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Osnhova

Molekulova dynamika
— zaklady a pojmy
— pouziti
« Gromacs
— Fast
— Free
— Flexible

Gromacs, Olomouc 2011
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Motto

Richard Feynman

¢ everything
understood in term of the wiggling and

j]1ggling of * = ~°
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Molekulova dynamika

Pohyb at omu

1. vypocet energii a sil s pomoci siloveho pole
(force field)

2. feseni Newtonovych pohybovych rovnic
(F=m-a)

3. sledovani trajektorie pohybu castic v
systéemu => popis viastnosti systemu
(statisticky soubor)

Gromacs, Olomouc 2011
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Silove pole

***

-
U= T2k, b + Tk (o6 T\ & T\
All Bonds All Angles b 9
2
+2. K¢[1 -cos(nd+d)] E \[y\/ ;‘}
All Torsion Anoles |
\ N \/ ﬂ E'
P IZ E[x(xryr 2("7,.)] = —p$
h()h ONAEo (A4S \ <_r—’°
+ 3 332 = +
l% 3r L,?u} /‘, |

Flg 1 The total potential energy of any molecule is the sum of terms allowing for bond stretch-

Gromacs, Olol ing, bond angle bending, bond twisting, van der Waals interactions and electrostatics. Many prop-

erties of a biomolecules can be simulated with such an empirical energy function.

M.Levitt, Nat. Struct. Biol. 8, 392-393 (2001)
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Provedeni molekulove dynamiky

Initial input data:

Interaction function V(r) - "force field" Stru ktu ra, 1{0) pO I Og | e a ryC h IOStl

coordinates r, velocities v

Compute potential V(r) and
forces F; = V}V(r) on atoms

Update coordinates &
velocities according to
equations of motion

1. spocitat potencial a sily
2. posun o integracni krok
3.aznovu ...

»>

Repeat for millions of steps

Collect statistics and write
energy/coordinates to
trajectory files

YaYA

More steps?

Done!

Gromacs, Olomouc 2011 6
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Typlcka simulace

Ziskat strukturu (PDB)
«  Opravit i
«  Vytvorit simulacni box
«  Pripravit topologii
(parametry silového
pole)
 Pridat solvent

. Minimalizace

. Ekvilibracni simulace
 Produkcni simulace
Analyza trajektorie

Gromacs, Olomouc 2011

eiwit pdb N
Generate a GROMACS
topology
conf gro topol.top
Enlarge the box  editconf
conf gro
- T
conf gro topol.top
grompp.mdp T J l
Generate mdmm input file
Continuation
topol tpr e state.cpt
Run the simulation (EM J
or MD)

traj.xtc / traj. trr ener.edr

Analysis
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Simulacni box

Vakuum
bez solventu

Implicitni solvent

popisuje hruby vliv solventu,
ne specifické interakce s nim

Kapka

dodateCny potencial, drzici ji

pohromadeé pri spravném tlaku

Periodicky box

opakujici se box

kubicky,t r i k | {GMX iotérAig)

Gromacs, Olomouc 2011
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Minimalizace energie

« Nalezeni |l okalniho mini
respektive snaha nemit v

e Sily F Jsou gradientem
 Algoritmy:

— Steepest descent

— Conjugate gradients

— L-BFGS
* Normadlné mal é zméeny

Gromacs, Olomouc 2011 9
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Statisticky soubor

c Reprodukce experi ment al

« Tepl ot a Ki neticka ene

— Maxwellova distribuce

— musi byt kontrolovana v p

e Ssimulace toti z mohou Vveést k e
cut-offs)

 Tlak
— Kontrolujeme Upravou vel.

