mechanism of post-translational modifications in nanostructures takes place after

translation process performed in the reactor (ribosome) generating the polypeptide chain.

)Work supported by State Committee for Scientific Research, Poland, Grant No.
KBN 7T110)1721".
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The polypeptide synthesis is a process called translation because the string of letters of
the four-letter alphabet of nucleic acids accordingly with genetic code, is translated into string
of amino acids of the 20-amino acid alphabet, forming proteins. The translation process is
performed in a ribosome moving along the mRNA chain (powered by the hydrolysis of
GTP), with the activated precursor driven by ATP, and in presence of at least one kind of
tRNA and activating enzyme for each amino acid. Protein synthesis takes place in initiation,
elongation, and termination stages. The initiation stage results in the connecting of the ini-
tiator tRNA to the start signal in mMRNA. The termination stage takes place when a stop sig-
nal in the mRNA is read by the protein release factor. Each nucleotide triplet, or codon, in
mRNA chain encodes a specific amino acid. In the elongation stage, each molecule of tRNA
binds only the amino acid proper to a particular codon, and tRNA recognize a codon by
means of a complementary nucleotide sequence named anticodon. When the termination
stage occurs, the completed polypeptide is released from the ribosome [3, 10]. Next, the
pro??cesses of modifications after translation take place. In the paper the spatial

modifications called conformations are discussed.

2. Computer Model for the Structure Prediction

The goal of model construction is investigation of conformation in the post-translational
processes parallely, when the massive numerical procedures have to be performed [2], The
hierarchical model may have a form of shell containing the objects representing material ele-
ments (molecules or groups of molecules), and the objects representing messages, timely in-
terdependent. The objects of the model have a form of the elements of specialized library. In
the paper, a network structure of the model for modeling of the post-translation process are
described. The integrated network model performs two basic tasks in the two-computer sys-
tem: the Graphic User Interface (GUI) and computations control is realized in the PC work-
station (Win98/2000), and the time-consuming, numerical computing for application are per-
formed in the multiprocessor based parallel computer (supercomputer) - the Sun Enterprise
6500 server (12 high performance, 64-bit SPARC™ [Scalable Processor ARChitecture] V9
RISC, 6 GFLOPS) working under the Solaris™ 7.

3. Polypeptide Structure

The three-dimensional structure of a polypeptide can be completely described by placing

it in a Cartesian coordinate system and listing x, y, z coordinates for each atom in the chain.



Network Simulation of the Post-translational Modifications 25

However, the synthesis programs generating the conformation of the main chain of polypep-
tide use the amino acids library and need the information on the angles between a-carbons
bonded with their side chains and a contiguous peptide groups. The backbone of a chain of

amino-acid residues determined by set of torsion angles, is presented in Fig. 1.

Fig. 1. Definition of protein torsion angles @ y, coand /_in the polypeptide
sequence. The limits of a residue #1 are indicated by dashed lines, the
chain is shown in a fully extended conformation (<p\=y\=co0\=\80°)

Rys. 1. Definicja katéw torsyjnych e, y coand x w sekwencji polipeptydu.
Linie przerywane oznaczajg granice reszty aminokwasowej (#1),
a tancuch przedstawiono w formie rozciagnietej {<p\=y\=co\=\%0°)

The backbone conformation of an amino-acid residues can be specified by listing the tor-
sion angle e (rotation around the nitrogen-a-carbon bond in the main chain), and y (rotation
around the a-carbon-carbon bond in the main chain of the polypeptide). The relationship

between the peptide groups, a-carbons and torsion angles can be expressed in a following

form:

—>PB—>qi Ca-*yt->PB-» 9 —»Ca~"y2-» PB — (D
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where PB denotes the peptide bond and C,,,is the ;-th a-carbon atom.

The zero for torsion angle <pis defined with the N— H bond trans to the Ca— C’ bond, and
the zero position for i/ is defined with the Ca—N trans to the C=0 bond. The peptide-bond
torsion angle to is generally 180°, this is with C=0 bond trans to the N— H bond [7]. A com-
plete description of the spatial structure of a protein also require a knowledge of the side-
chain torsion angles x-

The torsion angles play a crucial role in the conformation of proteins because the three-
dimensional structure of protein determines its biological functions. On the other hand not all
combinations of torsion angles are possible, as many leads to collision between atoms in ad-
jacent residues. The possible combinations of pand y/ angles that do not lead to collision can
be plotted on a Ramachandran map. In the dipeptide with amino acid [14] sequence His-Cys

presented in Fig. 2, the torsion angles (pand yj are equal -60°.

Fig. 2. Dipeptide His-Cys. Torsion angles e>»is= -60° and "His= -60° for histidine
molecule, and <ys=-60° and i//lcys= -60° for cysteine. Stick representation
of molecule [9]

Rys. 2. Dipeptyd His-Cys. Katy torsyjne dla histydyny wynoszg "His = -60° oraz
I"His= -60°, natomiast dla molekuty cysteiny tpcys= -60° i i/lcys= -60°. Re-
prezentacja belkowa molekut [9]

It can be simply observed in Fig. 3 and 4 that the small changes of the torsion angles

cause fundamental changes in conformation of the polypeptide in a case, when the chain of

amino acids is very long.

