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

S u m m a ry . In this paper the paradigm  for sim ulation  o f  post-translational confor
m ations in the po lym er chain  o f  am ino acids, in  a dynam ic o f  the protein  torsion an 
gles aspect is discussed. The polypeptide synthesized in the ribosom e is m odeled  us
ing torsion angles as a degrees o f  freedom . The m odel construction  paradigm  for 
m odeling  o f  the post-translational m odifications (conform ations) by dynam ic p ro 
gram m ing is presented . The com puter netw ork structure contains a  w orkstation  fu l
filling the needs o f  G raphic U ser Interface, and a supercom puter w ork ing  under con
trol o f  the w orkstation  to fulfill the num erical tasks o f  the m odel im plem entation.

SYMULACJA SIECIOWA MODYFIKACJI POTRANSLACYJNYCH 
NANOSTRUKTUR ORGANICZNYCH

S treszczen ie . W  pracy przedstaw iono m etodę sym ulacji po translacyjnych konfor
m acji łańcucha polim eru  am inokw asów  w  aspekcie kątów  torsyjnych przyjętych jako  
stopnie sw obody układu. P rzedstaw iono konstrukcję m odelu  dla określenia konfor
m acji po translacyjnych m etodą program ow ania dynam icznego. M odel sieciow y, ba
zujący na w ym ianie kom unikatów , zbudow any został w  konfiguracji stacji roboczej 
spełniającej zadania  graficznego in terfejsu  uży tkow nika i sterow ania oraz superkom 
putera  realizującego czasochłonne procedury  num eryczne.

1. Introduction

The m echanism  o f  post-translational m odifications in nanostructures takes place after 

translation process perform ed in the reactor (ribosom e) generating the po lypeptide chain.

) W ork supported  by State C om m ittee for Scientific R esearch, Poland, G rant No. 
KBN 7 T 1 1 0 )1 7 2 1 ” .
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T he polypeptide synthesis is a  process called translation  because the string o f  letters o f  

the four-letter alphabet o f  nucleic acids accordingly w ith  genetic code, is translated  into string 

o f  am ino acids o f  the 20-am ino acid alphabet, form ing proteins. T he translation  process is 

perform ed in a ribosom e m oving along the m R N A  chain  (pow ered by the hydrolysis o f  

G TP), w ith  the activated precursor driven by  A TP, and in  presence o f  at least one kind o f  

tR N A  and activating  enzym e for each am ino acid. P rotein  synthesis takes p lace in  initiation, 

elongation , and term ination  stages. The initiation stage  results in  the connecting  o f  the in i

tia to r tR N A  to the start signal in m R N A . T he term ination stage  takes p lace w hen a stop sig

nal in the m R N A  is read by the protein  release factor. E ach nucleotide trip let, or codon, in 

m R N A  chain  encodes a  specific am ino acid. In the elongation stage, each m olecule o f  tRN A  

binds only the am ino acid p roper to  a  particular codon, and tR N A  recognize a codon by 

m eans o f  a com plem entary  nucleotide sequence nam ed anticodon. W hen the term ination 

stage occurs, the com pleted  polypeptide is released from  the ribosom e [3, 10]. N ext, the 

pro??cesses o f  m odifications after translation  take place. In the paper the spatial 

m odifications called conform ations are discussed.

2. Computer Model for the Structure Prediction

T he goal o f  m odel construction  is investigation o f  conform ation in the post-translational 

processes parallely , w hen the m assive num erical procedures have to  be perform ed [2], The 

h ierarchical m odel m ay have a  form  o f  shell contain ing  the objects represen ting  m aterial ele

m ents (m olecules o r groups o f  m olecules), and the objects representing  m essages, tim ely in

terdependent. T he objects o f  the m odel have a  form  o f  the elem ents o f  specialized  library. In 

the paper, a  netw ork  structure o f  the m odel fo r m odeling o f  the post-translation  process are 

described. T he in tegrated  netw ork m odel perform s tw o basic tasks in the tw o-com puter sys

tem : the G raphic U ser Interface (G U I) and com putations control is realized  in  the PC w ork

station (W in98/2000), and the tim e-consum ing, num erical com puting fo r application  are per

form ed in the  m ultiprocessor based parallel com puter (supercom puter) - the Sun E nterprise 

6500 server (12 high perform ance, 64-bit SPA RC ™  [Scalable P rocessor A R C hitecture] V9 

R ISC , 6 G FLO PS) w orking under the Solaris™  7.