« Chemicky potenci al
— Pridavani/ odstranovani

)¢
Q

Gromacs, Olomouc 2011 10
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Vysledky molekulové dynamiky

Trajektorie:
 Energie - E(1)

« Souradnice - x(t)
 Rychlosti - v(t)

o Sily —f(t)

=> jejich analyzou muzeme ziskat informace, ktera
nas zajima

Gromacs, Olomouc 2011 11
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MD - pouziti
Vizualni analyza chovani systemu

Volna energie (vazby, solvatace, interakce)

Difuzni koeficienty, viskozita, radialni distribucni funkce,
polomeér gyrace

Mechanicke vlastnosti - stabilita komplexu, simulace
tahu, hustota, usporadanost materialu

Clusterovani, Analyza PCA, RMSD
Chemické NMR posuny

Experiment - prumér pfes mnoho molekul (N, ~ 6E23)
EkvipartiCni teorem:
— nahrazeni statistiky pres mnozstvi struktur statistikou pres cas

Gromacs, Olomouc 2011 12
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Gromacs - Fast

Pro¢ chceme

Experiment

rychlost?
& e statistické prumérovani
£ e ;
gl Q ﬁﬁ“ﬁﬁ%“ ool .
M;}a\% nizi detail

10-15s 10-12s
Simulace
extrémni detail
kvalita parametrd?

sampling?
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Fast - algoritmy

Single precision

Snaha vyhybat

PBC check

Tr i1 kl 1 ni

boxu

Assemb
Ne kova
Vypoct

tabulce ve Fortanu (table search)
Assembler cykly pro PC architekturu
4.x - domain decomposition

TIP3P, TIP4P, SPC, SPC-Evoda—2z Vv |
Z ace

optimal

optimalizace FFT

fondv CR EVROPSKA UNIE
INVESTICE DO ROZVOJE VZDELAVANI

Real space (particle) node

OP Vzdélavani
pro konkurenceschopnost

Communicate coordinates to

construct virtual sites
I

‘ Conetruct virtual cites

Neighborsearch step?

Receive charges from
peer real space
PrOCessors

Dwrmiain
decomposition

Send charges o peer
PME processor

Send x and box to

cZk (2% blwsn

peer PME processor
T

Communicate x witireal |

space neighbor processors

Neighborsearch step? =Y
N (localy
neighborsearching

‘ Evaluate potentialforces ‘

y potenci

Communicate f with real |

space neighbor processors
|

Spread real space forces on '

virual sites
I

Receive forcesienergyivinal
from peer PME processor
I

Spread PME forces on

virbual stes
T

‘ Integrate coordinates

Constrain bond lengths

(paralizl LINCS)
I

Sum energies of all real '

3PACE PrOCESIONS

More steps?
Y

L

Receive x and box from
paer raal Space Processors

L‘
N recenved?
Y

Communicate some atoms
0 neighbor PME proc's

‘ Spreadchargesongrid ‘

Communi caia grid (warlap
with PME nerghbor proc's

‘ parallel 30 FFT ‘
|

‘ Solve PME (corvolution) ‘
I

‘ parallel inverse 3D FFT ‘

Communicate grid overlap
with PME neighbor proc's

Interpolate forces from grid

[
Communicate somea foreas
1o neighbor PME proc's
[

Send forcesfenerdyivirial to
peer real space processors

More steps?
Y

Co

—\
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Fast - constraints
*Integracni krok (At) \ncs

=)’
pohyby - 1fs /t
+ e ?
- A) Move w/o constraint
€ (

—Vibrace vazeb (nej rOyc
Al goritmy na odstran.
(constraint)—u MO Z N € n | del S

=2
* SHAKE
oo

—iteratiwvafs, pomaly
~§patné paralelizovatel B)Pr;’,"j;;zil"ti"“
—zamrznuti jen vodikovy
* LINCS (Gromacs) - LINear Constraint Solver /tzz
— Approximate matrix inversion expansion °( 9

—rychly -a3fstabil ni
. : p C) Correct for rotational
-neiterativni, | ze parsa extension of bond

Gromacs, Olomouc 2011 15
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Faster: Virtual Sites
e Dal si rychly pohyb twv
« Konstrukce (1 deal nich
— CH3/ NH2 jJjsou pak rigidn
e Spocitat sily a proje
Il ntegrovat Jjen pozice
rekonstrukce vodi ku n
« 45 fs i ntegracni Kkrok
-~ NS co 5 krokd virtual
o . T e
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Fast and Furious: coarse-graining

e Zhrubenée modely
— Coarse-Grained force fields
—stale popul ar ne|
— skupina atomu => ,beads" |
—propojitelné s depPRe