4, Translation Process

The flow of genetic information from DNA (data bank and replication) through the tran-
scription of genetic code triplets (codons) into the mRNA chain (mobile data transmitter)

finally is expressed in the material form as a synthesized proteins. Synthesis of proteins is
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performed on ribosomes in the environment, where the all aminoacylated tRNAs, activating

enzymes and protein factors are accessible.

Fig. 3. Dipeptide His-Cys. The torsion angles ¢>his= "His= -60° for histidine,
and (pcys=-90° and ifflC5~60° for cysteine
Rys. 3. Dipeptyd His-Cys. Katy torsyjne <pn?= y his= -60° dla histydyny oraz
ecys=-90° i "Cys"bO0dla cysteiny
The initial interaction occurs in such a way as to allow the codon for the initiating amino
acid (methionine) to interact with corresponding appropriately “loaded” transfer RNA to be-
gin polypeptide synthesis. Next, consecutive codons (translation direction is from 5’ to 3’ end
of mMRNA) interact with proper transferred amino acid molecules and the peptide chain
shoves up forming the protein.
The translation process can be modeled basing on standard genetic code [10] and one or

two letter description of the 20 basic amino acids [1].

Fig. 4. Dipeptide His-Cys. The torsion angles tpnis=-60° and (/Hs= -85° for histi-
dine and (pcys= Vcys=-60° for cysteine

Rys. 4. Dipeptyd His-Cys. Katy torsyjne (»His= -60° i (/Hs= -85° dla histydyny oraz
<poys= V'eys= “60° dla cysteiny
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The long chains of nucleotide sequence, can be effectively processed with sufficient
software with many parameters, and next processed [8] into PDB files for consecutive com-
putations [12, 13].

Visualization can be effectively performed with the RasMol [9] software.

5. Post-translational Conformations

When the translation process reaches the last, termination stage, the chain of amino-acid
residues forming the polypeptide is inserted into an environment which is usually the fluid.
This fluid, cytosol, can be treated in first approximation as a solution. The polypetide forms
a chain of the molecules of residues connected together through the rotational bond realized
by peptide bonds.

In this case (Fig. 5) possible conformation depends on mutual interaction between resi-
dues of amino acids and molecules of solution like hydrophobic or hydrophilic interactions.
The force powered changes, is a tendency of the system chain of polypeptide and solution
molecule in some neighbourhood to get minimal free energy [5]. This can be called free con-

formation of the polypeptide chain.

Fig. 5. Torsion angles determination in the interaction of polypeptide chain and
the environment

Rys. 5. Wyznaczanie katéw torsyjnych w wyniku interakcji taricucha polipeptydu
i Srodowiska
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In a case when an external force interacts on the polypeptide chain (like chaperons or en-
zymes) that extended system (chain, solution and enzyme) tends also to reach minimal inter-
nal energy. This can be called forced conformation. It is important that internal bonds e.g.
disufide bonds or hydrogen bonds can interrupt the conformation transient state.

In Fig. 5 the two main groups of post-translational modifications are presented: firstly the
chemical modifications based on exchange of side-chains in a polypeptide chain and cutting
the selected amino acids, and secondly, conformation modifications leading to forcing the set
of protein torsion angles (g, a, and in an amino-acid sequence. The computer model

presented in the paper is capable to simulate those processes.

6. Determining the Free Conformation by Dynamic Programming

Basing on Fig. 1 we assume, that the first amino-acid residue in the peptide chain appea-

ring from the ribosome has a number 0, the next is 1 and so on.
Let we denote the potential energy function [6] of the amino-acid residue #0 by EO.
We assume in first approximation, that the potential energy is a function of torsion angles

90,y/0,co0and x OmThe shape of the backbone of the polypeptide chain depends only from the

pairs of the p and </ angles, because & is usually equals 180° and x is void.

In consequence, the energy of the first residue of the peptide chain can be expressed as:

~ A0(*0j )m (2
We will quantize the EO for <40 = {<pl<p\,... <Po}and y/0 - {ip°0,ip'0, Thus we

have:

The grid is not fully filled because of Ramachandran restrictions.
When the residue of next amino acid (#1) appears, the minimal energy for bonded resi-

dues of amino acids #0 and #1 has a form:

3
where symbol => means to compute total energy in point £*¢' reached from points

£Xx (it=1,2,... Kyl - 1,2,... ¢),and symbol := means to compute right side expression (3)

and assign a result to the left.
When the third residue appears (#2), the minimal energy for three bonded residues of

amino acids (in all accessible points on a grid) has a form:
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4)

When we will reach the last residue (#«), we have:

£* (i>i \h =min min(£*:'2 => )=>ER [ipKy/') (5)

This is the key point of procedure, for min EkJ (cok,y',,) in (5), when we recall to the Ea,

we can find the optimal “trajectory” (minimal energy) for set of pairs in a form:

MV, )@ > {<PyVv>» )@ > ... >{%6>Vo).n . (8)
and the conformation (1) ofthe backbone ofthe peptide chain is determined.