3. Polypeptide Structure

The three-dim ensional structure o f  a  polypeptide can be com pletely  described by placing 

it in  a C artesian  coordinate system  and listing x, y, z  coordinates for each atom  in the chain.
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H ow ever, the synthesis p rogram s generating the conform ation o f  the m ain chain  o f  polypep

tide use the am ino acids library and need the inform ation on the angles betw een a-carbons 

bonded w ith  their side chains and a contiguous peptide groups. The backbone o f  a  chain o f  

am ino-acid  residues determ ined by set o f  torsion angles, is presented  in  Fig. 1.

Fig. 1. D efin ition  o f  protein  torsion angles cp, y, co and /_ in  the polypeptide 
sequence. The lim its o f  a residue #1 are indicated by dashed lines, the 
chain  is show n in a fully extended conform ation (<p\=y\=co\=\80°)

Rys. 1. D efin icja kątów  torsyjnych ę, y  co and x  w  sekw encji polipeptydu.
Linie przeryw ane oznaczają  granice reszty am inokw asow ej (#1), 
a łańcuch przedstaw iono w  form ie rozciągniętej {<p\=y\=co\=\%0°)

The backbone conform ation o f  an am ino-acid residues can be specified by listing the to r

sion angle ę  (ro tation  around the n itrogen-a-carbon bond in  the m ain chain), and y  (rotation 

around the a-carbon-carbon  bond in the m ain chain o f  the polypeptide). The relationship 

betw een the peptide groups, a-carbons and torsion angles can be expressed in  a follow ing 

form:

—> PB —> <pi C aI - * y t ->  PB -»  <p2 —» C a2 ~ ^ y 2 -»  PB —> (1)
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w here PB denotes the pep tide bond and C „,is the ;-th a -carbon  atom .

The zero for torsion angle <p is defined w ith the N— H bond trans to  the C a— C ’ bond, and 

the zero position  for i// is defined w ith the Ca— N  trans to the C = 0  bond. T he peptide-bond 

torsion angle to is generally  180°, this is w ith C = 0  bond trans to the N — H bond [7]. A  com 

plete descrip tion  o f  the spatial structure o f  a protein  also require a know ledge o f  the side- 

chain to rsion  angles x-

The torsion  angles p lay a crucial role in the conform ation o f  proteins because the three- 

dim ensional structure o f  protein determ ines its biological functions. O n th e  o ther hand not all 

com binations o f  to rsion  angles are possible, as m any leads to  collision  betw een atom s in ad

jacen t residues. T he possib le  com binations o f  <p and y/ angles tha t do no t lead to collision  can 

be p lo tted  on  a R am achandran m ap. In  the d ipeptide w ith am ino acid  [14] sequence H is-C ys 

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

Fig. 2. D ipeptide H is-Cys. T orsion angles ę>»is=  -6 0 °  and ^His=  -6 0 °  for h istid ine 
m olecule, and <pcys = -6 0 °  and i//cys = -6 0 °  for cysteine. S tick representation  
o f  m olecule [9]

Rys. 2. D ipeptyd H is-Cys. K ąty torsyjne dla histydyny w ynoszą  ^His = -6 0 °  oraz 
l^His= -6 0 ° , natom iast dla m olekuły cysteiny tpcys=  -6 0 °  i i//cys =  -6 0 ° . R e
prezentacja  belkow a m olekuł [9]

It can be sim ply  observed in  Fig. 3 and 4 that the sm all changes o f  the torsion  angles 

cause fundam ental changes in  conform ation o f  the po lypeptide in  a  case, w hen  the chain  o f  

am ino acids is very  long.