(zpetny fit do zhruben
nevyhkhopdavl adaji di hedral ni

M~
-
O

Gromacs, Olomouc 2011 17
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Srovnani rychlosti | — skalovani
DHFR benchmark v explicitni vodé, NPT, 23558 atomu

n proc | time nproc [N
(ns/day) |ekviv | (%)

1 3.01 1.0

2 5.94 1.8 92

4 10.23 3.4 85

8 17.46 5.8 72

sp-icc,PME, grid 1.2 A, cut offs = 8 A, 2fs step, write to x-xtc,e-edr, log, opls all-atom ff,
cpt_15 min, LINKS, NPT 10, ingwe Intel Xeon E5420@2.50GHz, GMX 4.0.5
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Srovnani rychlosti Il - verze
DHFR, NPT benchmark

cluster | verze #CPU | ns/den
olwe |JAC, 4.0.7.sp - gcc 48 21.602
olwe |JAC, 4.5-beta2sp - gcc | 48 37.172
olwe |JAC, 4.5.1sp-gcc 48 43.329
ingwe |JAC4.0.7.sp-QgccC 8 14.00
ingwe |JAC4.0.7.sp - intel 8 17.46
ingwe |JAC4.0.7.dp - intel 8 11.68

sp,PME, grid 1.2 A, cut offs = 8 A, 2fs step, write to x-xtc,e-edr, log, opls all-atom ff,
cpt_15 min, LINKS, NPT

Gromacs, Olomouc 2011 19
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Srovnani rychlosti — Amber na CPU

* Ingwe
Program #CPU ns/den ekviv CPU
Amber 10 2 1.76 2.00
Amber 10 4 3.21 3.64
Amber 10 8 4.80 5.46
GMX4.0.7dp | 8 11.68 4.97
GMX4.0.7sp |8 17.46 5.80

amber 10, PME, cut offs = 8, 2fs step, 2ps write log, 2 ps x-write, ffamber, SHAKE, NPT

10ps , 64x64x64 gridpoints

gmx 4.0.7, icc,PME, grid 1.2 A, cut offs = 8 A, 2fs step, 2ps x-write to xtc, 2ps log, opls

all-atom ff, cpt_15 min, LINKS, NPT 10ps

Gromacs, Olomouc 2011
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Srovnani rychlosti - GPU

e impl—-i mpl i citni solvent s cutc
- PME-k | asi cka explicitni si mul
* RF-reaction field elektrost atf

GROMACS 4.5 performance comparison
system: DHFR implicit (2489 atoms), solvated (23569 atoms)

***

180
O Tesla C2050 ECC on
160
B Tesla C2050 ECC off 9
140 O GeForce GTX 470 @)
= B GTX 580 N
5 120 O Core i7 920 4T &)
@ @ Core i7 920 &T ©
—= 100 B 2x ¥eon ES430-8T E
3 @ AMD X6 1090T 6T @)
S 80 —
= (@)
5 &
=
57}
o 4p
Gromacs, o 21

Impl 1nm Impl 2nm Impl Inf PME RF 1lnm
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Gromacs - Free
GNU GPL licence

zdarma ke stazeni na http://www.gromacs.orqg

manual a tutorialy na http://manual.gromacs.org

* aktivni uzivatelska podpora gmx

Gromacs, Olomouc 2011 22
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Obsah baleni zadarmo - programy

priprava simulaci
— velikost simulacniho boxu, solvatace, protonace,...

béh simulaci
— mdrun (vCetné restartu simulaci po padu)

prevody
— struktur, trajektorii, enerqii,...

analyza

— struktur, distribuéni funkce, interakce, kinetické
vlastnosti, normalni mody, proteind, volna energie

Gromacs, Olomouc 2011 23
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Gromacs - Flexible

* human-readable
— napovéda programu
— hlavné vétSina souboru
— simulacni protokoly
— Upravy kédu (C)

« koncept skupin atomu (groups)