The procedure is illustrated in Fig. 6.

rd ro

Fig. 6. Conformation determined by dynamic programming (e.g. steps #0 to #2)
Rys. 6. Wyznaczanie konformacji metodg programowania dynamicznego (przy-

ktadowo kroki #0 do #2)

6.1. Hydrogen and Disulfide Bonds

During the procedure of determining of the trajectory (6), the condition of existing hy-
drogen or disulfide bond have to be checked. When the condition is fulfilled, the sub-back-

bone is fixed, and the minimization is continuing, but the optimal part of the sub-backbone

stays unchanged.
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7. Message-Passing Interface in the Model Construction

Completion of the system for simulation of dynamics of the translation and conformation
polypeptide chain processes, requires adoption of existing stand alone numerical programs

and writing a few new modules for system integration [11, 15].

7.1. Software Tools

In the implemented system we have six main modules:

Control_PC - Control program in the integrated network maintaining the main menu in
the workstation, organizing operation on the input/output data, and responsible for communi-
cation between operating systems (Visual C++).

Programs_C - Programs for numerical computing. Programs_C modules reside on PC
workstation (Visual C++).

Control_Comp - Program working on a Unix platform organizing computing process by
division the data set into subsets, and ordering to the subsets separate processes. This function
is fulfilled in the MPI (Message-Passing Interface) environment [4],

Server_Comp - Program for listening the demands of client in a client-server communi-
cation model (Sun).

Programs_CC and Programs_f77 - Batch programs for numerical computing (Sun
supercomputer).

In the computer network applications, the standard model of data exchange is a client-
server communication model. Server is a process waiting for requirement to connect from
process called client to fulfill the determined tasks. In integrated network model the selected
communication protocol is TCP/IP. Login to the supercomputer can be performed from arbi-
trary computer working in the Internet. The client workstation and computational server
working in the network, communicate with each other using the package of subroutines that

provide access to TCP/IP i.e. sockets interface.

7.2. Parallel Computations

In the multiprocessor system, the queues of messages resulting from processes’ activity
are created and supervisor process gathers the waiting results together. The Solaris 7 Operat-
ing Environment is very well adapted to the tasks of this kind. In our case, the massive com-
putations are divided between eleven processors and indicate last processor (twelve) as
a master gathering results. Each parallel process is ordered to the physical processor and the
processes are mutually independent. Also, all variables in the processes are unique in each

module. Data are gathered on a disk, and can be simultaneously read by processes. The par-
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ailel process of computing in the integrated network model is coded using MPI by a program

module Control_Comp [4],

8. Conclusions

The paper presents a selected paradigms for modeling composite processes in protein
synthesis: translation and post-translational conformations.

Presented integrated network model is framework for computer simulations fully using
network computer system’s features, where depending on the task division between resources
of a system, it is possible to build friendly user interfaces, and independently improve system
performance. In implemented system, through modules integration and parallel operation, the
time of the system interaction was considerably shortened. Integrity of the system is satisfied
through the compatibility of the data structures, the control of the system from main graphic
application, and automatic transfer of data between PC workstation and the supercomputer
through the network. The user can get results which are basic for design, but it also is possi-
ble to access to intermediate results of computation. This is necessary for checking the cor-

rectness of actual algorithms as well as in future development of the system’s capabilities.
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Streszczenie

W pracy przedstawiono strukture modelu sieciowego pozwalajgcego na badania symula-
cyjne konformacji liniowych polimeréw aminokwaséw. Konformacja ciggu generowanych
w reaktorze (rybosom) reszt aminokwaséw tworzgcych polipeptyd wyznaczana jest metodg
programowania dynamicznego [relacje (5) i (6)]. Jako stopnie swobody szkieletu powstaja-
cego tafncucha polipeptydowego przyjeto katy torsyjne tp oraz y/ [7, 10, 12, 13]. Przedysku-
towano zagadnienie modyfikacji potranslacyjnych w ogélnosci. W szczegélnosci przedsta-
wiono metode wyznaczania struktury konformacyjnej stanowigcej forme natywng pierwszo-
rzedowej struktury polipeptydu.

Implementacja modelu w sieci komputerowej zawiera dwa podstawowe elementy: stacje

roboczg spetniajagcag funkcje graficznego interfejsu uzytkownika (GUI) i sterowania procesem
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symulacji oraz superkomputer (Sun Enterprise 6500), ktdry petni role jednostki wykonujacej

masywne obliczenia numeryczne pod kontrolg stacji roboczej.