4. Translation Process

T he flow  o f  genetic inform ation from  D N A  (data bank and replication) through the tran 

scription o f  genetic code triplets (codons) into the m R N A  chain  (m obile data  transm itter) 

finally is expressed in the m aterial form  as a synthesized proteins. S ynthesis o f  proteins is
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perform ed on ribosom es in the environm ent, w here the all am inoacylated  tR N A s, activating 

enzym es and p ro tein  factors are accessible.

Fig. 3. D ipeptide H is-Cys. The torsion angles ç>hîs = ^His= -6 0 °  for histidine, 
and (pcys= -9 0 °  and if/Cy5~ 6 0 °  for cysteine 

Rys. 3. D ipeptyd H is-Cys. K ąty torsyjne <pm% = y hîs = -6 0 °  dla histydyny oraz 
ęcys= -9 0 °  i ^C ys^bO 0 dla cysteiny

T he in itial in teraction  occurs in  such a  w ay as to  allow  the codon for the in itiating amino 

acid (m ethionine) to in teract w ith  corresponding appropriately “ loaded” transfer R N A  to be

gin po lypeptide synthesis. N ext, consecutive codons (translation direction is from  5 ’ to  3 ’ end 

o f  m R N A ) in teract w ith proper transferred am ino acid m olecules and the peptide chain 

shoves up form ing the protein.

T he translation  process can be m odeled  basing on standard genetic code [10] and one or 

tw o letter descrip tion  o f  the 20 basic am ino acids [1].

Fig. 4. D ipeptide H is-Cys. The torsion angles tpnis = -6 0 °  and (¡/His = -8 5 °  for h isti
d ine and (pcys= Vcys= -6 0 °  for cysteine 

Rys. 4. D ipeptyd H is-Cys. K ąty torsyjne (»His = -6 0 °  i (¡/His =  -8 5 °  dla h istydyny oraz 
<pcys= V'cys= “ 60° dla cysteiny
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The long chains o f  nucleotide sequence, can be  effectively processed w ith  sufficient 

softw are w ith m any param eters, and next processed [8] into PD B files for consecutive com 

putations [12, 13].

V isualization  can be effectively perform ed w ith the R asM ol [9] softw are.

5. Post-translational Conformations

W hen the translation  process reaches the last, term ination  stage, the chain  o f  am ino-acid 

residues form ing the polypeptide is inserted into an environm ent w hich is usually  the fluid. 

T his fluid, cytosol, can be treated in first approxim ation as a solution. The po lypetide forms 

a  chain o f  the m olecules o f  residues connected together through the ro tational bond realized 

by peptide bonds.

In this case (Fig. 5) possib le  conform ation depends on m utual in teraction  betw een resi

dues o f  am ino acids and m olecules o f  solution like hydrophobic o r hydrophilic  interactions. 

The force pow ered changes, is a  tendency o f  the system  chain  o f  polypeptide and solution 

m olecule in som e neighbourhood to  get m inim al free energy [5]. T his can  be called free con

form ation o f  the polypeptide chain.

Fig. 5. T orsion angles determ ination  in the in teraction  o f  po lypeptide chain  and 
the environm ent

Rys. 5. W yznaczanie kątów  torsyjnych w  w yniku  in terakcji łańcucha polipeptydu 
i środow iska
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In a case w hen an external force interacts on the polypeptide chain  (like chaperons o r en 

zym es) that extended system  (chain, solution and enzym e) tends also to reach m inim al inter

nal energy. T his can  be called  forced conform ation. It is im portant that internal bonds e.g. 

disufide bonds or hydrogen bonds can interrupt the conform ation transient state.

In  Fig. 5 the tw o m ain  groups o f  post-translational m odifications are presented: firstly the 

chem ical m odifications based on exchange o f  side-chains in a  polypeptide chain  and cutting 

the selected am ino acids, and secondly, conform ation m odifications leading to forcing the set 

o f  protein torsion angles (pi, a», and in an am ino-acid sequence. T he com puter m odel 

presented in the paper is capable to sim ulate those processes.