Gromacs, Olomouc 2011
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Flexible — simulacni protokol

preprocessing (include, define)
md p run control (integrator, tinit, dt, nsteps, init_step, comm_mode,
- langevin dynamics (bd_fric, Id_seed)
. . ] energy minimization (emtol, emstep, nstcgsteep)
shell molecular dynamics(emtol,niter,fcstep)
nastavuje vlastnosti simulace shell mojecular dvnamics.
output control (nstxout, nstvout, nstfout, nstlog, nstcalcenergy
délku, krok, termostat, barostat, ... neighbor searching (nstlist, ns_type, pbc, periodic_molecules,
electrostatics (coulombtype, rcoulomb_switch, rcoulomb, epsil
VdW (vdwtype, rvdw_switch, rvdw, DispCorr)
tables (table-extension, energygrp_table)
Ewald (fourierspacing, fourier_nx, fourier_ny, fourier_nz, pme_

pi‘ed Spuétén |'m Slmulace G MX Temperature coupling (tcoupl, nsttcouple, tc_grps, tau_t, ref_

Pressure coupling (pcoupl, pcoupltype, nstpcouple, tau_p, cor

Vyp I’ée sSou bor m d ou t m d p simullated annea_linq (annealing, annealing_npoints, annealing

velocity generation (gen_vel, gen_temp, gen_seed)
Y S ¢ h4 r bonds (constraints, constraint_algorithm, continuation, shake_t
ObsahUJ ICI VseCh na naStavenl Energy group exclusions (energygrp_excl)

Walls (nwall, wall_type, wall_r_linpot, wall_atomtype, wall_den:
COM pulling (pull, ...)
NMR refinement (disre, disre_weighting, disre_mixed, disre_fc
Free Energy calculations (free_energy, init_lambda, delta_lan
Non-equilibrium MD (acc_grps, accelerate, freezegrps, freeze
Electric fields (E x, E xt,E y,E yt,E z, E zt)
Mixed guantum/classical dynamics (QMMM, QMMM-grps, Q

Gromacs, Olomouc 2011 Implicit s_olvent_(im_plicit_solvent, gb_algorithm, nstgg_radii, rgb
User defined thingies (userl _grps, user2_grps, userintl, user
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Termostaty

— Berendsen (rychlé zchlazovani systému, neprodukuje kanonicky soubor
s chybou 1/N, vede k Spatnym tepelnym kapacitam,

— V-Rescale (v podstaté opraveny Berendsen pomoci stochastického
Clenu, kanonicky soubor)

— Nosé-Hoover (ergodicky, ale nestabilni k velkym vychylkam - osciluje)

— pozor na paradox zmrazeneho solutu a zahratéeho solventu — da se
prekonat pomoci skupin pro jednotlivé Casti systému

Barostaty

— Berendsen (rychla, pro malé systémy nedava I

fm i
NPT soubor, Ize s povrchovym napétim) g WW WMWM“
- |
1“,

— Parinello-Rahman (analogie Nosé-Hoovera)

360

— Berendsen, =0.2 ps

z -= exp(-t), 1==0.5 i
Integ ratory 300 — NDF:E—HDDVEF, pF;rlnd:1 ps
— leap-frog, velocity-verlet, langevin a dalsi.. ’ * S * ;
Gromacs, ®lomouc2611 Time (ps) .
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Flexible — souradnice

.gro
fixni tvar souboru: -
MD of 2 waters, t= 0.0 komentar
6 pocet atomu
IWATER OW1 1 0.126 1.624 1.679 0.1227 - 0.0580 0.0434
IWATER HW2 2 0.190 1.661 1.747 0.8085 0.2 Xyz soufadnice  -0.7791
1' ¢islo molekuly/residua 1.568 1.613 -0.9045 -2.6469 1.3180 atomy
2WATEI nazev molekuly/residua 9.622 0.2519 0.3140 -0.1734
2WATER HW. nazev atomoveho typu -1.0641 - 1.134¢ xyz rychlosti
2WATER HW3 6 1 ¢islo atomu (nekontrolovano) - 0.821€ (nepovinné)

1.82060 1.82060 1.82060
zakladni jednotka = nm
snadny prevod do pdb — editconf N

velikost boxu
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Flexible — trajektorie

trr
komprimovany soubor
souradnice, rychlosti, sily, energie
tak Casto jak je specifikovano v.mdp
XtC
pfenosny format souradnic
xdr knihovna pro uchovavani dat na *NIX NFS systému
(jako integer Cisla — nasobeni 1000x)
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INVESTICE DO ROZVOJE VZDELAVANI

Flexible — silova pole

Amber 94, 96, 99, 99sb, 99sb-ildn, 03, GS
Charmm 27

Encad S,V

GMX

Gromos 43al, 43a2, 45a3, 53a5, 53a6,
OPLS-AA/P

MARTINI

+ |ze pripravit vlastni

Gromacs, Olomouc 2011
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fond v CR EVROPSKA UNIE MLAD /Y pro konkurenceschopnost

INVESTICE DO ROZVOJE VZDELAVANI

Flexible — silova pole

Atp -
seznam parametru vazebnych, i nevazebnych

volani z topologie:
#include ffnb.itp

Gromacs, Olomouc 2011
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top

[ defaults ]
; nbfunc  comb -rule gen
1 1 no 1.0 1.0

; The force field files to be included
#include "rt41c5.itp"

[ moleculetype ]

; name nrexcl

Urea 3

[ atoms ]

; nr o type resnr residu atom

1 C 1 UREA Ci
2 (e} 1 UREA 02
3 NT 1 UREA N3
4 H 1 UREA H4
5 H 1 UREA H5
[ bonds ]
; ai aj funct c0 cl
3 4 11.000000e
1 2 11.230000e
1 3 11.330000e

Gromacs, Olomouc 2011

socialni

evropsky

\\ HQ ﬂ\&\ /

fondvCR EVROPSKA UNIE

SK \)\ STV OP Vzdélavani
_AD ) {OVY pro konkurenceschopnost

INVESTICE DO ROZVOJE VZDELAVANI

Flexible — topologie

- pairs fudgelLJ fudgeQQ

cgnr charge

1
1
2
2
2

- 01 3.744680e+05
- 01 5.020800e+05
- 01 3.765600e+05

0.683
- 0.683
-0.622
0.346
0.276

[ pairs ]
; ai aj funct c0 cl
2 4 10.000000e+00 0.000000e+00
[angles ]
; ai aj akfunct cO cl
1 3 4 11.200000e+02 2.928800e+02
2 1 3 11.215000e+02 5.020800e+02
[ dihedrals ]
; ai a ak alfunct «cO cl «c2
2 1 3 4 11.80e+023.3472e+01 2.0e+00
[ dihedrals ]
; ai a ak alfunct cO cl
3 4 5 1 20.000000e+00 1.673600e+02

; Include SPC water topology
#include "spc.itp"

[ system ]

Urea in Water

[ molecules ]

Urea 1
SOL 1000
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1tp
Flexible — pdb2gmx s e
ff —na tvorbu topologie ot b 2 imandaon

[ GLY ] ; mandatory

V4

share/top adresafresigeeakt ual ni

; hame type charge chargegroup

* <basename>.rtp N N -0280 0
H H 0280 O
CA CH2 0.000 1

 <basename>.r2b (optional) C C 0380 2
. 7 P - . o, O -0.380 2
— poj menovavani resi

— popis residua/molekuly

[ bonds ] ; optional

e <basename>.arn (optional) atomlatom2 b0 kb
v . . , N, H o
- prevody mezi | meny at.omu
e <basename>.hdb (optional) cA C
. . , CcC O , ,
—Jak a kde Jsou navazape vodiky
 <basename>.n.tdb (optional) [ exclusions ] ; optional
. ;atoml atom2
* <basename>.c.tdb (optional) T

—ukonceni TfTeteézce (promaygyytteiny)

[ dihedrals ] ; optional

e <basename>.vsd (Optional) :atom1 atom2 atom3 atom4 phi0  cp mult
— definice virtual site impropers ] ; optional
;atoml atom2 atom3 atom4 g0 cq
e specbond.dat N -C CA H

-C -CA N -0
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fondvCR EVROPSKA UNIE "y ToE pro konkurenceschopnost