6. Determining the Free Conformation by Dynamic Programming

B asing on Fig. 1 we assum e, that the first am ino-acid residue in the peptide chain appea

ring from  the ribosom e has a  num ber 0, the next is 1 and so on.

Let w e denote the potential energy function [6] o f  the am ino-acid residue #0 by E 0 .

W e assum e in first approxim ation, that the potential energy is a function o f  torsion angles 

<p0,y /0, co0 and x 0 ■ The shape o f  the backbone o f  the polypeptide chain  depends only  from  the

pairs o f  the <p and <// angles, because a> is usually  equals 180° and x  is void.

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

W e w ill quantize the E 0 for <p0 = {<p l,<p \,. . .  <Po} and y/0 -  {ip°0 ,ip'0, T hus we

The grid is not fully filled because o f  Ram achandran restrictions.

W hen the residue o f  next am ino acid (#1) appears, the m inim al energy for bonded resi

dues o f  am ino acids #0 and #1 has a form:

w here sym bol => m eans to com pute total energy in point £*•' reached from  points

£„*•' (it = 1 ,2 ,.. .  K yl -  1 ,2 ,. . .  ¿ ) ,a n d  sym bol := m eans to com pute right side expression  (3)

and assign a result to  the left.

W hen the third residue appears (#2), the m inim al energy fo r three bonded residues o f  

am ino acids (in all accessible points on a grid) has a form:

~ -^0 (^o j ) ■ (2)

have:

(3)
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W hen w e w ill reach the last residue (#«), we have:

(4)

(5)£ * -' (i>i .V'n ) := m in m in(£*:'2 => )=> E kJ  [ipk„, y/' )

This is the key po in t o f  procedure, for m in E kJ (cpk„ ,y'„) in  (5), w hen w e recall to the E a , 

we can find the optim al “ trajectory” (m inim al energy) for set o f  pairs in  a  form:

[<Pn. V„ )op, -> {<P„-v V»-\)op, -> .....  -»{%> V'o )„p, .
and the conform ation  (1) o f  the backbone o f  the peptide chain is determ ined. 

The procedure is illustrated in Fig. 6.

, 0 r \ru r 0

Fig. 6. C onform ation determ ined by dynam ic program m ing (e.g. steps #0 to  #2) 
Rys. 6. W yznaczanie konform acji m etodą program ow ania dynam icznego (przy

kładow o kroki #0 do #2)

(6)

6.1. H ydrogen and D isulfide B onds

D uring the procedure o f  determ ining o f  the trajectory  (6), the condition  o f  existing  hy

drogen or disulfide bond have to be checked. W hen the condition  is fu lfilled , the sub-back

bone is fixed, and the m in im ization  is continuing, bu t the optim al part o f  the sub-backbone 

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

C om pletion  o f  the system  for sim ulation o f  dynam ics o f  the translation  and conform ation 

polypeptide chain  p rocesses, requires adoption o f  existing stand alone num erical program s 

and w riting a  few  new  m odules for system  integration [11, 15].

7.1. Softw are T ools

In the im plem ented  system  w e have six m ain modules:

C ontrol_P C  - C ontro l program  in the integrated netw ork m aintain ing the m ain  m enu in 

the w orkstation , organizing  operation  on the input/output data, and responsible for com m uni

cation betw een operating  system s (V isual C++).

P rogram s_C  - P rogram s for num erical com puting. Program s_C  m odules reside on PC 

w orkstation  (V isual C++).

C ontrol_C om p - Program  w orking on a Unix platform  organizing com puting process by 

d iv ision  the data  set into subsets, and ordering to  the subsets separate processes. T his function 

is fulfilled in  the M PI (M essage-Passing Interface) environm ent [4],

Server_C om p - P rogram  for listening the dem ands o f  client in  a client-server com m uni

cation m odel (Sun).

P rogram s_C C  and P rogram s_f77 - B atch program s for num erical com puting (Sun 

supercom puter).

In  the com puter netw ork applications, the standard m odel o f  data exchange is a client- 

server com m unication  m odel. Server is a process w aiting for requirem ent to connect from 

process called  client to  fulfill the determ ined tasks. In integrated netw ork  m odel the selected 

com m unication  protocol is TCP/IP. L ogin to the supercom puter can be  perform ed from  arbi

trary com puter w ork ing  in the Internet. The client w orkstation and com putational server 

w orking in the netw ork, com m unicate w ith each o ther using the package o f  subroutines that 

provide access to T C P/IP  i.e. sockets interface.

7.2. Parallel C om putations

In th e  m ultip rocessor system , the queues o f  m essages resulting  from  p rocesses’ activity 

are created and superv iso r process gathers the w aiting results together. T he Solaris 7 O perat

ing E nvironm ent is very  w ell adapted to the tasks o f  this kind. In  our case, the m assive com 

putations are d iv ided  betw een eleven processors and indicate last processor (tw elve) as 

a m aster gathering results. E ach parallel process is ordered to the physical processor and the 

processes are m utually  independent. A lso, all variables in  the p rocesses are unique in each 

m odule. D ata  are gathered on a disk, and can be sim ultaneously  read by processes. The par-
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ailel process o f  com puting in  the integrated netw ork  m odel is coded using M PI by a program  

m odule C ontro l_C om p [4],

8. Conclusions

The paper presents a selected paradigm s for m odeling  com posite processes in  protein 

synthesis: translation  and post-translational conform ations.

P resented in tegrated  netw ork m odel is fram ew ork for com puter sim ulations fully using 

netw ork com puter system ’s features, w here depending on the task  d iv ision  betw een  resources 

o f  a system , it is possib le  to  build  friendly user interfaces, and independently  im prove system  

perform ance. In im plem ented system , through m odules integration and paralle l operation , the 

tim e o f  the system  in teraction  w as considerably shortened. Integrity  o f  the system  is satisfied 

through the com patib ility  o f  the data structures, the control o f  the system  from  m ain  graphic 

application, and autom atic transfer o f  data betw een PC  w orkstation  and the supercom puter 

through the netw ork. T he user can get results w hich are basic fo r design, but it also is possi

ble to access to in term ediate results o f  com putation. This is necessary  fo r check ing  the cor

rectness o f  actual a lgorithm s as w ell as in future developm ent o f  the sy s tem ’s capabilities.
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S treszczen ie

W  pracy przedstaw iono  strukturę m odelu sieciow ego pozw alającego na badania sym ula

cyjne konform acji lin iow ych polim erów  am inokw asów . K onform acja ciągu generow anych 

w  reaktorze (rybosom ) reszt am inokw asów  tw orzących polipeptyd w yznaczana je s t m etodą 

program ow ania dynam icznego [relacje (5) i (6)]. Jako stopnie sw obody szkieletu  pow stają

cego łańcucha po lipeptydow ego przyjęto kąty torsyjne tp oraz y/ [7, 10, 12, 13]. P rzedysku

tow ano zagadnienie m odyfikacji potranslacyjnych w  ogólności. W  szczególności p rzedsta

w iono m etodę w yznaczania struktury konform acyjnej stanow iącej form ę na tyw ną  pierw szo- 

rzędow ej struktury polipeptydu.

Im plem entacja m odelu  w  sieci kom puterow ej zaw iera dw a podstaw ow e elem enty: stację 

roboczą  spełn ia jącą  funkcję graficznego interfejsu użytkow nika (G U I) i sterow ania procesem

http://dasher
mailto:rasmol@bemstein-plus-sons.com
http://www.ibc.wustl.edu/moirai/klotho/compound
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sym ulacji oraz superkom puter (Sun E nterprise 6500), który pełn i rolę jednostk i w ykonującej 

m asyw ne obliczen ia  num eryczne pod  kon tro lą  stacji roboczej.