INVESTICE DO ROZVOJE VZDELAVANI
o

Flexible — varianty potenc jalu

Vazebné potencialy

— Vazby | |
 harmonické [(r;— bj)?] -@ -
« 4.fadu [(r?— b?)?]
* Morseho potencial [(1 - exp(r;-b;))*]
- FENE p ot e ngainya klastic)c
- Tabel ované

—  Uhly
* harmonicky [(8; — 6,°)]
«  cosin [(cos 6;— cos 6,97]
 Urey-Bradley [(r; — b;)**(6;— 6,°)°] (CHARMm)
* quartic [2,°(8;— 6,°)"]

« Tabelované
Gromacs, Olomouc 2011 33
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somal?u J Taax” oP Vaditavant
zdelavani

" 4

fondvCR EVROPSKA UNIE LAbE pro konkurenceschopnost
INVESTICE DO ROZVOJE VZDELAVANI

Flexible — varianty potenc alu

«  Vazebné potencialy AA

— Nepravé dihedraly — udrzeni planarity R -
*  Harmonické [(®; — ©;°)?] (nespojity v 180°)
+  Periodické v N/
 Tabelované g ¢

— Dihedraly .;'\4/
- periodicky [(1 + cos(n® - @,))] ¢
 Ryckaert-Bellemans [2.5(cos @)"] AT ]
* Fourrier (OPLS, ale interné se pocitaji jako RB) \/ D . / \/

* Tabelované Ryckaert-Bellemans

Jednotky: Uhly v deg, silové konstanty kJ/mol/rad?, 0 odpovida cis konfiguraci
Gromacs, Olomouc 2011 34
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fondvCR EVROPSKA UNIE "y ToE pro konkurenceschopnost

INVESTICE DO ROZVOJE VZDELAVANI

Flexible — varianty potencialu Il|

Nevazebné potencialy

— Elektrostatika
*  Coulombicky [q;-q;/r;]
* Tabelovany [q;-q;/f(r;)]
— Van der Waals
« Lennard-Jones (1/rt?- 1/r%, dvé varianty: A,B ; €,0)
« Buckingham (exponencialni repulze)
» tabelovany [fr(ry) - fp(ry)]
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fond v CR EVROPSKA UNIE "y f~‘ pro konkurenceschopnost

INVESTICE DO ROZVOJE VZDELAVANI

Flexible — polarizace

pridani shell ¢astic k jednotlivym atomum a virtualnim mistum

v kazdém kroku je minimalizovana energie shell Castice, aby se
zachoval Born-Oppenheimeruv povrch

metody
— jednoducha polarizace (harmonicky potencial s ekvilibriem v 0)
— vodni polarizace (anizotropicka polarizace jednotlivych shell ¢astic)
— Tholeho polarizace (utlumeni intramolekularni polarizace)
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INVESTICE DO ROZVOJE VZDELAVANI

Flexible — template.c

moznost napsat vlastni analyzacni nastroj
/share/template/template.c

vétSina kodu je v C

existuji i Pythonovske knihovny

Gromacs, Olomouc 2011
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socialni A
OP Vzdélavani
™

fond v CR EVROPSKA UNIE X ff‘ pro konkurenceschopnost
INVESTICE DO ROZVOJE VZDELAVANI

Shrnuti

Gromacs

Fast — spousta optimalizovanych algoritmt na
zrychleni

Free — GNU/GPL, spousta nastroju zdarma

Flexible — velké moznosti simula¢nich podminek,
volby silovych poli a potencialu (i bez
programovani), uprav topologie, uprav citelného
a dobre zdokumentovaného kodu
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INVESTICE DO ROZVOJE VZDELAVANI

Podékovani

e autorum Gromacsu:
— David van der Spoel
— Erik Lindahl
— Berk Hess
a dalsim ...

* projektu ,PokrocCilé vzdelavani ve vyzkumu a
aplikacich nanomaterialt®, ktery je financovan
Evropskym socialnim fondem a rozpocCtem
Ceskeé republiky.
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fond v CR EVROPSKA UNIE OVY pro konkurenceschopnost

INVESTICE DO ROZVOJE VZDELAVANI

Dekuji Vam za pozornost
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